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Editorial on the Research Topic 


The Brassicaceae — agri-horticultural and environmental perspectives, volume II


Brassica is an old world genus and a monophyletic group within the Brassicaceae. Comprising about 35 species, the genus Brassica is represented by six interrelated cultivated brassicas, Brassica napus, B. rapa, B. juncea, B. oleracea, B. nigra, and B. carinata. Among the 18 research articles published in this volume II of the Research Topic ‘The Brassicaceae - Agri-Horticultural and Environmental Perspectives’, B. napus, B. rapa, B. juncea, and B. oleracea were researched in 11, 4, 2, and 1 articles on these respective genus.

This second volume provides insights into the molecular-genetic nature of the least and/or unexplored aspects in the major species of genus Brassica to date. It includes: (i) the quantitative trait loci related to silique-associated traits (Zhao et al.); (ii) heterosis of yield-influencing traits (Aakanksha et al.); (iii) basis of flowering time variations (Fang et al.); (iv) role of high-throughput phenotyping role in enlightening complex traits (Ebersbach et al.); (v) flower color and pigment formation (Li et al.; Hao et al.; Yang et al.); (vi) harvest index process and mechanisms (Zhang et al.); (vii) factors responsible for control of seed development stages and yield in special eco-environments (Xiong et al.); (viii) N rate-Auxin-Floral Meristem crosstalk (Hao et al.); (ix) cold resistance (Wu et al.); (x) male sterile lines role for hybrid seed production (Dong et al.); (xi) a comprehensive analysis on simple sequence repeats markers (Xu et al.); (xii) genome-wide characterization of ovate family protein gene family (Liu et al.); (xiii) relation of seed number per silique and ovule number per ovary with ovule fertilization and seeds development (Qadir et al.); (xiv) minimization of erucic acid in seed oil (Gill et al.); (xv) loci of clubroot-resistant genes (Wang et al.); and (xvi) functional characterization of the receptor-like proteins under the stimulus of Sclerotinia sclerotiorum (Li et al.).

Brief highlights and the major outcomes of the studies on Brassica napus, B. rapa, B. juncea, and B. oleracea included in this Research Topic are outlined below.


Brassica napus

As the third-largest oilseed crop worldwide, rapeseed (Brassica napus) exhibits significantly high oil production efficiency. B. napus has evolved from the double diploidization of B. rapa and B. oleracea through interspecific hybridization. There has been a continuous search for factors contributing to improving B. napus yield. To this end, silique-related traits are of great significance. Analyzing the 120 consensus quantitative trait loci (QTLs) across multiple environments, 23, 25, 29, 22, and 21 consensus QTLs were identified for five silique-related traits (seed number per silique, SPS; silique length, SL; silique breadth, SB; silique thickness, ST; silique volume, SV), respectively (Zhao et al.). Interestingly, seed number per silique (SNPS) largely rely on the ovule number per ovary (ONPO), the proportion of ovules to be fertilized and the proportion of fertilized ovules to develop into seeds. ONPO widely varies in B. napus; however, underlying genes and mechanisms were unveiled and found to involve 18 novel association loci and six candidate genes (BnaA03g14600D, BnaA03g33420D, BnaA06g08920D, BnaA06g13210D, BnaC01g25840D, and BnaC03g16210D) (Qadir et al.). B. napus suffers from low genetic diversity; hence, exploitation of diverse genetic resources is imperative to develop locally adapted, high yielding, and stress resistant cultivars. To this end, it has been suggested that high-throughput phenotyping (HTP), an automated, scalable, non-destructive, and high-throughput imaging approach, is feasible for phenotyping studies on complex traits such as drought stress resistance, flowering characteristics (e.g., timing and volume), and canopy architecture traits (e.g., raceme branch numbers) in spring-type B. napus lines. These were selected as founders for the development of a large, spring-type B. napus Nested Association Mapping (NAM) population called “SKBnNAM” (Ebersbach et al.). The yield-loss in B. napus in some regions of the world also involves early frost-caused early flowering (maturation), which is often associated with flowering time (FT). Three genes (BnFLC.A2, BnFLC.C2, and BnFLC.A3b) were identified and argued to be major determinants for FT-variation of two elite B. napus accessions (616A and R11). Moreover, exploration of heterosis in FT-genes revealed a relation between FT and plant yield with hybrid near-isogenic lines (NILs) (Fang et al.).

In Brassica species, the flower color is among the most important traits contributing to pollen transmission in nature, and ornamental and landscaping purposes. Though cloned in tomato, maize, melon, and Arabidopsis thaliana, report on carotenoid isomerase (CRTISO) gene, responsible for converting the yellow-colored prolycopene into the red-colored all-trans lycopene in the carotenoid synthesis pathway is lacking in B. naups. Notably, as the most simple and efficient sequence-specific nucleases (SSNs), CRISPR/Cas9 (Li et al.) helped edit two copies of the carotenoid isomerase gene (BnaCRTISO) in B. napus (BnaA09.CRTISO and BnaC08.CRTISO), recovering the mutation phenotype of creamy white petals and yellowish leaves, and establishing a correlation between the carotenoid pathway and flavonoid synthesis pathway, so far not well known in most plants. Information is meager on the major mechanism underlying the involvement of the anthocyanin pathway (crucial in plant color development, ranging from pink to blue and purple) in B. napus petal color formation. An investigation employing metabolomics and RNA-seq studies on two different stages of unopened petals of red, pure white, and yellow petal B. napus lines identified BnaA03.ANS as the gene involved in B. napus petal color control (Hao et al.).

Harvest index (HI) is a complex agronomic trait and an economically critical value, representing the ratio of harvested seed weight to total aboveground biomass weight. Unfortunately, B. napus exhibit values of HI that are much lower than in other major crops, and the molecular-genetic regulatory network underlying HI in B. npus is largely unknown. Interestingly, studies on the B. napus accessions YC24, YC52, and YC46, exhibiting differential HI, mRNA, and small RNA sequencing revealed the role of transporter activity-related genes in enhancing HI under good cultivation environments (Zhang et al.). The development of seeds (which comprises three major stages: sugar mobilization, sequential surges in amino acid, lipid, and storage protein synthesis) is largely modulated by environmental factors in a special eco-environment exhibiting differential sunshine duration, temperature, and water. Notably, when cultivated under such a special eco-environment, B. napus (Qingza 5, a spring rapeseed variety)-grain development was found to be ahead of schedule, which lasted for a long time, and led to a high-yield (Xiong et al.). The production of B. napus is significantly modulated by conversion from vegetative to reproductive growth, which in turn is determined by the acceleration of the differentiation of floral meristem (FM) from shoot apical meristems (SAM). SAM differentiation can be regulated by many factors including phytohormones (such as auxin), and environmental and agronomic practices such as low temperature and nutrients (such as N). Interestingly, a high N rate can accelerate the initiation of FM differentiation, and involve auxin, which in turn involves both auxin biosynthesis genes (ASA1/ASA2, IGS, TSA1, TSB1, CYP79B, NIT1/NIT2, and AMI1) and also indole acetaldehyde oxime pathway as the major pathway for auxin biosynthesis (Hao et al.). B. napus has experienced whole genome duplication and shares significant homology with Arabidopsis thaliana, known to possess multiple copies of genes of ovate family proteins (OFPs; AtOFP1, AtOFP4, AtOFP5). However, B. napus was not been reported to exhibit any function of OFPs. The genome-wide characterization of the OFP gene family associated with the number of seeds per silique (NSPS) in B. napus helped in the identification of both the BnOFP gene family at the genomic level and a new locus BnOFP13_2, which was significantly correlated with NSPS (Liu et al.). Among the major multiple external stimuli, Sclerotinia sclerotiorum has emerged as an important Brassica pathogenic fungi also known to remarkably affect the yield and quality of B. napus. A comparison of the transcriptional profiles of genes of receptor-like proteins (RLPs, an indispensable constituent in the first layer of defense, and typically with tandem leucine-rich repeats) with that of the functional assigned AtRLP genes revealed AtRLP10 (CLV2, AT1G65380.1) as a regulator of plant meristem and organ development, and S. sclerotiorum-exerted stimulus-caused decrease in transcript abundance of BnaC02g45200D and BnaA02g12070D (Li et al.).



Brassica rapa

One of the three diploid ancestors of B. napus and B. juncea, B. rapa is highly diverse, and of nutritional and economic importance as it is widely cultivated worldwide as an oil and vegetable crop species. Few studies have reported on the genes underlying the dark yellow flower trait in Chinese cabbage (B. rapa L. ssp. Pekinensis). To this end, Bra037130 (BraA09.ZEP) (which encodes a zeaxanthin epoxidase) has been argued to be the most likely candidate gene for Br-dyp1 involved in the epoxidation from zeaxanthin to violaxanthin in B. rapa L. ssp. Pekinensis (Yang et al.). The health and yield of B. rapa (winter rapeseed) are lagging due to chronic low temperatures in winter in some regions of the world such as northwest China. Elucidation of candidate genes associated with cold resistance in B. rapa has been limited by currently existing genomes. Taking into account a freeze-tolerant winter turnip variety “Longyou-7” (LY7), assembly of its high-quality genome (using PacBio HIFI reads) and construction of a graph-based pan-genome by combining LY7-genome with the other 22 B. rapa accessions led to the identification of HDG1 and BrANS3 as the two genes associated with cold tolerance (Wu et al.). Breeding of male sterile lines is crucial for the hybrid seed production and commercialization of B. rapa L. ssp. Pekinensis, which is a typical cross-pollinated Brassica crop with obvious heterosis. Interestingly, three allele male sterile mutants (msm2-1/2/3) were identified in an ethyl methane sulfonate (EMS)-mutagenized B. rapa L. ssp. Pekinensis, where pollen abortion was obtained due to non-synonymous base-pair mutations in BrMS1 (BraA10g019050.3C), and AtMS1 orthologs gene (relevant to fertility and pollen development regulation) was cloned first time in EMS-mutagenized B. rapa L. ssp. Pekinensis (Dong et al.).

The life of most Brassica species (including B. napus, B. oleracea, and B. rapa) is endangered by a highly contagious soil-borne disease, clubroot (caused by Plasmodiophora brassicae). Exploration is imperative to identifying new resources for resistance genes owing to reports on the loss of resistance over time and the presence of various pathotypes for clubroot-resistant (CR) pathogens from different regions. Notably, DingWen (DW) identified a unique B. rapa material that shows different resistance capabilities from H5R (PbBa8.1) and Huayouza62R (CRb) in B. napus. Moreover, the peculiar resistance in DW most likely involves the CR candidate genes BraA08g039211E and BraA08g039212E (encoding TIR-NBS-LRR proteins), and BraA08g039193E (encoding an RLP protein), which could also act as a new gene resource for CR breeding in the future (Wang et al.).



Brasica juncea

Indian mustard (B. juncea) is a major oilseed crop in the south Asia region, including the Indian sub-continent. Unfortunately, B. juncea seed oil exhibits a very high concentration (≈50%) of erucic acid, which, if continuously consumed, may cause cardiac lipidosis. KASPar assay, when developed to select low erucic acid and to track recessive alleles in their heterozygous state, is single step, has a high throughput, and is robust, codominant, and more cost-effective than gel-based markers (Gill et al.). The heterotic quantitative trait loci (QTL) has been mapped and a large number of epistatic interactions were identified for seed yield and three yield-component traits in B. juncea using doubled haploids (DH) and the corresponding backcross lines with their midparent heterosis data. However, the molecular mechanism underlying the complex phenomenon, particularly in B. juncea is not well understood. Fortunately, the complex genetic basis of heterosis of yield-influencing traits (plant architecture, flowering, and silique- and seed-related traits) was unveiled in B. juncea and argued to involve a large number of additive QTLs (695) and loci (637 epistatic loci). It also exhibited cumulative effects of dominance, overdominance, and a large number of epistatic interactions (Aakanksha et al.).



Brassica oleracea

As one of the most critical cruciferous vegetables, cabbage (B. oleracea L. var. capitata) has been widely cultivated all over the world since it contains favorable components for human health. Notably, compared with the development of simple sequence repeats (SSR) markers in other crops, SSR markers, those developed from B. oleracea L. var. capitata reference genome are lacking. Additionally, despite the contribution of RNA-Seq data to in silico generation, a comprehensive analysis of SSRs within B. oleracea L. var. capitata genome is not available. To fill the highlighted knowledge-gaps, 64,546 perfect and 93,724 imperfect SSR motifs were identified in the 0.5Gb of B. oleracea L. var. capitata genomic sequence (TO1000), which was mined using a whole-genome bioinformatics survey (Xu et al.).



Conclusions and outlook

The contributions to volume II of the Research Topic ‘The Brassicaceae - Agri-Horticultural and Environmental Perspectives’ discussed the molecular-genetic insights into agri-horticultural aspects that can help in devising breeding approaches in various species of the genus Brassica for yield, flowering time variations, flower color, and pigment formation. The collection discusses the factors involved in seed development stages and yield in special eco-environments, N rate-Auxin-Floral Meristem crosstalk, resistance to cold and pathogens, hybrid seed production, and minimization of erucic acid in seed oil. However, no contributions discuss the molecular-genetic aspects of abiotic stress tolerance and the environmental perspectives of the Brassicaceae family members. Additionally, there is a large number of existing research on the contribution of the members of the plant family Brassicaceae in the control of varied environmental issues. These highlighted aspects will be further explored in future volume(s) of this Research Topic.
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As an important physiological and reproductive organ, the silique is a determining factor of seed yield and a breeding target trait in rapeseed (Brassica napus L.). Genetic studies of silique-related traits are helpful for rapeseed marker-assisted high-yield breeding. In this study, a recombinant inbred population containing 189 lines was used to perform a quantitative trait loci (QTLs) analysis for five silique-related traits in seven different environments. As a result, 120 consensus QTLs related to five silique-related traits were identified, including 23 for silique length, 25 for silique breadth, 29 for silique thickness, 22 for seed number per silique and 21 for silique volume, which covered all the chromosomes, except C5. Among them, 13 consensus QTLs, one, five, two, four and one for silique length, silique breadth, silique thickness, seed number per silique and silique volume, respectively, were repeatedly detected in multiple environments and explained 4.38–13.0% of the phenotypic variation. On the basis of the functional annotations of Arabidopsis homologous genes and previously reported silique-related genes, 12 potential candidate genes underlying these 13 QTLs were screened and found to be stable in multiple environments by analyzing the re-sequencing results of the two parental lines. These findings provide new insights into the gene networks affecting silique-related traits at the QTL level in rapeseed.

Keywords: Brassica napus, recombinant inbred line, silique-related traits, QTL mapping, candidate genes


INTRODUCTION

Rapeseed (Brassica napus, AACC, 2n = 38), a major oil crops worldwide, evolved from the double diploidization of Brassica rapa (AA, 2n = 20) and Brassica oleracea (CC, 2n = 18) through interspecific hybridization (Murphy, 1999). B. napus is an oil crop with the highest oil production efficiency and is currently an important source of edible vegetable oil in China (Wang, 2010). Because of the high protein content of rapeseed meal, rapeseed is also a high-quality source of animal feed. Additionally, rape straw undergoes an efficient biomass digestion and can be used as a raw material for bio-energy production (Wang X. et al., 2016).

The global population, and thus, food demand, continues to grow; however, the amount of cultivated land is decreasing owing to a variety of factors, such as human activities and climate change. Therefore, increasing the production of rapeseed is currently an urgent requirement and major goal of global rapeseed producers. Yield is an extremely complex trait, and the product of a series of developmental and physiological processes (Van Camp, 2005). Rapeseed yield is determined by three constituent factors: seed weight, silique number and seed number per silique (SPS) (Clarke and Simpson, 1978). The silique, as an important photosynthetic organ of rapeseed, is closely related to the final grain yield (Allen et al., 1971). Silique-related traits, such as silique length (SL), silique breadth (SB), silique thickness (ST) and silique volume (SV), affect the appearance and morphology of silique, and ultimately affect the production and yield of photosynthetic substances (Ferrándiz et al., 1999). Thus, siliques and their related traits are considered the major contributing factors for increasing rapeseed yield. Understanding their genetic bases is of great significance for breeding high-yield rapeseed.

The silique-related traits of rapeseed are all complex traits controlled by quantitative trait loci (QTLs), which are also easily affected by the environment. QTL mapping has been successfully applied to the genetic analyses of the quantitative traits of a variety of crops. In rapeseed, a large number of QTLs, such as those affecting plant height (Wang Y. et al., 2016; Dong et al., 2021), branch angle (Wang H. et al., 2016; Wang et al., 2019) and flowering time (Yu et al., 2019; Xu et al., 2021), have been genetically mapped. In siliques, SL and SPS are the most important traits. At present, more than 100 QTLs for SL, along with more than 200 QTLs for SPS, have been detected in different mapping populations of B. napus, and QTLs controlling SL and SPS are distributed on all 19 chromosomes, explaining 1.9–65.6% and 0.78–57.8% of the phenotypic variance (PV), respectively (Chen et al., 2007, 2011; Radoev et al., 2008; Shi et al., 2009; Zhang et al., 2011; Yang et al., 2012, 2016, 2017; Cai et al., 2014, 2016; Qi et al., 2014; Fu et al., 2015; Wang X. et al., 2016; Luo et al., 2017; Zhu et al., 2020). Recently, Li et al. (2015) successfully isolated qSS.C9, the main locus controlling SPS in B. napus that had been discovered by Zhang et al. (2012). qSS.C9 encodes the predicted protein BnaC9.SMG7b. In Arabidopsis, SMG7 controls female fertility and then SPS by regulating the progression from anaphase to telophase in the second meiotic division (Riehs et al., 2008). As in Arabidopsis, BnaC9.SMG7b determines the formation of functional female gametophytes (FGs) by influencing the progression through meiotic anaphase II. Plants with BnaC9.SMG7b deletions exhibit reduced SPS and SL values, which is caused by the reduced ovule number and shorter siliques because of defects in the development of functional FGs. In addition, two major QTL for SL have been successfully cloned on the A9 chromosome of B. napus (Liu et al., 2015; Shi et al., 2019). The target genes of these two QTLs were identified as BnaA9.ARF18 and BnaA9.CYP78A9 through a fine-mapping analysis. BnaA9.ARF18 is a homolog of the Arabidopsis auxin response factor 18 (ARF18) that is expressed differentially in various tissues, including root, leaf, stem, bud and ovule, but mainly in the silique wall. A transcription analysis has shown that ARF18 regulates cell elongation in the silique wall and then SL by acting through the auxin-response pathway (Liu et al., 2015). BnaA9.CYP78A9 is an ortholog of Arabidopsis CYP78A9, which regulates reproductive development and floral organ size (Sotelo-Silveira et al., 2013). BnaA9.CYP78A9 affects SL in rapeseed by promoting cell elongation in silique valves during silique growth and development (Shi et al., 2019). Although a few silique genes, such as BnaC9.SMG7b, BnaA9.ARF18 and BnaA9.CYP78A9, have been analyzed in B. napus, the genetic mechanisms behind silique-related traits, especially those other than SPS and SL, are far from understood.

The formation of the SPS is closely related to other silique characteristics (SL, SB, ST, and SV), and SPS is significantly positively correlated with SL (Zhang et al., 2011; Wang X. et al., 2016; Yang et al., 2017). As an important silique-related morphological trait, SL also plays a vital role in seed yield, and it has long been used as an indirect selective indicator in breeding for improved seed yields in B. napus. To date, there are extremely limited QTL mapping studies of SB, ST, and SV in B. napus (Wang X. et al., 2016), and more research is needed to determine the relationships among them and their effects on the yield, which is very important for increasing the efficiency levels of breeding programs.

In the present study, a recombinant inbred line (RIL) population containing 189 lines was used to investigate the QTLs for five silique-related traits in seven environments. The objectives were to identify (i) QTLs associated with SL, SPS, SB, ST, and SV across multiple environments and (ii) candidate genes underlying the QTLs that could be stably detected based on the re-sequencing information of two parental lines. This study will lay a good foundation for studying the molecular mechanisms of silique-related traits and increasing yield through rapeseed breeding.



MATERIALS AND METHODS


Plant Materials

An RIL population containing 189 lines was constructed by a cross between “APL01” (female parent) and “Holly” (male parent), and it was named the AH population (Wang et al., 2015). The two parental lines showed diversity in silique-related traits. The AH population was previously used for high-density SNP genetic map construction (Wang et al., 2015). The map contains 2,755 SNP-bins, including 11,458 SNP markers and 57 simple sequence repeats, spanning a genetic distance of 2,027.53 cM, with an average distance of 0.72 cM between markers. This population was previously used for QTL mapping and the analysis of apetalous characteristics (Wang et al., 2015), seed fatty acid composition (Chen et al., 2018) and seed-related traits (Sun et al., 2018). In this study, it was used for the QTL mapping of five silique-related traits.



Field Experiment and Trait Measurement

The AH population, and the parental lines, were grown in four locations in China in 2014–2016. Yangling, Shaanxi Province was planted in September 2015, harvested in May 2016 and recorded as 15YL; Sunan, Gansu Province, was planted in April and harvested in September 2016 and recorded as 16GS; Dali, Shaanxi Province was planted in September 2014 and 2016, harvested in May 2015 and 2017, and recorded as 14DL and 16DL, respectively; and Nanjing, Jiangsu Province was planted in September 2014, 2015 and 2016, harvested in the May of the following years and recorded as 14NJ, 15NJ, and 16NJ, respectively. The field planting of the parents and AH population followed a randomized complete block design with two replications. Each repetition contained two rows with an average spacing of 40 cm between rows and 20 cm between individual plants. The planting, management and harvesting of field materials followed local field-breeding practices.

At the mature stage, three plants growing uniformly from each line were selected, and three well-developed siliques of the first branch adjacent to the main inflorescence from each plant were collected to analyze the silique-related traits (Wang X. et al., 2016). Here, five silique-related traits were investigated: (1) SL, the average length of nine sampled siliques; (2) SB, the widest horizontal length of the space occupied by the silique; (3) ST, the thickness at the same position as SB; (4) SV, the volume measured using the drainage method, which takes the difference between the volume reading of the water after silique immersion and the volume reading of the water prior to the immersion; and (5) SPS, the average seed number of nine sampled siliques. A Vernier caliper was used to measure SL, SB and ST, and a volumetric cylinder was used to measure SV.



Statistical Analysis

SPSS 22.0 software (SPSS Inc., Chicago, IL, United SA) was used for descriptive statistical and correlation analyses of each trait in each environment, and the mean value of the seven environments for each trait was used to carry out correlation analyses. The coefficient of variation was calculated as σ/μ, where σ represents the standard deviation and μ represents the average. The broad-sense heritability (h2) was obtained using the R package lme4 (Merk et al., 2012). The computational formula for broad-sense heritability was as follows: h2 = σ2G/(σ2G + σ2GE/e + σ2e/re), where σ2G, σ2GE, and σ2e, respectively, represent genotypic variance, the interaction variance of genotype-by-environment and error variance, n represents the number of environments and r represents the number of replications (Sun et al., 2016).



QTL Mapping and Integration

The composite interval mapping procedure of the Windows QTL Cartographer 2.5 was used to detect the QTLs associated with the five silique-related traits (Wang et al., 2012). The window size was set to 10 cM, a walking speed of 2 cM was selected, and five markers were set as background cofactors. The permutation analysis with 1,000 repetitions (P = 0.05) was performed, and a LOD threshold (2.5–2.8) was used to determine the existence of a QTL and named as “identified QTL.” The QTL intervals were established by 2-LOD as approximately 95% QTL confidence intervals (CIs), which is automatically generated by Windows QTL Cartographer 2.5. Identified QTLs for each trait have undergone two rounds of meta-analysis using BioMercator 2.1 software, which can be used to decide the best fitting QTL in accordance with the Akaike criterion (Arcade et al., 2004). The QTL meta-analysis was performed following the description of Wang X. et al. (2016). In the first round, identified QTLs for specific traits with overlapping CIs detected in two or more environments were integrated and named as “consensus QTLs.” In the second round, consensus QTLs for different traits located in the same chromosomal region were integrated and named as “unique QTLs” (Chen et al., 2018). The designation of the QTL refers to the method of McCouch et al. (1997) with modifications. The name of identified QTL starts with its abbreviation “iq,” followed by the environment/trait abbreviation and linkage group (A1–10 and C1–9). When there are multiple QTLs within the same linkage group, the identified QTLs are numbered in accordance with their physical locations. Similarly, the names of consensus QTLs and unique QTLs start with their abbreviations “cq” and “uq,” respectively.



Prediction of Underlying Candidate Genes for SL, SB, ST, SPS, and SV

The Illumina HiSeq 2500 platform (Illumina, Inc., San Diego, CA, United States) was used to re-sequence the parental APL01 and Holly genomes with a sequencing depth of 30 × coverage in our previous study (Yu et al., 2021). A total of 74.89 G bp clean data were obtained, with Q30 reaching an average of 92.0%. For candidate gene prediction the following steps were taken: First, the SNP/Indel loci with differences and homozygous between the parents were detected. The clean reads of APL01 and Holly were aligned against B. napus reference genome “Darmor-bzh” (Chalhoub et al., 2014) using BWA software (Li and Durbin, 2009). The SAMtools command “mpileup” was used to genotypes calling (Li et al., 2009). The locus were screened and retained with criteria: (1) Depth ≥ 6; (2) Quality ≥ 20; (3) Allele mutation ratio of homozygous loci <0.1 or >0.9. After filtration, the genotypes of the two parents were combined by the Bcftools command “merge” (Danecek and McCarthy, 2017), and the SNP/Indel loci with differences and homozygous between the parents were retained; Second, the probe sequences of SNPs on the genetic map were used to map markers on both sides of the QTL interval to the physical position of the reference genome “Darmor-bzh” using BLAST (E value ≤ 1e-10) (Chalhoub et al., 2014), and the variation loci within the QTL interval were found using the results of the first step; and Third, on the basis of the functional annotations of Arabidopsis homologous genes and previously reported silique-related genes, candidate genes for silique-related traits of rapeseed were screened from the mutant loci of these QTLs.



RESULTS


Phenotypic Analysis of Five Silique-Related Traits

The phenotypic performance and h2 estimates for the five silique-related traits in the two parental lines and AH population are presented in Table 1. The five silique-related traits of the two parents, “APL01” and “Holly,” differed significantly in most of the investigated environments, and only two environments, 16DL and 16NJ, showed no significant differences in ST. Compared with “Holly,” “APL01” had significantly greater SB, ST, SV, and SPS values, whereas “Holly” had a significantly greater average SL than “APL01.” The h2 values for SL, SB, ST, SV, and SPS were 81.10, 82.45, 76.66, 73.10, and 73.61% in the AH population, respectively (Table 1), suggesting that the QTLs controlling these traits have large effects on breeding rapeseed to increase yield.


TABLE 1. Statistical analysis of five silique-related traits for two parents and AH populations in 7 environments.

[image: Table 1]A wide range of variation, as well as transgressive segregation, were observed for the five silique-related traits, suggesting that alleles with positive effects were distributed in both parents (Table 1 and Figure 1). In addition, the distributions of the five traits were continuous, and most skewness and kurtosis values for the distributions of these traits were <1.0 (Table 1 and Figure 1), which are characteristic of the normal distribution model, indicating that the AH population is suitable for QTL mapping.
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FIGURE 1. Phenotype frequency distributions of five silique-related traits in the AH population. 14DL, 14NJ, 15NJ, 15YL, 16DL, 16GS, and 16NJ are the codes for the following different years and environments: 2014 Dali, 2014 Nanjing, 2015 Nanjing, 2015 Yangling, 2016 Dali, 2016 Gansu, and 2016 Nanjing, respectively. A represents the female parent “APL01” and H represents the male parent “Holly” of the AH population.




Correlation Analysis Among Five Silique-Related Traits

The correlation coefficients among the five silique-related traits were calculated (Table 2), and most were extremely significantly correlated with each other. For instance, highly significant positive correlations were observed between SV and the other four silique-related traits, SB was significantly positively correlated with ST, SPS and SV, and SPS showed significant positive correlations with the other silique-related traits, except for ST. Studying the associations among SL, SB, ST, SPS, and SV is of great significance to understand silique morphogenesis and increase rapeseed yield.


TABLE 2. Phenotypic correlations among five silique-related traits in the AH population.
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QTL Mapping of Five Silique-Related Traits

Genome-wide QTL analyses were performed separately using the phenotypic data of SL, SB, ST, SPS, and SV grown in seven environments, and a total of 137 identified QTLs distributed across 18 chromosomes were obtained, which explained 4.23–15.31% of the PV (Supplementary Additional File 1). Among the QTLs, 24 were identified for SL, 33 for SB, 31 for ST, 27 for SPS, and 22 for SV (Supplementary Additional File 1). For each trait, QTLs with overlapping CIs detected in different environments were integrated into one QTL through a meta-analysis. As a result, 137 identified QTLs were integrated into 120 consensus QTLs (Figure 2, Supplementary Additional Files 1, 2). Among them, 107, 10, 2 and 1 consensus QTL were detected in 1, 2, 3, and 4 environments, respectively. The consensus QTLs repeatedly detected in multiple environments are listed in Table 3.


TABLE 3. Consensus QTL obtained for the five silique-related traits detected in multiple environments.
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FIGURE 2. Consensus QTL locations of silique-related traits on chromosomes A10 and C7 detected in seven different environments. Only SNPs in the confidence interval of each QTL, and the terminal two SNPs of each linkage group, are marked. The numbers listed on the left of the linkage group are distances in cM, and the locus names are on the right. Consensus QTLs for different traits are represented by different colored vertical bars: red, SL; green, SB; pink, ST; blue, SPS; turquoise, SV).


For the 24 identified QTLs of SL, which were located on chromosomes A3, A5, A6, A7, A9, A10, C2, C3, C6, and C9, each individual QTL explained 4.8–9.2% of the PV. Two identified QTLs, iq14DL.A10-2 and iq15YL.A10, with overlapping CIs were integrated into the consensus QTL cqSL.A10-3 (Table 3). Among the 23 consensus QTLs after integration, all the QTLs showed positive additive effects, except cqSL.A5-3, suggesting that the female parent “APL01” contributed favorable alleles.

For the 33 identified QTLs of SB, each QTL accounted for 4.23–15.3% of the PV, and these QTLs were mapped onto 12 chromosomes. Finally, the 33 identified QTLs were integrated into 25 consensus QTLs, including 3, 1 and 1 QTLs stably expressed in 2, 3 and 4 environments, respectively (Table 3). The stable QTL cqSB.C6-1 showed a larger effect in the DL than in the NJ environment, with PVs of 12.96 and 9.53% in 14DL and 16DL, respectively but PVs of 4.38 and 5.18% in 14NJ and 15NJ, respectively. The QTL cqSB.C6-1 was repeatedly detected in four environments and may be used in marker-assisted selection. Four of the five consensus QTLs (cqSB.C1, cqSB.C7-2, cqSB.C7-4, and cqSB.C6-1) repeatedly detected in different environments had positive additive effects, indicating that the alleles responsible for increasing SB were inherited from female parent “APL01.”

For the 31 identified QTLs of ST, each QTL explained 4.5–9.5% of the PV and were located on ten chromosomes. The 31 QTLs were integrated into 29 consensus QTLs, including two QTLs that were repeatedly detected in two environments. QTL cqST.A5-2 was integrated from iq16DL.A5 and iq16GS.A5, whereas cqST.A5-3 was integrated from iq14DL.A5-1 and iq14NJ.A5-2 (Table 3). These two consensus QTLs had negative additive effects, indicating that the favorable alleles were derived from the male parent “Holly.”

For SPS, 27 identified QTLs were obtained, explaining 4.5–13.8% of the PV. These QTLs were located on nine chromosomes. As a result of meta-QTL analyses, 22 consensus QTLs were obtained, including 18, 3 (cqSPS.A7-3, cqSPS.C3-2, and cqSPS.C6-2) and 1 (cqSPS.C3-3) QTL that were expressed in 1, 2, and 3 environments, respectively (Table 3). Among the 22 consensus QTLs, only four had negative additive effects and exhibited minor effects, whereas the other 18 QTLs had positive additive effects, indicating that the female parent “APL01” contributed favorable alleles.

For SV, 22 identified QTLs were detected, with each QTL explaining 4.62–11.9% of the PV. These QTLs were distributed across 13 chromosomes. There are two identified QTLs, iq14DL.A10-1 and iq15NJ.A10, with overlapping CIs that were integrated into one consensus QTL, cqSV.A10-1 (Table 3), and the other QTLs were only specifically expressed in a single environment (Supplementary Additional File 1). Of the 21 consensus QTLs, 15 had positive additive effects, including the two QTLs, cqSV.C7-2 and cqSV.C7-3, which explained 10.3 and 11.9%, respectively, of the PV in 16GS, indicating that the female parent “APL01” contributed favorable alleles.



Pleiotropic Unique QTLs for the Five Silique-Related Traits

As shown in Table 2, most of the five silique-related traits showed highly significant correlations. The genetic correlations may be caused by pleiotropism, in which, a single QTL affects the phenotypic variation of multiple traits. Consensus QTLs for the five silique-related traits with overlapping CIs were integrated into unique QTLs using a meta-analysis. In total, 120 consensus QTLs were integrated into 89 unique QTLs (Supplementary Additional File 3), including 25 QTLs that had pleiotropic effects on two to three traits (Table 4). These pleiotropic QTLs can partly explain the significant correlations between silique-related traits. For instance, SB had a significant positive correlation with SV, with the highest positive correlation coefficient (0.718) among the five silique-related traits (Table 2). Five unique QTLs simultaneously controlled SB and SV, in which uqC6-4, uqC7-7, uqC7-8, and uqC8 had positive additive effects, while uqA10-8 had a negative effect on both SB and SV (Table 4).


TABLE 4. Twenty-five pleiotropic unique QTL on two to three traits of silique-related traits obtained by the second round of meta-analysis.
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Prediction of Candidate Genes for SL, SB, ST, SPS, and SV

To identify candidate genes related to SL, SB, ST, SPS, and SV, 13 consensus QTLs for the five traits that were stably expressed in multiple environments (Table 3) were analyzed. As a result, 2–271 genes underlying the CIs of the 13 QTLs were found (Supplementary Additional File 4). We analyzed these 2–271 genes one by one based on the functional annotations of Arabidopsis homologous genes and previously reported silique-related genes. Twelve genes underlying 12 consensus except for cqSV.A10-1 were found to have known functions related to the silique-related traits.

The CI of cqSL.A10-3 contained the putative gene SMG7 (BnaA10g15730D), which have been successively cloned by Li et al. (2015). The CI of cqSB.A10-2 contained the putative genes LNG1 (BnaA10g18650D) and CNGC18 (BnaA10g19030D), lng1 dominant mutant displayed longitudinally elongated and transversely narrowed in cells of the siliques (Lee et al., 2006), the CNGC18 point mutations resulted in shorter siliques, reduced male fertility and fewer seeds per silique (Gao Q. et al., 2016). The CI of cqSB.C1 contained the putative gene STY2 (BnaC01g02360D), the sty2 mutation prevents siliques from elongating and showed short silique in Arabidopsis (Kuusk et al., 2002). The CI of cqSB.C7-2 contained the putative gene KINβγ (BnaC07g33610D), its mutant displayed defects in organogenesis and growth, including shorter stature and silique (Gao X. et al., 2016). The CI of cqSB.C7-4 contained the putative gene ABCC13 (BnaC07g35090D), ABCC13 loss function in Arabidopsis leads to decreased silique length and seed yield (El Guizani et al., 2014). The CI of cqST.A5-2 contained the putative gene ARID1 (BnaA05g05310D), mutation in ARID1 showed reduced seed set and short siliques (Zheng et al., 2014). The CI of cqST.A5-3 contained the putative gene LAC4 (BnaA05g06610D), the overexpression of miR397b in Arabidopsis showed increased silique length and seed yield via modulating gene LAC4 (Wang et al., 2014). The CI of cqSPS.A7-3 contained the putative gene HTH (BnaA07g22900D), hth mutant showed reduced seed set and short siliques (Krolikowski et al., 2003). The CI of cqSPS.C3-2 contained the putative gene AOG1 (BnaC03g12770D), the siliques of aog1 mutant were much smaller than those of wild type and had a dramatically reduced seed set (Cui et al., 2015). The CI of cqSPS.C3-3 contained the putative gene PYL8 (BnaC03g15210D), the pyl8 T-DNA mutant had an extremely low seed yield due to fewer siliques with lower length (Gonzalez-Guzman et al., 2012). In this study, no candidate genes were discovered in the CI of cqSV.A10-1. The CI of cqSB.C6-1 and cqSPS.C6-2 contained the putative gene HMG1 (BnaC06g26470D), T-DNA insertion hmg1 mutant showed shorter siliques and fewer seeds per silique in Arabidopsis (Suzuki et al., 2004).



DISCUSSION

Most agricultural production-related traits are quantitative traits controlled by multiple genes that are also sensitive to the environmental conditions (Abe et al., 2012). Therefore, QTL detection across different environments is necessary for the genetic dissection of complex traits in crops. In this study, phenotypic observations of five silique-related traits replicated in seven environments were used for the QTL analysis, and they might improve the accuracy of QTL detection.

In the present study, most of the five silique-related traits have significant positive correlations with each other (Table 2). The significant correlations can be explained by unique pleiotropic QTLs. For example, SB had significant positive correlations with SV (coefficient 0.718), whereas, five unique QTLs simultaneously effect SB and SV with the same direction of additive effects (Supplementary Additional File 3). ST showed a negative but low correlations with SL (coefficient -0.026) and SPS (coefficient −0.027) (Table 4). Accordingly, no unique QTL had effects on both ST and SL, whereas only two unique QTLs controlled ST and SPS. These were uqA4-2, with the same direction of additive effects, and uqA5-4, with the opposite direction of additive effects. In addition, SPS had significant positive correlations with SL, SB and SV, but not ST, which is consistent with previous results (Zhang et al., 2011; Wang X. et al., 2016; Yang et al., 2017).

In this study, 25, 29, and 21 consensus QTLs were obtained for SB, ST and SV, respectively. Among these QTLs, five for SB, two for ST and one for SV were repeatedly identified in two to four different environments. To our knowledge, QTLs for SB, ST, and SV in B. napus have rarely been reported (Wang X. et al., 2016). In this study, the QTLs for SB were first mapped on chromosomes A1, A10, C1, C3, C4, C8, and C9; QTLs for ST were first mapped on chromosomes A2, A4, C3, and C7; and QTLs for SV were first mapped on chromosomes A2, A4, A7, A8, A10, C2, C3, C4, C7, C8, and C9. Meanwhile, in previously published results, two QTLs related to SB located at 60.47–62.39 Mb and 68.69–72.5 Mb of C6 had overlapping CIs with the results of our study (cqSB.C6-2, 60.6–61.9 Mb and cqSB.C6-3, 70.1–83.3 Mb), two QTLs related to ST located at 61.3–69.2 Mb of A9 and 34.1–60.4 Mb of A10 had overlapping CIs with the results of our study (cqST.A9-2, 68.1–75 Mb and cqST.A10-1, 38.9–52 Mb) and one QTL related to SV located at 54.8–60.7 Mb of C6 had an overlapping CI with the results of our study (cqSV.C6-2, 50.9–55.9 Mb). This indicated that these QTLs were stably expressed in different genetic backgrounds and that they may be useful in molecular marker-assisted selection breeding.

In previous studies, efforts focused on QTL analyses of SPS and SL. There are more than 200 QTLs for SPS (Radoev et al., 2008; Shi et al., 2009; Chen et al., 2011; Zhang et al., 2011; Cai et al., 2014, 2016; Qi et al., 2014; Wang X. et al., 2016; Yang et al., 2016, 2017; Luo et al., 2017; Zhu et al., 2020) and more than 100 QTLs for SL located on 19 chromosomes (Chen et al., 2007; Zhang et al., 2011; Yang et al., 2012, 2017; Cai et al., 2014; Qi et al., 2014; Fu et al., 2015; Wang X. et al., 2016). Most of the QTLs for SL and SPS obtained in this study were consistent with those previously reported. Among them, one QTL for SL (cqSL.A10-3) and four for SPS (cqSPS.A7-3, cqSPS.C3-2, cqSPS.C3-3, and cqSPS.C6-2) were repeatedly identified in two to three different environments. With the assistance of the B. napus reference genome “Darmor-bzh,” it was possible to compare the QTLs for silique-related traits detected in this study with those detected in previous studies. cqSL.A10-3, cqSPS.A7-3, cqSPS.C3-2, cqSPS.C3-3, and cqSPS.C6-2 overlapped with QTL mapping intervals of Chen et al. (2007), Shi et al. (2009), Luo et al. (2017), and Zhu et al. (2020), respectively. In this study, the 13 consensus QTLs that were stably expressed in different genetic backgrounds and environments were used as the major QTLs for further candidate gene research. Among these 13 consensus QTLs, cqSB.C7-4, cqST.A5-2, cqSPS.A7-3, cqSPS.C3-3, cqSB.C6-1, and cqSPS.C6-2 were further integrated into pleiotropic unique QTLs uqC7-7, uqA5-4, uqA7-6, uqC3-4, and uqC6-4 by meta-analysis (Table 4). The genes underlying these consensus QTL might have pleiotropic effects on two to three traits.

Siliques represent a fruit type specific to members of the Brassicaceae family that form from the gynoecium after flowering (Seymour et al., 2008). The transformation of the gynoecium into a silique depends on whether the ovule has been successfully fertilized, and this signal may be produced by the pollen grains (Seymour et al., 2013). Successfully fertilized ovules result in developmental alterations of pistils from senescence to growing fruit. Thus, the failure of any part of these successive processes, including gynoecium formation, fertilization and silique growth, that involving cell proliferation, differentiation and expansion, will eventually affect the development of siliques and seeds, which are the determining factors of rapeseed yield. For example, plants with a BnaC9.SMG7b deletion exhibit reduced SPS and SL values, which are caused by developmental defects in the formation of functional FGs owing to the interruption of meiotic anaphase II (Li et al., 2015). BnaC9.SMG7b, the successfully cloned rapeseed silique gene, also underlies the CI of cqSL.A10-3 in this study. LNG1 regulates longitudinal cell elongation in Arabidopsis, and lng1 dominant mutant plants are characterized by elongated siliques owing to longitudinally elongated and transversely narrowed cells in the siliques (Lee et al., 2006). CNGC18 is an essential Ca2+ channel for pollen tube guidance in Arabidopsis. CNGC18 point mutations result in shorter siliques, reduced male fertility and fewer seeds per silique (Gao Q. et al., 2016). The Arabidopsis gene STY2 promotes the formation of the apical tissues of the gynoecium. The sty2 mutant lines exhibit many developmental defects in reproductive tissues, including shortened siliques and aborted ovules (Kuusk et al., 2002). KINβγ, a component of the regulatory subunit of the SNF1-related protein kinase, is required for pollen germination on the stigma surface. KINβγ mutants display defects in organogenesis and growth, including shorter statures and siliques (Gao X. et al., 2016). ABCC13 is expressed in the seed coat and embryo, and its loss of function in Arabidopsis leads to decreased silique lengths and seed yields (El Guizani et al., 2014). ARID1 is required for sperm cell formation in Arabidopsis, and the ARID1 mutant shows reduced seed set and short siliques, which are caused by defects in gametophyte formation owing to an arrested mitotic cell cycle (Zheng et al., 2014). LAC4, a laccase gene regulated by miR397b, controls both lignin biosynthesis and seed yield in Arabidopsis, and overexpressing miR397b may increase silique lengths and seed sizes by modulating LAC4 (Wang et al., 2014). HTH is involved in regulating floral organ fusion in Arabidopsis, and the hth mutant shows reduced seed set and short siliques, which are caused by reduced pollen fertility and aborted ovules (Krolikowski et al., 2003). The homozygous aog1 in Arabidopsis shows reduced seed set and short siliques compared with the wild type, and this caused by a significant reduction in fertility owing to reduced pollen formation and severe defects in embryo sacs (Cui et al., 2015). PYL8 is a regulatory component of the ABA receptor, which is vital for regulating seed germination, root and shoot development and abiotic stress responses (Garcia-Maquilon et al., 2021), and a pyl8 mutant shows an ABA-insensitive phenotype, including a lower seed yield owing to fewer siliques having shorter lengths (Gonzalez-Guzman et al., 2012). Arabidopsis HMG1 encodes a 3-hydroxy-3-methylglutaryl coenzyme A reductase, which is a key element of the sterol biosynthetic process that is required for cell viability and growth. The T-DNA insertion hmg1 mutant in Arabidopsis shows shorter siliques and fewer seeds per silique compared with the wild type, and this was caused by reduced cell elongation and fertility owing to a reduced sterol level (Suzuki et al., 2004).
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Oilseed rape is one of the world’s largest oil and industrial crops, providing humans with various products, such as vegetable oil and biofuel. Ovules are the direct precursors of seeds, and ovule number per ovary (ONPO) largely determines seed number per fruit that affects both yield and fitness of seed crops. The ONPO shows wide variation in oilseed rape, whereas the underlying genes and mechanisms are poorly known. The present study performed the genetic, physiological and transcriptomic analyses of ovule number per ovary using an association panel and the extreme lines. The ONPO of 327 accessions planted in four environments showed a large variation from 19.2 to 43.8, indicating a great potential for the further genetic improvement of ovule number. The genome-wide association study (GWAS) identified a total of 43 significant SNP markers. Further, these SNPs were integrated into 18 association loci, which were distributed on chromosomes A01, A03, A06, A07, A09, C01, C03, C06, C07, and C09, explaining 4.3–11.5% of the phenotypic variance. The ONPO decreased as their appearance order on the inflorescence and was associated with the level of several types of endogenous phytohormones but not related to leaf area and photosynthetic rate. Comparative transcriptomic analysis identified a total of 4,449 DEGs enriched in 30 classes, including DNA, RNA, protein, signaling, transport, development, cell wall, lipid metabolism, and secondary metabolism. Nearly half of DEGs were involved in the known pathways in regulating ovule number, of which 12 were homologous to know ovule number regulating genes, indicating a strong link between the identified DEGs and ovule number. A total of 73 DEGs were located within the genomic regions of association loci, of which six were identified as candidates based on functional annotation. These results provide useful information for the further genetic improvement of ovule and seed number in oilseed rape.

KEYWORDS
ovule number per ovary, genome-wide association study, transcriptomic analysis, QTLs, candidate genes, phytohormones, Brassica napus


Introduction

Brassica napus L. (AACC, 2n = 38) is an allopolyploid (AACC) species generated from an interspecies crossing between B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18) around 7,500 years ago (Chalhoub et al., 2014; Wang et al., 2020; Bilgrami et al., 2022). Oilseed rape is one of the most important oilseeds crops worldwide after soybean that provides high-quality nutrients and nutraceuticals to humans and animals and biofuel for industrial production (Yang et al., 2017; Khan et al., 2019). With the increasing demand for edible oil and biofuel due to population growth, it is an urgent need to improve seed yield per unit area in B. napus (Hu Q. et al., 2017; Ahmad et al., 2021; Li et al., 2021).

Under the same planting area, seed yield per unit area is determined by seed yield per plant. In B. napus, seed yield per plant is a complex quantitative trait that is determined by three components: silique number per plant, seed number per silique, and seed weight in oilseed rape (Clarke and Simpson, 1978; Li et al., 2015). Of these, the seed number per silique relies on the ovule number per ovary (ONPO), the proportion of ovules to be fertilized and the proportion of fertilized ovules to develop into seeds (Yang et al., 2017; Yuan and Kessler, 2019). Ovules are the direct precursors of seeds containing the female gametophytes, which are fecundated during pollination to inaugurate seed development (Yuan and Kessler, 2019). Therefore, increasing the number of ovules per flower has become an important strategy for improving seed crop yield and addressing food security (Jiao et al., 2021). The number of ovules per flower varies considerably across different species and even among the different accessions of the same species (Burd et al., 2009; Khan et al., 2019). Ovule number per ovary is determined by the ovule initiation process and is significantly affected by flower size and position (Gomez et al., 2018; Yuan and Kessler, 2019), nutrient availability (Strelin and Aizen, 2018), and phytohormones levels (Barro-Trastoy et al., 2020; Qadir et al., 2021). Although much research into seed number per silique has been reported in B. napus (Yang et al., 2017; Khan et al., 2019; Zhu et al., 2020), few were performed on ovule number per ovary (Khan et al., 2019; Jiao et al., 2021). Therefore, little is known about the natural variation of ovule number per ovary in oilseed rape germplasm.

Although none of the ovule number QTLs in Brassica has been cloned, nearly one hundred ovule number regulating genes have been reported in plants (mainly from Arabidopsis), which can be used as the reference for Brassica, due to their close relationship (Qadir et al., 2021). The systematic summarization of these ovule number genes showed that it is governed by an integrated genetic and phytohormones network where AUX, BR, and CK are the positive regulator of ovule number, whereas GA acts negatively on it (Nemhauser et al., 2000; Bencivenga et al., 2012; Yuan and Kessler, 2019). For example, PIN1 is one of the eight transmembrane auxin transporters in Arabidopsis which is involved in polar auxin transport and required for ovule primordia formation (Benková et al., 2003; Galbiati et al., 2013). The pin1 mutant shows reduced auxin transport activity and multiple growth and development defects, including reduced ovule number (Okada et al., 1991).

Genome-wide association analysis can detect the causal loci underlying complex quantitative traits at the whole-genome level, which may contain several to hundreds of genes dependent on the LD decay at these loci. Transcriptomic analysis can quantify gene expression level and identify the differentially expressed gene in the given tissues at the specific stage, which may be upstream causal genes or downstream target genes in regulating trait variation. Numerous studies have demonstrated that the integration of genome-wide association and transcriptomic analysis has become an efficient strategy for identifying candidate genes underlying complex quantitative agronomic traits (Wang et al., 2020; Helal et al., 2021). For example, by GWAS of silique length and transcriptomic analysis of silique wall at 15-DAF, BnaA9.CYP78A9 was successfully identified as the causal gene for a major association loci qSL.A09-3 (Hussain et al., 2021). The present study aims to dissect the genetic, physiological, and molecular basis for the natural variation of ovule number per ovary in oilseed rape (Brassica napus L.). These results will provide a solid basis for further gene cloning and genetic improvement of ovule number in oilseed rape.



Materials and methods


Plant materials and field trials

The association population was composed of 327 oilseed rape accessions (Li et al., 2020). The field experiments were conducted in four environments, including May 2020 at Ping’an district (36.47°N, 102.09°E) in Haidong city of Qinghai province, Oct 2020 at Yangluo (31.84°N, 114.8°E), and Oct 2021 at both Wuchang (30.35°N, 114.33°E) and Yangluo district in Wuhan city of Hubei province. The field planting followed a randomized complete block design with three biological replications. The field management was conducted according to the local standard practices.



Investigation of ovule number

At the beginning of flowering, three buds were collected from the bottom of the main inflorescence of five plants randomly, resulting in 15 buds for each replication. In total, 58,860 buds (4 environments × 327 lines × 3 replications × 15 buds) were sampled. The sampled buds were fixed in FAA, of which 10 randomly selected buds were dissected for further observation. The calyx and petals of sampled bud were removed by a dissecting needle and taken out of the ovary. The ovaries were kept in 2 ml Eppendorf tubes containing 90% alcohol solution twice and then washed with ddH2O. The trichloroacetaldehyde hydrate solutions were added in a small amount to submerge the sample and make the ovaries transparent. The ovaries were kept in a transparent solution for 12 h to 3 days’ maximum and then transferred to glass slides under the microscope (SZX2-ILLT, Olympus Corporation, Japan). The ovule numbers were counted manually following previously described methods (Yang et al., 2017; Ali, 2018; Yu et al., 2020).



Observation of ovule number per ovary in different positions

To investigate whether ovule number varied with the physical position of buds on the inflorescence. The ovule number variation from the bottom to the top of the inflorescence was investigated using two representative extreme lines (Yang et al., 2017). Briefly, the ovule number data was investigated from five consecutive buds (such as 1–5, 6–10) before flowering. The buds from the bottom to the top of the main inflorescence of the representative plants were sampled.



Detection of phytohormones

To investigate whether the ovule number variation is associated with the concentrations of endogenous phytohormones, the ovaries at the ovule initiation stage were measured for extreme lines. The buds of 0.5–1 mm length were dissected by hand under a stereomicroscope within the required temperature (Vera-Sirera et al., 2016; Gomez et al., 2018), and the obtained ovaries were mixed equally to generate two pools with three biological replications. The quantification of specified hormones including; Abscisic Acid (ABA), Benzyl Adenine (BA), Gibberellic Acid (GA4), Indole-3-Acetic Acid (IAA), Indole-3-Butyric Acid (IBA), Jasmonic Acid (JA) and Salicylic Acid (SA) were carried out on the phytohormones platform at Huazhong Agricultural University, Wuhan, China.



Measurement of leaf area and photosynthetic rate

At the early flowering time, ten mature leaves were collected from five representative plants of the extreme lines and transferred to the laboratory. The procedure for leaf area measurement was described as in the previous studies (Hu M. et al., 2017; Li et al., 2020). A portable photosynthesis system (LI-6800XT, LI-COR) was used to measure the photosynthetic parameter of the extreme lines in the field between 9:30–11:00 and 14:30–16:00 (Li et al., 2019; Wang et al., 2020).



Genome-wide association analysis

The Brassica 50 K SNP array1 was used for the genotypic analysis of the association population, which contains 45,707 SNP markers. The parameters were set as a missing rate ≤0.2, heterozygous rate ≤0.2, and minor allele frequency >0.05 to examine SNP data using Illumina Bead Studio genotyping software.2 The probe sequences of these SNP markers were compared to the B. napus Darmor-bzh reference genome to identify their physical positions (Chalhoub et al., 2014). The four statistical models were used for the association study, including the general linear model (GLM) with controlling for population structure (Q) and principal component analysis (PCA), the mixed linear model (MLM) controlling for both Q and PCA with relative kinship (K) according to Liu et al. (2016). The GWAS analyses were performed using TASSEL v.5.2.77 software. The threshold for the significantly associated SNP markers was set to P < 4.08 × 10–5 [P = 1/21242, −log10 (P) = 4.33] as previously described (Liu et al., 2016; Li et al., 2020).



Ribonucleic acid sequencing and transcriptomic analysis

The ovaries at the ovule initiation stage were dissected from 0.5 to 1 mm buds by hand under a stereomicroscope at the required temperature. The obtained ovaries were mixed equally to generate two pools with three biological replications (M1-M3 and L1-L3). According to the manufacturer’s procedure, a Plant RNA Mini Kit was used to isolate total RNA from each sample (Tiangen, Inc., China). The Oebiotech company performed cDNA library construction and Illumìna sequencing using an Illumìna HìSeq™ 2,500 platform.

The low-quality, low-complexity, and repetitive raw reads were sorted out, and only the clean reads that passed quality control were subjected to further analysis. The sequences were mapped to the reference genome of Darmor as previously described (Hussain et al., 2021). The false discovery rate (FD– RD ≤0.05) and the p-value ≤0.005 were set as a threshold to identify the deferentially expressed genes (DEGs). Moreover, these paired-end sequencing reads were uploaded to NCBI with accession number PRJNA820145.



Validation of deferentially expressed genes through qRT-PCR

Ten DEGs randomly chosen were subjected to qRT-PCR validation using the same RNA samples used for sequencing. The M-MLV reverse transcriptase (Promega) was used to synthesize cDNA containing total RNA (4 μg) and oligo (dT) primers, as described in the company instructions. Bio-Rad CFX96 real-time detection systems were used for qRT-PCR analyses with three replicates. The 2–ΔΔCt method was adopted to evaluate the relative expression of target genes, with the B. napus ACTIN2 as an internal control (Li et al., 2021). The details of these gene-specific primers used for qRT-PCR are listed in Supplementary Table 1.



Identification of candidate genes

Based on the physical distance of LD decay, the genes within 500 kb up and downstream of significantly associated SNP loci were considered (Li et al., 2020). Some of these genes were homologous to the known ovule number regulating genes in plants (Qadir et al., 2021), which were identified as candidates. In addition, some of these genes showed significantly differential expression between the more and less-ovule lines, which were also identified as candidates.



Statistical analysis

The correlation coefficient was calculated using the CORR procedure implemented in the SAS software 8.0 (SAS Institute, Inc., 2000, Cary, NC, United States). Broad-sense heritability was calculated as h2 = σg2/(σg2 + σge2/n + σe2/nr), where σg2, σge2, and σe2 are the variances of genotype, genotype by environment and error, respectively, while n and r are the number of environments and replicates, respectively. The Excel statistical functions CHISQ.TEST and T.TEST were used to obtain the significance level (Px2–test and Pt–test) of the degree-of-fit and differences (Meng et al., 2015). The frequency distributions of ONPO investigated in four environments were constructed using Minitab 9.1 software.




Results


Phenotypic variation of ovule number per ovary

The ONPO of two representative lines (3S1305 and 3S1195) were investigated from every five buds sampled from bottom to top of the main inflorescence. The results showed that the calculated ONPO of the two lines ranged from 40.0 to 31.0 and 23.5 to 16.6, respectively (Figure 1A), showing an obvious continuous downward trend in order of occurrence/differentiation. Therefore, the ONPO of the association population was investigated from the buds on the bottom of the main inflorescence.
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FIGURE 1
The phenotypic variation and correlation of ONPO in an association panel of oilseed rape across four investigated environments. (A) The ONPO in the different positions of the main inflorescence from two representative lines (3S1305 and 3S1195). The horizontal and vertical axes show the bud order and ONPO, respectively. (B) The frequency distribution and correlation of ONPO in four investigated environments. The diagonal line plot shows the ovule number frequency distribution. The numerals above the diagonal line are Pearson-correlation coefficient values between environments, and diagrams below the diagonal line indicate the scatter plots of the ovule number. *** Represents the significance level of P = 0.001.


The descriptive statistics of ONPO of the association population in four environments were presented in Table 1. In general, the ONPO of 327 lines in the association panel varied from 19.2 to 43.8 across the four investigated environments, displaying more than two-fold variation. The coefficient of variation of ONPO in the four environments was 8.91, 12.64, 11.64, and 11.50%, respectively (Table 1). In general, the high correlations of ONPO were observed between pair-wise environments (r2 = 0.71, 0.79 and 0.87) except for 2020QH (r2 = 0.56, 0.60 and 0.63). The phenotypic frequency distribution analysis showed that the ONPO was almost normally distributed in each environment, indicating a quantitative inheritance suitable for QTL mapping (Figure 1B). Furthermore, the analysis of variance showed that the variation of ONPO in this association panel was primarily attributed to the genotypes (Supplementary Table 2). The calculated broad-sense heritability from variance components was 91.9%, indicating the high stability of this trait suitable for genetic study.


TABLE 1    Descriptive statistic of ovule number per ovary trait in four investigated environments.
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Genome-wide association study of ovule number per ovary

In total, 21,242 SNPs data previously generated in our group were used for the association study (Figure 2 and Supplementary Figure 1). A total of 43 SNP loci were significantly associated with the ONPO (Supplementary Table 3). Specifically, 28, 1, 6, and 7 loci were detected in 20QH, 21WC, 20YL, and 21YL, respectively. It should be noted that many SNP loci were detected by multiple models and environments, suggesting their reliability. After the integration of close SNP loci within 500 kb, a total of 18 QTLs were obtained, which were distributed on chromosomes A01, A03, A06, A07, A09, C01, C03, C06, C07, and C09, explaining 4.3 to 11.5% of the phenotypic variance (Table 2).
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FIGURE 2
Manhattan plot of GLM (A) and MLM (B) in four environments. The horizontal and vertical axes show the length of each chromosome and –log10P-value, respectively. The scatters on the figure show the –log10(P-values) of the corresponding SNP markers. The dotted lines on the figure showed the threshold for the –log10(P-value). The different colors distinguished the different environments and models, as shown in the legends.



TABLE 2    The details of 18 association loci of ovule number per ovary.
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It should be noted that two associated loci (qONPO.A03-2 and qONPO.A06-1) were repeatedly detected in 20YL and 21YL environments, and one (qONPO.C03-2) was repeatedly identified in 20QH and 21YL environments. Therefore, they may represent important targets for marker-assisted selection and further gene cloning. For qONPO.A03-2, the two variant bases A and G of peak SNP seq-new-rs32414, respectively accounted for 75.5 and 24.5%. The G allele’s mean ONPO (30.7) was significantly greater than that (29.0) of the A allele with P = 2.30E−4 (Figure 3). For qONPO.A06-1, the two variant bases A and C of peak SNP seq-new-rs23621, respectively, accounted for 25.2 and 74.8%. The A allele’s mean ONPO (30.5) was significantly greater than that (29.1) of the C allele with P = 1.00E−3. For qONPO.C03-2, the two variant bases A and G of peak SNP Bn-scaff_18322_1-p806079, respectively, accounted for 82.5 and 17.5%. The A allele’s mean ONPO (30.1) was significantly greater than that (29.0) of the G allele with P = 2.80E−3.
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FIGURE 3
The phenotypic effects of three repeatable association loci (A–C). The horizontal axis shows the haplotype of the peak SNP for the association loci. The vertical axis shows the ONPO. The violin diagram in the figure shows the mean and range of ONPO for each haplotype. The P-values of the T-test between the ONPO of corresponding haplotypes were also shown at the top of figure. ** and *** represent the significance level of P = 0.01 and 0.001, respectively.


Furthermore, relative to the leading SNPs of these association loci, a total of 1971 annotated genes were located within 500 kb or LD statistic r2 > 0.2. A dozen QTL for ONPO have been reported through linkage or association analysis in oilseed rape (Okada et al., 1991; Jiao et al., 2021). To determine their positional relationship with the association loci identified in the current research, comparative QTL analysis was conducted based on the reference genome of Darmor_V4.1.3 The results indicated that all 18 association loci are not overlapped with the published QTLs of ONPO, suggesting that they are all novel loci.



Screening of lines with extreme ovule number

In order to further comparative study, a total of 26 representative lines with more or less ovule were selected based on their ONPO data in four environments. The ONPO of 13 more- and 13 less-ovule lines ranged from 32.8 to 40.1 and from 20.8 to 26.2, respectively, and the mean of the former (35.7) was significantly larger than that of the latter (24.0) with P = 8.20E–13 (Figure 4A). As expected, the ONPO of these extreme lines displayed a significant (P = 2.78E–13) positive correlation with SNPS, with r = 0.617 (Figure 4B). The difference between ONPO and SNPS of the M and L line ranged from 8.6 to 25.6 and 6.5 to 18.4, respectively (Figure 4C), and the mean of the former (18.1) was significantly larger than that of the latter (10.9). The calculated seed-setting rate of the M and L lines varied from 34.8 to 75.1% and from 29.8 to 71.1%, respectively. The average seed-setting rate of M and L lines (53.3 and 54.5%) had no significant difference, indicating that the genetic control of ONPO and seed-setting rate should be different (Figure 4D).
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FIGURE 4
The ONPO of extreme lines and its relationship with SNPS. (A) The of ONPO between 13 more- and 13 less-ovule lines. The horizontal and vertical axes show the line number and ovule number per ovary, respectively. The columns of different heights indicate the number of ovules. The bar on each column represents the standard deviation. (B) The correlation between ONPO and SNPS of 26 extreme lines. The horizontal and vertical axes show SNPS and ONPO, respectively. The positions of 26 dots show the corresponding ovule and seed number of them. The 26 pairs of data were used to fit the trend line with R2. (C) The difference between ONPO and SNPS of extreme lines. (D) The seed-setting rate of 26 extreme lines.




Comparative physiological study between extreme lines

To obtain insight into the physiological processes that affect ONPO, the leaf area, leaf photosynthetic rate, and phytohormones content were investigated and compared between the extreme lines.

The photosynthetic rates of 13 more- and 13 less-ovule lines varied from 26.36 to 38.82 mol/m2/s and from 27.47 to 38.59 mol/m2/s, respectively (Figure 5A). The mean of the former (32.88 mol/m2/s) had no significant difference from that of the latter (33.97 mol/m2/s). As expected, the correlation between leaf photosynthetic rate and ONPO of these lines was very low and not significant (r2 = 0.0002).
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FIGURE 5
The comparison of three physiological indexes between more- and less-ovule lines. (A,B) The leaf area leaf photosynthetic rate of 13 more- and 13 less-ovule lines. The horizontal axis shows the line number, and the vertical axis shows (A) leaf area or (B) leaf photosynthetic rate. The columns of different heights show the leaf area and photosynthetic leaf rate of different lines. The numerals and bars on each column represent the mean and standard deviation, respectively. (C) Comparison of phytohormones content between more- and less-ovule lines. The horizontal and vertical axes show the phytohormone types and their content, respectively. The columns of different heights show the contents of different lines. The numerals and bars on each column represent the mean and standard deviation, respectively. * and ** represent the significance level of P = 0.05 and 0.01, respectively.


The leaf area of the 13 more-ovule and 13 less-ovule lines ranged from 152.32 to 306.12 cm2 and from 144.03 to 247.34 cm2, respectively (Figure 5B). It should be noted that the average leaf area of 13 more-ovule lines (210.40 cm2) was not significantly larger than that (199.97 cm2) of the 13 less-ovule lines (P = 5.13E–01). The correlation between leaf area and ONPO of these lines were also low and not significant (r2 = 0.0054), suggesting that leaf area may not affect ONPO (Supplementary Figure 2).

The contents of BA, GA4, and JA in M lines (255.5, 262.5, and 28.6 ng/g) were significantly higher than those in L lines (181.5, 186.9, and 15.8 ng/g). In contrast, L lines exhibited significantly higher contents of ABA, IAA and SA (49.0, 174.9, and 151.7 ng/g) than M lines (35.2, 117.2, and 133.5 ng/g). There was no significant difference in the contents of IBA and SA between the two types of extreme lines (Figure 5C). These data suggested that the content difference of the above phytohormones should be associated with ONPO difference between M and L lines (Supplementary Table 4).



Comparative transcriptomic analysis between extreme lines

To investigate how the ovule number difference formed at the molecular level, a comparative transcriptome analysis was performed using the ovaries of M and L extreme lines at the ovule initiation stage. The summary of the transcriptomic data produced by the Illumina sequencing platform is presented in Supplementary Table 5. After filtering out low-quality reads, 143,282,598 and 148,303,824 total reads and 143.28 M to 148.3 M clean reads were obtained from RNA sequencing of three repeats of more- and less-ovule lines, respectively (Supplementary Table 5). The mapped reads rate of the L and M groups varied from 85.5 to 90.9% and from 89.5 to 92.8%, with a mean of 89.0 and 92.0%, respectively. The Q30 percentage of the L and M group ranged from 89.1 to 90.4% and from 89.6 to 90.1%, with a mean of defined 89.9 and 89.8%, respectively. The L and M group’s guanine and cytosine (GC) contents varied from 45.7 to 45.8% and from 45.4 to 46.3%, with a mean of 45.8 and 45.9%, respectively.

The gene expression density of six samples was similar (Supplementary Figure 3A). As expected, the correlation coefficients among the three repeats of the same group (M or L group) are larger than those between the two groups (M and L) (Supplementary Figure 3B). The FPKM value of each expressed gene was also calculated, and its distribution was similar among the six samples (Supplementary Figure 3C). We carried out the hierarchical clustering analysis (HCA) and principal component analysis (PCA) to differentiate between the two groups. The results showed that the transcriptome of M and L lines was very different (Figures 6A,B). We constructed the volcano plot to determine the significantly expressed genes for the identification of DEGs (Figure 6C). A total of 4,449 DEGs were identified from the 95,791 expressed genes in two groups, containing 2,095 up-regulated and 2,354 down-regulated genes between two types of lines (Figure 6D). To validate the accuracy/reliability of RNA-seq analysis, ten representative DEGs were randomly selected to validate through qRT-PCR analyses. Except for BnaC07g41610D, most of the selected genes displayed similar expression patterns with the transcriptomic data, although the fold of change varied between the two methods (Supplementary Figure 4).
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FIGURE 6
The comparative transcriptomic analysis between more- and less-ovule lines. (A) The heat map of DEGs between more- and less-ovule lines. The color column indicates the normalized signal value. The more- and less-ovule lines were distinguished using the different colors. L1 to L3 and M1 to M3 represent the three repeats and less and more-ovule lines. (B) Principal component analysis of gene expression level of the three repeats of more- and less-ovule lines. The horizontal and vertical axes show the variance of PC1 and PC2, respectively. The more- and less-ovule lines were distinguished using the different colors. (C) The volcano map of expressed genes in more- and less-ovule lines. The horizontal and vertical axes show log2 Fold Change and –log10(P-value), respectively. (D) The statistic of DEGs number between more- and less-ovule lines. The horizontal and vertical axes show the up/down pattern and number of DEGs, respectively.


The functional categorization results of the DEGs were further confirmed via gene ontology (GO) and KEGG analysis (Figure 7). A total of 4,449 DEGs were subjected to an enrichment analysis for GO annotation terms. The biological process included adhesion, regulation, biogenesis, cellular and developmental process, reproductive process and rhythmic process, etc. These DEGs were enriched in cell junction, extracellular matrix, nucleotide, organelle, and virion for cellular components. For molecular function, these DEGs were enriched in Antioxidant activity, catalytic activity, molecular structure-activity, transporter, and receptor activity, etc. Moreover, we performed a KEGG enrichment analysis after identifying DEGs in two pools to characterize the DEGs. The results showed that these DEGs were enriched in 19 biological pathways, including environmental adaptation, nucleotide metabolism, carbohydrate metabolism, translation, genetics, biosynthesis of other secondary metabolism, and proteins, etc.
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FIGURE 7
The functional categorization of differentially expressed genes. (A) GO enrichment histogram of DEGs. The horizontal axis shows three main categories (biological process, cellular component, and molecular function), each containing several subclasses. The vertical axis shows the number and proportion of DEGs in up and down-regulation. (B) KEGG enrichment histogram of DEGs. The horizontal and vertical axes show the number/percent and type of DEGs, respectively.




Characterization of differentially expressed genes

To reveal the molecular mechanisms that involve the DEGs, they were submitted to the super viewer4, which displayed the total number and frequency as well as the P-value for each class (Supplementary Table 6). The results indicated that the DEGs are involved in diverse metabolic processes, including DNA (57), RNA (540), photosynthesis (PS, 79), transport (176), protein (489), signaling (196), stress (121), cell (114), cell wall (97), hormone metabolism (74), etc.

Of the 540 DEGs in the largest group of RNA classes, 341 (63.1%) were involved in transcription factors, indicating the importance of TF in regulating ovule number. These transcription factors DEGs were from 47 types, including unclassified TFs (35), MYB (33), bHLH (33), Putative transcription regulator (21), Homeobox (21), C2H2 zinc finger (20), AP2/EREBP (15), WRKY (11), bZIP (11), B3 TFs (10), C2C2 (Zn) DOF zinc finger (9), C2C2 (Zn) GATA (9), G2-like TFs (9), MADS box (8), ARR (8), Trihelix (6), Aux/IAA (6), Chromatin Remodeling Factors (5), General Transcription (5), SET-domain (4), C2C2 (Zn) CO-like (4), AS2 (4), Zf-HD (3), YABBY (3), HSF (3), CCAAT box binding factor (3), E2F/DP TFs (3), DNA methyl transferases (3), FHA TFs (2), Global TFs (2), Histone acetyltransferases (2), sigma like plant (2), RNA regulation of transcription (2), ABI3/VP1 family (2), C2C2 (Zn) Alfin-like (2), TCP (2), Methyl binding domain proteins (2), Nucleosome/chromatin (2), Polycomb Group (2), Zn-finger (CCHC) (2), GRP (1), GRF zinc finger (1), AT-rich interaction domain (1), AtSR (1), JUMONJI (1), NAC (1), NIN-like bZIP (1), PWWP domain protein (1), Silencing Group (1), SNF7 (1) and Pseudo ARR (1).

A total of 489 DEGs were involved in the second largest protein class group, including protein degradation ubiquitin (123), protein posttranslational modification kinase (73), synthesis. ribosomal protein (56), protein targeting unspecified (15), protein degradation (14), protein degradation cysteine protease (14), synthesis ribosomal biogenesis (14), protein synthesis initiation (14), protein degradation serine protease (11), protein degradation AAA type (8), protein synthesis elongation (7), protein degradation subtilizes (7), protein targeting nucleus (6), protein folding (6), protein targeting mitochondria (6), protein targeting chloroplast (4), protein targeting golgi pathway (4), protein targeting vacuole (4), protein targeting plasma membrane (2), protein targeting peroxisomes (2), protein targeting unknown (2), protein degradation autophagy (2), protein degradation metalloprotease (2), tyrosine-tRNA ligase (1), methionine-tRNA ligase (1), aspartate-tRNA ligase (1), cysteine-tRNA ligase (1), arginine-tRNA ligase (1), asparagine-tRNA ligase (1), bifunctional aminoacyl-tRNA synthetize (1), lysine-tRNA ligase (1), alanine-tRNA ligase (1), valine-tRNA ligase (1), activation (1), protein targeting ER pathway (1) and protein glycosylation (1).

It should be noted that a set of 74 DEGs were found to be associated with metabolic and signaling pathways of multiple hormones, including AUX (27), ETH (11), JA, (9), SA (9), BR (6), CK (5), ABA (4), and GA (3), showing the complex role and interactions of phytohormones (Figure 8). Of the 74 DEGs, many were associated with the synthesis or degradation of phytohormones, potentially contributing to the hormone concentration difference between more- and less-ovule lines (Supplementary Table 7).
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FIGURE 8
The demonstration of differentially expressed genes (DEGs) involved in the phytohormones pathway. (A–G) Heatmap of DEGs in ABA, JA, CK, SA, BR, IAA, and GA pathway. The sample and DEG no were shown on the bottom right of the figure, respectively. The color column in the legend represents the gene expression level.


To establish a link between the DEGs and ovule number, they were BLAST against the reported ovule number genes, mainly from Arabidopsis (Qadir et al., 2021). Of these DEGs 12 are homologous to known ovule number genes such as CUC1 (BnaA01g28990D), REV (BnaA02g06170D), CRF3 (BnaA03g12320D), CRF6 (BnaC06g42850D), CYP85A2 (BnaC02g38080D), GA20OX (BnaC03g75160D), AP2 (BnaCnng39690D), PAN (BnaC06g30310D), SHP1 (BnaC08g29520D), CRC (BnaA07g27740D), INO (BnaC07g13110D), and HEMN1 (BnaCnng15790D). More than half of DEGs are involved in the know pathways of ovule number regulation, including development, phytohormones, transcription factors, protein, signaling (phosphorelay, sugar and nutrient physiology, G-protein and receptor kinase), and micro-RNA. These results highly suggested that the identified DEGs were highly associated with ovule number (Qadir et al., 2021).



Identification of candidate genes through the integration of genome-wide association study and RNA-seq

To identify the candidate genes underlying the natural variation of ONPO in oilseed rape, a Venn diagram was constructed between 1,971 annotated genes within the genomic region of association loci and the 4,449 DEGs, which resulted in 73 overlapping genes (Supplementary Figure 5). Integrating functional annotation information, six genes underlying association loci on A03, A06, C01, and C06 chromosomes were selected, including BnaA03g14600D, BnaA03g33420D, BnaA06g08920D, BnaA06g13210D, BnaC01g25840D, and BnaC03g16210D.




Discussion

In angiosperms, ovules are critical organs as they represent the direct progenitors of seeds (Endress, 2011; Qadir et al., 2021). Therefore, dissecting the genetic basis of ovule numbers will provide valuable information for the targeted improvement of seed crops’ yield (Banks et al., 2010; Qadir et al., 2021). In the present study, the GWAS, transcriptomic and physiological analyses were conducted to identify causal loci and candidate genes underlying ovule number variation in B. napus.


Great potential for genetic improvement of ovule and seed number

The ONPO of the association population displayed a large variation from 19.2 to 43.8 (mean≈29) across the four investigated environments. This range (>20) was obviously larger than the previous reports (<13) in B. napus (Ali, 2018; Chen et al., 2019; Khan et al., 2019), which represented a valuable resource for the genetic improvement of this trait. It should be noted that the reported ONPO of oilseed cultivars (Li et al., 2014; Yang et al., 2017) was close to the mean of the association population, suggesting that this trait has hardly been selected during oilseed rape breeding. The large difference (>10) between the ONPO of current cultivars and the max of germplasm indicated the great potential for the genetic improvement of ONPO in oilseed rape.

It should be noted that the variance associated with genotype (8.073) was 21.3 times greater than that of the environment (0.379), suggesting that genotype rather than the environment is the primarily determinant of ovule number variation in oilseed rape. As expected, the calculated broad-sense heritability of ONPO in the current study (91.9%) was higher than those of most yield components and related traits reported in B. napus (Cai et al., 2014; Wang et al., 2020; Hussain et al., 2021), which suggested that it was mainly governed by genotype.

In addition, the seed-setting rates of 26 extreme lines were accurately calculated using ONPO and SNPS measured in the same experiment, which varied greatly from 29.8 to 75.1%, with a mean of 54.0%. Similarly, the seed-setting rate of 36 DH lines derived from C010 × C001 varied from 38.3 to 82.2%, with a mean of 56.1% (Chen et al., 2019). It should be noted that the reported seed-setting rates of oilseed rape cultivars, including ZY-50 (69.3%) and Zhongshuang11 (75.4%) were all larger than the corresponding mean of 26 extreme lines (Yang et al., 2017; Ali, 2018), which suggested that it should be strongly selected in breeding. The large gap between SNPS and ONPO highly indicated the great potential for the genetic improvement of seed number (Li et al., 2017).



Novel loci associated with ovule number per ovary variation

Although a dozen linkage and/or association mapping studies have been conducted for seed number per silique in oilseed rape (Shi et al., 2015; Lu et al., 2017; Yang et al., 2017), rarely was about ovule number per ovary. Eight association loci were identified in an association panel of 521 oilseed rape accessions genotyped with the Brassica 60 K SNP array, which was distributed on A03, A09, A10, C02, C04, and C05 chromosomes, explaining 1.22–6.40% of phenotypic variance (Khan et al., 2019). Five QTLs were detected using a DH population of 180 lines derived from inbred lines 7–5 and ZY50, which were distributed on A03, A07, A10 and C06 chromosomes, explaining 1.9–17.38% of the phenotypic variance (Ali, 2018).

In the current study, a total of 18 association loci were identified using an association panel of 327 lines genotyped with Brassica 50 K SNP array. It should be noted that the physical positions of all these 18 association loci were different from the reported QTL of ovule number, suggesting all of them to be novel. More importantly, three association loci were repeatedly identified in the different environments, suggesting it to be the important target for maker-assisted selection (since breeder can’t see ovule number by eye) and further gene cloning.



Physiological basis of ovule number variation

The previous studies showed that the ONPO was affected by flower size (Wetzstein et al., 2013; Cucinotta et al., 2020), flower position, nutrient availability (Chalcoff and Aizen, 2016), and phytohormones (Gomez et al., 2018; Barro-Trastoy et al., 2020). Therefore, several related physiological indexes (including flower order, leaf area and photosynthetic rate, and phytohormones content) were measured and compared between the M and L ovule lines.

Obviously, the ONPO of two representative extreme lines decreased with the bud positions from the bottom to top of the main inflorescence, which was consistent with a previous finding that ovule number decreased from the basal to distal of racemes in Hosta ventricosa (Cao et al., 2011). This result could be explained by the distance between the top flowers and the source organs of assimilates, which is highly accordant with the resource competition hypothesis. Whereas both leaf area and photosynthetic rates of more- and less-ovule lines have no significant difference between the more- and less-ovule lines, further study should focus on the leaf area index because it’s more representative of the resource. It has been well known that plant hormones play an important regulatory role in regulating ovule initiation and number (Barro-Trastoy et al., 2020; Cucinotta et al., 2020; Qadir et al., 2021; Yang and Tucker, 2021). In the present study, the contents of several types of endogenous phytohormones (ABA, BA, GA4, IAA, JA) have significant differences between more- and less-ovule lines. Highly accordant with this, the transcriptomic analysis identified 74 DEGs that are involved in the phytohormones pathway. More importantly, many DEGs are involved in the metabolic (such as synthesis and degradation) process of the same type of phytohormones (ABA, BR, CK, ETH, GA, IAA, JA, SA). In the future, it’s worth investigating the response of ovule number on different types of phytohormones using the representative lines in the oilseed rape crop.



Association of identified deferentially expressed genes with ovule number

The 4,449 DEGs were enriched into a dozens of classes, including RNA (540), protein (489), signaling (196), transport (176), stress (121), cell (114), cell wall (97), photosynthesis (79), hormone metabolism (74), DNA (57), etc. This confirmed the complexity of the ovule initiation and development process at the transcriptome level. Of the 540 DEGs enriched in the largest class of RNA, most belonged to the transcription factors, which was consistent with the previous finding that Transcription factors (TFs) have been reported to play crucial roles in the reproductive development of flowering plants (Yang and Tucker, 2021). In addition, a total of 74 DEGs were involved in the metabolic and signaling pathway of several types of phytohormones, which was accordant with the different content of several types of phytohormones. Together, these results support the importance of phytohormones in ovule initiation and development (Barro-Trastoy et al., 2020; Qadir et al., 2021; Yang and Tucker, 2021; Yu et al., 2022). More importantly, about half of the DEGs belonged to the same functional category of the identified ovule number regulating genes. Especially, 12 DEGs are homologous to the known ovule number genes. These results highly suggested that the identified DEGs are associated with ovule number. Further studies are worthy of validating the function of the 12 homologous ovule number DEGs in oilseed rape by over-expression, RNAi, or gene editing.



Candidate genes underlying ovule number per ovary variation

Integrating genome-wide association and transcriptome analysis is an efficient strategy for discovering candidate genes of complex traits (Li et al., 2020). In the current study, integrating association loci, DEGs and functional annotation, six candidate genes were identified, including BnaA03g14600D, BnaA03g33420D, BnaA06g08920D, BnaA06g13210D, BnaC01g25840D, and BnaC03g16210D. BnaA03g33160D is homologous to Arabidopsis EIF4A1 that encodes RNA helicase, whose mutant decreased in both ovule number and fertility (Bush et al., 2015). BnaA01g23050D is homologous to Arabidopsis HAP13, which encodes μ1 adaptin component of the heterotetrameric protein complex that regulates protein sorting at the trans-Golgi network/early endosome. Its mutant displayed defects in outer integument growth as well as reduced ovule number (Wang et al., 2016). BnaA03g33770D is homologous to Arabidopsis transcription factor CUC1, which functions redundantly with CUC2 and CUC3 to regulate ovule initiation. The double mutant of CUC1 and CUC2 showed reduced ovule number (Cucinotta et al., 2018). These important candidate genes will be subjected to comparative sequencing and further functional validation in oilseed rape.




Conclusion

In summary, this study investigated the genetic, physiological, and transcriptomic basis for the natural variation of ONPO in oilseed rape using an association population and extreme lines with more and less ovules. A wide variation in ovule number exists in oilseed rape, and this variation is primarily attributed to the genotype. Through the combination of genome-wide association and transcriptomic analysis, a total of 18 novel association loci and six candidate genes were identified, which provide a solid basis for maker-assisted selection and further gene cloning.
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Phenotyping is considered a significant bottleneck impeding fast and efficient crop improvement. Similar to many crops, Brassica napus, an internationally important oilseed crop, suffers from low genetic diversity, and will require exploitation of diverse genetic resources to develop locally adapted, high yielding and stress resistant cultivars. A pilot study was completed to assess the feasibility of using indoor high-throughput phenotyping (HTP), semi-automated image processing, and machine learning to capture the phenotypic diversity of agronomically important traits in a diverse B. napus breeding population, SKBnNAM, introduced here for the first time. The experiment comprised 50 spring-type B. napus lines, grown and phenotyped in six replicates under two treatment conditions (control and drought) over 38 days in a LemnaTec Scanalyzer 3D facility. Growth traits including plant height, width, projected leaf area, and estimated biovolume were extracted and derived through processing of RGB and NIR images. Anthesis was automatically and accurately scored (97% accuracy) and the number of flowers per plant and day was approximated alongside relevant canopy traits (width, angle). Further, supervised machine learning was used to predict the total number of raceme branches from flower attributes with 91% accuracy (linear regression and Huber regression algorithms) and to identify mild drought stress, a complex trait which typically has to be empirically scored (0.85 area under the receiver operating characteristic curve, random forest classifier algorithm). The study demonstrates the potential of HTP, image processing and computer vision for effective characterization of agronomic trait diversity in B. napus, although limitations of the platform did create significant variation that limited the utility of the data. However, the results underscore the value of machine learning for phenotyping studies, particularly for complex traits such as drought stress resistance.

Keywords: B. napus, spring-type, NAM, semi-automated image analysis, machine learning, drought resistance


INTRODUCTION

Ensuring and increasing food security for a growing global population faced with uncertain environmental changes is one of the main challenges of agricultural research in the 21st century (Tilman et al., 2011; Hickey et al., 2019; Lenaerts et al., 2019). In addition to increasing the productivity of current arable land, it will be crucial to increase crop yield to meet rising global demand; however, yield improvement is currently progressing at an insufficient pace (Tilman et al., 2011; Ray et al., 2013). Even though technological advances, such as genomic selection and doubled haploid technology, have resulted in substantial acceleration of the breeding process, development of new high yield, pest and disease resistant, and climate-smart crop varieties is still hampered by several factors. These include long generation times and time-consuming steps such as phenotypic evaluation of large populations (Hickey et al., 2019). Accurate phenotyping, in particular, is considered one of the major bottlenecks of modern crop breeding, which has led to a strong emphasis on the development of automated, scalable, non-destructive, and high-throughput imaging approaches (High-Throughput Phenotyping, HTP). HTP could augment traditional methods of phenotypic trait quantification that are time and labor intensive, subjective, and often destructive. Over recent years, HTP applications have seen dramatic advances afforded by the continual improvement to sensor and automation technologies (Yang et al., 2020). In addition to corresponding advances in data acquisition, one of the biggest innovations in the field of HTP is the use of machine learning for automated analysis of the vast amounts of data generated by HTP platforms (Zhao et al., 2019). However, application of machine learning to the problem of phenotyping is still in its infancy and widespread deployment of these tools will require further refinements to algorithms and analysis pipelines.

Many pressing challenges with regards to crop phenotyping remain, including the measurement of multigenic or multidimensional traits and the dissection of complex phenotypes that are hard to reliably reproduce in field settings, such as abiotic stress responses, which are often the culmination of multiple environmental factors acting simultaneously (Yang et al., 2020). Some of these challenges can be overcome using indoor phenotyping systems, where growing conditions and imaging parameters can be controlled more precisely allowing individual plant architectural and physiological traits to be measured with greater accuracy. This renders controlled environment phenotyping particularly suitable for forward and reverse genetics, as well as quantitative genetics and genetic mapping (Mir et al., 2019; Yang et al., 2020). However, due to the limited space available in the small number of existing large-scale indoor phenotyping facilities as well as the high costs associated with running these experiments, only a handful of annotated benchmark image datasets are currently publicly available, mostly in Arabidopsis and grain crops (e.g., Fahlgren et al., 2015; Choudhury et al., 2016; Cruz et al., 2016; Minervini et al., 2016; Veley et al., 20171,2).

Brassica napus is a multipurpose crop of major economic importance, especially the oilseed morphotype, which is a source of vegetable oil for human consumption, industrial feedstock, and protein rich meal used in animal feed (Friedt et al., 2018). Due to its relatively recent allotetraploid origin, B. napus has a narrow genetic base which was further eroded during initial domestication and extensive breeding activities throughout the last century (Diers and Osborn, 1994; Becker et al., 1995; Rahman, 2013; Gazave et al., 2016). Similar to other crops, this erosion needs to be addressed and further crop improvement will require the introduction of new genetic variation into current elite cultivars (Rahman, 2013; Friedt et al., 2018; Rebetzke et al., 2019). Among other approaches, this will necessitate the systematic screening of diverse germplasm collections for desirable phenotypic traits as well as extensive pre-breeding activities. In addition, dissection of the genetic basis for key traits targeted in rapeseed breeding is considered crucial for accelerated crop development (Knoch et al., 2020). Development of automated HTP protocols optimized for B. napus, paired with effective genomic trait dissection strategies, holds great promise to accelerate the achievement of breeding targets, such as short crop cycles, high yield, and resistance to heat and drought conditions (Delourme et al., 2018). However, comprehensive, publicly available indoor HTP datasets of B. napus are currently limited to 2D root phenotyping (Thomas et al., 2016a,b; Zhang et al., 2016) and early stage phenotyping (Kjaer and Ottosen, 2015; Pommerrenig et al., 2018; Knoch et al., 2020), thus the full potential of HTP technologies for above ground trait quantification has yet to be explored.

Here, we used a diverse panel of 51 spring-type B. napus lines, selected as founders for the development of a large, spring-type B. napus Nested Association Mapping (NAM) population called “SKBnNAM,” to test the feasibility of using current indoor HTP technology for rapid, semi-automated phenotyping of several key traits, including flowering and canopy architecture traits (timing of anthesis, number of flowers, and number of raceme branches) and resistance to drought. NAM is a powerful trait dissection strategy that combines association and linkage genetic mapping with genome sequencing, and it has been used to elucidate the underlying genetic architecture of several important agronomic traits in other crops, such as maize (Yu et al., 2008), barley (Maurer et al., 2015), and soybean (Song et al., 2017). The work provides a comprehensive reference image dataset for B. napus, as well as computational methods that can be used to extract maximal information from such datasets, including a novel method for prediction of drought stress. The work also exposes some limitations of current HTP platforms, which should be considered when considering such an approach.



MATERIALS AND METHODS


NAM Founder Selection and Genotyping

A total of 297 B. napus lines from global breeding collections were genotyped using the Brassica 60K Illumina Infinium array as described in Clarke et al. (2016) (Supplementary Table 3.1). The genotype data was visualized using the GenomeStudio software suite (Illumina, Inc.) and a custom cluster file developed for B. napus was applied to screen out poorly performing and multi-locus SNPs as described in Clarke et al. (2016). The data was filtered for a minor allele frequency of 0.05 and a minimum separation of the homozygous A and B clusters of 0.8 to eliminate monomorphic and multi-locus SNPs resulting in a total of 30,933 SNPs for 297 accessions. PCA was carried out using the R package SNPRelate (Zheng et al., 2012). Vcftools v.0.1.16 (Danecek et al., 2011) was used for additional data filtering (maximum missing proportion of 0.8).

A total of 51 spring-type (or annual) lines were selected from the larger dataset to establish a Brassica napus NAM population (SKBnNAM) (Supplementary Table 3.2). Founder line selection was based on an assessment of levels of heterozygosity, relatedness, available phenotype data, as well as geographic origin. The chosen founder lines encompassed material from countries where spring rapeseed production is an economic priority and these were augmented with material from a diverse geography as well as the inclusion of synthetic rapeseed. The genotype data allowed the selection of the most diverse array of inbred material. The line N99-508 (NAM 0) was selected as the common parent for the NAM population. N99-508 is adapted to the Canadian environment, which potentiates the evaluation of the NAM population under Canadian field conditions.



LemnaTec Dataset

Plants were grown in the LemnaTec Scanalyzer 3D facility at University of Nebraska, Lincoln campus. In total, 50 out of 51 NAM founder lines were grown in six replicates, as NAM 10 failed to germinate. All plants were sown, and grown at 18–22°C for 20 days (for detailed growing conditions, see Supplementary Table 3.3) before being loaded onto the phenotyping platform. From 21 days after seeding (DAS) to 34 DAS, plants were weighed before and after watering, and imaged once a day. During the treatment phase (35–55 DAS), three plants each were subjected to one of two different watering regimes (A: control, 100% field capacity and B: drought treatment at 40% field capacity) and imaged and weighed every day for the first 3 days, then every other day (Figure 1). During the post-treatment phase (57–67 DAS), all plants were watered equally and imaged and weighed every other day. At each phenotyping time point, images were captured for the following camera types and angles: Visible light (RGB) from 10 angles, Infrared from 6 angles, Near Infrared (NIR) from top view, fluorescent light (FLUOR) from 6 angles and hyperspectral wavelengths (HYP) from one angle. The full image dataset is openly available at https://p2irc-data-dev.usask.ca/dataset/10.1109.SciDataManager.2020.7284788 (Dataset name: P2IRC Flagship 1 Data). Camera specifications and more detailed descriptions of the phenotyping facility are available in Choudhury et al. (2016, 2018).
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FIGURE 1. Experimental set-up of high-throughput indoor phenotyping of 50 B. napus founder lines at LemnaTec Scanalyzer 3D facility at University of Nebraska. Six replicates were grown of each genotype and three plants were subjected to one of two watering regimes between 35 DAS and 55 DAS: control plants (C) were kept at 100% field capacity (blue bars), while drought treated (D) plants were maintained at 40% field capacity during that period (orange bars).


Dataset annotations (ground truths) were generated via manual evaluation and scoring of selected traits in both treatment groups. First, all images were assessed for presence of open flowers (0 = not flowering, 1 = flowering), with the earliest date of open flowers being counted as the date of anthesis. Then, the number of raceme branches was counted for each plant and phenotyping time point. Finally, plants were assessed for symptoms of drought stress using both top view and side view RGB images, using a binary scoring scheme in which healthy looking plants were scored as unstressed (0) and any plant exhibiting mild to severe drought stress (e.g., drooping leaves) was scored as stressed (1). Due to considerable time investment necessary to score this trait as well as the exploratory nature of this study, this ground truth was restricted to 49 DAS, which was toward the end of the experimental treatment phase but before the majority of plants had started to flower.



Image Processing

For the purpose of this study, we concentrated on processing the RGB images using top view (90°) and side view (0°), and the NIR images (top view, 90°) between 21 DAS and 57 DAS. In order to remove as much background as possible, RGB images were segmented in Python 3 using PlantCV v.2 (Gehan et al., 2017) according to the steps outlined in the program documentation (Figure 2, see Supplementary Appendix 1 for extended methods). In short, this procedure involves converting the RGB image to the HSV (Hue, Saturation, and Value) and the CIELAB color space, followed by several thresholding steps, and the creation of a binary mask which is then applied to the original image to retain only plant-related information. Although manual identification of a range of thresholds made the segmentation process semi-automated, the lack of available ground truth data was the primary reason for not using automated segmentation methods with machine learning approaches. There were 300 plants and ca. 28 imaging days including both side and top view images for a total of 15988 images. Annotating these images would have been significantly more time consuming than finding the appropriate set of thresholds. Note that the segmentations were evaluated visually, by making graphs of extracted convex-hull of the plant areas. The graphs and images of 300 plants were visually checked to iteratively improve segmentation and finalize threshold values. Following image segmentation, several basic, holistic phenotypic values were extracted from each image which allowed for a numeric characterization of each plant at each phenotyping time point: the convex hull area of each plant from both top view and side view, the number of plant pixels (projected leaf area) from both top view and side view, and the plant height and width. In addition, in order to track minor leaf color changes, which could be indicative of drought stress, the Excess Green Index (ExG = 2G – R + B, Woebbecke et al., 1995) was extracted from the segmented RGB images.
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FIGURE 2. Image segmentation workflow and corresponding examples of top view (left) and side view (right) images.


Leaf spectral reflectance is known to be substantially driven by leaf water content and NIR wavelengths have been shown to be useful in tracking plant water status (Berger et al., 2010; Briglia et al., 2019). Thus image masks from the RGB top view segmentations were fitted to the NIR images in order to extract the plant pixels of the grayscale NIR images (Figure 3). Following Vello et al. (2015) and Janni et al. (2019), NIR pixel intensities were summarized using mean and 75th percentile NIR values for each plant and day of imaging. However, due to divergent fields-of-view of the RGB and NIR cameras, this was only possible between 37 DAS and 59 DAS.
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FIGURE 3. NIR image processing workflow. (A) Top view RGB image. (B) Corresponding image segmentation resulting from workflow described in Figure 2. (C) Original top view NIR grayscale image. (D) Resized and rescaled RGB image segmentation used as an image mask for NIR image. (E) Segmented plant outline overlaying NIR image (yellow boundary). (F) Segmented plant area overlaying NIR image (yellow region).


The plant boundary curvatures were extracted from the segmented top view images using the histogram of curvature over scale method (HOCS; Kumar et al., 2012). This robust, and rotation-invariant shape descriptor computes the curvature at each point on the region boundary (plant boundary) at a range of different scales, and then quantizes curvature via histograms (Van Vliet and Verbeek, 1993). Boundary curvatures on 49 DAS were computed over the normalized area integral invariant (Manay et al., 2006) at 25 different circle radii (scales) ranging from 5 to 125 (increment of 5) and summarized as histograms of curvature over scale using 5 bins per histogram at each scale.

Semi-automated flower detection and quantification was performed by applying the segmented RGB top view image as a mask to the blue yellow channel of the converted LAB color space top view image (Figure 4). Then, pixel-based thresholding was performed according to plant age and treatment group, and the number of pixels (“flower pixels”) in the thresholded blue yellow channel image was extracted (see Supplementary Appendix 1 for full details). The components (i.e., pixel clusters) of the resulting binary image were considered to be either single, or several overlapping flowers (Figure 4C) and their descriptive properties (number of component pixels, component centroid coordinates, minimum and maximum x and y coordinates of bounding box around each component, area of each bounding box, convex hull area) were used to plot the flowers (Figure 4D) and derive several additional properties (e.g., maximum canopy width and canopy angle). The predicted flower annotations were then compared to manual flower scores as described above.
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FIGURE 4. Flower and raceme branch detection workflow. (A) Exemplary RGB top view image of a flowering B. napus individual. (B) Segmented image. (C) Image components in the blue yellow channel after pixel-based thresholding. (D) Binary image components mapped according to their x and y coordinates and number of pixels. Colors correspond to clusters assigned via hierarchical clustering and roughly correspond to raceme branches.




Data Analysis

All image processing data was analyzed under the tidyverse framework in R v. 4.0.2 (R Core Team, 2020) and RStudio v. 1.2.1335. Besides manually removing all data for plants which did not germinate, a threshold-based outlier removal procedure (median ± 3 standard deviations) was applied for each trait and day, separately (Knoch et al., 2020). In order to track day-to-day changes in plant development, day-to-day differences were calculated for most extracted traits of interest (denoted by Δ). Further, image-based phenotypes were used to derive estimated biovolume [√(side projected leaf area2 * top projected leaf area); Junker et al., 2015], which has previously been shown to be a suitable proxy for plant biomass in canola (Knoch et al., 2020). In addition, the results from the flower detection protocol (see above) were used to extract the maximum canopy width and the approximate canopy angle in order to identify genotypes with particularly loose or particularly compact inflorescences, a common consideration for breeders.

The number of components in the blue-yellow channel, excluding those of less than 100 pixels, was used to estimate the number of flowers per plant and imaging day. Large components, that likely included several overlapping flowers, were split by dividing their total number of pixels by the approximate number of pixels of a fully opened flower viewed from the top. Hierarchical clustering was applied using the hclust function in R using the extracted coordinates of the filtered flower components (min x, max x, min y, max y, centroid x, and centroid y) followed by pruning the resulting hierarchical tree at the total number of manually assessed raceme branches (i.e., groups, k). Spearman correlation coefficients and significance levels for selected traits were calculated in R using cor.test. Processed trait data was visualized using the R package ggplot2 (Wickham, 2016).



Machine Learning

Several supervised machine learning models were tested for prediction and identification of two key agronomical traits: the number of raceme branches and drought stress. The manually assessed ground truth of the number of raceme branches consisted of 789 observations from 39 genotypes that started flowering within the experimental period with 34 different class labels (number of raceme branches). Since raceme branch counts were unevenly distributed [e.g., 198 of 789 images were of flowering individuals with one inflorescence branch (main stem) while only 21 images featured plants with 10 raceme branches], this was considered a regression rather than a classification problem. The data set was randomly divided into 5 sets for a 5-fold cross validation, with 4 sets serving as training data and one set serving as testing data in 5 replicate experiments. For each set, plant age in DAS, the filtered number of pixels in the blue-yellow channel (i.e., “flower pixels”) and the estimated number of flowers were used as input features for raceme branch number prediction. The widely used linear regression and Huber regression algorithms were applied to predict the inflorescence branch numbers (Huber, 1992; Freedman, 2009). Prediction accuracy of different machine learning algorithms was then gauged by comparing to the manually established ground truth of raceme branch numbers.

With regard to drought stress, the number of stressed plants (n = 166) was randomly down-sampled to match the number of unstressed plants (n = 133), resulting in a total dataset of 266 observations. Combinations of several input features were used to test machine learning for stress detection, including mean and 75th percentile NIR, difference in plant pixels between 47 DAS and 49 DAS (Δ pixelsTV, assuming that drooping leaves might result in a reduction in plant size as seen from above), the convex hull area (top view), total number of plant pixels (top view), Δ convex hull (top view), plant height and width, Δ plant height and Δ plant width, ExG, and number of raceme branches. Again, the data set was randomly divided into 5 subsets for a 5-fold cross validation, with 4 sets serving as training data and one set serving as testing data in 5 replicate experiments. Stress identification was tested with the commonly used supervised machine learning algorithms Random Forest Classifier, Linear Discriminant Analysis, Logistic Regression model, K-nearest Neighbor, Decision Tree, and Support Vector Machine, most of which had been previously employed for stress detection in plants (Singh et al., 2016).




RESULTS


The Brassica napus Germplasm

A total of 30,933 single nucleotide polymorphism (SNP) markers assayed from the Illumina Brassica Infinium SNP array were used to evaluate the genetic diversity among a wide collection of Brassica napus lines (Supplementary Table 3.1). The first two principal components of a principal component analysis (PCA) of 297 spring and semi-winter lines jointly explained 18.94% of the genetic variance and, similar to other studies, showed that these are positioned along a genetic gradient rather than constituting discriminate clusters (Lu et al., 2019). The founder lines of the SKBnNAM were selected to be well distributed among the genotyped spring-type accessions to capture most of the available variation (Figure 5). The available pedigrees and a summary of key seed quality traits (aliphatic glucosinolate and erucic acid content) segregating among the founders are provided in Supplementary Table 3.2. The SNP data for the founder lines has been represented in a novel graphical visualization tool3 that allows relationships between the lines to be interrogated at the genome, chromosome and SNP level (Figure 6). The lines can be arranged according to user-specified trait data in order to facilitate exploration of underlying genetic variation.
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FIGURE 5. Principal Component Analysis of genotypic diversity of 297 spring (light blue dots) and semi-winter (gray dots) B. napus varieties. Founder lines of SKBnNAM introduced in this study are colored according to their mean total aliphatic glucosinolate (TAG) levels.
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FIGURE 6. Visualizations at three resolutions comparing SNPs in 50 B. napus genotypes against a reference genotype (NAM 0) with the genotypes ordered by their increasing erucic acid content. The visualizations are all organized with rows representing different lines, and columns of pixels representing each SNP. The color at each SNP indicates whether that SNP is the same (blue) as or different (red) from the allele in the reference genotype shown at the top of the view and missing data is encoded in white. Additionally, at each resolution, a map of phenotypic trait values (erucic acid content, total aliphatic glucosinolate levels, and genotype origin) are shown on the left. (A) Genome-level overview of the entire B. napus genome horizontally separated by chromosome. (B) Chromosome-level view of chromosome 8 in B. napus. (C) SNP-level view of chromosome 8 (9.73 mb to 13.03 mb) that displays SNP names at the top of the column, nucleotides for each SNP, and a gene map below the main view.




Plant Image Capture, Segmentation, and Trait Extraction

The initial HTP experiment intended to capture variation of the founder lines of the SKBnNAM in response to low water availability. Six replicates of each line were grown and imaged in a LemnaTec Scanalyzer 3D plant phenotyping facility (for an overview of growing conditions, see Supplementary Table 3.3). Thirty-four days after seeding (DAS) three of the replicates were maintained at field capacity (control group), while three were subjected to reduced watering to approximate 40% field capacity (treatment group). Imaging was carried out every day initially and every second day after DAS 37, and RGB images (top view, 90° and side view, 0°) as well as near-infrared (NIR) images were processed for specific phases of the experiment (see Materials and Methods). There was high variation for all extracted plant traits within genotypes and treatment groups (Supplementary Figure 3.1) and plants of both treatment groups displayed symptoms of drought stress (Supplementary Figures 3.2,3.3). This was likely caused by uneven watering administered during plant growth, mainly resulting from the large basal leaves blocking the automated watering system. Due to this variation, data analyses mainly focused on assessing and improving the efficacy of semi-automated image analysis protocols. Whenever genotype-specific traits were extracted (e.g., flowering time and canopy traits), analysis was limited to the control group.

Despite these challenges, the described image analysis pipeline allowed for extraction of holistic and derived phenotypic traits, including plant height, plant width and plant volume, a proxy for biomass, as well as plant phenology and canopy architecture traits (Figure 7 and Supplementary Figure 3.4A, Supplementary Appendix 2). The method efficiently captured the wide-ranging diversity of growth and flowering traits among 50 out of 51 SKBnNAM founder lines (Figure 7), thereby demonstrating the potential of the population. While the exact thresholds used in the image segmentation and trait extraction process (Supplementary Appendix 1) are specific to this particular experiment, the outlined process used to derive these thresholds can be applied for other crops and experimental setups.
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FIGURE 7. Morphological diversity among founder lines of SKBnNAM based on eight selected growth traits extracted from the dataset. (A) Images show individuals representing minimum and maximum values for each growth trait (except for days to flowering). (B) Mean values for each trait and genotype (control group only). Tiles are colored based on normalized trait means (darker colors indicating lower values, lighter colors indicating higher values). Absolute mean values are given in each tile. Only genotypes that started to flower before DAS 59 are included in this plot (n = 37).




Flower Detection and Quantification

A semi-automated pipeline for flower detection was designed that allowed flowering to be accurately and precisely tracked throughout the experiment (Figures 4, 8). This pipeline involved using the segmented top view RGB image as an image mask on the blue-yellow channel image of the same view, obtained by converting the RGB image to the LAB color space. Results of automatic flower detection were compared to manually determined dates of anthesis for each plant. After identification of the appropriate thresholds (see Supplementary Appendix 1), anthesis was correctly detected in 170 out of 175 flowering plants (97.14% accuracy). In four of the five cases where detection was not accurate, flower buds were observed in which the yellow petals were protruding from the sepals (Supplementary Figure 3.5A). The last case was caused by a single flower petal that had fallen from another plant (Supplementary Figure 3.5C). Following the successful detection of anthesis, the number of pixels as well as the number of components in the segmented image of the blue yellow channel (Figure 4C) were used to estimate the number of flowers for each plant and phenotyping time point. This approach allowed the flowering period of each plant to be measured through time, and for the different genotypes to be compared in terms of their phenology, flowering intensity, and variability among these characteristics (Figure 8). Early flowering varieties were clearly identified and the flowering behavior of these genotypes was consistent with those measured from previous field characterization (Spearman’s rho = 0.76, Supplementary Table 3.2).
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FIGURE 8. Flowering phenology and intensity for 50 B. napus genotypes ranked by date of anthesis and flower output. (A) Flowering onset and intensity of B. napus genotypes that flowered during the LemnaTec experiment. Dots represent average estimated number of flowers recorded from three individuals (control group) of each genotype. The dots are colored according to previous greenhouse observations of flowering time. Underlying gray bars represent variation in flowering onset. (B) Flowering intensity per phenotyped day of flowering. Sizes and colors of circles represent average number of flowers recorded from three individuals (control group) of each genotype. Order of genotypes is shown in left-hand column in (A).


In order to facilitate the description of canopy architecture, quantification of raceme branches was explored by using the output from the flower detection pipeline as input to supervised machine learning algorithms; the results were then compared against manually counted raceme branch numbers for every plant at each phenotyped flowering time point. It was found that raceme branch numbers could be predicted from the estimated number of flowers and the total number of flower pixels with an accuracy of 91% ± 0.02 with both tested machine learning algorithms (Linear regression and Huber regression, both with 5-fold cross validation, Table 1). As some input features were correlated [flower pixels and number of flower components (estimated number of flowers), Spearman’s correlation coefficient: r2 = 0.99], the prediction was tested without the flower pixels feature and achieved 90% ± 0.03 accuracy. Overall, the number of the flower components feature seemed to have more impact on branch prediction accuracy than the flower pixels feature. Consecutively, individual components from the thresholded blue-yellow channel were assigned to individual raceme branches (Figure 4D), by using hierarchical clustering. Taken together with additional image-derived traits such as canopy width and plant height, this allowed canopy architecture for the different genotypes included in this experiment to be broadly characterized (Supplementary Figure 3.4).


TABLE 1. Mean accuracies for inflorescence branch number prediction from image-derived traits for 50 B. napus genotypes using different machine learning algorithms.

[image: Table 1]


Drought Phenotyping

It was anticipated that withholding water from a subset of actively growing plants would result in a reduced growth rate, an increase in temperature resulting from reduced evapotranspiration, and wilting from reduced turgor pressure. In order to test semi-automated detection of these symptoms, drought stress was visually scored for all plants of both control and drought-treatment groups using a binary scheme (0: unstressed, 1: symptoms of drought stress) and the top and side view RGB images on DAS 49.

First, three individual image-based traits were tested for their efficacy as proxy traits in semi-automated drought stress detection: NIR intensity, Excess Green Index (ExG), and Δ pixelsTV (the change in the number of plant pixels from top view between DAS 47 and DAS 49, assuming that wilting would result in a smaller number of plant pixels captured from the top). However, taken on their own, none of these three traits showed substantial differences in plants displaying visible drought stress compared to unstressed plants on DAS 49 (Supplementary Figure 3.6). Similarly, two-way combinations of any of the three traits could not reliably distinguish between stressed and non-stressed plants (data not shown).

Next, curvature of the segmentation boundary was tested as an indicator of drought stress. The histogram of curvature over scale (HOCS; Kumar et al., 2012) method was applied to the top view plant boundary on DAS 49, assuming that plants experiencing water deficit would exhibit rolling of leaf edges. Although the histograms of curvature of stressed and unstressed plants did exhibit differences in their proportions at different scales, their within-group variation was too high to reliably distinguish between these two phenotypes (Figure 9).
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FIGURE 9. Summary of histogram of curvature over scale (HOCS) method for all unstressed (0, blue) and all visibly stressed (1, orange) individuals on DAS 49. Each plot shows a series of 25 histograms that are composed of 5 bins each summarizing the curvature of the segmentation boundary at a given scale. Error bars give standard deviations across all individuals in each group (unstressed, visibly stressed). Overall histogram distributions were visibly different between these two groups (highlighted by red column portions signifying absolute mean differences for each bin). However, high within-group variation across the diversity panel masked these between-group differences and prevented accurate drought stress prediction from curvature of segmentation boundaries alone.


Finally, the potential of machine learning algorithms in semi-automated drought stress detection was assessed by comparing the results of supervised machine learning to the manually determined stress scores of DAS 49. Using only the curvature of the top view plant boundary (summarized by HOCS), the highest accuracy achieved in initial tests was 66.6% using the KNN algorithm (K = 1), which was judged too low to be investigated any further. In contrast, using a combination of 21 phenotypic traits and image attributes extracted from the image dataset (mean and 75th percentile NIR, total number of plant pixelsTV, Δ pixelsTV, the convex hull areaTV, Δ convex hullTV, total number of plant pixelsSV, Δ pixelsSV, the convex hull areaSV, Δ convex hullSV, weight before, and after watering, plant area below pot rim, plant height, plant width, Δ plant height (between DAS 47 and 49), Δ plant width, ExG, flowering group (early, intermediate, late), and number of raceme branches) with several supervised machine learning algorithms was able to detect drought stress with the area under the receiver operating characteristic curve (ROC AUC) > 0.8 with 5-fold cross validation (Table 2). The maximum mean ROC AUC was achieved using the Random Forest algorithm (0.85 ± 0.03), Linear Discriminant Analysis (0.82 ± 0.04), and Logistic Regression (0.82 ± 0.08) algorithms. We also calculated the accuracy and achieved a maximum mean accuracy of 81% for 5-fold cross validation with the Random Forest Algorithm. Removing single features resulted only in very small changes to overall identification of ROC AUC in most cases (Supplementary Table 3.4).


TABLE 2. Mean ROC AUC, and mean accuracies for drought stress identification from image-derived traits for 50 B. napus genotypes using different machine learning algorithms.
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DISCUSSION

The potential of HTP combined with automated image processing and machine learning for accelerating crop improvement has been increasingly acknowledged; however, deployment is currently hampered by the lack of reliable, robust, and easy to implement data processing methods. The results presented here show that scoring of basic plant traits, such as plant height and width, but also more complex traits such as flowering traits and canopy architecture in a streamlined, semi-automated fashion can be reliably achieved, once a workflow has been optimized. In addition, the potential of machine learning to identify multi-dimensional plant phenotypes such as drought stress resistance was shown. This methodology thus shows great promise for application in targeted breeding programs for B. napus and other crops.


Introduction of the Diverse Founder Panel for SKBnNAM

Since their introduction more than a decade ago, NAM populations have proven to be invaluable tools for the dissection of the genetic architecture of complex traits and have been adopted for a number of economically important crops (Yu et al., 2008; Gage et al., 2020). The lines phenotyped in this study form the founder panel for a new spring-type B. napus NAM population, SKBnNAM. Besides the common founder, N99-508, this panel includes seven Canadian adapted, five Australian, 13 European, 18 Asian as well as seven other (e.g., Argentinian and yellow-seeded) lines (Supplementary Table 3.2), which capture the genetic spectrum of spring-type B. napus (Figures 5, 6). This population represents a useful complement to the previously published Bn-NAM population (16 founder lines, 2425 F6 recombinant inbred lines) which was developed from mostly semi-winter-type rapeseed, a morphotype that is predominantly grown in China (Hu et al., 2018), as well as to a large B. napus NAM population developed from winter and synthetic lines (51 founder lines, Snowden et al., 2015). Based on preliminary genotype data and available field phenotype data it was expected that SKBnNAM would be a valuable resource for dissecting the genetic architecture of complex traits in B. napus, and thus be instrumental for rapeseed crop improvement. However, it was still necessary to establish a clear picture of the level of phenotypic variation potentially segregating within the population.



Considerations for Controlled Environment HTP Experiments in B. napus

The data presented represents one of the longest controlled environment HTP datasets for B. napus published to date. While this dataset will certainly become a valuable resource for image analysis refinements and innovations in rapeseed phenotyping, experimental problems that were encountered should be taken into consideration for future experiments. As mentioned above, higher than expected within genotype × treatment variation suggested that watering regimes were not administered as precisely as planned, leading, for example, to some individuals of the control group exhibiting symptoms of drought stress (Supplementary Figures 3.2,3.3). This was likely due to a combination of relatively small pot sizes (9 L pot volume, Supplementary Table 3.3) and automated overhead irrigation which led to larger rosette leaves effectively shielding the soil in some individuals. In addition, the automated plant-to-sensor movement within the phenotyping facility presented additional challenges during the experiment, as some plants were damaged (some larger, overhanging rosette leaves were torn, Supplementary Figure 3.3) while being moved through the system. Most of these challenges are connected to the plant architecture of B. napus as compared to other crop species frequently used in indoor HTP experiments (e.g., maize and rice) which suggests that scaling this system to different crop species requires crop-specific expertise and adjustments. Despite these challenges it was possible to focus on plant traits that were unaffected and further test the feasibility of different image analysis approaches for B. napus.



Flower Phenotyping/Growth Stages

Major breeding objectives in B. napus include early germination, improved seedling root development, early onset of flowering, high yield, favorable aerial plant architecture, reduced pod shatter, improved seed oil content, and quality as well as tolerance to biotic and abiotic stresses (Delourme et al., 2018). A focus of the current study was the semi-automated evaluation of flowering traits, plant aerial architecture and, where feasible, resistance to drought stress. It was demonstrated that it is possible to efficiently and accurately track flowering time and intensity through time using overhead RGB imaging (Figure 8). While we are not aware of any previous indoor HTP studies of B. napus that proposed flower detection and quantification to a similar degree of precision as this one, the approach presented here was similar to the one outlined by Chen et al. (2019) who separated flower volume from plant volume on the basis of pixel color. However, flowering traits were not the primary focus of their study and the authors did not investigate the possibility of using this method to track flower timing throughout their experiment. The results demonstrated that anthesis in B. napus does not need to be scored manually in greenhouse settings [as done by Chen et al. (2019)] but can be accurately detected semi-automatically (97.14% accuracy). This represents a significant extension of previous approaches as it further allows us to approximate flower numbers per plant and phenotyping time point. Accurate flower tracking also enabled the characterization of plant aerial architecture throughout the growing period (e.g., canopy width, canopy height, canopy angle, as well as number of raceme branches, Figure 7, and Table 1). Although not possible in the current experiment, the same methodology could easily be applied to capture the end of the flowering period and thus compare the length of the flowering period across genotypes and treatments. Semi-automated and eventually fully automated detection of flowering will facilitate high-throughput germplasm screening for early flowering varieties as well as extraction of other informative image traits or spectral indices that are scored during flowering, for example leaf spectral features which have been shown to be strongly correlated to seed yield (R2 = 0.71) when measured during the flowering stage (Zhang and He, 2013). Due to a number of additional factors (e.g., in-field variability of growing conditions, presence of parasites/disease agents, spectral signal of canopies rather than single plants, and shadows from overlapping plants), field phenotyping requires a slightly different approach to automated tracking of flowering in rapeseed. However, similar to our findings, the blue and green spectral bands of RGB images (e.g., used to calculate the normalized difference yellowness index, NDYI) have proven to be the most useful for distinguishing between flower and overall canola canopy signals in field settings (Sulik and Long, 2020).



Drought Phenotyping

Drought stress caused by moderate loss of water is characterized by a reduction in water content, diminished leaf water potential and turgor loss, accompanied by stomata closure, and decrease in cell enlargement and growth, while desiccation (severe water stress) can result in arrest of photosynthesis and even plant death (Jaleel et al., 2009). However, there is considerable plasticity in the degree to which water loss can be minimized and high-water status can be sustained among and within species (Farooq et al., 2013). This can lead to a broad spectrum of drought stress symptoms among closely related crop varieties. These wide-ranging symptoms are often visually scored by experienced breeders, but this integrated task is much harder to translate into automated stress detection protocols.

Using single or dual image-based plant traits such as NIR intensities, ExG (a measure of greenness), and daily changes in projected leaf area (Δ pixelsTV) were not reliable ways to identify drought stress in our experiment (Figure 6 and Supplementary Figure 3.6). This is in contrast to findings from other indoor phenotyping experiments. For example, Janni et al. (2019) found significantly different NIR intensities and greenness values for drought-stressed and well-watered tomato plants. Similarly, Vello et al. (2015) found that they could accurately identify A. thaliana individuals in a water-limited treatment group using an NIR intensity threshold. Finally, Briglia et al. (2019) reported a clear correlation between stem water potential and both, NIR intensities and greenness parameters for drought-treated grapevines. One likely explanation for this difference is the degree to which drought was imposed during these experiments. While plants were often stressed irreversibly, to the extent of wilting, leaf yellowing or browning (senescence), and even lethal dehydration in previous studies (e.g., Vello et al., 2015; Duan et al., 2018; Briglia et al., 2019), individuals exhibited only comparatively mild drought symptoms in our experiment (e.g., leaf rolling, loss of turgor, Figure 10, and Supplementary Figure 3.3). It thus appears that both NIR intensities and greenness indices such as ExG are more suitable for detecting severe levels of drought stress. In addition, the second half of the treatment phase coincided with the onset of flowering leading to temporal overlap in flowering and more severe drought stress. This created substantial problems for the utility of NIR for drought detection since yellow B. napus flowers refract NIR the same way that senescent leaves would and thus, flowering-dependent changes in NIR intensities effectively mask the effects of drought stress (also seen by a significant positive relationship between NIR intensity and the number of flower pixels, Spearman’s rank correlation rho = 0.38, Supplementary Figure 3.7A). Unsurprisingly, ExG was also driven by presence of flowers (rho = −0.68, Supplementary Figure 3.7B). Thus, the suitability of previously applied image-based traits for measuring drought stress strongly depends on experimental timing of drought stress and flowering in B. napus. Finally, very few previous drought phenotyping studies included diversity panels of the studied crops. The genotypic variation in leaf color, leaf thickness, leaf shape and size, and plant size made it impossible to define common thresholds of the tested parameters that would have allowed accurate semi-automated drought stress identification across all 50 assayed B. napus lines (Supplementary Figure 3.8). This illustrates the limitations of using these traits in complex experimental settings, such as diverse pre-breeding trials.
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FIGURE 10. Examples of B. napus individuals exhibiting mild to moderate drought stress on 47 DAS. All images show plants from control group. For further examples of drought stress symptoms, see Supplementary Figure 3.3. (A) NAM 12, Ind 423; (B) NAM 0, Ind 497; (C) NAM 30, Ind 492; (D) NAM 75, Ind 422; (E) NAM 33, Ind 479; and (F) NAM 75, Ind 457.


Instead, the data revealed the promise of supervised machine learning for stress identification in such complex situations. To the best of our knowledge, plant boundary curvature as summarized by the HOCS method, was used here for the first time to evaluate drought stress in an indoor HTP experiment. While promising overall, using this metric on its own was judged to be not effective for reliably distinguishing between stressed and unstressed plants, again likely due to genotype-specific variation overriding any shared symptoms of drought stress. However, using combinations of plant traits and image attributes derived from RGB and NIR images, it was possible to achieve stress identification accuracies of more than 80%. This mirrors previous studies that reported promising results using a variety of machine learning algorithms for drought detection and prediction in other crops (e.g., Römer et al., 2012; Raza et al., 2014); however, here for the first time with the added complexity of a large diversity panel. This added complexity clearly identified drought stress to be a multi-dimensional phenotype that could not be described by single attributes or traits but instead required a combination thereof. Compared to hyperspectral imaging, which has successfully been used in drought stress identification (e.g., Römer et al., 2012; Susič et al., 2018; Asaari et al., 2019), but which can be substantially more costly and difficult to acquire, process, and store (Holzapfel, 2007), our results underline the utility of NIR and multispectral RGB for this kind of problem.

Despite these promising results, several drawbacks remain to be solved. Image data preprocessing, one of the most crucial steps for successful use of machine learning methods (Singh et al., 2016), is time-consuming and requires deep-rooted knowledge of the organism of interest for input feature selection. For example, even though several different combinations of input features were tested (Supplementary Table 3.4), it was not possible to achieve stress identification ROC AUC of >85% in this experiment. Yet, further refinement of the input feature combinations for reliable drought stress identification, for example using additional plant attributes or traits could lead to higher identification accuracies. In addition, further improvements could likely be achieved through expansion of the manually scored stress ground truth to multiple days in order to allow for better genotypic-specific trait learning. However, this would require a significant time investment as manually scoring mild drought symptoms from images can be relatively tedious and somewhat subjective even to the experienced eye. The ultimate goal of stress phenotyping is stress prediction before the onset of stress symptoms that can be distinguished by the human eye. Even though our study makes a valuable contribution to this overall problem, future work will be needed to solve the puzzle of drought stress prediction in B. napus and other crops.




CONCLUSION

Phenotyping is considered a major bottleneck slowing the development of new crop varieties. This study illustrates the utility of semi-automated image processing and supervised machine learning for pre-breeding activities in B. napus by demonstrating their efficacy in scoring key agronomic traits including flowering characteristics (e.g., timing and volume), canopy architecture traits (e.g., raceme branch numbers), and early symptoms of drought stress in a diverse panel of spring lines. Despite several methodological challenges connected to scaling an indoor HTP platform to different crops, the results presented underline the promise of state-of-the-art HTP technologies, semi-automated image processing, and supervised machine learning for crop improvement, in particular when combined with genomics and systematic breeding strategies.
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Early flowering facilitates crops to adapt multiple cropping systems or growing regions with a short frost-free season; however, it usually brings an obvious yield loss. In this study, we identified that the three genes, namely, BnFLC.A2, BnFLC.C2, and BnFLC.A3b, are the major determinants for the flowering time (FT) variation of two elite rapeseed (Brassica napus L.) accessions, i.e., 616A and R11. The early-flowering alleles (i.e., Bnflc.a2 and Bnflc.c2) and late-flowering allele (i.e., BnFLC.A3b) from R11 were introgressed into the recipient parent 616A through a breeding strategy of marker-assisted backcross, giving rise to eight homozygous near-isogenic lines (NILs) associated with these three loci and 19 NIL hybrids produced by the mutual crossing of these NILs. Phenotypic investigations showed that NILs displayed significant variations in both FT and plant yield (PY). Notably, genetic analysis indicated that BnFLC.A2, BnFLC.C2, and BnFLC.A3b have additive effects of 1.446, 1.365, and 1.361 g on PY, respectively, while their dominant effects reached 3.504, 2.991, and 3.284 g, respectively, indicating that the yield loss caused by early flowering can be successfully compensated by exploring the heterosis of FT genes in the hybrid NILs. Moreover, we further validated that the heterosis of FT genes in PY was also effective in non-NIL hybrids. The results demonstrate that the exploration of the potential heterosis underlying the FT genes can coordinate early flowering (maturation) and high yield in rapeseed (B. napus L.), providing an effective strategy for early flowering breeding in crops.

Keywords: heterosis, flowering time, BnFLC, non-additive effects, additive effects, rapeseed, plant yield


INTRODUCTION

Rapeseed (Brassica napus L.) is one of the most important oil crops worldwide and comprises more than 55% of the total oilseed production in China. But with the change of cultivation systems for next-stubble crops (e.g., rice and corn) in central China, the growth season of rapeseed is being restricted. And in northwestern China, undetermined early frost is often a threat to seed maturation. Thus, a shorter growing season or earlier maturation time would enable increased cultivation area and production for rapeseed in China. As flowering time (FT) is often associated with maturation time in crops (Wang Y. et al., 2021), the implementation of shorter growth stages via regulating FT becomes a feasible idea.

Advantageously, extensive genetic research on FT genes and qualitative trait loci (QTLs) has been conducted in rapeseed. In its close relative model plant Arabidopsis, nearly 306 genes have been reported in the FT regulatory network which are involved in vernalization pathway, autonomous pathway, photoperiod pathway, ambient temperature pathway, and gibberellins pathway (Bouché et al., 2016). This provides a reliable reference for FT in rapeseed (Schiessl et al., 2014; Bouché et al., 2016). In rapeseed, many QTLs and peaks identified via genome-wide association studies have been colocalized with some of the annotated FT genes from the reference genome (Schiessl, 2020), and the crucial genes, namely, BnFLC.A10, BnFLC.A2, and BnFLC.C2, which participate in the vernalization pathway, have been characterized in rapeseed (Chen L. et al., 2018; Yin et al., 2020).

However, many studies show that FT genes often induce pleiotropic effects in multiple traits including yield in some crops. In rice, OsWOX13 not only triggers early initiation but also enhances drought tolerance (Minh-Thu et al., 2018). Mutations of Osgi and Ospho2 delay initiation and reduce biomass but promote Pi concentration in rice (Li et al., 2017). The NAC transcription factor gene OsY37 accelerates heading and also promotes leaf senescence in rice (Mannai et al., 2017). OsWDR5a interacts with OsTrx1 to promote heading, secondary branches, and grain production (Jiang et al., 2018). SDG701 promotes heading in rice, but some spikelets failed to produce seeds in heterozygous sdg701-1 (+/–) mutant plants, which decreased grain yield (Liu et al., 2017). OsDHD1 interacting with OsHAP5C/D not only delays heading but also enhances yield (Zhang et al., 2019). OsMFT1 delays heading in rice by suppressing Ehd1-, FZP-, and SEPALLATA-like genes, and increases the number of spikelets per panicle (Song et al., 2018). The RFT 1 allele from rice cultivar Zhenshan 97 delayed heading and also increased plant height (PH), grain weight, number, and yield compared to Milyang 46 (Zhu et al., 2017). In soybean, the mutation Glyma.04G050200.1, which is an ortholog of the Arabidopsis thaliana EARLY FLOWERING 3 gene, delayed flowering and also increased grain weight per plant under short-day conditions (Lu et al., 2017). In rapeseed, an association panel comprised of 195 inbred lines revealed that allelic variations of FT genes FD and FES1 were associated with PH (Kaur et al., 2021). In the double haploid (DH) population derived from Skipton/Ag-Spectrum/Skipton rapeseed, FT was negatively correlated with yield but positively correlated with PH under long-day photoperiodic conditions (Raman et al., 2019). It is obvious that early FT alleles usually induced yield loss, and late-flowering alleles induced yield gain.

Interestingly, some studies showed that FT genes had a strong positive effect on the heterosis of yield traits. In tomatoes, SFT homologs to AtFT integrated the flowering signal and facilitated flowering. The hybrid between SFT and its mutant sft showed a strong heterosis which was originated from overdominance that increased yield by up to 60% (Krieger et al., 2010). In rapeseed, BnFT and BnTFL1 paralogs not only promote flowering but also modulate yield-related productivity traits (Guo et al., 2014). Indeed, F1 hybrids between BnC6FTbG2154A missense mutants and controls generated higher seed yields (Guo et al., 2014). Mutations of the BnTFL1-2 paralog had no significant effects on FT but affected yield components. Indeed, F1 hybrids between BnTFL1-2 mutants and non-mutated parents had increased seed number per silique (SSN) and total seeds per plant, suggesting that heterozygous mutations in a TFL1 paralog may impact heterosis in rapeseed (Guo et al., 2014).

Therefore, to adopt new cropping systems and short-season growing regions by rationally designing FT, the pleiotropic effect associated with FT genes, especially yield loss, should be carefully considered. Here, we dissected the major genetic components controlling the basis of FT variations between two elite inbreeding lines, i.e., 616A and R11, and produced a series of homozygous, as well as hybrids, to evaluate the genetic effects of the FLC homologs on FT and plant yield (PY). The results demonstrate that the exploration of heterosis from FT genes can coordinate early FT (early maturation) and high yield in rapeseed, providing an effective and indicative strategy for early maturation breeding in rapeseed and other crops.



MATERIALS AND METHODS


Plant Materials

Four B. napus inbred accessions were used in this study. 616A, the maternal line of several elite rapeseed hybrids in China, is an elite temperature-sensitive polima cytoplasmic male sterile (pol CMS) accession, which shows early flowering in both winter and spring environments. 616A is a DH line from the F1 cross between a pol CMS line 987A (the female parent of a commercialized cultivar Heshengyou 868) and a pol CMS restorer 7,492 (Wang Z. et al., 2021). R11 acts as a semi-winter pol CMS restorer (Chen L. et al., 2018), which is an early-flowering mutation from the restorer R15 (the male parent of a commercialized hybrid cultivar Shengguang 101). ZS4R and 621R are also two semi-winter pol CMS restorers of several commercial hybrids released in China. A DH population with 352 independent genotypes is constructed from the F1 between 616A and R11 by microspore culture. All materials were bred by Huazhong Agricultural University.



Field Experiment and Trait Evaluation


Field Experiments

The 352 DH lines and the two parents were randomly grown in two winter environments (i.e., Jiangling and Wuhan, Hubei) for two consecutive years, i.e., 2014–2015 and 2015–2016 seasons, and in one spring environment (Minle, Gansu) in the 2015 season. Two rows were set as a plot for each of the DH line, with 10 plants in each row.

The eight near-isogenic lines (NILs) (shown in the sections “Construction of Eight NILs for the FT Genes BnFLC.A2, BnFLC.C2, and BnFLC.A3b” and “The Development of Eight NILs Differs at the Loci of BnFLC.A2, BnFLC.C2, and BnFLC.A3b”), 19 NIL hybrids (shown in the section “Heterozygous Status in BnFLC.A2, BnFLC.C2, and BnFLC.A3b Generated Accumulative Heterosis in Plant Yield via Nonadditive “Effects”), and 16 non-NIL hybrids (shown in the section “Heterosis in Plant Yield Is Also Associated With Heterozygous BnFLC.A2, BnFLC.C2, and/or BnFLC.A3b Genotypes in Non-NIL Hybrids”) were planted as randomized blocks during the 2019–2020 season in two winter environments and one spring environment, with five plot repeats for the eight NILs and four plot repeats for the 19 NIL hybrids, 16 non-NIL hybrids, and two pol CMS restorers (i.e., ZS4R and 621R) in each of the three environments.

In all the field experiments, the row and plant spacing were 27 and 18 cm, respectively.



Phenotyping of Agronomic Traits of the Plots

FT was recorded as the number of days to flowering (DTF, in days) from sowing to the day when 50% of plants in the plot flowered. Eight plants for each plot of breeding tests in Jiangling and ten plants for each plot of breeding tests in Wuhan and Minle, excluding border rows, were randomly sampled to phenotype the following traits: branch number (BN), branch height (BH, distance from the cotyledonary node to the lowest branch in cm), plant height (PH, in cm), stem height (SH, distance from the cotyledonary node to the uppermost branch in cm), main raceme length (ML, in cm), silique number on main raceme (MSN), silique number per plant (PSN), PY (in g), silique length (SL, in mm), SSN, thousand seed weight (TSW, in g), oil content (OC, in %), protein content (PC, in %), and glucosinolate content (GC, in μmol/g).




DNA and RNA Preparation, Molecular Markers, and QTL Mapping

The DNA was extracted from leaves according to a modified CTAB method (Allen et al., 2006). RNA was extracted from the first leaf from the top of 616A and R11 in the 4-week-old plants cultivated in Wuhan using the Eastep™ Super Total RNA Extraction Kit (Promega, Madison, WI, United States). cDNA was synthesized from RNA (4 μg samples) using the GoScript™ Reverse Transcription Mix (Promega) and then analyzed using the GoTaq™ qPCR Master Mix (Promega) and Bio-Rad CFX96 Real-Time System (Bio-Rad). The PCR program used was: 95°C for 1 min, and 40 cycles of 95°C for 10 s and 60°C for 30 s. The relative expression levels were calculated using the 2–ΔΔCt method based on three biological samples and three replicates for each sample (Livak and Schmittgen, 2001). The expression levels of BnFLC.A3b were monitored by the specific primer, as shown in Supplementary Table 1 (Zou et al., 2012). The β-actin was used as the internal control (Wang et al., 2011).

The SCAR markers, i.e., STA2-55L/1R and STC2-4L/4R, were specifically amplified the wild-type (WT) alleles of BnFLC.A2 and BnFLC.C2, respectively (Chen L. et al., 2018), while SCAR-5860/6430 was specifically amplified the nonfunctional allele of Bnflc.a2 and Bnflc.c2 in R11. OPSNP7 was an intra-genetic marker specific for pol CMS restore gene Rfp (Liu et al., 2012). Insertion/deletion (InDel) markers for the candidate chromosomes were developed based on Illumina sequencing data of 616A and R11 referenced by the ZS11 genome (Supplementary Table 1; McKenna et al., 2010; Langmead and Salzberg, 2012; Song et al., 2020a). The 400 polymorphic SSR markers used for bulked segregant analysis (BSA) were obtained from a publication by Li et al. (2013). The sequence of the markers is shown in Supplementary Table 1.

The BnFLC.A2/BnFLC.C2 and Bnflc.a2/Bnflc.c2 subpopulations in the DH population from 616A and R11 were analyzed separately using the BSA strategy. For each of the subpopulation, the DNA of the 12 extremely early flowering and late-flowering individuals was used to build the bulk-DNA-pools, respectively. After the analysis by the 400 SSR markers, the co-segregated markers in the bulk-DNA pool, together with the InDel markers on chromosome A03, were used in the ICIM model and analyzed using QTL IciMapping software (Meng et al., 2015). The InDel markers on the candidate chromosomes were used to analyze the self-mapping population.



Construction of Eight NILs for the FT Genes BnFLC.A2, BnFLC.C2, and BnFLC.A3b

The marker SCAR-5860/6430 described in the section “DNA and RNA preparation, molecular markers, and QTL mapping” for the genetic analysis of 616A and R11 was used to trace Bnflc.a2 and Bnflc.c2. The candidate gene was traced using the co-dominant InDel marker in the linkage map and tested using the SCAR marker developed according to the sequence variation of the candidate gene between 616A and R11. Otherwise, OPSNP7 was used to trace Rfp and distinguish restore lines and sterile plants (Liu et al., 2012). The polymorphism SSR markers randomly selected from the BSA analysis in the section “DNA and RNA preparation, molecular markers, and QTL mapping” were used for background selection. The NILs of both fertile and sterile plants were self-pollinated continuously for at least two seasons, producing eight near-isogenic restorer lines and eight male sterile lines.

The MGISEQ-2000-high-throughput sequencing platform (PE150; MGI Tech Co. Ltd., Wuhan, China) was used to perform genome sequencing of the eight near-isogenic restore lines (Korostin et al., 2020). After the raw data were filtered by fastp (version 0.20.0) (Chen S. et al., 2018), the clean data were aligned to ZS11 reference genome to get the sequence alignment/map (SAM) format file by Bowtie 2 (version 2.4.1) (Langmead and Salzberg, 2012; Song et al., 2020a) and converted into binary alignment/map (BAM) format file using Samtools (version 1.9) according to the mapping coordinates (Li et al., 2009). The Picard tools (version 2.23.2) were used to remove the PCR duplicates and calculate the genome coverage1. By means of the Genome Analysis Toolkit (version 3.8), the single nucleotide polymorphisms (SNPs) that were not only homozygous in 616A and R11 but also heterozygous between 616A and R11 were determined as effective (McKenna et al., 2010). In Khan et al. (2018), the recurrent parent genome recovery analysis of the eight NILs, the SNP homozygous in 616A was defined as 0, the SNP homozygous in R11 was defined as 2, and the heterozygous SNP was defined as 1. A genomic region covered by 15 continuous SNPs with 1 SNP step length, set as a sliding window (Huang et al., 2009), was defined as a recovery region when they were continuously scored less than eight (the threshold of the breakpoint). In Khan et al. (2018), the recurrent parent genome recovery is defined by the length of the recovery region dividing the reference genome length of ZS11.



Statistical Analysis

The best linear unbiased estimation (BLUE) value was calculated using the restricted maximum likelihood (REML) linear mixed model in GenStat software. The genotypes of plant materials were set as fixed effects, whereas environment, plot, and randomly sampled plants were set as random effects.

The Pearson correlation coefficients were calculated by the BLUE values of the phenotypic data of the near-isogenic restorer lines and their hybrids using the package PerformanceAnalytics in R software (Dunne et al., 2018; Peterson and Carl, 2020).

Mid-parent heterosis was calculated via the BLUE values of hybrids and parental lines using the following formula: [image: image] (Miedaner et al., 2016).

The genetic effects of the genes (QTLs) were calculated using the additive-dominant-epistasis model via the BLUE values of the phenotypic data of the NILs and their hybrids.

Multiple comparisons were conducted by least significance difference (LSD) using the base function in R.




RESULTS


Allelic Variations in Multiple FLC Paralogues Are Associated With FT Difference Between 616A and R11

Both R11 and 616A showed an early flowering phenotype, with the FT of 140–143 and 136–138 days in the winter environment, and 57–61 and 58–60 days in the spring environment, respectively. Though R11 harbors the mutated alleles (i.e., Bnflc.a2 and Bnflc.c2) at both BnFLC.A2 and BnFLC.C2 loci due to the segmentally homeologous exchange (HE) between chromosomes A02 and C02 (Chen L. et al., 2018), it showed significantly later flowering than 616A in the winter environment and no significant difference of FT with 616A in the spring environment. At the same time, what is the genetic reason that 616A has the early flowering phenotype in both the winter and spring environments?

To understand the QTL (genes) conferring DTF variation between the parental accessions, we first analyzed the genotypes of BnFLC.A2 and BnFLC.C2 in 616A by STA2-55L/1R and STC2-4L/4R (Supplementary Table 1). The results showed that 616A carries the conserved WT alleles in both genes as reported before (Chen L. et al., 2018), which extremely significantly delayed the flowering in the DH population derived from the F1 cross between 616A and R11 (Supplementary Figures 1, 2). In addition, phenotypic variations in DTF remained wide in both of the WT “++/++” (BnFLC.A2/BnFLC.C2) and mutated “−−/−−” (Bnflc.a2/Bnflc.a2) subpopulations of the DH population (Figure 1 and Supplementary Figure 2). These observations indicated that although typical sequence variations in BnFLC.A2 and BnFLC.C2 between 616A and R11 mediate a significant FT alteration, there must be some other genes controlling early flowering in 616A.
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FIGURE 1. Histogram of phenotype distribution of the subpopulations from the double haploid population constructed by crossing 616A and R11 in the Wuhan-2015 and Minle-2015 environments. (A) Phenotype distribution of BnFLC.A2/BnFLC.C2 and Bnflc.a2/Bnflc.c2 subpopulations in Wuhan-2015. (B) Phenotype distribution of BnFLC.A2/BnFLC.C2 and Bnflc.a2/Bnflc.c2 subpopulations in Minle-2015. The yellow color represented the Bnflc.a2/Bnflc.c2 subpopulation, and the green color represented the BnFLC.A2/BnFLC.C2 subpopulation.


To explore the potential QTL (genes) rather than BnFLC.A2 and BnFLC.C2, we constructed the extremely early and the late DNA bulks from the two subpopulations, respectively, and screened 400 polymorphic public SSR markers via the BSA strategy. In the two bulks, three co-segregated SSR markers, namely, SSR-1125, SSR-1873, and SSR-1979, were identified on chromosome A03 (Supplementary Figure 1 and Figure 2A). Then, an InDel marker, InDel-A36M, was developed from this chromosome. By using these four markers, we constructed a local genetic map and identified an FT QTL named qFT.A3 from the genomic region delimited by the markers, which explained 7.6297, 6.7333, and 5.2631% of the phenotypic variation in FT of the DH population in the Wuhan-2015, Wuhan-2016, and Minle-2015 environments, respectively (Figure 2A). The early FT allele was inherited from 616A.
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FIGURE 2. Qualitative trait locus (QTL) mapping of qFT.A3. (A) Partial linkage map of chromosome A03 and QTL scanning of qFT.A3. (B) Genotype of the recombinants in the BC2F3 population. The numbers in parenthesis indicate the number of crossovers. (C) Progeny testing of two near-isogenic lines (NILs) and 10 recombinants narrowed qFT.A3 to a region of 727 kb. Hollow bars indicate the phenotype of 616A homozygous segments and solid bars indicate the phenotype of R11 homozygous segments. Data represent mean ± SD. NS, not significant; **, significant at p < 0.01. (D) Annotated flowering time genes identified in the qFT.A3 locus. Arrow indicated the direction of transcription; the break line indicated other genes not annotated for flowering time. (E) Sequence variations of the coding region of BnFLC.A3b in 616A and R11. The single nucleotide polymorphism and insertion/deletion variations between R11 and 616A were indicated by the benchmark of 616A. The red color indicated the G to A mutation of the five prime splicing sites between R11 and 616A. (F) Expression levels of BnFLC.A3b in 616A and R11, three biological replicates, and three technical replicates.


To narrow down the candidate interval of qFT.A3, more InDel markers were developed (Supplementary Table 1). Ten recombinant individuals were identified from the BC2F3 population between the InDel markers InDel-5 and InDel-31. The FT phenotypes of the corresponding BC2F4 progenies were investigated in the winter environment of Wuhan-2020. Based on this information, qFT.A3 was further mapped into a 727-kb interval flanked by InDel-24 (Figures 2B,C). Genome annotation indicated that only one FT-related gene, BnFLC.A3b, resides in this candidate interval (Figure 2D and Supplementary Table 2; Song et al., 2020a).

Accordingly, we further amplified and comparatively analyzed the 1,691 bp promoter region and the coding region of BnFLC.A3b between the parental lines. Despite the conservation sequences in the seven annotated exons, seven InDels and 19 SNPs appeared in the introns, and five SNPs appeared in the promoter (Figure 2E). Among them, a G to A mutation in the five prime splicing site of the 3rd intron was very similar to the alternative splicing site of FLC orthologs, i.e., BrFLC1 (6th intron G to A) and BrFLC5 (3rd intron G to A), whose reduced expression levels were associated with the early FT of Brassica rape (Yuan et al., 2009; Xi et al., 2018). Consistently, we observed that the transcriptional level of BnFLC.A3b in R11 was nearly 13 times higher than that in 616A, suggesting the BnFLC.A3b allele in R11 was with a much stronger function than the allele in 616A (Figure 2F). In addition, similar sequence difference and expressing variations of BnFLC.A3b were also reported between Ningyou7 and Tapidor (Zou et al., 2012). Based on these results, we speculated that besides BnFLC.A2 and BnFLC.C2, BnFLC.A3b is most likely to be the third gene leading to the FT variation between 616A and R11. At last, a sequence-characterized amplified region (SCAR) marker named SCAR-A37M was subsequently developed according to the seven-base pairs InDel to specifically amplify the allele of BnFLC.A3b-R11 for the next genotyping of breeding materials (Supplementary Table 1).



The Development of Eight NILs Differs at the Loci of BnFLC.A2, BnFLC.C2, and BnFLC.A3b

According to the abovementioned analysis, it is clearly suggested that the allelic variations of BnFLC.A2, BnFLC.C2, and BnFLC.A3b at least partially determined the FT difference between 616A and R11. To carefully evaluate the sole and conjunctive effects of these genes, we attempted to develop NILs with the different allelic permutations in the 616A background by marker-assisted foreground and background selections (Figure 3). Considering that 616A is a pol CMS line, the nuclear restorer gene Rfp for pol-CMS was simultaneously introduced from R11 during backcross to facilitate the trait investigation in the later studies.
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FIGURE 3. Selection scheme for the construction of the eight genotypes.


To reduce the breeding time, a DH line from the DH population coded as DH-8257, which shared the closest genetic background to 616A among the 30 DH lines with the same genotype as R11 at the three FLC target loci and Rfp, was chosen to backcross with 616A. After two rounds of foreground and background selection in BC1F1 and BC2F1 generations, the eight homozygous NILs of 616A and 616R (carrying the dominant Rfp allele) with permutations of BnFLC.A2, BnFLC.C2, and qFT.A3 (BnFLC.A3b) were obtained in the resulting BC2F2 generation, respectively (Figure 3 and Table 1). Then, a single seed descent (SSD) method was adopted to progress the generation to BC2F4. The analysis of the genome resequencing data showed that the genome recovery of these eight fertile NILs varied from 92.72 to 98.0% (Table 1). The eight fertile NILs with the 616R background were defined as the eight genotypes, which were numbered from ID01-000 to ID08-111, in which “0” and “1” individually represent the existence of the homozygous mutation and WT genotypes of any of the three BnFLC loci (Figure 4 and Table 1).


TABLE 1. Allele permutations, recurrent genome recoveries (Khan et al., 2018), and flowering time comparison of the eight genotypes.
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FIGURE 4. Continuous observation of growth status for the eight genotypes in the Wuhan environment. (A) February 21, 2020. (B) February 29, 2020. (C) April 28, 2020. From left to right: ID01-000, ID02-010, ID03-001, ID04-100, ID05-011, ID06-110, ID07-101, and ID08-111.




Allelic Variations in BnFLC.A2, BnFLC.C2, and BnFLC.A3b Had Additive Effects on FT as Well as in Seed Yield and Quality Trait in the Eight Genotypes

The FT of the eight genotypes was investigated in three environments, and significant differences were consistently observed in every condition (Figure 4 and Table 1). ID01-000, possessing all the three mutated alleles at BnFLC.A2, BnFLC.C2, and BnFLC.A3b, flowered earliest, whether in the winter environments (Jiangling and Wuhan) or in the spring environment (Minle) (Table 1), while ID08-111, carrying the WT genotypes at all loci, had the latest FT in all environments (Table 1). Genotypes ID02-010, ID03-011, and ID04-100, which possessed only one WT allele, flowered later than genotype ID01-000, but earlier than other genotypes (Table 1). Genotypes ID05-011, ID06-110, and ID07-101, which possessed two of the WT alleles, flowered earlier than genotype ID08-111, but later than other genotypes (Table 1). The broad-sense heritability of FT in the Jiangling, Wuhan, and Mingle reached 0.8605, indicating that the eight genotypes exhibited a stable genetic effect on FT.

Compared to 616R (i.e., ID06-110), the other seven genotypes also exhibited widely phenotypic alterations in multiple traits (Figure 4 and Supplementary Figure 3). Plant architecture traits, such as BN, BH, PH, and SH, showed a tendency from low to high with the delaying of FT (Supplementary Figure 3). Yield component traits, including MSN, PSN, SL, and SSN, were significantly lowered in early FT genotypes than in late FT genotypes (Supplementary Figure 3). Thus, ID01-000, with the earliest FT, had the lowest PY, while the latest FT ID08-111 had the highest PY, implying an obvious conflict between early FT and PY (Supplementary Figure 3). Similar changes were also found for OC, i.e., the genotypes showing earlier FT but sharing lower seed OC; in contrast, seed PC was raised with the postponed FT in the eight genotypes (Supplementary Figure 3). In addition, other traits, including ML, SL, and GC, also displayed a significant difference among the eight genotypes, though not exhibiting identical rules (Supplementary Figure 3).

Since the above observations clearly demonstrated that the three BnFLC homologs greatly contributed to FT variations in NIL backgrounds, the individual genetic effect of these homologs on FT and other traits were dissected by the additive-epistasis model via the BLUE values of the eight genotypes (Supplementary Table 3). The results showed that BnFLC.A2, BnFLC.C2, and BnFLC.A3b exerted the positive additive effects on FT, among which the additive effect of BnFLC.A2 is greater than that of BnFLC.C2 and BnFLC.A3b (Figure 5), suggesting that BnFLC.A2 may be a functional FLC homolog with a stronger influence on FT than the other two in rapeseed. However, the additive × additive and additive × additive × additive effects between these three homologs were negative, indicating dose effects among the three genes (Figure 5).
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FIGURE 5. Genetic analysis of the effects of BnFLC.A2, BnFLC.C2, and qFT.A3 (BnFLC.A3b). m, mean effect; a, additive effect; d, dominant effect; others, interaction effects; the footnotes A2, BnFLC.A2; C2, BnFLC.C2; A3, qFT.A3 (BnFLC.A3b); FT, flowering time (days); BN, branch number; BH, branch height (cm); PH, plant height (cm); SH, stem height (cm); ML, main raceme length (cm); MSN, silique number on main raceme; PSN, silique number per plant; PY, plant yield (g); SL, silique length (mm); SSN, seed number per silique; TSW, thousand seed weight (g); OC, oil content (%); PC, protein content (%); GC, glucosinolate content (μmol/g). The red color indicates positive effects, while the blue color indicates negative effects. Best linear unbiased estimation values of the phenotypes for the 15 traits of the 27 NIL genotypes in the Jiangling, Wuhan, and Minle environments were used in the calculation.


Similar to FT, positive additive effects that were also detected on plant architecture traits BN, BH, PH, and SH, and BnFLC.A2 showed higher additive effects than BnFLC.C2 and BnFLC.A3b in these traits (Figure 5). For seed quality traits, positive additive effects were detected on OC and negative additive effects were detected on PC, and BnFLC.C2 showed stronger effects on OC and PC than BnFLC.A2 and BnFLC.A3b (Figure 5). As for GC, it was not affected by the additive effect of any of the three genes, which coincided with its null correlation with FT (Figure 5 and Table 2). For yield component traits, BnFLC.A2 and BnFLC.A3b exerted higher positive additive effects on MSN and PSN than BnFLC.C2, coincided with the less silique number phenotype of ID02-010 (Figure 5 and Supplementary Table 3), while BnFLC.C2 and BnFLC.A3b exerted greater positive additive effects on SL and SSN than BnFLC.A2, which corresponded with the longer SL and higher SSN of genotype ID05-011 (Figure 5 and Supplementary Table 3). In addition, BnFLC.A2 and BnFLC.A3b exerted negative additive effects on TSW (Figure 5). At last, the additive effects of BnFLC.A2, BnFLC.C2, and BnFLC.A3b on PY were 1.446, 1.365, and 1.361 g, respectively, coincided with the significant Pearson correlation coefficients of FT and PY (Table 2), which indicated the acceleration of FT was associated with a severe yield loss, while the delay of FT was associated with yield gain (Figure 5).


TABLE 2. The Pearson correlation coefficients between flowering time and other traits.
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Heterozygous Status in BnFLC.A2, BnFLC.C2, and BnFLC.A3b Generated Accumulative Heterosis in Plant Yield via Nonadditive Effects

As described above, there is an obvious conflict between FT and PY in homozygous NIL backgrounds. To test whether this conflict remained in their hybrids, we mutually crossed the eight genotypes and constructed a total of 19 NIL hybrids with heterozygous genotypes at least at one locus of BnFLC.A2, BnFLC.C2, and BnFLC.A3b, corresponding to genotypes from ID09-020 to ID027-121 (Supplementary Table 4). We investigated the FT and PY of these hybrids and performed multiple comparisons of both traits. Abundant variations in FT and PY were retained in different hybrids, ranging from 70.40 to 115.1 days, and from 18.83 to 26.78 g, respectively (Supplementary Figure 4). Compared to the original eight homozygous genotypes, the difference of FT in hybrid NILs was narrowed down, whereas that of PY was amplified and predisposed to the high-value end (Supplementary Figure 4). Consistently, the Pearson correlation coefficient between the PY and FT reduced to 0.76 when the 19 NIL hybrids joined into the analysis, rather smaller than that 0.98 in the eight homozygous genotypes (Table 2).

According to the FT phenotypes, the hybrids can be classified into two groups. In Group I, the FT of hybrids was lower or had no significant difference than the mid-parent value. In Group II, the FT of hybrids was significantly higher than the mid-parent value (Figure 6). In Group I, 12 of the 16 hybrids showed no significance of PY to the high-value parents of PY, except for ID16-012, IDh18-021, IDh26-112, and IDh-121, whose PY was significantly higher than their high-value parents (Figure 6). In Group II, 6 of the 7 hybrids showed significantly higher PY than the high-value parents, except for ID24-122, whose PY showed no significance to its high-value parent (Figure 6). In addition, we noticed that the mid-parent heterosis for plant architecture traits and yield component traits was also observed in these hybrids (Table 3). Among them, PSN and PY showed stronger heterosis performances than the other traits (Table 3), suggesting the heterosis of PSN was the most important component of the heterosis of PY. Finally, the highest heterosis was found in the triple heterozygous genotype ID15-222 from group II, reaching 25.05 and 41.49% for PSN and PY, respectively (Table 3), indicating the importance of the increasing of the heterozygosity for the heterosis of PSN and PY. These findings suggested that in the NIL background, FT was largely inherited as an additive manner, while the PY was consistently inherited as a dominant manner. As a result, the conflict between early FT and high PY can be greatly overcome by the heterosis derived from BnFLC.A2, BnFLC.C2, and BnFLC.A3b in the hybrid-NIL backgrounds.
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FIGURE 6. Flowering time (FT) and plant yield (PY) of the 19 NIL hybrids and their crossing parents. For each of the box from (A–S), the left side was the female parent, the right side was the male parent, and the middle was the hybrid. The left vertical axis and the yellow line showed FT (d), while the right vertical axis and the blue line showed PY (g).



TABLE 3. Analysis of mid-parent heterosis of the 19 NIL hybrids.
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To support the above conclusion, we further dissected the genetic effects of BnFLC.A2, BnFLC.C2, and BnFLC.A3b on FT, PY, and PY component traits by the BLUE values of the 27 NIL genotypes using the additive–dominant–epistasis model (Supplementary Table 3). The results showed that there are very weak nonadditive effects ranging from –2.254 to 5.297 days on FT existed for the three FLC homologs (Figure 5), indicating less mid-parent heterosis for FT. In contrast, BnFLC.A2, BnFLC.C2, and BnFLC.A3b had much stronger dominant effects on PY (3.504, 2.991, and 3.284 g, respectively) than their additive effects (1.446, 1.365, and 1.361 g, respectively; Figure 5), indicating the dominant effects were the important reason for PY heterosis (Figure 5 and Table 3). We also noticed that the dominant × dominant × dominant effect of BnFLC.A2, BnFLC.C2, and BnFLC.A3b on PY was 4.393 g, a huge interaction for the gain of PY, which was coincided with the highest mid-parent heterosis and the highest PY of ID15-222. Therefore, we confirmed that the genotype which was heterozygous on BnFLC.A2, BnFLC.C2, and BnFLC.A3b could simultaneously be the most preponderant genotype in the 27 NIL genotypes for PY heterosis.



Heterosis in Plant Yield Is Also Associated With Heterozygous BnFLC.A2, BnFLC.C2, and/or BnFLC.A3b Genotypes in Non-NIL Hybrids

To test whether the heterosis of PY mediated by BnFLC.A2, BnFLC.C2, and BnFLC.A3b can be explored in early-flowering hybrid breeding, we investigated the FT and PY of 16 non-NIL hybrids which were constructed by crossing two commercial pol CMS restorers (i.e., ZS4R and 621R) to the eight genotypes (i.e., ID01–ID08). Genotyping by PCR analysis showed that ZS4R carries the same alleles in the BnFLC.A2, BnFLC.C2, and BnFLC.A3b loci as 616A (Bnflc.a2/Bnflc.c2/BnFLC.A3b), thus designated as 110, while 621R has the late-flowering alleles in all the three genes (BnFLC.A2/BnFLC.C2/BnFLC.A3b), thus designated as 111. As shown in Figure 7, we observed that in both hybrid groups, the resulting hybrids exhibited significant differences in FT and displayed a similar tendency as the eight genotypes (Figure 4 and Supplementary Figure 3), varying from 93.05 to 115.5 days for the ZS4R hybrid group and from 9.65 to 115.6 days for the 621R hybrid group, respectively. Accordingly, these results indicate that the different alleles and their permutations also have a significant and identical effect on FT in non-NIL hybrids. Consistently, it can easily be noticed that with the extension of FT, the PY performance was also gradually increased in the non-NIL hybrids (Figures 7A,B), with a significant Pearson correlation coefficient of 0.72 (Table 2), showing that early flowering caused yield loss in non-NIL hybrids as well.
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FIGURE 7. Multiple comparisons of FT and PY of the non-NIL hybrids. (A) Multiple comparisons of the hybrids produced by crossing with ZS4R. (B) Multiple comparisons of the hybrids produced by crossing with 621R. The left bars indicate FT (d), and the right bars indicate PY (g). The left legend stands for FT (d), and the right legend stands for PY (g), and the lower-case letters next to the bars showed the significance of multiple comparisons.


However, we also observed that the heterozygous status of the BnFLC homologs successfully made up the yield reduction in some hybrids. For example, ID06 × ZS4R-110 from the ZS4R hybrid group, homozygous in all the BnFLC.A2, BnFLC.C2, and BnFLC.A3b genes, had an FT of 112.5 days, which was significantly later than ID02 × ZS4R-210, ID03 × ZS4R-222, ID04 × ZS4R-120, and ID05 × ZS4R-212, while there was no significant difference in PY between ID06 × ZS4R-110 and the other four hybrids (Figure 7A). Consistently, it was also clearly revealed that ID01 × 621R-222 from the 621R hybrid group, which is heterozygous in all the BnFLC.A2, BnFLC.C2, and BnFLC.A3b genes, showed the earliest FT phenotype among all the hybrids in the same group, while ID01 × 621R-222 displayed the same PY level as ID02 × 621R-212, ID03 × 621R-221, ID04 × 621R-122, ID05 × 621R-211, and ID06 × 621R-112, suggesting that a 12–17-day FT difference did not cause obvious yield loss in these hybrids (Figure 7B). Similarly, ID05 × 621R-211, ID06 × 621R-112, and ID07 × 621R-121 had no significant difference in PY with ID08 × 621R-111, which is homozygous in all the BnFLC.A2, BnFLC.C2, and BnFLC.A3b genes, but their FT was 1.2–4.4 days earlier than that of ID08 × 621R-111, respectively (Figure 7B). In summary, all these results showed that the exploration of the heterosis of BnFLC homologs in complex genetic background can effectively rescue the PY damage during early-flowering breeding as well.




DISCUSSION

In this study, we discovered qFT.A3 as an early flowering factor of pol CMS line 616A by using a QTL mapping strategy. According to the latest genome information of ZS11 (Song et al., 2020a), BnFLC.A3b is the only annotated FT gene in the 727 kb candidate region of qFT.A3. Similarly, BnFLC.A3b was previously colocalized with an FT QTL located on chromosome A3 from a DH population that derived the F1 cross of Ningyou7 and Tapidor (Wang et al., 2011; Zou et al., 2012). BnFLC.A3b is expressed normally in the winter-type varieties, such as Darmor, Tapidor, and Quinta, but is considerably less expressed in the spring- or semi-winter-type varieties, such as Westar, ZS11, and Ningyou7 (Zou et al., 2012; Song et al., 2020b; Yin et al., 2020). Alternative splicing induced by intron variation was probably responsible for the differential expression of BnFLC.A3b between Ningyou7 and Tapidor, hinting that BnFLC.A3b was thus presumed to be a functional FT gene (Zou et al., 2012). Here, we also identified rich InDel and SNP variations in BnFLC.A3b between R11 and 616A, and observed a 13-fold higher expression level of BnFLC.A3b in the former parents than the latter. Therefore, even with the mutant alleles Bnflc.a2 and Bnflc.c2, which greatly promote early flowering, R11 displayed a significant late-flowering phenotype than 616A in the winter environment. All these suggest that BnFLC.A3b is the most likely target gene of qFT.A3, which acts as a key FT promoting factor even under the existence of functional BnFLC.A2 and BnFLC.C2.

The rational design of FT enables breeders to adapt varieties to various environments. As a subtropical region, central China is suitable for semi-winter rapeseed, indica rice, and maize cultivation. “Rice—ratoon rice—rapeseed,” “double season rice—rapeseed,” and “maize—rapeseed” farming systems are being promoted in this region to simultaneously produce rice, corn, and rapeseed. However, the limitations of growth season require rapeseed to be sowed later and harvested earlier for saving time for rice or corn, because rice and corn are more important in China (Xu et al., 2018; Zhao and Yang, 2018; Yuan et al., 2019). As a warm temperate region, northwestern China is suitable for one season spring rapeseed, in which rapeseed needs to be harvested earlier for escaping the early frost. In this study, we employed natural variants of BnFLC.A2, BnFLC.C2, and BnFLC.A3b to create sterile lines with the 616A background in an effort to adapt rapeseed hybrids to different farming systems and environments.

As flowering is the critical transition from vegetative to reproductive growth, besides FT, FT genes can affect many other agronomic traits. Among the traits affected in this study, the FT genes did not only have additive effects on PY and plant architecture component traits but also had dominant effects on these traits. Smaller plant architecture corresponds to lower dry matter production, indicating that a correlation between early FT and yield loss may be an indirect reflection of plant architecture and dry matter production (Miedaner et al., 2018). Suggesting the yield loss induced by early flowering was a comprehensive reflection in the improvement of FT.

The heterosis or nonadditive effects of FT genes afforded us an opportunity to balance yield when FT was advanced, but this also complicated the influence of FT on other agronomic traits. In this study, the nonadditive effects of BnFLC.A2, BnFLC.C2, and BnFLC.A3b successfully increased heterosis, providing an additional example of FT gene heterosis as well as an innovative germplasm for overcoming the conflict between early flowering and yield loss in rapeseed breeding. In previous studies, heterotic QTLs Ghd7 and Ehd3 resulted from the introgression of subpopulation alleles and diversity selection in rice (Lin et al., 2020). Yield heterosis in tomatoes resulting from heterozygous mutations of SFT (sft/+) was hypothesized to be based on altered amounts of functional SFT proteins within each modular sympodial unit (Krieger et al., 2010; Park et al., 2014). Response of genes to carbohydrate stimulus and nutrient levels might be involved in the generation of the large plant phenotype of F1 mimics in Arabidopsis. In the current study, the heterosis of the BnFLC homologs might be embodied through downstream FT paralogs, similar as in tomatoes. We will pursue research investigating the mechanism of FT gene heterosis in rapeseed in the future.

In this study, the elite line 616A is the female parent of several registered cultivars, including Shengguang136 (616A crossed with ZS4R) and Shengguang 128 (616A crossed with 621R). Shengguang 136 is suitable for the climate of central China, and Shengguang 128 is adaptable to both environments of central China and northwestern China, but more maturity types are still required. In the Jiangling and Wuhan environments representing the climate in central China, IDh61-222 (ID01-000 × 621R) was shown to be appropriate for commercial use because of its suitable early flowering and harvest times. In the Minle environment, which represents the climate in northwestern China, IDh67-121 (ID07-101 × 621R) and IDh68-111 (ID06-110 × 621R) were suggested to gain a higher yield without wasting light and temperature conditions. In the future, the eight genotypes of male sterile lines of 616A will be crossed with additional restore lines and tested in more environments to breed hybrids adaptable to different farming systems in different sub-environments (Supplementary Figure 5).



CONCLUSION

In this study, we dissected the genetics of the early FT of the elite lines 616A and R11, and classified that yield loss induced by early flowering could be compensated by the heterosis of FT genes BnFLC.A2, BnFLC.C2, and BnFLC.A3b. These results not only indicated that the dominant effect is an important contributor to heterosis but also supported a feasible method to facilitate yield via heterosis of FT genes during the rational design of elite cultivars suitable for the current farming systems and different sub-environments. Moreover, the results suggested that the sterile lines of the eight genotypes developed in the current study could be potential for hybrid breeding in the near future.
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Site-Directed Mutagenesis of the Carotenoid Isomerase Gene BnaCRTISO Alters the Color of Petals and Leaves in Brassica napus L.
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The diversity of petal and leaf color can improve the ornamental value of rapeseed and promote the development of agriculture and tourism. The two copies of carotenoid isomerase gene (BnaCRTISO) in Brassica napus (BnaA09.CRTISO and BnaC08.CRTISO) was edited using the CRISPR/Cas9 system in the present study. The mutation phenotype of creamy white petals and yellowish leaves could be recovered only in targeted mutants of both BnaCRTISO functional copies, indicating that the redundant roles of BnaA09.CRTISO and BnaC08.CRTISO are vital for the regulation of petal and leaf color. The carotenoid content in the petals and leaves of the BnaCRTISO double mutant was significantly reduced. The chalcone content, a vital substance that makes up the yellow color, also decreased significantly in petals. Whereas, the contents of some carotenes (lycopene, α-carotene, γ-carotene) were increased significantly in petals. Further, transcriptome analysis showed that the targeted mutation of BnaCRTISO resulted in the significant down-regulation of important genes BnaPSY and BnaC4H in the carotenoid and flavonoid synthesis pathways, respectively; however, the expression of other genes related to carotenes and xanthophylls synthesis, such as BnaPDS3, BnaZEP, BnaBCH1 and BCH2, was up-regulated. This indicates that the molecular mechanism regulating petal color variation in B. napus is more complicated than those reported in Arabidopsis and other Brassica species. These results provide insight into the molecular mechanisms underlying flower color variation in rapeseed and provides valuable resources for rapeseed breeding.

Keywords: Brassica napus, flower color, BnaCRTISO, gene editing, carotenoid


INTRODUCTION

Flower color is considered one of the major attractants for pollen transmission in nature. Insects can recognize different flower colors through visual signals and transmit targeted pollen between flowers (Cazzonelli, 2011; Nisar et al., 2015). It is generally recognized that flower color is determined by three main pigments: carotenoids, flavonoids, and betalains (Grotewold, 2006). Carotenoids mainly provide orange and red color, flavonoids provide yellow, and betalains provide a few other colors (Cazzonelli, 2011). They are fat-soluble terpenoids synthesized via the isoprene pathway and have been found in various plants and animals (Cunningham and Gantt, 1998). Carotenoids are important pigments determining the color of fruits, vegetables, and flowers (Lv et al., 2015; Zhang et al., 2015; Li X. et al., 2018). They are found mainly in leaf, flower, fruit, and root tissues and play a vital role during plant development, such as protecting the plants against photo-oxidative damage (Holt et al., 2005; Sun et al., 2018). Carotenoids are also the precursors for the biosynthesis of vitamin A, the plant hormones abscisic acid (ABA) and strigolactone (Walter and Strack, 2011).

The biosynthetic pathway of carotenoid in higher plants has been elucidated, and many genes encoding key enzymes involved in this pathway have been successfully cloned. Based on the presence or absence of oxygen in their molecular structure, carotenoids can be divided into two categories, i.e., carotenes and xanthophylls. Carotenes contain carbon and hydrogen in their molecular structure, such as phytoene, lycopene, and α-carotene; xanthophylls contain oxygen, such as lutein, zeaxanthin, neoxanthin (Montserrat et al., 2015). In general, carotenoids in plants use GGPP (Geranylgeranyl pyrophosphate) as the synthetic substrate except for a few plants (Fraser and Bramley, 2004; Matsufuji et al., 2007). In Arabidopsis thaliana, the biosynthesis of carotenoid is regulated by ten enzymes and eleven genes (Patrick et al., 2018).

Carotenoid isomerase (CRTISO) converts the yellow colored prolycopene into the red colored all-trans lycopene in the carotenoid synthesis pathway (Breitenbach and Sandmann, 2005). Previous studies have shown that down-regulation of CRTISO gene expression in citrus can promote the accumulation of β-carotene (Kato et al., 2007). It was also reported that the expression of CRTISO gene could increase carotenoid accumulation in the endosperm of maize seeds (Wurtzel, 2009), implying that the expression of CRTISO gene has a certain correlation with the accumulation of carotenoids in plants. At present, the CRTISO gene has been cloned in tomato (Isaacson, 2002), maize (Wurtzel, 2009), melon (Galpaz et al., 2013), and A. thaliana (Hyoungshin, 2002). But there is no relevant research report on this gene in rapeseed.

Rapeseed is the third-largest oilseed crop worldwide with multi-function application, which are widely used as edible vegetable oil, vegetables, fodder, biofuel and nectar, improvement of saline and alkaline soils (Liu et al., 2020). The distinctive flower color of rapeseed also shows high ornamental value, which has received increased attention in China. The typical flower color of rapeseed is yellow, but there are also reports of some variant flower colors, such as white, yellowish and orange. Numerous genetic analysis of flower color have indicated that this trait is little affected by environmental factors and shows dominant or incompletely dominant inheritance (Quazi, 1988; Zhang et al., 2010; Huang et al., 2014). Up to date, several genes controlling flower color have been reported in B. napus. The white flower color is controlled by a single dominant gene, BnaC3.CCD4, which encodes a carotenoid cleavage dioxygenase and is involved in carotenoid degradation (Zhang et al., 2015; Han et al., 2019). The insertion of a CACTA-like transposable element in BnaC3.CCD4 leads to its loss-of-function and a subsequently enhanced accumulation of carotenoids; thus, results in a petal color transition from white to yellow (Zhang et al., 2015; Han et al., 2019). Gene silencing of two genes, BnaA09.ZEP and BnaC09.ZEP, confers the change in flower color from yellow to orange (Liu et al., 2020). These two genes are homologous to the nuclear-encoded plastid enzyme zeaxanthin epoxidase (AtZEP) and participate in carotenoid biosynthesis. Recently, Zhao et al. (2021) reported that a yellowish-white flower trait is controlled by a single recessive gene, BnaA08.PDS3, which encodes a phytoene desaturase 3 (Zhao et al., 2021). A C-to-T substitution in the coding region of BnaA08.PDS3 results in a premature translation termination and a subsequent decreased carotenoid biosynthesis; thus, changing the flower color from yellow to yellowish-white. Other researchers used cell fusion technology to obtain the fusion plant with white flower trait (47 chromosomes). When the chromosomes were reduced to 38 by backcrossing, the petal color changed from white to yellow (Sakai, 1995). Therefore, until now, the genes and molecular mechanisms regulating flower color in rapeseed have not been fully elucidated.

In recent years, sequence-specific nucleases (SSNs) have been demonstrated to be an amazing tool for improving crops via site-specific genome editing, and CRISPR/Cas9 is considered the most simple and efficient SSN. The CRISPR/Cas9 system has been effectively utilized in rapeseed to produce the targeted mutations for the improvement of numerous agronomic traits (Braatz et al., 2017; Yang et al., 2017, 2018; Hu et al., 2018; Li C. et al., 2018; Zhai et al., 2019; Ahmar et al., 2021).

Hence, we utilized the CRISPR/Cas9 system to generate efficient knockouts of CRTISO homeologs with stable transformation in rapeseed. In the T1, T2, and T3 generations, mutants containing the desired gene modification were obtained by segregation. The transcriptomic analysis and metabolite profiling of BnaCRTISO mutant plants were used in this current study to investigate the molecular mechanisms that regulate the petal color in B. napus. This study provided valuable germplasm resources for the innovation of different petal color varieties in rapeseed and offered a new way to improve polypoid crops.



MATERIALS AND METHODS


Plant Materials

In this study, B. napus pure line J9707 was used as the donor plants for transformation, and the seeds were obtained from the National Engineering Research Center of Rapeseed, Wuhan, China. The flowers on the primary inflorescence were marked at anthesis, and the petals with different colors were collected for transcriptomic analysis and metabolite profiling.



Construction of the CRISPR/Cas9 Vector and Plant Transformation

The binary pYLCRIPSR/Cas9 multiplex genome targeting vector system was utilized for gene editing in this study (Ma et al., 2015). The selection of sequence-specific sgRNAs in the target gene, CRISPR/Cas9 construct assembly, and Agrobacterium tumefaciens-mediated hypocotyl transformation in B. napus were conducted as previously described (Hu et al., 2018). The oligos employed in constructing the sgRNA vectors are listed in Supplementary Table 1. The resulting construct is described in detail in Figure 1B.
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FIGURE 1. CRISPR/Cas9-induced null mutants of BnaCRTISO in B. napus. (A) The BnaCRTISO gene model includes thirteen exons (box) separated by twelve introns (represented by the solid line). The vertical line in the gene model indicates the target site, and the arrow indicates the sgRNA direction. The target sequences are shown with the protospacer adjacent motif (PAM) underlined. (B) The CRISPR/Cas9 construct houses the following: a hygromycin resistance cassette consisting of the hygromycin phosphotransferase coding sequence driven by the cauliflower mosaic virus 35S promoter; a Cas9 expression cassette comprising the sequence encoding Cas9 driven by 35S promoter; and two sgRNAs (S1-S2) driven by the U3d and U3b promoters from Arabidopsis. (C) Sequences at the sgRNA target sites of BnaCRTISO homozygous mutants in the T3 generation. The PAM is underlined, and nucleotide indels are marked in red, with details labeled at right, “a” and “c” represent the mutated alleles of the target gene on BnaA09.CRTISO and BnaC08.CRTISO, respectively. “aaCC,” “AAcc,” and “aacc” represent homozygous mutations of the target gene in BnaA09.CRTISO, BnaC08.CRTISO and both copies, respectively.




Identification of Transgenic Plants and Potential Off-Targets

The transgenic plants were screened by hygromycin selection (25 mg/L). Then, the presence of the T-DNA in the construct was assessed by PCR using the specific primer pairs PB-L/PB-R (Supplementary Table 1).

The targeted mutations were determined in transgenic plants using the high-throughput tracking of mutations (Hi-TOM) platform (Zhai et al., 2019). Target-specific and barcoding PCR (two rounds of PCR) were performed to amplify the genomic region encompassing the specific targets of each independent sample, and the resulting PCR products were mixed in equal amounts and purified for next-generation sequencing (the Illumina HiSeq platform at the Novogene Bioinformatics Institute, Beijing, China). The sequencing data was then decoded using a corresponding online tool to track the mutations of the target sites1. The potential off-target sites were identified using CRISPR-P2.02. The primers used to detect targeted and potential off-target mutations are listed in Supplementary Table 1.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was prepared using the EasyPure Plant RNA Kit (TransGen Biotech, Beijing, China), and cDNA was synthesized using the Transcript RT Kit (TransGen Biotech). The qRT-PCR was carried out using the TransStart Top Green qPCR SuperMix Kit (TransGen Biotech) on a CFX384 Real-Time System (Bio-Rad). Relative quantification was performed using the comparative cycle threshold method. The relative amount of PCR product that was amplified using the designed primer sets (Supplementary Table 1) was normalized to the reference genes, BnaACT2 and BnaUBC9.



RNA-Seq Transcriptomic Analysis

Flower tissues were sampled with three biological replicates. Petals were gently hand dissected from the flower on dry ice, immediately frozen immediately in liquid nitrogen, and stored at −80°C until total RNA extraction.

RNA extraction, cDNA library construction, sequencing, quality control, and read mapping to the reference genome, identification of differentially expressed genes (DEGs), and GO and KEGG pathway enrichment analysis of DEGs were performed using previously established procedure (Shahid et al., 2019; Zhai et al., 2020). Fragments per kilobase of transcript per million mapped reads (FPKM) were calculated as a measure of the level of gene expression. Genes with a false discovery rate (FDR) ≤ 0.05 and an absolute value of log2 fold change ≥ 1 between mutant and wild type (WT) were defined as DEGs. The raw sequence data were deposited in the NCBI Sequence Read Archive (PRJNA749083).



Metabolite Profiling

Metabolites were extracted from petals (500 mg dry weight) with three biological replicates and were analyzed using LC-ESI-MS/MS system at the Metware Biotechnology Co., Ltd. (Wuhan, China). Flavonoids were extracted using the same method at the National Engineering Research Center of Rapeseed (Huazhong Agricultural University, Wuhan, China). The sample extraction and metabolic analysis were explicitly done as previously described (Zhai et al., 2020).



Measurement of Carotenoid and Chlorophyll

For carotenoids analysis, the petals were sampled from double mutants (CRTISO-94-15-5-2, CRTISO-48-8-13-1, CRTISO-7-2-2-4), heterozygous mutant (CRTISO-43-3-4-1, CRTISO-48-8-2-3, CRTISO-48-8-20-5) and WT. Carotenoid pigments extraction and analysis were performed using LC-MS/MS system, as previously described (Lee, 2001; Saladié et al., 2014). Carotenoids were identified based on retention times and absorption spectra as compared to standards. Peak areas were recorded at 286, 348, 473, and 450 nm for phytoene, phytofluene, lycopene, and others, respectively (Xu et al., 2006). The carotenoid levels were quantified using calibration curves prepared with appropriate standards. At least three independent extractions were conducted per sample.

For chlorophyll analysis, the leaves was extracted from double mutants (CRTISO-94-15-5-2, CRTISO-48-8-13-1, CRTISO-7-2-2-4) and WT and quantified using a spectrophotometer, as described previously (Becker, 1994). At least three independent extractions were conducted per sample.



Subcellular Localization

The cDNA sequences of BnaA09.CRTISO and BnaC08.CRTISO without the termination codon were amplified from J9707 using primers CRTISO-15/16 and CRTISO-18/19, respectively (Supplementary Table 1). The amplified cDNA fragments were independently cloned into the pMDC83 vector between the PacI and the AscI site, to generate a C-terminal fusion with GFP under control of the cauliflower mosaic virus 35S promoter. The fused construct was introduced into Nicotiana benthamiana plants by transient Agrobacterium transformation. Samples were observed with a Leica TCSST2 confocal laser microscope (Nikon D760, Tokyo, Japan).




RESULTS


Molecular Cloning and Characterization of CRTISO Homologs in B. napus

Previous studies revealed that the CRTISO gene is essential for regulating carotenoid content and is highly conserved in many plants (Galpaz et al., 2013; Su et al., 2015; Li et al., 2020; Sun et al., 2020). The carotenoid content of a flower directly determines the color of the petals (Su et al., 2015; Zhang et al., 2015; Liu et al., 2020; Zhao et al., 2021). Thus, CRTISO is one of the ideal candidates for generating different flower colors in rapeseed. There are two CRTISO copies (BnaA09g49740D and BnaC08g44970D, designated as BnaA09.CRTISO and BnaC08.CRTISO, respectively) in B. napus. In order to check for putative mutations in these target genes, we confirmed their genomic DNA and cDNA sequences in the B. napus pure line J9707. Compared to Arabidopsis AtCRTISO, the predicted amino acid sequences of both BnaCRTISO contain an important conserved domain, “the amine oxidase” (Supplementary Figures 1, 2). which meanings BnaA09.CRTISO and BnaC08.CRTISO can produce functional amine oxidase proteins.

BnaA09.CRTISO and BnaC08.CRTISO was 87.94% identical at the nucleotide level and shared 98.64% amino acid identity, suggesting that both genes encode enzymes with similar functions. The sequence alignment of both BnaCRTISO gene copies revealed that polymorphisms distinguished their origins (Supplementary Figure 3).

Phylogenetic analysis indicated that all Brassica genes were clustered together with AtCRTISO and CRTISO homologs in other species were clustered on another branch except in tomato (SolCRTISO), suggesting that the CRTISO gene is differentiated among different species (Supplementary Figure 4). BnaA09.CRTISO and BnaC08.CRTISO were closely related to their homologs in B. rapa and B. oleracea, respectively (Supplementary Figure 4), which is in line with their origination from two diploid progenitors.



Expression Analysis of the BnaCRTISO Gene

Analysis of mRNA accumulation patterns of both BnaCRTISO copies based on the public RNA-seq data in yellow-flower rapeseed line showed their expression profiles (Supplementary Figure 5A). In all cases, BnaA09.CRTISO and BnaC08.CRTISO had the highest expression levels in the bud, followed by leaf, and the expression levels of both copies in various tissues were comparable. Thus, we further confirmed that the B. napus genome contains two functional AtCRTISO homologs, BnaA09.CRTISO and BnaC08.CRTISO.

The expression level of both BnaCRTISO copies in J9707 was further examined using qRT-PCR with RNA samples extracted from the petal (Supplementary Figure 5B). Consistent with the public RNA-seq data, BnaC08.CRTISO had a significantly higher expression level than BnaA09.CRTISO in the J9707 petal (Supplementary Figure 5A).



Creation of CRISPR/Cas9-Targeted Mutations in BnaCRTISO

To generate CRISPR/Cas9-induced knockout mutations in the functional copies of BnaCRTISO, two sgRNAs were designed using the CRISPR-P program (Lei et al., 2014). The two sgRNAs [sgRNA1 (S1) and sgRNA2 (S2)] were designed to target the amine oxidase domain, which will induce mutations in the functional domain of the BnaCRTISO gene resulting in the formation of non-functional protein (Figure 1A and Supplementary Figure 3). The designed sgRNAs matched well with both BnaA09.CRTISO and BnaC08.CRTISO copies (Figure 1A). A CRISPR/Cas9 construct containing these two sgRNAs with Cas9 driven by the cauliflower mosaic virus 35S promoter (Figure 1B) was produced based on the CRISPR/Cas9 multiplex genome-editing vector previously described by Yang et al. (2017). The resulting construct was transformed into J9707 using Agrobacterium-mediated transformation. A total of 105 seedlings were regenerated, of which 96 were transgenic positive. And 72 targeted mutants were identified by Sanger DNA sequencing of the PCR products encompassing the target sites, with 37 plants showing a visible knockout phenotype (i.e., creamy white flower; Supplementary Table 2). The overall editing efficiency of the T0 generations is 75.00%, of which the editing efficiency of S1 and S2 were 16.39 and 73.22%, respectively.

To generate stable lines with targeted mutations, 72 independent T0 editing lines of BnaCRTISO were self-pollinated to produce T1, T2, and T3 progenies. The targeted mutations of progenies from these T0 lines were verified by Hi-TOM sequencing analysis of the target sites (Table 1). The results proved that the mutant genotypes could be stably transmitted to the subsequent generations. A total of 10 T3 plants with homozygous mutations in BnaCRTISO were detected, including two BnaA09.CRTISO single mutants, two BnaC08.CRTISO single mutants and six BnaCRTISO double mutants (Table 1 and Figure 1C). These homozygous mutations at the target sites within BnaCRTISO were predicted to cause frameshifts resulting in the production of non-functional proteins (Supplementary Figure 6). As expected, all the double mutants could produce the creamy white flower phenotype (Figure 2B).


TABLE 1. Genotypic analysis of BnaCRTISO mutants and their transmission to T1, T2, and T3 generations.
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FIGURE 2. Mutations in the BnaCRTISO gene affected the color of petals and leaves. (A–J) The phenotype of flower (At the first day after flowering) and leaf in WT, aacc, aaCc, AAcc, aaCC, respectively. “aaCC,” “AAcc,” and “aacc” represent mutations of the target gene in BnaA09.CRTISO, BnaC08.CRTISO and both copies, respectively. (K) WT seeding. (L) aacc seeding. Bars, 1 cm. (M) The total carotenoid contents (μg/g fresh weight) of petals in aacc, aaCc, WT, respectively. (N) The total carotenoid contents of leaves in aacc, WT, respectively. (O) The content of chlorophyll a, b in the leaves of WT and aacc, respectively. (M–O) Data are presented as means ± SE (n ≥ 3); t-test was used for statistical analysis between the mutant and its WT (**P > 0.01).


The single mutants showed a similar yellow flower phenotype as WT (Figures 2A,D,E), while the heterozygous mutants (aaCc) showed a lighter yellow flower phenotype (Figure 2C). Thus, both copies of the BnaCRTISO gene function redundantly in regulating flower color. In addition, the inner leaves of the double mutants were also more yellowish than those of the WT, single mutants, and heterozygous mutants (Figures 2F–L), indicating that the BnaCRTISO gene also functions in the leaves.



Off-Target Activity of CRISPR/Cas9 in T0 and T1 Transgenic B. napus Plants

To ascertain whether off-targeting occurred in the present study, we searched the B. napus genome for putative off-target sites with high homology to S1 and S2 according to the CRISPR-P program (Lei et al., 2014). A total of seven putative off-target sites were identified for both sgRNAs (Supplementary Table 10), and no off-target editing was detected in T0 and T1 by gene-specific primers amplification and Sanger sequencing (Supplementary Table 10). This result shows that the off-target effect is negligible when the specificity of each sgRNA is fully considered based on the genome sequence. Thus, the CRISPR/Cas9 system has a high specificity for targeted mutagenesis in B. napus.



Subcellular Localization of BnaCRTISO

In order to explore the subcellular localization of BnaA09.CRTISO and BnaC08.CRTISO, GFP was fused to the C terminal of each gene and transiently expressed in tobacco leaves. The green fluorescence signal overlaps closely with the chloroplast red autofluorescence signal observed by confocal microscopy (Figure 3). Thus, BnaCRTISO was predicted to be a chloroplast-localized protein, which was consistent with previous reports that carotenoids is synthesized and stored in plastids (Lange and Ghassemian, 2005).
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FIGURE 3. Subcellular localization of BnaA09.CRTISO and BnaC08.CRTISO in tobacco leaves. The fusion proteins generated using the coding sequence (cA09.CRTISO-GFP and cC08.CRTISO-GFP) were independently introduced into tobacco leaves. Scale bar = 10 μm.




BnaCRTISO Regulates the Expression of Carotenes and Xanthophylls-Related Genes

The petals from flowers during anthesis were collected to compare the expression profiles between BnaCRTISO double mutants (CRTISO-94-15-5-2, CRTISO-48-8-13-1, CRTISO-7-2-2-4) and corresponding WT to investigate the transcriptome changes underlying the petal color variation (Supplementary Table 3). In subsequent analysis, a total of 41,186 genes were expressed in the developing petals during the same period. In the double mutants and WT, the pearson correlation coefficient between any two of the three biological repeats is very high (R = 0.93–0.98), indicating that the transcriptome sequencing data used in this study is highly reliable (Supplementary Figure 7).

Comparing the transcript abundance in these petals, it was observed that there were 2,058 DEGs between the BnaCRTISO double mutants and its corresponding WT at the same period (Supplementary Table 4). Overall, 953 genes were up-regulated in the double mutant petals, while 1,105 genes were down-regulated, which may be related to the changes observed in petal color (Supplementary Figure 8). The GO and KEGG enrichment analysis of these identified DEGs showed that the metabolic processes of carotenoid and flavonoid were significantly enriched among the down-regulated DEGs in mutants relative to WT (Supplementary Figures 9–11 and Supplementary Tables 5–7).

As the targeted mutated gene, BnaC08.CRTISO and BnaA09.CRTISO were down-regulated by almost eight and three times, respectively. The expression levels of most carotenoid biosynthesis-related genes were significantly up-regulated, such as BnaPDS3, BnaZDS, BnaCYP97A3, BnaBCH1, BnaBCH1, BnaZEP; whereas, five copies of BnaPSY were significantly down-regulated. BnaPSY, BnaPDS3, BnaZDS, and BnaCRTISO are involved in carotene synthesis; BnaCYP97A3, BnaBCH1 BnaBCH1, and BnaZEP are related to xanthophylls synthesis. PSY, encoding a phytoene synthase, acts like a faucet and plays a significant role at the initial stage in the carotenoid biosynthesis pathway. Moreover, some genes in the carotenoid degradation pathway were also significantly down-regulated, including BnaCCD4, BnaCCD8, BnaNCED2, and BnaNCED3 (Figure 4 and Supplementary Table 7).
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FIGURE 4. BnaCRTISO regulates genes related to carotenes and xanthophyll in rapeseed. In this study, the gene copy numbers from the rapeseed genome and DEGs are listed in parentheses. The log2 fold change (crtiso/WT) of DEGs of different copies of the same gene is represented by green (down-regulated) or red (up-regulated) squares arranged from left to right. Gene names are represented in capital letters, and corresponding mutants are represented in small letters. Genes that are up-regulated and down-regulated are represented in red and blue, respectively. The background color of the box indicates the color of the substance. The detected carotenoids in present study were indicated in the solid box, and undetected carotenoids in present study were indicated in the dotted box. The up or down arrow in the box indicates increase or decrease of the corresponding substance content, respectively. PSY, PHYTOENE SYNTHASE; PDS3, 15-cis-zeta-carotene isomerase; Z-ISO, 15-cis-zeta-carotene isomerase; ZDS, zeta-carotene desaturase; CRTISO, carotenoid isomerase; LCYE, lycopene beta/epsilon cyclase protein; LCYB, lycopene cyclase; BCH1, beta-hydroxylase 1; BCH2, beta-carotene hydroxylase 2; CYP97A3, cytochrome P450, family 97, subfamily A, polypeptide 3; CYP97C1, cytochrome P450 superfamily protein; ZEP, zeaxanthin epoxidase; VDE, non-photochemical quenching 1; NCED5,nine-cis-epoxycarotenoid dioxygenase 5; NCED3, nine-cis-epoxycarotenoid dioxygenase 3; NCED6, nine-cis-epoxycarotenoid dioxygenase 6; NCED9, nine-cis-epoxycarotenoid dioxygenase 9; NCED2, nine-cis-epoxycarotenoid dioxygenase 2; CCD4, nine-cis-epoxycarotenoid dioxygenase 4; ABA2, NAD(P)-binding Rossmann-fold superfamily protein; AAO3, abscisic aldehyde oxidase 3; CYP707A2, cytochrome P450, family 707, subfamily A, polypeptide 2; CYP707A4, cytochrome P450, family 707, subfamily A, polypeptide 4; CYP707A3, cytochrome P450, family 707, subfamily A, polypeptide 3; CYP707A1, cytochrome P450, family 707, subfamily A, polypeptide 1; D27, beta-carotene isomerase D27-like protein; CCD7, carotenoid cleavage dioxygenase 7; CCD8, carotenoid cleavage dioxygenase 8.


To verify the reliability of the RNA-seq data, 29 DEGs in the petals were selected for qRT-PCR verification analysis. These DEGs include 13 genes involved in the carotenoid synthesis, five genes involved in the flavonoid metabolism, and 11 randomly selected genes. Linear regression analysis showed that the correlation coefficient between the transcript levels assessed by the two analytic systems was very high (R = 0.812; Supplementary Figure 12), which further confirmed the reliability of the RNA-seq data.

Together, these results indicated the importance of the BnaCRTISO gene in the metabolic pathway of carotenoid. This also further illustrates the complex regulatory mechanisms of the BnaCRTISO gene in carotenoid synthesis of rapeseed.



Targeted Mutations in BnaCRTISO Change Pigment Concentrations

To assess the impact of targeted mutation of BnaCRTISO on the carotenoid metabolic pathway, double (aacc: CRTISO-94-15-5-2, CRTISO-48-8-13-1, CRTISO-7-2-2-4) and heterozygous (aaCc: CRTISO-43-3-4-1, CRTISO-48-8-2-3, CRTISO-48-8-20-5) mutant T3 lines were grown in the field with their WT control. The total carotenoid content of petal and leaf samples were analyzed using spectrophotometer. It showed that the total carotenoid content of petals were significantly decreased in aacc mutants compared with aaCc and WT (aacc < aaCc < WT) (Figure 2M). The similar trend was observed in the total carotenoid content of leaves (Figure 2N). The two types of chlorophyll (chlorophyll a and chlorophyll b) concentration were further measured in leaves. And the chlorophyll b concentration of aacc mutants were significantly decreased relative to WT; whereas, no difference in chlorophyll a concentrations were observed between aacc mutants and WT (Figure 2O). This result indicated that BnaCRTISO may be involved in the anabolism of chlorophyll b in leaves.

Furthermore, carotenoid were analyzed using an LC-MS/MS system. Almost all carotene and xanthophyll contents showed a significant difference among aacc, aaCc, and WT. The carotene content of aacc was significantly increased when compared to the aaCc mutant and WT (aacc > aaCc > WT); while the xanthophyll content was significantly decreased (aacc < aaCc < WT) (Figure 5 and Supplementary Table 8). (E/Z)-phytoene, phytofluene, and lycopene are the main components of carotene. In this study, no lycopene was detected in the petals of WT; unexpectedly, the lycopene contents of the aacc and aaCc mutant were significantly increased (aacc > aaCc > WT; Supplementary Table 8). It should be noted that lycopene produced by the BnaCRTISO enzyme catalyzes prolycopene conversion in the carotenoid pathway. This result indicates the occurrence of another pathway for lycopene biosynthesis or degradation in the BnaCRTISO mutant, which converts prolycopene into all-trans lycopene through a non-enzymatic reaction under light illumination (Tuan et al., 2011; Su et al., 2015). In the xanthophyll metabolic pathway, the contents of α-cryptoxanthin (synthetic lutein precursor substance), β-cryptoxanthin (zeaxanthin precursor substance), lutein, zeaxanthin, antheraxanthin, violaxanthin, and neoxanthin were all significantly decreased in aacc mutants (Figure 5 and Supplementary Table 8). These changes of xanthophylls content agreed well with the phenotypic variations in these materials: the higher the xanthophylls content, the yellower the petals.
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FIGURE 5. The different carotenoids levels in the petals of mutants and WT. aacc, homozygous double mutants; aaCc, the heterozygous mutants with a lighter yellow flower phenotype; WT, wild type; LSD-test was used for statistical analysis between the aacc and WT (Lower case letter indicates the significant difference at 0.05 level).




Targeted Mutations in BnaCRTISO Change Flavonoid Metabolites in Petals

The flavonoid metabolic profiling of petal samples from the double-mutant (CRTISO-94-15-5-2, CRTISO-48-8-13-1, CRTISO-7-2-2-4) and its WT was analyzed using LC-ESI-MS/MS system. Most of the identified flavonoid metabolites show a significant difference between the double-mutant and WT petals (Supplementary Table 8). Among them, naringenin chalcone, the main flavonoid metabolites that constitutes yellow petals, were significantly decreased in the mutant. It is consitent with the transcriptomic analysis of the mutant petals, which indicates that the expression of naringenin chalcone metabolic genes (BnaC4H, BnaTT4, BnaTT7, BnaPAL2, Bna4CL3) were decreased in the double mutant (Figure 6, Supplementary Figure 12, and Supplementary Table 9). The content of other anthocyanins (apigenin and luteolin) in the mutants also decreased significantly (Figure 6 and Supplementary Table 9). Thus, these results are in line with the phenotypes and the transcriptomic analysis of the mutant petal.
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FIGURE 6. The identified flavonoid metabolites in petals with significant difference between the BnaCRTISO double mutant (aacc) and WT. The level of most of these metabolites decreased in mutant petals. And they are listed in the order of decreased fold changes (aacc/WT) from top to down.





DISCUSSION


The CRISPR/Cas9-Targeted Mutation in BnaCRTISO Is a Promising Strategy to Change Flower Color in Rapeseed

Although flower color in B. napus is a very important trait and has attracted much interest since 1929 (Pearson, 1929), the underlying molecular mechanisms have not been well characterized. The white flower is an ornamental trait and ideal phenotypic marker in assisted breeding. Studies has also indicated that the white flower trait of B. napus is closely linked with high erucic acid (Liu et al., 2004). Therefore, it is significant to develop phenotypic markers and improve the ornamental value of low erucic acid rapeseed. To this end, an effective approach is needed to produce targeted mutations in these well-conserved CRTISO homologs in B. napus. The newly developed CRISPR/Cas9 technology provides a powerful approach for creating novel allelic variations. Thus far, it has been successfully utilized to modify several important agronomic traits (multilocular silique, plant height, architecture, pod shatters resistance, etc.) in rapeseed by generating specific gene knockout (Yang et al., 2017, 2018; Li C. et al., 2018; Zhai et al., 2019).

This study shows the successful utilization of CRISPR/Cas9 for targeted mutations of the BnaCRTISO gene in rapeseed with an editing efficiency of 75.00%, which is higher than those reported in previous research (14.4–45.0%) (Yang et al., 2017; Zhai et al., 2019; Ahmar et al., 2021). The editing efficiency at the S2 target site (73.22%) is higher than S1 (16.39%), indicating that the efficiency of the sgRNA promoter U3b is higher than that of U3d as our previous reports (Yang et al., 2017; Zhai et al., 2019; Ahmar et al., 2021). In this study, the targeted mutations of the two functional copies of BnaCRTISO in rapeseed generated the creamy white petal phenotype (Supplementary Table 2 and Figure 2), indicating that the BnaCRTISO gene is essential for flower color regulation and highly conservative in Brassica plants. The phenotypic analysis shows that the flower color of the double mutants is creamy white, while the BnaA09.CRTISO and BnaC08.CRTISO single mutants showed a comparable phenotype to that of the WT. Hence, both copies of the BnaCRTISO gene have functional redundancy in regulating flower color formation, and their contribution is equal. In addition, the heterozygous mutant (aaCc) identified in this study had a biallelic mutation (−9, −1 bp; e.g., CRTISO-8-15) on the BnaC08.CRTISO with “aa” genotype, and the plant shows a slight change in petal color (Figure 2B). While the double allelic mutation (−6, −19 bp; e.g., CRTISO-7-2-2) on BnaA09.CRTISO with “cc” genotype shows no change in petal color (Table 1). A homozygous −9 bp mutation on BnaC08.CRTISO with “aa” genotype (CRTISO-48-10, CRTISO-48-8-18, CRTISO-48-8-20-6, CRTISO-48-8-21-7, CRTISO-43-7) also shows no change in petal color (Table 1). Thus, these results indicated that different mutation types have different effects on BnaCRTISO enzyme activity.



BnaCRTISO Plays an Important Role in the Accumulation of Pigments in Petals

Flavonoids and carotenoids are the pivotal pigments for the formation of most flower colors (Zhang et al., 2015). It has been reported that BnaC3.CCD4 and CmCCD4a contribute to the white color formation in the petals of B. napus and chrysanthemum, respectively, by degrading carotenoids into colorless compounds (Ohmiya et al., 2006; Zhang et al., 2015). Recently, Zhao et al. (2021) identified a mutation in a PDS3 gene in carotenoid biosynthesis pathway causes yellowish-white petals in rapeseed (Zhao et al., 2021). To date, no gene regulating the white flower traits other than the CCD4 and PDS3 gene has been reported in rapeseed.

In Arabidopsis, the crtiso mutant exhibiting partial inhibition of lutein biosynthesis in light-grown tissue and the accumulation of poly-cis-carotene precursors in dark-grown tissue with cotyledons colors changing from yellow to orange (Hyoungshin, 2002). The loss of function of the BrCRTISO gene confers orange color to the inner leaves and induces changes in flower color from yellow to orange in Chinese cabbage (B. rapa) (Su et al., 2015). Recently, the targeted editing of BoaCRTISO changed the leaf color from green to yellow, with the significant reduction of the concentrations of carotenoids and chlorophylls in Chinese kale (Sun et al., 2020). The crtiso mutant in tomato accumulates prolycopene instead of all-trans-lycopene, which could result in the production of orange fruit (Kato et al., 2007). It shows that the CRTISO gene in different plants can effectively change the carotenoid content in the flower, leaf, or fruit. In rapeseed, the cotyledon color of the BnaCRTISO double mutant showed a similar color change as that in B. rapa under the dark treatment (Supplementary Figure 13). Additionally, the petal color of the BnaCRTISO mutant changed from yellow to creamy white, which is different from that of B. rapa and Arabidopsis. It implies that the function of CRTISO in allotetraploid B. napus has become more complex in the course of evolution, and more information about this gene involved in the carotenoid pathway is yet to be ascertained.

PSY is the first key enzyme in the synthesis pathway, and its expression is regulated by feedback from upstream and downstream genes and metabolites (Yonekura-Sakakibara et al., 2019). The BnaPSY gene is also an important gene encoding the rate-limiting enzyme in the carotenoid synthesis pathway (Zhou et al., 2015). Down-regulation of the BnaPSY gene leads to a decrease in the total carotenoids content in the petals of the BnaCRTISO double mutants. Moreover, the xanthophyll content also decreased drastically in the BnaCRTISO mutants, and there are almost no xanthophylls in the petals of the double mutants. In contrast, the content of lycopene synthesized by the catalysis of BnaCRTISO protein increased significantly in the BnaCRTISO mutant. This result is consistent with the changes in the carotenoids content measured in the leaves of Arabidopsis CRTISO mutants (Isaacson, 2002). The expression of key genes BnaPDS3 and BnaZDS in the carotenoid synthesis pathway was also significantly up-regulated. This shows that the steady down-regulation of BnaCRTISO resulted in the up-regulation of BnaPDS3 and BnaZDS, which promote the accumulation of prolycopene and the mass synthesis of lycopene via a non-enzymatic pathway (Figure 4).

The expression levels of several xanthophyll synthetic-related genes (BnaCYP97A3, BnaBCH1, BnaBCH2, BnaZEP) in the mutants are up-regulated. Compared with the slight change in the synthetic substrate content, the content of the downstream substances (α-cryptoxanthin, lutein, zeaxanthin, antheraxanthin, violaxanthin, neoxanthin) are decreased significantly (Figure 4 and Supplementary Table 8). Interestingly, the expression of genes that inhibit ABA hormone signal transduction, such as BnaHAI1, BnaABI1, and BnaHAI2, are significantly down-regulated (Supplementary Table 7). In contrast, the expression of the ABA hormone signaling receptor BnaPYL4 is significantly up-regulated (Supplementary Table 7). It shows that the ABA hormone signal transduction process is accelerated in the mutant. Previoly reports indicated that ABA is synthesized from xanthophylls, e.g., zeaxanthin, violaxanthin and neoxanthin (Li and Walton, 1990; Parry et al., 1990). Thus, the low content of xanthophylls in the BnaCRTISO mutant is probably due to its degradation.

In the past, researchers created various types of light-colored flowers in different plants by changing the expression of the CHS gene to generate either white or light white flowers (Wang et al., 2018). In this study, the expression of multiple copies of the BnaCHS gene, which is the upstream gene regulating the flavonoid metabolism, was significantly down-regulated in the BnaCRTISO mutant resulting in the closure of the entire flavonoid synthesis pathway and a sharp decrease in the flavonoids content in petal (Supplementary Table 7). BnaF3′H is a key gene regulating for anthocyanin synthesis in the flavonoid synthesis pathway (Dubos et al., 2010; He et al., 2013), and its expression in the mutant is also greatly down-regulated. Collectively, these results indicate that the BnaCRTISO is an important gene involved in both the carotenoid and flavonoid pathways.

At present, there is no direct correlation between the carotenoid pathway and flavonoid synthesis pathway in plants (Grotewold, 2006; Cazzonelli and Pogson, 2010). It is known that they jointly regulate the color of flowers through the accumulation and mixing of pigments to produce their colored substances. In this study, a creamy white flower mutant was obtained by the mutation of the BnaCRTISO gene. Through metabolome and transcriptome analysis, we observed that the loss of BnaCRTISO gene function affects not only the expression of related genes in the carotenoid pathway, but also the expression of key genes involved in the flavonoid synthesis pathway. This reveals that some unknown mechanism of interactions exists between the carotenoid and flavonoid pathway in B. napus that are worthy of further study.
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Colorful flowers of rapeseed (Brassica napus L.) have been a hotspot for researchers, but the underlying mechanisms of pigment formation still need to be clarified. In this study, two stages of unopened rapeseed petals with red, white, and yellow colors were selected to identify the metabolites and genes involved in red pigment formation. Metabolomic analysis showed that flavonoids enriched the most co-differentially accumulated metabolites among all categories, and showed higher accumulation in red petal rapeseed than in white and yellow petal ones. RNA-seq analysis showed that among co-differentially expressed genes involved in red pigment formation, genes involved in anthocyanin (belonging to flavonoids) biosynthesis pathway were largely regulated by ANS, DFR, and UF3GT. The expression of those genes was higher in red petals of rapeseed than in white and yellow petals ones as well. Results of RNA interference of BnaA03.ANS in red rapeseed altered petal colors from raspberry red to beige red and zinc yellow under different interference levels, with the contents of pelargonidin, cyanidin, lutein, neoxanthin, β-carotene, and lycopene significantly decreased. However, overexpression of BnaA03.ANS in yellow rapeseed petals did not change the color of yellow petals. This study confirmed the important function of flavonoids, especially anthocyanins on red pigment formation, and for the first time, identified the irreplaceable role of BnaA03.ANS on red-flowered rapeseed.

Keywords: carotenoids, metabolomics, overexpression, RNA interference, RNA-seq


INTRODUCTION

Brassica napus L. (AACC, 2n = 38), an allopolyploid species derived from the hybridization of Brassica rapa (AA, 2n = 20) and Brassica oleracea (CC, 2n = 18), is an important cash crop not only showing edible and industrial oil purpose but also exhibiting great ornamental value (Chalhoub et al., 2014; Fu et al., 2016). For example, Hubei Province, China, owns over 25.68 million hectares of rapeseed, the tourism of which caused by rapeseed “flower sea” has contributed to more than half of the county's GDP in 2011 (Fu et al., 2016).

Flower color is critical for ornamental and landscaping utilization by providing aesthetically pleasing scenes. The traditional flower color of rapeseed is yellow and some mutants with light to dark yellow, and with the exploitation of the ornamental values, various petal colors were bred, such as white, orange, pink, red, and purple (Yin et al., 2019). However, the mechanisms for regulating different petal colorations are still unclear.

Carotenoids, flavonoids (namely, anthocyanins, flavones, and flavonols), and betalain biosynthesis are reported as the three most important pathways which produce secondary metabolites that contribute to natural petal color display. For instance, carotenoid and betalain pathways contributed to yellow and red, while orange, yellow, red, and blue were attributed to the anthocyanin pathway (Tanaka et al., 2008). More than that, petal tissue structure, epidermal cell shapes, and pH were also reported to influence the formation of petal colors (Vignolini et al., 2015; Zhao and Tao, 2015). Anthocyanins are the main group of flavonoids, and play a crucial role in plant color development, ranging from pink to blue and purple. Over 100 anthocyanins have been identified, primarily originating from six common types, namely, pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and malvidin (Veitch and Grayer, 2008). Previous studies showed that the color differences are highly correlated to different anthocyanin contents and components. By measuring the anthocyanin content of a series of butterfly pea petals, Kazuma et al. (2003) found that the content of anthocyanins was significantly higher in blue petals than in other colors while no anthocyanins were identified in white color petals. As for cineraria, delphinidin and cyanidin mainly contributed to blue and red flower colors, pink flowers were mainly determined by cyanidin and pelargonidin, while delphinidin and cyanidin were the core anthocyanins in purple flowers (Sun et al., 2009). Moreover, Zhang et al. (2011) found that the main pigment deposited in Lagenaria red petals was cyanidins, and pelargonidins primarily leaned toward scarlet.

Based on the irreplaceable role, anthocyanin biosynthesis has risen to be a hotspot of research for plant secondary metabolism and the key genes that participated in its biosynthetic pathway in plants have been clarified (Cheynier et al., 2013). CHALCONE SYNTHASE (CHS) is the key gene encoding the first enzyme in the anthocyanin biosynthesis pathway, hence influencing the coloration of flower petals. Ectopic expression of CHS1 gene from Freesia hybrid in petunia altered flower color from white to pink (Sun et al., 2015), and transgenic tobacco plants with CHS gene from Malus crabapple showed higher anthocyanin accumulation and a deep red color than the wild-type (Tai et al., 2014). CHALCONE ISOMERASE (CHI) encodes the second enzyme in anthocyanin biosynthesis and catalyzes the formation of chalcone. The decrease of CHI expression level in the petal of asters, tobacco, and carnations was found to lead to a greater accumulation of chalcone and turn the color into yellow (Nishihara et al., 2005). DIHYDROFLAVONOL 4-REDUCTASE (DFR) is another key gene encoding an enzyme that transfers three types of dihydroflavonols to their corresponding colorless anthocyanins with NADPH. Zhao et al. (2012) found that in different herbaceous peony organs, the highest expression level of DFR was observed in petals which accumulated the most anthocyanins, and similar results were also reported in Asian lily and gentian, suggesting the important role of DFR in flower color formation (Nakatsuka et al., 2003, 2005). ANTHOCYANIDIN SYNTHASE (ANS) is a key gene in the late stage of anthocyanin biosynthesis, which catalyzes the leucoanthocyanin to colored anthocyanidin (Heller et al., 1985). It was identified that ANS is a small gene family and these genes have been successfully cloned from several ornamental plants, such as Forsythia supensa, herbaceous peony, and gerbera (Rosati et al., 1999; Wellmann et al., 2006; Zhao et al., 2012). Rosati et al. (1999) found that null expression of ANS in Forsythia suspensa resulted in little anthocyanins accumulation in petals, and the absence of expression of ANS was found to be the underlying reason for the color change in lisianthus flowers (Shimizu et al., 2011). To date, the cloning and functional verification of genes that control petal color have paved for gene engineering of plants to obtain colorful exhibitions. For example, in Brassica napus, Liu et al. (2020) reported that silencing of BnaA09.Zep and BnaC09.Zep through Crispr/Cas9 confers orange color in B. napus petals. By ectopic overexpression of the OvPAP2 (Orychophragmus violaceus) gene, Fu et al. (2018) successfully produced red anthers and petals in yellow oilseed rape. Zhang et al. (2015) reported that disruption of BnaC03.CCD4 gene enhanced the accumulation of carotenoids leading to the transfer of petal color from white to yellow.

However, how the anthocyanin pathway regulates rapeseed petal color formation and the detailed molecular mechanisms remain unclear, and few studies have reported color-related genes or elaborated on the molecular regulation mechanism underlying anthocyanin-based variation in oilseed rape petal colors (Sagawa et al., 2016; Nikolov, 2019). The function of ANS, the key genes in anthocyanin biosynthesis, on flower coloration in Brassica napus is not reported in comparison with others. Here, we performed a metabolomics and RNA-seq study on two different stages of unopened petals of red, pure white, and yellow petal rapeseed lines, aiming at elaborating the pigment formation and development mechanisms in B. napus. BnaA03.ANS was identified as a high expression co-differentially expressed gene (co-DEG) according to RNA-seq and qRT-PCR. Disruption of BnaA03.ANS converted rapeseed petal color from raspberry red to beige red or zinc yellow, while overexpression of BnaA03.ANS made no change in petal color, but anthocyanins and carotenoids contents showed large differences. This study first comprehensively elaborated on the pigment formation and development mechanisms from genes to metabolites which contributed a lot to the foundation for colorful rapeseed breeding and the function of BnaA03.ANS on red color formation was first identified in B. napus.



MATERIALS AND METHODS


Plant Materials and Sampling

Three B. napus lines with contrasting petal colors were used, which were Zhehuhong (red, abbreviated as V1), Zhehubai (white, abbreviated as V2), and Zheyou 50 (yellow, abbreviated as V3). The transgenic plants with overexpression and RNAi were obtained from Zheyou 50 and Zhehuhong, respectively. The rapeseed plants including the transgenic lines were planted in a glass solar greenhouse with three replications in a completely randomized block design at the Zhejiang Academy of Agricultural Science, China.

At the flowering stage, full plump unopened buds from the main inflorescence with <5 flowers were selected, then all the petals in each bud were separated out, and the developmental stages of unopened petals were defined as follows: stage 1, petals with 5 mm length and colors close to pale; stage 2, petals with 6–7 mm length; stage 3, petals with 8–9 mm length; and stage 4, petals with 10 mm length and were strongly pigmented. The petals in stage 1 and stage 4 of V1, V2, and V3 were utilized for RNA-seq and metabolomic analysis with 3 biological replicates. Petals at all stages were utilized for stereoscopic imaging, and petals at stage 4 were used for carotenoids and anthocyanins quantification. Petal colors were compared according to the RAL method (Long et al., 2011).



Metabolomic Analysis

Petals at stage 1 and stage 4 of V1, V2, and V3 were prepared, named V1-1, V1-4, V2-1, V2-4, V3-1, and V3-4, respectively, and 3 biological replicates were set. About 50 mg sample was weighed out for supernatant preparation. Agilent 1290 Infinity II UHPLC system coupled to an Agilent 6545 UHD and Accurate-Mass Q-TOF/MS was used for liquid chromatography-mass spectrometry (LC-MS) analysis. The chromatographic column used was Waters XSelect HSS T3 (2.5 μm, 100 mm × 2.1 mm). Raw data were converted to common (mz.data) using Agilent MassHunter Qualitative Analysis B.08.00 software (Agilent Technologies, USA). Then all data went through internal standard normalization and weight normalization. Visualization matrices containing sample name, m/z-RT pair, and peak area were obtained. After editing, the data matrices were imported into SIMCA-P 14.1 (Umetrics, Umea, Sweden), mean-centered and scaled to Pareto variance. Then, a multivariate analysis was conducted. |log2FoldChange|>1 and p ≤ 0.05 were determined as differentially accumulated metabolites (DAMs). DAMs Venn diagram, principal component analysis (PCA), Gene Ontology (GO), and KEGG enrichment (Kyoto Encyclopedia of Genes and Genomes, KEGG) were also conducted for further analysis.



RNA-seq Analysis

The preparation of samples was the same as metabolomic analysis. Total RNA was extracted using a polysaccharide and polyphenol total RNA isolation kit (Bioteke, Beijing, China). HISAT2 was used to align all clean reads against the reference genome Brassicanapus.Annotation_v4.1. FPKM values were used to calculate the expression level of genes. |log2FoldChange >1 and p ≤ 0.05 were determined as differentially expressed genes (DEGs). Venn diagram of DEGs, PCA, GO, and KEGG was also conducted for further analysis.



Quantification of Carotenoids and Anthocyanins Contents

Contents of carotenoids and anthocyanins in 9 rapeseed petals (V1-4, V2-4, V3-4, and each containing 3 biological replicates) were determined through HPLC methods. Carotenoids were performed according to Cao et al. (2012) and the contents of each carotenoid were determined as previously described (Morris et al., 2004).

The components of anthocyanins were determined according to Sun et al. (2014) with several modifications. Approximately 100 mg petal samples were weighed out and 800 μl methanol was added and vortex for 1 min, then shock under 4°C for 30 min. A total of 600 μl supernatant was prepared and concentrated to dry, then 200 μl methanol was added to redissolve the samples. The supernatants were used for LC-MS/MS analysis after centrifuging under 12,000 rpm 4°C for 10 min. The MS parameters were: ESI ion source, 35 arb curtain gas, 7 arb collision gas, 4,500 V ion spray voltage, 450°C temperature, 55 arb ion source gas1, and 55 arb ion source gas2. Multiple reaction monitoring was used for parameter acquisition and MultiQuant software was used for data calculation.



Plasmid Construction and Transformation

Petal-specific expression promoter XY355 and the open reading frame of BnaA03.ANS was amplified and cloned into the Pme1-Pac1 and Pac1-Asc1 sites of pMDC83, respectively, to construct overexpression plasmid pXY355::BnaA03.ANS. The plasmid was introduced into the Agrobacterium tumefaciens strain GV3101 and transformed into yellow-flowered rapeseed V3.

The target gene fragments were amplified using BnaA03.ANS RNAi primers (Supplementary Table 1), and then ligated into the pNC-Cam1304-RNAi vector using the Nimble Cloning kit (Chinese Academy of Tropical Agricultural Sciences) to construct an ANS interference vector. The constructed vector was transformed into Agrobacterium tumefaciens GV3101, and the genetic transformation of rapeseed hypocotyl mediated by Agrobacterium was used to transform it into red rapeseed V1. Both Nimble Cloning kit and pNC-Cam1304-RNAi vector were donated by Mr. Yan Pu (Chinese Academy of Tropical Agricultural Sciences). The genetic transformation methods were referred to by Zhou et al. (2012).



qRT-PCR Analysis

Total RNA was extracted from petal samples using a polysaccharide and polyphenol total RNA isolation kit (Bioteke, Beijing, China) and qRT-PCR was performed according to Xu et al. (2017). All primers used in the study were listed in Supplementary Table 1.



Statistics

Data analysis was performed using IBM SPSS v.22.0 statistical software. Duncan's multiple range test was used to evaluate significant treatment effects at the significance level of p ≤ 0.05. MultiQuant software was used to integrate the curves and calculate the contents of anthocyanins and carotenoids according to each standard curve.




RESULTS


Phenotype Characterization of all B. napus Materials

In this experiment, the phenotype of V1, V2, V3, RNAi, and the overexpression lines were recorded (Figure 1). The opened petal color of V1, V2, and V3 matched RAL3017 (rose), RAL9016 (traffic white), and RAL1016 (sulfur yellow), respectively. Different from the edge of the V1 petal, the color of the center matched RAL3027 (raspberry red). While the unopened petals were deeper than those opened petals to some extent, the colors of petals at stage 4 matched RAL4004 (claret violet), RAL1001 (beige), and RAL1018 (zinc yellow), respectively, in V1, V2, and V3.


[image: Figure 1]
FIGURE 1. Inflorescence individuals and unopened petals phenotypes of Brassica napus with red (Zhehuhong, V1), white (Zhehubai, V2), yellow (Zheyou 50, V3) color, and the transgenic lines (ans#8 and ans#12 indicated RNAi-1 and RNAi-2 plants; ANS-OE indicated overexpression plants). Numbers on the top of unopened petals in V1 represented 4 development stages. R numbers represent colors alignment to RAL methods. Bars at the left bottom represent 1 cm and bars at the right bottom represent 0.5 cm.


Petal's color became shallow to some degree in BnaA03.ANSRNAi lines, with the color matched to RAL3012 (beige red, count 62.5% of all RNAi lines) and RAL1018 (zinc yellow, count 37.5% of all RNAi lines), while the color of unopened petals at T4 stage matched RAL3004 (purple red) and RAL1012 (lemon yellow), respectively. Overexpression of BnaA03.ANS did not alter the unopened petal color with the opened petal color match to RAL1026 (luminous yellow).



Identification and Functional Analysis of Differentially Accumulated Metabolites in V1, V2, and V3 at Stage 1 and Stage 4

The result of PCA showed that V1-1 and V1-4 separated significantly from other groups (Figures 2A,B). Under positive mode, a total of 163 and 170 co-DAMs were identified between V1 vs. V2 and V1 vs. V3 at stage 1 and stage 4 (Co-DAMs-T1 and Co-DAMs-T4), respectively. Among them, 46+2+103 metabolites were also co-differentially accumulated in stage 1 and stage 4 of V1, which were determined as Co-DAMs-red metabolites functioning on the red color formation (Figure 2C). The accumulation level of each sample group was shown as a heatmap after normalization processing (Figure 3A), and the top 3 classes were carboxylic acids and derivatives (12 DAMs), fatty acyls (11 DAMs), and benzene and substituted derivatives (8 DAMs). Furthermore, KEGG analysis was performed aiming at these 46+2+103 DAMs, and 10 KEGG pathways were enriched significantly (Figure 3C).


[image: Figure 2]
FIGURE 2. PCA analysis and Venn diagrams of metabolomic data. (A) PCA analysis of metabolomic data under positive mode. (B) PCA analysis of metabolomic data under negative mode. (C) Venn diagram analysis of differentially accumulated metabolites. V1-1, V2-1, and V3-4 represent the unopened petals of V1, V2, and V3 at stage 1. V1-4, V2-4, and V3-4 represent the unopened petals at stage 4. Co-DAMs-T1 represents the common differentially accumulated metabolites between V1 vs. V2 and V1 vs. V3 at stage 1. Co-DAMs-T4 represents the common differentially accumulated metabolites between V1 vs. V2 and V1 vs. V3 at stage 4. Co-DAMs-red represents the metabolites that were considered key metabolites functioning in red color. Pos represents the positive mode and Neg represents the negative mode.



[image: Figure 3]
FIGURE 3. Heatmaps of the accumulation level of differentially accumulated metabolites after normalization and KEGG analysis of Co-DAMs-red. Heatmaps were drawn after normalization, that is take the sum of each metabolite accumulation value in all 6 samples as 1, and calculate the ratio in the sum. (A,C) were at positive mode; (B,D) were at negative mode.


Under negative mode, a total of 66 and 126 co-DAMs were identified between V1 vs. V2 and V1 vs. V3 at stage 1 and stage 4, respectively. Among them, 20+73 metabolites were also co-differentially accumulated at stage 1 and stage 4 of V1 (Figure 2C). The accumulation level of each sample group was shown as a heatmap after normalization processing (Figure 3B), with flavonoids (15 DAMs) being the most class. Furthermore, KEGG analysis was performed aiming at these 20+73 DAMs, and 8 KEGG pathways were enriched significantly (Figure 3D).



Identification and Functional Analysis of Differentially Expressed Genes in V1, V2, and V3 at Stage 1 and Stage 4

For RNA-seq analysis, raw reads, clean reads, total genes, and sequenced genes of each sample were shown in Supplementary Table 2. PCA results showed that these 6 group samples had a distinct separation except for V2 and V3 at stage 4 (Figure 4A). A total of 21 genes were selected randomly to validate the reliability of RNA-seq data by qRT-PCR analysis. Results showed that the relative coefficients of the Log10Value of the 21 genes between RNA-seq and qRT-PCR results at group V1-1 vs. V1-4, V2-1 vs. V2-4, and V3-1 vs. V3-4 were 0.7392, 0.7457, and 0.7229, which showed the high reliability of the RNA-seq data (Figures 4B–D).
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FIGURE 4. PCA analysis, qRT-PCR validation, and Venn diagrams of RNA-seq data. (A) PCA analysis of RNA-seq data; (B–D) represent the validation and correlation analysis of RNA-seq and qRT-PCR results of 21 selected genes. (B) V1-1 vs. V1-4; C, V2-1 vs. V2-4; D, V3-1 vs. V3-4. (E) Venn diagram of common differentially expressed genes (co-DEGs) between V1, V2, and V3 at stage 1 and stage 4. Co-DEGs-T1 represents the genes that are co-differentially expressed in V1 vs. V2 and V1 vs. V3 at stage 1. Co-DEGs-T4 represents the genes that are co-differentially expressed in V1 vs. V2 and V1 vs. V3 at stage 4. Co-DEGs-red represents the genes that were considered key genes that are functioning in red color formation.


The result of Venn diagrams showed that at stage 1, 1,530 co-DEGs (1,474+56, named Co-DEGs-T1) were identified between V1 vs. V2 and V1 vs. V3, and a total of 9,919 co-DEGs (9,471+178, named Co-DEGs-T4) were identified between V1 vs. V2 and V1 vs. V3 at stage 4. Among them, 163+127+1,298 co-DEGs were also differentially expressed between Co-DEGs-T1 and Co-DEGs-T4 with V1-1 vs. V1-4. These co-DEGs (163+127+1,298, named DEGs-red) were considered to function on the difference between red with white, red with yellow and light red with deep red petal color (Figure 4E).



Response of DEGs-Red Participating in Anthocyanin Biosynthesis Pathway, MYB and bHLH Transcription Factors

Aiming at DEGs-red, a total KEGG analysis was conducted and the results were shown in Supplementary Figure 1. Anthocyanin biosynthesis pathway was drawn and the heatmap of relative gene expression level was exhibited. Among them, ANS was significantly upregulated in five comparison groups (Figure 5). In addition, MYB, WD40, and bHLH transcription factor family are reported to be the three main transcription factors that affected petal color formation, and the heatmap of MYB and bHLH were shown in Supplementary Figure 2. What's more, qRT-PCR analysis was performed to further verify the expression level of genes relative to petal color (Supplementary Figure 3). Among them, ANS2, ANS4, PAP2, DFR1, DFR2, and UF3GT genes had significantly higher expression amounts in red petals than in white and yellow at both stage 1 and stage 4. The expression amount of CHS, CHI, F3H, F3'H, and MYB111 was significantly higher in V2 at stage 1 and was higher in V2 at stage 4 for PAP2 and MBY61 while it was higher in V3 at stage 1 for MYB5 and MYC1.


[image: Figure 5]
FIGURE 5. Overview of the transcriptional regulation of anthocyanin biosynthetic genes. Heatmaps represent the log2-fold change value of V1-1 vs. V2-1, V1-1 vs. V3-1, V1-1 vs. V1-4, V1-3 vs. V2-4, and V1-4 vs. V3-4, respectively. PAL, phenylalanine ammonia lyase; 4CL, 4-coumarate co ligase; CHS, chalcone synthase; CHI, chalcone isomerase; F3'H, flavonoid 3'-hydroxylase; F3H, flavanone 3-hydroxylase; F3'5'H, flavonoid-3'5'-hydroxylase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; ANR, anthocyanidin reductase; UFGT, uridine diphosphate glucose-flavonoid glucosyltransferase; UF3GT, UDP: flavonoid 3-O-glucosyltransferase.




Influence of RNAi and Overexpression of BnaA03.ANS on Petal Colors and Pigment Contents

Semiquantitative RT-PCR was also conducted to identify the expression level of 4 copies of ANS genes in V1, V2, and V3. The results showed that BnaA03.ANS appeared evident difference in all lines, with the brighter band in V1 (Figure 6A). Hence, BnaA03.ANS was chosen to be the candidate gene for RNAi and overexpression validation.


[image: Figure 6]
FIGURE 6. Identification of the expression level of 4 ANS copies, and the BnaA03.ANS expression validation in transgenic lines. (A) Identification of the expression level of 4 ANS copies by semi-RT-PCR; (B) qRT-PCR validation of BnaA03.ANS expression level in RNAi lines compared with the wild type (V1). (C) qRT-PCR validation of BnaA03.ANS expression level in overexpression lines compared with the wild type (V3).


RNA interference of BnaA03.ANS showed that, opened petal colors of V1 turned from rose and raspberry red to zinc yellow, with the expression level of BnaA03.ANS decreased by 700-fold −1,400-fold, and turn to beige red when the expression level of BnaA03.ANS was only 71.5% or 28.25% of V3 (Figure 6B).

Analysis of anthocyanin and carotenoid profiles indicated that pelargonidin and cyanidin were largely decreased by 97.0% and 37.5% in ans#7, and 97.8% and 62.1% in ans#8 compared with V1, respectively. As for carotenoids, lutein, neoxanthin, and β-carotene were also significantly decreased, with 82.5%, 76.2%, and 80.1% and 68.6%, 12.4%, and 60% lower in ans#7 and ans#8 than V1, respectively. It is interesting to note that no lycopene contents were detected when the expression of BnaA03.ANS was interferenced (Figure 7).


[image: Figure 7]
FIGURE 7. Comparison of anthocyanins and carotenoids contents in petals of red (V1), white (V2), yellow (V3), RNAi lines, and overexpression lines. (A) pelargonidin; (B) petunidin; (C) cyanidin; (D) lutein; (E) neoxanthin; (F) β-carotene; (G) lycopene. Letters above the columns represent a significant difference, p ≤ 0.05. Error bars represent SD values.


The full-length cDNA fragment of BnaA03.ANS was also overexpressed under the control of petal-specific promoter XY355 (Fu et al., 2018), but no obvious color change appeared with BnaA03.ANS was overexpressed by 144-fold or 440-fold (Figure 6C). Carotenoids and anthocyanin profiles showed that cyanidin (3.15-fold), neoxanthin (1.35-fold), and lycopene (1.18-fold) were high accumulated, while, pelargonidin (-85.7%), petunidin (-83.8%), lutein (-27.6%), and β-carotene (-47.7%) were lower in ANS-OE than in V3. However, the petal colors did not obviously differ from yellow (Figure 7).




DISCUSSION

Colorful flowers are one of the most important traits of many ornamental flowering plants and have gained more and more attention from breeders (Nishihara and Nakatsuka, 2011). Flower colors in rapeseed range from white, orange to yellow, and other rare colors such as pink, purple, and red also have been reported recently, which greatly enhanced its ornamental value (Fu et al., 2018). However, the underlying mechanisms of how genes and metabolites regulate color formation in red petals have not been elucidated thoroughly (Yin et al., 2019). In this study, the DAMs and DEGs in unopened small petals (stage 1) and unopened large petals (stage 4) of red color rapeseed (V1) compared with those in white (V2) and yellow (V3) were identified, aiming at understanding the molecular mechanism on the regulation of red petal color formation in rapeseed.


Metabolomic Analysis Revealed That Flavonoids May Contribute to Red Color Formation

The result of the principal component analysis of metabolomic research showed that two groups of red petals in rapeseed (V1-1 and V1-4) exhibited obvious separation from white and yellow ones (Figures 2A,B), which reflected that accumulation levels of metabolites in red petals have a huge difference in compared with white and yellow petals. Further analysis revealed that a total of 46+2+103 DAMs in positive mode and 20+73 DAMs in negative mode (Figure 2) were co-differentially accumulated in Co-DAMs-T1 (co-DAMs in V1 vs. V2 and V1 vs. V3 at stage 1), Co-DAMs-T4 (co-DAMs in V1 vs. V2 and V1 vs. V3 at stage 4), and group V1-1 vs. V1-4 (co-DAMs in V1 at stage 1 vs. V1 in stage 4), and these DAMs were considered as key metabolites that influence red petal formation and the differentiation from white and yellow petals. Among them, most DAMs were belonging to flavonoids (Figures 3A,B). Flavonoids, as the most important pigment, generate the widest spectrum of colors. Chen et al. (2012) reported that the flavonoid composition of white flower chrysanthemum only contained flavonols and flavones, while anthocyanins were detected in pink flowers. He et al. (2011) found that anthocyanins were presented in red and orange samples of lycoris longituba while no anthocyanins were detected within white and yellow. In this study, the heatmap of DAMs accumulation levels revealed that the accumulation level in red petals (V1-1 and V1-4) was higher than in white and yellow ones, with flavonoids being the most categories, which indicated the importance of flavonoids in red pigment formation compared with white and yellow.



Identification of RNA-seq Data Showed Anthocyanin Biosynthesis Pathway and MYB, bHLH Transcription Factors Were Largely Differentiated in V1, V2, and V3

Venn diagrams of RNA-seq revealed that a total of 1,588 (163+127+1,298) genes (Figure 4) were co-differentially expressed in group Co-DEGs-T1 (co-DEGs in V1 vs. V2 and V1 vs. V3 at stage 1), group Co-DEGs-T4 (co-DEGs in V1 vs. V2 and V1 vs. V3 at stage 4), and group V1-1 vs. V1-4 (co-DEGs in V1 at stage 1 vs. V1 at stage 4), and these co-DEGs were considered as key genes that influence the red petal color formation and the differentiation from white and yellow petal colors. Anthocyanins are formed by various sugars and anthocyanidins, and the diversity of colors is highly related to anthocyanin composition and content according to a previous study (Li et al., 2003). Genes involved in the anthocyanin biosynthesis pathway that function on petal colors have been well-reported, such as CHS in Malus crabapple (Sun et al., 2015), CHI in asters and cyclamen (Nishihara et al., 2005), F3H in carnation (Owens et al., 2008), DFR in Saussurea (Li et al., 2012), and ANS in lisianthus flowers (Shimizu et al., 2011), which demonstrated the importance of anthocyanin biosynthesis pathway on petal color formation. As a report, red color formation, as the result of anthocyanin accumulation, is controlled through the coordination of genes that encode the enzymes involved in the anthocyanin pathway (Lai et al., 2020). For example, in radish of Cruciferae, genes for the anthocyanin biosynthesis, namely, PAL, C4H, 4CL, CHS, CHI, F3H, DFR, and ANS, were identified by traditional manners and second-generation sequencing (Muleke et al., 2017; Sun et al., 2018). Among them, RsF3H, RsF3'H1, RsCHS3, RsANS, and particularly RsUFGT, were highly correlated with the anthocyanin contents in the flesh of red radish (Muleke et al., 2017). However, when both the skin and flesh were factored into account, only the expression of RsDFR and RsANS were correlated with the anthocyanin contents (Park et al., 2011). These results indicated that late structural genes involved in the flavonoid pathway are specifically involved in anthocyanin biosynthesis. According to our research, flavonoids were also highly accumulated from metabolomics data, and the genes and pathway involved in anthocyanin biosynthesis were drawn against these Co-DEGs-red (163+127+1,298). According to Figure 5, genes showed a diverse difference between red with white and yellow, while ANS, DFR, and UF3GT were greatly highly expressed in red petals than in white and yellow, and these results were further validated by qRT-PCR (Supplementary Figure 2).

In addition to these structural genes, transcription factors also play a role in petal color formation. MYB, bHLH, and WD40 families are reported to be the three major types of transcription factors that are involved in petal coloration and also regulate anthocyanin synthesis directly or indirectly (Zhang et al., 2003; Ramsay and Glover, 2005), for instance, the bleaching of gentian due to mutation of GtMYB3 (Nakatsuka et al., 2008), and also the positive regulation function of GhMYB10 and LhMYB6 on anthocyanin accumulation in gerbera and lily (Roosa et al., 2008; Yamagishi et al., 2010). Overexpression of an R2R3-MYB transcription factor, RsMYB1, resulted in the increasing production of red flowers in radish, and by ectopic overexpression of the OvPAP2 (Orychophragmus violaceus) gene, Fu et al. (2018) successfully produced red anthers and petals in yellow rapeseed (Lim et al., 2016; Fu et al., 2018). As for bHLH, in Arabidopsis, three bHLH transcription factors, GL3, TT8, and EGL3 were reported to participate in the biosynthesis of flavonoids (Nesi et al., 2000; Baudry et al., 2006). A recent report showed that the coexpression of RSMYB1 and RsTT8 in tobacco leaves remarkably increased the accumulation of anthocyanins, indicating the partnership of RsTT8 and RsMYB1 in anthocyanin biosynthesis (Lim et al., 2017). To unveil the mechanisms of red color formation, the two-most important regulators involved in anthocyanin biosynthesis were isolated, and the expression module of MYB and bHLH were drawn in Supplementary Figure 2, which showed huge differences in red petals than in white and yellow at stage 1 or stage 2, reflecting the importance of MYB and bHLH on red color formation in rapeseed.



RNA Interference of BnaA03.ANS Transferred Petal Color From Raspberry Red to Beige Red or Zinc Yellow, While no Obvious Petal Color Was Changed When BnaA03.ANS Was Overexpressed

According to metabolomics and RNA-seq data, aiming at flavonoids, we selected the 4 copies of ANS genes that played a key role in the anthocyanin biosynthesis pathway, and semi-RT-PCR was performed. The results showed that band of BnaA03.ANS in red petals exhibited an obvious difference from yellow and white petals compared with the other 3 copies, which indicates the importance of BnaA03.ANS. Disruption of BnaA03.ANS in red rapeseed led to converting the petal color from raspberry red to beige red when 28.5% or 71.7% of the expression level of BnaA03.ANS was suppressed, while the color changed to zinc yellow, when 99.93% or 99.86% of the expression level was suppressed. The result of anthocyanins and carotenoids contents analysis revealed that pelargonidin, cyanidin, lutein, neoxanthin, β-carotene, and lycopene contents were significantly inhibited (Figure 7), which indicated the importance of BnaA03.ANS on red petal formation. However, with the overexpression of BnaA03.ANS under XY355 promoter in yellow rapeseed, no change of petal color was detected, though the pigments showed a different change with cyanidin, neoxanthin, and lycopene content highly accumulated while pelargonidin, petunidin, lutein, and β-carotene were decreased in overexpression lines than control (yellow rapeseed). According to a previous report, even flowers of the same color exhibited distinct pigment profiles depending on the species and variety, for example, in yellow tomato flowers, neoxanthin and violaxanthin comprise the two major carotenoids, whereas 9-cis-violaxanthin is the predominant component in yellow rose flowers (Ariizumi et al., 2014; Wan et al., 2019; Liu et al., 2020). Therefore, further researches still need to be investigated.
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Harvest index (HI), the ratio of harvested seed weight to total aboveground biomass weight, is an economically critical value reflecting the convergence of complex agronomic traits. HI values in rapeseed (Brassica napus) remain much lower than in other major crops, and the underlying regulatory network is largely unknown. In this study, we performed mRNA and small RNA sequencing to reveal the mechanisms shaping HI in B. napus during the seed-filling stage. A total of 8,410 differentially expressed genes (DEGs) between high-HI and low-HI accessions in four tissues (silique pericarp, seed, leaves, and stem) were identified. Combining with co-expression network, 72 gene modules were identified, and a key gene BnaSTY46 was found to participate in retarded establishment of photosynthetic capacity to influence HI. Further research found that the genes involved in circadian rhythms and response to stimulus may play important roles in HI and that their transcript levels were modulated by differentially expressed microRNAs (DEMs), and we identified 903 microRNAs (miRNAs), including 46 known miRNAs and 857 novel miRNAs. Furthermore, transporter activity-related genes were critical to enhancing HI in good cultivation environments. Of 903 miRNAs, we found that the bna-miR396–Bna.A06SRp34a/Bna.A01EMB3119 pair may control the seed development and the accumulation of storage compounds, thus contributing to higher HI. Our findings uncovered the underlying complex regulatory network behind HI and offer potential approaches to rapeseed improvement.

Keywords: harvest index, transcriptome, miRNA, regulatory network, Brassica napus


INTRODUCTION

Harvest index (HI), formerly known as coefficient of economics, refers to the ratio of the economic yield to the biological yield of the crop at harvest (Donald, 1962), which can also be understood as the ratio of seeds harvested from a plant to all the above-ground biomass produced. HI thus reflects the distribution of crop assimilates products in economic yield organs and vegetative organs, and also indicates the patency of crop photosynthate transport from “source” organs to “sink” organs (Bennett et al., 2011, 2012), and HI has clear agronomic implications. Since the first Green Revolution, the increase in the yield of major crops such as rice (Oryza sativa), wheat (Triticum aestivum), and barley (Hordeum vulgare) has been mainly due to the increase in the HI (Austin et al., 1980). The allotetraploid crop rapeseed (Brassica napus) is cultivated worldwide for oil, which is extracted from its oil-rich seeds. Luo et al. (2015) examined the B. napus genetic architecture of HI using 35,791 high-throughput single nucleotide polymorphisms (SNPs) genotyped by the Illumina Brassica SNP60 Bead Chip in an association panel with 155 accessions, and a total of nine SNPs on the C genome were identified to be significantly associated with HI; they explained 3.42% of the phenotypic variance in HI. Based on Brassica SNP60 Bead Chip, a natural population (NP) containing 520 materials was used to perform genome-wide association study (GWAS) for traits related to HI. Combined with transcriptomic sequencing (RNA-seq) of materials with high and low HI, candidate genes involved in photosynthesis, inflorescence, and silique development were identified (Lu et al., 2016). In addition, in B. napus, it was also found that the BnaA02.TB1 (BnaA02g14010D) that regulates lateral branch development and the BnaA02.GW2 (BnaA02g18890D) that regulates grain weight may be related to HI (Chao et al., 2019); BnaDwf.C9 (BnaC09g20450D) and BnaC04.BIL1 (BnaC04g41660D) can affect HI by regulating plant height (Wang X. D. et al., 2020; Yang et al., 2021). These previous studies are of great worth for helping us to elucidate the genetic mechanism of HI in B. napus. As seed yield is part of the HI numerator, HI increases with grain yield and has, therefore, received widespread attention in breeding programs (Hay, 1995; Sadras and Lawson, 2011; Beche et al., 2014). Unfortunately, the HI of rapeseed remains much lower than that of other major crops, such as rice, wheat, maize (Zea mays), and soybean (Glycine max) (Hay, 1995; Unkovich et al., 2010). The HI for rapeseed ranges from 0.05 to 0.42 (Lu et al., 2016), which is far below the theoretical biological limit for HI of ∼0.60 in grain crops (Foulkes et al., 2009), indicating the potential to further increase HI. Therefore, improving HI in rapeseed varieties is a major objective for breeders.

Green plant tissues such as leaves and silique pericarps (SP) constitute “source” organs that are photosynthetically active and provide photoassimilates to “sink” organs like grains and seeds via translocation (designated here as “flow”); HI reflects flow and the balance between source tissues and sink organs (Unkovich et al., 2010). In B. napus, flow is thought to be the limiting factor in the accumulation of assimilates in seeds (Shen et al., 2010; Fu and Zhou, 2013; Luo et al., 2015). Unlike many other crops in which leaves provide the main source tissue throughout seed development, in B. napus, SP take over the role of source tissue from senescent leaves, providing nutrients to sustain the growth of the seed after silique formation (Diepenbrock, 2000; Bennett et al., 2011). Several critical sugar transporter gene families have been identified in B. napus, such as SUCROSE TRANSPORTER (BnSUC), SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER (BnSWEET), and MONOSACCHARIDE TRANSPORTER (BnMST); transporters encoded by these genes may influence HI positively during the development of siliques by supplying more sugars to the seeds (Jian et al., 2016; Zhang et al., 2020). In addition, the Arabidopsis thaliana AMINO ACID PERMEASE 2 (AAP2) gene encodes an amino acid co-transporter that transports amino acids to the embryo via the seed pod vascular system during the seed-filling phase (Hirner et al., 1998), suggesting that SP may supply not only sugars but also other compounds. However, the underlying molecular regulatory mechanism behind the translocation of photoassimilates and other nutrients during the seed-filling phase is poorly understood in B. napus.

Harvest index reflects the relative allocation of resources to vegetative and reproductive organs and can be influenced by various environmental factors, including water supply (Gajića et al., 2018), temperature stress (Prasad et al., 2006), and nitrogen (N) fertilization (Amanullah and Shah, 2010). For crop species such as maize, shortening the vegetative growth period reduces the accumulation of photosynthetic products in vegetative organs and raises HI (Hütsch and Schubert, 2017). One method employed to modulate the length of the vegetative period relies on the genetic manipulation of photoperiod sensitivity (Li et al., 2020). In addition, enhancing crop adaptability to external stimuli can also result in significant increases in harvestable products and thus contribute to a higher HI. For example, the rice basic leucine zipper transcription factor bZIP58 induces the expression of seed storage protein genes and starch biosynthetic genes, but its transcripts also undergo alternative splicing in response to heat stress. However, more heat-tolerant rice varieties showed limited alternative splicing and higher expression of seed storage protein genes under heat stress, thus contributing to heat tolerance during grain filling (Xu et al., 2020). In rice, a dominant mutation in the DENSE AND ERECT PANICLE 1 (DEP1) gene displayed insensitivity to N during vegetative growth, which increased N uptake and assimilation and thus improved HI and grain yield at moderate levels of N fertilization (Sun et al., 2014). However, which genes regulate HI by promoting reproductive growth and mediating responses to external stimuli remain largely unknown in B. napus.

MicroRNAs (miRNAs) are 20–24-nt single-stranded non-coding RNA molecules that act as key post-transcriptional regulators of gene expression (Voinnet, 2009; Budak and Akpinar, 2015). Extensive studies have revealed that miRNAs play diverse roles during plant development and adjust complex traits in crops (D’Ario et al., 2017; Tang and Chu, 2017). For example, Arabidopsis miR159 lowers the transcript levels of the MYB DOMAIN PROTEIN 33 (MYB33) gene, whose encoded transcription factor normally negatively regulates miR156, thereby modulating vegetative phase change (Guo et al., 2017). Similarly, miR164 induces cleavage of NAM, ATAF1/2, and CUC2 (NAC2) gene transcripts, which act as negative regulators of drought tolerance in rice (Fang et al., 2014). In Arabidopsis, miR397b regulates LACCASE 4 (LAC4) and influences silique numbers and silique length (Wang et al., 2014). Moreover, rice miR396d forms a molecular bridge between BRASSINAZOLE-RESISTANT 1 (BZR1) and GROWTH REGULATING FACTORs (GRFs); OsBZR1 induces the expression of miR396d, which, in turn, represses OsGRF transcript accumulation to modulate plant architecture and grain yield (Tang et al., 2018).

The advent of next-generation sequencing technologies has paved the way to cost-effective and highly efficient methods to identify miRNA–mRNA regulatory networks related to complex traits in crops. For instance, embryo development in peanut (Arachis hypogaea) is highly sensitive to calcium deficiency in the soil, but the cause for the resulting embryo abortion was unknown. However, an integrated miRNA and mRNA profiling (RNA-seq) analysis revealed that a number of miRNA-mediated regulatory networks affecting seed/embryo development, cell division, cell proliferation, and plant hormone signaling all participated in peanut embryo abortion under calcium deficiency (Chen Z. Y. et al., 2019). Joint RNA-Seq and miRNA profiling analyses further established that miRNAs involved in nitrogen-related pathways regulated the thickness of a pod canopy in B. napus (Chen Z. Y. et al., 2019). To date, limited information is available pertaining to miRNA-mediated regulatory networks related to HI.

To better understand the regulatory networks underlying the establishment of HI in B. napus during the seed-filling phase, we determined the mRNA and miRNA transcriptome landscape in SP and seeds during the seed-filling stage in plants grown at two locations, Chongqing and Yunnan. We identified potential gene clusters involved in the regulation of HI, with predicted roles in transporter activity and responses to environmental signals. Furthermore, we discovered several miRNA-mediated regulatory networks in SP and seeds. These results contribute to uncovering the complex regulatory networks behind HI and offering potential solutions for its improvement via genetic engineering or crop breeding.



MATERIALS AND METHODS


Plant Materials and Field Trials

The B. napus accessions YC24 (SWU47), YC52 (Zhongshuang11), and YC46 (Ningyou12) with stability HI for two consecutive years (2012–13 and 2013–14) were selected from 520 accessions in previous study (Lu et al., 2016) and grown in a randomized block design with three replications at Chongqing Beibei (CQ, 29°45′ N, 106°22′ E, 238.6-m altitude) and Yunnan Lincang (YN, 23°43′ N, 100°02′ E, 1819.5-m altitude) during the 2015–2016 growing season. For simplicity, we denoted the planting location first (CQ or YN), followed by the accession number (24, 52, or 46) to distinguish experimental groups. Planting conditions were as previously described (Lu et al., 2016). Plant materials used for RNA-seq and small RNA-seq of growing status are shown in Supplementary Figure 1. We collected HI-related phenotypic traits, such as HI, biomass yield per plant (BY), seed yield per plant (SY), stem dry weight (ST), canopy biomass yield (CBY), according to the calculation method used previously (Lu et al., 2017), and the HI, BY, and SY of CQ24 and CQ46 at 2016 had been shown in our previous study (Zhang et al., 2020).



RNA Isolation and Library Preparation

For each accession grown at CQ and YN, we harvested seeds (ZS) and SP from the main inflorescence at 30 days after flowering (denoted as 30ZS and 30SP, respectively); there are also leaves (Le, main leaves at 30 days after flowering) and stems (St, main steam at 30 days after flowering) of the same period. For each sample, we collected two biological replicates, each harvested from five independent plants.

Total RNA of each sample was extracted using a CTAB method (Lu et al., 2008). RNA degradation and DNA contamination were monitored by gel electrophoresis on 1% agarose gels. RNA purity was confirmed on a NanoPhotometer spectrophotometer (IMPLEN, CA, United States), and RNA concentration was measured using the Qubit RNA Assay Kit with a Qubit 2.0 Fluorometer (Life Technologies, CA, United States). RNA integrity was assessed using the RNA 6000 Nano Assay Kit on an Agilent Bioanalyzer 2100 system (Technologies, CA, United States). After quality-control, we sent 48 RNA samples for mRNA sequencing and selected 12 samples (including 30SP, 30ZS) for small RNA sequencing to Novogene Corporation (Beijing, China) for library construction and sequencing, as previously described (Chen H. et al., 2019).



Identification of Differentially Expressed Genes

We evaluated the quality of RNA-Seq data with the Trimmomatic software (v.0.36) (Bolger et al., 2014). We removed adapter sequences and low-quality reads from the raw data. All clean reads were then mapped to the B. napus reference genomev.4.11 using the STAR program (v.2.5.3) (Dobin et al., 2013) with default parameters. We then mapped the aligned reads to RNA features using the feature Counts function of Subread (v.1.6.0) (Liao et al., 2014). We identified [differentially expressed gene (DEGs)] with the gene counts generated above with the edgeR package (Robinson et al., 2010) to import, organize, filter, and normalize the data with a false discovery rate (FDR) of 1%. We quantified relative gene expression as fragments per kilobase of exon model per million mapped reads (FPKM) by Cuffdiff within Cufflinks (Trapnell et al., 2012). After calculating their expression fold-change, we identified genes with FDR-adjusted q-value ≤ 0.05 and absolute log2 (fold-change) ≥ 1 as DEGs.



Identification of Differentially Expressed Conserved and Novel MicroRNAs

Clean data were obtained from small RNA sequencing libraries by removing adapter sequences from all reads, as well as reads containing over 10% Ns and low-quality (Q20 < 85%) reads from the raw data. We extracted potential small RNAs 18–30 nt in length and mapped them to the B. napus reference genome using Bowtie2 (v.2.2.9) (Langmead et al., 2009). Mapped reads were further mapped to the released B. napus miRNAs in miRBase22 (v.22.1)2 using basic local alignment sequence tool for nucleotides (BLASTN) with an E-value cutoff of ≤ 1e-5, which identified known miRNAs. We used the Rfam database (v.14.4)3 to remove ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), small nuclear RNAs (snRNAs), and small nucleolar RNAs (snoRNAs). In order to improve the accuracy and efficiency of comparison, we retained only the longest sequence from the remaining reads and merged them with the sequences in miRBase22 to become the final B. napus miRNA dataset. After removing the reads already classified as known miRNAs, we employed miRDeep-P (v.1.1.4) (Yang and Li, 2011) to predict potential novel miRNAs, allowing for 2 bp 3′ overhangs. We named these potential novel miRNAs based on the chromosome they map to and their starting nucleotide position on that chromosome.

To identify differentially expressed miRNAs (DEMs), we normalized miRNA expression across all samples using Salmon (v.0.11.3) (Patro et al., 2017) to obtain the expression of transcript per million (TPM) based on the normalization formula: normalized expression = (actual miRNA counts/total number of mapped reads) × 1,000,000. We calculated the associated fold-change, p-values, and q-values with in-house Perl scripts. miRNAs with FDR-adjusted q-value ≤ 0.05 and absolute log2 (fold-change) ≥ 1 were determined to be DEMs.



MicroRNA Target Prediction

We employed the psRNATarget server (v. 2017)4 to predict the target genes for all known and novel miRNAs that were differentially expressed between comparable groups, with default parameters.



Gene Function Clustering Analysis

Functional annotation was performed by using BLASTX to compare B. napus and Arabidopsis proteins. We used the online tool agriGO (gene ontology analysis toolkit and database for agricultural community, v.2.0)5 (Tian et al., 2017) for GO enrichment analysis. We determined GO classifications by submitting the gene sequences to the BLAST4ID tool of agriGO to obtain the corresponding B. napus locus ID, and then running GO term enrichment analysis.



Weighted Gene Co-expression Network Analysis

Weighted gene co-expression network analysis (WGCNA) package in R was designed in 2008 for helping users create weighted correlation network modules and identify key genes associated with traits in interesting modules (Langfelder and Horvath, 2008). FPKM values of genes were log2 (FPKM + 1) transformed for further calculation of correlation coefficient, determination of gene modules, construction of co-expression network, and correlation analysis of modules and phenotypic traits. In the process of analysis, the soft thresholding power was determined using the pickSoftTreshold function based on the scale-free topology model fit (R2) > 0.9; the automatic blockwiseModules network construction approach was applied to obtain the highly correlated modules, with the following parameters: power = 7; maxBlockSize = 30,000; TOM-type = unsigned; miniModuleSize = 30; reassignThreshold = 0, mergeCutHeight = 0.25. The co-expression networks were displayed using Cytoscape (v.3.5.1) (Maere et al., 2005).



Validation of Transcript Levels by Quantitative Reverse Transcription-PCR

The same RNA samples prepared for mRNA and miRNA sequencing libraries were used for cDNA synthesis and quantitative reverse transcription-PCR (qRT-PCR) detection. qRT-PCR was performed as described previously (Qu et al., 2015). We used gene-specific primers obtained from qPrimerDB6 (Lu et al., 2018). Relative transcript levels were normalized to the B. napus housekeeping genes UBIQUITIN-CONJUGATING ENZYME 21 (Bna.UBC21) and Bna.ACTIN7 (Qu et al., 2016).

For the validation of miRNAs, we added a poly (A) tail and performed reverse transcription from 2-μg RNA in 20-μl reaction volume using the miRcute miRNA First-Strand cDNA Synthesis Kit (Tiangen, Beijing, China). We then diluted the cDNAs 10-fold for RT-qPCR analysis, using the miRcute miRNA qPCR Detection Kit (SYBR) (Tiangen, Beijing, China). We carried out PCR reaction solutions containing 1-μl (∼10 ng) diluted cDNA, 10-μl 2- × -miRcute miRNA premix, a 0.4-μl forward primer (10 μM), a 0.4-μl reverse primer (10 μM), and 8.2-μl ddH2O on a BIO-RAD CFX96 Real-Time System (BIORAD, United States). Cycle conditions were: 95°C for 15 min, followed by five cycles of 94°C for 20 s, 65°C for 30 s, and 72°C for 34 s, and then 40 cycles of 94°C for 20 s and 60°C for 30 s. All reactions were performed in triplicate, with the B. napus U6 snRNA as internal control. Relative gene expression was calculated using the 2–ΔΔCt method (Livak and Schmittgen, 2001). All above-mentioned qRT-PCR assays were performed according to MIQE guidelines (Bustin et al., 2010). Three independent biological replicates, each with three technical replicates, were implemented for each sample.




RESULTS


Physiological Characteristics of Accessions With Different Harvest Index

In the context of this study, we planted the B. napus accessions YC24, YC52, and YC46 at the Beibei, Chongqing (CQ), and Lincang, Yunnan (YN) locations during the 2015–2016 growing season. All phenotypic values are provided in Table 1; in order to distinguish experimental groups, they were named as planting location first (CQ or YN) plus the accession number (24, 52, or 46). We collected HI-related phenotypic traits, such as HI, biomass yield per plant (BY), seed yield per plant (SY), stem dry weight (ST), canopy biomass yield (CBY). We noticed that the HI for all accessions significantly increased at the YN location when compared to that measured at CQ, especially accessions YC24 and YC52. In addition, YC24 displayed a significantly higher HI than the YC52 and YC46 accessions at both locations (Table 1); therefore, YC24 was regarded as a high HI accession, and YC52 and YC46 as low HI accessions. We used these three accessions to elucidate the molecular mechanism of HI.


TABLE 1. Phenotypic values of the three varieties measured in Chongqing and Yunnan.
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mRNA Sequencing Data Analysis Uncovers Harvest Index-Related Differentially Expressed Genes

We collected 48 samples for RNA extraction and subsequent deep sequencing of the transcriptome (RNA-Seq) analysis: ZS, SP, Le, and St in biological duplicates from all three accessions at the two geographic locations. After removal of low-quality reads from the raw data, we retained 40.29∼52.68 million clean reads; 83.97 to 95.23% of which were mapped to the B. napus reference genome (except SP in CQ24 Sample 1, which shows just 61.67%). Sample correlation analysis used FPKM to emphasize the high degree of correlation between biological replicates (Supplementary Table 1). The raw sequencing data were deposited in the BIG Data Center under BioProject accession No. PRJNA602979.

We identified DEGs across SP samples; we detected 2,303 DEGs (1,212 upregulated and 1,091 downregulated) in CQ24 vs. CQ52; 4,680 DEGs (2,472 upregulated and 2,208 downregulated) in CQ24 vs. CQ46; 1,103 DEGs (641 upregulated, 462 downregulated) in YN24 vs. YN52; 1,904 DEGs (1,092 upregulated, 812 downregulated) in YN24 vs. YN46 (Supplementary Table 2). To distinguish HI-related DEGs between high- and low-HI lines, we generated a four-way Venn diagram showing the extent of overlap between the four comparisons listed above. This analysis highlighted 756 DEGs (393 upregulated and 363 downregulated) in SP between high- and low-HI accessions grown at the CQ location, and 343 DEGs (203 upregulated and 140 downregulated) between high- and low-HI accessions grown at the YN location. A subset of 146 DEGs (83 upregulated and 63 downregulated) was identified in SP samples collected at both locations and across all accessions (Figures 1A,B).
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FIGURE 1. Venn diagrams and the number of DEGs of the DEGs from high- and low-HI accessions. (A) A Venn diagram of DEGs between high- and low-HI accessions in ZP at CQ and YN. (B) The number of DEGs between high- and low-HI accessions in ZP. (C) A Venn diagram of DEGs between high- and low-HI accessions in Le at CQ and YN. (D) The number of DEGs between high- and low- HI accessions in Le. (E) A Venn diagram of DEGs between high- and low-HI accessions in ZS at CQ and YN. (F) The number of DEGs between high- and low-HI accessions in ZS. (G) A Venn diagram of DEGs between high- and low-HI accessions in ST at CQ and YN. (H) The number of DEGs between high- and low-HI accessions in ZP in ST.


We repeated the same analysis with the RNA-Seq data obtained from the ZS samples; we identified 2,192 DEGs (1,481 upregulated, 711 downregulated) in CQ24 vs. CQ52; 2,776 DEGs (1,430 upregulated and 1,346 downregulated) in CQ24 vs. CQ46; 850 DEGs (562 upregulated, 288 downregulated) in YN24 vs. YN52; 1,963 DEGs (1,281 upregulated, 682 downregulated) in YN24 vs. YN46 (Supplementary Table 2). The corresponding four-way Venn diagram showed that 438 DEGs (236 upregulated and 202 downregulated) were shared by high- and low-HI accessions grown at the CQ location, while 205 DEGs (149 upregulated and 56 downregulated) were common to high- and low-HI accessions grown at the YN location. Furthermore, 118 genes (83 upregulated and 35 downregulated) were differentially expressed in seed samples collected at both locations and across all accessions (Figures 1C,D).

Leaves are the same “source” organs as the SP; through RNA-seq data, we identified 2,500 DEGs (1,227 upregulated, 1,273 downregulated) in CQ24 vs. CQ52; 6,047 DEGs (3,019 upregulated and 3,026 downregulated) in CQ24 vs. CQ46; 4,660 DEGs (2,185 upregulated, 2,475 downregulated) in YN24 vs. YN52; 6,250 DEGs (2,833 upregulated, 3,417 downregulated) in YN24 vs. YN46 (Supplementary Table 2). Our 4-way Venn diagram showed that 783 DEGs (371 upregulated and 412 downregulated) were shared by high- and low-HI accessions grown at the CQ location, while 1,369 DEGs (588 upregulated and 781 downregulated) were common to high- and low-HI accessions grown at the YN location. And 552 (242 upregulated and 310 downregulated) genes were differentially expressed in Le samples collected at both locations and across all accessions (Figures 1E,F).

Stem as the “flow” organ, which is the limitation for the accumulation of assimilates in B. napus seeds (Shen et al., 2010; Fu and Zhou, 2013; Luo et al., 2015), we also analysis stem RNA-seq data; there are 1,415 DEGs (722 upregulated, 693 downregulated) in CQ24 vs. CQ52; 5,313 DEGs (2,652 upregulated and 2,761 downregulated) in CQ24 vs. CQ46; 1,143 DEGs (623 upregulated, 520 downregulated) in YN24 vs. YN52; 4,866 DEGs (2,559 upregulated, 2,307 downregulated) in YN24 vs. YN46 (Supplementary Table 2). And 418 DEGs (214 upregulated, 204 downregulated) in St between high- and low-HI accessions grown at the CQ location; 311 DEGs (199 upregulated, 112 downregulated) in St between high- and low-HI accessions grown at the YN location. About 227 (132 upregulated, 95 downregulated) genes were differentially expressed in St samples collected from the two locations (Figures 1G,H).

Overall, the transcriptome of the accessions YC24 and YC46 differed by more DEGs than when YC24 was compared to the YC52 accession, both in SP, Le, ZS, and St. In addition, SP and Le samples as “source” organs were characterized by more DEGs than St and ZS samples between high- and low-HI accessions at both locations, indicating that the regulation of HI in “source” organs might be more complicated. Finally, samples harvested at the CQ location exhibited more DEGs than at the YN location in SP, ZS, and St, except Le, suggesting that the seed-filling process might be more complex at the CQ location.

In addition, in order to compare the gene expression differences of the same material in different regions, we compared the DEGs of the same material grown in YN and CQ. The results indicate that these DEGs among the three materials in four different plant tissues are quite different in different environments and the expression levels also varied greatly (Supplementary Table 2), especially in the Le of material YC24; there were 4,599 upregulated DEGs and 4,659 downregulated DEGs (Supplementary Figure 2). At the same time, the DEGs in the same tissue of the three materials also have differences; only 16, 36, and 34 same DEGs were found in the St, Le, and SP, and the absence of the same DEGs was found in the ZS (Supplementary Figure 2). Moreover, combining with Table 1, we found that HI in YN was significantly higher than that in CQ, indicating that HI was easily affected by environmental conditions; this is worthy of further study.



Functional Annotation and Classification of Differentially Expressed Genes

To understand the functions encoded by the DEGs identified between high- and low-HI accessions, we performed a GO enrichment. Studies showed long ago that the photosynthates of the SP are the main sources of seed yield, contributing about 2/3 of the total dry matter of the seed yield, whereas the beak of the seeds is about 8% (Leng et al., 1992), which can seriously affect HI, so we focused on SP and ZS first.

Differentially expressed genes in SP, harvested at the CQ location between high- and low-HI accessions (SP_CQ_High vs. Low), were associated with 93 significantly enriched GO terms (q-value ≤ 0.05), while DEGs for the equivalent samples collected at the YN location (SP_YN_High vs. Low) showed a significant enrichment for 341 GO terms; in addition, we identified 54 significantly enriched GO terms (q-value ≤ 0.05) for SP among DEGs shared by both CQ and YN locations (Supplementary Figures 3A,B). We observed a significant enrichment in several cellular component GO terms related to “chloroplasts” (GO: 0005737, GO: 0009507, GO: 0009536, GO: 0044434, GO: 0044435), and we noticed that GO terms of SP in addition to response to biological stress and a large number of abiotic stresses (GO:0009628, response to abiotic stimulus; GO:0009408, response to heat; GO:0009607, response to biotic stimulus; etc.); there are some interesting pathways enriched in “circadian rhythm” (GO:0007623), “histone H3-K36 demethylation” (GO:0070544), and “response to Karrikin” (GO:0080167), which suggest that circadian rhythm, histone modification affected the plant HI; also, as Karrikin, a new signaling molecule participates in regulating HI (Supplementary Figure 3C).

In ZS samples, a similar analysis revealed 107 significantly enriched GO terms among DEGs between high- and low-HI accessions harvested at the CQ location (ZS_CQ_High vs. Low), and 59 significantly enriched GO terms among DEGs between high- and low-HI accessions harvested at the YN location (ZS_YN_High vs. Low) (Figures 2A,B). We identified 18 common enriched GO terms among DEGs for ZS. Biological processes-related GO terms, such as the “negative regulation of RNA metabolic process” (GO: 1902679), “negative regulation of nucleic acid-templated transcription” (GO: 1903507), “negative regulation of the RNA metabolic process” (GO: 0051253), and the “organonitrogen compound metabolic process” (GO: 1901564), were predominantly enriched in ZS samples harvested at both CQ and YN locations (Figure 2C). In the YN location, we noticed “circadian rhythm” (GO: 0007623) and “alternative mRNA splicing via spliceosome” (GO: 0000380) were identified but not identified in the CQ location. We suspected that, in ZS samples, circadian rhythm and alternative mRNA splicing may participate in the HI regulation but were also influenced by geographical differences and environmental factors.
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FIGURE 2. GO functional classification of the ZS DEGs from high- and low-HI accessions at CQ and YN. (A) ZS_CQ_High vs. Low. (B) ZS_YN_High vs. Low. (C) Common GO terms shared by CQ and YN varieties. The color bars under the figures represent -log10 (p.adjust values).


GO enrichment analysis of St and Le DEGs in the CQ location obviously enriched in “circadian rhythm” (GO: 0007623) as the results in SP and ZS; we speculated that circadian rhythm plays an important role in regulating HI. We also found St and Le DEGs are mainly enriched in hormone-related terms, such as the “ethylene-mediated signaling pathway” (GO: 0009873), “jasmonic acid-mediated signaling pathway” (GO: 0009867) in St at the CQ location, “response to gibberellin stimulus” (GO: 0009739) in St at the YN location. In Le samples, “response to gibberellin stimulus” (GO: 0009739) and the auxin metabolic/biosynthetic process (GO: 0009850 and GO: 0009851) also enriched, suggesting that, although the leaf no longer provides most of the photosynthetic energy during silique ripening (SP provides more), it works with the St to regulate plant growth hormonally (Supplementary Figure 4).



Construction of Co-expression Networks

Through WGCNA, we constructed co-expression networks with all DEGs and 13 phenotypic data (Supplementary Table 3). This analysis yielded 72 gene modules, each represented by different colors in the output (Figure 3). The smallest module is the ME light coral, which included only 55 genes, and the largest module is turquoise, which included 10,008 genes. We focused on the ME light green module that is highly correlated with the HI (r2 = 0.61).
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FIGURE 3. An overview of module and traits corresponding through WGCNA.


GO enrichment analysis showed the ME light green module was mainly enriched in the “ubiquitin-dependent protein catabolic process” (GO: 0006511), “entrainment of the circadian clock” (GO: 0009649), “positive regulation of meiosis” (GO: 0045836), and “production of miRNAs involved in gene silencing by miRNA” (GO: 0035196). This indicated that ubiquitin modification, circadian rhythm, and gene silencing are all strong connection with HI; the results are the same with our previous DEGs analyzed. We used the maximal clique centrality method in the cytoHubba plugin of Cytoscape (v. 3.5.1) to identify hub genes in the ME light green module of interest, and we identified BnaA07g02330D (Bna.A07STY46), which is serine/threonine kinase that phosphorylates transit peptides of chloroplast and mitochondria-targeted pre-proteins and is involved in chloroplast differentiation in Arabidopsis (Giorgia et al., 2011). We speculated that Bna.A07STY46 may participate in retarded establishment of a photosynthetic capacity to influence HI.



Identification of Differentially Expressed MicroRNAs Based on MicroRNA Sequencing

In addition to 48 mRNA libraries, we also sequenced 12 miRNA libraries of samples SP and ZS. We obtained 163,448,662 reads and retained 159,966,665 clean reads after removing low-quality reads and adapters (Supplementary Table 4). We then selected clean reads with a length of 18–30 nt for further analysis. As expected, reads with a length of 21, 22, and 24 nt were more abundant out of all reads. In addition, we observed a higher fraction of 21-nt reads in silique pericarp samples when compared to that in seed samples, while 24-nt reads showed the opposite pattern (Supplementary Figure 5). We identified 903 miRNAs from the 12 miRNA libraries, including 46 known miRNAs and 857 novel miRNAs (Supplementary Table 5).

Based on the selection criteria of an absolute log2 FC > 1 and a q-value < 0.05, we detected DEMs between the same comparison groups as for RNA-Seq analysis. When we compared SP_CQ_High and Low, we identified 11 known DEMs (1 upregulated and 10 downregulated) and 86 novel DEMs (60 upregulated and 26 downregulated), while the comparison of SP_YN_High with Low revealed 15 known DEMs (0 upregulated and 15 downregulated) and 80 novel DEMs (38 upregulated and 42 downregulated). A comparison between ZS_CQ_High and Low yielded 10 known DEMs (8 upregulated and 2 downregulated) and 70 novel DEMs (38 upregulated and 32 downregulated), while we identified 11 known DEMs (11 upregulated and 0 downregulated) and 65 novel DEMs (30 upregulated and 35 downregulated) from a comparison between ZS_YN_High and Low. In addition, SP samples harvested at the CQ and YN locations shared 8 known DEMs and 21 novel DEMs, and ZS samples collected at the two locations saw an overlap consisting of 8 known DEMs and 16 novel DEMs (Supplementary Figure 6).



Integration of Differentially Expressed Genes and Differentially Expressed MicroRNAs

To elucidate the regulatory role of DEMs between high- and low-HI accessions, we first identified the potential target genes of each DEM before combining the expression profiles of DEMs and their target genes for further analysis. We thus obtained miRNA–mRNA interaction pairs (pairs with either negatively or positively correlated expression patterns) through a comparison of high- and low-HI accessions; 130 pairs in SP were harvested at CQ, 68 pairs in SP were collected at YN, 69 pairs in ZS from the CQ location, and 23 pairs in ZS from the YN location. Overall, almost half of the miRNA–mRNA interactions pairs showed a negative correlation, as might be expected from a true mRNA–miRNA pair involving transcript cleavage. We also noticed that several miRNAs had multiple potential target mRNAs, and multiple miRNAs that targeted a single mRNA (Supplementary Figure 7 and Supplementary Table 6). For instance, the upregulated miRNA bna-miRC03_52 controlled the downregulated genes BnaC07g39100D, BnaC08g32460D, and BnaA06g21420D, while the upregulated miRNA bna-miRA02_2282 controlled the downregulated genes BnaA06g21420D and BnaA06g39650D in comparisons between SP_CQ_High and Low (Supplementary Figure 7). These observations indicate that the regulation of miRNA–mRNA pairs is complex.

We performed a GO functional annotation analysis to characterize these differentially expressed target genes. Our results showed enrichment in GO terms related to circadian rhythms, transporter activity response to stress, response to abiotic stimulus, and response to stimulus across all comparisons, with the exception of ZS_CQ_High vs. Low (Supplementary Figure 8 and Supplementary Table 7). We hand-selected miRNA–mRNA pairs associated with the GO terms mentioned above, such as the bna-miRC08_5718–BnaA03g03740D/BnaC03g05240D pair and the bna-miRC01_19092–BnaC09g43920D pair (Figure 4A and Supplementary Figure 8). We did not discover significantly enriched GO terms among miRNA–mRNA pairs from seed samples collected at the CQ and YN locations between high- and low-HI accessions. However, the bna-miR396–BnaA06g21030D and bna-miR396–BnaA01g33410D pairs were shared between the two locations (Figure 4B and Supplementary Figure 8).
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FIGURE 4. Heatmap representation of interesting miRNA-mRNA pairs identified in silique pericarps and seeds. (A) Heatmap representation of miRNA-mRNA pairs-related circadian rhythm, response to stress, response to abiotic stimulus, and response to stimulus in silique pericarps. (B) Heatmap representation of bna-miR396-modulated miRNA-mRNA pairs in seeds. The color bars under the figures represent log2 (FPKM/TPM).




Validation of mRNA and MicroRNA Expression by Quantitative Reverse Transcription-PCR

To validate the quantification of the mRNA and miRNA sequencing data presented here, we analyzed the relative transcript levels of nine randomly selected DEGs (BnaA01g26430D, BnaA08g25340D, BnaA08g26300D, BnaC02g04730D, BnaC02g12960D, BnaC04g50590D, BnaC06g05910D, BnaC09g48250D, and BnaCnng27780D) and 7 DEMs (bna-miR156a, bna-miR164a, bna-miR167a, bna-miR396, bna-miRA01_10807, bna-miRC03_27293, and bna-miRC04_29081) by qRT-PCR on the same RNA used for library construction (Supplementary Table 8 and Figure 5). We observed a high degree of positive correlation between the relative transcript levels of DEGs and DEMs determined by qRT-PCR and their relative expression measured from high-throughput sequencing data. The high-throughput sequencing data used in this study were, therefore, accurate and reliable.
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FIGURE 5. RT-qPCR validation of DEGs and DEMs. Blue bars represent the relative expression level of RT-qPCR, and red points represent FPKM/TPM of sequencing; r represents Pearson correlation coefficient, *: correlation is significant at the 0.05 level, **: correlation is significant at the 0.01 level.





DISCUSSION

Harvest index is a complex agronomic trait of great economic value that depends on interactions between a plant genotype and the environment (Amanullah and Shah, 2010; Unkovich et al., 2010; Gajića et al., 2018; Chao et al., 2019). We determined that the YC24 accession showed a significantly higher HI than the YC52 accession, while the YC52 accession had a significantly higher HI than the YC46 accession at both the CQ and YN locations. These results indicated that HI differences between the YC24, YC52, and YC46 accessions were robust, validating the use of these three accessions to dissect the regulatory mechanism behind HI. YN is a high-yield crop production environment; not surprisingly, HI for the YC24, YC52, and YC46 accessions grown at this location was higher than that from the CQ location, indicating that environmental conditions can have a strong influence on HI. Thus, we carried out transcriptome sequencing to compare the gene expression profile in accessions grown in a standard HI (CQ) and high-HI (YN) environment during the seed-filling stage.


RNA-Seq and Expression Profiles of High- and Low-Harvest Index Materials

Based on gene functional annotation data, we identified significantly enriched GO terms associated with DEGs between high- and low-HI accessions. In B. napus, SP are photosynthetically active, and, as source tissues, they thus provide nutrients to seeds, a sink organ (Diepenbrock, 2000; Bennett et al., 2011). Furthermore, SP mediate maternal control during seed filling (Li et al., 2019). We also noticed that a large fraction of enriched GO terms were specific to the CQ location, as we did not detect them in our analysis of silique pericarp or seed samples collected at the YN location, underscoring the marked environmental sensitivity of HI regulation.

As HI represents the ratio between reproductive organs and vegetative biomass produced, regulating the timing of the phase transition from vegetative to reproductive growth will be beneficial to increasing HI (Hütsch and Schubert, 2017). Based on GO enrichment analysis, we noticed that the circadian rhythm may be associated with HI. In Arabidopsis, the core circadian rhythm comprises the proteins CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), LATE ELONGATED HYPOCOTYL (LHY), TIMING OF CAB EXPRESSION 1 (TOC1), and PSEUDO RESPONSE REGULATORS (PRRs) (Mcclung and Gutiérrez, 2010). In addition, the CONSTANS gene family (CO) controls photoperiodic flowering time together with PRRs (Nakamichi et al., 2007). Transcriptome analysis revealed that genes associated with circadian rhythm were potentially involved in potato (Solanum tuberosum) tuber formation, suggesting that the circadian rhythm may participate in photoassimilate distribution (Shan et al., 2013). In rice, CONSTANS-like (OsCOL9) not only modulated photoperiodic flowering but influenced grain number of the main panicle (Liu et al., 2016). Similarly, TOC1 modulated chickpea (Cicer arietinum) seed yield per plant (Basu et al., 2019), while overexpression of Arabidopsis PRR5 in rice delayed flowering but also significantly increased biomass (Nakamichi et al., 2020), likely due to higher expression of OsPRR37; the overexpression line GCA1OX-5 showed better general combining ability of rice (Liu et al., 2015). In wheat, the Photoperiod-1 (Ppd-1) mutant inactivates a PRR and affects paired spikelet formation (Boden et al., 2015). Moreover, our analysis highlighted additional circadian rhythm-related genes [GLYCINE RICH PROTEIN7 (GRP7), EARLY FLOWERING4 (ELF4), REVEILLE 1 (RVE1)] as being differentially expressed between high- and low-HI lines, strongly suggesting that the circadian rhythm and rhythm-controlled gene regulation might be harnessed to modulate HI in B. napus in the future.

Under the high-HI environment of the YN location, we detected a number of DEGs expressed in SP that were related to transporter activity, such as PLASMA MEMBRANE INTRINSIC PROTEIN (PIP), BILE ACID TRANSPORTER 5 (BAT5), ABC2 HOMOLOG 13 (ATH13), CHLORIDE CHANNEL A (CLC-A), MAJOR FACILITATOR SUPERFAMILY PROTEIN, NITRATE TRANSPORTER 1.7 (NRT1.7), POLYOL/MONOSACCHARIDE TRANSPORTER 5 (PMT5), and VACUOLAR GLUCOSE TRANSPORTER 1 (VGT1). PIP are aquaporins that localize to the plasma membrane and facilitate the flux of water and solutes across the plasma membrane (Kourghi et al., 2017; Wang H. et al., 2020). Multiple studies have shown that PIP genes can affect water balance and solute transport in plant cells (Sommer et al., 2008; Byrt et al., 2017; Macho-Rivero et al., 2018). The BAT5 transporter translocates glucosinolates, which are derived from methionine and sugars, across the chloroplast membranes (Sawada et al., 2009). ATH13 affects the lipid composition of chloroplast membranes and regulates iron distribution within chloroplasts (Manara et al., 2014, 2015). CLC-A regulates the accumulation of nitrate within vacuoles and plays an important role in modifying cytosolic conditions (De Angeli et al., 2006; Manara et al., 2015; Demes et al., 2020). Additional regulators of nitrate balance and transport include members of the NITRATE TRANSPORTER1/PEPTIDE TRANSPORTER (NPF) family, such as AtNPF3.1 (At1g68570) (Yang et al., 2017) and AtNPF6.2 (At2g26690) (Tong et al., 2016); AtNRT1.7/NPF2.13 (At1g69870) also plays important roles in source-to-sink remobilization of nitrate in Arabidopsis (Fan et al., 2009; Liu et al., 2017). PMT5 can transport a wide range of linear polyols (three to six carbon backbones), cyclic polyols (myo-inositol), pyranose, furanose, hexoses, and pentoses across the plasma membrane (Klepek et al., 2005, 2010). Collectively, the upregulation of genes-encoding proteins with transporter activity in SP of high-HI accessions points to their possible involvement in facilitating water and solute fluxes (e.g., sugar, nitrate nutrients, and cations) from the mother plant to the developing seed, and thus in increasing HI. The only downregulated transporter identified in this study was VGT1. However, VGT1 localizes to the vacuolar membrane and mediates the transport of glucose from the cytoplasm to the vacuole (Aluri and Büttner, 2007; Büttner, 2007); a reduction in VGT1 expression may, therefore, promote sugar translocation to sink tissues by a modulating glucose flux to the vacuole.

In seeds, GO terms, such as GO: 0045892, GO: 1902679, GO: 1903507, GO: 0051253, GO: 0045934, GO: 0010629, GO: 0010605, and GO: 1901564, were significantly enriched in samples harvested at both the CQ and YN locations. For the latter GO term (the organonitrogen compound metabolic process, GO: 1901564), the B. napus gene BnaC08g45660D homologous to At1g01090 (PYRUVATE DEHYDROGENASE E1 ALPHA, PDH-E1 ALPHA) was upregulated in high-HI accessions. As PDH-E1 ALPHA has been shown to regulate acyl lipid metabolism (LeClere et al., 2004; Mentzen et al., 2008), we speculated that the upregulation of BnaC08g45660D contributes to the accumulation of storage lipids in seeds. Gene functional annotation of the GO terms GO: 0045892, GO: 1902679, GO: 1903507, GO: 0051253, GO: 0045934, GO: 0010629, and GO: 0010605 determined that the expression pattern of BnaA05g01050D (homologous to At2g46830, CCA1) showed the same trend at both the CQ and YN locations. Studies have shown that CCA1 affects not only the circadian rhythm but also the accumulation of storage lipids (Kim et al., 2019). Thus, we concluded that genes that promote the accumulation of storage materials such as lipids during the seed-filling stage likely contribute to the improvement of HI.



MicroRNA-Mediated Regulatory Networks Related to Harvest Index

MicroRNAs play versatile roles in plant growth and development via miRNA–mRNA interaction networks. In our study, we identified abundant miRNA–mRNA interaction pairs from the comparison of silique pericarp and seed samples from high- and low-HI accessions at CQ and YN locations. Based on the functional analysis of target DEGs, we noticed enrichments for genes in silique pericarp samples harvested at both CQ and YN locations related to responses to stimulus. Thus, we selected genes related to circadian rhythm, response to stress, response to abiotic stimulus, and response to stimulus that also exhibited anti-correlations with their miRNAs for further analysis. MiR164 has been shown to control axillary meristem and floral organogenesis formation in Arabidopsis (Raman et al., 2008; Huang et al., 2012); in our study, we observed a negative correlation between bna-miR164a and BnaA08g26300D. BnaA08g26300D shows homology to the Arabidopsis gene At1g09560 (GERMIN-LIKE PROTEIN 5, GLP5). GLP may control resource allocation between primary and lateral roots by phloem-mediated transport in Arabidopsis (Ham et al., 2012), suggesting that the regulation of GLP5 transcript levels by bna-miR164a may adjust the balance of resources between SP and seeds though the phloem. At5g06530 (ABC TRANSPORTER GENE 22, AtABCG22) also contributes to water transpiration and drought tolerance in Arabidopsis (Kuromori et al., 2011). Hence, we propose that its B. napus homolog BnaC02g01960D, whose transcript levels are regulated by bna-miRA03_11110, might be important for the proper water balance of SP during the seed-filling phase.

The circadian rhythm gene TOC1 contributes to energy metabolism by influencing the phase of the circadian rhythm under environmental fluctuations (Legnaioli et al., 2009; Fung-Uceda et al., 2018) and Arabidopsis; toc1 mutants showed a modified pattern of starch mobilization under light–dark cycles (Flis et al., 2019). We hypothesized that the bna-miRA07_12065–BnaC09g05250D (TOC1) pair might similarly affect the phase of the circadian rhythm to modulate resources allocation in SP. BnaC09g43920D is homologous to At5g13170 (SENESCENCE-ASSOCIATED GENE 29, SAG29, also named SWEET15). In this study, this gene is upregulated in high-HI SP at the YN location via the downregulation of bna-miRC01_19092. SWEET15, together with the transporters SWEET11 and SWEET12, mediates sucrose efflux both intracellularly and intercellularly during seed filling in Arabidopsis (Chen et al., 2015; Eom et al., 2015) and may also regulate senescence under environmental stress (Seo et al., 2011). Moreover, we noted the upregulation of several heat stress-related genes, such as HEAT SHOCK PROTEIN (HSP) Hsp17.6CII (BnaA03g03740D/BnaC03g05240D), HSP26.5 (BnaC06g05390D), CPHSC70-1 (BnaC01g16200D), and HEAT SHOCK FACTOR 4 (HSF4) (BnaCnng56320D), this upregulation being mediated by the downregulated miRNAs bna-miRC08_5718, bna-miRC06_3193, bna-miRC02_6475, and bna-miRC01_11705 in high-HI lines, respectively. Overall, we identified many miRNA–mRNA pairs related to environmental stress in the current study, indicating that increasing plant adaptability to the environment may adjust resources distribution and improve HI.

Similar to our observation with DEGs, numerous miRNA–mRNA pairs identified here differed between seeds and SP, indicating distinct regulatory mechanisms during the seed-filling stage. Among miRNA–mRNA pairs, bna-miR396 and its putative targets BnaA06g21030D and BnaA01g33410D were shared by seed samples harvested from both the CQ and YN locations. MiR396 exerts a strong influence in plant development by regulating complex traits; for example, miR396 regulates the transcript levels of the GRF group to modulate cell proliferation and elongation (Ercoli et al., 2016), grain size and yield (Che et al., 2015; Li et al., 2016; Chen X. L. et al., 2019), and somatic embryogenesis (Szczygieł-Sommer and Gaj, 2019). Moreover, a loss of function in miR396ef resulted in higher grain size and altered plant architecture in rice (Miao et al., 2020), while over-expression of oa-miR396c in rice reduced salt and alkali stress tolerance (Gao et al., 2010). In tomato (Solanum lycopersicum), over-expressing a short tandem repeat mimic for miR396a (STTM396a/396a-88) resulted in earlier flowering and bigger fruits (Cao et al., 2016). In Arabidopsis, the peanut witches’ broom effector PHYLLODY SYMPTOMS 1 (PHYL1) interferes with miR396-mediated regulation of SHORT VEGETATIVE PHASE (SVP) transcript levels to control flower formation (Yang et al., 2015).

In this study, we also identified the bna-miR396–BnaA06g21030D/BnaA01g33410D pair. BnaA06g21030D (SER/ARG-rich protein 34A, SRp34a) encodes a member of the Ser-Arg-rich (SR) protein family, which plays multiple roles in post-transcriptional regulation of gene expression by alternative splicing (Sanford et al., 2004; Richardson et al., 2011). BnaA01g33410D is homologous to EMBRYO DEFECTIVE 3119 (EMB3119), which plays an important role in Arabidopsis growth and development (Meinke, 2020). Although many studies have focused on miR396, the roles of the bna-miR396–Bna.A06SRp34a/Bna.A01EMB3119 pair are largely unknown in the context of HI and should be studied in more detail.

Based on our collective results, we propose a potential model for the regulation of HI in B. napus during the seed-filling stage (Figure 6). Genetic differences and external environmental stimuli affect the expression of circadian rhythm-related genes, stress response genes, and miRNAs. miRNAs, in turn, may modulate circadian rhythm-related genes and stress response genes via a transcript cleavage. The resulting modulation of transcript levels of transporter activity-related genes will affect water and solutes flow to the seeds, driving seed development and the accumulation of storage compounds, thus determining seed yield and HI.


[image: image]

FIGURE 6. A proposed model for HI determination during the seed-filling stage.
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As one of the most important oil crops, rapeseed (Brassica napus) is cultivated worldwide to produce vegetable oil, animal feed, and biodiesel. As the population grows and the need for renewable energy increases, the breeding and cultivation of high-yield rapeseed varieties have become top priorities. The formation of a high rapeseed yield is so complex because it is influenced not only by genetic mechanisms but also by many environmental conditions, such as climatic conditions and different farming practices. Interestingly, many high-yield areas are located in special eco-environments, for example, in the high-altitude Xiangride area of the Qinghai Plateau. However, the molecular mechanisms underlying the formation of high yields in such a special eco-environment area remain largely unknown. Here, we conducted field yield analysis and transcriptome analysis in the Xiangride area. Compared with the yield and environmental factors in the Xinning area (a low-yielding area), we found that the relatively longer daylight length is the key to high rapeseed yield in the Xiangride area, which leads up to a 52.1% increase in rapeseed yield, especially the increase in thousand seed weight and silique number (SN). Combined with transcriptome H-cluster analysis and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) functional analyses, we can assume that the grain development of rapeseed in the Xiangride area is ahead of schedule and lasts for a long time, leading to the high-yield results in the Xiangride area, confirmed by the expression analysis by quantitative real-time polymerase chain reaction (qRT-PCR) of yield-related genes. Our results provide valuable information for further exploring the molecular mechanism underlying high yield in special ecological environments and provide a helpful reference for studying seed development characteristics in special-producing regions for Brassica napus.

KEYWORDS
rapeseed (Brassica napus L.), special environment, plateau, daylight length, transcriptome analysis, seed development


Introduction

Rapeseed (Brassica napus) is one of the most important oil crops and is cultivated worldwide to produce vegetable oil, animal feed, biodiesel, etc. (Chalhoub et al., 2014; Mason and Snowdon, 2016; Hu et al., 2021). With rapid increases in population and the need for renewable energy, the demand for rapeseed also continually rises. Therefore, the breeding and cultivation of high-yield rapeseed varieties have become top priorities (Slafer, 2003; Hu et al., 2009; Khan et al., 2021). Seed yield can be improved by taking the direct component traits and the other indirect contributing traits into consideration. For the representative oil crop rapeseed, high yield is determined mainly by three yield component traits: silique number (SN), seed number per silique (SPS), and seed weight/thousand seed weight (SW/TSW). SN and SPS determine the total number of seeds per plant, and SW/TSW has the most significant effect on seed yield (Leon, 1993; Diepenbrock, 2000; Shi et al., 2009; Ding et al., 2012; Luo et al., 2015, 2017). High rapeseed yield is also closely associated with many yield-related traits, such as plant height (PH) and silique length (SL). In addition to being controlled by yield-related genes, an increasing number of studies have shown that these traits are also highly influenced by environmental conditions (Quijada et al., 2006; Udall et al., 2006; Chen et al., 2007; Li et al., 2014; Fu et al., 2015; Zhao et al., 2016, 2021; Zheng et al., 2017; Raboanatahiry et al., 2018).

The effects of the environmental factors on all growth and development processes occur throughout the whole plant life cycle (Quarrie et al., 2006). For the same cultivars, various planting environments lead to different yield potentials, and some special eco-environments can lead to high yields, for example, Taoyuan Township, Yunnan Province and Xiangride area, Qaidam Basin, Qinghai Province in China (Ying et al., 1998a,b; Katsura et al., 2008). The Qaidam Basin, a vast intermountain basin in the northwest Qinghai Province, Qinghai-Tibetan Plateau, is also the largest basin in China with the highest elevation. The agricultural distribution area of the Qaidam Basin has sparse precipitation, a dry climate, low relative humidity, low moisture content in the air, low humidity, and high atmospheric transparency. Significantly, the annual sunshine hours exceed 3,000, and the yearly total solar radiation is approximately 70. The Xiangride area in the Qaidam Basin has become one of the typical high-yielding areas of crops in China due to its special geographical and ecological environment (Su and Pan, 1981; Shi et al., 2014). However, the genetic and molecular mechanisms underlying the high yield formation of crops in this special high-yield Xiangride area are still unclear.

Seed development is an important stage in determining the yield of rapeseed (Hay and Schwender, 2011; Basnet et al., 2013; Borisjuk et al., 2013; Liu et al., 2015a; Gupta et al., 2017). A previous study suggested that cellular activities during seed filling in B. napus begin with sugar mobilization, followed by sequential surges in amino acid, lipid, and storage protein synthesis (Hajduch et al., 2006). Based on three stages in seed filling, they divided the expression trends into different functional stages. The first stage includes proteins expressed mainly at the early stages of seed filling. These proteins are involved in glycolysis, respiration, metabolism of sugars, signal transduction, metabolism of amino acids, proteolysis, and defense. Proteins of the second stage, involved in photosynthesis and lipid metabolism, exhibited the highest expression at the midpoint of seed filling. Finally, detoxification, seed maturation, and seed storage proteins are highly abundant at the end stage of seed filling (Hajduch et al., 2006; Huang et al., 2013). Seed development is highly affected by environmental factors, such as sunshine duration, temperature, and water. Thus, we also proposed that the special eco-environment in the Xiangride area could affect the seed development stages and further cause the high yield of rapeseed.

In this study, we performed yield component analysis and comparative transcriptomic analysis of seed development of Qingza 5, a spring rapeseed variety, in different environments to determine the primary yield component responsible for differences in high-yield environments. The differentially expressed genes (DEGs) related to high yield were analyzed, and the high-yield-related genes were also explored by RNA-Seq and quantitative real-time polymerase chain reaction (qRT-PCR). The research results will help to better understand the molecular mechanism of high yield formation in the Xiangride area of the Qaidam Basin, and have important theoretical and practical significance for spring rapeseed breeding and improving yield potential.



Materials and methods


Plant materials and growth conditions

Field experiments were conducted in 2015 in the Xining area (XN, 101°49′17″E, 36°34′3″N, altitude 2,320 m) and Xiangride area (XRD, 97°48′9.68″E, 36°4′13.68″N, altitude 2,997 m), Qinghai Province, China, during the rapeseed growing season from April to August. The average annual temperature and rainfall of the XN area were 6.4°C and 306.2 mm, respectively, and those of the XRD area were 4.2°C and 142.5 mm, respectively (for details, see Additional File 1: Supplementary Table 1). A widely planted rapeseed (B. napus) variety, Qingza 5, was selected and planted at the experimental farm of Qinghai University (Xining, Qinghai Province, China) and Xiangride farm (Dulan, Qinghai Province, China). The field experiment followed a randomized complete block design with three replicates for every 20 plots. Each plot had an acreage of 12 m2 and consisted of 200 plants. The planting density was 20 cm between plants within each row and 30 cm between rows. Field management followed regular planting practices, and the planting practices in the two places were identical. At the grain filling stage, three replicates of siliques from 30 or 40 days after flowering were collected for RNA extraction. All seeds were gathered, snap-frozen in liquid nitrogen, and kept at −80°C for further use.



Measurement of rapeseed yield traits

Measurements of yield per plant, SN, thousand seed weight (TSW), and SPS were performed after harvest. Ten plants growing uniformly in three replications from each plot in the producing area were chosen for trait evaluation. TSW was calculated based on the average weight of 1,000 fully developed open-pollinated dry seeds.



Collection of climate information

General climate data of XN and XRD in 2015, including average temperature, rainfall, daylight length, and average soil temperature (of 20 cm), were obtained from the China Meteorological Administration.1



RNA extraction, RNA-seq library construction, sequencing, and data analysis

Total RNA was isolated by using the TRIzol kit (Invitrogen, Carlsbad, CA, United States) and purified using an mRNA purification kit (Promega, Shanghai, China) following the manufacturer’s instructions with some modifications. RNA degradation and contamination were monitored on 1% agarose gels and treated with RNase-free DNase I (Thermo Fisher Scientific, Waltham, MA, United States) to remove any contaminating DNA. The quality and integrity of the extracted RNAs were assessed using the NanoPhotometer® spectrophotometer (Implen, Westlake Village, CA, United States) and the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States). All these RNA samples should display R260/280 at 1.8–2.0, and the threshold of the RNA integrity number (RIN) was set to at least 8. After the quality assessment, 3 μg of RNA per sample was further processed by the purification of polyA-containing mRNA, mRNA fragmentation, double-stranded cDNA synthesis, and polymerase chain reaction (PCR) amplification, and RNA-Seq libraries were generated using the NEBNext® Ultra RNA Library Prep Kit for Illumina® (NEB, Ipswich, United Kingdom) following the manufacturer’s instructions. The final cDNA libraries were sequenced on an Illumina HiSeq 2000 platform by the BGI Tech Solutions Co., Ltd. (BGI-Tech, Shenzhen, Guangdong, China). To preferentially select cDNA fragments of preferentially 150–200 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter, Brea, CA, United States). At the same time, the Q20, Q30, and GC contents of the clean data were calculated.

Rapeseeds “Darmor-bzh” reference genome and gene annotation files were downloaded from the genome website BRAD (http://brassicadb.cn/). The index of the reference genome was built using Bowtie v2.2.3, and paired-end clean reads were aligned to the reference genome using TopHat v2.0.12. HTSeq v0.6.1 was used to count the read numbers mapped to each gene. Then, the fragments per kilobase of transcript per million mapped reads (FPKM) value of each gene was calculated based on the length of the gene and read count mapped to this gene. Differential expression analysis of the two conditions/groups was performed using the DESeq R package (1.18.0). The resulting P-values were adjusted using Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes with an adjusted P-value <0.05 found by DESeq were considered differentially expressed genes. Gene Ontology (GO) enrichment analysis of differentially expressed genes (DEGs) was implemented by the GOseq R package, in which gene length bias was corrected. GO terms with corrected P values less than 0.05 were considered significantly enriched DEGs. KOBAS software was used to test the statistical enrichment of DEGs in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.



Quantitative real-time PCR analysis

The transcript levels of 11 candidate DEGs of yield-related genes were verified by quantitative real-time PCR (qRT-PCR). Total RNA was treated with DNase, and first-strand cDNA was generated using an AMV First Strand cDNA Synthesis Kit (Sangon, Shanghai, China). SYBR-based qRT-PCRs (SYBR Green I, ABI, Bel Air, MD, United States) were performed on a LightCycler 480 system (Roche, Basel, Switzerland) using the following reaction conditions: 95°C for 3 min followed by 40 cycles of 95°C for 15 s and 60°C for 40 s. The actin gene was used as the internal standard. Three independent biological and technological replicates were performed. The relative transcription level was calculated according to the 2–ΔΔCt method with actin reference genes as a control. Primers are available in Supplementary Table 2.




Results


Comparison of yield and its contributing traits between two different areas

To evaluate the differences in rapeseed yield among different producing areas and uncover the effects of unique environmental factors on rapeseed yield, all field experiments in this study were conducted in the Xining area (XN) and Xiangride area (XRD) during the rapeseed growing season from April to August in 2015. XRD is a representative high-altitude and high-yield producing area in the Qinghai Plateau. After harvest, we compared the yield of rapeseed in these two different regions and found that, as expected, the yield per plant was significantly higher in the XRD area. To dissect yield traits, we then analyzed the three main factors of yield formation, including SN, thousand seed weight (TSW), and SPS. The results showed no difference in SPS between the two areas, but the SN and TSW of rapeseed in the XRD area were significantly greater than the SN and SW of rapeseed in the XN area (Figure 1 and Supplementary Table 3). Specifically, the SN and yield per rapeseed plant in the XRD area were 59.6 and 52.1% higher than the SN and yield per rapeseed plant in the XN area.
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FIGURE 1
Comparisons of yield-related traits of rapeseed plants in XN and XRD areas.


To reveal the main difference in environmental factors between the two growth areas, we compared the average temperature (AT), rainfall (RF), daylight length (DL), and average soil temperature of 20 cm (AST) recorded in the planting season in 2015 (Figure 2A). The AT, RF, and AST were slightly different, but DL was significantly different between the XN and XRD areas. At the same time, compared with XN, DL is the only factor with better data in the XRD area (Supplementary Table 1). To assess the relative contributions of these environmental factors, we performed a principal component analysis (PCA) (Figure 2B). The top two principal components combined to explain a robust 89.7% of the overall variation and have a high degree of interpretation of all environmental factors (Supplementary Table 1 and Supplementary Figure 1). The results showed that DL is the main factor contributing to the environmental difference between the XN and XRD areas. Taken together, these results indicate that the higher TSW and SN were associated with longer daylight length in the XRD area.
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FIGURE 2
Comparison of the environmental factors of the XN and XRD areas. (A) General climate information of XN and XRD areas in 2015. Months with the gray background are the growing season of rapeseed (April to August). AT, average temperature; RF, rainfall; DL, daylight length; AST, average soil temperature at 20 cm. All data were obtained from the China Meteorological Administration and are listed in Supplementary Table 1. (B) Principal component analysis of average temperature, rainfall, daylight length, and average soil temperature of XN and XRD in the growing season. Together, these two axes explain a robust 89.7% of the overall variation.




Transcriptome sequencing

In Brassica napus, 30–40 days after flowering was the fastest-growing period for seed development, which determined mainly yield formation (Basnet et al., 2013; Liu et al., 2015a). To understand the possible mechanisms of the molecular regulation of higher yields in the special XRD eco-environment, we conducted a comparative transcriptomic study of rapeseed at 30 and 40 days after flowering (DAF) in two different areas (XRD and XN) with three biological replicates. In total, 210.4 million short reads were generated, with 203.9 million high-quality clean reads selected for further analysis. After trimming the adaptor sequences and removing low-quality and short reads, a total of 7.94 G, 7.42 G, 7.98 G, and 7.19 G nucleotides were generated from the XN1 (Xining area, 30 DAF), XN2 (Xining area, 40 DAF), XRD1 (Xiangride area, 30 DAF), and XRD2 (Xiangride area, 40 DAF) libraries, respectively. The minimum Q30 was more than 93%, and the average GC (guanine-cytosine) content was 47.69%, suggesting that the sequencing data were highly accurate and reliable. Then, the total reads of XN1 (53,050,694), XN2 (49,526,474), XRD1 (53,324,798), and XRD2 (48,055,842) were aligned with the reference genome. On average, 76.6%, 81.04%, 80.63%, and 81.14% of the reads were successfully mapped to the reference genome. By comparison with the reference rapeseed genome, all 203.9 million clean reads were assembled into 104,695 genes using Cufflinks, providing massive data for further analysis. Detailed information on quality control and distribution is shown in Supplementary Tables 4, 5. These results suggested that the RNA-Seq data used in the present study were highly reliable.



Identification of differentially expressed genes

To identify the differentially expressed genes (DEGs) between the XN and XRD samples that had relatively high abundance, the fragments per kilobase of exon per million mapped reads (FPKM) value was used to normalize the gene expression levels. The DEGs were defined as the fold change of the normalized reads per kilobase of transcript per million mapped reads (RPKM) at log2Ratio ≥1 and q value ≤0.005. Their detailed expression information is shown in Supplementary Table 6. Compared with transcriptomic data from XN and XRD areas, the results showed that a total of 2,242 genes were differentially expressed between the two regions at 30 DAF, of which 1,570 genes were downregulated, and 672 genes were upregulated in rapeseeds planted in XRD compared with the rapeseeds planted in the XN region. A total of 366 genes were differentially expressed at 40 days between rapeseeds planted in XN and XRD, of which 231 genes and 135 genes were downregulated and upregulated in rapeseeds planted in XRD, respectively. There were also 2,654 DEGs identified in rapeseeds planted in the XN area at different times, of which 1,941 genes and 713 genes were downregulated and upregulated at 40 days compared with 30 days, respectively. In addition, 164 genes were differentially expressed in rapeseeds planted in the XRD area at different times, of which 80 and 84 genes were downregulated and upregulated, respectively (Figure 3A).
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FIGURE 3
DEGs in different regions at different time points. (A) Numbers of upregulated and downregulated DEGs in XN and XRD at different time points. (B) Venn diagram of DEGs in different regions at different time points.


To further study the effects of different time points and regions on rapeseed yield, we carried out a Venn diagram of the DEGs (Figure 3B and Supplementary Table 7). The results showed 115 common DEGs at different times, representing the changes in rapeseed seed development from 30 to 40 days. Among these DEGs, the BnaC07g42500D (xyloglucan endotransglucosylase/hydrolase protein 24, XTH24) gene was downregulated by more than 100 times in the XN region. In contrast, in the XRD region, this gene was downregulated by more than ten times, indicating that this gene may control the size of the pod by controlling the cell wall decomposition at 30 days. The later disappearance indicated that the pod was transferred into the material accumulation process. The BnaC05g31880D (vacuolar-processing enzyme delta-isozyme) gene has similar trends and may play a similar role in the rapeseed development stage. Most of the upregulated DEGs were dramatically changed in the XN region compared to the downregulated DEGs, but the changes in the XRD region were relatively small, except for BnaC06g13400D and BnaA07g15220D. These two genes are omega-hydroxypalmitate O-feruloyl transferases, which may be involved in the synthesis of aromatics of the suberin polymer, specifically affecting the accumulation of the ferulate constituent of suberin in roots and seeds. The 49 DEGs in Figure 2B were unique to the seed development of the special eco-environment XRD region, including 34 upregulated DEGs and 15 downregulated DEGs. Some regulatory genes were found in the unique development-related genes in the XRD area, including auxin-repressed 12.5 kDa protein involved in plant hormone regulatory pathways, adenosine triphosphate (ATP) synthetase involved in energy conversion and substance transfer transporter (organic cation/carnitine transporter), protein kinases (receptor-like serine/threonine-protein kinase), lipid degrading enzyme (probable peroxygenase 3), and superoxide dismutase (SOD) involved in later oxidation, degradation, etc. When DEGs in different regions were merged, 110 DEGs in Figure 2B may represent that these genes were related to the differences between the two areas, which can be considered as regional difference DEGs. In these DEGs, circadian clock-related genes (Protein LHY, CCA1), hormone-related genes (Protein EXORDIUM), and other regulatory proteins (TAR1_KLULA Protein), as well as lipid-related enzymes (Delta-9 acyl-lipid desaturase), were common regional DEG.

To further investigate the transcriptomic dynamics at different time points in the XN and XRD areas, we also used the H-cluster (hierarchical clustering analysis) method to cluster the relative expression level of DEGs based on the FPKM values (Figure 4 and Supplementary Table 8). The results of the hierarchical clustering analysis showed that subcluster_1 (1,611 genes), subcluster_5 (681 genes), and subcluster_6 (224 genes) had the same trend of change, and the expression in both regions decreased after 40 days. The changing trend of subcluster_3 (394 genes) and subcluster_4 (246 genes) was the same, and the expression in both regions increased after 40 days. Subcluster_2 (315 genes) was relatively special, and the changes were relatively gentle, especially in the XRD area (Figure 3A). From the clustering results, XRD1, XRD2, and XN2 can be seen to have a stronger correlation (Figure 3B), indicating that the development of grains in the XRD region occurred significantly earlier and lasted longer than the development of grains in the XN region.
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FIGURE 4
Differential gene H-cluster analysis and temporal dynamics analysis of the rapeseed transcriptome in XN and XRD at different time points. (A) Overall FPKM hierarchical cluster diagram normalized the log10(FPKM + 1) value and clusters it, red for high expression genes, and blue for low expression genes; The color is from red to blue, indicating that log10(FPKM + 1) is from large to small. (B) Log2(ratio) diagram of temporal dynamics analysis. The gray lines in each subgraph represent the relative expression of a gene in a cluster under different experimental conditions. The blue line represents the average relative expression of all genes in this cluster under different experimental conditions. The x-axis represents the experimental conditions, and the y-axis represents the relative expression.




Yield-related gene analysis

A previous study showed that a series of Brassica napus homologous genes of Arabidopsis thaliana yield-related genes were related to nine traits, such as SY (seed yield), SW (seed weight), and PN (pod number per plant) (Raboanatahiry et al., 2018). To further dissect the transcriptional profiles of genes involved in yield-related traits, we analyzed the expression profiles of genes related to SY (147), SW (189), and PN (28) during seed development in different areas (Figure 5 and Supplementary Table 9). As shown in Figure 5A, the main significant DEGs related to SW included delta vacuolar processing enzyme (DELTA-VPE, BnaC05g31880D, BnaA05g18870D, BnaA01g25630D, BnaC04g29170D), HhH-GPD base excision DNA repair family protein (DME, BnaA10g25630D, BnaC09g50670D), ethylene-responsive transcription factor (WRI1, BnaA07g16350D, BnaA09g34250D, BnaC08g25150D), and other DEGs, such as leucine-rich repeat transmembrane protein kinase (EXS/EMS1, BnaA10g23720D), amino acid permease 8 (AAP8, BnaC05g07760D), and MYB61 (BnaA08g26320D). The significant DEGs related to SY appeared mainly in hormone metabolism-related genes, such as the salicylic acid synthesis-degradation/C1-metabolism genes (BnaA01g15540D, BnaC01g18470D), alicyclic acid synthesis-degradation gene (BnaA03g10950D), gibberellin synthesis-degradation GA20 oxidase gene (BnaC02g01710D) and ethylene-related gene (RNA regulation of transcription Aux/IAA family, IAA7, BnaA03g36950D), and other significant DEGs, such as flavonoid chalcones naringenin-chalcone synthase gene (BnaA10g19670D) in secondary metabolism (Figure 5B). Among the PN-related genes shown in Figure 5C, there were three groups of significant DEGs, of which the first group contained delta (24)-sterol reductase genes (DWF1/DIM, BnaA05g19350D, BnaC05g32840D, BnaA06g02910D, BnaC01g33070D), the second group contained lysine-rich arabinogalactan protein (ATAGP19, BnaA07g27370D, BnaC06g30350D) and the third group includes 3-ketoacyl-CoA thiolase 5 (BnaC02g38800D, BnaA02g30470D) and 3-ketoacyl-CoA thiolase 2 (BnaC02g18580D, BnaC04g11470D).
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FIGURE 5
Expression profiles of genes implicated in yield traits. SW (A), SY (B), and PN (C).


Nine well-characterized genes, including AUX1, CO, FT, FLC, PHYA, CRY2, AGL20, BRI1, and GAI, were reported to be involved in key processes of crop yield determination, including the flowering process, light response, and plant hormone regulation (Geng et al., 2016, 2018; Lu et al., 2016, 2017; Pal et al., 2021). In this study, changes in these nine kinds of genes can be basically divided into three trends: the changes in the XN region are greater than the changes in the XRD region (standard changes); the changes in the XN region are less than the changes in the XRD region (special changes); and there is no change. Among them, PHYA (BnaC08g42660D) and CRY2 (BnaA10g02550D) are standard changes; AUX1 (BnaA05g06540D, auxin transport) and BRI1 (BnaA01g05490D, hormone metabolism, brassinosteroid signal transduction) also belong to standard changes, but GAI (BnaA02g12260D, hormone metabolism, gibberellin induced-regulated-responsive-activated) is unchanged. Among the other flowering-related genes, one FT (BnaA02g12130D) and AGL20 (BnaA03g56880D, RNA regulation of transcription MADS-box transcription factor family) belonged to standard changes, while CO (BnaA10g18430D) remained unchanged, but the remaining three genes, one FT (BnaC02g45250D) and two FLCs (BnaA02g00370D, BnaA03g02820D, RNA regulation of transcription MADS-box transcription factor family), belonged to special changes, which may play a special role in high yield in the XRD area (Supplementary Table 9).

To validate the expression profiles of yield-related genes from RNA-Seq data, 11 yield-related genes, which were differentially expressed at different time points in XN and XRD, were selected for qRT-PCR analysis, each with three bioreplicates (Figure 6). The qRT-PCR primers were designed based on rapeseed sequences from BRAD data, and their primer sequences are listed in Supplementary Table 2. We compared the results obtained from qRT-PCR with the results generated from RNA-Seq analysis of these yield-related genes, resulting in a correlation coefficient of R = 0.6 and P-value = 0.0031 (Figure 6), indicating that expression trends were consistent for all transcripts in both analyses.
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FIGURE 6
Expression profiles of yield-related genes in XN and XRD areas at 30 and 40 days based on qRT-PCR. Eleven yield-related genes with interests were selected. Correlation analysis showed that the qRT-PCR results were highly consistent with the RNA-seq results (P = 0.0031). Error bars indicate standard error (SE).




Character seed filling stage by functional classification

To characterize the putative functions and pathways of the DEGs of each sample, we carried out the GO enrichment analysis of DEGs using GOseq. To acquire complete functional information, GO terms were assigned to each DEG. Among all the identified DEGs between XN2 vs. XN1, XRD2 vs. XRD1, XRD1 vs. XN1, and XRD2 vs. XN2, 1,425, 409, 1,311, and 705 were annotated with GO terms, respectively (Figure 7 and Supplementary Table 10). Then, all DEGs were separated into upregulated and downregulated DEGs and functionally classified.
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FIGURE 7
Gene function classification for DEGs identified in XN2 vs. XN1 (A), XRD2 vs. XRD1 (B), XRD1 vs. XN1 (C), and XRD2 vs. XN2 (D).


GO category analysis showed that DEGs identified in the XN area between the 30 vs. 40 DAF (XN2 vs. XN1) showed similar profiles for cellular component, biological process, and molecular function with XRD1 vs. XN1 (between XN and XRD area at the 30 DAF), with a high proportion of DEGs associated with nucleosome and chromosome in the cellular component. For the biological process category, DEGs were associated mainly with nucleosome assembly, chromatin assembly, and chromosome organization. For molecular function, protein heterodimerization activity and nutrient reservoir activity were the most highly represented categories (Figures 7A,C). In detail, among all the downregulated genes (1,349 out of 1,425 with GO annotations) between XN2 vs. XN1, 509, 167, 157, 130, 82, and 73 DEGs were assigned to heterocyclic compound binding (GO: 1901363), biosynthetic process (GO: 0009058), protein metabolic process (GO: 0019538), oxidation-reduction process (GO: 0055114), chromosome organization (GO: 0051276), and nucleosome assembly (GO: 0006334), respectively. In XRD1 vs. XN1, the downregulated genes (1,349 out of 1,425 with GO annotations) showed the same trend. In contrast, 464 upregulated genes between the 30 vs. 40 DAF in the XN area (XN2 vs. XN1) and 464 upregulated genes between the XN and XRD areas at the 30 DAF (XRD1 vs. XN1) showed different profiles. The 309, 80, 51, 72, 34, 22 up-DEGs related to biological process (GO: 0008150), oxidation-reduction process (GO: 0055114), small molecule metabolic process (GO: 0044281), oxidoreductase activity (GO: 0016491), nutrient reservoir activity (nutrient reservoir activity), lipid particle (GO: 0005811) in XN2 vs. XN1, while 296, 88, 75, 66, 47, 46, 33, 32, 27, 27, 22,19 up-DEGs related to biological process (GO: 0008150), membrane (GO: 0016020), oxidation-reduction process (GO: 0055114), oxidoreductase activity (GO: 0016491), carbohydrate metabolic process (GO: 0005975), small molecule metabolic process (GO: 0044281), nutrient reservoir activity (GO: 0045735), lipid metabolic process (GO: 0006629), proteolysis (GO: 0006508), response to stimulus (GO: 0050896), lipid particle (GO: 0005811), cell wall organization or biogenesis (GO: 0071554) in XRD1 vs. XN1.

Most of the DEGs between the same XRD area (XRD2 vs. XRD1) were assigned to biological process, catalytic activity, hydrolase activity, and oxidoreductase activity, followed by cell wall, cell wall organization or biogenesis, reactive oxygen species (ROS) metabolic process, pectinesterase activity, carboxylic ester hydrolase activity, enzyme inhibitor activity, molecular function regulator, enzyme regulator activity, and endopeptidase activity (Figure 7B). In detail, among all the downregulated genes (50 out of 103 with GO annotations) in XRD2 vs XRD1, 18, 8, 8, 8, 6, 4, 4, and 4 DEGs were assigned to hydrolase activity (GO: 0016787), pectinesterase activity (GO: 0030599), carboxylic ester hydrolase activity (GO: 0052689), endopeptidase activity (GO: 0004175), enzyme inhibitor activity (GO: 0004857), photosystem (GO: 0009521), thylakoid (GO: 0009579), and photosynthesis (GO: 0015979), respectively. In contrast, 46 out of 53 upregulated genes in XRD2 vs. XRD1 were assigned to biological process (GO: 0008150), 14, 9, and 6 upregulated DEGs related to oxidoreductase activity (GO: 0016491), cellular component organization (GO: 0016043), and molecular function regulator (GO: 0098772), and 7, 4 upregulated DEGs related to cell wall organization (GO: 0071555) and cell wall (GO: 0005618), respectively.

Most of the DEGs between the same 40 DAF stage of XN and XRD seeds (XRD2 vs. XN2) were also assigned to biological process, metabolic process, macromolecular complex, cytoplasm, structural molecule activity followed by gene expression, peptide biosynthetic process, translation, ribosome, structural constituent of ribosome, and RNA binding (Figure 7D). In detail, among all the downregulated genes (179 out of 280 with GO annotations) in XRD2 vs XN2, 103, 78, 70, 61, 54, and 53 DEGs were assigned to the primary metabolic process (GO: 0044238), cellular biosynthetic process (GO: 0044249), gene expression (GO: 0010467), translation (GO: 0006412), structural molecule activity (GO: 0005198), and ribosome (GO: 0005840), respectively. In contrast, 64, 29, 22, 16, and 7 upregulated genes in XRD2 vs. XN2 were assigned to catalytic activity (GO: 0003824), hydrolase activity (GO: 0016787), membrane (GO: 0016020), proteolysis (GO: 0006508), and cell wall organization (GO: 0071555).

A pathway-based analysis will help us to further understand the biological functions of DEGs. To identify metabolic pathways in which DEGs were involved and enriched, the KEGG was used to analyze all the DEGs by identifying the top 20 most enriched KEGG pathways with KOBAS 2.0 (Figure 8 and Supplementary Table 11). In the comparison of different times in the XN area (XN2 vs XN1), biosynthesis of secondary metabolites was the main enrichment pathway, followed by starch and sucrose metabolism, phenylpropanoid biosynthesis, amino sugar and nucleotide sugar metabolism, and photosynthesis. In detail, metabolic pathways, starch and sucrose metabolism, amino sugar and nucleotide sugar metabolism, and photosynthesis were enriched mainly with downregulated DEGs in XN2 vs. XN1. In contrast, the upregulated DEGs in XN2 vs. XN1 were most significantly enriched in the biosynthesis of secondary metabolites, followed by phenylpropanoid biosynthesis and fatty acid metabolism (Figure 8A).
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FIGURE 8
KEGG enrichment of DEGs identified from pairwise comparisons in XN2 vs. XN1 (A), XRD2 vs. XRD1 (B), XRD1 vs. XN1 (C), and XRD2 vs. XN2 (D).


In the comparison of different times in the XRD area (XRD2 vs. XRD1), metabolic pathways were the main enrichment pathway, followed by photosynthesis-antenna proteins, cutin, suberin, and wax biosynthesis, photosynthesis, starch, and sucrose metabolism. In detail, metabolic pathways, photosynthesis-antenna proteins, photosynthesis, starch, and sucrose metabolism were mainly enriched with downregulated DEGs in XRD2 vs XRD1. In contrast, the upregulated DEGs in XRD2 vs. XRD1 were most significantly enriched in metabolic pathways, followed by biosynthesis of secondary metabolites, cutin, suberine and wax biosynthesis, and peroxisome (Figure 8B).

In comparing different areas at 30DAF (XRD1 vs. XN1), starch and sucrose metabolism was the main enrichment pathway, followed by phenylpropanoid biosynthesis, ribosome biogenesis in eukaryotes, phagosome, arginine and proline metabolism, fatty acid metabolism. In detail, starch and sucrose metabolism, ribosome biogenesis in eukaryotes, phagosome, amino sugar and nucleotide sugar metabolism, and arginine and proline metabolism were enriched mainly with downregulated DEGs in XRD1 vs. XN1. In contrast, the upregulated DEGs in XRD1 vs. XN1 were most significantly enriched in the biosynthesis of secondary metabolites, followed by phenylpropanoid biosynthesis and tryptophan metabolism (Figure 8C).

In the comparison of different areas at 40DAF (XRD2 vs. XN2), the ribosome was the main enrichment pathway, followed by fatty acid metabolism, photosynthesis-antenna proteins, and circadian rhythm – plant. In detail, ribosome, fatty acid metabolism, biotin metabolism, circadian rhythm-plant, and RNA transport were noted to be more highly enriched with downregulated DEGs in XN2 vs. XN1. In contrast, the upregulated DEGs in XN2 vs. XN1 were most significantly enriched in metabolic pathways, followed by photosynthesis-antenna proteins, flavonoid biosynthesis, and alanine, aspartate, and glutamate metabolism (Figure 8D).



Rapid initiation into late seed development triggered by long sunshine is the key to high yield

A previous study has suggested that cellular activity during seed filling in B. napus begins with sugar mobilization, followed by sequential surges in amino acid, lipid, and storage protein synthesis (Hajduch et al., 2006). They divided the expression trends into different functional subclasses based on three seed filling stages (Figure 9A). The first group included proteins expressed mainly at the early stages of seed filling, including proteins involved in glycolysis, respiration, metabolism of sugars, signal transduction, metabolism of amino acids, proteolysis, and defense. Proteins of the second group, involved in photosynthesis and lipid metabolism, exhibited the highest expression at the midpoint of seed filling. Finally, detoxification, seed maturation, and seed storage proteins were highly abundant at the end stage of seed filling.
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FIGURE 9
A proposed working model for rapeseed high yield in the unique plateau habitat.


Combining the above results from GO and KEGG pathway analyses and H-cluster analysis of DEGs, we can speculate that the seed developmental period in each sample is as follows (Figure 9B and 9C): 1) XN1 belongs to the early stage of expression, responsible mainly for starch and sucrose metabolism, nucleosome assembly, and chromatin assembly; 2) XN2 belongs to the midpoint stage of expression, accountable mainly for ribosome, fatty acid metabolism, photosynthesis, gene expression, and translation; 3) XRD1 belongs to the intermediate stage between the first and second stages of expression, responsible mainly for photosynthesis, starch and sucrose metabolism, cell wall organization or biogenesis, reactive oxygen species metabolic process, and enzyme regulator activity; and 4) XRD2 belongs to the end stage of seed filling, in which DEGs were enriched in storage protein synthesis. Taken together, our data suggest that seed development in the XRD region occurred significantly earlier and lasted longer, which was caused by a relatively longer daylight length, resulting in a higher yield in the Xiangride area.




Discussion

Although numerous studies have focused on seed yield genetic improvement of rapeseed through quantitative trait locus (QTL) mapping, high-throughput sequencing, and genotyping techniques (Yang et al., 2012; Liu et al., 2015b; Zhao et al., 2016; Shah et al., 2018; Zheng et al., 2020; Khan et al., 2021; Hu et al., 2022), the comprehensive study of seed development and the mechanism contributing to high yield in the high-yield field, especially the Xiangride area, Tsaldam Basin of Qinghai Province in China, is poor, which is a constraint to our in-depth understanding of the environmental influences of this important trait and provides valuable information for future rapeseed breeding.


Relationship between high rapeseed yield and the unique eco-environment

Since Maskell and Mason proposed the source-sink theory to describe yield formation through the study of carbohydrate distribution in cotton plants in 1928, the methods of high yield from the source-sink point of view have often been discussed (Diepenbrock, 2000; Slafer, 2003). Subsequently, some crop traits were introduced into high yield formation; that is, crop yield is directly and multiply determined by yield component traits, including silique length (SL), seed weight/thousand seed weight (SW/TSW), SPS, and siliques per plant (SP), which are closely associated with seed yield improvement. Yield-related traits (such as biomass, harvest index, plant architecture, adaptation, and resistance to biotic and abiotic constraints) may also indirectly affect yield by affecting yield-component traits or by other unknown mechanisms (Diepenbrock, 2000; Chen et al., 2007). With the variety of crops, the yield components of high-yielding performance are different. In spring rapeseed, the high yield mainly showed that the number of pods per plant and 1,000-grain weight increased significantly, but the overall response was the synergistic effect of “source-intensive” and “sink-intensive” (Diepenbrock, 2000; Shi et al., 2009; Luo et al., 2015; Lu et al., 2016). In this study, we found that the SN and TSW in the XRD area were significantly greater than the SN and TSW in the XN area (Figure 1). This result showed that these two traits were the main factors resulting in high yield in the specific eco-environment of the XRD reproducing area.

The formation and potential development of high crop yields are greatly influenced by the distribution of photosynthetic assimilation among different organs and tissues. In the process of seed development, grain filling is an important stage to determine grain yield and is also a crucial and final stage of plant growth. Seed-filling duration is the morphology and physiological metabolism of rapeseed that will change dramatically in the process of grain filling, involving the supply of various components and precursors from the leaves into developing seeds, and diverse biochemical processes take place to synthesize carbohydrates, proteins, and lipids (Triboi et al., 2003; Barnabas et al., 2008; Awasthi et al., 2014). The yield and quality of grains are determined by the amount of organic matter synthesized or stored and the direction of transport, especially the photosynthate transport from the pod to seeds (Diepenbrock, 2000; Hajduch et al., 2006; Liu et al., 2015a). The production and transportation of photosynthetic assimilation are affected not only by the characteristics of the crops themselves but also by biotic or abiotic factors in the environment. Yield reflects the interaction of the environment with all growth and development processes that occur throughout the life cycle (Quarrie et al., 2006). In other words, yield is related to the environment; that is, seed development and even grain filling related to yield are also related to the environment. Many environmental conditions affect seed development, such as temperature, rainfall, light duration, and soil conditions (Barnabas et al., 2008; Huner et al., 2014; Fletcher et al., 2015; Macova et al., 2022). Some research results indicate that the high potential yield of irrigated rice in Yunnan is achieved mainly by intense incident solar radiation, which causes large biomass and N accumulation. The low nighttime temperature during the midgrowth stage was also suggested to be an important factor for considerable biomass accumulation and high grain yield in Yunnan (Ying et al., 1998a,b; Katsura et al., 2008). A high crop growth rate results from greater apparent canopy photosynthesis during daylight and less maintenance respiration at night (Sadras et al., 1993). Many experiments that compare the growth of a genotype in current and future projected elevated [CO2] environments show that an increase in leaf photosynthesis is closely associated with similar increases in yield (Long et al., 2006). The physiological characteristics of high-yield crops in special ecological environment are reflected mainly in the improvement of net assimilation capacity, the extension of the functional period of photosynthetic organs after anthesis, the delay of photosynthetic organ senescence, and the large storage capacity, (Ying et al., 1998a,b; Long et al., 2006). In this study, the main advantage of the XRD area compared with the XN area is found to be that the sunshine length was longer, while other environmental factors (average temperature, rainfall, and average soil temperature of 20 cm) were lower than the environmental factors in the Xining area. Therefore, we suggest that the high yield of special habitats may be due to the extension of sunshine time, and we can hypothesize that the specific eco-environment of the XRD area would lead to an increase in day length, which leads to the rise in the yield per plant.



Changes in yield candidate genes and metabolic pathways during seed development in Brassica napus L

Seed yield is a complex trait and can be improved by the direct component traits and the other indirect contributing traits. Both direct yield component traits and indirect yield-related traits are elaborately controlled by several genes and are highly influenced by environmental conditions (Van Camp, 2005; Shi et al., 2009; Ding et al., 2012; Zhao et al., 2016; Lu et al., 2017). The identification of yield candidate genes implies the detection of important genes for agricultural and economic quantitative traits (Raboanatahiry et al., 2018, 2022; Hu et al., 2021, 2022; Pal et al., 2021; Zheng et al., 2022). In the model plant Arabidopsis thaliana, 425 genes were collected from the TAIR website2 to be related to flowering time, plant height, branch number, seed number, seed weight, and SY (Shi et al., 2009). In B. napus, several studies on yield candidate genes have previously been performed; for instance, Zhao et al. (2016) found four and two candidate genes for SY and SW traits (Shi et al., 2009; Zhao et al., 2016). Additionally, candidate genes for PN per plant (seven genes), branch PN (seven genes), and 1000 seed weights (one gene) were discovered (Lu et al., 2017). Moreover, a total of 1,562 genes in B. napus were homologous of 425 yield-related genes in Arabidopsis thaliana, and a total of 147 candidate genes were found inside regions of overlapping QTLs for nine traits, including PN, SW, and SY. Then, 147 SY-related, 189 SW-related, and 28 PN-related Brassica napus homologous genes of Arabidopsis thaliana yield-related genes were found (Raboanatahiry et al., 2018). Based on the construction of a quantitative genomic map of Brassica napus, Raboanatahiry further revealed 517 regions of overlapping QTLs that harbored 2,744 candidate genes and might affect multiple traits simultaneously (Raboanatahiry et al., 2022). Hu unraveled the genomic basis for the selection of adaptation and agronomic traits and identified 628 associated locus-related causative candidate genes for 56 agronomically important traits (including plant architecture and yield traits) through genome-wide association studies (Hu et al., 2022). In this study, we used these rapeseed candidate yield-related genes in our transcriptome data analysis and the results showed that the DEGs related to yield traits were generally scattered changes, which means that the high-yield environment may affect rapeseed yield indirectly.

Recent technical advancements in transcriptomics have provided new ways of addressing the temporal and spatial changes in gene expression associated with seed maturation and yield-determining traits (Harper et al., 2012; Liu et al., 2015a; Lu et al., 2016; Geng et al., 2018; Canales et al., 2021). Here, we carried out a transcriptome analysis of rapeseed seeds under XN and XRD high-altitude environmental conditions. Based on previous studies, the gene expression trends during seed filling in B. napus can be divided into three different functional stages, beginning with sugar mobilization, followed by sequential surges in photosynthesis and lipid metabolism, and finally, detoxification, seed maturation, and storage protein synthesis (Hajduch et al., 2006; Huang et al., 2013). In this study, compared with the filling development stage of rapeseeds, combined with transcriptome H-cluster analysis and GO and KEGG functional analyses, we found that the third development stage of rapeseeds in the XRD area, namely, the storage protein synthesis stage, was significantly ahead of schedule and lasted for a long time, resulting in a high XRD yield. Overall, based on the comparative analysis of environmental conditions and yields, we can infer that changes in environmental conditions, such as an increase in altitude, lead to an increase in sunshine length, and an increase in sunshine length leads to changes in the stage of rapeseed filling development and ultimately leads to an increase in rapeseed yield.




Conclusion

We conducted field yield analysis and transcriptome analysis in Xiangride, a special high-yield ecological area of rapeseed on the Qinghai Plateau. Compared with the yield and environmental factors in the Xining area, we found that the extension of daylight time in the Xiangride area may lead to an increase in rapeseed yield and significantly increases in seed weight (SW) and SN. Combined with transcriptome H-cluster analysis and GO and KEGG functional analyses, we can assume that the grain development of rapeseed in the Xiangride area is ahead of schedule and lasts for a long time, leading to the high-yield results in the Xiangride area, confirmed by the expression analysis by qRT-PCR of yield-related genes. These results suggest that the unique pattern of seed development in the XRD region, which developed ahead in the filling stage, was caused by a relatively longer daylight length, which is the key to high rapeseed yield in the Xiangride area. Our results provide valuable information for further exploring the molecular mechanism of high yield in special ecological environments and provide a useful reference for studying seed development characteristics in special regions of B. napus. At the same time, this study also provides a theoretical basis for how to improve high crop yield by adjusting the agricultural environment of rapeseed in the future.
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Accelerating the differentiation of floral meristem (FM) from shoot apical meristems (SAM) which determines the conversion from vegetative to reproductive growth is of great significance for the production of rapeseed (Brassica napus L.). In this research, the mechanisms of different nitrogen (N) application rates (low N, N1; normal N, N2; and high N, N3) on different FM development stages triggering the regulation of FM differentiation genes through the auxin biosynthetic and signal transduction were investigated. We found that the stage of FM differentiation, which was identified through a stereomicroscope and scanning electron microscope, came 4 and 7 days earlier under high N rate than under normal and low N levels, with the seed yield increased by 11.1 and 22.6%, respectively. Analysis of the auxin and its derivatives contents showed that the main biosynthesis way of auxin was the indole acetaldehyde oxime (IAOx) pathway, with 3-Indole acetonitrile dramatically accumulated during FM differentiation. At the same time, an obvious decrease of IAA contents at each FM differentiation stage was detected, and then gradually rose. Results of the expression of genes involved in auxin biosynthesis, auxin signaling transduction, and FM identification under five FM differentiation stages and three nitrogen application rates showed that genes involved in auxin biosynthesis were regulated before the FM differentiation stage, while the regulation of FM identity genes appeared mainly at the middle and later periods of the five stages, and the regulation level of genes varied under different N rates. Taken together, a high nitrogen rate could accelerate the initiation of FM differentiation, and auxin involved a lot in this regulation.

KEYWORDS
 auxin biosynthesis, floral meristem, nitrogen application, shoot apical meristem, yield


Introduction

Appropriate timing of the transition from vegetative to reproductive growth is highly correlated with crop flowering time and yield (Narnoliya et al., 2019). The morphologic landmark of this change is a protrusion in the peripheral zone, which is called flower primordium (Carles and Fletcher, 2003). The differentiation of flower primordia derives from a population of cells called shoot apical meristem (SAM) (Tooke and Battey, 2003). The structure of the SAM had been elucidated in many plant species, which includes the central zone containing the stem cells, the peripheral zone initiating primordia, and the rib zone producing the internal part of the stem (Vernoux et al., 2010).

Extensive genetic studies identified many important genes controlling the transition from vegetative to reproductive growth. One of the regulating pathways of SAM differentiation is a system centered on a transcription factor WUSCHEL (WUS) (Hamada et al., 2000). The WUS signaling pathway was negatively regulated by CLAVATA3 (CLV3), which encodes a small secreted signaling peptide (Xin et al., 2017). During SAM differentiation, the opposite roles between CLV3 and SHOOTMERISTEMLESS (STM) were found (Nidhi et al., 2021). A combination of STM and CUP-SHAPED COTYLEDON (CUC)1 family prevents new organ initiation (Balkunde et al., 2017). On the other hand, some key genes such as LEAFY (LFY) promote the outgrowth of flower primordium with the interaction of WUS or AGAMOUS (AG) (Traas, 2018). Therefore, the equilibrium between these two opposite gene systems is the main endogenous force for SAM differentiation. Other regulation systems for SAM differentiation were also identified. For example, post-transcriptional regulation via microRNAs (miRNAs) such as miR165/166 had important roles in SAM differentiation (Zhou et al., 2015). The most difficulties of these regulation systems are how the regulatory network is coordinated.

Among the mechanisms of feedback loops to sustain and restrict stem cell activities, one clue showed that auxin had an essential role in regulating the formation of flower primordium (Luo et al., 2018; Shi and Vernoux, 2022). The explanation for auxin regulation on SAM differentiation is mainly due to the unbalance of auxin concentration in different zones, which was affected by different auxin transporter systems such as PIN protein and AUX/LAX influx carrier (Abley et al., 2016). Some models such as the flux-based and up-the-gradient models have been advised to explain the transportation and allocation of auxin in different cell zones (Bilsborough et al., 2011). However, the elaborate modulation system on SAM differentiation by auxin is still on the way.

In addition to genetic controlling SAM differentiation, environmental and agronomic practices such as low temperature and nitrogen application also have important roles in the differentiation (Olas et al., 2019). Although nitrogen application can affect crop growth and development, there are few evidence of the relationship between nitrogen application and SAM differentiation (Olas et al., 2019). It is well known that there is a close relationship between nitrogen application rate and auxin biosynthesis through the tryptophan pathway (Zhao, 2011; Fu et al., 2020; Gu et al., 2022). And auxin has important regulatory role in SAM differentiation. Therefore, our hypothesis in this research is that nitrogen application rate affects SAM differentiation through auxin mediation. In the present study, we first analyzed the effect of nitrogen application rate on the timing of SAM differentiation in rapeseed. And then, we dissected the auxin concentration in the SAM with various differential stages. Finally, we also assayed the gene expression of auxin biosynthesis, transportation, and SAM differentiation pathway through transcriptome. The research will enrich our scientific knowledge on the molecular regulation of SAM differentiation by nitrogen application rate through auxin regulation.



Materials and methods


Plant materials and experimental design

The field trials were conducted during the growing seasons of 2020–2021 and 2021–2022 at the Zhejiang Academy of Agricultural Sciences, Hangzhou, China. Commercial rapeseed (Brassica napus L.) variety zheyou 50 was used as plant material. The soil type in the experimental station is loamy clay (loamy, mixed, and thermic Aeric Endoaquepts). The previous crop was rice. Before sowing, fertilizers including calcium superphosphate, potassium oxide, and borax were manually applied at the rate of 375, 120, and 15 kg ha−1, respectively as a basal fertilizer dose. Approximately five to six rapeseed seeds were directly sown into the soil in each shallow hole at a depth of approximately 3 cm in each plot. After sowing, the plot was covered by a layer of soil and then sprayed 750 mL of s-metolachlor (96%, v/v) with 1,500 kg of water per hectare to control the weed. The excessive seedlings were removed and thinned to one plant in each hole after 1 month. The field was not irrigated during rapeseed growing seasons. The growth condition, mainly including mean temperature and rainfall, was illustrated in Supplementary Figure S1.



Experimental design

Nitrogen fertilizer (urea) was applied before sowing with three levels, which were low nitrogen level (N1, 120 kg ha−1), optimal nitrogen level (N2, 240 kg ha−1), and high nitrogen level (N3, 360 kg ha−1). Under each treatment, 70% of the urea was applied into the soil before sowing and 30% of the urea was applied on top during the budding stage. A completely randomized block method was used with three replicates and the area of each block was 18 m2. The density of plants in each treatment was 120,000 plants ha−1 with the same management during the whole growing season.



Identification and determination of floral meristem (FM) initiation time and morphology and sampling

About 30 days before the initiation of floral meristem differentiation, all rapeseed plants at a random area of 2 m2 in each plot were sampled (about 25 plants per plot) and the morphology of SAM was observed after peeling off all the visible blades under a stereoscopic microscope (VHX-950F, Japan) every 5 d (Zhang et al., 2016). The appearance of ball-shaped flower meristems (FM) in inflorescence meristems (IM) is determined as the initiation of FM differentiation of each plant, and 60% of plants entering initiation were determined as FM differentiation (FMd) time (Figures 1B,C).


[image: Figure 1]
FIGURE 1
 Effects of low N (N1), normal N (N2), and high N (N3) rates on silique number, and yield of rapeseed, floral meristems differentiation, plant height, chlorophyll contents, and leaves. (A) silique number and seed yield per acre; (B) the morphogenesis of floral meristems initiation; (C) ratio of floral meristems differentiation (%) under different N rates at different sampling stage; (D–F) represent plant height (cm), chlorophyll contents (mgg−1), and leaves, respectively; FM represented floral meristem. IM represented inflorescence meristem. Error bars represented SD value. Different lower cases represented significance at p ≤ 0.05.


The morphology of SAM at 5 days before N3 came into FMd (T0, November 25th), N3 just came into FMd (T1, November 30th), N2 entered into FMd (T2, December 4th), and N1 entered into FMd (T3, December 7th) and 5 d after N1 entered into FMd (T4, December 12th) were observed under scanning electron microscopy according to Vernoux et al. (2000), and the samples of SAM at these five stages were collected and kept at −80°C for RNA-seq and plant hormone determination.



RNA extraction, library construction, sequencing, and analysis

Samples of SAM at T0, T1, T2, T3, and T4 stages under three nitrogen application levels were used as materials and total RNA was extracted using the polysaccharide and polyphenol total RNA isolation kit (Bioteke, Beijing, China). The libraries were constructed according to the manufacturer's instructions and performed on Illumina Nova-seq 6,000 system for sequencing, and HISAT2 was used to align all clean reads against the reference genome Brassica napus (Fu et al., 2018). The expression levels of genes were determined according to FPKM values. |log2FoldChange|>1 and P-value ≤ 0.05 were determined as differentially expressed genes (DEGs) using the DEseq2 methods and edgeR program (Liu et al., 2020). Genes related to auxin biosynthesis, auxin signaling transduction, and floral meristem differentiation were focused. The expression of each gene at 5 stages × 3 nitrogen levels were demonstrated as a heatmap after data centralization and standardization by R programming language.



Determination of auxins contents by ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)

Auxin contents of SAM at T0, T1, T2, T3, and T4 stages under three nitrogen application levels were determined through UPLC-MS/MS methods. The pretreatment of samples was performed according to Li et al. (2016). Supernatants were subjected to UPLC-MS/MS system, and then Multiple Reaction Monitoring (MRM), Analyst v.1.6.3, and MultiQuant v.3.0.3 were utilized to quantitate and quantify the raw data (Šimura et al., 2018). The contents of each auxin at 5 stages × 3 nitrogen levels were shown as a heatmap after data centralization and standardization by R programming language.



Statistics

Data analysis was performed using IBM SPSS v.22.0 statistical software. Duncan's multiple range test (DMRT) was used to evaluate significant treatment effects at the significance level of P ≤ 0.05.




Results


Higher nitrogen application rate promoted the differentiation of FM and yield

The number of effective siliques and yield were significantly improved by the nitrogen application rate (Figure 1A). The number of effective siliques was 198 per plant on average under N3, which was 11.1 and 22.6% higher than under N2 and N1, respectively. The yield was also increased by 26.1 and 50.5% as compared to N2 and N1.

Correlation analysis showed that the ratio of FM differentiation was highly correlated with seed yield, with the correlation coefficient reaching 0.978, 0.992, and 0.977 at three sampling stages, respectively (Supplementary Figure S2). Given the close correlation between the timing of FM differentiation (FMd) and yield (effective siliques), we analyzed the timing of FM differentiation under different nitrogen application rates. Under optimal nitrogen rate (N2) treatment, FM differentiation of rapeseed initiated on December 4th (T2), 3 days earlier than under low nitrogen rate (N1), which initiated on December 7th (T3), and 4 days later than under high nitrogen rate (N3), which initiated on November 30th (T1) (Figure 1C).

In addition to the differences in the timing of the transition from vegetative to reproductive, plant height, leaf chlorophyll content, and leaf numbers were also analyzed when plants entered FMd under N3 treatment. As the nitrogen application rate increased, plant height under N3 was 24.2% and 139% higher than that under N2 and N1, respectively (Figure 1D). As for leaf chlorophyll a and chlorophyll b content, there were no significant differences between N2 and N3 treatments, however, both nitrogen application rates were significantly higher than that under N1 treatment, which increased by 98.8 and 90.2% under N2 treatment, and 96.3 and 79.8% at N3, respectively, as compared to N1 treatment (Figure 1E). For the number of leaves, it increased by 16.9 and 38.0% under N3 treatment when compared with N2 and N1, respectively (Figure 1F).



Morphology of FMd under different nitrogen application rates

For the morphological changes during FMd, the process of FMd was first imagined by stereomicroscope. One set of the process was illustrated in Figure 2A. The process can be roughly divided into five stages. In brief, in stage 1, plants were before floral meristem differentiation with leaf primordia (LP) around the SAM (Figure 2A, 1~2). Stage 2, SAM developed into inflorescence meristems (IM) quickly, and plants were entering floral meristem differentiation with one or two protrusion(s) on the IM (Figure 2A, 3). Stage 3, floral primordium burst around the IM (Figure 2A, 4~7). Stage 4, floral primordial rapid accumulation corresponded with the floral organ development (Figure 2A, 8). Stage 5, the main inflorescence was established (Figure 2A, 9~10).
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FIGURE 2
 Effects of low N (N1), formal N (N2), and high N (N3) rates on the morphology of shoot apical meristems and floral meristems. (A) display of 10 consecutively different images of the development of rapeseed inflorescence and floral meristems under a stereoscope. (B) Scanning electron microscope images of inflorescence and floral meristems at T0, T1, T2, T3, and T4 sampling stages under low N (N1), normal N (N2), and high N (N3) rates. EFP, elongated floral primordium; ESP, elongated sepal primordium; FM, floral meristem; FP, floral primordium; IM, inflorescence meristem; LP, leaf primordium; SAM, shoot apical meristem.


To further understand the morphological differences in the timing of the transition from vegetative to reproductive growth caused by different nitrogen application rates, a scanning electron microscope was used to have a clear presentation. At the T0 stage, the SAM was not differentiated with only leaf primordia under three nitrogen application rates (Figure 2B i, vi, and xi). At the T1 stage, SAM developed into IM with several bulbs surrounded under N3 treatment, suggesting the initiation of FM differentiation. However, there were no obvious protrusions under N1 and N2 treatments (Figure 2B ii, vii, and xii). At the T2 stage, there were about eight bulbs observed around the IM under N3 and two protrusions under N2 treatment, while, no protrusion was found around the IM under N1 treatment at this stage (Figure 2B iii, viii, and xiii). At the T3 stage, many bulbs were distributed around the SAM and some bulbs started to develop into flowers under N3 treatment, while considerable bulbs were around the IM but no differentiated bulbs under N2 treatment. There were two bulbs observed around the IM under N1 treatment indicating the start of FM differentiation at this stage (Figure 2B iv, ix, and xiv). At the T4 stage, rapeseed entered FM differentiation under all nitrogen application rates only with the different differentiation rates (Figure 2B v, x, and xv). The morphologic result clearly showed that a higher nitrogen application rate accelerated the timing of the transition from vegetative to reproductive growth in rapeseed.



Endogenous auxin contents in rapeseed SAM were influenced by different nitrogen application rates

To uncover the reason for earlier timing of the transition from vegetative to reproductive growth promoted by higher nitrogen application rate, the variation tendency of endogenous auxin contents of SAM at five stages under three nitrogen rates were assayed. By utilizing UPLC-MS/MS method, four auxin metabolites involved in auxin biosynthesis were detected, which were tryptophan (Trp), 3-Indole acetonitrile (IAN), 3-Indole acetamide (IAM), and Indole-3-acetic acid (IAA) involving in two auxins biosynthetic pathways, respectively, which were indole acetaldehyde oxime pathway (IAOx pathway) and indole acetamide pathway (IAM pathway). Among those products, Trp and IAN contents were dominant as compared to other ones. The contents of Trp were higher before each FM initiation stage under different nitrogen levels, then decreased sharply at the FMd stage and gradually increased whereafter. The Trp content at N3-T1 was significantly lower than that at N1-T3 (both at the FM initiation stage), which showed a 24.1% decrement of content. However, no significant difference was found between N2 and N3 or N1 and N2, at each FM initiation stage. The contents of IAN were dramatically higher than other IAA derivatives and showed a trend of decline with fluctuation, while the contents of IAN at T4 were largely decreased than other stages. Aimed at the FM initiation stage, IAN content at N1-T3 was 234.8 and 360.6% significantly higher than those at N2-T2 and N3-T1. The contents of IAM involved in the IAM pathway first showed a decreasing trend in each FMd stage under each nitrogen application rate, and then went up. In terms of the IAM contents at each FM initiation stage, the value under N3 was significantly higher than N2 and N1, with increments of 105.5 and 265.9%. IAA was biosynthesized under the combined action of IAN and IAM, the contents of which were minimized at FMd under each nitrogen application rate. After FMd, the content of IAA then rose and reached the highest value at the T4 stage under three nitrogen application rates. Aimed at the FM initiation stage, IAA content at N3-T1 was 30.7% significantly lower than that at N1-T3, while showing no difference compared to N2-T2 (Figure 3).
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FIGURE 3
 Overview of auxin and derivatives and genes involved in auxin biosynthesis pathway at T0, T1, T2, T3, and T4 stages under low N (N1), normal N (N2), and high N (N3) rates. IAA, Indole-3-acetic acid; IAN, 3-Indole acetonitrile; IAM, 3-Indole acetamide; Trp, tryptophan. Red circles with tails represented different auxin-derivatitves and the 5 × 3 matrix represented the contents under 3 N rates at five sampling stages. Color bars represent the trends of expression levels after centralization and standardization by the R programming language, red color represents higher expression, while purple represents lower expression relatively. Tables near Trp, IAM, IAN, and IAA represent each content (ngg−1) at T0, T1, T2, T3, and T4 stages under N1, N2, and N3 rates, and yellow, green and blue colors represent different N rates, while the color shades reflected the level of the contents. Dash lines indicated the supposed pathway of auxin biosynthesis while the solid line showed the detected pathway of auxin biosynthesis. Lower case behind the numbers in the tables represented significant differences, p ≤ 0.05.




Temporal changes of gene expressions involved in auxin biosynthesis, auxin signaling transduction, and FM differentiation

To further reveal the molecular mechanism of the regulation of advanced timing of the transition from vegetative to reproductive stage under a higher nitrogen application rate, the RNA-seq analysis was performed for samples with different FMd stages as mentioned previously. The analysis of the annotation, differentially expressed genes, and gene ontology was listed in Supplementary Tables S1–S3. However, the current study only focused on the auxin metabolism, therefore, the expression of the genes only correlated with auxin biosynthesis, signaling transduction, and FM differentiation was assayed, and all of them were listed in Supplementary Tables S4–S6.

In total, seven kinds of auxin biosynthesis genes were identified, which were ASA1/ASA2, IGS, TSA1, TSB1, CYP79B, NIT1/NIT2, and AMI1, and the general expression modes were shown in Figure 3. In the IAOx pathway, six copies of CYP79B gene were identified in this study, which is the key gene functioning on the conversion of Trp to IAOx. There was one copy (BnaC03G0681300) that showed downregulation mode throughout the FMd stages under all nitrogen application rates. However, the other five copies of CYP79B showed higher expression levels at the first three stages, with the expression level at N3 obviously higher than at N2 and N1, respectively, then declined rapidly. NIT was the second key gene in the IAOx pathway which functions on the conversion of IAN to IAA. There were five copies of NIT identified in the study. Among those genes, BnaC02G0078200 showed a strong upregulation mode, and the expression level of which reached the highest at each FM initiation stage under different N application rates. However, BnaA02G0068000 showed a very weak upregulation mode and the remaining three copies showed downregulation mode under three nitrogen application rates. AMI1 involves in the IAM pathway and functions in transferring IAM to IAA. There were two copies of AMI1 found in the study. Both copies showed higher expression levels with upregulation mode at the first two stages (T0 and T1) and then also decreased to a relatively low level with downregulation mode (Figure 3). The expression of genes encoding key enzymes before the pathway of auxin biosynthesis including ASA1/ASA2, IGS, TSA1, and TSB1 were also analyzed. Among those genes, IGS was not identified in this study. There were seven copies of ASA1/ASA2 identified in this study. However, BnaA03G0229800, BnaC03G0270600, and BnaC03G0270700 showed downregulation mode during the FMd stage under all nitrogen application rates. The remaining four copies showed strong expression under at T0 to T2 stages of FMd, while generally showing downregulation mode from the T3 stage. Furthermore, at the T0 stage, the highest expression level was found in N3 treatment. As for TSA1, there were four copies identified. Two of them (BnaA09G0026900 and BnaC09G0011700) showed downregulation mode throughout the FMd stage under all nitrogen application rates. The other two copies, BnaA09G0505300 and BnaC08G0346300, generally showed upregulation mode from T0 to T2 under three nitrogen application levels. Furthermore, both genes showed the highest expression levels at N3 in T0, T2, and T4 FMd stages (Figure 3).

There were totally five kinds of auxin signaling transduction genes identified, which were TIR1, AUX/IAA, ARF, GH3, and SAUR. AUX/IAA genes are a large family in plants and there were 47 genes found in the study. The genes can be divided into three types according to the expression levels. The first group was a strong expression with upregulation mode, which is composed of eight genes generally throughout the FMd stage under three nitrogen application rates. The second group was a weak expression with upregulation, which had 12 genes. And the third group was downregulation, which had 27 genes. Among the eight strongly expressed AUX/IAA genes, the expression levels at T1 and T3 were much stronger than in other stages. As for the nitrogen application rate, N2 had higher expression levels than N1 and N3 in general. A similar expression trend of the weak upregulation genes was observed. As for TIR1, there were seven genes found in the study. These genes had similar expression mode, which was the higher expression levels at T1 and T3 FMd stages. Furthermore, higher expression levels at N2 and N3 were found in all genes at the T1 FMd stage. However, at T2 and T3 FMd stages, the reverse trend, that is, higher expression levels of all genes at N1 was observed. At the T4 FMd stage, only BnaA03G0267400 showed upregulation in all genes under three nitrogen application rates. As for ARF, there were two genes, BnaA01G0267900 and BnaC01G0328100, that showed strong expression with upregulation, especially at T1 and T4 stages. Five ARF genes with downregulation mode were identified, however, BnaA07G0137300, BnaA08G0250200, and BnaC05G0168800 had very strong downregulation mode in all FMd stages and nitrogen application rates. Generally, the N2 treatment had higher expression levels than in other nitrogen application rates. As for GH3, there were four genes identified in the study. Two genes, BnaA03G0053200 and BnaA09G0587900, were in the downregulation mode nearly in all FMd stages and nitrogen application levels. One gene, BnaC09G0017400, had a strong expression with upregulation mode at most FMd stages. However, there was no obvious expression trend for responding to three nitrogen application rates at each differentiation stage. For SAUR, there were 16 genes identified in the study. Among them, seven genes showed upregulation mode at most FMd stages under three nitrogen application rates, and one gene, BnaC01G0155600, with relatively strong expression pattern. The gene had very strong expression levels at T2 and T3 stages under N3 treatment (Figure 4).
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FIGURE 4
 Changes of genes involved in auxin signaling transduction at T0, T1, T2, T3, and T4 sampling stages under low N (N1), normal N (N2), and high N (N3) rates. ARF, Auxin response factor; AUX1, Auxin influx carrier 1; AUX/IAA, Auxin responsive protein; TIR1, Transporter inhibitor response 1. Color bars represented the trends of expression levels after centralization and standardization by the R programming language and red color represents higher expression, while purple represents lower expression relatively.


A total of 10 kinds of genes related to FM differentiation were identified, which were divided into two categories, which were signaling integration (SOC1, FD, FT, FUL, TFL1) and FM identity (CAL, LMI1, LFY, AIL6, ANT). As for SOC1, six copies were identified and two copies were in the downregulation mode throughout all FMd stages under three nitrogen application rates. The other four copies had an increasing trend of expression levels from T0 and higher expression levels at the T3 and T4 stages. As for FD, six copies were identified as well. Three copies were mainly in the downregulation mode during FMd stages and three nitrogen application rates. However, the other three copies were strongly expressed at the T3 stage with the highest expression amount at N2 treatment. One FD copy, BnaA03G0552500, showed a relatively higher expression amount with upregulation mode at T1, T2, and T4 in addition to T3. Furthermore, higher expression levels were found under N2 and N3 than that under N1 at T1 and T4. As for FT, there was only one copy detected in the study. The expression level was in the increasing trend during the FMd stage. At the T2 stage, the expression level of FT was in the upregulation mode at N1 while that was in the opposite mode at N2 and N3. However, the strongest expression of the gene was at N2 at T3. Although there were six copies identified for FUL, only one copy, BnaA03G0404700, showed upregulation mode. The highest expression level was found at the T3 stage and small differences in the expression level were found among three nitrogen application rates. For TFL1, there were four copies identified in the study, and two copies were in the downregulation mode throughout the FMd stage and all nitrogen application rates. Two copies, BnaA03G0012400 and BnaC03G0016500, showed very strong expression at the T3 stage. Furthermore, BnaA03G0012400 had the highest expression amount at T1 to T3 at N3. In the FM identity gene systems, there were six and four copies identified in the study for CAL and LFY, respectively. However, only one copy of both genes, BnaC02G033300 (CAL) and BnaC03G0561300 (LFY), respectively, showed strong expression with up-regulation mode at all FMd stages and nitrogen application rates. For BnaC02G0233300 (CAL), the expression level at T3 was the highest followed by T1. However, the expression levels at N1 and N2 were much higher than that of N3 at the T3 stage, while the reverse trend was found in T1. For LFY, the expression level was increased from T0 to T3. The highest expression level of LFY was at T3 and N2 treatment. There were six copies identified for LMI1, AIL6, and ANT, and all of them showed three copies mainly having upregulation mode during FMd stages and three nitrogen application rates. For BnaA10G0288900 (LMI1), the highest expression level was found at T2 with N2 treatment which was in accordance with the timing of FMd at this stage. As for BnaC09G0552500 (AIL6), there were no relatively small differences in expression levels among FMd stages and nitrogen application rates. As for BnaA01G0012600, BnaA03G0565600, and BnaC07G0540500 (ANT), all of them showed the highest expression levels at T1 and N3, T2 and N1, and T3 and N2 treatments, respectively (Figure 5).
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FIGURE 5
 Changes of genes involved in floral meristems identity genes at T0, T1, T2, T3, and T4 stages under low N (N1), formal N (N2), and high N (N3) rates. Color bars represented the trends of expression levels after centralization and standardization by R programming language and red color represents higher expression, while purple represents lower expression relatively.





Discussion


Accelerating the initiation of FM differentiation by a higher nitrogen application rate is an effective way for yield increasing

FM differentiation is the beginning of the transition from vegetative to reproductive growth of flowering plants. The initiation time and differentiation ability of FM determine the number of flower buds formed, which is of great significance to the establishment of rapeseed yield (Wrucke et al., 2019). The initiation of FM differentiation occurs at the SAM, and the earlier FM initiation time will enhance the efficiency of rapeseed utilizing the late autumn temperature and light resources, which can promote reproductive growth a lot (Fiebelkorn and Rahman, 2016).

In this research, we found that the initiation time of FM was largely regulated by different based-N-fertilizer levels. The FM initiation time was at December 7th under low N level while with increase of N fertilization, the FMd could be promoted by 3 to 7 days. The advanced dates can strive temperature and light resources of late-autum a lot for rapeseed growth and hence the increase of siliques and yield up to 22.6 and 50.5%, respectively (Figure 1). To determine if the increase in yield was related to the initiation and development of FM, a scanning electron microscope was utilized for the observation and identification of FM morphology. The results showed that the appearance of floral meristems, sepal primordium, gynoecium, and androecium primordium occurred earlier in higher N rates than in lower. What's more, the emergence of FMs enlarging to ball-shaped structures and the separation of FMs from IM also went earlier (Figure 2), which accelerated the establishment of reproductive organs, hence, more temperature and lights were utilized.



Trp-IAOx-IAN-IAA biosynthesis pathway might be the major auxin biosynthetic pathway in rapeseed SAM, and the decrease of endogenous auxin contents may be the essential condition for FM initiation

FM differentiation, as the transition from SAM to floral meristem, is induced by a series of environmental signal pathways, including photoperiod, low temperature, and carbohydrates, and is accompanied by a large number of physiological, biochemical, and gene expression changes. Studies have shown that plants have already started the regulation and transformation of the physiological and molecular mechanisms before the morphological change of SAM (Liu et al., 2009). Therefore, illuminating the changes in physiology, biochemistry, and gene expression in different processes before and after FM differentiation is of great significance for explaining the mechanism of FM differentiation, shortening the growth period, and improving the yield of rapeseed (Yan et al., 2021).

The homeostasis of endogenous hormones, as the basis of plant vegetative growth and reproductive growth, plays an important role in the flowering process of plants and is also one of the important conditions for flowering induction (Daviere and Achard, 2016; Castorina and Consonni, 2020). Auxin as a major phytohormone controls numerous aspects of rapeseed development and coordinates the responses to the environment, and so does the initiation of FM and organs development (Brumos et al., 2018). However, the role of how auxin determines the development and transition of IM to FM remains less mechanistically. According to previous studies in Arabidopsis, auxin was accumulated at the position of FM and gradually decreased with the extension of distance, and it is the gradient that contributes to the development and differentiation of floral organs (Benková et al., 2003). However, the changes in auxin contents in SAM and the gene expression in its biosynthetic pathway in different periods are not clear. In this study, we identified the contents of auxins at five stages under three different N levels of SAM through UPLC-MS/MS, and four auxins were detected, which involved two auxin biosynthetic ways, which were IAOx way and IAM way, respectively. Previous research showed that the indole pyruvic acid (IPA) way is the main auxin biosynthetic way, while IAOx and IAM contribute less (Mashiguchi et al., 2011; Won et al., 2011). However, we detected a large amount of auxin biosynthetic precursors in IAOx and IAM ways, which were IAN and IAM, and the contents of IAN were 1,740 times of IAM in terms of the maximum for each other, while no auxins involved in IPA way were detected, which indicated that Trp-IAOx-IAN-IAA might be the major auxin biosynthetic pathway in rapeseed shoot apical meristems. What's more, we found that both of the contents of Trp and IAA showed a trend of increase in the first and then a sharp decrease in the FM initiation stage followed by a gradual rise (Figure 3). Through the combination of the images of SEM, we presumed that IM needs relatively low auxin contents as the signal to initiate the differentiation of FM, then accumulated more auxin contents for the following up development of FMs, and so did the sepal primordium. At the same time, we found that the expression of genes such as TSA1, TSB1, CYP79B, NIT, and AMI1 was higher expressed in 1 to 2 stages earlier than each FM initiation stage, while the maximum value came earlier under high N level than under low N level, which indicated that high N rate accelerates the activity of auxin biosynthesis genes, while this acceleration occurred 1 to 2 stages before FM initiation.



Auxin signaling transduction and FM identity genes were largely regulated under different nitrogen levels

Interactions of endogenous growth and developmental signals with gene expressions constitute a complex pathway for plant reproductive growth induction. We identified that most of the auxin signaling transduction genes were upregulated in T1 to T3 stages, relative to one stage later than auxin biosynthesis, while the higher expression of FM differentiation-related genes came at the last two stages.

Among them, AGL24, SOC1, FT, FD, and FUL functioned as integrating environmental and other signals in SAM and transferring the signal to LFY for FM identify and specification (Liu et al., 2009). SOC1 is highly expressed in IMs and induces the expression of LFY by binding to the promoter region of LFY through the AGL24-SOC1 protein complex (Li et al., 2008). FT-FD complex also promotes the activity of SOC1 or FUL in IMs, hence the expression of IM identity genes such as LFY and CAL were enhanced (Li et al., 2008; Liu et al., 2008). According to our research, the expression of SOC1 and FD began to rise at the T1 stage under the N3 level, while the significant upregulation occurred 1 to 2 stages later than N3 under N1 and N2 levels (Figure 5). Terminal flower 1 (TFL1) as a repressor of flowering, is higher expressed in SAM, while less expressed in FM, which functions by maintaining the disordered growth of IM and inhibiting the expression of LFY in IM (Schiessl et al., 2017; Zhang et al., 2018). In this study, we can find that, under normal or high N rate, the expression of TFL1 was repressed until the T4 stage, while the upregulation occurred two stages earlier under a low N rate compared with N3, which indicated that the inhibition of TFL1 on FM development was weakened under high N rate. LFY, as a central gene of FM, is reported to regulate the formation of FM through auxin signaling transduction. ANT and AIL6 as the upstream genes of LFY functioned parallel and redundantly to regulate the expression of LFY and the response to auxins (Yamaguchi et al., 2016). According to our results, ANT and AIL6 were upregulated at the T1 stage, 1 to 2 stages earlier than LFY, which was consistent with the previous research (Yamaguchi et al., 2016). At the same time, CAL, another distinctive FM-identified gene, was regulated by LFY directly or through LMI1, and the expression was relatively higher and earlier under a high N rate.

In brief, FM-identified genes were higher and earlier expressed under high N rate compared with normal or low N rate, while the activity of FM repressor was limited, which co-contribute to the advanced development of FM under high N rate.
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Ovate family proteins (OFPs) were firstly identified in tomato as proteins controlling the pear shape of the fruit. Subsequent studies have successively proved that OFPs are a class of negative regulators of plant development, and are involved in the regulation of complex traits in different plants. However, there has been no report about the functions of OFPs in rapeseed growth to date. Here, we identified the OFPs in rapeseed at the genomic level. As a result, a total of 67 members were obtained. We then analyzed the evolution from Arabidopsis thaliana to Brassica napus, illustrated their phylogenetic and syntenic relationships, and compared the gene structure and conserved domains between different copies. We also analyzed their expression patterns in rapeseed, and found significant differences in the expression of different members and in different tissues. Additionally, we performed a GWAS for the number of seeds per silique (NSPS) in a rapeseed population consisting of 204 natural accessions, and identified a new gene BnOFP13_2 significantly associated with NSPS, which was identified as a novel function of OFPs. Haplotype analysis revealed that the accessions with haplotype 3 had a higher NSPS than other accessions, suggesting that BnOFP13_2 is associated with NSPS. Transcript profiling during the five stages of silique development demonstrated that BnOFP13_2 negatively regulates NSPS. These findings provide evidence for functional diversity of OFP gene family and important implications for oilseed rape breeding.
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Introduction

Oilseed crops are both an important source of edible vegetable oil and a valuable material of animal feed (Felten et al., 2013; D’Avino et al., 2015). As the second largest source of edible vegetable oil, Brassica napus (B. napus) provides about 13–16% of the total edible vegetable oil for the world (Wang et al., 2018), and the market demand for it is still increasing in recents. Therefore, great efforts have been made to improve its yield. Plant architecture, including main inflorescence length, plant height and branch number, indirectly affects the oilseed rape yield (Reinhardt and Kuhlemeier, 2002; Wang and Li, 2008; Li et al., 2019a), while siliques per plant (SPP), number of seeds per silique (NSPS), and total seed weight (TSW) directly determine the plant yield (Clarke and Simpson, 1978). Similarly, in Arabidopsis, the silique is closely associated with the final yield, and silique-related traits such as silique length (SL) and silique volume (SV) affect the morphology and photosynthetic substances, thus influencing the yield (Ferrándiz et al., 1999). In siliques, NSPS and SL are more important traits. In recent years, many QTLs controlling SL and NSPS have been identified at almost all chromosomes through QTL mapping and genome wide association study (GWAS) (Fu et al., 2015; Wang et al., 2016; Yang et al., 2016, 2017; Luo et al., 2017; Zhu et al., 2020). To date, two genes controlling the SL, BnaA9.ARF18 and BnaA9.CYP78A9, have been cloned in B. napus, which affect SL by regulating cell elongation of the silique wall (Liu et al., 2015a; Shi et al., 2019). Additionally, BnaC9.SMG7B has been cloned as a positive regulator of NSPS, which regulates the formation of normal female gametophyte and finally determines the formation of mature ovules (Li et al., 2015). In recent studies, BnaA08g07940D and BnaA08g07950D were identified as putative candidate genes of a major QTL controlling NSPS by fine mapping (Jiao et al., 2021). Besides, in Brassica juncea, BjCLV1 was found to affect NSPS through the formation of trilocular siliques (Wang et al., 2021). In Arabidopsis, cytokinin and brassinosteroid were found work coordinately to promote ovule initiation and then increase NSPS (Zu et al., 2022). Certainly, the yield is also affected by diseases such as Sclerotinia stem rot, clubroot, blackleg disease and stem canker. Fortunately, many resistance QTLs have been identified. Therefore, integration of these elite QTL alleles controlling different traits into elite cultivars with better plant architecture may be a promising strategy to improve the yield of oilseed rape.

Domestication of fruit-bearing crops involves long-term artificial selection from various wild plant species, and a significant hallmark in this process is the explosive increase in fruit shape variations (Williams, 1965; Hopping et al., 1986). The recessive locus ovate controlling the pear shape of fruit and elongated fruit shape in tomato was identified about one hundred years ago, but the gene was cloned until 20 years ago (Price and Drinkard, 1908; Liu et al., 2002). The ovate proteins were identified as a class of negative regulators in plant development, which contain a C-terminal conserved domain and Von Willebrand factor type C domain, which are conserved in tomato, rice and Arabidopsis (Liu et al., 2002; Wang et al., 2011). Subsequently, studies of plant ovate family proteins (OFPs) have been successively reported. Researchers are increasingly aware of their functions though the exact mechanism remains poorly understood. OFPs play important roles in plant growth and development, and their functions have been studied in both model plants and crops. In Arabidopsis, AtOFP5 affects the cell-fate switch of synergid to egg cell in mature embryo sacs by suppressing the ectopic activity of BELL-KNOX TALE complex (Pagnussat et al., 2007); AtOFP4 and AtOFP1 are involved in secondary cell wall formation; and the Atofp4 mutant exhibited thicker interfascicular fiber cell wall and thinner xylary fiber cell wall (Li et al., 2011; Wang et al., 2011). AtOFP1 interacts with ATH1 to regulate flowering time and stem growth in Arabidopsis (Zhang et al., 2018). Besides, AtOFP1 is involved in the development of male gamete and pollen activity as well as DNA repair (Hackbusch et al., 2005; Wang et al., 2010). In rice (Oryza sativa), overexpression of OsOFP2 led to a series of variations in plant height, leaf morphology, seed shape and abnormity of vascular bundles in stems; OsOFP2 suppresses the expression of GA20ox by modulating the function of KNOX-BELL and inhibits lignin biosynthesis, thereby affecting vasculature development (Schmitz et al., 2015). In radish (Raphanus sativus), RsOFP2.3 is negatively associated with tuberous root elongation and the tuberous root shape (Wang et al., 2020). In peach (Prunus persica), PpOFP1 regulates fruit shape (Cirilli and Rossini, 2021), and another similar study showed that PpOFP1 physically interacts with a ZF-HD_dimer domain protein PpZFHD1 and regulates the salt tolerance of tomato (Tan et al., 2021). In cotton (Gossypium hirsutum), GhOFP4 was found to regulate fiber development (Gong et al., 2014). In Capsicum annuum, CaOFP1 is involved in fruit shaping, and its different expression profiles would result in different shapes via negatively affecting the expression of CaGA20ox1 (Tsaballa et al., 2011), and gene silencing of CaOFP20 increased the fruit length (Borovsky et al., 2022). Ectopic expression of CsOFP12-16c from cucumber (Cucumis sativus) in Arabidopsis affects the silique development and causes blunt and shorter siliques (Han et al., 2022). Previous studies have also suggested that CmOFP13 may control the fruit shape in melon (Cucumis melo) (Monforte et al., 2014; Ma et al., 2021). Also, the expression of MaOFP1 was reported to be negatively associated with fruit ripening in banana (Musa paradisiaca) (Liu et al., 2015b). Although more and more functions of OFPs have been reported in many crops, there are still numerous unknown features remaining to be discovered.

B. napus (2n = 38, AACC) is a polyphyletic polyploidy formed by B. oleracea and B. rapa (Nagaharu, 1935; Allender and King, 2010), and has experienced whole genome duplication (WGD) (Jiao et al., 2011; Chalhoub et al., 2014). Brassica napus napus still retains two sets of chromosomes corresponding to B. oleracea and B. rapa (Chalhoub et al., 2014). Hence, there are many duplicate genes from two sub-genomes or even the earlier progenitor Arabidopsis. Generally, Arabidopsis can serve as an efficient model plant in functional gene research. AtOFPs have been found to have different functions. However, multiple copies of OFP genes have been rarely reported in its closely related species B. napus. In this study, we identified the BnOFP gene family at the genomic level, analyzed its evolution from Arabidopsis to B. napus and compared the difference between copies. A new locus BnOFP13_2 significantly correlated with NSPS was identified, which can be considered as a novel function of OFPs. RNA profiling during silique development suggested that BnOFP13_2 negatively regulates NSPS. Our findings provide evidence for the functional diversity of OFP gene family and important implications for oilseed rape breeding.



Results


Identification and chromosomal distribution of ovate family proteins gene family in Brassica napus

By using the reported 20 AtOFP or AtOFP-like protein sequences as queries, a total of 67 OFP genes were identified through BLAST in B. napus and Arabidopsis databases, which were renamed according to their orthologous genes in Arabidopsis, and their physical and chemical properties were analyzed (Supplementary Table 1). Among the 20 AtOFP genes, AtOFP6 and AtOFP9 had no orthologous gene in B. napus; AtOFP1 had only one orthologous gene BnOFP1_1; while AtOFP2, AtOFP3 and AtOFP5 all had six orthologous genes. The other 13 AtOFP genes, respectively, had two to five orthologous genes in B. napus (Supplementary Table 1). The 67 BnOFP genes were unevenly distributed on the 20 chromosomes of A sub-genome (34 BnOFP genes) and C sub-genome (33 BnOFP genes) (Figure 1). In the A sub-genome, A08 chromosome had no BnOFP gene; chromosome A06 contained one BnOFP gene; and A02, A09, and A10 chromosomes, respectively, harbored five BnOFP genes. On the same chromosome, some BnOFP genes were closely located, while some other genes were far away from each other. For instance, BnOFP17_3 and BnOFP2_5 were closely located on chromosome A04, while BnOFP7_4 and BnOFP14_4 were located on both ends of chromosome A07. In the C sub-genome, chromosome C06 contained no BnOFP member, and eight BnOFP members were located on unknown chromosomes, while other chromosomes, respectively, harbored two to five members (Figure 1). These results suggested the occurrence of genome rearrangement and gene loss during polyploidization.
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FIGURE 1
Chromosomal locations of BnOFPs. The 67 BnOFP genes were located on different chromosomes of two sub-genomes. Random chromosome means that the sequence was mapped to corresponding chromosome but the physical location was unknown. Length of chromosomes is also shown in the figure.




Phylogenetic and syntenic relationship of ovate family proteins gene family in Brassica napus

Phylogenetic relationship is an important indicator for gene functional research. The 87 OFP proteins from B. napus and Arabidopsis were used to construct a phylogenetic tree. As a result, five groups were clustered based on the sequence alignment (Figure 2 and Supplementary Table 2). Group 2 was the largest clade (24 proteins), followed by group 5 (19 proteins), group 4 (17 proteins), group 3 (16 proteins), and group 1 (11 proteins). Among the five groups, group 2 and group 3 contained some AtOFPs and all their corresponding B. napus orthologous genes. For example, group 2 included AtOFP5, AtOFP11, AtOFP12, AtOFP15, AtOFP16, AtOFP18 and BnOFP5, BnOFP11, BnOFP12, BnOFP15, BnOFP16, and BnOFP18. On the contrary, some AtOFPs and their orthologous BnOFPs were not clustered together. For example, AtOFP10 was clustered in group 1, but the BnOFP10 orthologs were clustered in group 4 or group 5. Genes with similar functions tended to be clustered in the same group. For instance, AtOFP1 and AtOFP4 were both involved in secondary cell wall formation and thus clustered in group 3 (Li et al., 2011; Wang et al., 2011); AtOFP17 and AtOFP20 were both paralogous genes from segmental duplication blocks, and were also clustered in the same group (Liu et al., 2014; Figure 2). During the polyploidization from Arabidopsis to B. napus, members in different groups had undergone loss-of-function and function divergence. Therefore, the BnOFP gene family members may participate in different biological processes in plant development.
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FIGURE 2
Phylogenetic relationship analysis of ovate family proteins (OFPs) in Arabidopsis and Brassica napus. The 20 AtOFP genes and 67 BnOFP genes were clustered into five groups. Members of each group were represented by different background color.


Since B. napus is of polyphyletic polyploidy with syntenic relationship between the sub-genomes, we analyzed the syntenic relationship between the BnOFPs in A and C sub-genomes (Figure 3). We analyzed the 53 BnOFPs with specific chromosomal locations, and finally identified 19 pairs of syntenic genes. No syntenic gene was detected on chromosome A07 and A08 as well as on C06 and C07, while other chromosomes contained one to five syntenic genes. Chromosome A10 included the most syntenic genes (five genes), with two on chromosome C05 and three on C09. Pairs of syntenic genes were in the same subfamily, such as BnOFP7_3 and BnOFP7_5, and BnOFP2_2 and BnOFP2_5 (Figure 3). Gene phylogenetic and syntenic relationship can be used to explore the functions of unknown genes. Hence, our results may be of great significance for gene functional research in B. napus.
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FIGURE 3
Syntenic relationship between Brassica napus A and C sub-genome. Chromosomes including BnOFP members of two sub-genomes are shown in different color. Gray lines in circle represent the syntenic genes or blocks, and dark green lines represent the syntenic genes in BnOFPs.




Gene structure and conserved domains of BnOFP genes

Gene structure was analyzed to investigate whether there are differences among the 67 BnOFP genes. As expected, large differences were found in gene length and exon number among different members. The gene structure was displayed according to the five clades in the phylogenetic tree (Figure 4A). The gene length ranged from 153 to 4,195 base pairs (bp), and most genes were less than 1,000 bp. The exon number ranged from one to six, and 70.15% (47 out of 67) of the genes had only one exon (Figure 4B). Some genes displayed unique structures. For instance, only seven genes had untranslated region (UTR); BnOFP15_3 and BnOFP5_3 had upstream UTR, BnOFP13_1, BnOFP16_1, BnOFP16_2, and BnOFP2_3 had downstream UTR; while BnOFP19_2 had both upstream and downstream UTR (Figure 3B). This gene family had fewer introns, as well as great differences in intron length. BnOFP17_1, BnOFP13_4, BnOFP13_3, BnOFP5_2, and BnOFP7_2 contained longer introns, and BnOFP5_5 and BnOFP3_2 had shorter introns. Some members derived from the same Arabidopsis gene showed the same gene length and structure, such as the BnOFP8 and BnOFP18 subfamily (Figure 4B).
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FIGURE 4
Gene structure and conserved domains of BnOFPs. (A) Phylogenetic tree of BnOFP genes. The 67 BnOFP genes were classified into five clades, each of which is illustrated with different colors. (B) Gene structure of the 67 BnOFP genes. Boxes represent the CDS and UTR section, and the lines indicate introns. (C) Gene conserved domains of the 67 BnOFP genes. Nine conserved domains are represented in different colored boxes, and the line means non-conserved sequence. Length scale is presented at the bottom.


We also analyzed the gene conserved domains, and identified a total of nine conserved domains. Ovate and ovate superfamily domain were detected in 68.66% of the BnOFP members (Figure 4C). Most members contained one domain, and a few members harbored two or three domains. Some domains were rarely detected, such as the P-loop_NTPase superfamily and PTZ00121 superfamily domains, which were only detected in BnOFP5_2 and BnOFP5_3, respectively. However, 31.34% members had no ovate family domains, and seven members in clade I had no conserved domain. This loss of domain may be caused by genome polyploidization. These results may greatly help the research on the functional conservation and divergence of BnOPFs in B. napus evolution.



Differential expression of BnOFPs in different tissues

With the rapid development of RNA sequencing technology, transcriptome analysis has been widely used in gene functional research. The expression level of a gene is related to its functional performance. The FPKM (fragments per kilobase of exon model per million mapped fragments) value from RNA sequencing can effectively represent the gene expression levels and be used to analyze the biological processes in plant tissues in different stages and environments. In this study, a transcriptome analysis of twelve tissues in B. napus cultivar line ‘ZS11’ was performed to analyze the expression pattern of BnOFPs. We found that the expression of 67 BnOFPs varied greatly among the twelve tissues (Figure 5A and Supplementary Table 3). The majority of the genes had generally low expression (Supplementary Table 3). BnOFP5_1, BnOFP5_6, BnOFP10_2, BnOFP10_4, BnOFP12_2, and BnOFP12_3 had relatively higher expression in the sepal, while BnOFP14_2, BnOFP16_2, BnOFP7_1, BnOFP18_1, BnOFP14_3, BnOFP15_2, and BnOFP15_3 exhibited relatively higher expression in the bud. BnOFPs were lowly expressed in most tissues. For example, all the genes had low expression in the stem, while in the leaf and silique, only BnOFP17_7 and BnOFP2_1 had relatively high expression (Figure 5A). Ten genes showed no expression in any tissue, probably because they have lost their functions during evolution. A qRT-PCR experiment was then performed to verify the transcriptome data, and the results of five genes in four tissues are presented in Figure 5B. The expression of BnOFP5_4, BnOFP5_6, and BnOFP16_1 was obviously higher in the sepal and lower in the new pistil, while that of BnOFP19_2, BnOFP5_4, and BnOFP5_6 was obviously low in the bud and stem (Figure 5B). The qRT-PCR experimental results were consistent with the transcriptome results, verifying the reliability of the transcriptome data. The expression pattern of BnOFPs suggested the occurrence of functional divergence in this gene family of B. napus during evolution.
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FIGURE 5
Expression patterns of BnOFP genes. (A) Heatmap of gene expression patterns. Expression levels of 67 BnOFP genes in twelve tissues of ‘ZS11’ obtained from FPKM of transcriptome analysis. (B) Verification of the expression level by qRT-PCR. Five genes and four tissues were used to verify the expression level in transcriptome analysis by qRT-PCR.




Association of BnOFP13_2 with number of seeds per silique

Genome wide association study is a new approach to precisely predict the corresponding genes or QTLs involved in the regulation of complex traits of plants based on linkage disequilibrium (LD) (Nordborg and Weigel, 2008). In this study, GWAS for NSPS was performed with a natural population consisting of 204 accessions. The phenotype value ranged from 7.06 to 24.68, exhibiting large differences among different accessions (Figure 6B). Finally, a significant locus was identified on chromosome A10. The 16.39–16.47 Mb block on A10 contained a BnOFP member, and the most significant SNP was located around BnOFP13_2 (Figure 6A and Supplementary Table 4). Therefore, we speculated that BnOFP13_2 might be associated with NSPS in B. napus, and then analyzed the SNP of BnOFP13_2 in the 204 accessions. Two homozygous non-synonymous SNPs were obtained at the position of +40 and +604 bp of gene sequence. There were three classified haplotypes based on the two SNPs. Haplotype 1 comprised 14 accessions, and haplotype 2 and haplotype 3, respectively, had 141 and 23 accessions (Figure 6C). The accessions in haplotype 1, haplotype 2, and haplotype 3 had the average phenotype value of 16.50, 16.67, and 21.11, respectively, indicating that haplotype 3 had significantly higher NSPS than haplotype 1 and haplotype 2 (Figure 6D). These results suggested that BnOFP13_2 is associated with NSPS.
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FIGURE 6
Genome wide association study (GWAS) and haplotype analysis. (A) Manhattan map of GWAS. The red dotted line represents the threshold value 7.72. Dots above the red dotted line indicate the significant loci associated with NSPS. (B) Histogram of frequency distribution. Statistical analysis of NSPS phenotype used in GWAS. Phenotype variations of 204 accessions are presented. (C) Haplotype analysis of BnOFP13_2. All the accessions were classified into three haplotypes based on the two non-synonymous SNPs of BnOFP13_2. (D) Haplotype analysis. Statistical analysis of accessions in each haplotype, and the phenotype value shows significant differences. **p < 0.01 in ANOVA test.




Negative regulation of BnOFP13_2 on number of seeds per silique in early silique development

To investigate how BnOFP13_2 affects NSPS in B. napus, we detected the RNA profiles of BnOFP13_2 at different silique developmental stages in two varieties, respectively, with high NSPS (‘ZC520’) and low NSPS (‘ZC519’). ‘ZC520’ averagely had 24 seeds per silique and ‘ZC519’ only had 18 seeds per silique (Figures 7A,B). The siliques at 7 days after pollination (7 DAP), 14, 21, 28, and 35 DAP were collected to analyze the dynamics of the expression level of BnOFP13_2 (Figure 7C). At 7 and 14 DAP, the expression of BnOFP13_2 was significantly higher in ‘ZC520’ than in ‘ZC519’ (Figure 7D). From 21 to 35 DAP, the expression level of BnOFP13_2 was constantly high without significant difference between the two varieties (Figure 7D). In ‘ZC520’ (high-NSPS variety), the expression of BnOFP13_2 was low in the early developmental stage of silique, which then increased slowly until 21 DAP and remained constant until maturity; while in ‘ZC519’ (low-NSPS variety), BnOFP13_2 showed a high expression level at almost all developmental stages (Figure 7D). These results suggested that the accumulation of BnOFP13_2 transcripts at the early developmental stage of silique is negatively correlated with NSPS. Therefore, we speculated that BnOFP13_2 suppresses the formation or development of ovule, which is similar to the previous finding in Arabidopsis, but the specific molecular mechanism remains to be further studied.


[image: image]

FIGURE 7
Phenotype of siliques at different developmental stages and expression levels of BnOFP13_2 in high-NSPS variety and low-NSPS variety. (A) Mature silique of high-NSPS variety (left) and low-NSPS variety (right), bar: 2 cm. (B) Statistical analysis of NSPS in high-NSPS variety and low-NSPS variety. (C) Phenotype of high-NSPS variety and low-NSPS variety siliques at 7, 14, 21, 28, and 35 DAP, bar: 2 cm. (D) Relative expression levels of BnOFP13_2 in high-NSPS variety and low-NSPS variety silique at different developmental stages. **p < 0.01.





Discussion

More than 20 years ago, OVATE was a well-known QTL for its effect in controlling the pear shape of tomato fruit, which was then mapped and cloned on chromosome 2 (Ku et al., 2001; Liu et al., 2002). The protein and RNA profiles have suggested that OVATE is a novel class of proteins named as OFPs (ovate family proteins) (Liu et al., 2002). Owing to their effects on fruits, OFPs have been studied in many fruit crops, and the results have indicated that OFPs have great influence on a variety of aspects in plants, including fruit shape (Liu et al., 2002; Tsaballa et al., 2011; Cirilli and Rossini, 2021; Han et al., 2022), tuberous root shape (Wang et al., 2020), ovule development (Pagnussat et al., 2007), secondary cell wall formation (Li et al., 2011; Wang et al., 2011), vasculature development (Schmitz et al., 2015), fruit ripening (Liu et al., 2015b), DNA repair (Wang et al., 2010), floral organs, compound leaf and silique (Liu et al., 2002; Wang et al., 2011). Here, we briefly summarized the functions of OFPs in Arabidopsis and some common crops (Figure 8A), and we believe that more functions of OFPs will be gradually detected in plants. There has been no report about the functions of OFPs in B. napus. In this study, 67 BnOFP members were checked with gene ontology (GO) annotations (Figure 8B). As a result, 63 members were involved in biological regulation, cellular process, metabolic process, negative regulation of biological process and regulation of biological process; 52 members were related to cell part and organelle component; and 12 members had the binding molecular function (Figure 8B). These results suggested that BnOFPs play different roles in plant development. We further identified and characterized the OFPs in B. napus, as well as analyzed their phylogenetic relationship with the orthologs in Arabidopsis and the syntenic relationship between the two sub-genomes. We also analyzed the gene structure, conserved domain and expression pattern, and the differences in the gene structure and expression could provide a theoretical basis for functional research of this gene family. In addition, a novel function of OFPs was identified through GWAS, and haplotype analysis suggested that BnOFP13_2 is significantly associated with NSPS. Further expression profiling at the silique developmental stage indicated that BnOFP13_2 negatively regulates NSPS during early silique development. Our results may provide important information for rapeseed breeding.


[image: image]

FIGURE 8
Brief summary of OFP functions and GO annotations of the 67 BnOFP genes. (A) Function summary of OFPs in common crops. The crop pictures are painted. (B) GO annotations of OFP genes in B. napus. Gene numbers and annotations in biological processes, cellular components and molecular functions are shown in the figure.


In Arabidopsis, AtOFP1 was firstly identified as a transcriptional repressor of cell elongation in many organs. An increase in the expression of AtOFP1 reduced the length of hypocotyl, inflorescence stem, cauline leaf, rosette leaf, floral organ, and silique (Wang et al., 2007). Overexpression of AtOFP2, AtOFP4, and AtOFP7 led to similar phenotypes to overexpression of AtOFP1 such as round and curled leaves, implying that these three genes are also transcriptional repressors of cell elongation (Wang et al., 2007; Li et al., 2011). Overexpression of AtOFP6 and AtOFP8 resulted in thick and cyan rosette leaves in plants, while that of AtOFP13, AtOFP15, and AtOFP16 led to short and blunt-ended siliques (Wang et al., 2011). In this study, high expression of BnOFP13_2 was detected at early developmental stage of siliques in low-NSPS variety. Therefore, it can be speculated that BnOFP13_2 negatively regulates NSPS by reducing silique length and inhibiting ovule development at early developmental stage.

Since OFPs are negative regulators of plant growth and development, the underlying mechanisms have received great attention. Although the mechanisms remain largely unknown, there has been some evidence implying that OFPs may directly regulate the expression of the target genes. In Arabidopsis, AtOFP1 contains a putative NLS domain and is located in the nucleus, and a yeast one-hybrid experiment indicated that AtOFP1 represses the expression of the reporter gene. These results suggest that AtOFP1 is a transcription repressor directly regulating gene expression (Wang et al., 2007, 2011). In addition, AtOFP1 also contains the LxLxL domain, which was also found in ERF transcription factors and is necessary for transcriptional repression (Hiratsu et al., 2003). On the other hand, OFPs were found to form a complex to perform their functions via interacting with other proteins. For instance, AtOFP4 and AtOFP1 interact with KNAT7 and BLH6 to regulate secondary cell wall formation (Li et al., 2011); AtOFP1 coordinates with ATH1 to affect flowering time and stem growth (Zhang et al., 2018); AtOFP1 has interaction with BLH3 to regulate the transition from vegetative phase to reproductive phase (Zhang et al., 2016); AtOFP5 cooperates with KANT2 and BLH1 in regulating female gametophyte development (Pagnussat et al., 2007); MaOFP1 interacts with MuMADS1 to regulate fruit ripening (Liu et al., 2015b); GhOFP4 coordinates with GhKNL1 in mediating secondary cell wall formation (Gong et al., 2014); and OsOFP2 interacts with OsKNAT7 and BLH6-like1 to mediate vascular development (Schmitz et al., 2015). With a better understanding of these negative regulators, OFPs can be better used for crop improvement via the gene editing technology.

In plants, polyploidization occurs at high frequency. It has been demonstrated that about 25–30% of the existing flowering plants are polyploids and have not been diploidized yet (Wood et al., 2009; Scarpino et al., 2014). Polyploids are generally classified into autopolyploids and allopolyploids, with the former being formed through doubling of one chromosome set, while the latter being formed via hybridization or merging of different chromosome sets in different species (Ramsey and Schemske, 1998; Barker et al., 2016; Van de Peer et al., 2017). Allopolyploidy is involved in epigenetic remodeling and changes in gene expression, which will contribute to a higher adaptive potential (Yoo et al., 2014; Hu et al., 2015b; Van de Peer et al., 2017). It is widely accepted that polyploids have increased the mutational robustness and adaptability compared with diploids. Polyploids can overcome sympatrically speciate and cytotype minority exclusion for rapid adaptation, which is also owing to their higher genomic plasticity than diploids (te Beest et al., 2012; Schoenfelder and Fox, 2015). Gene duplication generally has four modes, including the tetraploid, segmental, tandem, and transpositional modes, with each mode retaining genes in a biased method (Neufeld et al., 1991; Freeling, 2009). After genome or segment duplication, some duplicated genes are often lost (Freeling, 2009). Polyploidization or WGD is an important driving force for evolution in animals and plants (Abdel-haleem, 2007; Edger and Pires, 2009), and the success of angiosperms is partially attributed to WGD (De Bodt et al., 2005). In Arabidopsis, OFPs are involved in different functions. After polyploidization into B. napus, the OFP members have experienced gene doubling, loss and functional divergence, which may lead to the appearance of novel gene structure, conserved domains and functions. In this study, seven BnOFP members were detected to have no ovate or related domains (Figure 4C), which might have been caused by loss-of-function during polyploidization.



Conclusion

In this study, we identified 67 BnOFP genes at the genome level, analyzed their evolution from Arabidopsis to B. napus and compared the gene structure and conserved domains between copies. We also identified a new potential locus significantly correlated with NSPS, which is a novel function of OFPs. RNA profiling in different stages of silique development suggested that BnOFP13_2 negatively regulates the NSPS by decreasing the silique length and inhibiting the ovule development at early developmental stage. Our findings provide evidence for the functional diversity of OFP gene family and new implications for oilseed rape breeding.



Materials and methods


Plant materials and phenotype identification

The 204 natural accessions and ‘ZS11’ used for GWAS analysis and qRT-PCR experiment were obtained from the Key Laboratory of Biology and Genetic Improvement of Oil Crops at OCRI and planted in our experimental field in WuHan, HuBei province, China. These materials used for GWAS were collected from all over the world, including 52 spring accessions, 40 winter accessions and 112 semi-winter accessions, and were cultivated under natural growing conditions. The phenotype data were collected in 1 year (2017–2018). Planting was conducted with twelve plants in a row and a row spacing of 30 cm. All varieties were self-bred for many generations and were pure inbred lines. Ten siliques from different parts of the main inflorescence were collected to evaluate the NSPS. The phenotype of each variety was represented by the average of three biological replicates.



Identification of BnOFPs in Brassica napus

The OFP gene protein sequences of Arabidopsis were obtained from the TAIR database1, and used to search for the OFP genes in B. napus. The annotation and genome information of B. napus cultivar ‘Darmor-bzh’ and corresponding orthologous genes in Arabidopsis were obtained from the BRAD (Brassicaceae Database) database2 (Chalhoub et al., 2014). The HMMER3.03 was used to search for OFP genes in B. napus (E value was set to 1e-5).



Gene structure and conserved domain analysis

Gene structure files of BnOFPs were downloaded from EnsemblPlants database4, and illustrated through GSDS2.0 (Gene Structure Display Server) online tools5 (Hu et al., 2015a). Gene conserved domains were analyzed through CD-search in NCBI (National Center for Biotechnology Information) database6 using the amino acid sequence, and illustrated through TBtools (Chen et al., 2020).



Phylogenetic and syntenic relationship analysis

The protein sequences of OFPs in Arabidopsis and B. napus were used to construct a phylogenetic tree using the MEGA software. The beautification of phylogenetic tree was conducted with iTOL online tools.7 The syntenic relationship of gene or block between two sub-genomes were obtained from the BRAD database (Chalhoub et al., 2014). The syntenic relationship figure was drawn through TBtools (Chen et al., 2020).



Transcriptome analysis and qRT-PCR analysis

The transcriptome data of twelve tissues in ‘ZS11’ used for the expression pattern analysis were obtained from our lab and have been already published (SRA accession: PRJNA474576) (Li et al., 2019b). The heatmap was drawn through TBtools (Chen et al., 2020). The sepal, leaf, bud, and newpistil samples used for RNA extraction were collected in experimental field. The silique samples were collected at 7, 14, 21, 28, and 35 DAP. All the samples had three biological replicates. The TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used for total RNA extraction. About 2 μg RNA was used to reverse transcribe using the PrimeScript™ RT reagent Kit (TaKaRa Co., Ltd., Beijing, China). The B. napus gene BnaA10g22340D was used as the reference gene. The relative expression was evaluated using the 2–ΔΔCt method (Livak and Schmittgen, 2001).



Genome wide association study analysis in natural population

The genomic DNA of all plants was extracted from tender rosette leaves using the modified CTAB method (Allen et al., 2006). The SNP data were obtained from 7 × re-sequencing data mapped to the reference genome ‘Darmor-bzh’. Re-sequencing was performed by the commercial Illumina HiSeq XTen service (BGI-Shenzhen, China). The SNPs were finalized under the minor allele frequency <0.05, and 2611513 valid SNPs were obtained at last, the original SNPs were obtained from published data of our lab (Ding et al., 2020). GWAS for NSPS was performed with the R package using the general linear model (Yin et al., 2021). The threshold value was set to p < -log10(0.05/N), where N represents the number of used SNPs.
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Heightening the resistance of plants to microbial infection is a widely concerned issue, especially for economical crops. Receptor-like proteins (RLPs), typically with tandem leucine-rich repeats (LRRs) domain, play a crucial role in mediating immune activation, being an indispensable constituent in the first layer of defense. Based on an analysis of orthologs among Brassica rapa, Brassica oleracea, and Brassica napus using Arabidopsis thaliana RLPs as a reference framework, we found that compared to A. thaliana, there were some obvious evolutionary diversities of RLPs among the three Brassicaceae species. BnRLP encoding genes were unevenly distributed on chromosomes, mainly on chrA01, chrA04, chrC03, chrC04, and chrC06. The orthologs of five AtRLPs (AtRLP3, AtRLP10, AtRLP17, AtRLP44, and AtRLP51) were highly conserved, but retrenchment and functional centralization occurred in Brassicaceae RLPs during evolution. The RLP proteins were clustered into 13 subgroups. Ten BnRLPs presented expression specificity between R and S when elicited by Sclerotinia sclerotiorum, which might be fabulous candidates for S. sclerotiorum resistance research.
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Introduction

Integrating exterior information with intrinsic cues is indispensable for all organisms, which is particularly crucial for plants due to their sessile lifestyle. Plants employ a large number and a vast variety of receptors for transducing signals from the extracellular matrix to the cell interior. Receptor-like proteins (RLPs), known as a kind of pattern recognition receptors (PRRs), are the main components of the first layer of plant immunity and a vital group of transmembrane receptors, which are generally composed of a short cytoplasmic domain, an extracellular leucine-rich repeat (LRR) domain, and a transmembrane domain (Wang et al., 2008). To date, 57 AtRLPs (Wang et al., 2008), 90 RLPs in rice (Fritz-Laylin et al., 2005), 82 RLPs in poplar (Petre et al., 2014), 144 RLPs in cotton (Chen et al., 2015), 176 RLPs in tomato (Kang and Yeom, 2018), and 228 RLPs in Brassica juncea (Yang et al., 2020) have been identified, and pan-genome prediction of resistance gene analogs (RGAs) in Brassica oleracea and also across the Brassicaceae were conducted (Bayer et al., 2019; Tirnaz et al., 2020). Currently, the enormous variation in RLPs between or within species has been discussed. RLPs are much more diverse and function in various pathways, involving both plant developmental regulation and immune response, even possessing dual roles. Indeed, most RLPs with assigned functions are involved in disease resistance. The identification of tomato Cf and Ve proteins that provide resistance against Cladosporium fulvum and Verticillium spp., respectively, started an era of RLP research (Jones et al., 1994; Kawchuk et al., 2001).

Subsequently, RLPs, for example, apple HcrVfs that confer resistance to fungal pathogens Cladosporium fulvum as well as Venturia inaequalis (Belfanti et al., 2004; Malnoy et al., 2008); tomato LeEIX proteins that function as a receptor to mediate recognition of the ethylene-inducing xylanase of Trichoderma viride (Ron and Avni, 2004); Nicotiana benthamiana elicitor-inducible leucine-rich repeat receptor-like protein (EILP) that is an ortholog of tomato Cf protein involved in bamboo mosaic virus movement (Chen et al., 2017); and Gbvdr6 that was homologous to Ve conferring resistance to Verticillium dahliae Kleb through the regulation of the JA/ET and SA signaling pathways in upland cotton were identified successively (Yang et al., 2017).

In Arabidopsis, of the 57 putative RLPs, approximately a quarter of them have been functionally characterized. CLAVATA2 (CLV2)/AtRLP10 and TOO MANY MOUTHS (TMM)/AtRLP17 are the first two AtRLPs that are experimentally validated implicating in the development functions and are involved in regulating the meristem and organ development (Jeong et al., 1999), as well as stomatal patterning and distribution (Nadeau and Sack, 2002), respectively. FASCIATED EAR2, an ortholog of CLV2 in maize, also plays an important role in the regulation of stem cell homeostasis (Taguchi-Shiobara et al., 2001). It is noteworthy that functional redundancy exists among AtRLPs. AtRLP2 and AtRLP12, identified as homologs of CLV2, rescue the clv2 meristem defects when driven by the endogenous promoter of CLV2 (Wang et al., 2010). Besides, the overexpression of AtRLP3 and AtRLP11 also rescued the phenotype of the clv2-1 mutant (Wu et al., 2016a). Nevertheless, Steidele and Stam clustered AtRLPs into two superclades (basal RLPs and pathogen-responsive RLPs) and referred to nine AtRLPs (AtRLP4, 10/CLV2, 17/TMM, 29, 44, 46, 51, 55, and 57) as putative developmental orthologs (PDOs) based on differences in transcript and protein abundance or clustering at the genomic loci (Steidele and Stam, 2021). Interestingly, CLV2/AtRLP10 plays a role both in developmental and defense-related processes.

Over the years, more AtRLPs have been shown to preferentially fulfill a role in pathogen defense. Among them, six AtRLPs (RLP1, 3, 23, 30, 32, and 42) were validated as pathogen-responsive RLPs (Steidele and Stam, 2021). AtRLP1/ReMAX is required for the perception of eMAX, which is a kind of MAMPs from Xanthomonas (Jehle et al., 2013a,b). AtRLP3/RFO implicates in resistance to the vascular wilt fungus Fusarium oxysporum (Shen and Diener, 2013). AtRLP23 perceives a conserved fragment found in most necrosis and ethylene-inducing peptide1-like proteins (NLPs) and thereby activates the immune responses, which are involved in pre-invasive resistance to the pathogen Botrytis cinerea (Albert et al., 2015; Ono et al., 2020). AtRLP30 and AtRLP18 impact the susceptibility of Pseudomonas syrinegae pv. phaseolicola to non-host resistance (Wang et al., 2008). Additionally, AtRLP30 involves resistance toward necrotrophic fungal pathogen Sclerotinia sclerotiorum as well (Zhang et al., 2013). AtRLP32 is confirmed as the receptor of proteobacterial translation initiation factor 1 (IF1) (Fan et al., 2022). AtRLP42/RBPG1 recognizes endopolygalacturonases from the plant pathogen Botrytis cinerea and saprotroph Aspergillus niger (Zhang et al., 2014). AtRLP44 activates brassinosteroid signaling through interaction with BAK1 (Wolf et al., 2014). AtRLP51/SNC2 and AtRLP55 implicate in basal defense against the bacterial pathogen Pseudomonas syringae pv tomato DC3000 (Zhang et al., 2010). AtRLP52 is suggested to influence resistance toward the powdery mildew pathogen Erysiphe cichoracearum (Ramonell et al., 2005). Previous studies indicated that disease resistance genes are more likely to be duplicated and underwent functional divergence compared to growth-related genes, and the most homologous AtRLP genes anchored at the same or adjacent locus and underwent massive duplications (Fritz-Laylin et al., 2005; Wang et al., 2008; Wu et al., 2016a). Generally, RLPs need to constitutively interact with additional components, such as RLKs, to activate cellular responses. For example, SUPPRESSOR OF BAK1-INTERACTING RECEPTOR-LIKE KINASE 1 (SOBIR1) is required for RLP-mediated resistance to bacterial, fungal, and oomycete pathogens. SOBIR1 physically interacts with Cf-4, Ve1, AtRLP1, AtRLP23, AtRLP30, AtRLP32, and AtRLP42, indicating the existence of crosstalk among different RLP signaling pathways (Wang et al., 2008; Jehle et al., 2013a; Liebrand et al., 2013; Zhang et al., 2013, 2014; Albert et al., 2015; Ma and Borhan, 2015; Catanzariti et al., 2017). Apart from the involvement in biotic stress responses, RLP was also engaged in abiotic stress tolerance. Currently, AtRLP28 is the only one found to play a role in salt stress tolerance (Wu et al., 2016a).

Brassica napus is one of the most economically important oil crops in the world. Its yield and quality, however, are affected remarkably by multiple external stimuli, especially the invasion of major Brassica pathogenic fungi, such as S. sclerotiorum and Leptosphaeria maculans. Brassica napus (AACC) are an allotetraploid generated by recombination of two diploid genomes, Brassica rapa (AA) and B. oleracea (CC). Brassica napus and its progenitor species share significant homology with Arabidopsis thaliana (Nagaharu, 1935). Currently, several pathogen-responsive RLPs were identified across Brassica species. Among them, LepR3 and Rlm2, which co-localized within the same genetic interval of blackleg resistance locus, were cloned from B. napus and rendered race-specific resistance to fungal pathogen L. maculans upon recognition of different cognate Avr proteins, AvrLm1 and AvrLm2, respectively, and both of them require SOBIR1 for their functions (Larkan et al., 2013, 2015; Ma and Borhan, 2015). Another two RLP genes identified from B. rapa are Bra032747 and Bra032746, which confer resistance to Brassica downy mildew (Zhang et al., 2018). Pathogen-associated cell-surface receptors are important for perceiving immunogenic signals in the challenged host (Kourelis and van der Hoorn, 2018). However, only a limited batch of RLPs was functionally characterized in Brassica species. Here, we performed the identification and phylogenetic analysis of RLPs in B. napus and its progenitors, B. rapa and B. oleracea, which are highly homologous to AtRLPs, and sorted out their distributions on chromosomes. To further assume the possible functions of identified RLPs, we investigated gene expression profiles of B. napus elicited by S. sclerotiorum utilizing the published pathogen-induced RNA-seq datasets. Taken together, these results will sketch out the basic information across identified Cruciferae RLPs, contributing to deciphering genome evolution and duplication, as well as elucidation of RLP gene function in detail.



Materials and methods


Identification of RLP genes

Arabidopsis thaliana genomic and annotation data were downloaded from the TAIR (http://www.arabidopsis.org). Genomic and annotation data of B. napus and B. rapa were downloaded from BRAD (http://brassicadb.cn/; Chen et al., 2022). Brassica oleracea genomic and annotation data were downloaded from Ensemblplants (https://plants.ensembl.org/index.html).

In A. thaliana, a typical RLP protein consists of tandem LRR motifs, along with SP (signal peptide) and TM (transmembrane) in two terminals (Wang et al., 2008). But these LRR motifs vary in number and distribution, thus they are not competent as a good query for protein screening. Given this, two methods were used for the identification of RLP-encoding genes in this work. First, as queries, 55 identified Arabidopsis RLP protein sequences (two pseudogenes, AtRLP18 and AtRLP49, excluded in this work) were obtained and used to search analogs in three Brassica species using the BLASTP program based on a comparative genomics approach, thereby obtaining the first part of the candidate RLP proteins. Furthermore, RLP-encoding genes were also screened through Hidden Markov Model (HMM) profiles built by the model corresponding to 55 AtRLP proteins using the HMMSearch program (https://www.ebi.ac.uk/Tools/hmmer/). Subsequently, the two sets of candidates were merged and subjected to NCBI-BLASTP using UniProtKB/SwissoPrpt, and their annotations were downloaded for further screening.



Gene structure, conserved motif, and phylogenetic analyses

The exon–intron organization of the RLP-encoding genes was depicted using GSDS2.0 (Hu et al., 2015), and the conserved motifs in RLPs were searched using the MEME suite (Bailey and Elkan, 1994). The SP and TM were predicted using SignalP-5.0 Server (http://www.cbs.dtu.dk/services/SignalP/), SMART (http://smart.embl-heidelberg.de/), TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM/), and Pfam (http://pfam.xfam.org/). Approximately 2,000-bp upstream flanking fragments of the RLP genes were derived from the genome and used for promoter cis-element prediction using PlantCARE (Lescot et al., 2002). The visualization was completed using TBtools (Chen et al., 2020). The phylogenetic analyses of the selected B. napus and Arabidopsis RLP proteins were generated using MEGA7.0 with the maximum likelihood (ML) algorithm. Bootstrap analysis with 1,000 replications was performed to assess group support.



Physical location of RLPs on the chromosome

The chromosome location of Brassicaceae RLPs was obtained from the genome annotation files. The distribution and tandem duplication of Brassicaceae RLP genes on chromosomes was generated and depicted using TBtools (Chen et al., 2020).



Expression characteristics of BnRLP genes induced by pathogens

The RNA-seq data were obtained from NCBI. Data calibrations were performed, and some data with big deviations were removed. A heat map was drawn by HemI 1.0.3.3 (Deng et al., 2014). A mid-resistant B.napus variety Zhongyou821 was used for S. sclerotiorum inoculation and assessment of BnRLP gene expression. Plants were grown in a greenhouse with artificial irrigation. At the flowering stage, stems and leaves were inoculated with mycelia on living plants, harvested after 48 h inoculation, flash-frozen in liquid nitrogen, and stored at −80°C. Three plants with the closest phenotype and growth status were harvested, and harvesting was repeated three independent times. qRT-PCR was performed as described above with slight modifications (Li et al., 2016). Total RNA samples were isolated from rapeseed tissues using the Plant RNAprep Pure Kit (Tiangen, Beijing). RNA was quantified on a NanoDrop 1000 (NanoDrop Technologies, Inc.), and RNA integrity was evaluated on a 1% agarose gel. RNA was transcribed into cDNA using a GoScript RT Reagent Kit (Promega, USA). Primers used for qRT-PCR were designed using the Primer Premier 5.0 program to target the ORF of each gene with an amplicon sized between 80 and 200 bp (Supplementary Table 3). UBC9 served as a reference gene (Chen et al., 2010). qRT-PCR was performed using 10-fold diluted cDNA and a Universal SYBR Green Supermix Kit (Bio-RAD, USA) on a CFX96 real-time PCR machine (Bio-Rad, USA) according to the MIQE Guidelines (Minimum Information for Publication of Quantitative Real-Time PCR Experiments; Bustin et al., 2009).




Results


Identification and characterization of RLP-encoding genes in B. napus

Since A. thaliana is a close relative of B. napus (rapeseed), 55 AtRLP protein sequences (two pseudogenes, AtRLP18 and AtRLP49, excluded in this work) were downloaded from the Arabidopsis database (TAIR) and used as queries to identify the candidate RLP proteins in rapeseed by BLAST search against BRAD or Ensemblplants database. In addition, Hidden Markov Model (HMM) was used for further confirmation of candidate RLPs. To better understand the evolution of RLPs, B. rapa and B. oleracea genomes were also selected for the screening of orthologs. In total, 118, 173, and 276 RLPs were identified from B. rapa (AA), B. oleracea (CC), and B. napus (AACC), respectively (Supplementary Table 1). Although a pangenome investigation of resistance gene analogs (RGAs) across some B. oleracea varieties had identified 213 candidates (Bayer et al., 2019), we conducted a further fine selection to get a more reliable but attenuated set of BoRLPs. Then, all RLP CDSs were downloaded and aligned to corresponding genomic DNA to obtain high-confidence sequences. Sequence alignment revealed a great diversity of BnRLPs (Supplementary Figure 1). The number of introns ranged from 0 to 22 (BnaC06g23240D), and ~16% BnRLPs had no introns which were sharply attenuated compared to that of AtRLPs (70%). The orthologs of five AtRLPs (AtRLP3, AtRLP10, AtRLP17, AtRLP44, and AtRLP51) did not evolve any intron, showing high conservation. Apart from quantitative variation of BnRLP introns, some BnRLP genes possessed extra-long introns (more than 2,000 bp), like BnaA01g31040D (intron I, 5,336 bp), BnaA09g35430D (intron II, 4,756 bp; intron III, 5,018,bp), BnaC02g22740D (intron III, 6,474bp), and BnaC02g22760D (intron X, 5,030 bp). AtRLP9 (AT1G58190.1) also contained long introns (3,437 bp), but it had no corresponding orthologs in Brassicaceae species. Rapeseed amplified the RLP-encoding gene copies by a wide margin, and the tendency of increasing intron number and length variation was available for alternative splicing and further benefit for functional diversity.

Further analysis revealed that the composition and the number of conserved motifs or domains varied to a large extent. The length of amino acids ranged from 73 (BnaCnng19280D) to 2,736 aa (BnaC06g23240D; Supplementary Figure 2). Ten motifs were predicted in BnRLP proteins (Figure 1, Supplementary Figure 3). Motif 1, Motif 2, and Motif 9 were distributed on more than 80% BnRLP proteins, and the average number on each protein was 2.3, 1.7, and 2.2, respectively. More than 15% of BnRLP proteins possessed all 10 motifs, and 42 of the 276 had less than five types. Only a quarter of BnRLP proteins met the characteristics of canonical RLP protein, namely composed of the SP and TM domains at the ends and the tandem LRR domains in the middle (Supplementary Figure 1).


[image: Figure 1]
FIGURE 1
 Distributions of motifs in BnRLPs. The Upset plot shows the distribution of motifs in the BnRLPs. The number chart above represents the number of genes contained in each type of RLP. The bar chart at the bottom left represents the number of events included in each type of motif. The dotted line shows the types of motifs contained in the group.




Chromosomal localization and gene expansion

BnRLP encoding genes were unevenly distributed on eighteen chromosomes (Figure 2). The 116 and 148 BnRLPs were mapped onto chrA (Figure 2A) and chrC (Figure 2B) subgenome, respectively, and many of these genes reside in a cluster manner. The percentage of RLP genes on chromosomes in clusters in B. oleracea (51.22%) and B. rapa (49.14%) was lower than that of B. napus (56.06%). The numbers of genes in clusters ranged from two to six in B. napus, and the maximum gene number in B. oleracea and B. rapa were 7 and 5, respectively. In B. napus, 148 RLP genes were located in 55 clusters and the remaining 221 genes were singletons. Among these clusters, 12 with 29 genes were located on chrC04 (Figure 2B), which was similar to that in B. oleracea (seven clusters containing 23 genes on chromosome C04) (Figure 2D). The B. rapa genome carries 57 RLP genes in 23 clusters (Figure 2C). Compared to that in B.napus, the same number of clusters but fewer RLP genes (57 and 67 in B. rapa genome and B.napus A-subgenome) were observed in B. rapa. The cluster distribution between the two species was obviously different on chromosome A01 and chrA01, showing that B.napus evolved more tandem RLP genes on chrA01. Chromosome chrC04 contained the largest number of BnRLP genes (41 genes), followed by chrC03 (21 genes), chrC06 (19 genes), chrA04 (18 genes), and chrA01 (14 genes). Only one BnRLP gene was located on chrA10. RLP genes were assigned tandemly on most chromosomes, especially on chrA01, chrA04, chrA05, chrA07, chrC04, and chrC06, which presented higher distribution densities. Generally, the distribution of BnRLP genes on the A or C subgenome was similar to that of BrRLP or BoRLP genes in their respective genomes.


[image: Figure 2]
FIGURE 2
 Locations of RLP genes on chromosomes in Brassica napus, Brassica rapa and Brassica oleracea. (A, B) Locations of RLP genes on chromosomes in B. napus; (C) Locations of RLP genes on chromosomes in B. rapa. (D) Locations of RLP genes on chromosomes in B. oleracea. A01-A09, C01-C08, and chrA01-chrC09 represent the chromosome number in B. rapa, B. oleracea, and B. napus, respectively. The blue line represents tandem duplication.


To better reveal the expansion of RLP genes in the rapeseed genome, the duplication patterns of 276 BnRLP genes were predicted and analyzed by MCScanX (Wang et al., 2012) and visualized by TBtools (Chen et al., 2020), and the result showed that rapeseed had 36 times as many RLP gene pairs as Arabidopsis (Figure 3). Moreover, the possible syntenic relationship of RLP-encoding genes between A. thaliana and Brassica genomes was also investigated. Subsequently, we obtained 59 orthologous gene pairs between A. thaliana and B. oleracea, 50 between A. thaliana and B. rapa, 250 between B. oleracea and B. napus, and 223 between B. rapa and B. napus, which are shown in Supplementary Figure 4. Ka/Ks analysis was performed by TBtools (Chen et al., 2020) between A. thaliana and the other three Brassica species(B. napus, B. rapa and B. oleracea), respectively. The Ka/Ks value of all pairs was <1 (Supplementary Table 2), suggesting that the main force for the evolution of those RLP gene pairs was negative selection. Most orthologous AtRLP genes are located on chromosomes 1 and 2, and correspondingly, chromosomes A04/A07 and C04/C06 possessed the higher orthologous regions in B. rapa and B. oleracea, respectively. Approximately, the aliquot of orthologous BnRLP genes was resourced from B. rapa and B. oleracea and numerically distributed evenly on chrA and chrC subgenomes.


[image: Figure 3]
FIGURE 3
 Duplication of BnRLP and AtRLP genes. (A) Duplication of RLP genes in Brassica napus. (B) Duplication of RLP genes in Arabidopsis thaliana. The red line represents the gene pairs and the green box represents the genome.




Evolution analysis of BnRLPs

To better understand the evolving relationship between BnRLPs and AtRLPs, a phylogenetic tree was constructed by the ML method (Figure 4). The RLP proteins were clustered into 13 subgroups. Group I to Group IV consisted of no more than three proteins, respectively. The protein constructs of most BnRLPs in GroupV, X, and XI were canonical. More than half of BnRLPs in GroupVI had an SP domain or a TM domain. Most BnRLPs possessed only one type of domain, and two TM domains were predicted in four BnRLPs in GroupXII. In addition, besides a sub-clade of BnRLPs that only possessed the TM domain (one or more), the quantity of BnRLPs that the missing TM domain had increased to 69.23% in GroupXII, but most had an SP domain. Some RLP genes in GroupVII were more conserved since most members had no introns. Some bunches of tandem AtRLPs were especially prone to cluster together, which evolved independently with BnRLPs in Group XI and Group XIII. Other tandem ones evolved together with BnRLPs, like At1g17240 (AtRLP2) and At1g17250 (AtRLP3) in GroupVII, At2g32660 (AtRLP22) and At2g32680 (AtRLP23) in GroupXIII.
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FIGURE 4
 Phylogenetic trees of RLP proteins in Arabidopsis thaliana and Brassica napus. The phylogenetic tree was generated by the ML method with bootstrap analysis (1,000 bootstrap replicates) using an amino acid sequence alignment of RLP proteins from A. thaliana and B. napus by the MEGA 7.0 program. RLP proteins were clustered into 13 subgroups. The rings surrounded by the phylogenetic tree stand for two types of domains. The inner one represents the transmembrane domain and the outer represents the signal peptide. “Y” means that RLP contains one transmembrane domain/signal peptide, “YY” for two transmembrane domains, and “YYYYYY” for six transmembrane domains. “N” means that RLP does not contain transmembrane domain/signal peptide.




Analysis of cis-acting elements in the promoter region of BnRLPs

Cis-acting elements that are distributed in the promoter region can help predict the function of candidate genes. Most AtRLPs and BnRLPs were identified as related to stress responses, so the cis-acting elements related to stresses were further analyzed (Supplementary Figure 5, Figure 5). Concretely, cis-acting elements were categorized into MeJA-responsive (MeJA, name after), gibberellin-responsive (GA), abscisic acid-responsive (ABA), drought-inducible (drought), auxin-responsive (auxin), low temperature-responsive (low temperature), salicylic acid-responsive (SA), wound-responsive (wound), and defense- and stress-responsive (defense and stress) related. Approximately, 79.3 and 77.5% of the promoters contained MeJA and ABA-related cis-acting elements, followed by GA- and wound-related, which were found in half of the promoters of BnRLPs. Only 15 BnRLPs were related to wound responsiveness. Additionally, a quarter contained no more than three types of cis-acting elements. Among them, seven BnRLPs might exhibit functional specificity since they possessed single type of cis-acting element, such as BnaA09g37810D (drought), BnaA02g12070D (SA), BnaC02g20700D and BnaC09g12950D (MeJA), BnaC02g45850D and BnaC04g12150D (low temperature), BnaC09g15910D (defense and stress), and BnaC04g52590D (ABA).
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FIGURE 5
 Distributions of cis-acting elements in BnRLP promoter. The Upset plot shows the distribution of cis-acting elements in BnRLP promoter. The bar chart above represents the number of genes contained in each type of RLP. The bar chart at the bottom left represents the number of genes included in each type of cis-acting element. The dotted line shows the types of cis-acting elements contained in the group.




Expression pattern of RLP genes induced by Sclerotinia sclerotiorum

Sclerotinia sclerotiorum is one of the most common pathogens worldwide, which is the causal agent of stem rot disease in Brassica crops causing devastating decline in the economic value. To further unveil the protagonists in pathogen-defense responses, expression profiling data of RLP genes were derived from the GEO database. One series (accession No. SRP053361) (Wu et al., 2016b) was downloaded and analyzed. In total, 225 BnRLP genes identified showed expressional fluctuations during 24, 48, and 96 hpi (hour post-inoculated) by S. sclerotiorum in resistance (R) or susceptible (S) rapeseeds (Figure 6). To confirm the reliability of the dataset and further identify the genes that can be induced by S. sclerotiorum, seven upregulated BnRLP gene expressions were detected using real-time fluorescent quantitative PCR (Supplementary Figure 6). As we observed, besides inflorescence, the plant stem and leaves were also susceptible to S. sclerotiorum, and the infected stem becomes more prone to lodging at the flowering stage, so the fact that the RLPs are induced at a higher expression level at the flowering stage might have the potential to possess greater agricultural applicability. To this end, the stem and leaves were selected as target tissues to illuminate the tissue specificity under S. sclerotiorum infection. The results showed that those RLP genes can be induced significantly by S. sclerotiorum, but varied in expression level and pattern. Among them, BnaC07g28970D, BnaC02g22760D, and BnaA02g16770D accumulated more transcripts in the stem than that in the leaf, and the differences ranged from 2- to 4-fold. On the contrary, BnaA08g02250D, BnaA08g28160D, BnaC04g56380D, and BnaA04g14880D were induced more in the leaf. Moreover, BnaA03g56320D showed a similar expression level in stem and leaf, but at a relatively lower level compared to other genes. Overall, the results showed that all selected upregulated genes derived from the database could be induced by S. sclerotiorum.
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FIGURE 6
 The expression heat map of BnRLP genes elicited by S. sclerotiorum. The expression heat map of BnRLP genes in the resistant (R) and susceptible (S) Brassica napus alleles at 24, 48, and 96 h post-inoculation, TPM value derived from the GEO database was used for heat map construction.


Unexpectedly, only 29 BnRLPs were upregulated (more than two times compared to mock) at a certain time point (Figure 7). Among them, some BnRLPs presented expression specificity between R and S, such as four BnRLPs (BnaA04g14880D, BnaA05g08950D, BnaA04g14690D, BnaC09g15920D) that were induced merely in S, and six BnRLPs (BnaA09g37810D, BnaA03g56320D, BnaA05g10570D, BnaC06g02870D, BnaC03g45660D, and BnaC04g37400D) in R. The expressional differences of some BnRLPs between R and S appeared due to the inconsistency of the induction time. For instance, transcript accumulations of BnaC07g28970D, BnaC02g22760D, and BnaA02g16770D in R were slower than S, and their expression levels at 96 hpi (R) were approximately equal to that at 48 hpi (S). Additionally, as results show, BnaC02g22760D and BnaA02g16770D were induced from 24hpi in S, and their expression levels continued increasing even at 96 hpi reaching a level of 13.85 and 31.03 times, respectively, but they were induced from 96 hpi in R. BnaA08g28160D and BnaC04g56380D possessed similar expression patterns between R and S. The transcript accumulations of BnaA08g28160D reached a peak at 48 hpi in both R and S. Furthermore, BnaC04g56380D was induced at 48 hpi and kept accumulating until 96 hpi in two rapeseed ecotypes. It is worth mentioning that LepR3/Rlm2 encodes a receptor-like protein triggered by the L. maculans effector AVRLM1 (Larkan et al., 2013, 2015), but the expression of BnaA10g20720D, which possessed 100% identity and was co-located in the same genetic interval with LepR3/Rlm2, was inhibited by S. sclerotiorum both in R and S (Figure 6).
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FIGURE 7
 Upregulated BnRLPs elicited by Sclerotinia sclerotiorum. The expression heat map of upregulated BnRLP genes in the resistant (R) and susceptible (S) B. napus alleles at 24, 48, and 96 h post-inoculation by S. sclerotiorum, TPM value derived from the GEO database was used for heat map construction.





Discussion

The fluctuation of gene expression profiles induced by various pathogens can be used as an indicator for functional assumption and further characterization. To investigate the possible functions of BnRLPs, we compared the transcriptional profiles of RLP genes with that of the functional assigned AtRLP genes. Intriguingly, AtRLP10 (CLV2, AT1G65380.1) was identified as a regulator of plant meristem and organ development (Jeong et al., 1999; Wang et al., 2011). As its homologs, the transcript abundance of BnaC02g45200D and BnaA02g12070D were decreased when there was a stimulus exerted by S. sclerotiorum. The expressional inclination of RLP10 genes indicated that their functions might be conserved among Brassica species and A. thaliana due to the trade-off between growth and defense response, which is widely known in plants. Another hint in favor of the possibility of functional conservation among RLP10 genes is that they shared high similarity/identity with AtRLP10 no matter in sequence (CDS and protein) or structural layer (Supplementary Figure 7). Unlike RLP10, a functional divergence occurred among the RLP30 genes as AtRLP30 (AT3G05360.1) was suggested to be involved in resistance toward S. sclerotiorum, while BnRLP30 genes (BnaAnng02580D and BnaAnng02370D) were not induced by it (Figure 6). The low similarity/identity between BnRLP30s and AtRLP30 also supported the probability of functional divergence in B. napus (Supplementary Figure 7). Instead, BnaA02g16770D and BnaC02g22760D, homologs of AtRLP15 (AT1G74190.1), might be fabulous candidates for S. sclerotiorum resistance research since they were proven to be few but induced to a greater extent.

The case that one single RLP gene is transcriptionally regulated by multiple external stimuli and involved in multiple biological processes has been reported in A. thaliana (Wu et al., 2016a). It was also a common phenomenon in B. napus, as exemplified by BnaA09g09270D, which can be induced by both S. sclerotiorum and L. maculans (Becker et al., 2017; Duke et al., 2017). The comparative analysis of BnRLPs phylogeny and their transcriptional profiles indicated that there was no significant correlation between BnRLPs phylogeny (predicted by sequence similarity) and the expression patterns, and this is in line with previous publications (Steidele and Stam, 2021). On the contrary, the diversification of gene expression patterns was observed among the duplicated BnRLPs paralogs. Gene duplication widely exists during the process of plant evolution in multiple forms, like tandem duplication, segmental duplication, and whole-genome duplication (Kondrashov et al., 2002; Conant and Wolfe, 2008). Retained duplicated genes can provide raw genetic resources for functional innovation, and the novel function can derive from several different ways, including gain-of-function mutations, the subdivision of ancestral functions, and gene dosage changes (Conant and Wolfe, 2008). In this study, tandem duplication was commonly found in BnRLPs, and some BnRLPs were amplified by a wide margin when compared with their counterparts in A. thaliana, such as homologs of AtRLP27 (AT2G33060.1) and AtRLP54 (AT5G40170.1).

As B. napus was hybridized by B. rapa and B. oleracea, in general, the evolution of BnRLP proteins was relatively conserved among the three Brassica species. However, because of gene duplications and translocations after hybridization, inaccurate assembly universally occurred during genetic recombination in plants, resulting in the loss-of-function of some genes (Schnable et al., 2012; Boutte et al., 2020). In this study, 5, 10, and 24 proteins were detected as containing no LRR domains in B. rapa, B. oleracea, and B. napus, respectively, but remained as RLPs. They possessed a high sequence identity and had a similar protein construct (consisted of SP and/or TM domain) with other typical RLPs. So those proteins with no LRR domains were also included to better reveal the evolution of BnRLPs.

When we did the phylogenetic analysis, the phylogeny of AtRLPs resembles that performed by previous publications (Wang et al., 2008; Steidele and Stam, 2021). In line with the classification by Steidele and Stam (2021), most upregulated BnRLPs were homologous with AtRLPs that were clustered into pathogen-responsive RLP clade. The exception is that BnaA02g16770D and BnaC02g22760D, homologs of AtRLP15 (AT1G74190.1) which were grouped into a basal sub-family but not the aforementioned pathogen-responsive RLP clade, upregulated after pathogen treatment to a great extent.

Based on the dataset, six BnRLP genes, namely BnaA09g37810D, BnaA03g56320D, BnaA05g10570D, BnaC06g02870D, BnaC03g45660D, and BnaC04g37400D, upregulated specifically in resistant rapeseed by S. sclerotiorum elicitation. Correspondingly, four BnRLPs (BnaA04g14880D, BnaA05g08950D, BnaA04g14690D, and BnaC09g15920D) showed preference for susceptible rapeseed. Those genes identified from incompatible interactions might be good candidates for further functional assignment of RLP genes against S. sclerotiorum infection. BnaA02g16770D and BnaC02g22760D, which could be induced universally by S. sclerotiorum, might also play a role in preventing fungal infection. Zhongyou821 was identified as a mid-resistant B.napus variety (Wang et al., 2004) and commonly used as a control cultivar for investigating disease indexes. In this study, we also used Zhongyou821 for infection and performed qRT-PCR to verify the expression level of some upregulated BnRLP genes, and the result showed that the transcript abundance in this study was dozens of times than that derived from the RNAseq datasets, but further confirmed they could be induced by S. sclerotiorum. The large difference might be due to the selection of different cultivars or ascribed to spatiotemporal expression differences. Overall, all selected upregulated BnRLPs genes derived from the database could be induced by S. sclerotiorum in Zhongyou821.



Conclusion

We conducted identification, gene and protein characterization, localization, evolution, and expression analysis of the highly conserved RLP members in B. napus and found that a majority of RLP gene families in this study were relatively conserved during the evolution of Brassicaceae. Exploring effective resistance genes against a vast variety of microbial pathogens is critical for crop breeding. Genome-wide identification and expression analysis of the RLP family members in B. napus provided an alternative strategy to reinforce the resistance against major pathogens in Brassicaceae. Our results provide important clues for further investigations of the function of Brassicaceae RLPs involved in the development and immune response and pave the way to molecular breeding of disease-resistant rapeseed.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

WL: formal analysis, writing the original draft, data curation, and validation. JL: investigation, resources, and visualization. CY: data curation. SX: conceptualization, writing—review and editing, and supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the National Natural Science Foundation of China (Grants 31971836 and 30970247), the Hunan Province Natural Science Fund for Distinguished Young Scholars (Grant 11JJ1007), the Chongqing municipal education commission (Grant KJQN201900533), and the Chongqing Bureau of Human Resources and Social Security Post-doctoral Funding (0019).



Acknowledgments

We thank Yanan Liu for the critical reading of the manuscript. We thank all members of our laboratories for their helpful assistance during the research.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.944763/full#supplementary-material

SUPPLEMENTARY TABLE 1.
RLP gene information in B. napus, B. rapa and B. oleracea.

SUPPLEMENTARY TABLE 2.
Ka/Ks in A.thaliana and B. napus, B. rapa and B. oleracea pairs.

SUPPLEMENTARY TABLE 3.
Primers in this study.

SUPPLEMENTARY FIGURE 1.
Gene and protein structures of RLP genes in B. napus. The green bar represents CDS, the black line represents intron, and the blue bar represents UTR. The pink bar stands for the LRR motif, the yellow bar for the transmembrane domain, and the red for the signal peptide.

SUPPLEMENTARY FIGURE 2.
Motif and conserved domain of RLP in B. napus. Motif labeled as motif 1-motif 10. The green bar represents CDS, the blue bar represents UTR. The yellow bar stands for the conserved domain PLN03150 and the pink bar for PLN00113.

SUPPLEMENTARY FIGURE 3.
Motifs in BnRLPs.

SUPPLEMENTARY FIGURE 4.
Syntenic relationship of RLP-encoding genes between A. thaliana and Brassicaceae species.

SUPPLEMENTARY FIGURE 5.
Cis-acting element in BnRLP promoter.
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Tissue specificity of upregulated BnRLPs under S. sclerotiorum infection. The box plot represents dispersion and expression degree. Gene expression was detected with at least three biological repeats and three experiment repeats, and statistical analysis showed that compared with controls, the expression of all genes reached significant levels when elicited by S. sclerotiorum (p-value < 0.05).
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Flower color is an important trait in Brassica species. However, genes responsible for the dark yellow flower trait in Chinese cabbage have not been reported. In this study, we identified a dark-yellow-flowered Chinese cabbage line SD369. Genetic analysis indicated that the dark yellow flower trait in SD369 was controlled by a single recessive locus, Br-dyp1 (dark yellow petal color 1 in Brassica rapa). Using bulked segregant RNA sequencing and kompetitive allele-specific PCR assays, Br-dyp1 was fine-mapped to an interval of 53.6 kb on chromosome A09. Functional annotation analysis, expression analysis, and sequence variation analysis revealed that Bra037130 (BraA09.ZEP), which encodes a zeaxanthin epoxidase, was the most likely candidate gene for Br-dyp1. Carotenoid profile analysis suggested that Bra037130 (BraA09.ZEP) might participate in the epoxidation from zeaxanthin to violaxanthin. The 679 bp insertion in dark yellow petal caused premature stop codon, thus caused the loss-of-function of the enzyme zeaxanthin epoxidase (ZEP), which disturbed the carotenoid metabolism, and caused the increased accumulation of total carotenoid, and finally converted the flower color from yellow to dark yellow. Comparative transcriptome analysis also showed that the “carotenoid biosynthesis” pathway was significantly enriched, and genes involved in carotenoid degradation and abscisic acid biosynthesis and metabolism were significantly downregulated. Furthermore, we developed and validated the functional marker Br-dyp1-InDel for Br-dyp1. Overall, these results provide insight into the molecular basis of carotenoid-based flower coloration in B. rapa and reveal valuable information for marker-assisted selection breeding in Chinese cabbage.
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INTRODUCTION

Flower color is one of the most important traits in Brassica species and is particularly useful for ornamental and landscaping purposes (Zhang et al., 2018a; Liu et al., 2020b). In breeding, flower color can be used to evaluate variety purity in hybrid production (Zhang et al., 2018b; Yang et al., 2021). Brassica flowers are usually yellow, but can also be white, milky white, orange, or dark yellow (Zhang et al., 2018a). The gene carotenoid cleavage dioxygenase 4 (CCD4) underlies the white flower trait in Brassica napus and Brassica oleracea (Zhang et al., 2015; Han et al., 2019). In Brassica rapa, the orange flower color as well as the orange coloration of the inner leaves is controlled by the carotenoid isomerase (BrCRTISO) gene (Su et al., 2014). Our previous study showed that the BrWF3 gene, which encodes a diacylglycerol acyltransferase and is homologous to PES2 in Arabidopsis, controls the white flower trait in Chinese cabbage (B. rapa L. ssp. pekinensis; Yang et al., 2021). However, the gene underlying the dark yellow flower trait in Chinese cabbage or in B. rapa species has not been reported.

Carotenoids are a group of more than 700 lipid-soluble pigments synthesized in plastids (Gonzalez-Jorge et al., 2016; Li et al., 2016). In chloroplasts, carotenoids are essential structural and functional components of the antenna complex of the photosynthesis system, with roles in light harvesting, non-photochemical quenching, and limiting membrane damage by reactive oxygen species and singlet oxygen species (Walter and Strack, 2011; Zhang et al., 2015; Gonzalez-Jorge et al., 2016). Carotenoids in chromoplasts endow flowers and fruits with different colors, such as orange, yellow, and red, which attract animals for pollination and seed dispersal (Kevan and Baker, 1983). Carotenoids are also biosynthetic precursors for the synthesis of the plant hormones abscisic acid (ABA) and strigolactone (Frey et al., 2006; Alder et al., 2012).

The enzyme zeaxanthin epoxidase (ZEP) plays a critical role in carotenoid biosynthesis, which is responsible for the epoxidation of zeaxanthin to yield antheraxanthin and subsequently violaxanthin. Violaxanthin can be deepoxidated to antheraxanthin and then zeaxanthin by the enzyme violaxanthin de-epoxidase. This reversible epoxidation/deepoxidation is referred to as the xanthophyll cycle, in which deepoxidation to zeaxanthin is favored under high-light conditions while epoxidation to violaxanthin predominates in moderate-light conditions. The rapid formation of zeaxanthin via the xanthophyll cycle is indispensable for the dissipation of excess energy by non-photochemical quenching, while violaxanthin is a precursor for ABA biosynthesis; thus, xanthophyll cycle is one of the critical processes contributing to plant fitness and stress tolerance (Alboresi et al., 2011; Gao et al., 2013; Gonzalez-Jorge et al., 2016; Lou et al., 2017). Many studies have showed that ZEP proteins are involved in ABA biosynthesis, ZEP mutants display low ABA levels and almost no ABA upregulation under drought stress, while the overexpression of ZEP enhances tolerance to osmotic stress, which suggests that the ZEP enzyme plays a critical role in the ABA-mediated stress response (Marin et al., 1996; Agrawal et al., 2001; Xiong et al., 2002; Park et al., 2008). However, the impact of ZEP on carotenoid pigmentation in the flowers of Chinese cabbage has not been investigated.

In this study, we conducted positional cloning of the dark yellow petal color gene (Br-dyp1) in Chinese cabbage by using F2 populations, which derived from the dark-yellow-flowered inbred line “SD369” and the yellow-flowered DH line “R16-11.” Furthermore, we conducted carotenoid profile analysis and comparative transcriptome analysis to figure out the mechanisms underlying the dark yellow flower color pigmentation. In addition, we developed and validated a functional marker. This work will promote marker-assisted selection breeding and the exploration of molecular mechanisms that regulate flower color variation in Chinese cabbage or in B. rapa.



MATERIALS AND METHODS


Plant Materials

The yellow-petaled double haploid (DH) line R16-11 (P1) and the dark-yellow-petaled inbred Chinese cabbage line SD369 (P2) were used as parents to generate F1, F2, BC1P1, and BC1P2 populations for the inheritance and mapping studies. The BC1P1 and BC1P2 populations were created by backcrossing F1 plants with R16-11 or SD369, respectively. The petal color trait was investigated visually at the flowering stage. Statistical analyses of the segregation ratios of the F2 and BC1P1 populations were carried out through chi-square test (χ2). Additionally, eight yellow-petaled materials, eight dark-yellow-petaled materials, eight orange-petaled materials, and eight white-petaled materials were used to analyze mutations in the candidate gene (Supplementary Table 1). All the materials used in this study were provided by the Institute of Horticulture, Henan Academy of Agricultural Sciences.



Carotenoids Identification and Quantification

Carotenoids composition was measured by MetWare1 based on the AB Sciex QTRAP 6500 LC–MS/MS platform. Petals from 10 dark-yellow-petaled F2 plants were combined to form one replicate (referred to as the DY-bulk), and petals from 10 yellow-petaled F2 plants were included in the Y-bulk. In total, three replicates were assessed. Fresh petals were freeze-dried, ground into powder (30 Hz, 1.5 min), and stored at −80°C until needed. For each sample, 50 mg powder was weighted and extracted with 0.5 ml of a mixed solution of n-hexane: acetone: ethanol (1:1:1, v/v/v) with 0.01% BHT (g/ml), and 10 μl of (13C10)-β-carotene solution (20 μg/ml) were added into the extract as internal standards for quantification. The extract was vortexed for 20 min at room temperature. The supernatants were collected after centrifugation at 12000 r/min for 5 min at 4°C. The residue was re-extracted by repeating the above steps again under the same conditions. Saturated sodium chloride solution (0.5 ml) was added to the supernatant, after which the mixture was vortexed, and the upper layer was collected. This step was repeated two times more. Then, the supernatant was evaporated to dryness and dissolved in 0.5 ml of MTBE, then 0.5 ml 10% KOH-MeOH was added, the mixture was vortexed again, and the reaction was allowed to take place at room temperature overnight. After the reaction, 1 ml of saturated sodium chloride solution and 0.5 ml of MTBE were added, followed by vortexing, and the upper layer was collected. This step was repeated two times, and the supernatant was evaporated to dryness and reconstituted in 100 μl of mixed solution of MeOH/MTBE (1:1, v/v). The solution was filtered through a 0.22 μm membrane filter for further LC–MS/MS analysis.

The sample extracts were analyzed using a UPLC-APCI-MS/MS system (UPLC, ExionLC™ AD; MS, Applied Biosystems 6,500 Triple Quadrupole), which was performed as described in previous studies (Liu et al., 2020a; Wang et al., 2020; Zhou et al., 2020; Yang et al., 2021). The integrated peak area of each carotenoid detected in the samples was substituted into the linear equations of standard curves for content calculation; finally, the absolute content data for the carotenoids in the actual samples were obtained (Supplementary Table 2). The specific procedure for calculation of the carotenoid content was performed as Yang et al. (2021).



Bulked Segregant RNA Sequencing and Analysis

The DY-bulk and Y-bulk each with three replicates used for carotenoid analysis were also used for RNA sequencing. Six cDNA were constructed and sequenced at BioMarker Tech Co., Ltd. (Beijing, China). The Illumina HiSeq X 10 platform was used to generate 150-base paired-end reads for each library. To preliminarily map the candidate gene, the clean reads from the three DY-bulk replicates were merged to form a single read file, and another merged file was obtained from the three Y-bulk replicates. Then, the merged read files were aligned to the B. rapa reference genome (V1.5) using BWA software (Li and Durbin, 2010). The single-nucleotide polymorphism (SNP) and insertion/deletion (InDel) variants were called using SAMtools software (Li et al., 2009). The SNP index was calculated for all genomic positions in the DY-bulk and Y-bulk and the Δ(SNP index) was calculated by subtracting the SNP index of the Y-bulk from that of the DY-bulk, which was performed as previously described (Abe et al., 2012; Takagi et al., 2013; Yang et al., 2021). The candidate region of Br-dyp1 was identified by sliding window analysis with a 1-Mb width and a 50-kb increment at the 95% confidence level according to (Yang et al., 2021).

To identify differentially expressed genes (DEGs) between the DY-bulk and Y-bulk, the clean reads of each library were aligned to the B. rapa V1.5 reference genome using HISAT2 software with the default parameters (Kim et al., 2015). Then, the fragments per kilobase of transcript per million mapped reads value of each gene was calculated to estimate gene expression levels. DEGs were identified using the DESeq2 package (v1.6.3; Love et al., 2014). Genes with false discovery rate (FDR) ≤ 0.05 and |log2 (fold change) | ≥ 1 were recognized as DEGs. Gene Ontology (GO) enrichment analysis was carried out using the topGO package (v2.18.0; Alexa et al., 2010). Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was implemented using KOBAS (v2.0) software (Mao et al., 2005; Wu et al., 2006).



Kompetitive Allele-Specific PCR Marker and Linkage Map Development

To validate the results of Bulked Segregant RNA Sequencing (BSR-Seq) and map the Br-dyp1 gene, we selected SNPs showing polymorphism between the two bulks and nearing the candidate region for Kompetitive Allele-Specific PCR (KASP) marker development. The detailed procedures for KASP marker development and KASP assays were performed as described by (Yang et al., 2020). The developed KASP markers were first screened between R16-11 and SD369. Then, polymorphic KASP markers (Supplementary Table 3) were employed to genotype the F2 population containing 94 individuals. The genetic linkage map was constructed using JoinMap 4.0 software (Van Ooijen, 2006). Recombination values were converted into genetic map distances (cM) following the Kosambi mapping function (Kosambi, 1943).

For the fine-mapping of the candidate gene, approximately 3,500 F2 seeds were planted, and 743 individuals with a dark yellow petal phenotype were used for screening more recombinants.



Cloning and Sequence Analysis of the Candidate Genes

We designed primer pairs according to the B. rapa reference genome to clone the DNA and cDNA sequence of the candidate gene. Phanta Flash Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China) was deployed to amplify the candidate gene. The PCR products were sequenced by Sunya Biotech Co., Ltd. (Zhengzhou, China), and sequence alignments were performed using DNAMAN software. The coding sequences (CDSs) of candidate gene from R16-11 and SD369 were submitted to GenBank under the accession numbers OL436220 (R16-11) and OL436221 (SD369).



Quantitative Real-Time PCR

Total RNA was extracted from tissues of roots, stems, leaves, sepals, petals, stamens, and pistils from R16-11 and SD369. BrGAPDH was used as an internal control (Qi et al., 2010; Su et al., 2014). Quantitative Real-Time PCR (qRT-PCR) was performed with 2 × TB Green Premix Ex Taq II (TaKaRa, Japan) on a Roche LightCycler 480-II System (Roche Applied Sciences, Beijing, China). Relative expression levels were calculated using the 2−ΔΔCt method (Livak and Schmittgen, 2001). The results from three biological replicates are shown.




RESULTS


The Dark Yellow Petal Color Trait of SD369 Is Controlled by a Single Recessive Gene

The phenotypic analysis showed significant differences in petal color between the two parental lines (Figure 1). In R16-11 (P1), the petals showed stable yellow coloration at the flowering stage, whereas those of SD369 (P2) exhibited dark yellow coloration (Figures 1A,B). All 15 individuals in the F1 population showed a yellow petal phenotype, as did R16-11. Phenotypic segregation was observed in the F2 and BC1P2 populations, and the petals of the plants in these two populations exhibited two kinds of colorations, yellow or dark yellow, corresponding to the coloration of either R16-11 or SD369, respectively. In a small F2 population, 176 plants exhibited yellow petals, and 54 showed dark yellow petals, corresponding to a segregation ratio of 3:1 by the chi-square test (Table 1). In a larger F2 population, the segregation ratio was also 3:1 (2,371 yellow:743 dark yellow, χ2 = 2.16). The numbers of individuals with yellow and dark yellow petals in the BC1P2 population were 125 and 115, respectively, corresponding to a ratio of 1:1 according to the chi-square test (χ2 = 0.42 < [image: image] = 3.84, p < 0.05). Furthermore, all 200 BC1P1 plants showed yellow petals. All of these results demonstrate that the dark yellow petal color trait of SD369 is controlled by a monogenic recessive gene (Table 1). We named this locus Br-dyp1 (dark yellow petal color 1 in B. rapa).

[image: Figure 1]

FIGURE 1. Phenotypic characterization of flower color in the two parent lines (R16-11 and SD369). The flower color of R16-11 (A) is yellow at the flowering stage, while dark yellow for SD369 (B).




TABLE 1. Genetic analysis of the petal trait in parents and in crosses between R16-11 and SD369.
[image: Table1]



The Carotenoid Profile Is Altered in Dark Yellow Petals

The composition and content of carotenoids in petals of the Y-bulk and DY-bulk were determined using UPLC-APCI-MS/MS system under saponification treatment. The results showed that the carotenoid profiles of the DY-bulk were quite different from those of the Y-bulk. Ten carotenoids composition were identified in Y-bulk and DY-bulk, including three carotenes and seven xanthophylls (Figure 2; Supplementary Table 4). The total content of carotenes was slightly lower in the DY-bulk than in the Y-bulk (Supplementary Table 4). The total content of xanthophylls accounted for approximately 92.0% or 98.9% of the total carotenoids in the Y-bulk and DY-bulk, respectively, and the contents of almost all xanthophylls were higher in the DY-bulk than in the Y-bulk. For example, the amounts of lutein, zeaxanthin, and antheraxanthin in the DY-bulk increased about 6.7-fold, 11.2-fold, and 11.5-fold than that in Y-bulk. However, the amount of violaxanthin decreased about 3.6-fold in DY-bulk (Figure 2; Supplementary Table 4). The total content of carotenoids showed a remarkable 4.7-fold increase in dark yellow petals relative to that in the yellow petals (Supplementary Table 4). Taken together, these findings suggested that the dark yellow petal phenotype in SD369 resulted from increased contents of carotenoids, particularly lutein, zeaxanthin, and antheraxanthin.

[image: Figure 2]

FIGURE 2. Carotenoid composition in petals from Y-bulk and DY-bulk. Carotenoids extracts from yellow and dark yellow petals were subjected to UPLC-APCI-MS/MS system under saponification treatment. Error bars indicate SE (n = 3). Value of *p < 0.05 (Student’s t-test). Value of **p < 0.01 (Student’s t-test).




Fine-Mapping of the Br-dyp1 Gene

Br-dyp1 was preliminarily mapped using BSR-seq. A total of 47,206,290, 38,634,054, and 54,612,412 clean reads were obtained for the three Y-bulks, while 47,676,208, 51,940,890, and 49,967,262 clean reads were obtained for the three DY-bulks (Supplementary Table 5). Reads from the three Y-bulks were merged as the Y-pool, and reads from the three DY-bulks were merged to form the DY-pool. The Y-pool and DY-pool clean reads were aligned to the B. rapa V1.5 genome, and a total of 348,456 SNPs and 29,092 InDels were identified between these two pools. The Δ(SNP index) of each position was calculated for sliding window analysis. According to the null hypothesis, a 2.7 Mb region from 3.8 to 6.5 Mb on chromosome A09 exhibiting significant linkage disequilibrium was identified as the candidate region for the dark yellow petal trait at a 99% confidence level (Supplementary Figure 1; Supplementary Table 6), which was consistent with the genetic analysis showing the dark yellow petal color trait was controlled by a single recessive nuclear gene.

To validate the BSR-Seq results, 35 KASP markers in the candidate region were developed and used to screen the two parents. The results showed that 13 KASP markers (Supplementary Table 3) exhibited good polymorphism. These 13 markers were further genotyped in 94 F2 plants for linkage analysis (Supplementary Table 7). The results showed that the marker SH-K27 co-segregated with the Br-dyp1 gene in the preliminary mapping population (Figure 3A). There was one recombinant individual between Br-dyp1 and SH-K25 and SH-K29. The genetic distances between the Br-dyp1 locus and SH-K25 and SH-K29 were 0.6 and 0.5 cM, respectively (Figure 3A). The order of the markers in the genetic map is consistent with that in the physical map (Figure 3A).

[image: Figure 3]

FIGURE 3. Initial and fine-mapping of the Br-dyp1 gene in Chinese cabbage. (A) Initial mapping of Br-dyp1. Genetic map of Br-dyp1 is on the left, with cM as the unit. The corresponding physical map (right, unit: Mb) are also shown. (B) Fine-mapping of Br-dyp1. The Br-dyp1 gene was delimited to an interval between SH-K38 and SH-K43 on chromosome A09, with an estimated physical length of 53.6 kb, and 11 genes were annotated in this region based on the reference genome sequence. The genetic structure of each recombinant type is depicted as white for homozygous dark yellow petal color phenotype, black for heterozygous alleles, respectively. The number of each recombinant type is indicated in the brackets.


To fine-map the Br-dyp1 locus, we screened 743 dark-yellow-petaled F2 plants using the flanking markers SH-K34 and SH-K11 and identified 54 recombinants. All the 54 recombinants were further genotyped using SH-K35, SH-K24, SH-K25, SH-K27, and SH-K29, based on which 11 recombinants (type 4 and type 8) were identified (Figure 3B). Then, eight new markers were developed (Supplementary Table 3) and were further used to screen all the 11 recombinants using the KASP assay. The results delimited the Br-dyp1 gene to a 53.6 kb interval between markers SH-K38 and SH-K43, each with two recombinants (type 5 and type 6; Figure 3B). Four markers, namely, SH-K41, SH-K36, SH-K37, and SH-K27, co-segregated with the Br-dyp1 gene in the fine-mapping population (Figure 3B).



Candidate Gene Analysis

DNA sequences in the fine-mapping interval (53.6 kb) of Br-dyp1 were analyzed according to the B. rapa reference genome. Totally, 11 annotated or predicted genes were identified in the mapping region (Table 2). Among them, Bra037130 (BraA09.ZEP), a homolog of ZEP in Arabidopsis, could be the candidate gene (Table 2). ZEP encodes a zeaxanthin epoxidase that catalyzes the conversion of zeaxanthin to antheraxanthin and violaxanthin in the carotenoid biosynthesis pathway (Liu et al., 2020b).



TABLE 2. Annotated genes in the candidate interval of the Br-dyp1 locus.
[image: Table2]

Next, we examined the expression of the candidate gene Bra037130 (BraA09.ZEP) in different tissues of the two parent lines. qRT-PCR analysis using primer pairs Br-dyp1-qF1 and Br-dyp1-qR1 (Supplementary Table 8) revealed that the expression pattern of Bra037130 was significantly different between the parental lines. In any of the seven tissues that we examined, the expression of Bra037130 was much lower in the dark-yellow-petaled parent SD369 than in the yellow-petaled parent R16-11 (Figure 4A). The highest levels of Bra037130 (BraA09.ZEP) were present in the stamens and petals in both parental lines (Figure 4A).

[image: Figure 4]

FIGURE 4. Gene expression data analysis. Quantitative RT-PCR of Br-dyp1 (Bra037130; A) and BraA07.ZEP (Bra012127; B) in different tissues of the two parents. The BrGAPDH were used as an internal control. Error bars indicate SE (n = 3). Value of *p < 0.05 (Student’s t-test). Value of **p < 0.01 (Student’s t-test).


To characterize the sequence of the candidate genes in the parental lines, the primer pair Br-dyp1-F and Br-dyp1-R2 (Supplementary Table 8) were designed. Sequence analysis indicated that the candidate gene of R16-11 was 3,020 bp in length and contained 14 exons and 13 introns (Figure 5A; Supplementary Figure 2). The CDS of the candidate gene in R16-11 was 1965 bp in length (Supplementary Figure 2). Sequence alignment showed that there were 43 SNP variations and 11 InDel variations between the genomic sequences of R16-11 and SD369 (Supplementary Table 9; Supplementary Figure 3). Among these variations, the most significant sequence variation was a 679 bp insertion located at 240 bp of the gDNA, within the first exon in SD369 (Figure 5A; Supplementary Table 10). The 679 bp insertion caused a premature stop codon at the 93 a.a position (Figure 5B). Amino acid sequence alignment indicated that the deduced amino acid sequence of Bra037130 (BraA09.ZEP) in R16-11 was highly identical to the ZEP protein sequence in Arabidopsis (Supplementary Figure 4), and it contained four conserved motifs: two lipocalin conserved motifs (145–162 a.a and 264–283 a.a), a long monooxygenase domain (223–429 a.a), and a Forkhead-associated domain (579–625 a.a; Supplementary Figure 4). The 679 bp insertion in BraA09.ZEP caused the loss of the four conserved domains and ultimately resulted in the loss of function of the ZEP protein in dark yellow petals.

[image: Figure 5]

FIGURE 5. Candidate gene analysis of Br-dyp1. (A) Br-dyp1 includes 14 exons and 13 introns in the two parents. (B) A 679-bp insertion in dark-yellow-flowered SD369 caused a premature stop codon. (C–E) Validation of the functional marker Br-dyp1-InDel in F2 individuals (C), in 8 yellow and 8 dark-yellow-flowered materials (D), and in eight orange and eight white flowered materials (E).


Based on the 679 bp insertion in dark-yellow-petaled parent SD369, a functional marker Br-dyp1-InDel (primers pair Br-dyp1-ful-F and Br-dyp1-sp-R1; Supplementary Table 8), which could amplify a 1,644-bp and 965-bp product from line SD369 and R16-11, respectively, were developed and were assayed in different materials. The results showed that Br-dyp1-InDel co-segregated with the petal color phenotype in the F2 population (Figure 5C). Furthermore, eight yellow-petaled materials, eight dark yellow-petaled materials, eight orange-petaled materials, and eight white-petaled materials were genotyped using Br-dyp1-InDel. As expected, all the eight dark yellow-petaled materials showed the same genotype as SD369, and all eight yellow-petaled materials showed the same genotype as R16-11 (Figure 5D). Interestingly, the eight orange-petaled and eight white-petaled materials also exhibited the same genotype as R16-11 (Figure 5E), which implied that the genes controlling the orange and white petal color trait were different from BraA09.ZEP and the 679 bp insertion only existed in dark-yellow-petaled materials. Overall, these findings suggest that the Bra037130 (BraA09.ZEP) gene is the most promising candidate gene for the dark yellow petal color gene Br-dyp1 in Chinese cabbage.



The Coding Sequence and Expression Pattern of BraA07.ZEP Show Only a Little Difference Between Dark Yellow and Yellow Petals

Given that the coding sequence of BraA07.ZEP (Bra012127) was very similar to that of Br-dyp1 (BraA09.ZEP), with 87.02% identity, we designed a primer pair, ZEP-A07-ful-F and ZEP-A07-ful-R (Supplementary Table 8), to amplify the full-length CDS of BraA07.ZEP in R16-11 and SD369. The CDS of BraA07.ZEP from R16-11 and SD369 were submitted to GenBank under the accession numbers OL436222 (R16-11) and OL436223 (SD369). Sequence alignment revealed that there were 29 SNP variations between the coding sequences of R16-11 and SD369 (Supplementary Table 10; Supplementary Figure 5). Among the 29 SNPs, 27 SNPs were synonymous mutations, and only 2 SNPs caused non-synonymous mutations, which did not affect the protein function (Supplementary Table 10; Supplementary Figure 6). The expression pattern of BraA07.ZEP in the parental lines was also checked using primer pair ZEP-A07-qF and ZEP-A07-qR. The results revealed that the highest transcript levels were detected in the leaves, whereas low levels were found in petals and other tissues (Figure 4B). Furthermore, the expression of BraA07.ZEP in the petals of R16-11 was only slightly higher than that in SD369 (Figure 4B), which indicated a functional divergence between BraA07.ZEP and Br-dyp1 (BraA09.ZEP).



Transcriptome Analysis in Dark Yellow and Yellow Petals

To examine the global effect of the Br-dyp1 (BraA09.ZEP) mutation on gene expression in Chinese cabbage, RNA-seq analysis was employed to profile gene expression differences in petals from the Y-bulk and DY-bulk, each with three replicates. Approximately 290 million clean reads were generated for the six samples and 83.9–87.5% were uniquely mapped to the B. rapa (Chiifu-401) reference genome (Supplementary Table 5). All the clean reads were deposited in the NCBI Short Read Archive database under accession number PRJNA779176. Statistical analysis identified 835 DEGs with at least two-fold changes between the Y-bulk and DY-bulk from the three biological replicates (FDR ≤ 0.05). Among these DEGs, 248 genes were upregulated and 587 genes were downregulated in the dark yellow petals.

GO enrichment analysis of the 587 downregulated genes revealed that most DEGs were assigned to the “chloroplast stroma (GO: 0009570)” and “chloroplast thylakoid membrane (GO: 0009535)” terms in the cellular component category (Figure 6A), which was compatible with the ZEP localization in chloroplasts (Rock et al., 1992). Zeaxanthin is involved in non-photochemical quenching (NPQ) and thylakoid stacking, and thus affects the PSII function (Rock et al., 1992). Additionally, zeaxanthin serves important functions as an antioxidant in the lipid phase of the membrane and is likely to act as a key component in the memory of the chloroplast with respect to preceding photo-oxidative stress (Jahns and Holzwarth, 2012). In this study, genes participating in the “response to heat (GO: 0009408),” the “response to hydrogen peroxide (GO: 0042542),” the “fructose 1,6-bisphosphate metabolic process (GO: 0030388),” and “carbohydrate transport (GO: 0008643)” were significantly enriched in the biological process category (Figure 6A), which implied that due to the increased accumulation of zeaxanthin in dark yellow petals, the photo and heat stress and reactive oxygen were removed, so the genes involved in heat and hydrogen peroxide responses were downregulated. Furthermore, due to the sustained energy dissipation by zeaxanthin, genes with function of “UDP-glycosyltransferase activity (GO: 0008194)” and “sugar transmembrane transporter activity (GO: 0051119)” were downregulated (Figure 6A). Interestingly, GO enrichment analysis of the 248 upregulated genes showed that “cell wall biogenesis (GO: 0042546),” “cell wall organization (GO: 0071555), and “xyloglucan metabolic process (GO: 0010411)” were the top three significantly enriched terms in the biological process category, and large proportions of DEGs were assigned to the “apoplast (GO: 0048046)” and “cell wall (GO: 0005618)” in the cellular component category (Figure 6B). Xyloglucan endotransglucosylase/hydrolase genes (XTHs), which encode proteins with xyloglucan:xyloglucosyl transferase activity (GO: 0016762; Figure 6B), are involved in petal abscission in rose (Singh et al., 2011). In our study, the upregulated expression of XTHs in dark yellow petals might have caused faster petal abscission to save energy and to compensate sustained energy dissipation by zeaxanthin.
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FIGURE 6. Transcriptome analysis in yellow and dark yellow petals. (A,B) GO terms that were significantly enriched in 587 downregulated genes (A) and in 278 upregulated genes in the DY-bulk (B). (C) Scatter plot of top 20 enriched KEGG pathways. Rich factor is the ratio of the DEG number to the background number in a certain pathway. The size of the dots represents the number of genes, and the color of the dots represents the range of the q-value. (D) Differentially expressed genes related to the carotenoid metabolism and flux. The heatmap colors are shown in log2 (FPKM). Three biological replicates of the W-bulk and G-bulk are shown.


KEGG pathway enrichment analysis revealed that “carotenoid biosynthesis” was one of the most significantly enriched pathways (Figure 6C). When focusing on specific genes, in addition to the downregulation of the candidate gene Bra037130 (BraA09.ZEP) in the DY-bulk, five genes involved in carotenoid degradation and ABA biosynthetic and metabolic processes, including NECD3 (Bra001552), NCED4 (Bra013378), CYP707A4 (Bra001741 and Bra022407) and BG1 (Bra030386; Figure 6D), were also found to be significantly downregulated (FDR ≤ 0.05 and |log2 (fold change)| ≥ 1). Notably, most genes involved in carotenoid biosynthesis, such as PSY (Bra006391), PDS (Bra010751), ZDS (Bra040411), LCYB (Bra022892 and Bra029825), and LCYE (Bra006838), were slightly downregulated (FDR ≤ 0.05 and |log2 (fold change)| < 1; Supplementary Table 11). However, some of the genes in the MEP pathway, such as DXR (Bra035881), MCS (Bra027672), and GGPPS (Bra028096 and Bra039216; Supplementary Table 11), were slightly upregulated, which might partially contribute to the increased total carotenoid levels. In recent years, increasing evidence of cross-talk between flavonoid and carotenoid pathways has been obtained (Davuluri et al., 2005; Meng et al., 2019; Liu et al., 2020b). In this study, most genes involved in isoflavonoids and flavonoids biosynthesis were downregulated (Supplementary Table 11), which was consistent with the previous study (Liu et al., 2020b). The “circadian rhythm” pathway was significantly enriched, and most of the genes in this pathway were downregulated (Supplementary Table 11), which concurred that the transcription of ZEP gene follows a diurnal rhythm (Audran et al., 1998; Thompson et al., 2000). Furthermore, genes in the “carbon fixation in photosynthetic organisms” pathway were significantly enriched, and most of these genes were downregulated (Supplementary Table 11), which was consistent with the results of GO enrichment analysis, suggesting that the loss-of-function of ZEP caused increased accumulation of zeaxanthin and disturbed antenna assembly and affected the photosynthesis system.




DISCUSSION

The present study successfully fine-mapped the Br-dyp1 gene to a physical interval of 53.6 kb. Many lines of evidence revealed that the Bra037130 (BraA09.ZEP) gene is the candidate gene for Br-dyp1. First, the functional annotation analysis of 11 genes within the 53.6 kb interval revealed that only one gene, Bra037130, homologous to ZEP in Arabidopsis, was involved in carotenoid biosynthesis. Second, the expression level of Bra037130 (BraA09.ZEP) in flower tissues was much lower in deep yellow petals than in yellow petals. Third, sequence alignment showed that the 679 bp insertion in dark yellow petals caused a premature stop codon, thus causing the loss of function of the ZEP enzyme. Most importantly, we developed a functional marker for the candidate gene, and validation showed that this functional marker co-segregated with the petal color phenotype. Furthermore, carotenoid profile analysis showed increased accumulation of zeaxanthin and a reduction of violaxanthin, which concurred with the ZEP function (Marin et al., 1996; Gonzalez-Jorge et al., 2016). Above all, a 679 bp insertion of Bra037130 (BraA09.ZEP) in SD369 was the main reason that caused the dark yellow petal color phenotype. The developed functional marker can be used for molecular-assisted breeding and for developing new ornamental varieties with visual appeal, which has profound significance.

The gene structure annotation of Bra037130 (BraA09.ZEP) in B. rapa V1.5 reference genome has some mistake. When we cloned the candidate gene Bra037130 (BraA09.ZEP) for Br-dyp1, we first designed the primer pair Br-dyp1-F and Br-dyp1-R1 (Supplementary Table 8) to amplify the full-length sequence according to the B. rapa V1.5 reference genome. The results showed that no amplification products could be detected using cDNA from SD369 or R16-11 as a template. Another fragment-amplifying primer pair Br-dyp1-qF2 and Br-dyp1-qR2 (Supplementary Table 8), which targeted the eighteenth exon of Bra037130 according to the B. rapa V1.5 annotation, were designed and still no amplification products were detected using cDNA from either parent as the templates. However, the qRT-PCR results (Figure 4A) and the RNA-seq analysis (Figure 5D) showed that the candidate gene Bra037130 did express in the parental lines. Thus, there must be some mistake in the Bra037130 annotation in B. rapa V1.5. We subjected the CDS of Bra037130 to a BLAST search against the B. rapa V3.0 reference genome and found that the gene corresponding to Bra037130 in B. rapa V3.0 was BraA09g009220.3C. The BraA09g009220.3C gene owned 14 exons and 13 introns, whereas Bra037130 had 18 exons and 17 introns (Supplementary Table 12), indicating a considerable difference between the B. rapa V1.5 and V3.0 annotations. Therefore, we designed another full-length primer pair BrZEP-ful-F and BrZEP-ful-R2 to amplify the full-length sequence according to the B. rapa V3.0 reference genome, and both the full-length gDNA and cDNA could be amplified in the two parent lines (Supplementary Figure 2). Thus, the gene structure annotation of Bra037130 in B. rapa V3.0 reference genome is corrected according to our experiments results.

Through LC-APCI-MS/MS analysis with saponification, we observed that lutein was the most abundant carotenoid in yellow petals, whereas violaxanthin was the second most abundant carotenoid, accounting for approximately 57.7 and 24.1% of the total carotenoids in the Y-bulk, respectively. These results differed from our previous study (Yang et al., 2021) and another study conducted in Chinese cabbage (Zhang et al., 2020), in which the violaxanthin was the most abundant carotenoid and lutein was the second most abundant carotenoid. It has been reported that deepoxidation to zeaxanthin is favored in high-light conditions, while epoxidation to violaxanthin predominates under moderate-light conditions (Kalituho et al., 2007; Gonzalez-Jorge et al., 2016). The reasons for the above difference might due to the different seasons and different places for the petal sample collection. Because petals were collected in November and in greenhouse in our previous study (Yang et al., 2021), in which the sunlight was mild and the epoxidation to violaxanthin was favored, whereas we collected the petals in June and in an open field for this study, where the sunlight was bright and strong, so the de-epoxidation to zeaxanthin dominated.

A common feature of zep mutant leaves is the increased accumulation of zeaxanthin and decreased production of antheraxanthin and violaxanthin (Rock and Zeevaart, 1991; Marin et al., 1996; Niyogi et al., 1998; Liu et al., 2020b). As expected, in our study, the amount of zeaxanthin increased about 11.2-fold in DY-bulk than that in Y-bulk, and violaxanthin decreased about 3.6-fold in DY-bulk. Unexpectedly, the antheraxanthin increased about 11.5-fold in DY-bulk, which was different from the findings of previous studies (Rock and Zeevaart, 1991; Marin et al., 1996; Gonzalez-Jorge et al., 2016). We speculated that there were at least two mechanisms that might explain this difference. First, the enzyme zeaxanthin epoxidase might show substrate specificity. Phaeodactylum tricornutum contains three copies of ZEP, which exhibit different catalytic activities and substrate specificities (Eilers et al., 2016). In this study, the mutation of Br-dyp1 (BraA09.ZEP) mainly disturbed the epoxidation from antheraxanthin to violaxanthin, and the enzyme encoded by Br-dyp1 (BraA09.ZEP) might therefore exhibit substrate specificity for antheraxanthin. Second, the genome of Chinese cabbage has undergone genome triplication, and another paralogous gene, BraA07.ZEP, might contribute to epoxidation from zeaxanthin to antheraxanthin. Zeaxanthin epoxidases is present in only one gene copy in the model plants Arabidopsis or rice (Rock and Zeevaart, 1991; Agrawal et al., 2001). However, there were two copies of ZEP found in Chinese cabbage, and the sequence identity between BraA07.ZEP and our candidate gene, Br-dyp1 (BraA09.ZEP), was high to 87.02% in CDS. BraA07.ZEP was mainly expressed in leaves, whereas Br-dyp1 (BraA09.ZEP) was mainly expressed in flower tissues, the tissue-specific expression pattern showed a functional divergence, which was consistent with the results obtained in B. napus (Liu et al., 2020b). Although BraA07.ZEP was mainly expressed in leaves, its transcripts could also be detected in petals. Hence, we suspected that the enzyme encoded by BraA07.ZEP might partially compensate for the loss-of-function mutation of Br-dyp1 (BraA09.ZEP) in dark yellow petals and might be responsible for epoxidation from zeaxanthin to antheraxanthin. A transgenic line of A. thaliana with partly disabled zeaxanthin epoxidase activity also showed increased levels of zeaxanthin and antheraxanthin and decreased levels of violaxanthin (Nowicka et al., 2009), which is same with our results, and further confirming our above speculation.

In addition to the increased zeaxanthin and antheraxanthin, other xanthophylls especially the lutein increased about 6.7-fold in DY-bulk, and the total content of carotenoids showed a remarkable 4.7-fold increase in the DY-bulk, which can also be observed in maturing Arabidopsis seeds (Gonzalez-Jorge et al., 2016). Two possible reasons might explain this result. First, the enzyme ZEP is not only responsible for the epoxidation from zeaxanthin to violaxanthin, but may also be responsible for the epoxidation from lutein to lutein epoxide. Lutein epoxide is widespread among photosynthetic and non-photosynthetic plant tissues (Garcia-Plazaola et al., 2007), which has been detected in chromoplasts from flowers (Tai and Chen, 2000), fruits (Watanabe and Takahashi, 1999), seeds (Edelenbos et al., 2001), and tubers (Lu et al., 2001). The loss of ZEP activity in dark yellow petals disturbed not only the xanthophyll cycle but also the lutein epoxide cycle, thus causing increases in the accumulation of zeaxanthin and lutein. Second, the mutation of the gene Br-dyp1 (BraA09.ZEP) blocked the carotenoid flux, impaired the carotenoid degradation, and disturbed the flux from carotenoid to ABA biosynthesis, thus causing the bias from the β-branch to the α-branch, so the lutein increased and the total carotenoid increased. Our results were consistent with another study on a ZEP mutant, in which the lutein content was increased 2.2-fold and the total seed carotenoids showed a remarkable 6-fold increase relative to the wild type (Gonzalez-Jorge et al., 2016). In B. napus, the disruption of the gene CCD4 impairs the carotenoid degradation and disturbs the carotenoid flux and causes the total carotenoid to increase approximately 42-fold, ultimately changing the flower color from white to yellow (Zhang et al., 2015). Finally, some genes in the MEP pathways were upregulated in the DY-bulk, while some genes for ABA biosynthesis were downregulated, which provided more precursors for carotenoid biosynthesis and alleviated the carotenoid degradation and loss, which might also contribute to the increased total carotenoids in dark yellow petals.



CONCLUSION

The present study delimited the Br-dyp1 gene responsible for the dark yellow petal color trait in Chinese cabbage. The Br-dyp1 gene was fine-mapped to an interval of 53.6 kb via BSR-Seq and linkage analysis. Through functional annotation, expression profile and sequence variation analysis, Bra037130 (BraA09.ZEP) which encodes a zeaxanthin epoxidase, was the most likely candidate gene for Br-dyp1. BraA09.ZEP is involved in the epoxidation from zeaxanthin to violaxanthin. A 679 bp insertion in dark yellow petals caused a premature stop codon, and, thus, the loss of ZEP enzyme function, which affected carotenoid metabolism and caused an increase in the accumulation of total carotenoids. Moreover, we developed and validated the functional marker Br-dyp1-InDel for Br-dyp1. This achievement is an important advance for molecular research on flower pigmentation in Chinese cabbage.
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Winter rapeseed (Brassica rapa L.) is an important overwintering oilseed crop that is widely planted in northwest China and suffers chronic low temperatures in winter. So the cold stress becomes one of the major constraints that limit its production. The currently existing genomes limit the understanding of the cold-tolerant genetic basis of rapeseed. Here we assembled a high-quality long-read genome of B. rapa “Longyou-7” cultivar, which has a cold-tolerant phenotype, and constructed a graph-based pan-genome to detect the structural variations within homologs of currently reported cold-tolerant related genes in the “Longyou-7” genome, which provides an additional elucidation of the cold-tolerant genetic basis of “Longyou-7” cultivar and promotes the development of cold-tolerant breeding in B. rapa.
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BACKGROUND

Brassica rapa is a crop species of nutritional and economic importance. It is cultivated worldwide as oil and vegetable crops. It belongs to the genus Brassica, tribe Brassiceae of the family Brassicaceae. B. rapa (AA, 2n = 20) is one of the three diploid ancestors of B. napus (AACC, 2n = 38) and B. juncea (AABB, 2n = 36). During diversification, B. rapa formed different subspecies and morphotypes, including turnips, leafy greens, such as bok choy and Chinese cabbage, and oilseed crops, such as turnip rape and yellow sarsons (Gómez-Campo and Prakash, 1999; Prakash et al., 2011). Many of the B. rapa crops are annual, but turnips, some turnip rape cultivars, and some Chinese cabbage are biennial and require vernalization to flower (Zhao et al., 2007). The oleiferous form, namely B. rapa ssp. oleifera, or turnip rape, is the third most important Brassica oilseed crop after B. napus and B. juncea, and is widely grown in China, Canada, India, and northern Europe (Ramchiary and Lim, 2011). Before the introduction of B. napus into China in the 1930's, winter turnip rape was the major Brassica oilseed crop in the provinces of South China and along the Yangtse River (Wang, 2010), but it hardly survives in North China, including the Loess Plateau and the large areas North to the Yellow River due to the prolonged low temperature and dry weather in winter. In recent years, several winter turnip varieties including “Longyou-6” (LY6) and “Longyou-7” (LY7) with strong freeze tolerance were released and extensively grown in these regions, which greatly enlarged the area of oilseed rape production in China. The varieties are sowed in late August or early September. Old leaves were beginning to turn yellow from October and all leaves withered in late November as the temperature below −10°C and covered the surface of the land, but the shoot apexes keep alive across the winter. New leaves sprout out from the alive shoot apexes next March when the temperature turns warm. The plantation of these super freeze-resistant varieties not only changes the farming system from single cropping to one and a half or double cropping per year but also increases the land surface coverage during winter and prevents soil erosion of naked land in North China by the strong wind.

A high-quality reference genome is a valuable resource for genetic and genomic studies. The B. rapa genome was the first to be sequenced among the Brassica species (Wang et al., 2011). The multi-national B. rapa Genome Sequencing Project (BrGSP) was launched in 2003, which aimed to obtain the genome sequence of Chinese cabbage accession “Chiifu-401-42” using a BAC-by-BAC strategy (Trick et al., 2007). The first released B. rapa cv. “Chiifu-401-42” draft reference genome, v1.5, was assembled using a whole-genome shotgun strategy with Illumina short reads (Wang et al., 2011). However, the first B. rapa genome assembly (version 1.5) is only about 283.8 Mb, 58.52% of the estimated genome size (485 Mb) (Wang et al., 2011). The B. rapa genome v2.0 was de novo assembled with an additional 76G Illumina paired-end reads (≈156×) and 6.5G PacBio single-molecule data (≈13×) (Cai et al., 2017). It was updated to the B. rapa genome v2.5 after improving the scaffold order (http://brassicadb.org/brad/datasets/pub/Genomes/Brassica_rapa/V2.0/V2.5/). However, due to the relatively recent whole genome triplication, highly repeated sequences, and complicated centromeric regions, the early three versions of reference genomes assembled mainly using short reads are highly fragmented and contain thousands of discrete contigs and a large number of misassemblies. The inaccuracy in assembly and the low contiguity of these draft assemblies have largely hindered their applications in both genomic and genetic studies of B. rapa and other related Brassica species. More recently, a significantly improved B. rapa draft genome (v3.0) was assembled using single-molecule PacBio sequencing, optical mapping, and chromosome conformation capture technologies (Hi-C) (Zhang et al., 2018). Relative to the previous reference genomes, the v3.0 assembly reached a contig N50 size of 1.45 Mb, representing a ~30-fold improvement of contiguity.

B. rapa is a highly diverse and widely cultivated crop species worldwide. The “Chiifu-401-42” reference genome only is not sufficient to capture all or even most of the variants and can hardly satisfy the needs of subsequent functional genomics research and molecular breeding of B. rapa. Multiple high-quality reference genomes representing different morphotypes and ecotypes are necessary for a better understanding of the genome structure and genetic basis of morphotype and ecotype differentiation in B. rapa. Using the long-read sequencing technologies such as Oxford Nanopore Technology (ONT) and Pacific Biosciences (PacBio), 22 B. rapa varieties including morphotypes of Chinese cabbage, turnip, oilseed, taicai, mizuna, and pak choi (pak choi, wutacai, caixin) have been sequenced so far and assembled in high-quality in terms of continuity and completeness of repetitive regions (Belser et al., 2018; Cai et al., 2021; Li et al., 2021). Based on 18 B. rapa genomes, structural variations (SVs) were identified and an integrated graph-based pan-genome was constructed. Based on the pan-genome, SVs were genotyped in 524 B. rapa genomes, and SVs involved in leafy head domestication were identified (Cai et al., 2021).

However, among the 22 accessions sequenced, none has been indicated to be winter turnip rape. These genomes may not be suitable for elucidating candidate genes associated with cold resistance. To obtain a high-quality reference genome for the identification of genes involved in cold resistance, in this study, we assembled a high-quality genome of “LY7” using PacBio HIFI reads and confirmed the whole genome duplication (WGD) event that occurred in the genome of B. rapa (Wang et al., 2011). Combining the genomes of “LY7” and the other 22 B. rapa accessions, we constructed a graph-based pan-genome. Joint analysis of pan-genome and RNA-seq data identified two genes, HDG1 and BrANS3, which may be associated with cold tolerance. The reference genome of “LY7” and the graph-based genome will be useful for the identification of cold resistance genes through map-based gene cloning and genome-wide association studies in the future.



RESULTS


Morphological Characteristics of B. rapa “Longyou-7”

“LY7” and “Lenox” are two winter turnip rape varieties with strong and weak cold tolerance, respectively. Compared to the weak cold-tolerant “Lenox,” “LY7” displayed several distinct character traits such as fewer leaves, smaller and shorter leaves, and longer and larger taproot, which finally leads to its smaller dry leaf weight, larger dry taproot weight, and root/shoot ratio than Lenox (Table 1; Supplementary Figure S1). In addition, LY7 displayed prostrate growth and its shoot apex meristem (SAM) is beneath the ground (Figure 1), which protects it from drastic air temperature change. Furthermore, the leaves of LY7 withered earlier than Lenox, which could reduce water loss and also alleviate further damage transduced from leaves to SAM across winter. In two consecutive years of production experiments in six locations in Gansu province, China, Zhangye, Wuwei, Aolan, Lanzhou, Qingyang, and Jiuquan, the overwintering rate of “Longyou-7” variety of rapeseed reached 90.2% to 97.0% percent, and that of “Lenox” variety rapeseed reached 1.4% to 10.3% percent.


Table 1. Statistics of assemblies and annotation in B. rapa “Longyou-7” genome.
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FIGURE 1. De novo genome assembly and annotation of B.rapa “Longyou-7” genome. (A) Global view of genome features of B. rapa “Longyou-7,” Track a shows the 10 pseudochromosomes of B. rapa “Longyou-7” denoted by different colors. Track b shows the genome-wide distribution of Gene density. Track c shows the density distribution of GC content. Track d displays the density distribution of transposable elements (TE). Track e shows the density distribution of Copia. Track f shows the density distribution of Gypsy. The red triangles represent the location of the centromeres in all chromosomes; (B) Genome-wide Hi-C contact matrix of B. rapa “Longyou-7” genome; (C) Hi-C map of contact between two 500 kb loci in A01 of B. rapa “Longyou-7” genome.




Physiological Characteristics of B. rapa “Longyou-7”

When subjected to low temperatures, plants produce increased content of reactive oxygen species (ROS). Excess ROS can result in oxidative damage to cellular membranes and other cellular components, which ultimately leads to cell death. Malondialdehyde (MDA) is a type of ROS generated by the peroxidation of membrane polyunsaturated fatty acids (Esterbauer et al., 1991) and the content of MDA in the plant is often used as a parameter to evaluate the damage to plant cells due to stress. Plant with lower amounts of MDA under low temperature is generally considered more tolerant to cold. To determine whether ROS accumulation is related to the difference in cold tolerance between LY7 and Lenox, we measured the MDA content of plants grown under natural conditions. LY7 and Lenox were sowed in late August and leaves were collected once every month after sowing until December when the temperature went frozen. MDA contents increased in both LY7 and Lenox as the temperature went down from September to December, and the MDA content in Lenox is significantly higher than that in LY7 (Supplementary Figure S2), indicating that cell membranes of LY7 were less damaged by ROS generated by low temperature. Soluble protein has been proven to enhance the cold hardiness of plants, and increasing the content of soluble protein can enhance the cells to retain moisture, improving cold resistance capability (Jung et al., 1967). The content of soluble protein increased from September to October, then decreased, and the content did not show a significant difference between LY7 and Lenox.

ROS-scavenging enzymes play crucial roles in ROS homeostasis, and ascorbate peroxidase (APX), peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT) are four major enzymes that can reduce the accumulation of ROS, weaken the damage to cells and improve the stress resistance of plants (Apel and Hirt, 2004). We measured the activities of these four enzymes and found that the activities of these four enzymes in LY7 are significantly higher than that in Lenox at all time points, suggesting that LY7 could efficiently remove ROS generated by low temperature and protect cells from damage. These physiological indicators may explain the difference in cold tolerance between LY7 and Lenox.



De novo Assembly and Annotation of the “LY7” Genome

To reveal the genetic basis of the super cold tolerance in “LY7,” we sequenced and de novo assembled the genome of “LY7” with high fidelity (HiFi) reads generated by PacBio Circular Consensus Sequencing (CCS) technology. A total of 29 G (equivalent to 68× genome coverage) sequencing data, with 1,767,878 HiFi reads with Q30 of 95.83%, was obtained. The HiFi reads have an average read length of 16,440 bp and read length N50 of 16,344 bp. The maximum read length reached 43,710 bp. We also obtained 64 G high-throughput chromosome conformation capture (Hi-C) reads. Assembly with HiFi reads generated a total of 645 contigs, with a contig N50 size of 10.32 Mb, and a total length of 429 Mb. The longest contig reached 41.70Mb (Table 1). Scaffolding with Hi-C reads resulted in 67 scaffolds with a scaffold N50 size of 42.25 Mb and a total length of 413 Mb. With the assistance of Hi-C data, we anchored 408 Mb to 10 pseudo-chromosomes, with A09 being the longest (72.77 Mb) and A06 being the shortest (26.18 Mb) (Table 1; Figures 1A,B). All the 10 chromosomes show continuous Hi-C signals in the heatmap (Figure 1B), indicating frequent interactions between adjacent loci, and each chromosome can be seen to occupy a separate territory within the nucleus. Strong intrachromosomal interactions are also observed within two chromosome arms, such as A01, where the centromere region can be seen in the Hi-C heatmap, which has a significantly smaller range of interactions than the two chromosome arms (Figure 1C). The GC content of the B. rapa genome was 37.05%. A total of 45,844 gene models were annotated. To assess the quality of the genome assembly of “LY7,” we evaluated the completeness of gene models using the single copy embryophyte_odb10 BUSCO dataset which contains 1,614 BUSCO gene sets of core conserved plant genes. Of which, 1,595 genes (98.9%) are intact in the “Longyou-7” genome, 5 genes (0.3%) are fragmented, and 14 genes (0.8%) genes are missed in the “LY7” genome, indicating that the genome assembly has good integrity (Seppey et al., 2019). We also assessed the completeness by mapping the RNA-seq reads to the “LY7” genome and found that more than 92% of HiSeq reads could align properly. These results demonstrated the high completeness of the assembled genome (Supplementary Table S1).

To analyze repetitive sequences, we searched the genome sequence via a combination approach of de novo structure-based analysis and homology-based comparisons referring to previous methods (Schmutz et al., 2010). More than half (54.35%) of genomic sequences were annotated as repeat elements, which is higher than that in the 16 genomes assembled by Cai et al. (2021). The mean length of repeat elements was 232 bp, which is longer than most other samples analyzed in the previous study (Cai et al., 2021). A total of 976,574 transposable elements (TEs) were identified (Supplementary Table S2). As found in other plant genomes, long terminal repeat (LTR)-retrotransposons were the most abundant elements, including 298,537 Copia-like, 33,378 Gypsy-like, and 7,568 unclassified LTR elements, representing 42.5% of all the identified TEs. In addition to class I retrotransposons, 637,091 class II DNA transposons were identified, including 2,496 Tc1/Mariners, 12,784 hATs, 447,564 Mutators, 11,160 PIF/Harbingers and 155,055 Helitrons. These TEs, together with abundant truncated elements and other repetitive fragments, made up 54.81% of the LY7 genome.

The distributions of gene density, GC content, Gypsy, and Copia density on the 10 pseudo-chromosomes are depicted in a circus plot (Figure 1A). Gene density in the two arms was much higher than that in the centromeric regions, which could approximately delimit the locations of the centromeres on chromosomes. The centromere sequences were successfully identified for all chromosomes of LY7 (Figure 1A). The distribution of GC is contrasting to gene density, with the centromeric regions having much higher GC content than the arms. The distributions of transposons along chromosomes are consistent with the GC content, with the density of transposable elements in the centromeric regions much higher than that in the chromosome arms. The two major transposon superfamilies, Gypsy and Copia, are mainly located in the centromere regions, which are also consistent with the GC content. Whereas the distribution of the Copia superfamily transposons was complementary to that of the Gypsy superfamily transposons in the centromere regions (Figure 1A).



Whole Genome Duplication and Evolution

The B. rapa genome has experienced a whole-genome triplication (WGT) event relative to the A. thaliana genome (Wang et al., 2011), which was reported to play an important role in the speciation and morphotype diversification of Brassica plants (Cheng et al., 2014). Synteny dot plot analysis between the “LY7” genome and the A. thaliana genome revealed a 3:1 syntenic depth was identified, which also confirms the extra WGT event reported in the previous study (Wang et al., 2011) that B. rapa genome underwent (Figure 2A). Self-alignment analysis revealed long stretches of duplications within the assembled B. rapa “Longyou-7” genome among chromosomes, for example, chromosome 1, 3, 5, and 8 (Figure 2B). Intra-chromosomal duplication also exists in B. rapa “Longyou-7” genome, which was only found in chromosome 7. Combined with the phylogenetic tree, we can speculate on the occurrence time and species specificity of WGT (Figure 2C). Distribution of synonymous substitutions per synonymous site (Ks) of paralogous genes and syntenic blocks for B. rapa “Chiifu” (Wang et al., 2011), B. rapa “Longyou-7” and B. oleracea (Parkin et al., 2014) confirmed two WGT peaks near Ks = 0.32 and Ks = 0.83, and a divergence peak of B. rapa with A. thaliana near Ks = 0.43, the synonymous replacement rate is chosen to be 1.5*10−8 mutations site/year refer to the previous study (Song et al., 2020), so the WGT events in B. rapa and A. thaliana are estimated to have occurred about 10.7 million years ago and 27.7 million years ago, respectively, according to the formula “T = Ks / 2r.” Phylogenic analysis was performed with some Brassica ssp. related species, the WGT event of B. rapa was found to happen after the divergence between Thlaspi avense and Brassica ssp., which is at about 19.3 MYA (Figure 2D). WGD in plants was reported to have a significant contribution to plant adaption (Wu et al., 2020), which also includes adaptation to ambient temperature. The times of the above events were similar to what had been reported (Song et al., 2020; Cai et al., 2021). On the other hand, the phylogenetic tree of B. rapa was constructed using the maximum likelihood method using single-copy ortholog sequences among the “Longyou-7” genome and 18 reported B. rapa genomes (Cai et al., 2021), with species B. oleracea (Parkin et al., 2014) as the outgroup. The results of the clustering showed that the “Longyou-7” genome differed significantly from the other 18 genomes of B. rapa and formed a separate branch so that it was necessary to construct the reference genome of LY7 to deepen the understanding of the genetic diversity of B. rapa. (Figure 2E).
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FIGURE 2. WGT and evolution of B. rapa “Longyou-7” genome. (A) Macrosynteny patterns reflect a 3:1 syntenic depth between B. rapa “Longyou-7” and A. thaliana genomes. Green linkages mark examples where three copies of a gene on chromosomes of Arabidopsis are present in the “Longyou-7” genome; (B) Dot plot illustrating the comparative analysis within the “Longyou-7” and Arabidopsis genomes, the pink circles highlight several major triplication events, the dots represent the synteny gene pairs, and the orange circles highlight an example of 3:1 synteny depth; (C) Phylogenetic tree constructed with single-copy orthologs of seven species with divergence time annotated. (D) Ks (Synonymous substitution rate) distributions for Brassica rapa paralogs and orthologs with other genomes: A. thaliana, B. oleracea, and B.rapa Chiifu; (E) Species tree constructed using the maximum likelihood method with single-copy ortholog sequences of B. rapa “Longyou-7” genome and 18 reported B. rapa genomes, with B. oleracea as the outgroup.


The abundance of repetitive sequences is thought to be the main challenge of plant genome assembly and long terminal repeat retrotransposons (LTR-RTs) are the dominant repetitive sequences that are poorly assembled in draft genomes. LTR Assembly Index (LAI) is reported to be used for evaluating assembly continuity using LTR-RTs (Ou et al., 2018). Here we calculated the LAI of 10 chromosomes of our B. rapa genome. Our research performs an LAI estimate toward the assembled B. rapa genome to visualize its assembly quality. LAI score reflexes the assembly quality of repetitive region sequences. The mean LAI score of our genome is 20.04 with a standard deviation is 4.6, which suggests the assembly of our B. rapa genome shows high quality. However, some chromosome regions also present low quality (Figure 3A). For example, some regions of chromosome A09 are found with LAI scores under 10, which means the assembly of this region might be implausible (Ou et al., 2018). The assembly results of the complete repetitive elements provided us with an opportunity to accurately analyze the LTR-RTs insertion burst events in the B. rapa genome, which are considered to be the driving force of WGT. To investigate the evolutionary dynamics of LTR-RTs, the insertion time in B. rapa “Longyou-7,” B. rapa “Chiifu,” B. oleracea (Parkin et al., 2014), and B. napus was estimated (Figure 3B). The density plot indicated that the B. rapa “Longyou-7” genome has a comparatively highest proportion of recent insertions, which is considered to contribute to the larger genome size (413.27Mb) than B. rapa “Chiifu” (353.14Mb) (Wang et al., 2011). The LTR-RTs density analysis shows the general existence of LTR-RTs insertion event within all the chromosomes in B. rapa with two blocks presents extra high LTR-RTs density, at the end of chromosome A03 and the site about 24 Mb on chromosome 10 (Figure 3C). Large scale block with high LTR-RT density was also discovered in chromosome 1 and chromosome 9 at the 16Mb-28Mb and 30Mb-50Mb regions respectively (Figure 3C). Another peak in LTR-RTs insertion density occurred about 1 million years ago and can be seen within both the “Chiifu” and “Longyou-7” genomes, which may suggest an ancient LTR insertion event. The activity of transposable elements (TEs) including LTR-RTs is thought to cause various genetic diversities, including the adaption of the environment (Wu et al., 2020).


[image: Figure 3]
FIGURE 3. LTR insertion events in B. rapa “Longyou-7” genome. (A) LAI score reflects the quality of repetitive sequences of B. rapa “Longyou-7” genome assembled, with mean LAI = 20.04, SD = 4.6; (B) Insertion time distribution of LTR retrotransposons in B. napus, B. oleracea, B. rapa, and B. rapa “Longyou-7” genomes; (C) The distribution of LTR-RTs density in each chromosome of B. rapa “Longyou-7”.




Graph-Based Pan-Genome

Compared with the reference genome (Chiifu), the genome of LY7 contains 2,174,693 SNPs and 580,073 Indels, involving 4,381,775 bp sequences. But this is far from representing the genetic diversity of species in B. rapa. A pan-genome represents an approximation of the entire gene repertoire and provides an important resource for the identification of genetic variants, particularly for larger structural variants such as presence/absence variants (PAVs) and copy number variants (CNVs) of a species. A graph-based pan-genome uses substitutable sequences in a population to represent the variants present at each locus (Li et al., 2022), which can be visualizable and facilitate fast and accurate identification and genotyping of larger SVs within and close to specific genes. To capture the entire genomic diversity, we constructed a high-resolution graph-based pan-genome of B. rapa using the assembled genome of “LY7” together with 22 previously reported B. rapa genomes representing different morphotypes and ecotypes (Cai et al., 2021) (Supplementary Table S3). The B. rapa genome of “Chiifu” was used as the reference genome and the other 22 genomes including LY7 were iteratively aligned to the genome of “Chiifu” using Minigraph (Li et al., 2020) (Supplementary Table S3). A graphical pan-genome that contained a total of 91,308 structural variations was finally obtained. The size of the pan-genome gradually increased as the number of genomes increased, and eventually leveled off at about 800Mb, indicating that the pan-genome is close to saturation (Figure 4A). The graphical pan-genome contains 642,697 sequence fragments, of which 172,811 are from the reference genome, and the rests are PAV identified from other 22 B. rapa genomes.


[image: Figure 4]
FIGURE 4. Graph-based pan-genome constructed with 23 B. rapa genomes currently exist. (A) Pan-genome size increased with more genomes were used; (B) Two copies of gene TCP4 were detected in pan-genome and the SVs around them; (C) Two copies of the gene ERD10 detected in the pan-genome we constructed and the SVs located inside one of the copies (D) Structural variants detected in the pan-genome upstream of the gene ERF105.




SVs Related to Cold Tolerance

Cold regulated (COR) genes have been isolated and identified from Arabidopsis thaliana, canola, rice, and other plants (Hajela et al., 1990; Thomashow et al., 1997; Park et al., 2015). The COR genes encode various functional proteins to resist cold stress and improve cold resistance, including DREB, CBF, NAC, MYB, bZIP, and WRKY (Jaglo-Ottosen et al., 1998; Yoo et al., 2007; Liao et al., 2008, p. 62; Kim et al., 2016; Liu et al., 2019). To reveal the genetic basis of the strong cold tolerance of LY7, we collected a total of 97 COR genes from literature, including 29 genes from Arabidopsis, 13 genes from rice, three genes from B. rapa, and 53 genes from B. napus (Supplementary Table S1). BLAST analysis using amino acid sequences of these genes as query identified 53 orthologous genes in the LY7 genome (Supplementary Table S1). Of the 53 COR genes, 40 were found to be multiple copy genes (Supplementary Tables S4, S5), which may be related to the WGT event mentioned earlier. Compared to the reference genome of Chiifu, we identified copy number variations (CNV) in 39 out of the 40 multiple copy genes. In addition, with the assistance of the graph-based pan-genome, we found SVs within or upstream (<2 kb) of 17 out of the 40 COR genes. For example, TCP4 in Arabidopsis encodes a transcription factor that coordinates growth processes during leaf development (Martín-Trillo and Cubas, 2010), which is mediated by miR319. miR319 and its target TCP4 can act as switches that turn on secondary cell wall synthesis, which is reported to be associated with cold tolerance in plants (Zeng et al., 2018). Bra032365 is an orthologous gene of TCP4 in B. rapa. It has only one copy in Chiifu, but three copies in LY7 (Supplementary Table S5). BLAST search in the graph-based pan-genome identified CNVs and SVs of Bra032365 in all the 23 B. rapa genomes (Figure 4B). Early Responsive to Dehydration 10 (ERD10) is reported to play role in the protection of the plants from various stresses, including cold and dehydration (Kim and Nam, 2010). Two orthologous copies of ERD10, Bra012230, and Bra025819 located on different chromosomes, were identified in Chiifu, while three copies were identified in LY7. In addition, SVs were identified in both Bra012230 and Bra025819 (Figure 4C). The ethylene response factor (ERF) gene family encodes plant-specific transcription factors. Bra035732 is an orthologous gene of ERF105, which was reported to play role in freezing tolerance and cold acclimation of A. thaliana (Bolt et al., 2017). Large SVs were detected upstream of Bra035732 (Figure 4D). The CNVs and SVs identified in these COR genes may be associated with cold tolerance in B. rapa.



The Potential Impact of SVs Related to Cold Tolerance

To further reveal if the CNVs and SVs identified in the 40 COR genes are associated with cold tolerance, we analyzed the differences in expression levels of these genes before and after cold treatment. Plants of LY7 and Lenox grow in a 22 °C growth chamber (with 16/8h light/dark cycle) to a six-leaf stage and then were transferred to a 4 °C growth chamber for 3 and 24 h, and then recovered at 22 °C for 24h. Growth points of these plants were collected for RNA-seq (Ma et al., 2019). Of the 17 genes having structural variations within coding sequence regions (CDS) or upstream regulatory sequences, two genes, HDG1 and BrANS3, displayed different expression patterns between LY7 and Lenox, while the other genes showed similar expression patterns in LY7 and Lenox before and after cold treatment. HDG1, encoding a protein in the homeodomain (HD)-START transcription factor family also known as the Class IV Homeodomain-Leucine Zipper transcription factor family (Nakamura et al., 2006), was previously reported to assist with the growth and development of plants under unfavorable environments including cold stress (Sharif et al., 2021). Overexpressing HDG1 in plants significantly influenced the root system and improved the resistance to stresses (Horstman et al., 2015). Bra004934 is a homologous gene of HDG1. With the graph-based pan-genome, we identified a 4860 bp LTR inserted in the first intron of HDG1 in “LY7” (Figure 5A). Alignment of RNA-seq reads to the LY7 genome indicated that the insertion of LTR in the first intron did not change the protein-coding sequence and disrupted the transcription of HDG1 (Figure 5C). Further comparative analysis identified the same LTR in HDG1 of BRO (Broccolieto), TUA (Turnip), and Z1 (sarson type) (Cai et al., 2021) genomes (Figure 5D). The expression level of HDG1 in “Longyou-7” increased 2 folds after 3h cold treatment and four folds after 24h cold treatment (P = 0.01). Its expression level was restored to the untreated level after recovery at 22°C for 24h (Figures 5B,C). Whereas the expression level of HDG1 in Lenox did not show a significant difference before and after cold treatment (Figures 5B,C). Thus, the differential expression of HDG1 in “LY7” is thought to be associated with the cold-tolerance, and the LTR inserted in the first intron of HDG1 might be cold-inducible. The structural variation in HDG1 was further examined in 80 samples from the resequencing dataset of spring Chinese cabbage populations reported in previous studies (Su et al., 2018), and the results showed that the structural variation was detected in 82.5% of the samples, indicating that the structural variation is widespread in cold-tolerant spring cabbage varieties (Supplementary Table S6).
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FIGURE 5. Structure variant of HDG1 in B. rapa “Longyou-7” genome. (A) BLAST hit of gene HDG1 in the pan-genome and 4860bp of structural variation detected within it; (B) The differential expression of HDG1 between “Longyou-7” and “Lenox” within 48 h; (C) Coverage of RNAseq reads in the region of gene HDG1 in “Longyou-7” genome and their abundance; (D) Neighbor-joining tree clustering and the gene structure characteristics of gene HDG1.


Anthocyanins are water-soluble flavonoid pigments widely distributed in the petals, fruits, stems, and leaves of plants (Potapovich and Kostyuk, 2003; Lo Piero et al., 2005; Yuan et al., 2009). In addition, anthocyanins are natural antioxidants that can strongly scavenge free radicals and reactive oxygen species (ROS) (Gould, 2004). Anthocyanidin synthase (ANS) is one of the structural genes encoding multiple enzymes in anthocyanin biosynthesis. BrANS3 (Bra013652) was reported to be strongly associated with anthocyanin accumulation and resistance to cold stress of B. rapa (Ahmed et al., 2015). In the constructed graph-based pangenome, we detected structural variations within this gene (Figure 6A). A Mariner insertion of about 240 bp was identified in 10 genomes including OIA, CCA, Z1, OIC, OIB, WTC, MIZ, CXB, TBA, and PCA, but not in the other genomes including the two-known cold-tolerant varieties “LY7” and “Chiifu” (Figure 6B). Due to the SNPs in this structural variation, four branches representing four different allelic genotypes can be observed in the graph-based pan-genome (Figure 6A). BrANS3 was differentially expressed between “LY7” and “Lenox” varieties before cold treatment. The expression level of BrANS3 was very low in Lenox before cold treatment and not elevated after cold treatment, while the expression level in LY7 was significantly increased after 24h cold treatment (Figure 6C). We further demonstrated that this gene was differentially expressed in cold-tolerant and cold-sensitive varieties by using the genome of the “TBA” variety, which has the Mariner insertion of ~240 bp in BrANS3, as the reference genome for transcriptome mapping, and found that the insertion did not change the protein-coding sequence of this gene (Figures 6C,D). Therefore, we speculate that the insertion of this fragment may be widely present inside the BrANS3 of cold-sensitive rapeseed varieties, hindering the expression of the gene and thus causing rapeseed to exhibit cold-sensitive traits, while BrANS3 without the insertion can express normally and improve the cold tolerance of rapeseed. Alignment of the 80 resequencing data mentioned earlier (Su et al., 2018) to the TBA variety genome revealed that the structural variant was not widespread in the spring Chinese cabbage population and was detected in only 12.5% of the samples (Supplementary Table S7). A weighted gene co-expression network analysis (WGCNA) was performed on the transcriptome data (Ma et al., 2019), and the top 100 co-expressed genes with weight values were screened, five of which contained cold response terms in the GO annotation information (Ma et al., 2019). Their interactions were predicted in the STRING database, and from the results, three of them are located upstream of gene BrANS3 and may play a regulatory role in the expression of BrANS3.
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FIGURE 6. Structure variant of BrANS3 in B. rapa “Longyou-7” genome. (A) BLAST hit of BrANS3 gene of “Longyou-7” genome (blue) and a 240 bp of structural variation (red transparent) detected within the graph-based pan-genome; (B) Neighbor-joining tree clustering and the gene structure characteristics of BrANS3 gene; (C) Coverage of RNA-Seq reads in the region of BrANS3 gene in “TBA” (From Tibet, China) genome and their abundance; (D) The differential expression of BrANS3 between “Longyou-7” and “Lenox” cultivars within 48 h.





DISCUSSION

In this study, we sequenced and assembled for the first time a high-quality chromosome-level genome of rapeseed cold-tolerant variety “Longyou-7” and performed a series of correlation analyses based on the assembled genome to elucidate cold-tolerance traits in this cultivar. Comparative genomic analysis of the “Longyou-7” genome with some other cruciferous plant genomes identified the whole-genome triplication event of B. rapa in the “Longyou-7” genome. Analysis of TEs revealed a recent LTR insertion event in the “Longyou-7” genome, which is thought to be possibly related to cold adaption in this variety of rapeseed. Together with the currently existing 22 B. rapa genomes, we build a graph-based pan-genome with high resolution. Subsequently, we collected 97 genes (Supplementary Table S1) that have been reported to be associated with cold stress located in rice, kale, oilseed rape, and Arabidopsis, and extracted their homologs in rapeseed based on the synteny relationship between these genomes of these species and rapeseed genomes, and further looked for SVs within these genes with the constructed pan-genomes. The transcriptome data of “Longyou-7” reported in previous studies with Lenox (Ma et al., 2019) were used to see the expression of homologous genes with structural variants. We detected SVs in 16 cold tolerance-related homologs (Supplementary Table S4) in the “Longyou-7” genome and two of them, HDG1 and BrANS3, were differentially expressed before and after cold treatment between “Longou-7” and “Lenox” varieties. Among them, HDG1 was previously reported to enhance plant tolerance to cold stress (Horstman et al., 2015), and in this study, we detected a 4,860 bp structural variation in the internal intron region of this gene in the cold-tolerant “Longyou-7” variety, which was further confirmed to be due to the insertion of two Copia LTR retrotransposons. BrANS3 was previously reported to be strongly associated with cold tolerance in B. rapa (Ahmed et al., 2015), and here a deletion of about 240 bp was detected in the internal intron region of this gene within both known cold-tolerant species, “Longyou-7” and “Chiifu.” We further supported these two findings by sequence-structure analysis. Transcript coverage showed that the structural variation in both genes did not affect their protein-coding sequences, and differential expression of both genes was detected between cold-tolerant and cold-sensitive varieties. Therefore, the structural variants detected in the cold-tolerance-related genes HDG1 and BrANS3 are thought to have led to their differential expression between cold-tolerant and cold-sensitive varieties, and consequently to the cold-tolerant phenotype exhibited by the “Longyou-7” variety.

Collectively, our research provides a high-quality genomic resource for the study of the cold-tolerant phenotype in B. rapa. Results of the comparative genomic analysis confirmed the WGT event experienced by B. rapa “Longyou-7” genome. Moreover, the constructed graph-based pan-genome could serve as a resource for the excavation of cold tolerance-related SVs of B. rapa. Furthermore, we uncovered two possible SVs that contribute to the cold-tolerant trait of B. rapa variant “Longyou-7,” which reveals new insights into the cold tolerance of rapeseed.



MATERIALS AND METHODS


Plant Materials

“Longyou-7” is a winter turnip rape with super freeze-tolerance bred by scientists at Gansu Agricultural University (Lanzhou, China). They crossed a landrace with strong cold resistance, Chenjiazui winter turnip rape, with high-yielding Tianyou 4 with weak cold resistance in 1996 (Sun et al., 2011). The F2, F3, and higher generations family lines were grown at multiple locations around Lanzhou city (latitude: 34°33′-39°46′N; longitude: 103°.82′E; Altitude:1,083–1,477 m,) under natural conditions in winter. Families with overwinter survival rate higher than 80% were selected for each generation. One of the family lines with super cold resistance was registered as “Longyou-7” in 2007, which can survive in the winter in the region between N34° and N48° and under as low as−31.9 °C environment with a survival rate higher than 80% (Zhou et al., 2014). Lenox is a freeze-sensitive variety also bred by scientists at Gansu Agricultural University. It has a overwinter survival rate of 0-10% at Tianshui (34°36′ N, 105°39′ E, the annual average temperature is 12.9°C), Huining (35°89′ N, 104°62′ E, the annual average temperature is 9.2°C) and Qingyang (35°38′ N, 107°35′ E, the annual average temperature is 10°C).

We also measured the activity of other ROS scavenging enzymes, including superoxide dismutase (SOD), catalase (CAT), glutathione reductase (GR), and peroxidase, in the ospp18 mutant and wild-type plants. Among these ROS scavenging enzymes, the activity of GR was significantly lower in the ospp18 mutant than in the wild type under both the drought stress and non-stress conditions (Figure 6B).



Measurements of Phenotypic and Physiological Traits

Longyou 7 and Lenox were sowed at the experimental farm of Gansu Agricultural University, Yongdeng County, Gansu, on August 20, 2020. Field management was conducted as regular agricultural practice. The rapeseed leaves and roots were collected when growth reached the five-leaf stage (October).

Leaves were collected every 1 month after sowing from plants grown in the field until December. Root shoot ratio refers to the ratio of fresh weight or dry weight of the underground part and aboveground part of rapeseed. Oxidative damage was estimated by measuring the content of MDA as described previously (Du et al., 2010). The content of soluble protein (SP) was measured as previously described (Arminian and Dehghani Bidgoli, 2019). The activity of ROS scavenging enzymes, such as ascorbate peroxidase (APX) activity, peroxidase (POD) activity (Quiroga et al., 2000), superoxide dismutase (SOD) activity, catalase (CAT) activity, were measured as described in previous studies (Quiroga et al., 2000; Yao et al., 2011; Zhang et al., 2013).



Library Construction and Sequencing

Genomic DNA was extracted following the method by which genomic DNA was extracted for Illumina and Pacbio library construction and sequencing. Libraries for Pacbio-HiFi sequencing were constructed using the SMRTbell Express Template Prep Kit v2.0 following the manufacturer”s protocols provided by PacBio Company and sequenced on the PacBio platform. The created Hi-C library was digested into units with Dpn II and sequenced by Illumina HiSeq 4000 platform with 150 bp reads length with a 200 bp insert size and sequenced on Illumina platform. Library for Illumina pair-end genome sequencing was built following the provided standard protocol.



Genome Assembly

The B. rapa “Longyou-7” genome was de novo assembled using the PacBio SMRT data. Falcon was used for performing subreads polishing and contigs assembly (falcon−201711.02−16.04 -py 2.7), and parameter length_cut_off_pr was set at 6,000. Canu v1.6 (Koren et al., 2017) was used for the assembly of subreads polished by Falcon (Chin et al., 2016), and parameter correctedErrorRate was set at 0.05. Then the PacBio reads were mapped to the draft contigs by pbalign, whose result was polished with Quiver (Chin et al., 2013) using the arrow algorithm. The gained contigs were polished with Illumina PE reads (insertion size 350bp) by pilon1.18. Unique sequences generated by Canu were not found in Falcon assembly. Hi-C reads were used for scaffolding the draft assembly genome using the 3D-DNA pipeline (Dudchenko et al., 2017), with the parameter -i set as 1 and -r set as 5. Hi-C reads were aligned to the polished contigs following the reported Juicer pipeline (Durand et al., 2016b). The result of 3D-DNA was polished using Juicebox (Durand et al., 2016a). We finally got 10 chromosome-length scaffolds. The completeness and accuracy of B. rapa 'Longyou-7' assembly were assessed using BUSCO (Seppey et al., 2019) with the embryophyte_odb10 dataset.



Repeat Element Annotation

An extensive de-novo TE Annotator (EDTA) pipeline (Ou et al., 2019) was used for building a whole-genome de novo repeat library and performing the identification of the transposable elements (TEs). The de novo detection of long terminal repeat (LTR) retrotransposons in B. rapa “Longyou-7” genome we detected was performed with LTR_Finder (Xu and Wang, 2007) and LTRharvest (Ellinghaus et al., 2008), the results of which were further filtered with LTR_retriever (Ou and Jiang, 2018), and the LTR insertion time was calculated at the same time. The extracted LTRs were used for the calculating LTR Assembly Index (LAI) to evaluate the assembly continuity of B. rapa “Longyou-7” genome using LTR-RTs by LAI program (Ou et al., 2018).



Gene Prediction and Annotation

Multiple strategies were used for the prediction of gene structure including homologous prediction, de novo prediction, and evidence-based prediction. De novo prediction software including Augustus (Stanke et al., 2006), GlimmerHMM (Majoros et al., 2004), and SNAP (Söllner et al., 1993). Genewise (Birney et al., 2004) was used for the homologous prediction of gene structure. RNA-Seq data of mixed tissue were used for evidence-based prediction by EVidenceModeler (Haas et al., 2008). The correction and addition of UTR, variable clipping, and other information were performed with PASA (Haas et al., 2008).



Whole Genome Triplication in B. rapa “Longyou-7” Genome

To study the evolution of B. rapa “Longyou-7” genome, syntenic blocks between B. rapa “Longyou-7” and A. thaliana were defined and presented by the Mcscan python version (Tang et al., 2008) with default parameters. The analysis revealed long stretches of triplication within the B. rapa “Longyou-7” genome assembled, and they were found to be not only inter-chromosomal but also intra-chromosomal. Paralog analysis within B. rapa “Longyou-7” genome was performed with reciprocal best hits (RBH) from self-BLASTp using all the primary protein sequences. Self-BLASTp was performed using python script blast_rph.py (https://github.com/peterjc/galaxy_blast/blob/master/tools/blast_rbh/blast_rbh.py) in the galaxy_blast package (Cock et al., 2015). Further analysis of the synonymous substitution rate (Ks) of RBH gene pairs was calculated based on the MA model by KaKs_Calculator v2.0 (Wang et al., 2010) and ParaAT2.0 (Zhang et al., 2012) to confirm the WGT event B. rapa “Longyou-7” genome underwent and the time it happened and 22,078 RHB paralogous gene pairs in the B. rapa genome. Both the WGT peak in B. rapa “Longyou-7” genome and B. rapa current reference genome and the peak indicates the divergence between B. rapa and other Brassica ssp. was detected. Single copy ortholog protein sequences among A. thaliana (Sloan et al., 2018), Capsella rubella (Slotte et al., 2013), Thlaspi arvense (Dorn et al., 2015), B. oleracea (Parkin et al., 2014), B. napus “ZS11” (Song et al., 2020), B. rapa “Chiifu” (Wang et al., 2011) and B. rapa “Longyou-7” was generated with OrthoFinder (Emms and Kelly, 2019), and then aligned with MUSCLE (Edgar, 2004) based on the alignment result phylogenetic tree was constructed using RAxML (Stamatakis, 2014) and r8s (Sanderson, 2003) was used for estimating of the split times. The species phylogenic tree of the 18 reported B. rapa genomes (Cai et al., 2021) and our “Longyou-7” assembly was constructed using the same process, with species B. oleracea being used as the outgroup. R package “ggtree” was used for phylogenetic tree mapping and landscaping.



RNA-seq Data Analysis

RNAseq data set was obtained from the published research (Ma et al., 2019) (NCBI accession number: SRP179662). A quality check was performed with FastQC. Trimmomatic (Bolger et al., 2014) was used for filtering reads with low quality to gain clean reads. Clean reads were aligned to B. rapa reference genome (Wang et al., 2011) using STAR (Dobin et al., 2013), and samtools was used to transform SAM file into BAM file. The count of reads mapped to the reference genome was counted using RSEM (Li and Dewey, 2011). Cufflinks (Trapnell et al., 2010) was used to calculate fragments Per Kilobase of exon model per Million mapped fragments (FPKM). Differential expression analysis was performed with “DESeq2.” The statistical analysis and mapping of expression levels of gene HDG1 and BrANS3 were performed using the R packages “ggplot2” and “ggsignif,” and the comparison of reads on the reference genome was further viewed and analyzed using igvtools (v2.11.2).



Graph-Based Pan-Genome Construction

Twenty-two previously reported B. rapa genomes were downloaded from the Brassicaceae Database (BRAD) (http://www.brassicadb.cn/) and National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/) (Belser et al., 2018; Zhang et al., 2018; Cai et al., 2021; Li et al., 2021), including heading Chinese Cabbage, turnips (Chinese and European turnips), sarsons (sarson, rapid cycling, and oilseed), pak choi (pak choi, wutacai, and caixin), and Japanese morphotype (mizuna). Of these genomes, the annotation information of four genomes (ASM, BRT, PA, ROA) is not available. The 22 previously reported B. rapa genomes and the B. rapa “Longyou-7” genome were built into a variant graph using minigraph following the published process with default parameters (Li et al., 2020). The genome of variety “Chiifu” (Wang et al., 2011) was used as the reference genome, and the genomes of the other 22 varieties were mapped iteratively, one by one, using in-house shell scripts, for sequence-to-graph mapping, and the generated GFA format file was used to call bubbles, which represent structural variants, using gfatools (v0.4-r214-dirty) (https://github.com/lh3/gfatools). The constructed graph-based pan-genome in GFA format was visualized using Bandage (v0.8.1) (Wick et al., 2015).



Identification of SVs Related to Cold Tolerance

To find the SVs related to the cold tolerance phenotype of B. rapa “Longyou-7”, 97 cold tolerance related genes from B. rapa, B. oleracea, A. thaliana, and rice (Oryza sativa) (Supplementary Table S1) was collected and aligned to19 genomes including 18 B. rapa genomes reported in the previous study (Cai et al., 2021) and “Longyou-7” genome with Mcscan python version (Tang et al., 2008). Homologous genes identified in these B. rapa genomes were aligned to the graph-based pan-genome to check if there are SVs within or around them. Here we selected HDG1 (gene ID: Bra004934) and BrANS3 (gene ID: Bra013652) to perform further checks. The longest transcript of it was extracted according to the GFF file with an in-house bash script. The inter-genome genes relationship was built with the MCScan python version (Tang et al., 2008). Sequences of HDG1 homologous genes in the 18 B. rapa genome were extracted with in-house scripts. The synteny blocks were analyzed using Mauve (v2015-02-26) (Darling et al., 2004) and presented with the R package “gggenes.” The neighbor-joining tree of sequences of each gene was constructed with MEGA11 (Tamura et al., 2021) with default parameters and drawn using the R package “ggtree.” Information on transposable elements located in the HDG1 of the “Longyou-7” genome was obtained from the output of the EDTA pipeline (Ou et al., 2019).



Gene Coexpression Network

Gene co-expression network analysis was performed using transcriptomic data of 41,019 genes with the R package “WGCNA” (Langfelder and Horvath, 2008). Terrain Overlap Matrix (TOM) was calculated with the “blockwiseModules” function in the WGCNA package, where the TOMType was set to “unsigned,” and the minimum module size was set to 30. The co-expression network was constructed by a one-step method, maxBlockSize was set to 50000. From the results, all genes interacting with the BrANS3 were extracted, ranked by weight value, and the top 100 were selected for further analysis, and the interactions between the proteins encoded by these genes were predicted using the STRING database (https://string-db.org) (Szklarczyk et al., 2021). The visualization of the interaction network was implemented using Cytoscape (v3.9.0) (Shannon et al., 2003).



Alignment of Resequencing Data

Eighty population resequencing data were obtained from the dataset of previous studies and matched to the corresponding reference genomes using BWA (v0.7.17-r1188) (Li, 2013). The alignment results were converted to BAM format files using samtools (v1.9) (Li et al., 2009) and sorted. Finally, the sorted BAM files were counted using bedtools (v2.30.0) (Quinlan and Hall, 2010).
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Male sterility is an ideal character for the female parent in commercial hybrid seed production in Chinese cabbages. We identified three allele male sterile mutants msm2-1/2/3 in progenies of ethyl methane sulfonate mutagenized Chinese cabbage. It was proved that their male sterilities were controlled by a same recessive nuclear gene. Cytological observation showed that the delayed tapetal programmed cell death (PCD) as well as the abnormal pollen exine and intine led to pollen abortion in these mutants. MutMap combined with KASP analyses showed that BraA10g019050.3C, a homologous gene of AtMS1 encoding a PHD-finger transcription factor and regulated pollen development, was the causal gene. A single-nucleotide mutation from G to A occurred at the 2443th base of BrMS1 in msm2-1 which results in premature termination of the PHD-finger protein translation; a single-nucleotide mutation from G to A existed at 1372th base in msm2-2 that makes for frameshift mutation; a single-nucleotide mutation from G to A distributed at 1887th base in msm2-3 which issues in the amino acid changed from Asp to Asn. The three allelic mutations in BrMS1 all led to the male sterile phenotype, which revealed its function in stamen development. Quantitative reverse transcription polymerase chain reaction analysis indicated that BrMS1 specially expressed in the anther at the early stage of pollen development and its expression level was higher in msm2-1/2/3 than that in the wild-type “FT.” BrMS1 was located at the nucleus and a length of 12 amino acid residues at the C-terminus had transcriptional activation activity. RNA-seq indicated that the mutation in BrMS1 affected the transcript level of genes related to the tapetum PCD and pollen wall formation, which brought out the pollen abortion. These male sterile mutants we developed provided a novel gene resource for hybrid breeding in Chinese cabbage.
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 Chinese cabbage, male sterility, allelic mutants, PHD-finger transcription factor, RNA-seq


Introduction

Male sterility refers to the phenomenon in which stamens are degenerated or malformed, and viable male gametes are not produced, while female gametes are fertile in flowering plants. Male sterility has been widely used for hybrid seed production (Fan and Zhang, 2018). Up to now, many genic male sterility (GMS) genes have been identified in plants (Shi et al., 2015; Wan et al., 2019, 2020), and a great deal of effort has been made to develop male-sterility systems by using these GMS genes and their corresponding mutants to maintain and propagate GMS lines as female parents for hybrid seed production (Kim and Zhang, 2018). The male sterility system is also of immense significance in probing the molecular mechanism of pollen development. Spontaneous mutant male sterile mutants have been widely used in functional genomics (Liu et al., 2016; Liang et al., 2017; Zhou et al., 2017; Lin et al., 2020; Zhang et al., 2020). Due to its scarcity, artificial mutagenesis including physical mutagenesis, chemical mutagenesis, biological mutagenesis, and other methods to create male sterile mutants, has become an important measure for the study of gene regulatory networks for male gamete development (Ma et al., 2019; Tan et al., 2019; Huang et al., 2020).

Male gamete formation in anthers requires the coordinated participation of both sporophytic and gametophytic tissues (Hafidh et al., 2016). The tapetum, the innermost cell layer of the anther wall, plays a crucial role in regulating pollen development. The tapetum cells could provide the nutrients required for the meiosis of the microspore mother cell and the development of the microspore (Wu and Cheung, 2000; Parish and Li, 2010). During the tetrad period, the tapetum secrete sporopollenin precursor substances and they deposit continuously on the primexine to form a special T-shaped structure composed of the tectum, bacula, and foot layer (Shi et al., 2015). After the microspore mother cell completes meiosis, the tapetum synthesizes callose enzymes to degrade callose, which promotes the release of independent uninucleate microspores (Zhang et al., 2007; Parish and Li, 2010). Then, the tapetum undergoes programmed cell death (PCD), the pollen coat proteins (PCPs) and the tapetal cell debris produced by tapetum degradation, fill the pollen exine to form the pollen coat (Zhang et al., 2016). Therefore, abnormalities at any stage of the tapetum development could cause pollen aberrations.

The development of the tapetum is a precise and orderly process, which is jointly regulated by a variety of genes. To date, there are three major types of transcription factors (TFs) that regulate the development and function of the tapetum: bHLH TFs such as DYT1 and AMS, MYB TFs such as TDF1 and MS188, and PHD-fingers TFs such as MS1 and TIP3 (Zhu et al., 2008, 2011; Zhang and Yang, 2014; Wan et al., 2019; Yang et al., 2019a). These TFs cooperatively form the tapetal genetic pathway (DYT1-TDF1-AMS-MS188-MS1) and strictly control tapetum development (Zhu et al., 2011). Several orthologs of MS1 have been identified in different species. In Arabidopsis, AtMS1 directly regulated the expression of multiple PCPs such as GRP14, GRP19 and affected the expression of KCS7, KCS15, and KCS21 for pollen coat lipids (PCLs) synthesis (Lu et al., 2020; Zhang et al., 2021). In rice, OsMS1/OsPTC1 can interact with OsMADS15 and TIP2. It has been reported that TIP2 coordinated with TDR to modulate the expression of EAT1 and Cys protease gene (CP1) further regulated tapetal PCD and pollen exine formation in rice (Li et al., 2011; Yang et al., 2019b). In maize, ZmMs7 can interact with maize nuclear factor Y (NF-Y) subunits to form ZmMs7-NF-YA6-YB2-YC9/12/15 protein complexes that activate target gene ZmMT2C to regulate the tapetal development (An et al., 2020). However, the molecular mechanism by which the homologous gene of MS1 in Chinese cabbage affects pollen development remains unclear.

Chinese cabbage (Brassica rapa L. ssp. pekinensis) is one of the most important vegetable crops in eastern Asia, which is a typical cross-pollinated Brassica crops with obvious heterosis (Sharma et al., 2021). Breeding of male sterile lines is crucial for the commercialization of Chinese cabbage hybrid seed production (Singh et al., 2019). Mapping and cloning the male sterile genes are preconditions to the study of its molecular mechanism and applications. The genic male sterile lines could be created by artificial mutagenesis in Chinese cabbage. Tan et al. (2019) developed a male sterile mutant (ftms) from Chinese cabbage DH line “FT” by irradiating microspores with 60Co γ-rays while Bra010198 was a candidate gene for male sterile mutant (ftms), which encoded a putative β-(1,3)-galactosyltransferase that controls pollen exine development. Huang et al. (2020) obtained a stably inherited male sterile mutant (msm) by the identical methods and compared the differential expression genes of “FT” and msm flower buds using RNA-Seq technology.

Here, we identified three allele male sterile mutants named msm2-1/2/3 in an ethyl methane sulfonate (EMS)-mutagenized Chinese cabbage progenies. Cytological observation revealed delayed tapetum PCD, defective pollen exine and intine formation in msm2-1 mutant. We discovered by MutMap and KASP that the non-synonymous base-pair mutations in BrMS1 (BraA10g019050.3C) induced the pollen abortion in the allele mutants msm2-1-2/3. BrMS1 was a homologous gene of AtMS1, which encoded a PHD-finger TF and regulated the pollen development. The protein encoded by the BrMS1 was located at the nucleus in Chinese cabbage. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) performed that BrMS1 expressed specifically in the anther at the early stage of pollen development and its expression level was higher in msm2-1/2/3 versus in the wild-type “FT.” The analysis of RNA-seq exposed that the expression level of genes associated with the tapetum PCD and pollen wall synthesis has changed significantly in the mutant msm2-1. Our research is the first to clone an AtMS1 orthologs gene relevant to fertility regulation in Chinese cabbage, thereby providing basal information for applying this critical agronomic trait in hybrid breeding and studying the molecular mechanism of pollen development.



Materials and methods


Plant materials

The Chinese cabbage doubled haploid (DH) line “FT,” obtained from a microspore culture of the commercial variety “Fukuda 50,” was used as the wild type. We treated “FT” seeds with 0.8% EMS, the live plants (M0) were self-pollinated, M1 seeds were harvested. After M1 self-pollination, we obtained stably inherited mutations in the M2 generation (Gao et al., 2022). Among them, nine male sterile mutants with stable inheritance and fertility not affected by environment were identified after multiple generations phenotypic identification (Supplementary Figure S1). The fertile and sterile plants in AB lines of the nine male sterile materials were performed the allelic test by mutual cross. The materials whose segregation ratio of the hybrid progeny conformed to 1:1 were allelic mutants of each other (Supplementary Table S1). We screened out two groups of allelic mutant materials in total and select one group (msm2-1, msm2-2, and msm2-3) as the experimental materials for this study. All plant materials were cultured in a greenhouse at 20–28°C in Shenyang Agricultural University (Shenyang, P. R. China).



Genetic analysis

For the genetic analysis, the wild-type “FT” (P1) was crossed with msm2-1/2/3 mutants (P2) to generate the F1 and F2 populations. Fertile plants and sterile plants from the F2 population were selected for crossing to generate AB line. Phenotypic characterization was obtained for each generation (P1, P2, F1, F2 and AB line), and the segregation ratio of the population was analyzed by the Chi-square test.



Morphological observation of floral organs

To observe the difference in floral organs between the wild-type “FT” and msm2-1/2/3, the five floral organs (sepals, petals, filament, stamens, pistils) were collected at the full-bloom stage and dissected under a stereomicroscope (Nikon SMZ800, Japan). For investigating the pollen vitality, the fresh anthers at the full-bloom stage were extruded and immersed in 0.1% 2,3,5-triphenyltetrazolium chloride dye solution on a carrier plate covered with a coverslip. Pollen viability was analyzed via applying an optical microscope (Nikon ECLIPSE 80i, Japan).



Anther cytological observation

For understanding more about the period of pollen abortion, the flower buds of the wild-type “FT” and msm2-1/2/3 were fixed using FAA solution (50% ethanol, 5% glacial acetic, 10% formalin), then dyed using safranin and fast green, and observed under an optical microscope (Nikon ECLIPSE 80i; Nikon, Japan). The buds were divided into six grades according to the length of the buds (BUD1 < 1.5 mm, BUD2: 1.5–2.0 mm, BUD3: 2.0–2.5 mm, BUD4: 2.5–3.0 mm, BUD5: 3.0–3.5 mm, BUD6 > 3.5 mm.). The detailed paraffin sections operation steps were performed according to the method described by Zhou et al. (2017).

For scanning electron microscopy (SEM), to observe the morphology of anther and pollen exine, the fresh anthers of the wild-type “FT” and the msm2-1 mutant were collected at the full-bloom stage and fixed in 2.5% glutaraldehyde solution at 4°C for 48 h, processed according to the methods of Lin et al. (2014) and then examined under SEM (Hitachi TM3030, Japan).

For transmission electron microscopy (TEM), to further explore the morphology changes of pollen exine, the anthers are roughly divided into three periods: the early stage (BUDS < 2.0 mm), middle stage (2.0 mm < BUDS < 3.0 mm), and the late stage (BUDS > 3.0 mm) according to the pollen development process. Anthers at different pollen developmental stages from “FT” and msm2-1 plants were examined by TEM (Hitachi Ltd., Tokyo, Japan) after a series of treatments as previously described (Wang et al., 2020).



Screening of the candidate genes by MutMap

The candidate gene was identified by the modified MutMap method. Fifty plants with mutant phenotype were selected from the F2 plants, and a DNA pool was constructed by pooling equal amounts of plant leaf tissue from each plant. DNA was acquired from the wild-type “FT” and msm2-1 mutant, the DNA pool was extracted using a DNA-secure Plant Kit (Tiangen, Beijing, China) and was re-sequenced using a NovaSeq 6,000 System sequencer (Illumina, San Diego, United States). The analysis method was the same as described by Gao et al. (2020) and Wang et al. (2020).



SNP genotyping through KASP

KASP was applied for the genotypic assay to detect the co-segregation of each single nucleotide polymorphism (SNP) identified by MutMap and confirmed the candidate gene. Allele-specific primers bearing the FAM and HEX fluorescence probes and the common primer were designed by LGC (Laboratory of the Government Chemist, Shanghai, China) and used to determine the male sterile genotypes of 183 F2 plants (Supplementary Table S2). The primer mixed and PCRs were programmed as recommended by LGC. The KASP thermal cycling conditions were those described in Xi et al. (2018). Fluorescence was detected with a QuantStudio 6 instrument (Applied Biosystems, Foster City, CA, United States).



Cloning and sequencing of the candidate gene

The full-length and CDS sequences of candidate genes were obtained by cloning and sequencing. Primers were designed according to the gene sequence information and are shown in Supplementary Tables S3, S4. We purified the PCR products with a Gel Extraction Kit (CWBIO, Beijing, China) and then introduced the purified products into a pGEM-T-Easy Vector (Promega, United States). The products were sequenced at GENEWIZ (Suzhou, China). We analyzed the sequences using DNAMAN V6 (Lynnon BioSoft, Canada).



Phylogenetic analysis and bioinformatic analysis of BrMS1 protein

The sequence and the information of BrMS1 were downloaded from the Brassica database. BrMS1 protein homologs in various plants were obtained from the GenBank database1 and aligned with ClustalW (Larkin et al., 2007). A phylogenetic tree was constructed with MEGA6.0 by the neighbor-joining (NJ) method based on a bootstrap test of 1,000 replicates (Tamura et al., 2013). The conserved domain of BrMS1 was analyzed online at NCBI.2



Expression patterns analysis by qRT-PCR

Total RNA was isolated from different tissues of the wild-type “FT” and msm2-1/2/3 at developmental stages with the TIANGEN RNA prep Pure Plant Kit. First-strand cDNA was synthesized using Fast Quant RT SuperMix (Tian gen). The cDNA was subsequently used as a template for qRT-PCR together with SYBR Green PCR Master Mix (TaKaRa, Dalian, China). ACTIN was used as the internal reference gene. Specific primers for each target gene are listed in Supplementary Table S5. Each sample had three biological replicates, each with three technical replicates.



Subcellular localization of BrMS1 proteins

To generate the BrMS1–GFP fusion protein, the full-length CDS of BrMS1 was amplified. The coding regions of the BrMS1 sequences were amplified without stop codons using the primers BrMS1-GFP-F and BrMS1-GFP-R. They were cloned into the C-terminal GFP fusion vector pBWA(V)HS driven by the 35S promoter. Vector-bearing, 35S-driven GFP was the negative control. Subcellular localization of the BrMS1 proteins was performed according to Yoo et al. (2007). The constructs were then transiently transformed into tobacco (Nicotiana benthamiana) leaves through Agrobacterium tumefaciens infiltration. After 48 h, the epidermis of the tobacco leaves was injected with DAPI and examined with a confocal laser-scanning microscope (Leica Microsystems, Wetzlar, Germany). The primer sequences used in this experiment are shown in Supplementary Table S6.



Transactivation activity assay

The transcriptional activity assay was performed using the Matchmaker GAL4 Yeast Two-Hybrid System 3 (Clontech). To generate the BD–BrMS1, BD–ΔN, BD–ΔC and BD–PHD constructs, the full-length CDS and various deletions of BrMS1 were PCR amplified and inserted into the pGBKT7 plasmid linearized. All recombinant plasmids and a pGBKT7 empty vector were separately transformed into the Y2H Gold Yeast strain. Then they were initially grown on the medium lacking Trp for 3 days at 30°C. Four of the resulting independent colonies were transferred onto the medium without Trp, His, and Ade for 3 days at 30°C to assay transcriptional activity. The primers used for vector construction are listed in Supplementary Table S7.



RNA-seq

To identify transcripts involved in the regulation of pollen abortion in the Chinese cabbage, we performed an extensive transcriptomic analysis of entire anther. Total RNA was extracted from the wild-type “FT” and msm2-1 with the RNA prep Pure Plant Plus Kit (Tiangen, Beijing, China). Samples were collected with three biological replicates. Six cDNA libraries (F1, F2, F3, S1, S2, and S3) were constructed and sequenced using the Illumina HiSeq™ 2,500 sequencing platform at Beijing Genomics of Institute (BGI), Shenzhen, China. The detailed method and procedure have been described previously by Huang et al. (2017). In this study, different expression genes (DEGs) were defined as those genes with a false discovery rate (FDR) ≤ 0.01 and an absolute log2 ratio value ≥ 10. To further study the biological functions and metabolic pathways of the DEGs, we performed Gene Ontology (GO)3 functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of these genes (Ashburner et al., 2000; Kanehisa et al., 2007).




Results


Genetic analysis and morphological characteristics of the male sterile mutants msm2-1/2/3

To elucidate the genetics of the male sterile phenotype, the wild-type “FT” (P1) and the mutants msm2-1/2/3 (P2) were employed as the male parent and the female parent to generate F1 and F2 populations. All F1 individuals displayed male fertile phenotype. As disclosed by the Chi-square test, the segregation rate of the F2 population corresponded to the expected Mendelian ratio of 3:1 (fertile:sterile; Table 1). Allelism test showed that the fertility separation ratio of msm2-1, msm2-2 and msm2-3 hybrid offspring was 1:1 (fertile:sterile), which implied that mutant msm2-1, msm2-2 and msm2-3 were controlled by an allelic gene (Table 2). Therefore, these results indicated that the male sterile trait of msm2-1/2/3 mutants was controlled by a single nuclear recessive gene. From the perspective of breeding, it also demonstrated that allele gene mutation result in male sterility in the mutants msm2-1/2/3.



TABLE 1 Analysis for the genetic characteristics of the mutants msm2-1/2/3.
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TABLE 2 Analysis for allelism test of the mutants msm2-1/2/3.
[image: Table2]

At the full-bloom stage, the morphology of floral organs was investigated. The stamens of msm2-1/2/3 had developed normally yet no pollen attached to anthers (Figure 1A). Other flower organs in the msm2-1/2/3 mutants were found to be slightly smaller than those in the wild-type “FT” (Figures 1B–G). Pollen viability observations also illustrated that the wild-type “FT” could generate mature and active pollen grains, whereas msm2-1/2/3 could not produce pollen grains (Figures 1H–K). These three msm2-1/2/3 mutants were allelic as evidenced by allelic test and manifested similar phenotypes under the same growth conditions; thus, some of the subsequent analyses in this study were only performed on msm2-1.

[image: Figure 1]

FIGURE 1
 Phenotypic analysis of the wild-type “FT” and msm2-1/2/3 mutants. Comparison of the floral organs of the wild-type “FT” and mutant msm2-1/2/3 (from left to right). (A) Inflorescence (B) buds, (C) petals, (D) sepals, (E) stamens (long), (F) stamens (short), (J) pistils. Scale bar 2 mm analysis of pollen viability of the wild-type “FT” (H), msm2-1 (I), msm2-2 (J), and msm2-3 (K). Scale bar 150 μm.




Cytological observation of the anther development

To explore the cytological characteristics of pollen abortion in msm2-1/2/3, we examined paraffin sections prepared at different anther development stages of the wild-type “FT” and the msm2-1/2/3. The paraffin section analysis showed there was no significant difference in msm2-1/2/3 compared with the wild-type “FT” at the early stage of the anther development (Figures 2A–H). At the middle stage of anthers development, the wild-type tapetum was concentrated with less vacuolation and darker staining. However, the tapetum cells became more vacuolated and less stained in msm2-1/2/3 (Figures 2I–L). Then, the wild-type tapetum cell appeared to undergo degeneration, and the cytoplasmic constituents remained densely stained. By contrast, we discovered that the tapetum PCD was retarded in the msm2-1/2/3 mutants and the tapetum cells had vacuolated (Figures 2M–T). At the late stage of anthers development, the tapetal cells degenerated and the pollen grains matured with a round shape in the wild-type “FT.” Nevertheless, cell debris of tapetal cells and immature pollen grains remained in the msm2-1/2/3 (Figures 2U–X). Paraffin sections of anther indicated that the degradation of tapetum cell delayed occurred in mutants msm2-1/2/3.
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FIGURE 2
 Anther paraffin section observation of the wild-type “FT” and msm2-1/2/3 mutants. (A–D) The stage of tapetal formation (i.e., the tetrad period), BUD1 < 1.5 mm; (E–H) The stage of the tapetum cell structure integrity and clearly demarcated (i.e., the uninucleate microspore stage), BUD2: 1.5–2.0 mm; (I–L) The stage of tapetal cytoplasm dense, BUD3: 2.0–2.5 mm; (M–P) The stage of tapetum cells begin the degradation, BUD4: 2.5–3.0 mm; (Q–T) The stage of tapetum cells complete the degradation, BUD5: 3.0–3.5 mm; (U–X) The stage of anthers dehiscence and mature pollen release, BUD6 > 3.5 mm. T tapetum. Scale bar, 50 μm.


To investigate the anther and pollen exine morphology, the fresh anthers of the wild-type “FT” and the msm2-1 were inspected by scanning electron microscopy. The SEM observation of the anther and pollen surface depicted the msm2-1 mutant had a slightly smaller anther versus the wild type at the anther maturation stage (Figures 3A,E). The cuticle ridges of the anther epidermis in wild-type “FT” are loosely distributed while the cuticles of msm2-1 are arranged relatively tightly (Figures 3B,F). The mature pollen grains of wild-type “FT” rounded surfaces having a reticular structure and the visible germinal furrow (Figures 3C,D), while pollen grain surface of mutant msm2-1 is smooth with neither reticular structure nor germination furrow, and finally degraded to pieces (Figures 3G,H).
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FIGURE 3
 SEM analysis of the anthers and pollen grains in the wild-type “FT” and msm2-1 mutant. The anthers of the wild-type “FT” (A) and msm2-1 mutant (E). Scale bar, 1 mm. The anthers epidermis of the wild-type “FT” (B) and msm2-1 mutant (F), Scale bar. 5 μm. The surface on the pollen exine of the wild-type “FT” (C,D) and msm2-1 mutant (G,H). MP mature pollen grains. GF germinal furrow, DP degenerated pollen grains. Scale bar, 10 μm.


To reveal the msm2-1 pollen grain’s developmental defects in detail, TEM was conducted to observe the anther development. In the early stage of the anther development, there was no distinct difference between the wild-type “FT” and the msm2-1 mutant (Figures 4A,D,G,J). In the middle stage of the anther development, the tapetum cells of wild-type “FT” began to degrade and secrete lipid droplets and protein substances (Figure 4H). These substances were deposited on the wild-type pollen exine, which formed with the well-organized layers including the tectum, bacula, and foot layer (Figure 4B). The degradation of the tapetum was delayed in msm2-1 mutant (Figure 4K) and the skeletal structure of the pollen exine was thickened continuously (Figure 4E). At the late stage of the anther development, the pollen coat substances produced by tapetum degradation filled the sexine of the pollen exine to form the pollen coat in the wild-type “FT” (Figures 4C,I). However, the pollen of msm2-1 was surrounded by a thick abnormal pollen exine structure, while the filling of skeleton structure by pollen coats was not observed in msm2-1 (Figure 4F). In the wild type, a white pollen intine structure could be seen on the inner side of the pollen wall, while the pollen inner wall structure of the mutant msm2-1 was vague and amorphous (Figures 4C,F).
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FIGURE 4
 TEM analysis of pollen wall and tapetum development in the wild-type “FT” and msm2-1 mutant. The process of pollen exine development in wild-type “FT” and msm2-1 mutant at early (BUDS < 2.0 mm; A,D), middle (2.0 mm < BUDS <3.0 mm; B,E), late (BUDS > 3.0 mm; C,F) stage. The process of tapetum development in wild-type “FT” and msm2-1 mutant at early (BUDS <2.0 mm; G,J), middle (2.0 mm < BUDS <3.0 mm; H,K), late (BUDS >3.0 mm; I,L) stage; Scale bar, 5 μm. T, Tapetal layer; DT, Degraded tapetum; Msp, Microspores; DMsp, Degenerated microspores; MP, Mature pollen grains, Ba, Bacula; Te, Tectum; Se, Sexine; In, Intine; ASe, Abnormal sexine; El, Elaioplast; Ts, Tapetosome.




Identification of the causal gene of msm2-1 by MutMap and KASP

A modified MutMap method was applied to identify the mutant gene. By genome resequencing of the wild-type “FT,” msm2-1 mutant and the F2 mutant DNA pools, 93,975,658, 58,702,874 and 166,730,557 high-quality reads were obtained, respectively. Whereafter, these clean reads were aligned with the reference genome, resulting in 98.00%, 99.00% and 98.83% mapped to it, respectively. With the SNP index of 0.95 as the threshold, we mapped 1.08 Mb (14,034,596–15,116,841) candidate regions on chromosome A10 and detected three SNP mutations (SNP A10, 140,813,37; SNP A10, 143,901,24; SNP A10, 146,585,70), which were located at exons and resulted in nonsynonymous mutations (Figure 5A; Supplementary Table S8).
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FIGURE 5
 Identification of the msm2-1/2/3 candidate gene. (A) SNP index plot of ten chromosomes was produced by MutMap analysis. The x-axis represents the positions of the ten chromosomes and the y-axis represents the SNP index. The dotted pink line represents the index threshold (0.95). (B) The results of SNP genotyping arrays of BraA10g019050.3C.


For further determining the candidate genes, we adopted KASP technology to design primers for three candidate SNPs, and genotyping was performed in “FT,” mutant msm2-1, F1 and F2 mutant plants. The results showed that the genotypes of three SNPs in wild type, mutant and F1 generation were G: G, A: A and G: A, respectively. The gene phenotypes of BraA10g019050.3C SNP (A10:14,081,337) in F2 generation were all A: A (Figure 5B) and the SNPs of the other two genes (A10:14,390,124; A10:14,658,570) appeared six and nine heterozygous types (G: A) in the F2 generation sterile plants (Supplementary Figure S2). Therefore, BraA10g019050.3C was co-segregated with the mutant phenotype, which further confirmed that BraA10g019050.3C was the mutant gene of msm2-1. BraA10g019050.3C encodes a PHD-finger protein sharing 88% identity with the Arabidopsis MS1, which functions as a transcriptional activator that regulates tapetal development and pollen exine biosynthesis. Hence, BraA10g019050.3C was named BrMS1.



Sequence analysis of BrMS1 in msm2-1/2/3 mutants

The mutants msm2-1, msm2-2 and msm2-3 are reciprocal allelic mutants, which means that the function of BrMS1 can be verified in the other two mutants. The results of the BraA10g019050.3C gene cloned from three mutants proved that at 2443 bp in exon 3 of the mutant msm2-1, the base sequence changed from G to A and the amino acid changed from tryptophan to terminator codon, leading to the termination of translation; At 1372 bp in the end of the second intron of mutant msm2-2, the base sequence changed from G to A, resulting in cutting off by mistake at the first base of third exon and giving rise to frameshift mutation; At 1887 bp in the third exon of msm2-3, the base sequence changed from G to A, and the amino acid changed from Asp to Asn (Figures 6A,B). The amino acid transformation attributed to the BrMS1 mutation likewise contributed to differences in the three-dimensional structure of the protein (Figures 6C–F). These results hinted that the mutation in BrMS1 led to the male sterile phenotype in msm2-1/2/3 and verified its function in stamen development.
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FIGURE 6
 Sequence alignment and structure analysis of BrMS1 between the wild-type “FT” and msm2-1/2/3 mutants. Comparison of the BraA10g019050.3C nucleotide sequence (A) and structure (B) between the wild-type “FT” and msm2-1/2/3 mutants. Three-dimensional protein structure of BraA10g019050.3C in the wild-type “FT” (C), msm2-1 (D), msm2-2 (E) and msm2-3 (F).




Structural and phylogenetic analyses of BrMS1

To elucidate the evolutionary relationship between BrMS1 and its close homologs, an unrooted tree of BrMS1 and its 16 homologs from moss to flowering plants was constructed (Figure 7A). BrMS1 was clustered with many dicotyledons, and located in the same clade as AtMS1, BnMS1, BoMS1. BrMS1 has a zinc finger protein (PHD-finger) domain (Figure 7B). The PHD-finger domain is functionally conserved in a variety of plants. We compared the sequences of the PHD-finger structural regions among BrMS1 and homologous sequences in Arabidopsis, rice, maize, and wheat. The amino acid sequence of the PHD-finger domain sequence in Chinese cabbage was 90% consistent with that of AtMS1 (Figure 7C).
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FIGURE 7
 PHD-finger domain sequence alignment in different species and phylogenetic analysis of MS1. (A) Phylogenetic analysis of MS1 and its related proteins. An unrooted maximum likelihood tree was created by MEGA 3.1 using the MS1-related sequences from Carica papaya (Cp), Gossypium hirsutum (Gh), Populus trichocarpa (Pt), Ricinus communis (Rc), Vitis vinifera (Vv), Juglans regia (Jr), Glycine max (Gm), Medicago truncatula (Mt), Arabidopsis (At), Brassica rapa (Br), Brassica napu (Bn), Brassica oleracea (Bo), Zea mays (Zm), rice (Os), barley (Hv), Capsicum annuum (Ca). (B) Conserved domain structure of BrMS1. (C) PHD-finger domain sequence alignment. Residues with 100% similarity are shaded in black. Those with ≥75% similarity are shaded in pink. Those with ≥ 50% similarity are shaded in blue.




Spatio-temporal expression pattern of BrMS1 in msm2-1/2/3 mutants

qRT-PCR analysis was conducted to recognize the spatial and temporal expression patterns of BrMS1 in wild-type “FT” and mutants msm2-1/2/3. The expression level of BrMS1 in the buds of the mutants msm2-1/2/3 was higher than in the wild-type “FT” line and the expression level of the BrMS1 gene in the mutant msm2-1/2 was significantly higher than that of the wild-type “FT,” while the expression level of the BrMS1 gene in msm2-3 was slightly higher than that of the wild-type “FT” (Figure 8A). The results were likewise made clear that BrMS1 was specifically expressed in stamens at stage I and stage II (i.e., the stage of tetrad to uninucleate microspore release). Afterwards, the expression level of BrMS1 declined rapidly and was almost undetectable in the mature anthers (Figures 8B,C). The expression patterns of BrMS1 in allelic mutants msm2-2/3 are same as that in mutant msm2-1 (Supplementary Figure S3).
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FIGURE 8
 Expression pattern of BrMS1 between the wild-type “FT” and msm2-1/2/3 mutants. (A) Analysis of BrMS1 expression in the wild-type “FT” and the allelic mutants msm2-1/2/3. Asterisks indicate statistically significant differences determined using a t-test (*p < 0.05; **p < 0.01). (B) Expression of BrMS1 in the roots (R), stems (S), leaves (L), pods (P), sepal (Se), petal (Pe), filament (Fi), stamen (St) and pistil (Pi) of the wild-type “FT” and msm2-1 mutant. (C) Analysis of BrMS1 expression in different grades of buds in wild-type “FT” and msm2-1 mutant. The grading rules for flower buds are the same as those for paraffin sections.




BrMS1 functions as a transcription factor with transcriptional activation activity

Previous studies have shown that Arabidopsis MS1 functions as a transcriptional activator that regulates pollen and tapetum development (Ito and Shinozaki, 2002). Herein, to verify if BrMS1 functions as a TF in Chinese cabbage, a subcellular localization assay was initially performed. The transient expression assay showed that the GFP signal was only detected in the protoplast nucleus and indicated that BrMS1 encodes a PHD-finger protein localized in the nucleus, supporting that it functions as a TF (Figure 9A).
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FIGURE 9
 Subcellular localization and transcriptional activation assay of the BrMS1. (A) Subcellular localization of BrMS1 in Tobacco leaf. DAPI staining was used as a nuclear marker. Scale bar, 50 μm. (B) The schematic diagram displays various truncated constructs and pGBKT7 empty vector used for the transcriptional activation assay. (C) Transcriptional activation assay of BrMS1 in the Y2H yeast strain. BD GAL4–DNA binding domain, EV empty vector. The BD–EV used as a negative control.


For analyzing whether BrMS1 exhibits transcriptional activity activation, the full-length CDS and three truncated fragments of BrMS1 (ΔN, ΔC, PHD) were ligated into a pGBKT7 vector to generate BD-BrMS1, BD-ΔN, BD-ΔC, and BD-PHD fusion constructs (Figure 9B). The results showed all of vectors transformed yeast cells could grow in the control medium (SD/-Trp), but only BD-BrMS1 and BD-ΔC could grow in the selective medium (SD/-Trp/-His/-Ade). The findings demonstrated that BrMS1 exhibited transcriptional activation activity in yeast (Figure 9C). Subsequently, the characteristics of the deleted fragments were extensively compared. We discovered that a length of 12 C-terminal amino acid residues were required to activate activity. Taken together, these results suggested that BrMS1 was a nuclear-localized TF with a length of 12 C-terminal amino acid transcriptional activation activity.



BrMS1 affects the transcription level of genes associated with tapetal PCD and pollen wall development

As a TF, BrMS1 is expected to affect the anther development by regulating the expression of downstream genes. To identify genes that might be regulated by BrMS1, we performed a comparative transcriptome analysis of anther in wild-type “FT” and the msm2-1 using RNA-Seq. 4,779 DEGs were identified between the wild-type “FT” and the msm2-1, involving 1,475 upregulated genes and 3,304 downregulated genes in msm2-1 (fold change ≥ 10, false discovery rate, FDR < 0.01; Figure 10A). The KEGG analysis displayed that DEGs were enriched in multiple metabolic pathways associated with pollen development, including the pentose and glucuronate interconversions pathway (53 DEGs), phenylpropanoid metabolism pathway (52 DEGs), galactose metabolism pathway (21 DEGs) as well as cutin, suberine and wax biosynthesis pathway (15 DEGs; Figure 10B). In the pentose and glucuronate interconversions pathway, several genes related to pectin biosynthesis which affected the formation of pollen intines were identified, containing 10 pectinesterase inhibitor genes (PMEIs), 13 polygalacturonases genes (PGs) and 11 pectate lyasegenes (PLs; Figure 10C; Supplementary Table S9). Most of them were down-regulated in msm2-1 and some of these genes expressed specially in the wild-type “FT” such as PMEIs (BraA06g033760.3C and BraA08g011580.3C), PGs (BraA02g039370.3C, BraA02g039400.3C and BraA09g065620.3C), PLs (BraA09g059390.3C and BraA06g039690.3C). The phenylpropanoid pathway splits into two main branches leading to hydroxycinnamic acids and flavonoids, both of which are related to the synthesis of pollen exine (Preston et al., 2004). The expression levels of some genes involved in the synthesis of key enzymes e.g., cinnamyl alcohol dehydrogenase, feruloyl-CoA, caffeoyl-CoA were significantly changed in the mutant msm2-1, among which COMT (BraA02g024180.3C) was specifically expressed in the wild-type “FT” (Figure 10D; Supplementary Table S10). RNA-seq profiling suggested that the defect in BrMS1 affected the transcript levels of genes involved in pollen intine and exine biosynthesis metabolic pathways in msm2-1.
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FIGURE 10
 RNA-seq analysis between the wild-type “FT” and msm2-1 mutant. (A) The number of different expression genes (DEGs) in the anthers between the wild-type “FT” and msm2-1 mutant. (B) Kyoto Encyclopedia of Genes and Genomes enrichment results of the DEGs. (C) Schematic of pentose and glucuronate interconversions pathway related to pollen development. The red part represents the key enzymes enriched by the differentially expressed genes. (D) Schematic of phenylpropanoid metabolism pathway related to pollen development. The red part represents the key enzymes enriched by the differentially expressed genes.


In order to assess whether the defect in BrMS1 broadly affects other pollen development pathways, we compared gene expression associated with pollen development between the wild-type “FT” and the msm2-1. In Arabidopsis, AtMS1 regulates the expression of PCPs and PCLs genes, which participate in pollen coat formation (Lu et al., 2020; Zhang et al., 2021). In our study, several PCPs genes such as GRPs and EXLs exhibited a prominent reduction in the mutant msm2-1, but no significant changes were observed in the expression of PCL synthesis genes such as KCS7/5/11/21 (Supplementary Table S11). Excessive deposition of sporopollenin on the pollen primexine of the msm2-1 was observed by TEM. The results of the RNA-seq also showed that some crucial sporopollenin synthesis genes (SSGs) such as ACOS5, MS2, CYP703A2, PKSA were up-regulated in the msm2-1 (Supplementary Table S12). In the tapetum development regulatory network, MS188 is the upstream regulatory factor of MS1. The expression of MS188 genes (BraA10g013970.3C and BraA02g013010.3C) in the mutant msm2-1, was higher than in the wild-type “FT.” AMS (BraA07g004220.3C and BraA03g043400.3C), which was the upstream gene of MS188, also up-regulated expression in msm2-1 (Supplementary Table S13). The degradation of tapetum cells is regarded as a process of PCD, and papain-like cysteine proteases play a key control role in the timely degradation of tapetum cells (Liu et al., 2018; Wang et al., 2021). CEP1 is a crucial executor during tapetal PCD and that proper CEP1 expression is necessary for timely degeneration of tapetal cells and functional pollen formation in Arabidopsis thaliana (Zhang et al., 2014). BraA03g026210.3C, a homologous gene of CEP1, was up-regulated in msm2-1. We also observed the downregulation of the other two cysteine proteases genes CP1 (BraA10g004970.3C and BraA08g033980.3C) in msm2-1 compared with the wild-type “FT” (Supplementary Table S13). Overall, these findings suggested that BrMS1 might directly or indirectly regulate the expression levels of PCPs, SSGs and Cys proteases genes, further resulting in pollen abortion in msm2-1.

To test the reliability of RNA-seq data, we verified the transcript levels of four PCP genes and three cysteine protease genes between the wild-type “FT” and the mutant msm2-1 by qRT-PCR, and the analyses showed that their mRNA levels were all significantly reduced in msm2-1, apart from CEP1, which was up-regulated (Figure 11). These findings are consistent with the results from the RNA-seq analyses.
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FIGURE 11
 The quantitative reverse transcription polymerase chain reaction analysis of DEGs between the wild-type “FT” and msm2-1 mutant. (A–D) The expression level of pollen coat proteins in anthers between the wild-type “FT” and msm2-1 mutant. (E–G) The expression level of papain-like cysteine proteins in anthers between the wild-type “FT” and msm2-1 mutant.





Discussion

The application of male sterility lines is an effective approach to commercial hybrid seed production and heterosis utilization in Chinese cabbage. Moreover, male sterility mutant is an important material to study pollen development and nuclear-cytoplasmic interactions. The creation of male sterile materials through artificial mutation has become a crucial mean of male sterility research. Discovery and research on male sterile mutants also had been a hot topic in research in various species. In this study, we cloned firstly the male sterility gene BrMS1 in Chinese cabbage by forwarding genetics strategy and revealed the critical role of BrMS1 in pollen development. In addition, the male sterile mutants we discovered have the characteristics of complete abortion, genetical stability and no concomitant adverse traits, which can be adopted as excellent sources of male sterility for Chinese cabbage hybrid seed production.


The defect of BrMS1 caused tapetum cell delayed degeneration and abnormal pollen wall in msm2-1/2/3 mutants

Tapetum timely degradation is essential for the pollen development in plants. The forms of abnormal tapetal development led to male sterile are diverse (Sanders et al., 1999; Zhang et al., 2011; Zhu et al., 2011; Zhang and Yang, 2014). Premature tapetum cell death caused the male sterile in rice osmyb80 and bm1 mutants (Pan et al., 2020; Xiang et al., 2021). Loss of RGAT1 function also induced the premature degeneration of tapetal cells and pollen abortion in Arabidopsis (Qian et al., 2021). In addition, delayed tapetum degradation brought out defective mature pollen in rice osmyb103 and sts1 mutants (Lei et al., 2022; Yuan et al., 2022). In the present study, delayed tapetum degeneration is a hallmark defect in msm2-1/2/3, but the tapetum cells enlargement was not observed in msm2-1/2/3 (Figures 2M–X). This phenotype was distinct from other tapetal PCD delayed mutants that have been described, such as gamyb and tdr mutants, which exhibited tapetal defects involving tapetum cell enlargement (Kaneko et al., 2004; Li et al., 2006), These findings suggested that the BrMS1 mutation in msm-1/2/3 mutants induced the delayed degradation of tapetum, but did not affect the morphology of tapetum cells.

Known tapetal PCD mutants also showed different types of pollen exine patterning. The manifestations of pollen exine abnormal in msm2-1 mutant were different from other MS1 homologous mutants. In the Arabidopsis ms1 mutant, exine formation is abnormal, with initial primexine deposition but with only limited sporopollenin deposition (Ito and Shinozaki, 2002; Ariizumi et al., 2003; Vizcay-Barrena and Wilson, 2006). In the rice, the osms1/ptc1 exines exhibited a two-layer structure, the sexine was abnormal because of the missing or decrease bacula (Yang et al., 2019b). In the maize, ubisch bodies were not enlarged in mutant ms7-6007 and exine was much thinner than WT (An et al., 2020). In this study, the msm2-1 mutant could form a complete pollen exine structure in the early stage of pollen development yet not observed the PCPs filled the pollen exine at the late stage. The excessive deposition of sporopollenin resulted in the pollen exine structure continuously thickened and formed a doughnut-like structure in the late stage of pollen development (Figures 4B,C,E,F). The SEM observation of pollen also exhibited a lack of elaborate patterning, giving rise to a smooth surface in msm2-1 mutant (Figures 3C,D,G,H). In addition, abnormal morphology of pollen inner wall was observed in msm2-1. Taken together, loss of function of BrMS1 results in delayed tapetal degeneration and pollen wall abnormal formation, and these developmental defects ultimately cause complete male sterility in the Chinese cabbage.



BrMS1 as a PHD-finger transcriptional activator negatively regulates its own expression

To decipher the molecular mechanism of the causal gene, MutMap and KASP analyses revealed that BrMS1 (BraA10g019050.3C) encoded a PHD-finger transcriptional factor, was the causal gene in mutant msm2-1 and confirmed function by BrMS1 cloning in the allelic mutants msm2-2/3 (Figures 5, 6). A previous study has shown that the PHD-finger motif was required for MS1 function in Arabidopsis (Ito et al., 2007). The mutation of lacking the PHD-finger motif in both OsMS1 and PTC1, caused male sterility in rice (Ito et al., 2007; Li et al., 2011; Yang et al., 2019b). Here, the base variations from G to A at 2443th of msm2-1, 1373th of msm2-2 and 1887th of msm2-3 made the PHD-finger domain abnormal in the allelic mutants and eventually led to pollen abortion (Figures 6A,B). Therefore, this demonstrates to some extent that the PHD-finger motif is indispensable for the development of anthers in Chinese cabbage.

Previous studies have implied MS1/PTC1 could down-regulate their own expression in wild-type plants, and conjectured that MS1 down-regulated its expression may due to conformational problem with the truncated mutant polypeptides and/or that the PHD-finger motif binding to its own promoter (Yang et al., 2007; Li et al., 2011). In this paper, qRT-PCR analysis revealed that BrMS1 transcripts were increased to varying degrees in the msm2-1/2/3 mutant, implying that self-regulatory based upon a normal gene functional could limit the expression of BrMS1 in Chinese cabbage (Figure 8A). The expression of BrMS1 in msm2-1/2 allele mutants showed a greater expression compared with in msm2-3, we speculated that this was on account of the smaller difference in the 3D structure of the BrMS1 gene in msm2-3 versus the wild type “FT” (Figures 6C–F).



BrMS1 plays a key role in Chinese cabbage pollen development

To gain a better understanding of how BrMS1 affects pollen development, we produced transcriptomes of the wild-type “FT” and the msm2-1 mutant to identify potential genes and pathways involved in pollen development. The pollen coat rich in lipids and proteins plays an important role in the attachment and recognition of the pollen to the stigma (Kobayashi et al., 2021). The pollen coat is necessary for fertility, as pollen coat mutants in rice lead to the humidity-sensitive male sterility (Xue et al., 2018; Yu et al., 2019; Chen et al., 2020). In this study, RNA-seq profiling demonstrated that pollen coat proteins GRPs and EXLs significantly down-regulated in msm2-1 compared with the wild-type “FT” (Supplementary Table S11). Accumulating reports implicated that papain-like cysteine proteases play a role in tapetal PCD, our results indicated that cysteine proteases BrCEP1 (BraA03g026210.3C) was up-regulated and the other two cysteine proteases genes BrCP1 (BraA10g004970.3C and BraA08g033980.3C) were down-regulated in msm2-1 (Supplementary Table S13). These findings, to some extent, revealed a potential cause of the delayed degradation of tapetum in the msm2-1 mutant. KEGG pathway analysis indicated that differentially expressed genes were significantly enriched in the pentose and glucuronate interconversions pathway. In this pathway, most DEGs involved in pectin biosynthesis, the main component of the pollen intine. HGAs are the most abundant polymer of pectin (Wolf et al., 2009). The HGA-modifying process can be strictly regulated by multiple cell wall enzymes. It has been demonstrated that the demethylesterification of HGAs could be spatiotemporally controlled by pectin methylesterases (PMEs) and PMEs activity might be regulated by a specific proteinaceous PME inhibitors (PMEIs; Camardella et al., 2000). Polygalacturonases (PGs) and pectin lyases (PLs) can depolymerize HGAs (Wakabayashi et al., 2003). Most of PMEIs, PGs and PLs were down-regulated in msm2-1 (Figure 10C; Supplementary Table S9). Thus, we speculated that the defection of BrMS1 regulated the development of pollen intine by affecting the expression of genes relevant to pectin biosynthesis in msm2-1 mutant. However, the specific way in which BrMS1 regulates these fertility-related genes will require further investigation.

Sporopollenin is the main component of the pollen exine and that its biosynthesis is closely related to fatty acid and phenylpropanoid metabolism (Liu and Fan, 2013; Shi et al., 2015). In this study, DEGs was likewise enriched in the phenylpropanoid metabolism pathway. The expression of some key enzymes in this pathway were significantly changed in msm2-1 (Figure 10D; Supplementary Table S10). In addition, several SSGs were up-regulated expression in mutant msm2-1. This finding was consistent with the excessive deposition of sporopollenin of the msm2-1 genotype (Figure 4; Supplementary Table S12). As we know that MS188 directly regulates sporopollenin biosynthesis genes, and MS188 is an upstream regulator of MS1 in the tapetum regulatory network (DYT1-TDF1-AMS-MS188-MS1; Xiong et al., 2016; Wang et al., 2018). Herein, the expression level of MS188 was up-regulated (Supplementary Table S13). In addition, several reports have shown that MS1 could negatively regulate AMS expression, possibly through chromatin remodeling, or indirect protein degradation (Ferguson et al., 2017). This complex network of feedback loops is critical for the anther development. We suspected that mutation in BrMS1 broke the balance of this negative feedback mechanism, resulting in the up-regulation expression of AMS and its downstream target gene MS188. While the SSGs directly regulated by the MS188 were also up-regulated, giving rise to pollen exine abnormal in the mutant msm2-1. BrMS1 as a TF could not only regulate the expression of downstream potential pollen development-related genes, but also effect on the expression of upstream genes (Figure 12). Hence, BrMS1 plays an important role in maintaining the stable and timely expression of various TFs in the tapetum regulatory network.

[image: Figure 12]

FIGURE 12
 Proposed working model for BrMS1 regulation of male fertility in Chinese cabbage. MS1 which encodes a PHD-finger transcription factor could regulate the tapetum programmed cell death by influencing the transcription level of Cys proteins. MS1 functions in pollen coats and pollen intine formation by mediating the expression of related genes in anthers. In addition, MS1 could negatively regulate the transcription level of itself and the upstream regulator AMS, which in turn affects the expression of SSGs to control the formation of pollen exine. MS1 plays an important role as a downstream regulator in the male fertility regulatory network.
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Clubroot is caused by Plasmodiophora brassicae, which threatens Brassicaceae crop production worldwide. In recent years, there has been an outbreak and rapid spread of clubroot in many major cruciferous crop-producing areas of China. In this study, we identified a cabbage material DingWen (DW) with different resistant capabilities from Huashuang5R (H5R) and Huayouza62R of Brassica napus, which are currently used as the main resistant cultivars for clubroot management in China. We used a next-generation sequencing-based bulked segregant analysis approach, combined with genetic mapping to identify clubroot-resistant (CR) genes from F1 population generated from a cross between the DW (CR) and HZSX (clubroot susceptible). The CR locus of DW (named CRA8.1) was mapped to a region between markers A08-4346 and A08-4853, which contains two different loci CRA8.1a and CRA8.1b after fine mapping. The CRA8.1b loci contain a fragment of 395 kb between markers A08-4624 and A08-4853 on A08 chromosome, and it is responsible for the resistance to PbZj and PbXm isolates. However, together with CRA8.1a, corresponding to a 765-kb region between markers A08-4346 and A08-4624, then it can confer resistance to PbXm+. Finally, through expression analysis between resistant and susceptible materials, two genes encoding TIR-NBS-LRR proteins (BraA08g039211E and BraA08g039212E) and one gene encoding an RLP protein (BraA08g039193E) were identified to be the most likely CR candidates for the peculiar resistance in DW.

Keywords: clubroot, Plasmodiophora brassicae, Brassica rapa, CRA8.1, fine mapping


INTRODUCTION

Clubroot is a highly contagious soil-borne disease that specifically endangers Brassica species, and it is caused by Plasmodiophora brassicae, a pathogen that belongs to peculiar eukaryotic taxa under Endomyxa branch (Dixon, 2009). Most of the Brassica plants, including Brassica napus, Brassica oleracea, and Brassica rapa, can be infected by P. brassicae. The susceptible plants display a swollen root symptom by this disease infection, which leads to dysfunction of root function for water and nutrient transport, eventually withering and death (Gahatraj et al., 2019). In recent years, the disease is rapidly spreading from different continents and countries, resulting in severe yield loss of cruciferous crops and vegetables (Hwang et al., 2012).

Although biological and chemical reagents can rescue the disease phenotype under certain conditions, the identification and introgression of resistance genes to create resistant varieties is the most efficient and economic approach to defeat the disease spreading (Elke et al., 2009; Chai et al., 2014). A few qualitative and quantitative clubroot-resistant (CR) loci have been identified in B. rapa, B. oleracea, B. napus, and Brassica nigra (Mehraj et al., 2020). The majority of CR genes are located on A genomes, including A01, A02, A03, A05, A06, and A08 chromosomes (Mehraj et al., 2020). In particular, CR loci on A03 or A08 chromosomes are extensively studied, including PbBa3.1, PbBa3.2, and PbBa3.3, CRd, Crr3, CRk, CRb, Rcr4, Rcr1, and CRa from A03 chromosome (Matsumoto et al., 1998; Hirai et al., 2004; Piao et al., 2004; Sakamoto et al., 2008; Chen et al., 2013; Chu et al., 2014; Yu et al., 2017; Pang et al., 2018), and Crr1 (including both Crr1a and Crr1b), PbBa8.1, Rcr3, Rcr9wa, BraA.CR.b, and Rcr9 from A08 chromosome (Suwabe et al., 2003; Chen et al., 2013; Yu et al., 2017; Hirani et al., 2018; Karim et al., 2020). CrrA5 and Crr4 were located on A05 and A06 chromosomes (Suwabe et al., 2006; Nguyen et al., 2018), and Crr2, PbBa1.1, CRc, and Rcr8 were mapped to A01 and A02 chromosomes, respectively (Suwabe et al., 2003; Sakamoto et al., 2008; Chen et al., 2013; Yu et al., 2017). Based on fine-mapping markers, some CR loci reside extremely close to or overlap each other, such as Crr1 and PbBa8.1, and CRa and CRb, and they can be allelic and actually originate from homologous genes from different A-genome species (Chen et al., 2013). These genes can be used as resources for breeding CR accessions.

Actually, from a broader view of disease resistance genes, most plant resistance (R) genes identified so far encode for cell membrane or intracellular receptors, including RLPs/RLKs (receptor-like proteins/kinases) and NLRs (nucleotide-binding site–leucine-rich repeat) (Kourelis and van der Hoorn, 2018). Plant innate immunity system comprises PTI (PAMP-triggered immunity) and ETI (effector-triggered immunity) (Deng et al., 2020). It is believed that specific interactions between a resistance gene and certain pathotypes are dependent mainly via ETI, but also affected by PTI pathway (Kim et al., 2016; Neik et al., 2017; Larkan et al., 2020; Yuan et al., 2021). For PTI, PAMPs from the invading pathogen are perceived by host membrane receptors known as PRRs (pattern recognition receptors), and RLKs and RLPs are the two major groups of PRRs on the cell surface determining the initial recognition (Wu and Zhou, 2013; Larkan et al., 2015; Grund et al., 2019; Kim et al., 2020). For the ETI route, effectors released inside the host cell are recognized by plant intracellular proteins such as NLRs, some of which require additional helper NLRs or chaperon proteins for triggering the ETI response (Grund et al., 2019). Different types of NLR proteins have been identified based on their protein domain structure, such as TIR-NBS-LRR, CC-NBS-LRR, and CCR-NBS-LRR subgroups (Wang and Chai, 2020). The above-mentioned CR genes, only two CR genes, namely, CRa and Crr1a, have been successfully isolated, both encoding TIR-NBS-LRR (NLRs) proteins (Ueno et al., 2012; Hatakeyama et al., 2013).

Clubroot-resistant genes from B. rapa have been introgressed into susceptible B. napus in order to generate resistant varieties. Currently, the two CR B. napus varieties in China are Huashuang5R (H5R) and Hayouza62R, which were generated through crosses using resistant B. rapa donor parents ECD04 (AA, 2n = 20) and Shinki (AA, 2n = 20), respectively (Zhan et al., 2020; Li et al., 2021). They were resistant to most of the clubroot pathogens isolated from different regions in China (Nadil et al., 2019). However, due to the soil-borne nature of the clubroot pathogen, a “resistant” Brassica variety to one pathogen can become “susceptible” to another pathogen from a different source. The present clubroot pathogen classification systems include the “Williams” system (Williams, 1966), the ECD system (Buczacki et al., 1975), and the SCD system (Pang et al., 2020). According to the “Williams” system, pathotype 4 is the most prevalent form in China, and most of the isolates such as PbZj (Zhijiang isolated from Hubei province) and PbXm (Xinmin from Liaoning province) belong to this group. The two B. napus CR varieties H5R and Hayouza62R containing PbBa8.1- and CRb-resistant loci, respectively, are resistant to PbZj and PbCd (Chengdu) isolates, but not to PbXm pathogen (Shah et al., 2020). Another struggling problem is the loss of resistance over time, which also calls for a new resource of resistance genes. During previous work, people found that pyramiding multiple CR genes in one variety would greatly improve the resistance of the host plant. For example, CRb and PbBa8.1 pyramiding lines in B. napus have demonstrated that plants in a homozygous state in each CR gene/locus had higher resistance than those in a heterozygous state (Shah et al., 2020). However, the fast spreading of clubroot disease, the presence of various pathotypes for the clubroot pathogens from different regions, and the frequent loss of resistance collectively call for urgent identification of a new CR gene resource.

The purpose of this study was to identify a CR locus different from PbBa8.1 and CRb and to identify the candidate genes responsible for disease resistance, therefore providing foundation for future utilization of these new CR genes for resistance breeding in Brassica species.



MATERIALS AND METHODS


Plant Materials

The Brassica cultivars used in the current study include H5R, Huashuang5S (H5S), and 409R (the resistant restore line for Huayouza62R) of B. napus, DingWen (DW), HuangZiShaXun (HZSX, Z1) (Belser et al., 2018), and 91-12 of B. rapa. H5R and 409R are resistant cultivars containing CR loci of PbBa8.1 and CRb, respectively. H5S and 91-12 were used as susceptible controls. DW is a hybrid and sterile resistant material. A susceptible cultivar HZSX was used as a parent in crosses with DW for F1 population construction and gene mapping.



Plasmodiophora brassicae Collection and Clubroot Resistance Phenotyping

Different species of P. brassicae from the Chinese cabbage roots with severe galling were collected from five different locations of China: PbXm, Xinmin of Liaoning province; PbCd, Chengdu of Sichuan province; PbZj, Zhijang of Hubei province; PbTc, Tengchong of Yunnan province; and PbLx, Linxiang of Yunnan province. During the study, we found that Xinmin region contained two isolates, based on the host response. Therefore, we named it as “PbXm+,” in order to discriminate it from the other one. Galls were frozen and stored in −20°C until further use.

Clubroot resistance test of all materials was carried out as described previously (Chen et al., 2015). In brief, the collected galls were thawed at room temperature, ground to homogenization with buffer, and filtered through gauze, and resting spores were isolated after rounds of centrifugation. The spore concentration was measured and diluted to 107 resting spores per milliliter in sterile distilled water, before being used for host plant inoculation.

Host plants were prepared by germination of seeds on moist filter paper for 4 days, followed by the growth of seedling in a nursery room on medium at 16-h photoperiod, with 25/20°C day/night temperature for 7 days. When seedlings are ready, 1 ml of the above resting spore suspension was inoculated into the root of the seedling, and the disease symptoms were scored after 30–40 days. Clubroot severity was scored as 0–3 based on the root morphology, with grade 0 as normal growth, grade 1 as a few small galls on the lateral roots, grade 2 as big galls on lateral roots, and grade 3 as big galls on both primary roots and lateral roots. The disease index (DI) was calculated based on the number of plants at various severity levels (Shah et al., 2020).



Bulked Pool Construction and Sequencing

Bulked segregation analysis (BSA) method was used to map the genomic region responsible for CR in DW. A genetic cross was performed using DW and HZSX, and the two parents were genetically variant and also showed contrasting CR phenotype. Thirty-eight highly resistant and 38 extremely susceptible plants were selected from F1 population to construct two pools (resistant pool and susceptible pool), respectively. Genomic DNA was extracted from leaves of individual plants using DNA Secure Plant Kit (TIANGEN, China). The DNA concentration was quantified with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States), and DNA of each individual plant within the same pool is mixed in equal concentration, resulting in two DNA libraries for sequencing.

Second-generation sequencing was performed on these two libraries using an Illumina HiSeq platform in PE150 mode. The raw data were accessed for quality control and then transformed into clean data by removing adaptor sequence. Clean reads were mapped to the reference genome of B. rapa1 using the Burrows–Wheeler Aligner (BWA0.7.12-r1039 mem).



CRA8.1 Gene Mapping

To identify candidate CR loci in DW, we first calculated the Euclidean distance (ED) value of SNP and InDel separately and then constructed maps based on the distribution of ED value on the chromosome. The molecular markers, developed by Zhan et al. (2020) on the A08 chromosome, were applied for genotyping. Five hundred F1 plants were used in the primary mapping, and the population was expanded to 3290 F1 plants for fine mapping. Physical map was constructed according to the location of molecular markers using MapChart software (Voorrips, 2002).



Assembly of CRA8.1 Fragment

To get sequence information of fragment containing CRA8.1 in DW, we performed fragment assembly with a European turnip ECD04 genome as the reference.

First, based on a Nova Seq 6000 sequencing platform, around 100 Gb Illumina short reads were obtained with leaf DNA of disease-resistant individual R59, which is the resistant plant in F1. Then, the Illumina short reads were mapped to the reference genome by BWA software package and rearranged by Samtools software package with parameters all set as default (Li and Durbin, 2009). Second, SNP/InDels data were extracted from the mapping results by BCF tools software package with the parameters set as “DP > 30 and QUAL > 100” (Narasimhan et al., 2016). At the same time, based on the sequence of A08-4346 and A08-5076 markers and blast result from NCBI2 from the reference genome, chromosomal fragments between the two markers from the reference genome were extracted by bedtools software package with default parameters (Quinlan and Hall, 2010).

Then, based on SNP/InDels data, an R script was written to replace the nucleotide sequence of candidate fragment of DW. The non-heterozygous SNP/InDels loci were replaced directly, while for loci containing heterozygous SNP/InDels, only one of the SNP/InDels was randomly selected to replace the candidate sequence.



Gene Synteny Analysis of CRA8.1 Fragment

First, we downloaded the Chinese cabbage HuangZiShaXun (Z1) genome,3 B. napus ZS11 genome,4 and European turnip ECD04 genome (unpublished). Then, the CDS of each genome was extracted by GFF read software package with parameter set as default. Finally, the gene synteny analysis was performed with CDS of candidate fragment as query and CDS of each genome as subject with MCscan.5



Identification and Expression Analysis of Candidate Genes

We used DW and HZSX (susceptible parent) and inoculated them with PbZj or PbXm+ isolates, respectively. Root samples were taken at 0 h, 12 h, and 4 days after inoculation, total RNA was extracted, and the candidate gene expression was analyzed using qRT-PCR. Information of qRT-PCR primers is listed in Supplementary Table 1, and BrUBC10 (XM_009134237.3) was used as an internal reference.

For promoter cis-element analysis, the DNA sequence 3.0 kb upstream of the coding sequence was submitted to the Plant CARE database6 for the prediction of putative cis-elements. The data were presented using TBtools software.




RESULTS


Chinese Cabbage “DW” With Broad Resistance to Plasmodiophora brassicae From Different Regions

Previously, a Chinese cabbage material was screened out with excellent resistance to Zj isolate of P. brassicae, and this material was named “DW.” In order to further verify the pathogen resistance profile of DW and characterize the identity of CR genes in comparison with the ones currently widely used in H5R and Huayouza62R B. napus varieties in China, DW, H5R, 409R (resistant, restore line of Huayouza62R), and H5S were inoculated by five different clubroot isolates collected from different locations of China, namely, PbXm, PbCd, PbZj, PbTc, and PbLx (Figure 1A). Indoor inoculation experiments showed that susceptible control H5S was severely infected by all pathogens, while H5R, 409R, and DW had variable resistance (Figure 1A). H5R, 409R, and DW showed high resistance to PbZj and PbCd (DI ≤ 3.5%) (Figures 1A,B), and DW was the only one resistant to PbXm, whereas H5R and 409R showed a DI level of 47.5 and 56%, respectively (Figures 1A,C). We can also see that all four materials used in this study were susceptible to PbTc; however, DW displayed lower DI than H5R and 409R (Figure 1A). Similarly, H5R and 409R showed 24–40% DI to PbLx, but the DI of DW was below 10% (Figure 1A). Taken together, these results suggest that DW is a material with superior CR, which is fundamentally different from that in H5R and 409R, suggesting possible different genetic background difference behind their resistance.
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FIGURE 1. Disease resistance responses of different materials to P. brassicae from different field isolates. (A) Disease index statistics. Black, white, gray, and red bars represent the disease index in DW, Huashuang5R (H5R), 409R, and Huashuang5S (H5S), respectively. (B,C) The phenotypes of DW, H5R, 409R, and H5S were inoculated with PbZj and PbXm, respectively.




Fine Mapping Revealed at Least Two Resistance Loci Presented in DingWen

To investigate the DW inheritance of the resistance, a segregating population was constructed using a susceptible material HZSX crossed with DW. Parental lines (DW and HZSX) and 139 F1 individuals were subsequently inoculated with the PbXm and scored for their resistance. As shown in Table 1, DW showed complete resistance with DI of 0, whereas HZSX was completely susceptible with DI of 100% (Table 1). The F1 plants from a cross of DW with HZSX exhibited roughly 1:1 segregation (among 139 F1 individuals, 69 and 70 were resistant and susceptible, respectively), indicating that the CR loci in DW are controlled by a single dominant gene (Figure 2A and Table 1).


TABLE 1. Disease phenotype statistics in F1 population from cross of DW and HZSX.
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FIGURE 2. Primary mapping of CRA8.1 in B. rapa. (A) Root phenotypes of DW, HZSX, and F1 after inoculation with PbXm. S, susceptible; R, resistant. (B) The Euclidean distance (ED) values of SNPs and InDels on chromosomes from the A genome. (C) Fine mapping of CRA8.1 region with InDel markers. Fifteen recombinants were identified from F1 population from markers A08-1922 to A08-5538. Black or white represents the regions found in HZSX or DW, respectively. Red lines indicate the CRA8.1 locus (1.2 Mb) identified from this study.


In order to identify the resistance loci, BSA (bulked segregation analysis) pools consisting of R- and S-plants were used for high-throughput sequencing. A total of 278,237,232 and 271,955,410 raw reads were obtained from R- and S-pools, respectively (Supplementary Table 2). After removing the adaptor sequence and filtering off low-quality reads, we recovered over 93% clean reads from the R- and S-pools, respectively, with Q30 over 87% (Supplementary Table 2). The clean reads were mapped to B. rapa reference genome (V3.0), and the total mapping rates were over 96%.

According to the ED of SNP and InDel (Figure 2B), a region of about 15 Mb was identified on A08 chromosome associating with CR (Figure 2B). To narrow down the region in genome, 12 molecule markers from the developed molecular markers were screened, and 15 recombinants were screened between markers A08-1922 and A08-5538 in F1 population. They were divided into four groups carrying different chromosomal fragments based on genotyping results (Figure 2C). Based on the resistance phenotype and the genotyping results, the CR loci were primarily mapped between A08-4346 and A08-4853 intervals, corresponding to a region of 1.2 Mb on chromosome A08 of B. rapa genome (V3.0) (Figure 2C). Interestingly, a previously known resistance locus PbBa8.1 overlaps with this region (Zhan et al., 2020). Since DW was highly resistant to PbXm pathogen, while H5R was not, this is a new locus conferring different CR profiles from PbBa8.1, and we named this locus as CRA8.1 hereafter.

To further narrow down the region of CRA8.1 and eventually identify the candidate genes, we expanded the F1 population for fine mapping. Finally, 39 recombinants were obtained from 3290 F1 plants. Two different recombinant individuals, namely, WHR10 and CW75, were obtained, and they were sterile. We backcrossed them with HZSX, and the progenies were inoculated by PbZj, PbXm, and PbXm+, together with DW and Chinese cabbage 91-12, as positive and negative controls, respectively (Figure 3). When PbXm or PbZj was used, the backcross progeny of these two recombinants with HZSX also showed 1:1 segregation (Figures 3B–E and Supplementary Table 3); however, when PbXm+ was used, the offspring of WHR10 showed a segregation ratio of 1:1, while those from CW75 were all susceptible (Figures 3F,G and Supplementary Table 3). Based on the BSA sequencing, the fragment between A08-4346 and A08-4624 intervals, in a total length of 765 kb, might be responsible for the resistance phenotype variation between CW75 and WHR10 for PbXm+ (Figure 3A). Therefore, we concluded that CRA8.1 contains at least two disease-resistant loci, conferring resistance to different isolates (PbXm+ and PbXm/PbZj). The candidate region named as CRA8.1b covers a region of 395 kb between markers A08-4624 and A08-4853, and it contributes to resistance to PbZj/PbXm isolates. The other locus CRA8.1a, corresponding to a region between A08-4346 and A08-4624, may confer resistance to PbXm+ by itself or coordinately with CRA8.1b (Figure 3A).
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FIGURE 3. CRA8.1a or CRA8.1b loci identified by fine mapping from A08-4346 to A08-4853 markers. (A) Genotyping of two representative recombinants CW75 and WHR10, carrying CRA8.1b or CRA8.1a and CRA8.1b, respectively. Disease phenotype of WHR10 and CW75 progeny plants after inoculation of PbZj (B,C), PbXm (D,E), or PbXm+ (F,G), respectively.




Three Candidate Clubroot-Resistant Genes Identified in CRA8.1 Region Based on Resequencing and Sequence Comparison

In order to identify candidate CR genes in the region between A08-4346 and A08-4853 intervals on A08 chromosome, we resequenced one of the resistant recombinant individuals R59 generated from the F1 population. The sequencing yielded 422 million clean reads with 63 billion clean bases. We manually assembled this region using ECD04 as the reference genome (unpublished) and compared gene distribution between DW, HZSX, and, a widely used B. napus variety, ZS11 (Figure 4). The total length of this assembly was 1.4 Mb (including the fragment between markers A08-4346 and A08-5076), and we found a good collinearity between DW, Z1 (HZSX), ZS11, and ECD04 (Figure 4A). Pairwise comparison within this segment suggested there were on average level of 14,395 SNPs and 2776 InDels that were different in DW to ZS11, ECD04, or Z1 varieties (Figure 4C).
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FIGURE 4. Genome structure comparison between homologous regions on A08 chromosome from DW, HZSX (Z1), ECD04, and ZS11. (A) Gene synteny analysis between chromosomal regions from A08-4346 to A08-5076 on A08 chromosome from DW, ECD04, ZS11, and Z1. a–e represent five candidate R genes found within this region. a–c belongs to the CRA8.1a region. d, e belongs to the CRA8.1b region. (B) Genomic orientation of the five candidate R genes between A08-4346 and A08-4853 on A08 chromosome. Green and red bars represent the candidate genes in CRA8.1a and CRA8.1b loci, respectively. (C) Number of SNPs and InDels in DW compared with ECD04, Z1, and ZS11 between the target regions flanked by markers of A08-4346 and A08-5076.


It is reported that 61% of the cloned R genes code for NLRs and 19% of R genes for RLPs/RLKs (Kourelis and van der Hoorn, 2018). Based on NLR/RLP annotation, we identified five R genes within the candidate region of A08 chromosome, corresponding to the following gene sequences of ECD04: CRA8.1.1 (BraA08g039174E), CRA8.1.2 (BraA08g039175E), CRA8.1.3 (BraA08g039193E), CRA8.1.4 (BraA08g039211E), and CRA8.1.5 (BraA08g039212E) (Figure 4A and Table 2). Among those candidate genes, the homologs of BraA08g039174E, BraA08g039175E, and BraA08g039193E are typical RLP genes and homologs of BraA08g039211E and BraA08g039212E are TIR-NBS-LRR genes (Figure 4B and Table 2). Homologs of BraA08g039174E, BraA08g039175E, and BraA08g039193E are located in CRA8.1a region, while the remaining two are in CRA8.1b region (Figure 4A).


TABLE 2. List of CR candidate genes identified within CRA8.1 loci.
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We reason that if an R gene is present in both resistant and susceptible plants, the difference may reside on gene sequence (including CDS and promoter) or expression level, or both. Since DW is a heterozygous material for resistance, in order to find out the resistant allelic genes in DW, we designed primers covering 3.0 kb upstream and the whole CDS region using information of genome resequencing (Supplementary Table 1). After T-A cloning and sequencing, genes with sequence variation between DW and HZSX were considered as genes possibly responsible for the new type of CR in DW.

Then, in order to clarify whether there is a functional diversification between resistant versus susceptible varieties, we extracted gene homologs from ECD04, ZS11, SL (Sheng Li), and QU (Quinta),7 the latter three as susceptible B. napus representatives. We compared gene coding sequences using BioEdit software (Supplementary Figures 1–5). We found that the protein sequences of BraA08g039174E and BraA08g039175E, both as LRR-domain-only proteins, were similar between different accessions (Supplementary Figures 1, 2). As for the third LRR-domain-only protein, BraA08g039193E, the DW and ECD04 protein sequences were quite different compared with the ones in ZS11, SL, and QU materials (Supplementary Figure 3). The protein sequence of BraA08g039211E in DW showed two missing amino acids (S223, Y224 in ECD04, and Z1) and one substitution (E191) in TIR domain; otherwise, the sequences were quite similar (Supplementary Figure 4). In the case of BraA08g039212E, the sequence in DW was almost identical to that of ECD04, but different from that in susceptible Zl, ZS11, and other accessions (Supplementary Figure 5).

We also quantified the relative expression of these candidate genes in DW or Z1 (HZSX) upon inoculation of PbXm+ or PbZj, except for BraA08g039175E whose expression was too low (Figure 5). As shown in Figure 5, the expression of BraA08g039174E was quite similar between DW and HZSX, both before and after inoculation (Figure 5A). On the contrary, we observed a clear difference on the expression levels of BraA08g039211E and BraA08g039212E between DW and HZSX, in particular an obvious induction on BraA08g039193E in DW upon infection (Figures 5B–D). Since these genes are NBS-LRR or RLP genes and also show differential expression between susceptible and resistant materials responding to pathogen infection, they are considered as the final candidate R genes awaiting further functional verification.
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FIGURE 5. Relative expression of candidate CR genes between DW (black) and HZSX (red) before and after inoculation of PbXm+ and PbZj isolates. (A–D) Relative expression of homologs of BraA08g039174E, BraA08g039193E, BraA08g039211E, and BraA08g039212E, respectively. ** represents p ≤ 0.01 by Student’s t-test.


In order to find the reason for different transcript levels between resistant and susceptible materials, especially in DW, we extracted promoter sequence and predicted regulatory cis-elements within these regions from DW, ECD04, ZS11, and Z1(HZSX) (Figure 6). As shown in Figure 6, similar patterns were observed in promoter regions of BraA08g039193E, BraA08g039211E, and BraA08g039212E from ECD04 and their corresponding orthologs in DW, but different from that in susceptible ZS11 and Z1 (Figure 6). For example, the MeJA-responsive elements in the promoter regions of BraA08g039211E and BraA08g039212E were very similar in DW and ECD04, but not compared to Z1 and ZS11 (Figures 6A,B). In the case of BraA08g039193E, the cis-elements in ZS11 and Z1 were similar, followed by DW, but with additional defense- and stress-responsive elements. The cis-element in ECD04 was different from the remaining three, and whether this is of any biological relevance needs further verification (Figure 6C).
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FIGURE 6. Analysis of cis-acting elements in promoter region of the homologs of BraA08g039211E (A), BraA08g039212E (B), and BraA08g039193E (C) between resistant (DW and ECD04) and susceptible (ZS11 and Z1/HZSX) materials.


Taken together, our data from the expression profile, protein sequence, and promoter cis-element analysis suggest that BraA08g039211E and BraA08g039212E from CRA8.1b region are the most likely candidates leading to resistance to PbZj/PbXm. In addition, BraA08g039193E is likely to be the main candidate gene in CRA8.1a, but BraA08g039211E and BraA08g039212E may interact with BraA08g039193E to resist PbXm+ isolate coordinately.




DISCUSSION

In this study, we discovered a unique B. rapa material DW that showed different resistance profiles other than H5R (PbBa8.1) or Huayouza 62R (CRb), suggesting possible new CR genes involved in its resistance. Fine mapping narrowed down to a genomic region with two NBS-LRR genes and one RLP gene as potential candidates. Once validated for their function as CR genes, those candidate genes could confer broader and higher resistance to more virulent clubroot pathogens. Therefore, genes from DW provide a new gene resource for CR breeding in future.


CRA8.1 Is Different From PbBa8.1 and Confers Superior Resistance to Diverse Pathogens

Numerous CR loci have been identified previously from ECD04 and other B. rapa materials, for instance, PbBa8.1 and Crr1a on A08 chromosome (Chen et al., 2013; Hatakeyama et al., 2013) (Table 3). In this study, our locus CRA8.1 is also located on chromosome A08 in DW, and genetically, this locus is dominant based on the F1 population segregation results. PbBa8.1 is the source of resistance in H5R; however, H5R was susceptible to PbXm pathogen, suggesting new genes in DW being responsible for its resistance. In the process of fine mapping, we found that there were two loci CRA8.1a and CRA8.1b in the primary localization interval of CRA8.1. Homologs of BraA08g039211E and BraA08g039212E are the most promising candidate genes in DW for CRA8.1b, which may play an important role against PbZj and PbXm isolates. However, what is the different resistance of BraA08g039211E and BraA08g039212E in DW and H5R remains to be further studied. The resistance of DW to PbXm+ comes from CRA8.1a itself or CRA8.1a and CRA8.1b together. So, it is not clear whether there is an interaction between the homologous genes of BraA08g039211E and BraA08g039212E and other resistance genes, or there are other types of resistance genes independently involved in the resistance response. In order to solve this problem, it is necessary to deepen the fine mapping of CRA8.1 loci, which involves the screening and isolation of recombinant plants with CRA8.1a locus only and subsequent inoculation of its offspring with PbXm+ to observe the segregation ratio.


TABLE 3. Clubroot-resistant loci presently known in Brassica rapa.
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The New Type of Clubroot-Resistant Genes That Can Be Used for Revealing the Novel Resistance Mechanisms

Based on gene distribution around CRA8.1 locus in ECD04, ZS11, DW and HZSX (Z1), the resistance spectrum of DW is unique and most likely coming from the CRA8.1a fragment (Figure 4). The candidate genes were the only NBS-LRR or RLP/RLK genes within this region, of which five can be quantified for relative expression. Among the three final candidates, BraA08g039211E and BraA08g039212E are actually located head to head adjacently on the chromosome, and both are drastically induced from 12 h up to 4 days in DW after clubroot infection (Figures 4B, 5C,D). Previous studies have shown that some of the R genes work in pair, and they are physically located very close on the chromosome, such as TNL pair genes RRS1/RPS4 from Arabidopsis thaliana (Le Roux et al., 2015) and CNL pair genes RGA5/RGA4 in rice (Cesari et al., 2013). So, BraA08g039211E and BraA08g039212E as TIR-NBS-LRR genes might be very important for host response to the clubroot pathogen. The third gene, BraA08g039193E is a RLP protein. This is distinct from the previously cloned NLR-type genes and mediates immune responses at the PTI level. Once the candidate gene is validated, what is the disease resistance mechanism is also a very interesting scientific question. In addition, BraA08g039211E has little residue difference between DW and HZSX, BraA08g039193E and BraA08g039212E, the sequence in DW was quite different compared with the ones in ZS11, SL, and QU materials, so they can be used as good materials for resistance mechanism research in future.



DingWen Is an Excellent Clubroot-Resistant Donor Plant for Resistance Improvement of Brassica napus

As mentioned above, clubroot is a fast-spreading soil-borne disease which calls for fast and effective resistant varieties. The current resistance cultivars can revert to susceptible upon long terms of use, and single or a handful of CR genes cannot assure resistance to different pathotypes of the clubroot pathogens. Also, the accumulation of mutations eventually would result in the loss of resistance. For example, in Alberta of Canada, a “new” brassicae pathogenic type that can overcome resistance was discovered only 4 years after the CR variety release (Strelkov et al., 2016; Fredua-Agyeman et al., 2018). Most CR genes used currently are coming from B. rapa, since crossability between B. rapa and B. napus is very good, and CR genes from B. rapa can readily be transferred to B. napus. The current two widely used CR varieties of B. napus, namely, H5R and 409R, are resistant to PbZj but not to PbTc and PbXm (Shah et al., 2020). Previous studies have shown that different disease resistance genes’ aggregation can improve the resistance to clubroot (Suwabe et al., 2006; Shah et al., 2020). In this study, the CRA8.1 locus located in DW contains at least two CR loci, which is superior to PbBa8.1 and CRb on A08 chromosome, so the two resistance genes of CRA8.1 can be introduced into excellent B. napus parents to improve the CR in breeding, which can save cost and improve work efficiency.
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Brassica juncea L. is the most widely cultivated oilseed crop in Indian subcontinent. Its seeds contain oil with very high concentration of erucic acid (≈50%). Of late, there is increasing emphasis on the development of low erucic acid varieties because of reported association of the consumption of high erucic acid oil with cardiac lipidosis. Erucic acid is synthesized from oleic acid by an elongation process involving two cycles of four sequential steps. Of which, the first step is catalyzed by β-ketoacyl-CoA synthase (KCS) encoded by the fatty acid elongase 1 (FAE1) gene in Brassica. Mutations in the coding region of the FAE1 lead to the loss of KCS activity and consequently a drastic reduction of erucic acid in the seeds. Molecular markers have been developed on the basis of variation available in the coding or promoter region(s) of the FAE1. However, majority of these markers are not breeder friendly and are rarely used in the breeding programs. Present studies were planned to develop robust kompetitive allele-specific PCR (KASPar) assays with high throughput and economics of scale. We first cloned and sequenced FAE1.1 and FAE1.2 from high and low erucic acid (<2%) genotypes of B. juncea (AABB) and its progenitor species, B. rapa (AA) and B. nigra (BB). Sequence comparisons of FAE1.1 and FAE1.2 genes for low and high erucic acid genotypes revealed single nucleotide polymorphisms (SNPs) at 8 and 3 positions. Of these, three SNPs for FAE1.1 and one SNPs for FAE1.2 produced missense mutations, leading to amino acid modifications and inactivation of KCS enzyme. We used SNPs at positions 735 and 1,476 for genes FAE1.1 and FAE1.2, respectively, to develop KASPar assays. These markers were validated on a collection of diverse genotypes and a segregating backcross progeny. KASPar assays developed in this study will be useful for marker-assisted breeding, as these can track recessive alleles in their heterozygous state with high reproducibility.

Keywords: KASPar, erucic acid, SNPs, FAE genes, allotetraploid


KEY MESSAGE

Developed KASPar assays for selection of low erucic acid are high throughput, robust, and codominant capable to track recessive alleles in their heterozygous state.



INTRODUCTION

Indian mustard [Brassica juncea (L.) Czern and Coss] is an important source of edible and industrial oil in the Indian subcontinent. Its seeds contain nearly 40% oil on a seed weight basis. Similar to other plants, oil in Indian mustard is a complex mixture of triglycerides (>95%) along with diacylglycerols (<5%), phytosterols, etc. Though mustard oil contains seven major fatty acids, erucic acid, a very long chain fatty acid (C22:1) is the predominant fatty acid contributing more than 50% to the total pool of fatty acids. Such levels are undesirable in view of their perceived role in cardiac lipidosis and fatty deposits in skeletal muscles (Vogtmann et al., 1975; Burrows and Tyrl, 2013). This concern precipitated substantive efforts to genetically reduce the erucic acid content in different rapeseed-mustard crops. Canadian rapeseed breeders were first to develop cultivars with low erucic acid (<2%) in B. napus and B. rapa (Downey and Craig, 1964). Combining low erucic acid trait with low glucosinolate content (<30 μmol/g defatted meal) in the meal subsequently aided the development of canola quality rapeseed cultivars. Similar success was achieved in B. juncea with the discovery of low erucic acid (<2%) genotypes (Zem 1 and Zem 2) in Australia (Kirk and Oram, 1981). Only a few varieties and hybrids of canola mustard are currently under cultivation. However, linkage drag continues to be an issue as low erucic acid donors (Zem 1 and Zem 2) and their derivatives are late maturing, small seeded, and possess low seed oil content (Banga et al., 2015). Traditional breeding methods have not been able to eliminate limitations of low oil in the presently available low erucic acid mustard varieties. Transferring the low erucic acid trait into agronomically superior genotypes is difficult, since the trait is double recessive and fatty acid composition is defined by the genotype of the embryo. Each cycle of backcrossing requires one generation of selfing after every backcross. Plants carrying low erucic acid alleles in the self-progenies are selected on the basis of half-seed analysis for the next cycle of recurrent backcrossing to the recurrent parent. A countless number of half seeds must be analyzed in each generation and this procedure is beyond the analytical capacity of most laboratories in mustard-growing countries. Although many rapid screening techniques (e.g., Near-infrared spectroscopy) are now available (Kaur et al., 2016; Sen et al., 2018), these require a large sample size and are not suitable for the analysis of single seeds. The development of functional markers with the ability to differentiate between homozygous and heterozygous states of plants is considered important. It will obviate the wet chemistry analysis for fatty acid profiling and the necessity of selfing after every generation of backcrossing.

The genes involved in the biosynthesis of very long-chain fatty acids (VLCFAs) are well known. Long-chain fatty acids are synthesized de novo with two enzyme systems, acetyl-CoA carboxylase (ACCase) and fatty acid synthase (FAS) complex. ACCase catalyzes the formation of malonyl-acyl carrier protein (ACP) (Harwood, 1996), whereas FAS complex catalyzes the elongation of malonyl-ACP into palmitoyl-ACP with seven rounds of four sequential reactions. Elongation of palmitoyl-ACP results in stearoyl-ACP, which is then saturated by plastidal stearoyl-ACP desaturase to produce oleoyl-ACP. The removal of ACP by acyl-ACP thioesterase (FatA/FatB) marks the termination of elongation in plastids and leads to the formation of free fatty acids such as palmitic, stearic, and oleic acid. Most of the free fatty acids are transported to endoplasmic reticulum, where oleic acid is desaturated and elongated to produce polyunsaturated fatty acid and VLCFA. Fatty acid desaturases (FAD) encoded by FAD genes catalyze the desaturation reaction (Kunst et al., 1992; Miquel and Browse, 1992), whereas β-ketoacyl-CoA synthase (KCS) catalyzes the first step of two rounds of four sequential chain elongation reactions (James et al., 1995). This enzyme is encoded by the fatty acid elongase 1 (FAE1) gene in Brassica. Mutation in the FAE1 genes impairs the activity of KCS enzyme (Katavic et al., 2002). Orthologs of the FAE and FAD genes were also reported in different oilseed Brassica species (Barker et al., 2007; Wang et al., 2015; Tang et al., 2019; Xue et al., 2020). B. juncea (AABB) and B. napus (AACC) possess two homologs of FAE1.1 and FAE1.2 genes. These show more than 99% nucleotide identity. High homologies exist between the gene sequences of the gene from B. juncea, B. rapa, and B. napus (Zeng and Cheng, 2014). Four and three single nucleotide polymorphisms (SNPs) in FAE1.1 and FAE1.2 differentiated low erucic genotypes from high erucic acid ones in B. juncea (Gupta et al., 2004). A total of 26 SNPs caused changes in 13 amino acids in B. rapa (Yan et al., 2015). Deletion of two bases in C homolog in B. napus produced low erucic acid phenotype (Fourmann et al., 1998). Single nucleotide primer extension (SNuPE) assays have been used to track allelic variation in the FAE1 gene (Gupta et al., 2004), but these are expensive and tedious to implement. Cleaved amplified polymorphic sequences were also used to characterize FAE1.1 and FAE1.2 alleles in B. juncea (Saini et al., 2016), but CAPS markers are dominant and these fail to identify recessive alleles in heterozygous state. Recently, Saini et al. (2019) have reported PCR markers based on the sequence variation in the promoter regions of the FAE1. These are gel-based markers. A marker-assisted breeding program requires simple but robust molecular assays that benefit from economies of scale. Kompetitive allele-specific PCR (KASPar) genotyping assay is considered as an ideal approach to hasten the breeding processes through rapid genotyping of thousands of samples at very low error rates (Chen et al., 2010; Kumpatla et al., 2012). In this study, we report the development of KASPar assay for high-throughput genotyping of erucic acid content. These allele-specific assays were developed on the basis of SNPs at positions 735 and 1,476 from A and B homologs of FAE1.1 and FAE1.2. These SNPs were identified on the basis of Sanger sequencing of cloned FAE1.1 and FAE1.2 genes from both the high and low erucic acid accessions of B. juncea and the progenitor species: B. rapa and B. nigra. All these sequences have been submitted to the National Center for Biotechnology Information (NCBI) and included in Supplementary File 1. The practical utility of the designed KASPar assays was established by validating these in a germplasm collection and a segregating backcross progeny varying for erucic acid contents.



MATERIALS AND METHODS


Plant Material

A total of 29 pure lines of B. juncea (25) and inbred lines of its genome donor species, B. rapa (2) and B. nigra (2) were selected for this study (Table 1 and Supplementary Table 1). Selected genotypes varied for erucic acid content (0–52%) in the oil and represented a broad spectrum of geographic and genetic diversity. The FAE1 gene was cloned and sequenced from four genotypes of B. juncea, two of B. rapa and one of B. nigra. A backcross progeny 1 (BC1) was developed from a cross of PBR357/RLC3//PBR357 [(High × Low) × High erucic genotype(s)] through hand pollinations. It was raised under field conditions and used to validate KASPar markers in segregating generation.


TABLE 1. Diverse germplasm lines of B. juncea, B. rapa, and B. nigra.
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Fatty Acid Profiling

Fatty acid profile was determined through gas chromatography by following standard protocols (Appelqvist, 1968). For this fatty acid methyl esters (FAMEs) were injected in a fused silica capillary CP-SIL 88 column (50 mm × 0.25 mm id) fitted on gas chromatograph (Varian CP-3800, United States). Temperatures of oven, injector, and Flame ionisation detector (FID) were maintained at 200, 230, and 250°C, respectively. The peak identity of different fatty acids was determined by analyzing the FAME mix (Supelco Incorporation, United States) as a reference under similar conditions. The relative area percentage was used for estimating the identified fatty acids.



Half-Seed Technique for Non-destructive Determination of Fatty Acids

In Brassica, embryo genotype determines the composition of fatty acids. This mode of inheritance allows non-destructive estimation of fatty acids at a single seed level. Brassica seeds possess conduplicate cotyledons, where the inner cotyledon is attached with germ, and the outer cotyledon covers the inner one. The outer cotyledon was used for ascertaining the fatty acid composition and the inner one was retained for raising into adult plant. To follow half-seed method, the seeds were placed on moistened filter paper in petriplates at 25 ± 2°C under dark conditions. The swollen seeds were taken out after 24 h and the outer cotyledon of each seed was separated for estimating the fatty acid composition as per the procedure described earlier.



Cloning and Sequencing of FAE1.1 and FAE1.2

Full-length FAE1.1 and FAE1.2 genes were isolated and cloned separately from high and low erucic acid genotypes of B. juncea along with its progenitors B. rapa and B. nigra. Gene-specific primers for FAE1.1 and FAE1.2 were designed by using previously available sequence information (NCBI Gene Accession nos. AJ558197.1 and AJ558198.1). Primers FAE1.1 AR (forward-TGACGTCATAGTGTTAGGCGT and reverse TTTGGCACCTTTCATCGGAC) and FAE1.2 BR (forward-ACGAAAGAGAGCAAACATCATTT and reverse-CGACA3 ACACACTGAGCAAT) were got synthesized from IDT, Germany. Thymine/Adenine (TA) cloning kit was used for cloning the amplicons in pGEM-T Easy Vector followed by sequencing with forward and reverse primer of M13. At least five clones from each genotype were sequenced by Sanger dideoxy chain termination method on capillary electrophoresis system (ABI 3730XL, Applied Biosystems, United States). Sanger sequencing was outsourced to the Eurofins Genomics India Pvt. Ltd, India. Vector contamination was removed through VecScreen tool1. The consensus sequences were obtained through the Geneious software (Kearse et al., 2012).



Identification of Single Nucleotide Polymorphisms

Differentiating SNPs were identified by aligning the sequences of FAE1.1 and FAE1.2 genes isolated from high erucic and low erucic acid accessions of B. juncea and its progenitor species by sequence alignment tool of the Geneious software.



Development of Kompetitive Allele-Specific PCR Assays

Gene-specific KASPar assays were manually designed for FAE1.1 and FAE1.2. SNPs at positions 735 and 1,476 for FAE1.1 and FAE1.2 were used for the purpose (Table 2). Thermodynamic properties of the designed primers were analyzed by using software Vector NTI version 11.5.32.


TABLE 2. List of the kompetitive allele-specific PCR (KASPar) primers.
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Kompetitive Allele-Specific PCR Method

Kompetitive allele-specific PCR reaction mix constituted 2 μl DNA (ng), 1.944 μl KASP reagent (LGC Genomics, Beverly, MA, United States) and primer mix of 0.056 μl. PCR was run initially for 15 min at 94°C followed by 10 cycles for 20 s at 94°C and 1 min at 65°C in touchdown mode with a decrease of 1°C in every cycle and finally 30 cycles of 20 s at 94°C and for 1 min at 55°C. The Applied Biosystems™ QuantStudio™ 12K Flex (Thermo Fisher Scientific, United States) was utilized for carrying out PCR reaction and analyzing the PCR product.




RESULTS


Variation for Erucic Acid Content

Brassica rapa accessions, QR 2 and TL 17, contained 0.2 and 42.6% erucic acid, respectively, while both the genotypes of B. nigra (UP and CN 113799) had high erucic acid. B. juncea genotypes from India varied between 0.8 and 52.3% for erucic acid in the oil. Erucic acid content of introduced mustard genotypes ranged between 0.8 and 21% (Table 1). EC 597325 and CBJ 001, of Australian and Chinese origin, respectively, exhibited low erucic acid (<2%) in the oil. The East European genotype Donskaja had intermediate erucic acid content.



Characterization of FAE1.1

Sequence size of FAE1.1 from B. rapa cv. TL 17 (high erucic acid) and QR 2 (low erucic acid genotype) was 1,521 bp. The gene(s) comprised a single exon without any intron in FAE1.1 from both the high and low erucic acid (Supplementary Figure 1). Sequence alignment of FAE1.1 indicated high similarity (97%). Nucleotide variations were recorded at eight positions (Supplementary Figure 2). These variations manifested into seven transitions and one transversions. A total of 506 amino acids were encoded by messenger RNA (mRNA) of FAE1.1 gene. Amino acid sequence comparison revealed that amino acid changes at three positions (Supplementary Figure 2). Four SNPs at positions 591, 735, 968, and 1,265 caused transition types of changes and were common across the available database. KASPar primers were designed only at position 735.



Characterization of FAE1.2

Sequence of B. nigra genotype, UP with high erucic acid content, was compared with the B homolog from mustard genotype, RLC3 with low erucic acid. FAE1.2 gene had a sequence length of 1,521 bp with one exon (Supplementary Figure 3). Sequence alignment revealed high homology (99%) between FAE1.2 gene sequences isolated from B. nigra and B. juncea. Nucleotide changes were identified only at three positions. These variations were indicative of two transitions and one transversion (Supplementary Figure 4). Translated mRNA sequence of FAE1.2 encoded 506 amino acids. A comparison of mRNA amino acid sequences of high/low erucic acid Brassica genotypes indicated changes only at single position as compared to the changes at three positions for the nucleotide sequence of the gene (Supplementary Figure 4). Gene sequences of FAE1.2 deciphered in our studies were also aligned with the corresponding sequences available in public domain (NCBI: AJ 558198.1). All the three identified SNPs at positions T/C (49), C/T (237), and T/A (1,476) were consensus. SNP at position 1,476 was selected for developing KASPar primer.



Identification of Single Nucleotide Polymorphisms Differentiating High/Low Erucic Acid Genotypes in B. juncea

Four common SNPs distinguishing high/low erucic acid FAE1.1 gene were observed in B. rapa and B. juncea gene sequences. Likewise, three SNPs for high/low erucic acid identified for gene FAE1.2 in B. nigra were also present in B. juncea. These SNPs were common across the ploidy and present in all the test germplasm, irrespective of geographic and genetic origin (Table 3 and Supplementary Figure 5).


TABLE 3. Single nucleotide polymorphisms (SNPs) differentiating low/high erucic acid (FAE1.1 and FAE1.2) in Brassica species.
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Development of the Kompetitive Allele-Specific PCR Assays

The KASPar assay for FAE1.1 was designed for SNPs at position 735 and validated over 29 accessions of B. rapa, B. nigra, and B. juncea (Table 4). Genotypes with low erucic acid formed a cluster distinct from the genotypes with high erucic acid (Figure 1A). Amplification was not observed for B. nigra genotypes, indicating the A homolog specificity for the assay developed. KASPar assay specific to the gene FAE1.2 was designed for SNP at position 1,476. This KASPar assay was also validated on 29 genotypes and formed separate clusters for high vs. low erucic acid genotypes (Table 4 and Figure 1B). B. rapa genotypes showed no amplification, confirming the specificity of the assay for B homolog.


TABLE 4. Validation of the KASPar assays for erucic acid content in diverse Brassica genotypes.
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FIGURE 1. Kompetitive allele-specific PCR (KASPar) genotyping in germplasm lines and backcross population. (A) KASPar genotyping of FAE1.1 gene on pure/inbred lines: genotypes homozygous (FAE1.1) for high and low erucic acid clustered to the FAM side (Y axis: blue dots) and VIC side (X axis: red dots), respectively. (B) KASPar genotyping of FAE1.2 gene on pure/inbred lines: genotypes homozygous for high and low erucic acid (FAE1.2) clustered to the VIC side (X axis: red dots) and FAM side (Y axis: blue dots), respectively. (C) KASPar genotyping for FAE1.1 gene on BC1 population. Homozygous genotypes clustered to FAM (Y axis: blue dots) whereas heterozygotes clusterd as green dots. (D) KASPar genotypes for FAE1.2 on BC1 population. Homozygotes clustered to VIC side (X axis: red dots) whereas heterozygotes clustered as green dots.




Validation of Kompetitive Allele-Specific PCR Assays on BC1 Seeds

The KASPar assays were authenticated on BC1 seeds, segregating for varied erucic acid content. The seed fatty acid composition was determined by using half-seed method. The outer cotyledon of swollen seeds was harvested for fatty acid analysis, whereas corresponding inner cotyledon with germ portion was seeded to develop into the adult plant. DNA was isolated from first true leaves of plants with known fatty acid composition. The KASPar assays were used for specific amplification of FAE1.1 and FAE1.2. KASP clusters showed equivalence with the segregation expected for a BC1 progeny (Figures 1C,D). Four genotypic classes were inferred from the analysis of 75 BC1 plants (Table 5). These were E1E1E2E2 (25): E1E1E2e2 (14): E1e1E2E2 (16): E1e1E2e2 (20). Plants with genotype E1E1E2E2 possessed average erucic acid level of 50.35% and plants heterozygous at both the loci (E1e1E2e2) had average erucic acid content of 27.29%. The remaining two genotypic classes, heterozygotes for either of two alleles, E1E1E2e2 and E1e1E2E2 showed erucic acid contents of 39.37 and 35.36%, respectively. E1 allele contributed more than that of the E2 allele. The gene action with an additive effect was indicated for the erucic acid phenotype. Heterozygotes, E1e1E2e2 showed an intermediate phenotype.


TABLE 5. Genotyping for FAE1.1 and FAE1.2 genes and their association with erucic acid in B. juncea.

[image: Table 5]



DISCUSSION

Genetic modification of oil quality is now a major breeding objective in mustard. However, most breeding groups are following traditional crop-breeding methods with little application of marker-assisted breeding in India. This is in spite of the availability of many high-density linkage maps and molecular marker systems in the species (Pradhan et al., 2003; Ramchiary et al., 2007; Panjabi et al., 2008; Yadava et al., 2012). KCS enzyme encoded by the FAE1 is involved in one of the step for the synthesis of erucic acid from oleic acid. The mutation in coding region of the FAE1 gene impairs its activity and results in drastic reduction of erucic acid (Katavic et al., 2002). Molecular markers, SNuPE (Gupta et al., 2004), and CAPS (Saini et al., 2016) for tracking the allelic variation for the FAE1 gene, have been developed in B. juncea. Recently, a PCR-based marker system has been developed, which exploits the variation in the promoter region of the FAE1 (Saini et al., 2019). None of these systems allow high throughput and cost-effective genotyping. It is, thus, important to develop breeder friendly and robust marker system.

We independently isolated FAE1.1 and FAE1.2 from four genotypes of B. juncea, two of B. rapa, and one of B. nigra. Cloning and gene sequencing allowed us to identify one copy each of FAE1.1 in B. rapa and FAE1.2 in B. nigra. Both the genes (FAE1.1 and FAE1.2) were also detected in allotetraploid B. juncea as it has been reported earlier (Das et al., 2002; Gupta et al., 2004; Yan et al., 2015). Comparative sequence analysis has also indicated that the coding sequences (CDSs) from the FAE1 are highly conserved with high similarity across the tested Brassica species. A broader genetic conservation of the gene has also been reported in the related Brassicaceae species, Sinapis alba (Zeng and Cheng, 2014). The predicted amino acid sequences of Sinapis alba have shared high homology with cultivated Brassica and Arabidopsis. Our studies have also emphasized the role of point/missense mutations in the coding region to inactivate KCS. Differences in the regulatory region or CDS due to SNPs, Insertion/deletions (InDels), and insertion of transposable elements cause dysfunction in the FAE1 (Roscoe et al., 2001; Katavic et al., 2002; Chiron et al., 2015). In contrast, a deletion of four base pairs in the FAE1 CDS from B. napus has produced a frameshift mutation and led to the formation of non-functional polypeptide with short length (Wu et al., 2008). Serine at 282 positions in the FAE1 is considered essential for elongase activity in B. napus (Katavic et al., 2002). We have also observed transition and transversion types of nucleotide variations at eight positions in FAE1.1 gene sequences of B. rapa. Of these, seven positions have been identified as transition changes and three of which cause amino acid alterations to inactivate KCS. These transition types of alterations have also been reported to cause low erucic acid in B. rapa (Wang et al., 2010). A total of 26 SNPs have caused changes in 13 amino acids and consequently loss of activity of KCS has also been reported in B. rapa (Yan et al., 2015). Whereas for B. juncea, total six nucleotide variations were detected in FAE1.1 gene and all were of transition types. Comparatively, less nucleotide variations in FAE1.1 of allotetraploid B. juncea were identified as compared to its diploid progenitor, B. rapa. Of these variations, four SNPs are common across the ploidy. These SNPs have also been reported earlier by Gupta et al. (2004) in B. juncea. For FAE1.2, nucleotide variations have occurred at the three positions both in diploid, B. nigra and allotetraploid, B. juncea. However, only one of these SNPs caused amino acid alteration that led to the loss of function of KCS. SNPs resulting from transition changes in FAE1.2 gene have also been documented in B. juncea (Gupta et al., 2004). Low sequence diversity was recorded for B homologs of the FAE1 genes in diploid and allotetraploid crop Brassica species. SNPs and InDels in gene or genome are being exploited for marker-assisted breeding (Garcés-Claver et al., 2007).

In this study, we planned to develop high throughput and breeder friendly markers capable of discriminating homozygous and heterozygous individuals in the segregating progenies. Effectiveness of the KASPar assays for high-throughput genotyping has already been documented in many crops including Brassica (Chhetri et al., 2017; Steele et al., 2018; Chen et al., 2021; Fu et al., 2021). The KASPar assays reported for FAE1.1 and FAE1.2 genes in the current communication were validated on large number of diverse genotypes and showed complete associations with erucic acid. High erucic acid B. juncea accessions are homozygous dominant for both the genes in contrast to homozygous recessive condition for low erucic acid genotypes as reported earlier (Gupta et al., 2004). Donskaja with intermediate erucic acid level is homozygous recessive for FAE1.1 and dominant for FAE1.2. This observation has explained the intermediate erucic acid levels reported earlier in East European B. juncea (Kirk and Hurlstone, 1983). The ability of our present marker system to differentiate between high vs. low erucic acid genotypes from the diverse geographic origins (Australia, India, China, East Europe, and Sweden) indicates its wider applicability. This could be largely due to involvement of Zem 1 and Zem 2 as donors for present low erucic acid cultivars of B. juncea (Potts et al., 1999; Bhat et al., 2002). These newly developed KASPar assays are codominant and could discriminate between homozygous and heterozygous states in the BC1 progeny investigated. The segregation pattern of these assays is in confirmatory with digenic additive inheritance for erucic acid (Bhat et al., 2002; Gupta et al., 2004). The ability of our marker assays to differentiate homozygous/heterozygous state of alleles in inbred/pure lines and in segregating progenies will expedite the process of marker-assisted selection for low erucic acid in B. juncea.



CONCLUSION

The KASPar assays were developed on the basis of SNP variations in the coding regions of the FAE1 genes. These assays are highly genome specific and can discriminate between heterozygous, double recessive, or double dominant states of a genotype. These can be coupled with a background selection to expedite the recovery of the recurrent parent and reduce linkage drag associated with the trait donor parent. Per sample costs are also low and a large number of samples can be processed in 1 day. Developed KASPar assays are single step, high throughput, robust, codominant, and cost-effective than gel-based markers and can be efficiently used for marker-assisted selection of low erucic acid.
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The exploitation of heterosis through hybrid breeding is one of the major breeding objectives for productivity increase in crop plants. This research analyzes the genetic basis of heterosis in Brassica juncea by using a doubled haploid (DH) mapping population derived from F1 between two heterotic inbred parents, one belonging to the Indian and the other belonging to the east European gene pool, and their two corresponding sets of backcross hybrids. An Illumina Infinium Brassica 90K SNP array-based genetic map was used to identify yield influencing quantitative trait loci (QTL) related to plant architecture, flowering, and silique- and seed-related traits using five different data sets from multiple trials, allowing the estimation of additive and dominance effects, as well as digenic epistatic interactions. In total, 695 additive QTL were detected for the 14 traits in the three trials using five data sets, with overdominance observed to be the predominant type of effect in determining the expression of heterotic QTL. The results indicated that the design in the present study was efficient for identifying common QTL across multiple trials and populations, which constitute a valuable resource for marker-assisted selection and further research. In addition, a total of 637 epistatic loci were identified, and it was concluded that epistasis among loci without detectable main effects plays an important role in controlling heterosis in yield of B. juncea.

Keywords: Brassica juncea, heterosis, QTL mapping, yield influencing traits, dominance, epistasis


INTRODUCTION

Heterosis is defined as the superior performance of F1 hybrids relative to the homozygous parents (East, 1908; Shull, 1908). While the practical application of heterosis in plant breeding is quite successful in many crops through the development of hybrid varieties, the molecular mechanism of the phenomenon is not well understood. The development of molecular quantitative genetics has facilitated the study of the genetic basis of heterosis in crops (Paterson et al., 1988; Stuber, 1992). Numerous studies have been carried out in different crops, including maize, which is an outcrossing crop, and rice and wheat, which are self-pollinated. Three main hypotheses exist to explain the genetic basis of heterosis—dominance, overdominance, and epistasis (Crow, 1999; Goodnight, 1999; Lippman and Zamir, 2007). The dominance hypothesis supposes that deleterious recessive alleles of one of the parents are complemented in the F1 hybrid by the dominant alleles of the other parent. Results from several quantitative genetic experiments in crops like rice and maize favor the dominance hypothesis (Xiao et al., 1995; Cockerham and Zeng, 1996; Swanson-Wagner et al., 2009). The overdominance hypothesis states that the heterozygous combination of the alleles at a locus is superior to either of the two possible homozygous combinations. Overdominance has been seen as the primary genetic basis of heterosis in different crops like maize (Stuber et al., 1992), rice (Li et al., 2001; Luo et al., 2001; Mei et al., 2005; Zhu et al., 2016), tomato (Semel et al., 2006; Krieger et al., 2010), and cotton (Ma et al., 2019). Epistasis is defined as the interactions between alleles of different loci and has been shown as the major determinant of heterosis in a few studies (Yu et al., 1997; Hua et al., 2002, 2003; Luo et al., 2009; Tang et al., 2010; Zhou et al., 2012).

In Brassica napus, Radoev et al. (2008) used doubled haploids (DH) and the corresponding backcross lines with their midparent heterosis data to map heterotic quantitative trait loci (QTL) and identified a large number of epistatic interactions for seed yield and three yield-component traits. They concluded that epistasis, together with all levels of dominance from partial to overdominance, was responsible for the expression of heterosis in rapeseed. Using the same experimental design in two DH populations and two corresponding sets of backcross hybrids, Basunanda et al. (2010) detected a number of QTL hotspots, which consisted of epistatic loci as well as main-effect QTL associated with seedling biomass and yield-related traits. They found that epistatic interactions played an important role in the expression of heterosis in oilseed rape and postulated that these QTL hotspots might harbor genes involved in the regulation of heterosis for different traits, with an overall significant influence on heterosis for seed yield. Prominent clustering of QTL for yield and yield-related traits have also been reported in genomes of many other crops and model plants, such as rice (You et al., 2006), maize (Frascaroli et al., 2007), wheat (Peng et al., 2003), mustard (Ramchiary et al., 2007; Yadava et al., 2012), and Arabidopsis (Fu et al., 2009), indicating that QTL for yield-related traits might have pleiotropic effects. Studies on various crop species have consistently postulated that the genetic mechanism of heterosis is complex without any single explanation for its expression (Radoev et al., 2008; Liang et al., 2015; Shang et al., 2016; Li et al., 2018; Ma et al., 2019; Liu et al., 2020).

Different mapping populations with varied genetic structures have previously been used to study heterosis in crops (Schnable and Springer, 2013). F2 and BC populations can be used to study heterosis; however, their temporary nature in the form of single plants as the segregating units restricts their use in experiments with replications (Yu et al., 1997; Li et al., 2012). To circumvent these issues, new population types in the form of “immortalized F2” (IF2) populations and double backcrosses of DH or Recombinant inbred lines (RILs) have been constructed in several studies (Xiao et al., 1995; Hua et al., 2002, 2003; Mei et al., 2005; Shi et al., 2011). Several studies on heterosis using a backcross design have been carried out in different crops, such as rice (Xiao et al., 1995; Li et al., 2001; Luo et al., 2009), maize (Frascaroli et al., 2007; Larièpe et al., 2012), and rapeseed (Radoev et al., 2008; Basunanda et al., 2010).

Oilseed mustard, Brassica juncea (AABB), an important oilseed crop of the Indian subcontinent is grown under low-moisture regimes during the winter-growing season. The major breeding objectives in B. juncea target yield enhancement, oil quality, resistance against pathogens, and tolerance for abiotic stresses (Pradhan and Pental, 2011). Extensive phenotypic and DNA marker-based studies on oilseed types of B. juncea have confirmed the existence of two major distinct gene pools—-Indian and East European (Pradhan et al., 1993; Srivastava et al., 2001). Hybrids between the Indian and east European types are heterotic for yield (Pradhan et al., 1993). In B. juncea, the first ever commercial hybrid DMH-1 released in India, developed from a cross between an Indian gene pool line Pusa bold and an east European gene pool line EH-2, shows high heterosis with about 30% higher yield than the best check varieties (Sodhi et al., 2006). The molecular basis of heterosis in B. juncea has not been investigated so far, and there remain several unresolved basic questions on the genetics of this highly complex trait. The principal objective of this study was, therefore, the genetic analysis of heterosis by identification, localization, and estimation of the effects of QTL for seed yield and related component traits, along with an exhaustive assessment of the contributions of different genetic effects, e.g., dominance, overdominance, and epistasis, to the expression of heterosis in B. juncea.



MATERIALS AND METHODS


Plant Materials

A DH mapping population was derived from a cross between an archetypical Indian gene pool line of mustard—Varuna, and EH-2, an early flowering mutant of Heera (the canola-quality exotic eastern European line). The two lines are highly divergent and good heterotic combiners belonging to two distinct gene pools—Indian and east European. Briefly, crosses were made between Varuna and EH-2, using Varuna as the female parent. F1 plants were grown in controlled environmental chambers for the isolation of microspores to obtain DH plants through in vitro colchicine treatment of microspores and embryogenesis (Mukhopadhyay et al., 2007). Second or third leaf from 3-to-4-week-old individual putative doubled haploid plants was taken for analyzing its ploidy level, following Arumuganathan and Earle (1991), and the diploidized plants were transplanted in the field.

The DH population (hereinafter referred to as “VEH”) consisted of 164 lines developed from the F1 of a cross between Varuna and EH-2. Two backcross (BC) populations were developed from crosses between the DH lines with Varuna and with EH-2 by using the DH lines as the female parent, and Varuna or EH-2 as the male parent, hereinafter referred to as “BC-V” and “BC-E,” respectively. Each of these two BC populations consisted of 164 BCF1 hybrids corresponding to the 164 DH lines of the VEH population.



Field Experiments and Data Analysis

The DH lines, the backcross populations, the two parental lines and the F1 of the Varuna/EH-2 cross were grown in fields located in Delhi during the crop seasons of 2014 to 2015, 2015 to 2016, and 2016 to 2017 (Supplementary Table 1), following a randomized complete block design with three replications in each of the three trials. Phenotyping for yield-influencing traits was performed with five competitive plants from each replication, and the mean of the 15 observations was used as the trait value. The traits were broadly classified as plant architectural traits and days to flowering, silique-related traits, and seed-related traits as described in literature (Cai et al., 2016; Zhao et al., 2019, 2021). A total of 14 characters defining plant architecture, days to flowering, silique-related traits, and seed-related traits were evaluated in the three mapping populations: (1) plant height (PH); (2) days to 50% flowering (DF); (3) number of primary branches (PBR); (4) number of secondary branches (SBR); (5) main shoot length (MSL); (6) single plant yield (SPY); (7) silique on the main shoot (SQMS); (8) silique length (SQL); (9) seeds in a silique (SSQ); (10) silique density (SQD); (11) number of siliques on a plant (SQPL); (12) thousand seed weight (TSW); (13) oil content (OIL); and (14) protein content (PRO).

The levels of midparent heterosis were estimated for the F1 hybrid of the parents “Varuna” and “EH-2,” referred to as F1-heterosis. For testing the significance of heterosis values, t-tests were applied. The data were statistically analyzed using Plabstat (Utz, 2004), and the trait ANOVAs were performed using the phenotyping module of iMAS (Integrated Marker Assisted Selection) version 2.1 (http://www.icrisat.org/gt-bt/imas.htm). The adjusted mean (Best Linear Unbiased Prediction, BLUP) values across the three environments were calculated with a mixed linear model using the R package metan (Olivoto and Lúcio, 2020), accounting for effects of environment, replication, genotype, and genotype by the environment.



Genetic Mapping

Young leaves were collected from the parents, F1 and DH lines, and stored at −80°C. Total genomic DNA was isolated from the leaves, following the CTAB method (Rogers and Bendich, 1994). Polymorphic markers available in the lab were used for genotyping the VEH DH mapping population and were used to develop the framework linkage map. Two types of agarose gel-based markers —Intron Polymorphism (IP) (Panjabi et al., 2008) and simple sequence repeat (SSR) (Dhaka et al., 2017)—and a third type of markers—SNP—identified by PCR-based KASP assays, which were previously developed using the transcriptome data for two B. juncea varieties —Varuna and Heera (Paritosh et al., 2014)—were used in this study. These IP, SSR, and KASP-SNP markers served as anchor markers, which were used to identify the linkage groups and their positions on the VEH linkage map corresponding to their previously known positions on the 10 A sub-genome and 8 B sub-genome linkage groups of the B. juncea linkage map, following Paritosh et al. (2014).

For the development of an SNP-based high-density genetic map of B. juncea, Illumina Infinium Brassica 90K SNP array was used as it could generate large amount of marker data in a single experiment with reasonably good distribution across the genome and high-information content, including physical positions. The availability of a large number of markers genotyped on the VEH population entailed genetic mapping in the R statistical computing environment using the ASMap package (Taylor and Butler, 2017; R Core Team, 2020). Genotypes of the backcross hybrids constituting the two BC populations were inferred from the genotypes of the VEH lines.



Correlation Analysis

Phenotypic data were organized into five data sets: DH (VEH), two backcrosses (BC-V and BC-E), and two corresponding midparent heterosis data sets (MPH-V and MPH-E). Correlation coefficients between trait values in five data sets, BLUPs, and those between genome heterozygosity and trait performance were estimated in the R statistical environment (R Core Team, 2020). Mean of the trait values of three replications of each of the data set in individual trials and BLUPs for the combined analysis were used to calculate correlation coefficients between five data sets.

To calculate correlation coefficients between genome heterozygosity and trait performance in the BC populations, genome heterozygosity for the two BC populations was assessed from the genome ratios of the 164 doubled haploid lines. Genome heterozygosity for the BC-V (VEH × Varuna) population was calculated as the percentage of genome, which originated from EH-2, and that for BC-E (VEH × EH-2) population, as the percentage of a genome that originated from Varuna.



QTL Analysis

The five data sets (VEH, BC-V, BC-E, MPH-V, and MPH-E) were used separately for QTL mapping. The midparent heterosis data sets were estimated as the deviation of the backcross hybrids (BC-V and BC-E) from the midparent value (MPV), derived as the mean of the corresponding doubled haploid line (DH) and the male parent (Varuna or EH-2). The following equations were used for midparent heterosis estimation, following Radoev et al. (2008):

MPVi = (DHi + P1 or P2)/2

MPHi = BCi – MPVi

where DH is the VEH doubled haploid line, P1 is Varuna, P2 is EH-2, and BC is a backcross hybrid.

Quantitative trait loci, which contribute to heterosis, are presumably those detected with the MPH-data sets.

For each data set, the trait averaged values of three replications in each of the three environments were used for QTL analysis, while the combined analysis was based on BLUPs for each trait across the three environments. QTL mapping was carried out using CIM (composite interval mapping) in Windows QTL Cartographer 2.5 (Wang et al., 2012). For CIM, the standard model (Model 6) was used with forward regression, a window size of 10 cM and five background control markers. The genome was scanned for putative QTL with main effects at a walking speed of 1 cM. The experiment-wise error rate was determined by performing 1,000 permutations to obtain the empirical thresholds (Churchill and Doerge, 1994). We adopted LOD values >3.0 for identifying “significant” QTL. To avoid missing minor QTL, a lower LOD value corresponding to p ≤ 0.20 was adopted for the presence of “suggestive” QTL (Shi et al., 2011). For each trait, multiple QTL peaks detected from a single trial within 10 cM of each other were regarded as a single QTL. The QTL were classified as major when their R2 (phenotypic variation explained) value was more than 10%. The graphical representations of QTL on linkage groups were drawn using MapChart 2.32 software (Voorrips, 2002).

The gene actions in different data sets varied according to the type of the mapping population and the input data. The three types of data sets (DH, BC, and MPH) described above provided different genetic effect information. QTL obtained in the DH population explained the additive effect “a.” The dominance effect (d) was explained by the QTL obtained in two midparent heterosis data sets, MPH-V, and MPH-E, which revealed the heterotic loci. QTL obtained in the backcross populations explained a combination of additive and dominance effects – (a + d)/2 and (a–d)/2 if the donor or the recurrent parent carries a dominant-increasing allele, respectively (Radoev et al., 2008). QTL detected simultaneously in different data sets allowed an assessment of the degree of dominance by calculating d/a ratio. The mode of inheritance of identified QTL was defined as additive (|d/a| <0.2), partially dominant (0.2 ≤ |d/a| <0.8), dominant (0.8 ≤ |d/a| <1.2), and overdominant (|d/a|≥1.2) (Stuber et al., 1987).

To dissect the epistasis (QTL × QTL) involved in the expression of the traits in the VEH, BC-V, BC-E, MPH-V, and MPH-E data sets, software IciMapping 4.0 (Meng et al., 2015) was used. A threshold of LOD ≥ 2.5 (PIN = 0.001) was used for declaring the presence of main-effect QTL (M-QTL), and LOD ≥ 5.0. (PIN = 0.0001) was used for declaring the presence of epistatic QTL (E-QTL) (Shang et al., 2016). In the case of epistasis, the estimated effects in VEH population are the additive × additive genetic interactions, while the effects calculated in the BC-V, BC-E, MPH-V, and MPH-E data sets are complex mixtures of all possible epistatic interactions: additive × additive (aa), additive × dominance (ad), and dominance × dominance (dd) interactions (Radoev et al., 2008).



Candidate Gene Analysis

Sequences of the SNP markers flanking QTL regions were mapped to the B. juncea reference genome (Paritosh et al., 2021; https://www.ncbi.nlm.nih.gov/assembly/GCA_015484525.1), available on NCBI database using BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi) to project the QTL on the physical map and to find marker positions. Genes that were physically located within the QTL regions were annotated using the TAIR GO term enrichment tool (https://www.arabidopsis.org/tools/go_term_enrichment.jsp), which sends the data to Panther classification system (Ashburner et al., 2000; Thomas et al., 2003; Mi et al., 2010, 2021).




RESULTS


Construction of the VEH Linkage Map

A total of 513 polymorphic markers (IP, SSR, and KASP-SNP) were used as anchor markers in the linkage analysis. A further set of 10,007 high throughput SNPs were identified out of the 77,969 markers available on the ABC 90K Illumina chip. Of these, markers with missing data (> 30%), significant segregation distortion, and monomorphic markers were removed. This screen left us with 7,274 robust markers along with the 513 anchor markers that were used for constructing the final map. Out of the 7,787 markers that were selected for genotyping the VEH population, 7,609 markers (7,101 SNPs and 508 anchor markers) showed consistent ordering on the 18 linkage groups (Table 1). The total length of the map was 2,627.9 cM with an average number of 422 markers per linkage group (Supplementary Table 2).


Table 1. Characteristic features of the linkage groups in the VEH map, constructed using IP, SSR, KASP-SNP, and Chip-based SNP markers.

[image: Table 1]



Trait Performance of Parents, F1, VEH, and Two Backcross Populations

The performance of VEH population, two backcross populations (BC-V and BC-E), parental lines (Varuna and EH-2), and their F1 hybrid, along with the levels of midparent heterosis (MPH) observed in the F1, BC-V, and BC-E populations for the 14 traits are summarized in Supplementary Table 3. The two parents contrasted for most of the traits, making them ideal candidates for heterosis breeding and related experiments. In the F1, significant midparent heterosis was observed for PH, PBR, SBR, SPY, SQD, SQPL, and OIL.

The BC-V population showed significantly high MPH for SBR, SPY, and SQPL, while, in the BC-E population, significantly high MPH was recorded for PBR, SBR, SPY, SQD, and SQPL. Significant genetic variation was observed in most of the traits in the VEH, BC-V, and BC-E populations (Supplementary Table 4). DF, MSL, and PH showed high-genetic variance and heritability in all three trials of the populations. High heritabilities were also observed for OIL, SQD, SQL, and TSW even with low genetic variances in all trials in the VEH as well as in BC-V and BC-E populations. Siliques on the main shoot and siliques on a plant showed high genetic variance but lower heritability in all trials of all populations. The trait PBR showed low genetic variance but high heritability in two of the three trials. PRO showed low genetic variance in all three populations with high heritability in VEH but lower in both BC populations. The traits SBR and SPY showed high-genetic variance in two trials of VEH population but reduced genetic variances in all the trials of the two BC populations. SSQ showed high-genetic variance in VEH population, lower in the BC populations while showing moderate to high heritability in all the populations and trials.



Correlations Among Traits

Correlation coefficients among the 14 traits were estimated using the phenotypic data of the three environments and BLUPs. Both positive and negative correlations among the traits were observed in all the three populations in the three trials (Supplementary Table 5). In VEH, PH showed significant positive correlations with DF, PBR, SQD, and SQMS. The traits PBR and SBR showed a significant negative correlation with MSL and TSW. Single plant yield showed a significant positive correlation with PBR, SBR, SQMS, SQPL, and TSW. Similar correlations were observed in BC-V and BC-E populations.


Correlations Between DH Lines, Backcross Performance, and Midparent Heterosis

In all the traits, a significantly high positive correlation was observed between the performances of VEH and the two BC populations in all three trials (Supplementary Table 6). Phenotypic performance of VEH for most traits was negatively correlated with MPH performances. Performances of BC-V and BC-E populations showed a significantly high positive correlation with the corresponding MPH performances.



Relationships Between Traits and Genome Heterozygosity

Relationships between molecular marker heterozygosity and phenotypic performance of the 14 traits in the BC hybrids was also evaluated by regressing the midparent heterosis value and the trait value of each BC hybrid on its percentage of genome heterozygosity. Heterozygosity in the backcross populations showed a mean of 49 and 48% in the BC-V and BC-E populations, respectively. For most traits, genome heterozygosity was found to be positively correlated with the performance of the two BC populations and MPH (Table 2). The correlation coefficients were, however, mostly low in the four data sets (BC-V, MPH-V, BC-E, and MPH-E), indicating that the overall genome heterozygosity alone had little effect on the trait expression.


Table 2. Coefficients of correlation between whole-genome heterozygosity and trait performance in the BC and MPH data sets.
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Main-Effect QTL

A total of 695 main-effect QTL were detected for the 14 traits in the three trials using the five data sets (Supplementary Table 7). Of these, 176 QTL were detected in VEH, 188 in BC-V, 164 in BC-E, 92 in MPH-V, and 75 in the MPH-E data set. Approximately 75% of these 695 QTL were significant and were identified with LOD values >3, while the remaining proportion consisted of suggestive QTL with LOD values ranging between 2.5 and 3.

A highest number of QTL were detected on the linkage groups B3 (86), A7 (84), and A3 (77) while the lowest number of QTL was detected on B6 (5). The total number of major QTL explaining a phenotypic variance of more than 10% was 175, with the highest number of these mapping to A7 (Supplementary Table 7). A summary of heterotic QTL and their effects is shown in Table 3. Overdominance was observed to be the predominant type of effect in the heterotic QTL.


Table 3. Effects of heterosis QTL identified for 14 yield traits in two backcross populations in the three trials.
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The combined analysis using BLUPs identified a total of 281 QTL from the five data sets, of which approximately 68% were identified as significant with LOD values >3. The largest number of QTL was detected in VEH population with a total of 72 QTL. Similar to the number of QTL identified with MPH-E data set in the single environments, MPH-E detected the least number of 31 QTL in the combined analysis also (Supplementary Table 8).



Plant Architectural Traits and Days to Flowering
 
Plant Height

Twenty-two QTL with additive effects were detected in the VEH population in the three trials. The QTL on LG A07 were consistently identified in all three trials and showed a large positive additive effect with substantial proportions of phenotypic variance explained (PVE). For all other QTL detected for PH, the additive effects were mostly negative, indicating that the alleles for taller plants were contributed by the parent EH-2 (Supplementary Table 7).

A total of 21 and 17 QTL were identified in the BC-V and BC-E populations of backcross hybrids, respectively, in the three trials. All of the six common QTL detected in the BC-V, BC-E, and VEH populations showed considerably larger effects in the backcross populations compared with the additive effects observed in VEH at these loci, indicating non-additive gene action. The two MPH data sets detected 14 QTL, of which three QTL in MPH-V and two in MPH-E were also found in other data sets. The effects in the two MPH data sets were mostly positive, suggesting that these QTL in heterozygous conditions would increase PH with respect to the midparent value, consistent with the positive heterosis observed for this trait. For QTL detected simultaneously in the different data sets, degree of dominance could be calculated, which revealed that the trait is controlled by a combination of mostly overdominant loci with a few partially dominant loci.



Days to Flowering

Seventeen QTL were mapped in the VEH population in the three trials, 14 of which showed negative additive effects, indicating that Varuna contributed the alleles for an earlier flowering time. Consistent with the highly significant correlations between DF and PH, major QTL on the LG A07 were identified as common QTL for both the traits, with Varuna contributing the positive alleles for taller plants and delayed flowering. The two backcross populations identified a total of 35 QTL in the three trials. Fifteen QTL in BC-V and 11 QTL in BC-E showed negative effects, indicating that the alleles for delayed flowering in the hybrid combination were provided by EH-2. The QTL analysis for the two MPH data sets identified 12 QTL with PVEs ranging from 5 to 12.5%. Two of the major QTL for DF detected in MPH-V showed dominance effects with opposite signs. Thus, the counterbalancing dominance effects along with the additive effects explain the absence of significant heterosis in DF.



Main Shoot Length

Twelve QTL were detected for MSL in the VEH population, which explained PVEs ranging from 4.3 to 15.3% in the three trials. In seven cases, the effects were positive, implying that Varuna contributed the positive alleles for MSL at these loci. Twenty-four QTL were mapped with the two backcross data sets, and the QTL on LGs A04, A07, and B03 were also identified in the doubled haploid (VEH) population. Ten QTL were detected with the two MPH data sets with an equal number of loci showing positive and negative dominance effects, thus, resulting in the low heterosis exhibited by the trait.



Number of Primary Branches (PBR)

A total of 38 QTL were identified, including 16 major QTL in the five data sets. Fifteen QTL were detected in the VEH population for which both the parents, Varuna, and EH-2 contributed positive alleles. Of the 19 QTL mapped in the two backcross populations, 14 showed negative effects, indicating that the increasing alleles were provided by EH-2. Fourteen QTL were identified using the MPH-V and MPH-E data sets, and the effects were mostly positive, consistent with the significant heterosis observed for PBR. The QTL on LG A07 were consistently detected as major QTL with high PVEs in BC-V, BC-E, VEH, and MPH-E data sets, wherein Varuna increased the number of primary branches in both homozygous and heterozygous conditions at this locus.



Number of Secondary Branches (SBR)

An equal number of seven loci each, with positive and negative effects among the total of 14 QTL, were detected for SBR, indicating the dispersal of increasing alleles in both Varuna and EH-2. Of the 17 QTL mapped in the BC-V and BC-E populations, 13 showed negative effects, indicating that EH-2 contributed the trait-increasing alleles for number of secondary branches at these loci. Eleven QTL were identified in the two MPH data sets, seven of which showed overdominance as they were not identified in the backcross and DH data sets.




Silique-Related Traits
 
Single Plant Yield

Ten QTL were mapped with the VEH data set, with both Varuna and EH-2 contributing the positive alleles at an equal number of five loci each (Supplementary Table 7). Three of these were identified as major QTL, explaining more than 10% of the PVE, and were located on the LGs A04, B02, and B04. The two backcross data sets detected 16 QTL, of which five were detected as major QTL. At four of these five major QTL identified in the BC-V and BC-E populations, Varuna provided the increasing dominant allele. Fifteen dominant QTL were detected with the MPH-V and MPH-E data sets, and 13 of these showed positive dominance effects, implying that the heterozygotes exhibited higher single plant yields congruent with the highly significant amount of heterosis observed for SPY. The effects of these dominant loci were also appreciably greater than the effects observed in the DH (VEH) population, indicating their overdominant nature.



Silique Density

Twelve QTL affecting SQD were detected in the VEH population in the three trials, with the higher parent (EH-2) donating the increasing allele at eight of these loci. The two backcross populations detected 29 QTL in the three trials, which were distributed as 13 loci in BC-V and 15 loci in BC-E, along with a common locus for the trait. The effects were mostly negative in BC-V and positive in BC-E, indicating that EH-2 and Varuna provided the trait-enhancing alleles as donor parents in BC-V and BC-E, respectively. Fourteen QTL were mapped with the MPH-V and MPH-E data sets, and nine of these showed positive dominance effects, indicating that these loci would increase SQD in heterozygous state. This observation is in consonance with the positive heterosis shown by the trait. Furthermore, seven of the 14 QTL detected with the two MPH data sets showed overdominance as no corresponding QTL were identified with additive effects in other data sets.



Silique Length

Fifteen QTL with additive effects were identified in the VEH population in the three trials. Except the QTL on the LG A01, which received the trait-increasing allele from EH-2, all the remaining 14 QTL inherited the trait-increasing allele for SQL from the higher parent, Varuna. Most of the 28 QTL identified in the two backcross populations also showed positive effects, indicating the contribution of the increasing-dominant allele by Varuna as the recurrent parent in BC-V and as the donor parent in the BC-E hybrids. Nine QTL were detected in the MPH-V and MPH-E data sets, of which three over-dominant QTL showed negative dominance effects. The low heterosis observed for SQL was thus attributed to QTL, with mostly additive effects and a few other over-dominant loci with opposite signs.



Siliques on the Main Shoot

Six QTL were detected in the VEH population in the three trials, of which four QTL showed negative effects, indicating the contribution of positive alleles by EH-2 toward increasing siliques on the main shoot. Fourteen QTL were detected in the two backcross populations, of which 10 QTL showed negative effects, implying the role of EH-2 in donating the trait-enhancing alleles as the donor parent in BC-V and as the recurrent parent in BC-E population. Eleven QTL were identified in the MPH-V and MPH-E data sets, all of which were considered as overdominant QTL. Two major QTL with large effects were detected in the LGs A05 and B02, with opposite signs. Based on the QTL effects, SQMS appeared to be influenced largely by additive effects in combination with a few overdominant loci, which showed counterbalancing effects.



Siliques on a Plant

All the seven QTL identified in the VEH population invariably showed negative additive effects, indicating that the higher parent EH-2 contributed the alleles at these loci for an increase in the number of siliques on a plant. In the two backcross populations, 10 QTL were detected in the BC-V population compared with only four in the BC-E population. All the QTL in the BC-V population along with the two QTL identified in the BC-E population exhibited negative effects, implying that EH-2 provided the increasing dominant alleles at these loci as the donor parent in BC-V and as the recurrent parent in BC-E. Most importantly, a total of 13 QTL identified with the two MPH data sets showed positive dominant effects along with QTL on LG B02, which showed a negative dominance effect. The QTL identified in the MPH-E data set and mapping to LG A09 exhibited the largest effect, which was about six times the effect observed for the smallest effect QTL in the VEH population. The significantly high heterosis observed for SQPL can be explained with a large number of loci exhibiting overdominance.



Seeds in a Silique

Seven QTL with PVEs ranging from 6.3 to 22.2% were identified in the VEH population in the three trials. Six of these, including the major QTL, showed negative effects, indicating that these QTL inherited the alleles for the increased number of seeds in a silique from the higher parent, EH-2. The two backcross populations detected a total of 18 QTL, including six major QTL with PVEs >10%. Similar to the results obtained with the VEH population, a majority of 15 QTL in the BC-V and BC-E displayed negative effects, implying that EH-2 contributed to the increasing dominant alleles in both populations. The QTL mapping with the two MPH data sets resulted in the detection of six minor QTL, all of which showed negative dominance effects. The trait of SSQ is most probably controlled by loci with additive effects as the number of QTL with dominance effects was less as compared with the loci with additive effects, an observation consistent with the insignificant heterosis observed for SSQ.




Seed-Related Traits
 
Oil Content

Eleven QTL with significant additive effects were mapped in the VEH population in the three trials, with an approximately equal number of six and five positive alleles for increased oil content being contributed by Varuna and EH-2, respectively (Supplementary Table 7). The QTL on the linkage groups on A08 and B07 were consistently detected in all the three trials. The genomic regions harboring these QTL have previously been shown to contain the erucic acid genes (Paritosh et al., 2014; Rout et al., 2018). All the five QTL in these regions showed positive effects, indicating that Varuna contributed to the increasing alleles. For the remaining six QTL, EH-2 donated the positive alleles. A total of 24 QTL were detected in the two backcross populations in the three trials, two-thirds of which showed negative effects, indicating the contribution of EH-2 in increasing oil content in the backcross hybrids. The QTL analysis with the two MPH data sets revealed the existence of 17 QTL, showing dominance effects. Of these 17 loci, a majority of 14 QTL showed positive dominance effects, indicating that heterozygosity at these QTL would increase oil content, which was congruent with the significant levels of heterosis for this trait. For the QTL on the LGs A08 and B07, both the additive and dominance effects were positive, meaning that, at these loci, the Varuna allele for increasing oil content was dominant.



Protein Content

Of the 14 QTL identified for PRO in the VEH population in the three trials, 10 showed negative effects, indicating that EH-2 contributed alleles for higher protein content in the doubled haploid lines. Twenty-three QTL were identified in the two backcross populations in the three trials. While the effects were mostly positive in BC-V, the effects in BC-E were negative, indicating that the recurrent genotype had a major influence on the protein content of the backcross hybrids. A total of six QTL were mapped using the two MPH data sets, four of which showed negative dominance effects in agreement with the negative but insignificant heterosis observed for the trait in two of the three trials. The QTL on LG A03 showed both the positive additive and dominance effects, indicating that the Varuna allele-increasing protein content was dominant. The mode of genetic action thus appears to be mostly due to additive loci along with a few dominant loci with opposite signs.



Thousand Seed Weight

Fourteen QTL were mapped in the VEH population, a majority of which showed positive effects, indicating that the parent Varuna contributed the favorable alleles. Twenty-seven QTL were detected in the BC-V and BC-E hybrids and explained PVEs ranging from 4.8 to 19.5%. The genetic effects observed in the BC-V population were invariably positive, while, in the BC-E population, 13 of the 17 QTL showed positive effects. The prevalence of the positive effects in the two backcross populations can be ascribed to the trait-increasing alleles provided by the higher parent, Varuna. A comparatively greater number of 10 QTL were identified using the MPH-V data set compared with only two with the MPH-E data set. In MPH-V, all the QTL, excluding one, displayed negative dominance effects, indicating that these QTL in the heterozygous state would reduce seed weight. Conversely, both the QTL detected with MPH-E data set exhibited positive dominance effects, connoting a positive influence of heterozygosity on seed weight at these loci. However, the negative dominance effects can be presumed to result in the observed negative heterosis for seed weight. The mode of action governing TSW in B. juncea thus appears to be a combination of additive effects and QTL in the dominance-overdominance range.




Environmentally Stable QTLs

Quantitative trait loci, which were detected within two or all of the three environments for the five data sets, and also in the combined analysis based on BLUPs, were considered as “environmentally stable QTL.” Based on this criterion, a total of 88 environmentally stable QTL were identified for all the 14 traits in the five data sets (Supplementary Table 8). The largest number of 11 environmentally stable QTL was detected for PH, while only two QTL for SQMS were identified concurrently in the combined analysis and in at least two of the three environments. Consistent with the QTL analysis in the three individual environments, the genetic intervals on A07 were identified as the environmentally stable QTL for all the traits, excluding SQMS and PRO.



Epistatic QTL

A total of 637 epistatic QTL (E-QTL) were detected in the five data sets for the 14 traits (Supplementary Table 9). Out of these, 3 interactions were found to be between two main-effect QTL (Type I interaction), 102 interactions between main-effect QTL and QTL without any significant main effect (Type II interaction), and 532 interactions were between two QTL without any significant main effect (Type III interaction) (Table 4).


Table 4. Type of epistatic interactions detected in the five data sets in 14 traits.
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In the VEH population, a total of 262 epistatic interactions involving 505 loci were identified with PVEs in the range of 0.4–8.7%. The average PVE of the epistatic interactions was 2.8%. Of the 14 traits analyzed for epistasis in the VEH population, SSQ was characterized by the highest number of 41 interactions, while SQPL detected only 4 interactions. SSQ also showed the highest number of 8 Type II and 33 Type III interactions. A total of 49 main-effect QTL were observed to contribute to the Type I and Type II interactions. Only a single Type I interaction was identified in the VEH population, which was identified for PH. All of the digenic interactions observed for SPY exhibited negative effects, denoting recombinant allele combinations increased SPY.

Totally, 275 interactions were identified in the BC-V and BC-E populations, with an average PVE of 2.4% in each of these two populations. The PVEs by the interacting loci were in the range of 0.07 to 5.7% in BC-V and 0.6 to 4.4% in the BC-E population. In the BC-V population, a total of 295 loci were involved in 2, 14, and 123 interactions belonging to Types I, II, and III, respectively. In comparison, 236 loci were involved in a total of 122 epistatic interactions of Types II and III in the BC-E population. The interacting E-QTL involved 32 and 19 QTL with main effects in the BC-V and BC-E populations, respectively. Notably, PH showed the highest number of interactions in both the backcross populations, majority of which were Type III, occurring between background loci with no significant main effects. The traits of SPY and SQMS were characterized by negative epistatic interactions, indicating that the recombination among the parental alleles would increase SPY and SQMS.

The two MPH data sets, MPH-V, and MPH-E individually detected 69 and 31 digenic interactions, respectively. The interactions identified using the MPH-V data set exhibited PVEs in the range of 0.06 to 5.6%, with an average of 2.9%, while the loci involved in interactions identified using the MPH-E data set showed PVEs, ranging from 0.09 to 5.7%, with an average of 2.9%, similar to that observed with the MPH-V data set. The traits of SBR in MPH-V and DF in the MPH-E data set displayed the largest number of 14 and 6 interactions, respectively. The traits, SPY and SQPL in the MPH-V, and SBR and SQMS in MPH-E included interactions with negative effects only, meaning the recombinant allele combinations favored increases in the phenotypes of these traits. Ninety-three percent of the interactions, which were detected using the two MPH data sets, were of Type III, occurring between background loci without significant main effects, while the remaining 7% were of Type II and involved a combination of QTL with main effect and a modifying background locus.



Active Regions

Quantitative trait loci clusters or hotspots were also identified for the 14 yield and related traits, using the five data sets of all the three trials (Supplementary Figure 1). QTL hotspots have been previously defined as active regions (Basunanda et al., 2010). A total of 59 such active regions were detected in this study, with a maximum of five such regions, each mapping to LGs A09 and B08. The most notable active region was found on the LG A7, which consisted of 79 QTL in a genetic interval of 0.0 cM-72.8 cM. It harbored QTL for 12 of the 14 traits, excluding SQMS and SQPL. Another dense active region was detected on LG A03, consisting of 75 QTL, located in the genetic interval from 20.3 cM to 138.8 cM and had QTL from all the 14 traits. An active region, which included 65 QTL from 13 traits, was also identified on LG B03, the only exception being QTL for SQL. It appears that these regions harbor “reference” or “housekeeping” genes that are expressed during the entire life cycle of the plant by influencing a large number of traits related to plant architecture, flowering, etc. (Basunanda et al., 2010).

Quantitative trait loci analysis performed with BLUPs also showed the presence of an active region on A7 and resulted in a more precise interval of 0.0–11.2 cM with QTL for 8 of the 14 traits. This region, consisting of QTL for days to flowering, plant architectural traits, silique- and seed-related traits was therefore, analyzed in silico to identify putative candidate genes. Based on the annotation of Arabidopsis genome, 288 genes were identified, which were subsequently analyzed using TAIR GO term enrichment tool. The analysis revealed a total of 67 significant genes (p < 0.05) under the GO Biological processes category, which included MYB122 (AT1G74080), bHLH160 (AT1G71200), NAC031 (AT1G76420), MYB54 (AT1G73410), and other transcription factors (Riechmann et al., 2000; Stracke et al., 2001; Vroemen et al., 2003), gene-encoding single-stranded DNA-binding protein WHY2 (AT1G71260), which is a mitochondrial member of the WHIRLY family of plant-specific proteins (Desveaux et al., 2005), WAT1 (AT1G75500), which is required for secondary wall formation in wood fibers (Ranocha et al., 2013), PIN1(AT1G73590), and PIN3 (AT1G70940), both of which act as components of the auxin efflux carrier (Zhou and Luo, 2018) (Supplementary Table 10).




DISCUSSION


Advantages of the Experimental Design for Genetic Analysis of Heterosis

This study provides the first report on the use of different segregating populations from the same parental combination to study the genetics of heterosis for yield in B. juncea. The two inbred parents, Varuna and EH-2, have been shown to be good heterotic combiners, as the F1 hybrid from this combination (hybrid DMH-11) shows about 28–36% yield heterosis in plot-level yield trials (personal communication). The unique experimental strategy of using the DH and the two BCF1 (BC-V and BC-E) populations was specifically designed to accurately resolve different types of gene action along with a comprehensive mapping of loci contributing to yield-influencing traits in B. juncea. The two backcross populations can be repeatedly developed from the DH lines, and the genotypes of the backcross hybrids can be unambiguously deduced from the marker information of the parental doubled haploid lines, thus obviating the need for additional genotyping and mapping procedures. A similar design was earlier adopted by Radoev et al. (2008) and Basunanda et al. (2010) for studying heterosis for seedling biomass and yield traits.

Zhihong et al. (2012) have also highlighted the advantages of this design, also known as the double backcross design and is used for constituting an immortal mapping population, allowing for across-environment replications, estimation of dominance effects, epistatic effects, and QTL-environment interactions, and thus remedies the drawbacks of a single backcross population. Recent studies on QTL mapping in rice, maize, cotton, and B. napus have shown that dominance and epistasis, especially the additive × additive interaction, play a key role in contributing to heterosis (Stuber et al., 1992; Yu et al., 1997; Tang et al., 2010). Using a conventional BC population, the additive × additive interactions cannot be detected separately because epistasis is identified as mixtures of additive and dominance effects. The double backcross population design obviates this problem by accurately and efficiently estimating additive × additive interaction effects.

The results obtained in this study revealed that the design in the present study was more efficient to map common stable QTL and several heterozygous loci across multiple populations than that could be possibly detected from a single-base population. However, the backcross populations could account for only 50% of the possible heterosis. Use of the two BC populations was also made possible to clearly detect dominant QTL from both the parents, which would otherwise have been difficult if we had used independent testers (Mei et al., 2003).



A High-Density Linkage Map in B. juncea

Several linkage maps have been constructed in B. juncea using mapping populations with various genetic structures based on a wide array of molecular markers, and a number of QTL for yield and quality traits have also been identified from these linkage maps (Ramchiary et al., 2007; Pradhan and Pental, 2011; Yadava et al., 2012; Yang et al., 2016; Dhaka et al., 2017; Rout et al., 2018; Paritosh et al., 2021). However, heterosis for yield and yield component traits has not been analyzed using any of these maps reported so far. The VEH linkage map includes a large number of SNPs, which are the most frequent type of genetic polymorphisms, providing a high density of markers near a locus of interest (Picoult-Newberg et al., 1999). The high-density map used in this study was based on SNP markers identified using ABC 90k Illumina SNP array (Mason et al., 2017). The well-characterized sequence-based markers used in the array, along with the availability of B. juncea genome sequence, ensure the efficient dissection and subsequent use of complex traits in Brassica breeding programs.

The Illumina 60K Brassica SNP Bead Chip array (Clarke et al., 2016) has previously been used in QTL analysis in Brassica napus to study flowering time, seeds per silique, silique length, seed weight, and other traits (Yang et al., 2017; Wu et al., 2018; Wang et al., 2019; Song et al., 2021) but has not yet been utilized in genetic mapping of heterotic loci. Because B. juncea and B. napus share A genome, therefore using common markers, an attempt was made to align QTL for yield-related traits detected in the present study with those detected in previous studies undertaken in B. napus. However, only one QTL detected for seeds per silique on linkage group A07 with PVE >10% (Supplementary Table 7) could be aligned with QTL (qSSA07.4) identified by Yang et al. (2017). Furthermore, the IP and SSR markers used in the present study have previously been used to construct a high-density VH map and different integrated maps using multiple populations for studying various seed and oil traits. Based on common markers, three QTL detected for thousand seed weight—one each on A3 (PVE >10%, 102.8–113 cM), A4 (60.9–75.5 cM), and A7 (48.2–64.2 cM)—were aligned with the QTL detected previously by Dhaka et al. (2017), and three oil-content QTL—one each on A7 (10.9–24.1 cM), A8 (12.6–42.2 cM), B7 (77–93.6 cM)—were aligned with QTL detected previously by Rout et al. (2018). The high-density map of B. juncea developed in this study will, therefore, facilitate QTL congruency studies by evaluating QTL detected in different mapping populations.



Mapping QTL With Additive and Dominance Effects

In this study, the performance of BCF1 hybrids of the BC-V and BC-E populations was compared with the performance of the parental DH lines (VEH) based on both the phenotypic correlations (Supplementary Table 5) and QTL analyses (Supplementary Table 7). A total of distinct 336 additive QTL were identified for 14 traits in the DH and two BC populations in the three experiments. Of these, 100 were identified only in the DH population, while 131 and 105 QTL were unique to the BC-V and BC-E populations, respectively. Thus, Varuna was the superior tester than EH-2, which probably carried dominant alleles at several loci, and thus, reduced the ability to detect QTL in the BC-E data set. Twenty-six QTL showed strong additive effects and were consistently identified among the three (VEH, BC-V, and BC-E) data sets, while only seven QTL were observed to be common between the BC-V and BC-E populations, which can be primarily attributed to the mode of prevailing gene action (Supplementary Table 7). For these common QTL detected in the three data sets, the direction of contribution was identical. These findings are consistent with the assumption that, in case of the additive model, the heterozygote is exactly halfway between the two homozygotes, and hence, the effect of allele substitution can be revealed in more than one TC population (Melchinger et al., 1998; Frascaroli et al., 2007, 2009).

The BLUP method of analysis (Henderson, 1974) considers fixed environmental and random genetic effects at the same time, and therefore, improves the accuracy of the BLUP values for phenotypic data obtained in different years, different locations, and of progenies of different generations (Piepho et al., 2008; Wang et al., 2016). Using combined QTL analysis based on the BLUP values across three environments, we were able to map environmentally stable QTL. Although a comparatively reduced number of QTL were detected in the combined analyses, the QTL identified using BLUPs corroborated the analyses based on single environments, and a majority of the QTL (78%) were common with the QTL obtained in the analyses of at least one environment (Supplementary Tables 7, 8). In the combined analysis, 51 significant QTL were detected using the BC-V data set compared with 41 significant QTL detected with BC-E data set, indicating the superiority of Varuna over EH-2 as a tester in the current study.

A number of additive QTL were detected either in the BC populations or in VEH population. For QTL detected in the DH population but not in the BC-V, BC-E or the two MPH data sets, the dominant allele carried by the recurrent parent can be assumed to be fully dominant over the donor parent, and vice versa. The effects at these loci are based on the difference between the additive and dominance effects, which cancel each other in case of full dominance or they are too low to be detected in case of partial dominance. Conversely, there were QTL observed only in the BC-V and BC-E hybrids (and not in the VEH and the two MPH data sets) (Supplementary Table 7). The genetic effects for these loci represent the sum of the additive and dominance effects, which are probably, too low to be detected separately in the other data sets (Radoev et al., 2008).

Heterosis can be estimated over better parent also when it is called better parent heterosis. In the current study, we have, however, identified QTL using the two MPH data sets (MPH-V and MPH-E) only, as midparent heterosis is one of the most adopted ways of reporting heterosis. For a deeper understanding of the genetic causes of heterosis, comparison of the hybrid with the average performance of both parental lines (and not with only the better parent) remains the most acceptable strategy because the F1 hybrid inherits half its nuclear genome from each parent (Melchinger et al., 2007).

A comparatively smaller number of QTL for all the traits were detected in the MPH-V and MPH-E data sets with a total of 92 and 74 QTL, respectively. One of the reasons for this may be the presence of QTL with an intermediate mode of inheritance, which, lacking dominance, could not be detected in MPH data. Secondly, QTL with additive effects larger than dominance effects, that is, QTL with partial or incomplete dominance, were less likely to be identified in MPH data than in the VEH and BC-V or BC-E data (Radoev et al., 2008; Shang et al., 2016). A total of 79 QTL identified in the two MPH data sets were congruent with loci identified with the other data sets, which allowed the assessment of the degree of dominance (Table 3). Of the 134 dominance effects estimated in the BC-V population in the three trials, 9 showed partial dominance, 17 showed dominance, and the remaining 108 exhibited overdominance. In BC-E, out of 109 dominance effects that were estimated, 8 showed partial dominance, 14 showed dominance, while the remaining 87 showed overdominance. A number of QTL identified exclusively with MPH data sets and loci, exhibiting dominance effects higher than the lowest additive effect identified for a trait with VEH population, were suggestive of overdominance. Single-plant yield, which showed the highest level of heterosis, was characterized by a total of six overdominant QTL in the two MPH data sets. In B. napus, the largest number of loci exhibiting overdominance was identified for grain yield (Radoev et al., 2008), and seed yield and seed number per plant (Shi et al., 2011) showing the highest level of midparent heterosis of these traits.

In a study on the identification of QTL involved in the control of heterosis in maize, Frascaroli et al. (2007) observed that QTL for traits with low heterosis were prevailingly in the additive to a dominance range, while QTL for highly heterotic traits were characterized by effects in the dominance to overdominance range. However, Shang et al. (2016), while studying the genetic basis of heterosis in Upland cotton using two connected RIL populations and two corresponding BCF1 populations, observed that partial dominance and epistasis played a relatively more important role than other genetic effects in heterosis in Upland cotton. Studies on maize (Stuber et al., 1992) and (Frascaroli et al., 2007) have also highlighted the role of overdominance in heterosis. Overdominance has also been identified as the primary genetic basis of heterosis in rice (Li et al., 2001; Luo et al., 2001) and tomato (Krieger et al., 2010). The results in this study show that, although all levels of dominance effects are responsible for heterosis, overdominance is the major contributing factor in the heterosis in B. juncea (Table 3). Similar results were reported by Radoev et al. (2008) in B. napus, in which the phenotypic variances explained by 14 QTL, showing overdominance, were much larger than that shown by 13 QTL, exhibiting partial- to full-dominance loci for the nine heterotic traits.

Previous studies on B. napus (Quijada et al., 2006; Udall et al., 2006; Chen et al., 2007; Basunanda et al., 2010) have also identified heterosis-related QTL clusters, influencing yield-related traits in different DH and/or testcross populations. The active region mapped in the marker interval Bn-A07-p21095697-Bn-A07-p18983802 in linkage group A07 was consistently detected as major QTL in individual trials as well as using the BLUPs, indicating the authentic nature of this QTL and, therefore, should be a focus for further in-depth studies on yield-related traits in B. juncea and related species.



Whole-Genome Heterozygosity and Trait Performance

It was observed in the present study that not all the traits showed higher phenotypes in the backcross lines (BC-V and BC-E heterozygotes) than in their respective DH (VEH homozygotes). QTL detected in both the MPH data sets were a mixture of overdominant and underdominant loci, connoting heterozygosity was not always necessarily advantageous for the expression of the trait. Although significant correlations of whole-genome heterozygosity were observed with some of the traits in the backcross populations and with their respective MPH data sets, the magnitudes of correlations were low (Table 2). It, therefore, appears that heterosis in B. juncea arises mainly from heterozygosity at specific loci rather than whole-genome heterozygosity. Similar results were found previously in rice (Yu et al., 1997; Hua et al., 2002; Mei et al., 2005; Luo et al., 2009), upland cotton (Shang et al., 2016), and rapeseed (Radoev et al., 2008). Evidently, the low correlations could also exist due to sparsity of markers or a 50% reduced representation of heterozygous loci in backcross progenies, but, with a higher density of markers and increased genome coverage in the VEH map, the results in this study could be more accurate than other studies, which lacked these features of genetic maps. Large-scale genome-wide association study (GWAS) by Huang et al. (2015) investigated population-scale genomic landscapes from a representative number of hybrid varieties of rice (a predominantly self-pollinated crop) along with parental lines and showed that overall heterozygosity made only small contribution to heterosis. It was concluded that the accumulation of several rare superior alleles with positive dominance contributes to the expression of heterosis in the rice hybrids.



Mapping QTL With Epistatic Effects

A large number of epistatic interactions were detected in the present study, indicating that epistasis plays an important role in the expression of heterosis in B. juncea. The results follow the findings in previous studies on heterosis in rapeseed (Radoev et al., 2008) and Upland cotton (Shang et al., 2016) in which a large number of digenic epistatic interactions were also identified. In studies conducted on maize by Stuber et al. (1992), Lu et al. (2003), and Mihaljevic et al. (2005), and on rice by Xiao et al. (1995), no significant epistasis was detected. In Arabidopsis, Kusterer et al. (2007) found a significant role of epistasis in the expression of heterosis for five biomass-related traits in a triple-testcross design with a recombinant inbred line population. Melchinger et al. (2007) also confirmed the role of epistasis in the expression of heterosis in Arabidopsis, using NIL libraries.

In this study, out of 637 epistatic interactions detected, the vast majority of 532 (83.5%) interactions belonged to the type III class, while 102 (16%) interactions were identified as type II. Only three (0.5%) type I interactions were detected collectively for all the 14 traits using the five data sets (Table 4). In several studies on understanding the genetic basis of heterosis in autogamous species like Arabidopsis (Kusterer et al., 2007; Melchinger et al., 2007), rice (Yu et al., 1997; Li et al., 2001, 2008; Luo et al., 2001; Mei et al., 2005) and barley (Xu and Jia, 2007), epistasis between background loci has been shown to play a major role in comparison to the contribution of loci with main effects, whereas loci with main effects have been ascribed a principal role in determining heterosis in autogamous species such as maize (Stuber et al., 1992; Lu et al., 2003; Frascaroli et al., 2007; Tang et al., 2010; Yi et al., 2019; Xiao et al., 2021). The difference in the genetic basis of heterosis, therefore, appears to be associated with the mode of pollination – open or self-pollination. Radoev et al. (2008), Basunanda et al. (2010), Shi et al. (2011) and Li et al. (2012) have also reported the predominance of epistatic interactions in influencing heterosis in B. napus. It has been hypothesized that, in autogamous species, positive epistatic effects due to coadapted gene complexes can be perpetuated easily, compared with allogamous species (Allard, 1988; Garcia et al., 2008; Shi et al., 2011). As both B. juncea (5–20%) and B. napus (10–30%) are partially allogamous crops (Asthana and Singh, 1973; Rakow and Woods, 1987), the important role played by epistasis in regulating the genetic mechanisms underlying heterosis appears to be similar (Radoev et al., 2008; Basunanda et al., 2010; Shi et al., 2011; Li et al., 2012). The fact that, in this study, most of the epistasis occurred between complementary loci without detectable main effects is found to be in sharp agreement with the results reported by Radoev et al. (2008), Basunanda et al. (2010), and Shi et al. (2011).

A number of loci involved in epistasis were found to be interacting with more than one locus. For example, in BC-V population, the locus on A7 involved in plant height interacted with loci on B1 and B6. Such interactions were also observed where one locus interacted with two different loci, which were detected in different data sets. For example, a locus detected on linkage group B1 (39.48 cM to 40.7 cM) interacted with a locus on linkage group B6 (59.85 cM to 60.08 cM) detected in BC-E and also with a locus on linkage group B2 (167.87 cM to 170.43 cM) detected in MPH-V. This participation of loci in multi-locus interactions has been hypothesized to constitute higher order epistatic interactions (Zhao et al., 2005; Radoev et al., 2008). Similar results were observed by Shang et al. (2016) in upland cotton, where they found E-QTL, showing pleiotropic effects.

This research revealed that the genetic basis of heterosis of yield-influencing traits in B. juncea is complicated but definitely involves a large number of loci-exhibiting cumulative effects of dominance, overdominance, and a large number of epistatic interactions. The QTL detected in multiple environments can be considered as candidate loci for further studies. This study will provide the essential stimulus for further research on heterosis studies on B. juncea, which can be performed by evaluating testcrosses with related or unrelated testers to uncover stable QTL in inbred lines and across testers. The selection of these consistent QTL across testers can lead to better yield performance and in the development of hybrid combinations. The common QTLs validated across multiple trials and multiple populations will provide a valuable resource for MAS and the further research.
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Cabbage (Brassica oleracea L. var. capitata) accounts for a critical vegetable crop belonging to Brassicaceae family, and it has been extensively planted worldwide. Simple sequence repeats (SSRs), the markers with high polymorphism and co-dominance degrees, offer a crucial genetic research resource. The current work identified totally 64,546 perfect and 93,724 imperfect SSR motifs in the genome of the cabbage ‘TO1000.’ Then, we divided SSRs based on the respective overall length and repeat number into different linkage groups. Later, we characterized cabbage genomes from the perspectives of motif length, motif-type classified and SSR level, and compared them across cruciferous genomes. Furthermore, a large set of 64,546 primer pairs were successfully identified, which generated altogether 1,113 SSR primers, including 916 (82.3%) exhibiting repeated and stable amplification. In addition, there were 32 informative SSR markers screened, which might decide 32 cabbage genotypes for their genetic diversity, with level of polymorphism information of 0.14–0.88. Cultivars were efficiently identified by the new strategy designating manual diagram for identifying cultivars. Lastly, 32 cabbage accessions were clearly separately by five Bol-SSR markers. Besides, we verified whether such SSRs were available and transferable in 10 Brassicaceae relatives. Based on the above findings, those genomic SSR markers identified in the present work may facilitate cabbage research, which lay a certain foundation for further gene tagging and genetic linkage analyses, like marker-assisted selection, genetic mapping, as well as comparative genomic analysis.

Keywords: cabbage, genome, SSR, molecular makers, genetic diversity, manual cultivar identification diagram


INTRODUCTION

Molecular markers used for research change from enzyme-based to DNA-based ones at present; moreover, numerous DNA markers systems are constructed. (Zhang et al., 2016; Ikten et al., 2019). Simple sequence repeats (SSRs), which are also referred to as microsatellites, represent the tandem repeat sequences containing 2–6 nucleotides (nt) short units and are usually seen in eukaryotic and prokaryotic genomes. SSRs are identified to be the preferred option for different research (Wang et al., 2021; Zhang et al., 2021). SSR markers are highly variable, abundant, reproducible, and transferrable, with co-dominant and multi-allelic inheritance; as a result, they are the precious and creditable approaches to carry out gene tapping, genetic mapping, comparative mapping, and genetic diversity analyses on plant species (Li et al., 2012; Silva et al., 2013). Generally, SSR markers are developed dependent on SSR motifs as well as the corresponding flanking sequences, and they may be separated from non-coding nt sequences or conserved coding regions in each higher organism (Sraphet et al., 2011; Xu et al., 2019). Cross-species amplification has been conducted to discover SSR markers that can be used in plant research, and it is related to the selection of genomic libraries or SSR-abundant cDNA and the search of open databases (Yang et al., 2020). At present, the whole-genome sequence for one specific species can be available, which allows to identify and develop SSR markers at genome-wide level (Karci et al., 2020). Notably, the emergence of next-generation sequencing (NGS) technology has reduced the time and cost necessary to carry out whole-genome sequencing (WGS) for plant species (Portis et al., 2018). Genomes make it possible for the development of numerous SSR markers for assessing genetic variations in germplasms and cultivars, identifying quantitative trait loci and genes for the control of traits with economic importance, develop molecular genetics and physical maps and assist in breeding for crop improvement (Cui et al., 2017; Xue et al., 2018). SSR markers have been identified in the whole-genome of diverse living bodies, such as human beings, insects, marine animals, plants with economic value and medicinal fungi (Gil et al., 2017; Liu et al., 2018, 2019). Nevertheless, with the exception of Chinese cabbage, eggplant and cucumber, research on key vegetable species like cabbage in this field is lacking.

Cabbage (Brassica oleracea L., 2n=18) is one of the most critical cruciferous vegetables that is widely cultivated all over the world. As a kind of vegetable, cabbage has been extensively consumed throughout the world because it contains favorable components for human health (Lv et al., 2014; Cai et al., 2020). Some molecular markers are used within cabbage, like sequence-related amplified polymorphism (SRAP), universal random amplified polymorphic DNA (RAPD), restriction fragment length polymorphism and amplified fragment length polymorphism (AFLP) markers (Ikten et al., 2019). Currently, informative molecular markers have emerged, which offer precious knowledge for genomic and genetic research on cabbage (Gadaleta et al., 2012; Zhong et al., 2017). However, regardless of the development of SSR markers, those developed from cabbage reference genome are lacking compared with those in other crops. There are inadequate SSR markers to construct linkage mapping or association research on cabbage (Lee et al., 2015; Lv et al., 2017). Additionally, prior works that develop SSR markers for cabbage mostly focus on screening SSR markers from public databases or SSR-abundant libraries (Taheri et al., 2018). The plenty of RNA-Seq data have contributed to in silico generation, but there is no available comprehensive analysis on SSRs within cabbage genome, even though related information becomes accessible recently. Moreover, SSR loci have been increasingly utilized for the development of molecular markers that can be applied in genetic analysis, like genome assembly, positional cloning, diversity assessment, as well as breeding activities like marker-assisted selection (MAS), but they are not used or detected in further research.

The release of reference genome of cabbage has produced numerous sequences, which are adopted to develop and identify cabbage SSR markers (Cai et al., 2020; Lv et al., 2020). Thus, the present work focused on identifying SSRs at genome-wide level in the cabbage line TO1000, a homozygous doubled haploid, and evaluate them for marker development.

A large set of 64,546 primer pairs was successfully identified in the cabbage genome. Among these, there were altogether 1,113 SSR primers prepared, and a subset of 916 (82.3%) pairs of primers could be stably and repeatably amplified. Moreover, according to the genetic diversity analyses on 32 cabbage genotypes, we identified a set of 32 SSR markers. By adopting the manual cultivar identification diagram (MCID), it was possible to rapidly distinguish cabbage genotypes by combining 5 SSR primers, the novel strategy enabling the practical and referable application of molecular markers and morphological descriptors. Additionally, SSRs detected within the conserved coding regions were highly available and transferable among 10 relevant species of cruciferous crops; as a result, they were conductive to comparative analysis on relatives belonging to Brassicaceae family. Data on SSR markers contribute to the rapid enrichment of functional molecular markers closely associated with expressed regions within cabbage genes, which show high value in the comparative genomic analysis and genetic mapping of cabbage.



MATERIALS AND METHODS


Plant Materials

A total of 32 cabbage genotypes (Supplementary Table S1) that had diverse morphologies and origins were chosen to analyze the genetic diversity and identify the cultivars, besides, 10 relatives were also chosen from Brassicaceae to study the transferability.



SSR Content of the Cabbage Genome

This study obtained the high-quality cabbage genome within the homozygous doubled haploid “TO1000,” in the format of FASTA (freely accessible at www.ncbi.nlm.nih.gov/genome/10901). Thereafter, we cut 9 pseudomolecules that stood for part of chromosomal sequences in every species, together with those unmapped scaffolds, to small pieces by adopting SciRoKo tool.1 Later, SciRoKo SSR-search module was adopted for the in silico identification of imperfect, perfect, and compound SSRs. Search queries were specified as at least 4 repetitions and at least 15nt in length. Perfect SSR was defined as a sequence in which one motif was repeated for 4 times (4–6nt motif), 5 times (3nt), 8 times (2nt), and 15 times (1nt), with just one mismatch. As for compound repeats, we set the maximal length of default interruption (spacer) as 100bp. Thereafter, Bedtools was adopted to match those coordinates (start/end positions) for every SSR with gene space, for the sake of intersecting with default parameters under the left outer join option. A repeat was called an SSR when there was one or more than 1nt in the overlap. GO analysis was conducted to define possible gene function carrying one or more SSRs. The enriched GO terms were examined through analyzing SSRs set in genome-wide GO annotation dataset by R ClusterProfiler (v. 3.6.0) package, collected upon the thresholds of false discovery rate<0.01 and values of p<e−5, and visualized using Cytoscape v. 3.7.1.



Collection of Genomic Sequences From Different Cruciferous Crops

To compare, we obtained genome sequences for homozygous doubled haploid cabbage “TO1000,” and full-genome sequences for 11 additional plant cultivars in Brassicaceae family, including Brassica napus, Brassica rapa subsp. pekinensis, Arabidopsis thaliana, Brassica cretica, Raphanus sativus, Brassica nigra, Brassica juncea, Camelina sativa, Capsella bursa-pastoris, Eutrema yunnanense, Barbarea vulgaris, and B. oleracea, based on open database. Then, we performed the above-mentioned process to scan whether perfect SSRs existed. Supplementary Table S2 displays the sources of all the full-genome sequences.



SSR Identification and Primer Design

SSRs were identified in whole-genome data of cabbage using the MISA package. The SSR motif length was restrained to 1–6bp, which was in consistence with mononucleotides (Mono-), dinucleotides (Di-), trinucleotides (Tri-), tetranucleotides (Tetra-), pentanucleotides (Penta-), and hexanucleotides (Hexa-), separately. Search standards were the same as those in previous study (Cheng et al., 2016). In addition, primers were designed by adopting Perl scripts p3_in.pl./p3_out.pl.2 and Primer3 primer modeling software,3 and SSR search findings were used to be the input.

Conditions to select primers were shown below, primer size, 18–27bp (optimal, 20bp); melting temperature of primer (Tm), 57.0–63.0°C (optimal, 60°C), primer GC level, 40–60% (best, 50%) and product size, 100–500bp (optimal, 250bp). Each of the primer pairs designed was later aligned against the ‘TO1000’ cabbage reference genome. We defined unique primer pairs as those whose reverse and forward primers showed unique alignment to reference genome with a 100% match rate.



DNA Extraction, PCR Amplification and Detection

We chose altogether 48 primer pairs at random for better validating amplification of the particular SSR primer set identified in the present work (Supplementary Table S3). Genomic DNA (gNDA) fragments of ‘QBYS’ and ‘QBJF’ cabbage lines were amplified by using every pair of primers. The CTAB protocol after modification (Liu et al., 2003) was also employed to extract gDNA from the young leaf samples in 32 cabbage accessions of diverse origins and in 10 relevant Brassica species.

The 20μl volume was prepared for every PCR procedure, including template DNA (10ng), MgCl2 (2.0mm), dNTPs (0.2mm), respective primers (0.1μm) and Taq DNA polymerase (0.5U, TaKaRa Bio Inc., Dalian, China). The reaction procedure was as follows, 3min of initial denaturation under 94°C; 50s under 94°C, 50s under 56°C, as well as 1min under 72°C for 35cycles; final 10min of extension under 72°C. Later, 8.0% PAGE was conducted to separate SSR primers-amplified products for 2–2.5h at 160V, while rapid silver staining (Liu et al., 2008) was performed for visualization.

The AxyPrep DNA gel extraction kit (Axygen Bio Inc., Hangzhou, China) was utilized to recover part of amplified products with desirable size from PAGE gels. Meanwhile, T-A cloning kit (TaKaRa) was adopted for cloning those products extracted, whereas ABI 3730 (Applied Biosystems, United States) was adopted for sequencing the positive clones at Beijing Genomics Institute (BGI Shenzhen, China).



Survey of Polymorphism and Genetic Diversity Analysis

In order to further estimate the application of these SSR markers and validate the polymorphism of these loci, 32 diverse cabbage cultivars were selected and classified according to the predicted genetic distance (Supplementary Table S1). For SSR markers, we calculated their polymorphic information content (PIC) values by using Power Marker v. 3.0 (Liu and Muse, 2005). Genetic similarity coefficients across the diverse accessions were calculated using NTSYS-pc software SIMQUAL program using the 0–1 data matrix. Moreover, dendrograms were constructed by applying NTSYS-pc software SAHN module via the unweighted pair-group method with arithmetic averages (UPGMA; Rohlf, 2000; Kumar et al., 2001).

Furthermore, to facilitate the efficient use of primers and enable them to be easily operated, a strategy designated MCID was adopted, where cultivars were identified by the manual scoring and selection of certain bands (Wang et al., 2011; Korir et al., 2013; Zhai et al., 2014). We distinguished the 32 cabbage genotypes clearly according to other SSR markers used with certain band sizes. In addition, for assessing SSR markers for their amplification efficiency and transferability, we amplified 24 primer pairs of SSRs in 10 relevant crop species belonging to Brassicaceae family by adopting the above-mentioned PCR conditions.




RESULTS


The SSR Content of the Cabbage Genome and Cross-Species Comparison

Altogether 64,546 perfect SSR motifs (132.01 SSR/Mb) were identified from the 0.5 Gb in genomic sequence of cabbage, including 3,338 compound SSRs (Table 1). In addition, there were 93,724 imperfect SSR motifs (Table 2). Then, we compared SSRs distribution and level between the ‘TO1000’ cabbage genomic sequence and 11 additional genomes of related plant species to varying levels (the sequence was 5.5 Gb in length, about 0.8 million SSRs). Later, the related information was obtained based on the databases (Supplementary Table S2). The number of perfect SSRs found in the B. oleracea genome was similar to those of B. cretica (65,262), E. yunnanense (53,260), B. nigra (52,117), R. sativus (49,605), C. bursa-pastoris (46,394), and B. rapa (42,656). The B. oleracea genome was also found to contain almost four times as many perfect microsatellites as that of A. thaliana (17,225), and twice the number compared with B. vulgaris (34,939). However, it contained only half of those in C. sativa (135,740), B. napus (123,212), and B. juncea (104,035). The cumulative length of the full collection of cabbage SSRs was 1.4 Mbp, which comprises 0.29% of the assembled genome. The same percentage was found in A. thaliana (0.29%) and radish (0.29%) but considerably lower than that found in C. sativa and B. vulgaris (0.48% and 0.40, separately). Compound SSRs represented 5.17% of the cabbage perfect SSRs, which only exceeded those of A. thaliana, B. cretica and radish (Table 1).



TABLE 1. A comparative survey of perfect Simple sequence repeats (SSRs) across 12 analyzed genome sequences.
[image: Table1]



TABLE 2. Variation in the repeat length among genomic cabbage perfect and imperfect SSRs.
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Characterization of the SSR Motifs by Different Lengths and Repeats

The cabbage SSR motifs that predominated were the Di- and Mono- (40.9 and 29.2% of all the SSRs, respectively, with densities of 54.04 and 38.60 SSRs/Mbp, respectively), with smaller proportions of trinucleotides (25.06%) and tetranucleotides (6.87%); the penta- and hexanucleotide repeats contributed <5% (Table 2). Dinucleotide sequences played dominant roles, which constituted 0.64 Mbp (45.44% of accumulated length for total SSR motifs). Dinucleotides accounted for the most frequently seen type within tomato and eggplant. Of those imperfect SSR motifs, there were less mono- to tetranucleotide motifs than those seen in perfect SSRs group. Besides, there were larger motifs, which together with penta- to hexa-SSRs, accounted for 22.3% of the accumulated length for overall imperfect SSR motifs (Table 2). It could be discovered that the sum of Di- and Mono- formed the majority of perfect SSRs in all the genomes of Brassicaceae family that were searched and the species, including C. sativa and E. yunnanense. However, the majority of perfect SSRs in genomes of radish and C. bursa-pastoris are primarily formed by di- and trinucleotides. In the A. thaliana and B. vulgaris genomes, the sum of mono- and trinucleotides was the most frequent type (Figure 1).

[image: Figure 1]

FIGURE 1. Distribution of SSR repeated motif length across 12 cruciferous genomes.


Figure 2 and Supplementary Table S4 present changes in perfect SSR motifs within cabbage genome in terms of repeat unit number. According to our results, larger repeat motifs had significant reduction compared with mono- and di-nucleotide types, among which, tetra- to hexa-nucleotide types experienced the most significant decrease as repeats increased (Figure 2A). Consequently, there were over double dinucleotide repeat units (11.8) relative to hexanucleotide (5.1) and trinucleotide (6.5) ones, and they were about thrice of penta (4.4) and tetra- (4.5) ones (Table 2). According to perfect repeat motif length, we considered 88.6, 9.8 and 1.6% of SSRs as hypervariable class I possibly variable class II and variable class III, respectively (<20, 20–30, ≥30nt, separately; Figure 2B). All the types of nucleotides are members of class I (Figures 2B,C).

[image: Figure 2]

FIGURE 2. Characterization of perfect SSRs in the cabbage genome. (A) The changeable rule from mononucleotides to hexanucleotide motifs. (B) The frequency of repeat classes (class I>30nt, class II 20–30nt, class III <20nt). (C) The distribution of motif type within each class.




Characterization of SSRs by Classified Type

We classified repeats according to previous description (Jurka and Pethiyagoda, 1995). Therefore, the class AAT of trinucleotide repeats contained (ATA)n, (TTA)n, (TAT)n, (ATT)n, and (TAA)n, and they were the same in terms of diverse reading frames or complementarity. We discovered altogether 331 SSR motif types, and the potential base combinations included mono- (n=2), di- (n=4) tri- (n=10), tetra-nucleotides (n=31), together with 80 penta-nucleotide repeat variants and 204 hexanucleotide repeat variants (Table 2).

In this study, the individual repeat motifs for each type of SSR in the cabbage genome were also evaluated (Figure 3 and Supplementary Table S5). The base composition of cabbage SSR motifs is strongly biased toward A and T. The most frequent mono- to hexa-nucleotides motifs were A/T (97.3%), AT/AT (67.9%), AAG/CTT (33.7%), AAAT/ATTT (42.4%), AACCG/CGGTT (23.4%) and AAAAAT/ATTTTT (8.5%). Regarding the distribution of different motifs, the AT repeats were not only the predominant dinucleotides, they were also the most frequent motif in the entire genome, comprising 32.3% of the total SSRs. Alternatively, CG repeats were barely detected. AAT, AAG, AAC, and ATC repeat types occupied the predominant roles in trinucleotide motifs (78.3% in total), while GC-abundant repeats, including CCG, AGC, and ACG, showed low abundances.

[image: Figure 3]

FIGURE 3. Distribution of the major repeat motifs in cabbage genome.


Consistently, AT-abundant tetranucleotide motifs, like AAAG, AAAT, AATT, and AAAC occupied the predominant role within cabbage genome (72% totally), whereas motifs AAAAT, AACCG, AAAAG, and AAAAC accounted for 57.0% of overall pentanucleotide repeats. There were just 4 hexanucleotide motif types, including AAAAAG, AAAAAT, AAGCCC, and AAAAAC existing, and the abundance was >5% (Figure 3). The close motif-type distribution was observed among nearly every remaining species detected in the present work (Supplementary Table S6).



The Distribution of SSRs in the Chromosomes

Those SSR loci within cabbage genome discovered were further classified according to the corresponding distribution and motifs in pseudomolecules. There were 7,172 perfect together with 10,414 imperfect SSRs in C1-C9 discovered from pseudomolecules on the whole (Table 3 and Supplementary Table S7). We also predicted the association of chromosome length with SSR number, and a great correlation coefficient R2=0.9653 was obtained (Figure 4A). There were most SSRs in C3 group (longest linkage; including 13,461 imperfect and 9,311 perfect, 64.98Mbp), whereas C6 group (shortest linkage) had least SSRs (including 7,839 imperfect and 5,393 perfect, 39.82Mbp). Nonetheless, there were great differences in SSR density across diverse chromosomes, which were between 129.55 (C2) and 143.29 (C3) perfect, whereas between 189.79 and 207.16 imperfect SSR/Mbp, separately (Table 3). It was observed that the distribution of motif types within individual chromosomes was very similar to the pattern found over the whole genome, with the mono- and di- repeats observed the most frequently and penta- and hexa- the least (Figure 4B). The number of SSR motifs on each chromosome (C1-C9) ranged from 5,393 (C6) to 9,311 (C3; Figure 4C). Mono- and di- SSRs exhibited maximum variation among linkage groups, with C1 and C5 exhibiting the lowest percentages for di- (38%) and mono- (28%), respectively, and the highest for tri-nucleotides (20%). When diverse motif distributions on the chromosome were considered, the commonly seen mono- to trinucleotides had close proportion to that acquired from the whole-genome. However, the relative contributions of the tetra-, penta- and hexanucleotides varied greatly between different linkage groups (Supplementary Table S5).



TABLE 3. The chromosome-by-chromosome distribution of perfect, compound, and imperfect SSRs.
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FIGURE 4. Intra-chromosomal distribution of SSRs. (A) Relationship between the SSR number and chromosome length in the cabbage genome. (B) The frequency of mono- to hexanucleotide motifs in cabbage chromosomes. (C) Number and density of the SSR motifs across nine chromosomes of the cabbage reference genome.




Gene Context of SSRs

The genomic distribution of SSRs was compared with their association with individual genes based on the data from assembled chromosomes of cabbage genome (Gadaleta et al., 2012; Bhattarai et al., 2021). A total of 14,349 perfect SSRs (22.23%) and 18,889 imperfect SSRs (20.15%) were associated with 11,013 (18.15%) and 13,707 (22.58%) genes, respectively (Table 4). It accounts for 18–22% of the entire gene space. It was predicted that such cabbage genes covered altogether 29.38 Mbp; in other words, the density was 138.24 for perfect whereas 181.97 SSRs/Mbp for imperfect motifs, separately, in the gene space. Based on repeat motifs, we divided SSRs distribution on every pseudomolecule (Supplementary Table S8). Figure 5 presents the comparisons of SSR motifs discovered from genomic and genetic sets. We assigned the overall SSRs populations within the gene space and genome as non-triplet repeats (mono-, di-, tetra-, penta-nucleotides) and triplet repeats (tri-, hexanucleotides). As for imperfect (38.89%) and perfect (40.7%) motifs, there were more gene sequences in triplet repeats (Figure 5A). Typically, trinucleotides represented the most frequent type, occupying 38.58% (53.3 SSR/Mbp) for perfect whereas 31.04% (56.49 SSR/Mbp) for imperfect genic SSRs, separately (Table 4 and Figure 5B). The most common dinucleotides were AT/AT. They comprised 21.1% of the total genic SSRs. The most frequent genic SSR motif types were the trinucleotides AAG/CTT (31.0%), ATC/GAT (17.1%), AGG/CCT, and AAC/GTT (Figure 5C). Therefore, we compared a group of SSR genes in the cabbage reference gene space and evaluated the specific gene regulation functions that are frequently present. The genes that contained one or more SSRs were discovered within 60 sub-GO categories (“biological processes” (BP), “cellular components,” (CC) and “molecular function” (MF); Figure 6 and Supplementary Table S9). Over-representation was found for a number of gene families, such as BP in the sub-categories “Xylem and phloem pattern formation” (GO:0010051), “Potassium ion transmembrane transport” (GO:0071805), and “Regulation of gene expression”(GO:0010468); for MF, “Microtubule binding” (GO:0008017) and “Microtubule motor activity” (GO:0003777). No enrichment was observed for CC.



TABLE 4. Variation in repeat length among genic cabbage perfect and imperfect SSRs.
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FIGURE 5. Distribution of microsatellite sizes in the cabbage genome. (A) Non-triplet SSR vs. triplet SSR in both perfect and imperfect motifs. (B) Distribution of repeat types within perfect and imperfect SSR motifs. (C) A comparison between di- and trinucleotide repeats in both the gene space and full genomic region.
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FIGURE 6. Functional analysis (gene ontology) of cabbage genes containing SSRs. (A) GO classification. (B) Revigo summary of “biological process” and “molecular function” enriched terms.




Development and Validation of Unique SSR Primer Pairs

We also obtained flanking sequences for each SSR motif within cabbage genome, which were adopted to be the targets to design primers. For obtaining specific primer pairs, they were aligned against reference genome of cabbage according to primer selection criteria. Finally, altogether 64,546 primer pairs were obtained (Supplementary Table S10).

This study prepared 1,113 SSR primers (Supplementary Table S11) at random, analyzed them for preliminary verification, and amplified them by 2 DNA templates of cabbage, namely, ‘JSC142’ and ‘JSCJF’. Among the SSR primers, 916 pairs (82.3%) were stably and repeatedly amplified. For better confirming whether sequences that contained polymorphic microsatellites were real and positive, we recovered and sequenced 30 co-dominant segregation segments following T-A cloning. As a result, these sequences conformed to the initial ones, which indicated the high specificity of our prepared SSR primers.



Genetic Diversity Analysis of Cabbage Genotypes

This study prepared altogether 60 possible SSRs to conduct PCR validation by using the PAGE gels. Among them, 32 primers exhibited diacritical polymorphisms across diverse genotypes (Figures 7A–C). For investigating the possibility of using those candidate SSRs to carry out genetic analysis, we chose 32 SSR primers showing polymorphism for assessing genetic diversity for those 32 cabbage cultivars obtained from diverse areas (Supplementary Table S1). We discovered altogether 105 alleles, including 92 (87.67%) polymorphic alleles. On average, there was 2.9 alleles at each locus (range, 1–8). Additionally, the average PIC value was 0.46 (range, 0.14–0.88; Table 5). The sizes of the amplicons for the SSRs markers ranged from 134bp to 273bp. The information of these informative SSR primers is shown in Table 5.
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FIGURE 7. Genetic diversity analysis of 32 cabbage accessions with SSR markers. Amplification of 32 genotypes with the SSR primers Bol-SSR32 (A) Bol-SSR24 (B) and Bol-SSR12 (C) by polyacrylamide gel electrophoresis, and the UPGMA dendrogram of 32 cabbage genotypes based on 32 new SSR markers (D) M: 50bp DNA ladder. The genotype name of numbers (1–32) is listed in Supplementary Table S1.




TABLE 5. Genetic diversity analysis with SSR markers developed in cabbage.
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The genotype data were analyzed via NTSYS-2.10e software, and the dendrogram showed that 32 cabbage accessions could be classified into three major clusters with similarity coefficients that ranged from 0.46 to 1.00 (Figure 7D). Clusters I and II included 17 and 11 accessions, respectively. Most of the accessions in these two clusters had different geographical origins, leaf colors, ball shapes, and maturities. In Cluster I, JSC28 presented a high similarity with JSC40. Both originated in China and have green leaves and mature early. JSC37 and JSC111 were divided into a subgroup. Both originated in Europe and are gray-green. JSC3 that originated in Japan and JSCJF that originated in China were assigned to one subgroup, since both have a similar leaf color and ball shape. JSC13 that originated in China, and JSC90 that originated in Japan were also classified as one subgroup, because they had round ball morphology, green leaves, and early maturation. We classified JSC185 originating in Japan and JSC2 originating in China as one subgroup. Although both have a similar leaf color, they have different spherical characteristics and maturities.

In Cluster II, JSC10 that originated in China and JSC168 that originated in the Netherlands were assigned to one subgroup. Both have the same ball shape. They differ in that JSC10 has yellow-green leaves and matures extremely early, while JSC168 has purple leaves and matures late. JSC18 that originated in Japan and JSC43 that originated in China were assigned to one subgroup, and both have green leaves, a round ball shape and mature early. JSC23 and JSC30 were assigned to one subgroup. Despite that they differed in origin, they have the same spherical shape, leaf color and stage of maturity. A wild accession JSCYS, which was collected in the United States, and it has dark green leaves and a non-heading character was assigned to a separate subgroup in Cluster II. Cluster III comprised four accessions. All were collected from China and have the same spherical shape. JSC7 and JSC410 have the same color leaves and state of maturity. JSC12 has gray-green leaves and matures extremely late, while JSC107 is blue-green and matures at a medium stage.



MCID of Cultivar Identification With SSR Markers

This study identified 32 cabbage cultivars by using 5 SSR primers that contain the polymorphic and reproducible bands. Of those 5 primers utilized, the Bol-SSR32 primer was initially selected to identify cabbage genotypes (Figure 8). Based on PAGE analysis, the Bol-SSR32 primer produced 2 polymorphic bands within those 32 cultivars (Figure 7A), and it might be used to classify diverse cabbage genotypes to 3 groups according to with/without the characteristic 280 and 380bp bands. Later, the SSR7 primer was used to separate those cultivars in 3 groups singly or to smaller groups, like JSC142 or JSCYS. Afterwards, we used the rest 3 primers to distinguish cabbage cultivars step by step. Typically, applying the Bol-SSR23 primer helped to separate those 32 cultivars from MCID (Figure 8). We screened several clear polymorphic primers during the course of experiment. It should be highlighted that only the clear polymorphic bands amplified with each primer were accurately used to differentiate the accessions. These indicated that the MCID method used in this study is a valuable and efficient strategy for the identification of cultivars in cabbage.
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FIGURE 8. MCID analysis of the 32 cabbage genotypes with the DNA fingerprints of five SSR primers. The number above each horizontal line in the diagram denotes the size of the polymorphic bands used to separate the genotypes following the line. (+) or (−) denotes the presence or absence of the polymorphic band.




Application of SSR Primers to Other Species in the Brassicaceae

This study randomly chosen 24 stable and reliable SSR primers for amplification on 10 different species in the Brassicaceae family to identify the potential transferability and availability (Figure 9). In total, 21 of the 24 (87.5%) SSR primers exhibited transferability and applicability to one or more of the 10 related Brassica species that were used in this study. Of them, altogether 9 primers exhibited different and stable bands among those 10 species, demonstrating the reliability and applicability of our identified SSR markers for cabbage in certain relevant Brassicaceae family members.
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FIGURE 9. Identification of related species in the Brassicaceae family (A) and amplified results by SSR primers (B). (a) Brassica campestris subsp. chinensis (AA); (b) Brassica oleracea var. capitata (CC); (c) B. oleracea var. italica (CC); (d) Brassica rapa ssp. pekinensis (AA); (e) B. oleracea var. botrytis (CC); (f) B. oleracea var. caulorapa; (g) B. alboglabra; (h) B. parachinensis; (i) B. napus (AACC); (j) B. campestris L. ssp. chinensis.





DISCUSSION

SSR markers have been deemed as the promising candidates to conduct genetic mapping and diversity analyses on crop species because they are specific and highly conserved (Yang et al., 2015). More and more articles have revealed that it is a highly effective and low-cost way to identify SSR markers on the basis of NGS. We collected and identified the genome-wide data of several cruciferous crops, including B. oleracea, to develop more SSR markers. A total of 64,546 perfect and 93,724 imperfect SSR were identified. Functional markers were employed in the genetic diversity analysis, to identify the cultivars among 32 different genotypes of cabbage and in the availability analysis across 10 relatives in the cruciferous crops.

The distribution of SSRs was examined within 12 genomes in the Brassicaceae family. Besides, it was discovered that genome size showed positive correlation with SSR motif number discovered after comparing the 12 species. Several reports showed that species that possessed larger genomes typically display a lower SSR density (SSRs/Mb; Morgante et al., 2002; Portis et al., 2018). Nonetheless, the different genomic sizes will result in different microsatellite repetition levels, but SSR density is not associated with genome size (Behura and Severson, 2014; Portis et al., 2016). In this study, the three species B. rapa, C. bursa-pastoris and B. vulgaris were found to have larger genomes and exhibit a lower density of SSR. However, the species B. nigra and E. yunnanense are exceptions. Their genomes sizes are 402.1 and 415.4 Mbp, but their microsatellite densities are comparable to those found in B. napus that has a genome twice as large. The density of perfect microsatellites in the B. oleracea genome is the fourth highest observed within the Brassica family, even though it is similar to those detected in B. nigra and E. yunnanense. Consequently, SSRs are highly enriched and abundant within Brassicaceae, making them the attractive molecular markers to carry out genetic analyses of Brassicaceae (Lv et al., 2017).

In this study, we compared the classified types of SSR motifs among all the species in the Brassicaceae family. Variation in the selective constraint on sequence repeats could differ among the SSR motifs. Overall, cabbage had the second greatest number of motif types compared with the other members in this family. It is still unknown about whether such heterogeneity is associated with the species genomic evolution or complexity.

Dinucleotides were considered as the most common type in eggplant and tomato. In our study, although dinucleotides are the most common repeats in the cabbage genome, trinucleotides prevail in the gene space, which is analogous to those of other species (Cavagnaro et al., 2010). In contrast, tri- and hexanucleotides are the most common type in the gene space of eggplant genome. The reason could be attributed to negative selection against frameshift mutations in the coding regions, and because of the mutation pressure combined with possible and positive selection for specific single amino acid stretches, the trinucleotides have enhanced their frequency in the coding portion. Generally, AT-rich motifs occur more often in dicotyledons. It has been reported that AT-rich repeats are widespread in dicotyledonous but not in monocotyledonous species, and the difference between them may be partially accounted for by the nucleotide composition of their genomes. The monocots have a GC content of 43.7% compared with one of 34.6% in the dicots (Portis et al., 2018). We found similar results in the cruciferous crop genomes. However, the classified motif types were not completely identical within each species, which was shown by comparisons among several genomes in this study. The most common dinucleotides in this study were AT/AT, and the most frequent genic SSR motif types were the trinucleotides AAG/CTT. Similar patterns of motif distribution have been found in other species. For example, several studies reported that AT/AT repeats appear to be typical in non-transcribed regions, and AG/CT prevail in gene sequences, while AC/GT and CG/GC repeats are the least frequent dinucleotides in both genomic and gene sequences (Cavagnaro et al., 2010; Portis et al., 2016). GC-rich motifs showed a strong bias in their distribution in cabbage gene sequences, most notably for mono-, di- and tri. For example, a GC content of only 14% was discovered in the whole genomic trimeric SSRs, whereas the trinucleotide SSRs in genes had a GC content of 43%. Genic SSR markers show a higher efficiency among various species when compared with non-coding microsatellites, promoting their application as anchor markers suitable for comparative genetics analysis (Varshney et al., 2005). On the contrary, coding SSRs experience an increased selection pressure; as a result, only insufficient polymorphism degree can be provided for distinguishing the varieties with close relations. Nonetheless, the genetic SSRs of cabbage can offer a decreased number of possibly variable SSRs, because of the decreased corresponding repeat number compared with that within the whole genome; typically, among the SSRs, 63.04% contained ≤10 repeats, while just 8.43% contained ≥20 repeats. Over-representation was found in several subcategories, such as BP and MF, but no enrichment was observed. In previous studies, SSRs are reported to occur in certain gene functions within eggplants, globe artichoke and Medicago truncatula, while transcription factors (TFs) constitute a distinct gene class containing SSRs (Portis et al., 2016, 2018; Min et al., 2017). In addition, TFs carrying SSRs have also been suggested to have critical functions, and their association with species diversity in Brassicaceae family should be clarified.

Longer repeats have been reported to show a lower abundance level within each class. In certain species, SSR frequency decreases as the repeat number increases, like globe artichoke and Capsicum (Cheng et al., 2016; Portis et al., 2016). For instance, SSRs that contain ≤10 repeats take up approximately 50% of the whole SSR number, whereas SSRs that contain >20 repeats only occupy <10%. According to our results, longer repeat motifs had significantly greater decreasing amplitude than mono- and di-nucleotide ones, among which, tetra- and hexa-nucleotide motifs exhibited the greatest decline in their frequencies as the repeat number increased. Some microsatellites were often found between neighbor genes that were reported to possibly be involved in gene regulation (Gao et al., 2013; Sawaya et al., 2013). Such microsatellite hotpots were also observed in this study, although they were mostly owing to long stretches of compound microsatellites. However, since most of the highly mutable loci are compound microsatellites that are composed of two or more repeated motifs, they could be exploited as putative highly polymorphic markers.

However, genic SSRs have been demonstrated to exert an important role in gene expression and function in both humans and plants, which stand for a class of ‘functional markers’ in transcripts. They are also known as microsatellite instability (MSI), and MSI is known to enhance with plant development in A. thaliana (Golubov et al., 2010; Nelson et al., 2013). In previous studies, the occurrence of SSRs within specific gene functions has been found, and transcription factors form a significant class of genes that contain SSRs. Furthermore, the important role of transcription factors that possess microsatellites has been pointed out, and the relationship between this tendency and the species diversity of the Brassicaceae merits further study (Li et al., 2004).

To date, functional genetic markers, including SSRs, have progressively become a powerful approach to obtain insight into genetic studies owing to their multi-allelic detection, reproducibility and high cross-species transferability (Thiel et al., 2003; Taheri et al., 2018). With the emergence of NGS technology, the large-scale development of SSR markers based on genome-wide analysis directly or indirectly promotes the rapid development of marker-assisted breeding. A substantial number of SSR markers have been widely recognized in a variety of plants, including black pepper, pepper, pear, bitter gourd, bread wheat, Camellia sinensis and eggplant, by the analysis of genome-wide sequence data generated (Cui et al., 2017; Liu et al., 2018; Portis et al., 2018; Xue et al., 2018; Kumari et al., 2019; Uncu, 2019; Ahmed et al., 2020). In this study, a large number of SSR primer sets were the first ones to be comprehensively and successfully designed from the whole genome of cabbage, which is specific to previous studies. Many primers are able to amplify certain bands, whereas some can amplify the significantly greater bands, possibly because that the repeat number is changed or there is one small intron between primer pairs. Moreover, non-PCR fragment-producing primers might be associated with the existing huge introns or null alleles or the primer pair design among the splice sites.

Some recent articles have reported that SSR markers have been applied in the diversity and fingerprinting analyses within some plant species. According to our results, the whole-genome-based SSR markers showed high efficiency in distinguishing 32 cabbage species, and their distributions were not totally decided by the corresponding geographical sources, conforming to our prior works. According to the obtained results, the SSR markers extracted from the genome data of B. oleracea L. were suitable and served as excellent markers to distinguish cultivated landraces from wild ones. MCID is a new strategy that is more practical, economical, and effective at identifying plant cultivars with fewer primers, and the proposed method creates a recordable and readable flow chart, enabling the much easier identification of cabbage cultivars.

In addition, the genome-based genetic markers produced in this study are highly conservative and transferable from cabbage to some related cruciferous species, which is consistent with the results of research on cereals and the Leguminosae, Cucurbitaceae, and Rosaceae. However, the novel SSR markers developed with a relatively high level of transferability and availability will be conducive to advancing the investigation of comparative mapping analyses in the Brassicaceae family. In brief, the SSR markers developed based on the WGS data in this study have polymorphism, repeatability, and transferability and will become an important tool for genetic mapping, germplasm identification and genetic diversity analysis of cabbage and its related species in the future.



CONCLUSION

In this study, a large number of potentially variable SSRs have been identified in cabbage. We identified 64,546 perfect SSR motifs and 93,724 imperfect SSR motifs in the 0.5Gb of the cabbage genomic sequence, which was mined using a whole-genome bioinformatics survey. The cumulative length of full collection of cabbage SSRs was 1.4Mbp, which comprises 0.29% of the assembled genome. Considering all Brassicaceae family members, the genome size was found to be positively associated with the number of SSR motifs identified. Dinucleotide sequences were the most common type in all cabbage SSR motifs, comprising 0.64Mbp. As expected, microsatellites are ubiquitously distributed, and we detected a higher content of SSR repeats for longer chromosomes, as well as the homogeneous distribution of SSRs. Such innate characteristics of SSRs render them the suitable markers. Additionally, those 32 informative SSR markers chosen were adopted for determining the 32 cabbage genomes for their genetic diversity. Cultivars were efficiently identified by using the new strategy designating the manual diagram for identifying cultivars, and 5 Bol-SSR markers were utilized to distinguish 32 cabbage accessions. In addition, we also verified the transferability and availability of such SSRs based on additional 10 species belonging to Brassicaceae family. These results suggest that the genomic SSR markers that have been developed have considerable potential value in advancing cabbage research, including genetic mapping, MAS, and comparative genome analyses.
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The difference between extreme M and L ovule lines
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KASP-A-735-COM
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Sequence (5'-3')

GAAGGTGACCAAGTTCATGCTGATGCTCTCTATGCTCACCACAAGG
GAAGGTCGGAGTCAACGGATTGATGCTCTCTATGCTCACCACAAGA
AGTGCCGTCGTTATAGCCATTGAT
GAAGGTGACCAAGTTCATGCTACGAACCTCTGACTTGGCTGAATCT
GAAGGTCGGAGTCAACGGATTACGAACCTCTGACTTGGCTGAATCA
TGGGTGGGTCTAAGCAATGTCAAG
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Parental line Pt-test RILs
Trait Treatment  APLO1 (mean + SD) Holly (mean + SD) Mean + SD Range cv Skewness  Kurtosis  h? (%)
SL (cm) 14DL 6.02 £ 0.58 7.14 £0.48 6.77E-04** 6.23 £ 0.76 4.0-9.0 0.12 0.08 —-0.11 81.10
14NJ 6.33 £0.27 6.69 + 0.22 1.06E-02* 6.20 £ 0.75 3.5-8.6 0.12 0.02 0.58
15NJ 5.92 +£0.38 6.47 +0.36 9.69E-03* 6.34 +£0.76 3.9-9.3 0.12 0.05 —0.04
15YL 5.30 £0.65 5.86 + 0.31 4.43E-02¢ 6.15+0.78 4.0-10.7 0.13 0.72 2.72
16DL 541 £0.42 6.04 +£0.32 4.00E-03** 6.21 £ 0.81 3.7-9.1 0.13 —-0.02 0.20
16GS 6.12 £ 0.56 7.01 £0.52 5.00E-03*  6.38 £0.75 4.2-9.0 0.12 0.18 0.02
16NJ 5.60 +£0.19 6.62 + 0.55 1.41E-04*  6.19+0.79 1.5-10.8  0.13 0.37 2.42
SB (mm) 14DL 5.56 4+ 0.08 4.34 +0.21 1.58E-03**  4.58 +0.43 3.2-6.6 0.09 0.39 1.23 82.45
14NJ 5.554+0.13 4.51 4+ 0.40 2.46E-02* 4.84 +£0.47 3.2-6.0 0.10 —0.05 0.40
15NJ 5.63 +0.20 4.44 +£0.24 5.65E-03**  5.01 +0.50 3.5-7.0 0.10 0.20 —0.01
15YL 5.57 £0.13 4.42 +0.23 3.44E-03*  4.93 +0.46 3.7-6.6 0.09 0.36 0.24
16DL 5.36 + 0.31 415+ 0.21 9.96E-03*  4.69 + 0.45 3.6-6.0 0.10 0.12 -0.15
16GS 5.56 £0.19 4.49 +£0.21 5.77E-03** 493 +£0.47 3.6-7.2 0.10 0.74 2.09
16NJ 5.08 £0.17 4.04 +£0.45 3.00E-03*  4.91 £0.57 3.3-7.1 0.12 0.39 0.36
ST (mm) 14DL 3.81 £0.13 3.36 £ 0.11 2.19E-02* 3.34 £0.28 2.6-4.2 0.08 0.29 0.25 76.66
14NJ 3.75+0.18 3.33 +£0.02 2.68E-02* 3.42 +0.33 2.5-45 0.10 0.28 0.15
15NJ 3.84 +0.06 3.50 +0.10 1.38E-02* 3.51 £0.33 2.7-5.3 0.09 0.46 0.84
15YL 3.67 £0.03 3.46 + 0.09 3.14E-02* 3.48 +0.30 2.4-4.7 0.09 0.22 0.52
16DL 3.70 +£0.09 3.37 £ 0.14 5.43E-02 3.48 +£0.29 2.7-4.6 0.08 0.40 0.73
16GS 3.70 £0.07 3.49 + 0.06 3.24E-02* 3.52 +0.31 2.6-4.8 0.09 0.17 0.52
16NJ 3.72 £0.11 3.57 £ 0.14 3.27E-01 3.41 £ 0.42 2.2-5.8 0.12 0.86 1.99
SV (ml) 14DL 0.88 £0.10 0.56 £ 0.01 1.29E-02* 0.68 £ 0.14 0.3-1.2 0.21 0.46 0.52 73.10
14NJ 0.92 +0.08 0.61 +0.07 7.30E-05**  0.70 £0.17 0.3-1.2 0.24 0.34 —0.06
15NJ 0.98 +0.03 0.66 + 0.03 6.08E-04**  0.80 +£0.15 0.4-1.5 0.19 0.80 1.84
15YL 0.98 +0.06 0.60 + 0.03 9.32E-04*  0.79 +£0.16 0.5-1.5 0.20 1.18 3.67
16DL 0.91 +£0.03 0.41 £0.07 6.78E-04**  0.66 +£0.14 0.3-1.3 0.20 0.60 0.86
16GS 0.99 +0.08 0.60 + 0.00 2.41E-03*  0.86 +£0.14 0.5-1.7 017 1.02 3.77
16NJ 0.91 £0.07 0.50 +0.10 5.80E-5** 0.64 +£0.18 0.2-1.3 0.29 0.49 0.45
SPS 14DL 250+28 19.7 £ 21 4.91E-04* 225+4.23 2-37 0.19 -0.17 0.38 73.61
14NJ 279+28 224 +241 4.64E-04** 21.9+4.25 2-36 0.19 -0.27 0.69
15NJ 28.0 + 4.8 23.6+ 1.8 2.65E-02* 23.1 +5.00 5-38 0.22 -0.25 0.00
15YL 227+ 3.0 18.3+27 7.75E-03* 22.4 + 457 9-42 0.20 0.04 0.00
16DL 214 +£1.9 179+1.5 9.02E-04** 21.9+4.67 2-38 0.21 —-0.01 0.25
16GS 30.6 £ 3.5 26.8 +2.3 2.20E-02* 24.4 + 4.05 2-40 017 -0.13 0.66
16NJ 259 +£2.64 16.7 £ 2.21 3.0E-7** 22.3+4.28 2-35 0.19 —0.09 —-0.13

SL, SB, ST, SPS and SV indiicate the traits silique length, silique breadth, silique thickness, seed number per silique and silique volume, respectively.

DL, Dali; NJ, Nanjing; YL, Yangling; GS, Gansu; 14, 15, and 16 indicate the years 2014, 2015 and 2016, respectively.
**Significant at the 0.01 probability level.
*Significant at the 0.05 probability level.

CV, Coefficient of variation.
h?, Broad-sense heritability.
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Erv.. The experiment in which the consensus QTLs were detected.
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Trait SL SB ST SPS sV

SL 1

SB 0.040 1

ST —0.026 0.489* 1

SPS 0.571* 0.268* —0.027 1

SV 0.554* 0.718* 0.682™ 0.498™ 1

SL, SB, ST, SPS, and SV indicate the traits silique length, silique breadth, silique
thickness, seed number per silique, and silique volume, respectively. **Significant
at the 0.07 probability level.
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SL, SB, ST, SPS, and SV indicate the traits silique length, silique breadth, silique thickness, seed number per silique, and silique volume, respectively.
Chr., Chromosome.

Cl., Confidence interval (cM).

Add, Additive effect.
Env., The experiment in which the consensus QTLs were detected.
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Genotypes ID Allele permutations Genome coverage

Recovery rate

Multiple comparisons

of flowering time

BnFLC.A2 BnFLC.C2 qFT.A3 (BnFLC.A3b) Jiangling Wuhan Minle
ID01-000 0 0 0 79.90% 94.62% 65.6a 58.0a 50.2 a
ID02-010 0 1 0 78.60% 97.52% 111.4b 89.8b 53.4b
ID03-001 0 0 1 80.68% 92.72% 113.0b 90.4b 54.2 b
ID04-100 1 0 0 79.76% 95.97% 1238¢c 102.2¢c 59.4 ¢
ID05-011 0 1 1 78.92% 95.36% 133.0d 1286d 59.8 ¢
ID06-110 1 1 0 77.84% 98.0% 140.8 e 137.2e 63.8d
IDO7-101 1 0 1 74.14% 96.47% 1436 ¢ 1384 ¢ 66.6 e
ID08-111 1 1 1 76.56% 96.78% 148.0f 140.6 f 68.6 f

0, mutated type allele; 1, wild-type allele.

The mutated alleles of BnFLC.A2 and BnFLC.C2 and the wild-type allele of gFT.A3 (BnFLC.A3b) were all from R11.

Letters on the right side of the numbers indicate the significance of multiple comparisons.
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Mid- FT BN BH PH SH ML MSN PSN PY SL SSN TSW oC PC GC
parent Flowering Branch Branch Plant Stem Main Silique Silique Plantyield Silique Seed Thousand Qil Protein Glycosylate
heterosis time number height height height raceme number number length number seed content content content
of the length on main  per plant per silique  weight

hybrids raceme

ID09-020 0.33% 5.61% 7.76% 3.52% 6.95% —0.12% 8.79% 7.47% 11.35% 0.66% —5.89% 0.48% —1.05% 2.53% 1.35%
ID10-002 —1.02% —1.45% —517% 1.26% 0.86% 1.59% 0.15% 6.95% 9.19% 0.37% —2.26% 1.45% —1.13% 2.43% —3.25%
ID11-200 —3.97% —4.83% —8.69% 1.95% —3.47% 7.56% 3.64% 14.27% 21.03% —0.04% 0.70% 1.02% 1.28% —1.47% 2.84%
ID12-022 —2.92% —1.80% 1.86% 2.21% —-3.16% 9.07% 1.47% 18.44% 19.76% —5.20% —9.78% 2.07% —0.83% 0.89% —1.84%
ID13-220 —3.53% 3.92% —3.98% 4.87% —0.71% 12.23% 2.50% 17.84% 24.19% —1.44% —3.06% -0.53% 2.61% —5.89% —2.32%
ID14-202 —3.06% —6.52% —12.02% 1.29% —10.34% 18.08% 6.77% 12.32% 13.85% —1.27% —8.62% 2.32% 0.64% —1.42% 1.31%
ID15-222 9.89% 2.27% 16.45% 11.31% 7.09% 17.56% 19.40% 25.05% 41.49% 3.38% 0.00% 0.48% 4.44% —5.64% —1.82%
ID16-012 —6.156% 10.22% 3.93% 2.42% 5.89% —2.32% 2.14% 18.51% 16.41% -3.11% —2.03% —2.85% —2.22% 4.02% —2.32%
ID17-210 0.28% 12.80% 0.30% 3.48% 8.09% —2.98% 8.70% 18.13% 18.61% 1.06% 0.03% —3.39% —1.30% 3.31% —0.34%
ID18-021 —2.97% —-0.11% —4.09% —1.01% —-3.27% 2.04% —-1.82% 17.69% 14.73% —3.14% —7.42% —1.10% —3.04% 6.35% —8.23%
ID19-201 3.46% 10.39% 2.40% 4.78% 6.01% 2.84% 10.86% 16.02% 19.55% 2.07% —2.18% 3.62% 1.85% —0.58% —4.27%
1D20-120 —1.88% 5.66% 2.18% 3.50% 5.38% 0.82% 5.26% 12.35% 13.80% 2.37% —5.08% 1.51% —2.29% 5.45% 0.98%
ID21-102 2.97% 8.55% 16.64% 7.71% 12.90% —0.08% 8.00% 11.01% 19.73% 3.28% —2.71% 3.11% -0.29% 1.46% 0.12%
1D22-212 7.30% 8.93% 16.54% 10.62% 13.10% 6.71% 16.23% 14.68% 26.03% 7.13% 3.87% 4.45% 2.06% —1.04% 5.91%
1D23-221 10.84% 1.51% 26.23% 13.02% 18.78% 2.30% 13.63% 16.56% 32.24% 5.88% 13.05% 0.35% 2.97% —1.25% —3.89%
1D24-122 7.53% 5.99% 30.29% 11.21% 19.21% —-1.15% 12.55% 10.45% 17.66% 3.57% 6.35% 0.92% 3.62% —2.64% —0.37%
1D25-211 1.68% 3.47% 18.36% 6.95% 10.72% 0.12% 3.46% 9.82% 12.02% —1.85% 1.80% —4.97% 0.62% —2.40% 4.33%
1D26-112 —0.76% 11.11% 2.90% 6.18% 8.51% 1.84% 8.20% 16.52% 18.81% 0.48% 2.03% —4.77% 0.91% —1.89% 0.15%
ID27-121 —0.47% 8.568% 5.57% 5.13% 8.27% —1.12% 2.92% 15.08% 18.91% —0.67% 1.20% —0.97% 2.21% —2.65% 2.02%
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Trait Population/Data set Type 1 Type 2 Type 3 Total E-QTL

Plant architectural traits and days to flowering

PH BC-V 0 5 18 23
BC-E 0 5 19 24
VEH 1 8 23 32
MPH-V 0 0 5 5
MPH-E 0 1 2 3
DF BC-V 0 2 6
BC-E 0 3 12 15
VEH 0 6 24 30
MPH-V/ 0 1 T 8
MPH-E 0 0 6 6
MSL BC-V 0 0 7
BC-E 0 1 4 5
VEH 0 2 22 24
MPH-V 0 0 2 e
MPH-E 0 0 0 o
PBR BC-V 1 5 9 15
BC-E 0 3 4 7
VEH 4 1 9 10
MPH-V 0 0 5 5
MPH-E 0 0 0 0
SBR BC-V 0 3 14 17
BC-E 0 0 6 6
VEH 0 5 6 21
MPH-V 0 3 " 14
MPH-E 0 0 1 1
Silique related traits
SPY BC-V 0 0 8 8
BC-E 4 o 5 5
VEH 0 2 4 6
MPH-V 0 0 2 2
MPH-E 0 0 2 2
sab BC-V 0 2 5 7
BC-E 0 1 9 10
VEH 0 “ 14 16
MPH-V 0 0 1 1
MPH-E 0 0 2 2
saL BC-V 0 3 4 7
BC-E 0 2 6 8
VEH 0 2 10 12
MPH-V 0 o 3 3
MPH-E 0 0 1 %
sams BC-V 0 1 17 18
BC-E 0 0 3 3
VEH 0 1 23 24
MPH-V 0 1 8 9
MPH-E 0 0 1 1
sapP BC-V 0 3 4 T
BC-E 0 0 10 10
VEH 0 0 4 4
MPH-V 0 0 3 3
MPH-E 0 0 2 2
ssQ BC-V 0 0 12 12
BC-E 0 2 7 9
VEH 0 8 33 41
MPH-V 0 0 4 4
MPH-E 0 0 5 5
Seed related traits
olL BC-V 0 1 5 6
BC-E 0 1 9 10
VEH 0 3 12 15
MPH-V 0 0 5 5
MPH-E 0 2 1 3
PRO BC-V 0 2 4 6
BC-E 0 1 ¥ 8
VEH 0 2 9 "
MPH-V 0 0 4 4
MPH-E 0 0 4 4
TSW BC-V 1 1 10 12
BC-E 0 0 2 2
VEH 0 5 1 16
MPH-V 0 0 4 4
MPH-E 0 0 1 1
Total 3 102 532 637
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Trait

Plant architectural traits and days to flowering
PH

MsL

PBR

SBR

Silique related traits
SPY

sab

saL
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Seed related traits
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swW

*Significant at 5%, " Significant at 1%.
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20156-16
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2016-17
2014-15
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2016-17

2014-15
2015-16
2016-17
2014-15
2015-16
2016-17
2014-15
2015-16
201617
2014-15
2015-16
2016-17
2014-15
2015-16
2016-17
2014-15
2015-16
2016-17

2014-15
2015-16
2016-17
2014-15
20156-16
2016-17
2014-15
2015-16
2016-17

BC-V

0.276*
0.285*
0.258"
0.118
0.173"
0.071
—0.042
-0.083
-0.1
0.171*
0.101
0.186*
0.300"
0.116
0.081

0.365*
0.082
0.141
0.164*

0217
0.207*

—0.297*
-0.377*
-0.283"

0.159%
0.189"
0.174"

0.397**

0.261**

0.222**

0.276"

0.231™

0.212*

0.270*
0.069
0.192*
-0.115
—0.166"
-0.082
—0.349"
-0.418"
—0.350"

MPH-V

0.278™
0.332*
0.192"
0.106
0204
0.082
0.03
0.041
-0.041
0.107
0.031
0.199*
0.310™
0.009
0.026

0.377*
0.005
0.153
0.062
0.02
0.15
0.055
-0.061
0.004
0.101
0.09
0.189"
0.323*
0.143
0.170*
0.145
0.107
-0.024

0.300"
0.141
0.228™
—0.201*
-0.276™
-0.239"
-0.108
—0.248™
-0.142

BC-E

-0.049
-0.002
-0.083
-0.109
0089
—0.024
—-0.005
-0.037
0.002
-0.009
0.084
0.057
0.087
0.069
0.206"

0.241*
0.104
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-0.062
0.002
0.076
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0.187%

MPH-E

0.186"
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0.163
-0.013
—0.001
0.02
-0.114
-0.131
-0.067
0.07
0.09
0.167
0.083
0.063
0.222"

0.186"
0.07
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0.268™
0471
0.077
0.083
—0.005
0.068
0.078
0.145
0.133
0.135
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0.016
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0.133
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0.13
-0.126
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Chromosome Anchor markers  Chip SNPs  Number of markers  Total length (cM)  Average spacing (cM) Marker interval  Marker density

A1 33 376 409 110.7 03 76 37
A2 40 394 434 135.3 03 82 32
A3 39 388 427 139.1 03 3 31
Ad 27 402 429 104.5 02 62 4.1
A5 28 347 375 116.3 03 73 32
A6 29 181 210 142.7 07 72 15
A7 21 375 396 138.8 04 61 29
A8 15 202 217 9.0 05 " 22
A9 43 568 611 171.6 03 104 36
A10 12 171 183 122.8 Lol 53 15
AGenome 287 3,404 3,691 1280.8 - 747 -

Mean 28.7 340.4 369.1 128.1 0.4 747 29
B1 24 788 812 112.0 0.1 54 73
B2 23 758 781 174.1 0.2 110 45
B3 38 816 854 206.7 0.2 133 4.1
B4 28 80 108 162.2 156 54 0.7
BS 24 238 262 157.5 06 82 17
B6 16 176 192 133.3 0.7 62 14
B7 36 432 468 154.4 03 91 3.0
B8 32 409 441 247.0 06 103 18
B Genome 221 3,697 3918 1347.1 = 689 =

Mean 27.6 462.1 489.8 168.4 05 86.1 3.1
Total (A+B Genome) 508 7,101 7,609 2627.9 = 1,436 =

Mean 282 394.5 4a22.7 146.0 03 798 3.0
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BC; (No. of samples) FAE1.1 FAE1.2 Range Erucic acid

(Mean =+ SE)
25 E1E1 E2E2 42-53 50.35 + 0.41
14 E1E1 E2e2 38-41 39.37 £ 0.45
16 Elel E2E2 31-37 35.36 + 0.35
20 Elel E2e2 25-30 27.29 + 0.41
X2(1:1:1:1 palue) 0.287

E1/e1, high erucic/low erucic acid allele for FAE1.1 gene; E2/e2, High erucic/low
erucic acid allele for FAE1.2 gene.
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PDZ 1

PM 24
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Erucic acid (%)

0.2
49.0

44.5
42.0

51.3
52.3
44.2
45.5
45.0
45.5
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52.1
51.8
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45.2
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1.8
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12
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NA
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FAE1.2 FAE1.1
49 237 1,476 591 735 968 1,265
C C T G C C T
C C T A T T C
T C T T C T T
C T A T C T T
T C T G C C T
C T A A T T C





OPS/images/back-cover.jpg
Frontiers in
Plant Science

Cultivates the science of plant biology andits
applications.

journal, which

ed plant scien
ing of plant biology for

y, functional ecosystems

and human health.

Discover the latest
Research Topics






OPS/images/fpls-13-940765/fpls-13-940765-g003.gif





OPS/images/fpls-13-940765/fpls-13-940765-g004.gif





OPS/images/fpls-13-940765/fpls-13-940765-g005.gif
| Penlins Loge (fold changs)

EEETE Nainni s

e ——1
S et
I A,
=

RS S
DFR bumie DR

i -
EEEEEE - =

s B o S

UFOT T i S UFGT

o e s
= -

R N





OPS/images/fpls-13-801456/fpls-13-801456-t001.jpg
Plant ID Generation Genotype at targets of BnaCRTISO.A09 Genotype at targets of BnaCRTISO.C08 Petal color
S1 S2 S1 S2

CRTISO-94-10 T WT Homo (—2 bp) Homo (—180 bp) Creamy white
CRTISO-94-10-6 T2 WT Homo (-2 bp) Homo (—180 bp) Creamy white
CRTISO-94-10-6-1 T3 WT Homo (-2 bp) Homo (—180 bp) Creamy white
CRTISO-94-11 T WT Biallelic Homo (—180 bp) Creamy white
CRTISO-94-12 T Hetero Biallelic Homo (-5 bp) Homo (—1 bp) Creamy white
CRTISO-94-13 T Hetero Biallelic Homo (—180 bp) Creamy white
CRTISO-94-15 T Homo (+1 bp) Homo (+1 bp) Homo (—180 bp) Creamy white
CRTISO-94-15-5 T2 Homo (+1 bp) Homo (+ 1 bp) Homo (—180 bp) Creamy white
CRTISO-94-15-5-2 T3 Homo (+1 bp) Homo (+1 bp) Homo (—180 bp) Creamy white
CRTISO-48-8 ™ Biallelic WT Biallelic (—9 bp, —1 bp) Light yellow
CRTISO-48-9 T Homo (—166 bp) Biallelic Creamy white
CRTISO-48-10 T Homo (—166 bp) WT Homo (—9 bp) Yellow
CRTISO-48-8-13 T2 WT Homo (—1 bp) WT Homo (—1 bp) Creamy white
CRTISO-48-8-13-1 T3 WT Homo (—1 bp) WT Homo (—1 bp) Creamy white
CRTISO-48-8-14 T2 WT Hetero Homo (—137 bp) Yellow
CRTISO-48-8-15 T2 WT Homo (—1 bp) WT Biallelic (—9, —1 bp) Light yellow
CRTISO-48-8-18 T2 WT Homo (—1 bp) WT Homo (—9 bp) Yellow
CRTISO-48-10-4 T2 Homo (—166 bp) WT Homo (—1 bp) Creamy white
CRTISO-48-10-4-1 T3 Homo (—166 bp) WT Homo (—1 bp) Creamy white
CRTISO-48-8-20 T2 WT Hetero WT Chimeric Yellow
CRTISO-48-8-20-1 T3 WT WT WT Homo (+ 1 bp) Yellow
CRTISO-48-8-20-5 T3 WT Homo (—1 bp) WT Biallelic (—9, —1 bp) Light yellow
CRTISO-48-8-20-6 T3 WT Homo (—1 bp) WT Homo (—9 bp) Yellow
CRTISO-48-8-20-8 T3 WT Homo (—1 bp) WT Homo (+ 1 bp) Creamy white
CRTISO-48-8-21 T2 WT Hetero WT Chimeric Yellow
CRTISO-48-8-21-3 T3 WT Homo (—1 bp) WT WT Yellow
CRTISO-48-8-21-7 T3 WT Hetero WT Homo (—9 bp) Yellow
CRTISO-48-8-2 T2 WT Homo (—1 bp) WT Biallelic (—9, —1 bp) Light yellow
CRTISO-48-8-2-3 T3 WT Homo (—1 bp) WT Biallelic (-9, —1 bp) Light yellow
CRTISO-7-9 T Biallelic Chimeric Yellow
CRTISO-7-10 T Biallelic WT Homo (-5 bp) Yellow
CRTISO-7-12 T WT Homo (—6 bp) WT Homo (—5 bp) Creamy white
CRTISO-7-18 T Biallelic Homo (—180 bp) Creamy white
CRTISO-7-2 T2 Chimeric Biallelic Yellow
CRTISO-7-2-2 T2 WT Biallelic WT Homo (-5 bp) Yellow
CRTISO-7-2-2-4 T3 WT Homo (=19 bp) WT Homo (—5 bp) Creamy white
CRTISO-7-2-2-7 T3 WT Homo (—6 bp) WT Homo (—5 bp) Yellow
CRTISO-7-6 T WT Homo (—6 bp) WT Homo (+ 1 bp) Yellow
CRTISO-7-6-1 T2 WT Homo (—6 bp) WT Homo (+ 1 bp) Yellow
CRTISO-7-6-1-1 T3 WT Homo (—6 bp) WT Homo (+1 bp) Yellow
CRTISO-43-2 T WT Homo (—1 bp) WT Homo (—1 bp) Creamy white
CRTISO-43-5 T Homo (—166 bp) WT Homo (—1 bp) Creamy white
CRTISO-43-7 T WT Homo (—1 bp) WT Homo (—9 bp) Yellow
CRTISO-43-3 T Homo (—166 bp) WT Biallelic (—9, —1 bp) Light yellow
CRTISO-43-3-4 T2 Homo (—166 bp) WT Biallelic (-9, —1 bp) Light yellow
CRTISO-43-3-4-1 T3 Homo (—166 bp) WT Biallelic (—9, —1 bp) Light yellow

Hetero, heterozygous;, Homo, homozygous; WT, wild type. =" and “+” indicate the deletion and insertion of the indicated number of nucleotides or nucleotides,
respectively; All other targets are wild type except the indicated target.
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E1-E4 are the codes of the above four environments 20QH, 20YL, 21WC and 21YL, respectively. 1-4 are the four models GLM-PCA, GLM-Q, MLM-PCA, and MLM-Q, respectively.
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Original top view (left) and side view
(right) RGB images

RGB images are converted to HSV colour space

\ 4

Saturation channel is thresholded and
median blur is applied for noise removal

A 4

RGB images are converted to LAB colour space
and blue-yellow channel is thresholded

A 4

Binary image mask is created by joining binary
images from steps 2 and 3, background is
removed

Green-magenta and blue yellow channels
are extracted from masked RGB image,
thresholded, and combined to create a

binary image

Rectangular area of interest is defined

A J

Background is removed resulting in final
segmented plant image
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NG_027748.1:3927:S8R1
NC_027748.1:4486:58R2
NC_027746.1:7081:SSR3
NC_027748.1:8162:55R4
NC_027748.1:8546:58R5
NC_027748.1:27300S5R6
NC_027745.1:31848:SSR7
NC_027746.1:38064:55R8
NC_027748.1:36711:55R9
NC_027748.1:48258:SSR10
NC_027748.1:50103SSR1 1
NC_027746.1151423.S8R12
NC_027748.1:56608:SSR13
NC_027748.1:65043SSR14
NC_027745.1:65170:88R15
NC_027748.1:116242:55R21
NC_027748.1:104629:S8R17
NC_027748.1:105074:SSR18
NC_027748.1:108555:SSR19
NC_027746.1:108306:5SR20.
NC_027748.1:116613:58R22
NC_027748.1:117330:55R24
NC_027748.1:135117:55R25
NC_027748.1
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NC_027748.1:155810:55R87
NC_027748.1:161172:5SR%
NC_027748.1:211682:SSR47

Forward primer (5-3)

GTCGTCGTCGGTCATTAGGT

GGCAATTGCACTARATGACCA
‘GATTCTAGTCCGGCGATGAC
GGCAAGGATGGACATGATCT
CGCTGGACCACTTGTACTGA
TOGCTGTCCATCGTCTGAAT
CTCATCGTCGGGATCATCTT
ATCOCTCCCCATTTTACCAG

Reverse primer(s-3)

“TATCCATCACCCCCTAACCA

GAACTAAAAAGAGOGCGTGG
TIGGTGGGATGGATGTGAAT
TGAAGTATCCAGAGGGGCAC
‘GCGGGTTACATCOGAMITA
ACGTTGAGATGGCAGGAATC

Expected size (bp)
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&
E

38838338338388388383383832838888
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Total Mbp Perfect Imperfect

Mono- Di- Tri- Tetra- Penta- Hexa- Total  SSRs/Mbp  Total  SSRs/Mbp
43.76 1,662 2,351 1,158 397 114 93 5775 131.97 8,418 192.37
5289 1944 2,949 1,211 473 164 1 6,852 12955 10,038 189.79
64.98 2,792 3,832 1786 577 205 19 9311 143.29 13,461 207.16
53.72 2075 3,008 1,371 503 188 12 7,257 135.09 10322 192.14
46.9 2007 2414 1,207 426 130 15 6,299 134.31 8,944 190.70
39.82 1525 2,190 1,069 393 122 9 5,393 135.43 7,839 196.86
48.37 1846 2,555 1,240 469 160 133 6,403 132.38 9,501 196.42
41.76 1735 2,349 1132 407 162 107 5892 141.09 8512 203.83
5468 2,127 3,050 1,424 512 177 ANl 7,401 13535 10,683 195.37

Total 488954 18876 26,425 12,253 4,433 1,505 1,054 64,546 132.01 93,724 191.68
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Background analysis of the selected 30 plants (with the same
X
(March, 616A DH (1 from the selected 30 genotypes equal to the donor parent R11) by the SSR markers,

2016) DH plants) and crossed with the recipient parent 616A.
July,
éO%) 616A X F1 Backcrossing
l Foreground selections (SCAR-5860/6430, InDel-A36M and
(March, SCAR-Rfp ), background selection by the SSR markers, and
2017) 616A X BC,F, (1 from 752 plants) phenotypic selection of the marker selected plants, then
l backcrossing
(July, Foreground selections (SCAR-5860/6430, InDel-A36M and

BC,F, ® (3 from 166 plants)

2017) SCAR-Rfp ), and background selection by the SSR markers.
1 Foreground selections (SCAR-5860/6430, STA2-55L/1R,
(March, BC,F, ® (16 from 1504 plants) STC2-4L/4R, InDel-A36M, SCAR-Rfp). Fertile lines self-
2018) fertilization in bags and sterile lines expanded by tents.
(Jul 1 BC,F, ® (1 from 1504 for mapping) (g/loe;rg?,
4 BC,F; &® (single seed descent)
2018) 1
' March,
l BC,F; ® (10 cross-over from 384 plants) (2038)
BC,F, (Their backgrounds were
(March,
2019) analyzed, heterozygous genotypes and l
hybrid combinations were constructed.) ' (March
BC,F, (genotype and phenotype analysis) 2020) ’

(From then on, the eight genotypes of the |
permutations of BnFLC.A2, BnFLC.C2 and (Used for the mapping of qFT.A3 (BnFLC.A3b))
qFT.A3(BnFLC.A3b) were confirmed.)





OPS/images/fpls-12-798371/fpls-12-798371-g004.jpg
L 11-80dl
L0L-20dl

0l 1-90dl

L LO-G0dl
00L-¥0dl
100-€0dl
010-20dl
000-L0dl






OPS/images/fpls-12-780250/fpls-12-780250-g010.jpg





OPS/images/fpls-12-780250/fpls-12-780250-t001.jpg
Raceme branch number prediction

Number of observations 789/631/158
(total/training data/testing data)

Mean accuracy with 5-fold cross validation (SD)

All features All features except for “flower pixels” All features except for estimated number of flowers
Linear Regression 91% (£0.03) 90% (+0.04) 85% (£0.05)
Huber Regression 91% (£0.02) 90% (£0.02) 85% (£0.06)

Total number of observations, number of observations in training data, and number of observations in testing data are given. 5-fold cross validation was used. Input
features for inflorescence branch number prediction were plant age, “flower pixels,” and number of flower components (estimated number of flowers). SD = Standard
deviation across cross validation replicates.
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Drought stress identification

Number of down-sampled observations 266/212/54
(total/training data/testing data)
Mean ROC AUC with 5-fold cross validation Mean accuracy with 5-fold cross validation (SD)

Random Forest 0.85 0.81 (+0.03)

Linear Discriminant Analysis 0.82 0.77 (£0.04)

Logistic Regression 0.82 0.79 (£0.08)

Decision Tree 0.73 0.75 (£0.12)

KNN classifier (K = 1) 0.72 0.73 (+0.08)

Support Vector Machine (SVM) 0.76 0.67 (£0.23)

Total number of observations, number of observations in training data, and number of observations in testing data are given. 5-fold cross validation was used. Input
features for drought stress identification on 49 DAS were mean and 75th percentile NIR, total number of plant pixelsTV, A pixelsTV, the convex hull areaTV, A convex
hullTV, total number of plant pixelsSV, A pixelsSV, the convex hull areaSV, A convex hullSV, weight before, and after watering, plant area below pot rim, plant height,
plant width, A plant height, A plant width, ExG, flowering group (early, intermediate, late), and number of raceme branches. All A plant values represented differences
between 47 DAS and 49 DAS. ROC AUC = Area Under the Receiver Operating Characteristic Curve. SD = Standard deviation across cross validation replicates. Achieved
maximum results have been highlighted in bold.





OPS/images/fpls-12-798371/cross.jpg
3,

i





OPS/images/fpls-12-780250/fpls-12-780250-g009.jpg
visible stress . 0 . 1

0.8 1
>
0
C
[
=
o
@
=
0.4 -
0.0-

>

O

S

S5 0.4

o

@

-

0.0.
 w o w 9
o 1) o 9] Q 10 = 0 S 3
0 N N oo Ce} o) o = = - - -

10
15
20
25
30
35
40
45






