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Abstract: Cauliflower is a nutritious vegetable with inflorescences that are specialized to form the
edible organs called curds. Uncovering key genes underlying important traits is crucial for the genetic
improvement of this important crop. However, the genetic basis of many important agronomic traits,
including curd performance and plant architecture in cauliflower, remains unclear. GWASs have
proved to be powerful tools to study agronomic traits in many crops. To reveal the genetic basis of
four important agronomic traits, namely, the main stem height (MSH), purplish curd (PC), external
leaf wing (ELW) and weight of a single curd (WSC), we selected 220 core accessions of loose-curd
cauliflower for resequencing, phenotypic investigation and GWAS. The approach revealed significant
novel loci. We detected several significant associations: on C02 for MSH and PC, on C06 for ELW
and on C01 for WSC. More interestingly, we identified a significant single-peak signal for the weight
of a single curd (WSC), an important yield trait, and within this signal interval, we identified the
BOB01G136670 gene with five SNPs encoding nonsynonymous mutations in the CDS region; these
mutations resulted in two haplotypes with significant differences in curd weight. The weight of a
single curd was significantly increased in the varieties with the BOB01G136670 Hap1 allele compared
to those with BOB01G136670 Hap2. BOB01G136670 was highly conserved with the homologous
genes that encode serine carboxypeptidase and belong to the S10 family in other species, including
GS5, which functions as a positive regulator of grain size in rice, wheat and maize. Additionally,
BOB01G136670 was highly expressed specifically at the curd enlargement stage, with low or even no
expression at all in other tissues and stages, indicating that BOB01G136670 is a plausible candidate
gene for WSC. Overall, this study identified genomic loci for four important agronomic traits that are
relevant for accelerating biological breeding and the improvement of cauliflower varieties.

Keywords: genome-wide association study (GWAS); single nucleotide polymorphism (SNP); loose-
curd cauliflower; yield; weight of a single curd (WSC)

1. Introduction

Brassica oleracea is one of the most economically significant vegetable crops cultivated
and consumed worldwide. It comprises many subspecies and is characterized by its strong
morphological diversity, e.g., the floral organs in cauliflower (var. botrytis) and broccoli
(var. italica), leafy heads (terminal leaf buds) or lateral leaf buds in cabbage (var. capitata)
and brussels sprouts (var. gemmifera), leaves and flowers in Chinese kale (var. alboglabra)
and tuberous stems in kohlrabi (var. gongylodes) [1–3].

Cauliflower differs from most Brassica species in its formation of a specialized organ
called the curd during floral development [4–6]. As edible organs, curds contain rich nutri-
tional components, including a natural bioactive anticancer substance, sulforaphane [7].
The global market for cauliflower and broccoli was approximately 25.84 million tons with
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a total area of 1.38 million hectares of production for 2021 (The Food and Agriculture
Organization, http://faostat.fao.org (accessed on 13 May 2023)). Cultivated cauliflower
is generally divided into loose-curd and compact-curd classes based on the degree of
curd solidity [8]. Compact-curd cauliflower is a traditional type that is cultivated all over
the world, whereas loose-curd cauliflower is much more popular in China, and has been
introduced to other countries in Southern and Southeast Asia in recent years. In China,
due to its long green stem and better edible quality for stir frying, roasting and hot potting,
loose-curd cauliflower has become the main type consumed and cultivated, and its planting
area has continuously increased over the last decade, now accounting for more than 70% of
the total area [9].

To facilitate the breeding of cauliflower, some studies have tried to detect genomic
loci for its agronomic traits. Zhao et al. [10] performed a mapping of quantitative trait loci
(QTLs) by using two double-haploid (DH) populations, and they identified 20 QTLs for curd
architecture, including stalk length (qSL.C6–1, qSL.C6–2) and curd solidity (qCS.C6–1 and
qCS.C6–2). Hasan et al. [11] detected QTL regions that were involved in the temperature-
dependent time to curd induction, on chromosomes C06 and C09. In a later study [12],
several QTLs for the leaf appearance rate and for the slope and the intercept of linear
temperature–response functions were identified, and a genomic selection model was
constructed for predictions of time to curd induction. However, the genetic bases of
many important cauliflower traits are still poorly understood. In particular, due to the
narrow genetic background and the unclear genetic basis of important agronomic charac-
teristics in loose-curd cauliflower, genetic improvement and cultivar innovation remain
severely limited.

For almost all crops, many important traits, including high yield, excellent quality,
and plant architecture, are core breeding goals and are extremely complex quantitative
traits that are controlled by multiple genes. Researchers detect QTLs by using approaches
including QTL mapping via linkage analyses, BSA-seq and genome-wide association
studies (GWASs). In addition to other methods, GWASs are a promising approach to
crop improvement that have appeared in recent years. GWASs are an effective strategy
for uncovering the genetic architecture of complex traits by associating genetic variations
with phenotypic variations at the population level [13–15]. Over the last decade, many
genetic loci/genes have been identified by using this approach in rice [16], maize [17,18],
wheat [19], soybean [20], cotton [21], tomato [22], melon [23], watermelon [24], etc. Thus,
GWASs have been widely used to study important traits that are related to plant genetics
and breeding, thus effectively promoting germplasm innovation and molecular breeding.
In Brassica crops, GWASs have mainly been used in Brassica napus to detect the genetic
loci for seed weight [25], glucosinolate content [26], oil content [27], disease resistance [28],
etc. In recent years, GWASs have shown a promising role in the genomic prediction of
useful QTLs and genotypes among genetically diverse accessions for subsequent breeding
goals, and they have been applied to cauliflower in quite a few cases. Thorwarth et al. [29]
introduced genotyping-by-sequencing (GBS) and a GWAS for six curd-related traits, and
they identified a total of 24 significant associations for these. Matschegewski et al. [30]
performed a GWAS using 111 cauliflower commercial parent lines, and they identified
18 QTLs localized on chromosomes O1, O2, O3, O4, O6, O8 and O9 for temperature-
dependent curding time; several of these QTLs were located within genomic regions that
harbored candidate flowering genes. By combining this with gene expression analysis,
BoVRN2 and BoFLC2 were identified as promising genes that regulated floral transition in
cauliflower. Although loose-curd cauliflower has become a very important cultivation type,
to our knowledge, GWASs have not been used in the core breeding accessions of loose-
curd cauliflower.

Curd performance and plant architecture are important traits for cauliflower pro-
duction. The main stem height (MSH)—the length from the ground to the curd growing
position—is closely correlated with plant height (PH) and curd yield, and a proper stem
height is more conducive to mechanized curd harvesting and pathogen prevention. Curd
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color is an important trait affecting the commercial value of cauliflower. In some cases,
purplish spots easily appear on the surface of white curds, i.e., purplish curds (PCs). This
trait results from an increase in anthocyanin accumulation, when the plant is grown under
stressful conditions, especially low temperatures, thus greatly affecting the appearance and
the marketability of the curd. The external leaf wing (ELW) is an important trait that is
used to distinguish different accessions or cultivars of loose-curd cauliflower. In addition,
the weight of a single curd (WSC) is a trait that is directly associated with the yield of
cauliflower. To date, the genetic basis of these traits has not been elucidated in loose-
curd cauliflower.

To identify the potential target genes or loci for MSH, PC, ELW and WSC, we in-
vestigated the phenotype data from 220 core accessions used in loose-curd cauliflower
breeding and performed a SNP-based GWAS while using variant information. Our work
provides important guidance and a reference for the cloning of genes that control important
agronomic traits and for the breeding of superior cultivars of loose-curd cauliflower.

2. Materials and Methods
2.1. Plant Materials, Phenotyping and Resequencing

Seeds of 220 inbred loose-curd cauliflower breeding lines were sown in duplicates to
ensure data repeatability in Yutian, Hebei Province, China, in 2020 and 2021. All of these
plants were obtained from the Cauliflower Research Group, Institute of Vegetables, Tianjin
Academy of Agriculture Sciences (TAAS). Four traits, including the WSC (weight of a single
curd), MSH (main stem height), ELW (external leaf wing) and PC (purplish curd), were
measured at the stage of curd physiological maturity. Field experiments on all accessions
were conducted according to a randomized complete block design with three replicates.
Each replicate was seeded with five plants, and the cauliflower plants were grown at a
distance of 60 cm within each row and 60 cm between rows. For WSC and MSH, the weight
of a single curd (kg) and the height from the ground to the curd’s growing position (cm)
were measured, respectively, and the average values of three replicates represented the
phenotypic data. ELW and PC were evaluated by eye according to their presence (assigned
a value of 1) or absence (assigned a value of 0).

A total of 220 breeding lines were used for resequencing and GWASs. Young leaves
from 25-day-old seedlings of these accessions were subjected to DNA isolation/extraction
using a modified cetyltrimethylammonium bromide (CTAB) method [31]. Sequencing
libraries were generated by using a Truseq Nano DNA HT Sample Preparation Kit (Illumina,
San Diego, CA, USA) according to the manufacturer’s recommendations. The whole
genomes of the 220 accessions were sequenced based on the PE150 strategy with an insert
size of around 350 bp using next-generation sequencing technology on an Illumina NovaSeq
6000 platform (Illumina, San Diego, CA, USA).

2.2. Sequence Mapping and SNP Calling

To ensure that the reads were reliable and without artificial bias in the subsequent
analyses, we firstly removed the raw reads using the Fastp [32] as follows: (1) with ≥10%
unidentified nucleotides (N); (2) with >50% bases having a phred quality of <5; (3) with
>10 nt aligned to the adapter, allowing ≤10% mismatches; (4) putative PCR duplicates.
The latest high-quality cauliflower ‘C-8’ genome was used as a reference (NGDC, National
Genomics Data Center, accession NO.: GWHBKKZ00000000, version 2.0). Clean reads of
each sample were aligned to the cauliflower genome using the Burrows–Wheeler Aligner
program (BWA, ver. 0.7.15) [33] (settings: mem -t 4 -k 32 -M -R). SAMtools (ver. 1.4) [34]
was then used to convert and sort the format of the SAM files (settings: -bS -t). The
HaplotypeCaller module in the GATK (Genome Analysis Toolkit, ver. 4.0) software [35] was
used to generate original GVCF files. Subsequently, the CombineGVCFs, GenotypeGVCFs,
SelectVariants and VariantFiltration modules were applied sequentially for population
SNP calling and filtering. Finally, a raw population genotype file with the SNPs was
created in the HaplotypeCaller module and filtered with the parameters described in a
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previously reported pipeline [36]. The identified SNPs were further characterized using the
ANNOVAR tool software [37] based on the annotation information of the cauliflower ‘C-8’
genome annotation information.

2.3. Population Structure and Linkage Disequilibrium Analysis

The population structure was evaluated by using Admixture (ver. 1.3.0) [38], and
different levels of K (K = 2 to 4) were calculated to determine the optimal number of
subpopulations on the basis of the CV error. Finally, K = 2 was a reasonable number
for the group division. Then, PCA of the population was performed by using GCTA
software (ver. 1.93.2) [39] to verify the rationality of the subgroups. We first obtained the
genetic relationship matrix with the ‘make-grm’ parameter. Then, the top three principal
components were estimated with the ‘pca3′ parameter. Finally, we also estimated an
individual-based neighbor-joining tree on the basis of the p-distance by using TreeBest
software (ver. 1.9.2) (http://treesoft.sourceforge.net (accessed on 18 August 2020)) with
1000 bootstrap replications.

To estimate the LD for all samples, we calculated the squared correlation coefficient
(r2) between pairwise SNPs by using PopLDdecay software (ver. 3.41) [40]. The program
parameters were set as ‘-MaxDist 1000-MAF 0.05-Miss 0.2’ to calculate the average R2

between two SNPs in 1000-kb windows. The LD decay was measured on the basis of the
R2 value and the corresponding distance between two given SNPs.

2.4. GWAS

A total of 2,892,291 segregating SNPs (minimum allele frequency (MAF) > 0.05; missing
rate < 20%) were used for the following GWASs in this study. GWASs for four traits were
conducted in both years (2020 and 2021), and the above population structure information
was included as a covariate. Each GWAS was conducted by using a mixed linear model
(MLM) in the GEMMA software (ver. 0.98.1) to calculate the correlations between each
trait and the genetic markers in this study [41]. We introduced the population genetic
structure as a fixed effect and the individual kinship matrix as a random effect to correct
for these factors [41]. The suggestive threshold for the p-value was calculated based on the
modified Bonferroni correction. Significant markers from the GWASs were visualized by
using Manhattan plots, and important p-value distributions were visualized with quantile–
quantile (QQ) plots. The p-value was calculated for each SNP, and −log10 p > 5 was defined
as the suggestive threshold and genome-wide control threshold.

2.5. Phylogenetic and Transcriptome Analyses

For phylogenetic analysis, the full-length amino acid sequence of BOB01G13667 was
used to search for its close homologs based on the BLASTP searches in the NCBI and
Ensemble Plants databases (http://plants.ensembl.org/index.html (accessed on 06 April
2022)). A total of 20 homologous protein sequences were downloaded from another 14 plant
species, including Arabidopsis thaliana, B. oleracea var. alboglabra, Brassica rapa, Brassica
napus, Oryza sativa Japonica Group, Triticum aestivum, Glycine max, Solanum lycopersicum,
Capsicum annuum, Vitis vinifera, Gossypium raimondii, Cucumis sativus, Nicotiana attenuate and
Medocago truncatula. A neighbor-joining phylogenetic tree was constructed based on the 21
homologous protein sequences with the MEGA 7.0 software (http://www.megasoftware.
net/download_form (accessed on 06 April 2022)).

To study the expression of BOB01G136670, we obtained the transcriptome data for
several tissues (leaf, root, silique, stem and bud) and developmental stages (vegetative,
transition, curd formation, curd enlargement and curd elongation) of cauliflower from
the NCBI database (PRJNA546441). The reads were mapped against the cauliflower ‘C-8’
reference genome (V2.0) with HISAT2 [42], and the value of the transcripts per kilobase per
million mapped reads (TPM) value was estimated for the gene with StringTie [43].
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2.6. Statistical Analysis and Availability of Data

All presented p-values correspond to two-sided p-values according to the Student’s
t-test. One-way ANOVA was used in the statistical analyses. An analysis of the significance
between two groups was performed by using EdgeR (ver. 3.32.1).

The raw genome sequencing reads of the 220 loose-curd cauliflower accessions were
deposited into the NCBI BioProject database under the accession number PRJNA993378.

3. Results
3.1. Plant Material Collection, Phenotype Survey, and DNA Sequencing

To identify genes associated with important agronomic traits, we selected 220 core ac-
cessions that were high generation inbred lines used in the loose-curd cauliflower breeding
process. To ensure the accuracy of the subsequent GWASs, we planted these accessions
twice (in 2020 and 2021) and measured four agronomic traits; namely, WSC, MSH, ELW
and PC.

Next, we extracted DNA from the above accessions and performed high-throughput se-
quencing using the Illumina NovaSeq 6000 platform, and we obtained a total of
1.63 terabases (Tb) of sequencing data, with an average sequencing depth of 11.37×. Then,
we mapped the sequencing data to the high-quality cauliflower ‘C-8’ reference genome
(version 2.0, National Genomics Data Center, accession NO.: GWHBKKZ00000000), with a
mapping rate of 92.48–99.43% and coverage of 92.61–97.05%. The above results indicated
that our library of variant information was of good quality and sufficient to support the
subsequent analyses.

3.2. SNP Identification, Genetic Diversity and Population Structure

After alignment with the ‘C-8’ genome and removal of the low-quality SNP markers,
we detected a final set of 2,892,291 confident SNPs on the basis of the missing data rate
(<10%) and minor allele frequency (MAF) (>5%). Among these confident SNPs, 1,569,529
(54.27%) were intergenic, and 166,231 (5.75%) were nonsynonymous SNPs. These confident
SNPs were subjected to principal component analysis (PCA) and linkage disequilibrium
(LD) analysis. The PCA results indicated that these accessions could be roughly separated
into two major groups (Figure 1A): an early-maturing group (less than 70 days from
planting to maturity) and mid–late-maturing group (more than 70 days from planting to
maturity). The results of the 3D PCA further supported this conclusion (Figure 1B).

To distinguish the two groups, the population structure was determined based on
the filtered SNPs covering the whole genome and distributed evenly on all chromosomes.
When K = 2, the difference between these two groups could be clearly observed. Notably,
few accessions had only one population structure component, and most of them combine
both types of genetic characteristics (Figure 1C). The neighbor-joining analysis showed
similar classification into two groups. However, the two branches did not exactly display
the groups of the structural analysis (Figure 1E). These results, together with those of the
LD decay–distance analysis (Figure 1D), further indicated the narrow genetic background
and relatively low genetic diversity of this cultivation type. In the subsequent GWASs, the
above information on the population structure was included as a covariate.

3.3. Genome-Wide Association Analysis of Three Important Agronomic Traits

To identify the loci responsible for MSH, PC, ELW and WSC, we collected the pheno-
typic data from a core collection of loose-curd cauliflower breeding lines in 2020 and 2021.
The phenotypic data of MSH and WSC showed similar normal distributions in 2020 and
2021 (Figure 2(A1,A2) and Figure 3(A1,B1)). For PC and ELW, the phenotypic data from
both years were slightly biased by effects of the environment (Figure 2(B1,B2,C1,C2)). We
next performed a GWAS on MSH, PC, ELW and WSC by using MLM to identify the loci
underlying each trait.
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Figure 1. Principal component analysis (PCA), population structure, linkage disequilibrium (LD) 
decay and neighbor-joining clustering analysis in 220 accessions of loose-curd cauliflower. (A) PCA 
plot of the loose-curd cauliflower accessions. The dot color scheme is the same as that in PC1, the 
first principal component, and PC2, the second principal component. (B) Three-dimensional (3D) 
principal component analysis of 220 accessions. The dot color scheme is the same as that in PC1, 
PC2 and PC3 (third principal component). (C) Population structure of loose-curd cauliflower acces-
sions with different numbers of clusters (k = 2, 3, and 4). When k = 2, accessions marked with a pink 
rectangle belong to the mid–late-maturing group; accessions marked with a blue rectangle belong 
to the early-maturing group. (D) LD decay–distance analysis. (E) Neighbor-joining clustering anal-
ysis of 220 loose-curd cauliflower accessions. Colors of branches on the two different groups: early–
mid-maturing (orange) and mid–late-maturing (green). 

To distinguish the two groups, the population structure was determined based on 
the filtered SNPs covering the whole genome and distributed evenly on all chromosomes. 
When K = 2, the difference between these two groups could be clearly observed. Notably, 
few accessions had only one population structure component, and most of them combine 
both types of genetic characteristics (Figure 1C). The neighbor-joining analysis showed 

Figure 1. Principal component analysis (PCA), population structure, linkage disequilibrium (LD)
decay and neighbor-joining clustering analysis in 220 accessions of loose-curd cauliflower. (A) PCA
plot of the loose-curd cauliflower accessions. The dot color scheme is the same as that in PC1,
the first principal component, and PC2, the second principal component. (B) Three-dimensional
(3D) principal component analysis of 220 accessions. The dot color scheme is the same as that in
PC1, PC2 and PC3 (third principal component). (C) Population structure of loose-curd cauliflower
accessions with different numbers of clusters (k = 2, 3, and 4). When k = 2, accessions marked with
a pink rectangle belong to the mid–late-maturing group; accessions marked with a blue rectangle
belong to the early-maturing group. (D) LD decay–distance analysis. (E) Neighbor-joining clustering
analysis of 220 loose-curd cauliflower accessions. Colors of branches on the two different groups:
early–mid-maturing (orange) and mid–late-maturing (green).
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Figure 2. Phenotype, Manhattan and quantile–quantile (QQ) plots of MSH, PC and ELW. (A1) Images
of differences in the main stem height; (A2) Histograms of MSH phenotypic data in 2020 and 2021;
(A3) Manhattan plots of MSH in 2020. Red arrows indicate a significant signal, the same applies
below; (A4) QQ plots of MSH in 2020; (A5) Manhattan plots of MSH in 2021; (A6) QQ plots of
MSH in 2021; (B1) Images of the presence of purplish curd (PC-1) and absence of purplish curd
(PC-0); (B2) Histograms of PC phenotypic data in 2020 and 2021; (B3) Manhattan plots of PC in
2020; (B4) QQ plots of PC in 2020; (B5) Manhattan plots of PC in 2021; (B6) QQ plots of PC in 2021;
(C1) Images of the presence of external leaf wing (ELW-1) and absence of external leaf wing (ELW-0);
(C2) Histograms of ELW phenotypic data in 2020 and 2021; (C3) Manhattan plots of ELW in 2020;
(C4) QQ plots of PC in 2020; (C5) Manhattan plots of ELW in 2021; (C6) QQ plots of ELW in 2021.

For MSH, we detected a significant signal (−log10 p > 5) on chromosome 2 ranging
from 64.932 to 64.954 Mb in the phenotypic data from both 2020 and 2021, which was more
significant than that the others (Figure 2(A3,A5)). Three candidate genes were detected in
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the interval: BOB02G168110, encoding a serine–threonine protein kinase; BOB02G168090,
encoding lysosomal beta glucosidase-like; BOB02G168100, of unknown function.

Horticulturae 2023, 9, x FOR PEER REVIEW 8 of 15 
 

 

Figure 2. Phenotype, Manhattan and quantile–quantile (QQ) plots of MSH, PC and ELW. (A1) Im-
ages of differences in the main stem height; (A2) Histograms of MSH phenotypic data in 2020 and 
2021; (A3) Manhattan plots of MSH in 2020. Red arrows indicate a significant signal, the same ap-
plies below; (A4) QQ plots of MSH in 2020; (A5) Manhattan plots of MSH in 2021; (A6) QQ plots of 
MSH in 2021; (B1) Images of the presence of purplish curd (PC-1) and absence of purplish curd (PC-
0); (B2) Histograms of PC phenotypic data in 2020 and 2021; (B3) Manhattan plots of PC in 2020; 
(B4) QQ plots of PC in 2020; (B5) Manhattan plots of PC in 2021; (B6) QQ plots of PC in 2021; (C1) 
Images of the presence of external leaf wing (ELW-1) and absence of external leaf wing (ELW-0); 
(C2) Histograms of ELW phenotypic data in 2020 and 2021; (C3) Manhattan plots of ELW in 2020; 
(C4) QQ plots of PC in 2020; (C5) Manhattan plots of ELW in 2021; (C6) QQ plots of ELW in 2021. 

 
Figure 3. Phenotype, Manhattan and quantile–quantile (QQ) plots, and haplotype analysis of WSC. 
(A1) Histograms of WSC phenotypic data in 2020; (A2) Manhattan plots of WSC in 2020. Red arrows 
indicate a significant signal; the same applies below; (A3) QQ plots of WSC in 2020; (B1) Histograms 
of WSC phenotypic data in 2021; (B2) Manhattan plots of WSC in 2021; (B3) QQ plots of WSC in 
2021; (C) Schematic view and haplotype information of the candidate gene BOB01G136670. Filled 
orange, filled blue and black lines represent CDS, UTR and introns, respectively. (D) Haplotype 
analysis of BOB01G136670; the blue color represents Hap1. (E,F) Differences in WSC traits among 
different haplotypes in 2020 and 2021, respectively. Data are presented as means ± SD. Asterisks 
indicate significant differences according to Student’s t-test. *** p < 0.001. 
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significant than that the others (Figure 2(A3,A5)). Three candidate genes were detected in 

Figure 3. Phenotype, Manhattan and quantile–quantile (QQ) plots, and haplotype analysis of WSC.
(A1) Histograms of WSC phenotypic data in 2020; (A2) Manhattan plots of WSC in 2020. Red arrows
indicate a significant signal; the same applies below; (A3) QQ plots of WSC in 2020; (B1) Histograms
of WSC phenotypic data in 2021; (B2) Manhattan plots of WSC in 2021; (B3) QQ plots of WSC in 2021;
(C) Schematic view and haplotype information of the candidate gene BOB01G136670. Filled orange,
filled blue and black lines represent CDS, UTR and introns, respectively. (D) Haplotype analysis
of BOB01G136670; the blue color represents Hap1. (E,F) Differences in WSC traits among different
haplotypes in 2020 and 2021, respectively. Data are presented as means ± SD. Asterisks indicate
significant differences according to Student’s t-test. *** p < 0.001.

For PC, our GWAS analysis identified a significant and continuous signal (−log10 p > 5)
on chromosome 2 ranging from 35.989 to 36.223 Mb in both years (Figure 2(B3,B5)). This
interval harbored three protein-coding genes based on the threshold value, BOB02G088210,
BOB02G088220 and BOB02G088870. Curiously, no homologous genes of the above three
genes were found in Arabidopsis thaliana.

For ELW, we detected a significant signal (−log10 p > 5) on chromosome 6 ranging
from 30.851 to 30.913 Mb in both years. Although SNPs with more significant p-values
were found at other positions, none of the highest-point positions showed continuous
SNPs, unlike the signal on chromosome 6 (Figure 2(C3,C5)). This interval harbored 11
protein-coding genes based on the threshold values.
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3.4. BOB01G136670 Regulates the Weight of a Single Curd

In addition to the GWASs for the three agronomic traits mentioned above, for WSC,
which is an important agronomic trait related to curd yield, we identified a very significant
continuous signal (−log10 p > 5) on chromosome 1 ranging from 50.325 to 50.371 Mb without
interference (Figure 3(A2,B2)). Within this interval, the BOB01G136670 gene with five signif-
icant nonsynonymous mutations in the CDS region was identified (Figure 3C). A haplotype
analysis was performed to catalog the natural variation at BOB01G136670 in loose-curd
accessions. We identified two haplotypes based on the five nonsynonymous SNPs: Hap1
and Hap2 (Figure 3D), and refer to them as BOB01G136670Hap1 and BOB01G136670 Hap2,
respectively. We measured the curd weight of individuals with different haplotypes, and
found that two haplotypes produced significantly different curd weights in 2020 and 2021
(Figure 3E,F). We found that the weight of a single curd was significantly increased in the
varieties with the BOB01G136670 Hap1 allele compared to BOB01G136670 Hap2.

We analyzed the compact-curd cauliflower transcriptome data (PRJNA546441) from
several tissues and developmental stages [44], and found that BOB01G136670 was specifi-
cally highly expressed at the curd enlargement stage but had low or even no expression at
all other stages (Figure 4A). Given that the expression pattern is conserved in loose-curd
cauliflowers, this result suggests that the high expression of BOB01G136670 at the curd
enlargement stage is likely due to its function in regulating the weight of single curds.

Horticulturae 2023, 9, x FOR PEER REVIEW 10 of 15 
 

 

 
Figure 4. (A) The expression pattern of BOB01G136670 in different tissues and developmental 
stages; (B) A neighbor-joining phylogenetic tree (1000 bootstrap replications) of BOB01G136670 and 
its related proteins. 

4. Discussion 
Loose-curd cauliflower has emerged as an important cultivation type, especially in 

China, it displays a long and green stem and has a better edible quality, which meets the 
Chinese cooking habits. Dissection of the genetic architecture underlying the complex ag-
ronomic traits among a large number of loose-curd cauliflower accessions is helpful to 
improve the utilization of these germplasms, and provides a powerful resource for genetic 
improvement of loose-curd cauliflower. However, little is known about the genetic loci 
for its important traits. In this study, we performed GWAS on four important agronomic 
traits based on 220 core accessions of loose-curd cauliflower. Four significant associations 
were detected in both years for MSH, PC, ELW and WSC for the first time. In previous 
studies, the GWAS strategy was also used for the dissection of curd-related agronomic 
traits and temperature-dependent curding time of traditional compact-curd accessions 
[29,30], suggesting its promising role in cauliflower genetic prediction and improvement. 

GWASs have been proven to be powerful and successful tools for the discovery of 
genetic factors associated with complex phenotypes [48]. Population size, differences in 
sample abundance and marker density are key factors for a successful GWAS. In contrast 
to previous studies, our sample collection only comprised loose-curd cauliflower modern 
breeding lines, without types such as compact-curd cauliflower, landraces/heirlooms and 
wild relatives. Although this sample strategy narrowed the genetic background and di-
versity of the population, as shown by the PCA and population structure analyses, we 

Figure 4. (A) The expression pattern of BOB01G136670 in different tissues and developmental stages;
(B) A neighbor-joining phylogenetic tree (1000 bootstrap replications) of BOB01G136670 and its
related proteins.



Horticulturae 2023, 9, 970 10 of 14

BOB01G136670 was predicted to encode a serine carboxypeptidase belonging to the
peptidase S10 family, which is homologous to ATSCP15 in A. thaliana. To analyze the
phylogenetic relationships between BOB01G136670 and its close homologs, we searched
the protein database of the NCBI database and Ensemble Plants by using BLASTP tools
with the BOB01G136670 sequence as a query. A total of 21 homologous protein sequences
were downloaded from 15 plant species and were used to construct a neighbor-joining
phylogenetic tree together with the amino acid sequence of BOB01G136670 by MEGA 7.0
software (Figure 4B). Our results revealed that BOB01G136670 was highly conserved with
respect to proteins such as SCPL in the S10 family in other species. Among the orthologous
genes, GS5, which shares 30% identity with BOB01G136670, functions as a positive regulator
of grain size, and its higher expression is correlated with larger grain size in rice, wheat
and maize [45–47]. In addition, its paralogous gene SCPL22 positively regulates the carpels
number and seeds per fruit (silique). This indicates that BOB01G136670 may play an
important role in regulating curd weight and yield.

4. Discussion

Loose-curd cauliflower has emerged as an important cultivation type, especially in
China, it displays a long and green stem and has a better edible quality, which meets the
Chinese cooking habits. Dissection of the genetic architecture underlying the complex
agronomic traits among a large number of loose-curd cauliflower accessions is helpful to
improve the utilization of these germplasms, and provides a powerful resource for genetic
improvement of loose-curd cauliflower. However, little is known about the genetic loci
for its important traits. In this study, we performed GWAS on four important agronomic
traits based on 220 core accessions of loose-curd cauliflower. Four significant associations
were detected in both years for MSH, PC, ELW and WSC for the first time. In previous
studies, the GWAS strategy was also used for the dissection of curd-related agronomic traits
and temperature-dependent curding time of traditional compact-curd accessions [29,30],
suggesting its promising role in cauliflower genetic prediction and improvement.

GWASs have been proven to be powerful and successful tools for the discovery of
genetic factors associated with complex phenotypes [48]. Population size, differences in
sample abundance and marker density are key factors for a successful GWAS. In contrast
to previous studies, our sample collection only comprised loose-curd cauliflower modern
breeding lines, without types such as compact-curd cauliflower, landraces/heirlooms
and wild relatives. Although this sample strategy narrowed the genetic background and
diversity of the population, as shown by the PCA and population structure analyses, we
found that this population has a large phenotypic diversity in terms of, for example, yield,
plant architecture, curd color, maturation time, etc., and that the population could be
divided into two subgroups. Given the relatively large population size and wide variability
among sample traits, we think that this population is adequate for GWAS.

The height of the main stem largely determines PH in cauliflower, which has a strong
effect on yield, quality and mechanized harvesting. In a 2002 study, Sebastian et al. reported
that stem length was a quantitative characteristic and was mapped to four QTL segments
of three linked groups [49]. Based on a GWAS, we identified a significant interval on
chromosome 2 ranging from 64.932 to 64.954 Mb and three candidate genes were detected.
During the late developmental stage or when subjected to abiotic stress, the surface of
white curds turns purplish, which has a highly adverse influence on their quality and
marketability. Lang et al. speculated that this characteristic is closely related to the synthetic
pathway of cyanidin [50]. Here, a significant and continuous signal on chromosome 2
(35.989–36.332 Mb) associated with PC was detected, and three genes with no definite
function were harbored in this interval. In addition, our GWAS analysis identified an
interval harboring 11 candidate genes for ELW on chromosome 6. These loci were novel
and have not been reported in previous studies.

Plant breeders have paid special attention to plant yield for decades because of its
significance in improving varieties. Increasing crop yield is one of the most important goals
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of plant science research [45]. Numerous genes or quantitative trait loci (QTLs) for yield
traits, including grain weight or size and fruit size or weight, have been isolated by a map-
based cloning approach or genome-wide analyses in rice [51–55], maize [56], tomato [57–61],
etc. The weight of a single curd is a major determinant of yield in cauliflower and is a target
trait for both domestication and artificial breeding. However, the genes responsible for
this trait remain largely unexplored in cauliflower. Curd formation and enlargement are
essential to the yield of cauliflower. Floral meristem regulators, such as BoCAL and BoAP1,
were identified as essential genes for the specific curd formation [62]. However, they are
necessary, but not sufficient, conditions for the formation of specific curds. The genomic
loci/genes for curd enlargement (curd weight) are still inconclusive. Here, BOB01G136670
was identified as a candidate gene that was significantly associated with WSC through a
GWAS, with five nonsynonymous mutant SNPs in the CDS region significantly affecting
the single-curd weight.

BOB01G136670 encodes a typical serine carboxypeptidase that belongs to the group I
in the SCPL family [63,64]. The SCPL genes are widely present in higher plants, playing
essential roles in plant stress tolerance, disease resistance, plant growth and especially
in seed development [63,64]. Their orthologs—OsGS5 in rice, TaGS5-3A in wheat and
ZmGS5 in maize—have been proven to be positive regulators of grain size, meaning that
higher expression of GS5 is correlated with larger grain size [45]. Additionally, its paralog
SCPL22 positively regulates the carpel number and seeds per fruit (silique). BOB01G136670
was specifically highly expressed in the curd enlargement stage compared with other
tissues and stages, which further indicated that BOB01G136670 is closely related to curd
enlargement. Taken together, the GWAS, haplotype, RNA-seq and phylogenetic tree results
demonstrate that BOB01G136670 is a potential candidate gene for WSC. The functional
verification is still needed in future work.

5. Conclusions

In summary, we successfully explored some new loci, candidate genes and genetic
architectures influencing key agronomic traits, including the main stem height, external
leaf wing, purplish curd and weight of a single curd, in loose-curd cauliflower for the first
time. Importantly, we identified that BOB01G136670 is a plausible candidate gene for WSC
based on GWASs, haplotype, RNA-seq and phylogenetic tree analyses. These genomic and
genetic resources lay a solid foundation for functional and evolutionary studies and will
aid in molecular breeding, germplasm utilization and variety improvement in the future.
Further studies that include traditional QTL mapping and functional characterization of
candidate genes would be helpful in revealing the genetic basis for these important traits
in cauliflower.
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Abbreviations

WSC weight of a single curd
MSH main stem height
ELW external leaf wing
PC purplish curd
TPM transcripts per kilobase per million mapped reads
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