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Abstract: Simple sequence repeats (SSRs), also known as microsatellites, stand out as the most
crucial molecular markers in both animals and plants owing to their high polymorphism, exten-
sive information content, ease of detection through polymerase chain reaction (PCR) assays, and
widespread distribution across the genome. In this study, a total of 125,443 SSR loci were identified
from the whole-genome sequence of B. oleracea, and 82,948 primer pairs for SSR have been designed.
Furthermore, each primer pair is designated with a unique identifier (ranging from BolSSR00001
to BolSSR82984). Our findings indicated that certain markers within them could be transferred to
other cruciferous crops. In addition, a total of 336 pairs of SSR primers have been used to screen the
polymorphism between the bolting-resistant and bolting-easy gene pools. After the test of verification
with F2 generation individual plants, we obtained an SSR dominant marker, BolSSR040196, linked
with bolting-resistant locus in cabbage, and the genetic distance between this SSR marker and the
bolting-resistant locus was 10.69 cM. Moreover, BolSSR040196 is located on the C05 chromosome
with a CT motif, characterized by a repeat of 9 in bolting-easy plants and 11 in bolting-resistant
plants. Haplotype analysis showed that the correct prediction rate reached 82.35%. The BolSSR040196
marker can be used in marker-assisted selection (MAS) breeding, offering a straightforward and
efficient approach for bolting-resistant cabbage breeding in the future.

Keywords: Brassica oleracea L.; cabbage; SSR identification; molecular makers; genetic diversity; bolting

1. Introduction

The detection of DNA sequence variation plays a crucial role in the study of Brassica
crop genomes. In the last two decades, numerous types of molecular markers, such as
restriction fragment length polymorphisms (RFLPs), random amplified polymorphic DNA
(RAPD), amplified fragment length polymorphisms (AFLPs), simple sequence repeats
(SSRs), sequence-related amplified polymorphisms (SRAPs), sequence-characterized am-
plified regions (SCARs), and single nucleotide polymorphisms (SNPs), have been used
in genetic breeding studies on the Brassica species [1–8]. Among the various types of
molecular markers, SSRs, also called microsatellites, possess the characteristics of high
polymorphism, high reproducibility, easy detection by PCR, codominance, amenability,
high transferability, and genomic abundance. SSRs have been widely employed in a variety
of research areas, including the study of genetic diversity, the analysis of quantitative
trait loci (QTLs) and genetic maps, gene localization, the classification and evolution of
germplasm, and comparative genomics.
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The traditional procedure for developing SSRs involves probe hybridization (con-
taining repeated motifs) against genomic and cDNA libraries, DNA sequencing [9] or in
silico analysis of publicly available bacterial artificial chromosome (BAC) sequences [10,11],
genome survey sequences, and whole-genome shotgun sequences [12,13]. With the release
of more and more high-quality genome data, the development of SSRs has become faster
and more accurate [14–16]. At present, the development of SSR based on the whole genome
is widely used in cacao [17], grape [18], maize [19], Chinese bayberry [20], and cabbage [8].
Among other crops, this approach has also been proven useful in the development of SSRs
in the expressed sequence tags of many crops, such as rice [21], wheat [22], cotton [23],
peanuts [24], cowpea [25], and radish [7].

B. oleracea comprises many important vegetable crops, including cabbage, cauliflower,
broccoli, Brussels sprout, kohlrabi, Chinese kale, and kale. B. oleracea has been recognized
as a vital vegetable species valued for its substantial food reserves. With the rapid de-
velopment of genome sequencing technology, the genome sequence of cabbage has been
released and is currently available online (http://brassicadb.cn/#/, accessed on 10 May
2023) [26]. Genome sequences provide a powerful tool for genome-wide microsatellite
characterization. However, studies on the development of SSR based on the whole genome
of B. oleracea are limited [27].

In recent decades, significant progress has been made in research on the inheritance of
bolting and the utilization of molecular markers, driven by the continuous advancement of
modern breeding techniques. Boudry et al. successfully mapped the B gene associated with
bolting between two markers, pkP591 and pkP826, utilizing RFLP markers [28]. Ei-Mezawy
identified four markers intricately linked to the sugar beet B gene through the bulked
segregant analysis (BSA) method. Among these markers, two were positioned at 0.14 cM
and 0.23 cM, respectively, while the other two were located at 0.5 cM [29]. Teutonico
and Osborn identified genes that regulate late bolting in Arabidopsis and detected an
RFLP locus closely linked to one of the QTLs for flowering time in B. rapa [30]. Rosental
et al. discovered significant bolting and flowering QTL located on chromosome 7 (qFLT7.2)
using a lettuce mapping population. Through fine mapping, homology analysis, and gene
expression analysis, they identified two candidate genes associated with this QTL [31].
Through the mapping and resequencing of two early bolting mutants, Fu et al. discovered
that BrSDG8 was related to the bolting of Chinese cabbage, and the mutation of BrSDG8
led to the early bolting of Chinese cabbage [32]. Wang et al. used site-specific amplified
fragment BSA (SLAF-BSA) technology to map the bolting time QTLs of cabbage, and the
result showed two QTLs located on chromosome C02 at 2.31~3.09 Mb and 33.57~34.40 Mb,
respectively, with a total length of 1.61 Mb [33]. Wei et al. revealed that the transition from
late bolting to early bolting in Chinese cabbage was controlled by an incomplete dominant
gene of BrLb-1 and identified three putative candidate genes for the late bolting trait. These
genetic variations represent valuable resources for the development of molecular markers
for MAS in Chinese cabbage breeding programs [34]. To date, there have been relatively
few reports regarding molecular markers associated with the bolting trait in cabbage [35].

In this study, we performed an analysis of SSR information distribution and developed
SSR primers based on the whole genome of B. oleracea. Utilizing the B. oleracea genome,
the SSR primers developed in this study cover the entire genome with precise positions.
These primers hold significant potential for widespread utilization in the genetic analysis
of Brassica crops. Subsequently, the BSA approach was employed to screen the SSR marker,
which is closely linked to the bolting-resistance locus, to obtain molecular markers that
could be used in the research of molecular marker-assisted breeding in Brassica crops.

2. Materials and Methods
2.1. Source of Whole-Genome Sequence of B. oleracea

A total of 539,673,885 bp genome sequences of B. oleracea (C01~C09) were downloaded
from the Brassicaceae Database (BRAD) (http://brassicadb.cn/#/, accessed on 10 May
2023). The genome version of B. oleracea is Braol_JZS_V2.0, and the size of each chromosome
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is 52,469,534 bp, 66,012,635 bp, 74,510,869 bp, 65,432,303 bp, 57,884,551 bp, 47,844,321 bp,
55,965,641 bp, 52,084,256 bp, and 67,469,775 bp, respectively.

2.2. SSR Identification

The genome sequences were searched for the presence of SSR motifs using the Krait
identification tool (v1.3.3) [36]. The parameters were set as follows: the minimum repeats
for each perfect SSR type were set to 12 for mononucleotides, 7 for dinucleotides, 5 for
trinucleotides, 4 for tetranucleotides, 4 for pentanucleotides, and 4 for hexanucleotides. At
the same time, SSRs with incomplete repeats interrupted by a small number of intermediate
bases (with intervals less than or equal to 10 bp) were also screened.

2.3. Genomic SSR Primer Design

Primer pairs flanking the SSRs were designed using the SSR Locator I software [37].
The major parameters were set as follows: The primer length was between 18 bp and 27 bp,
with an optimum size of 20 bp; the melting temperatures ranged from 58 ◦C to 65 ◦C, with
an optimum temperature of 60 ◦C; the optimum GC content was 50%, with a minimum
of 30% and a maximum of 70%; and the predicted PCR products ranged from 100 bp to
300 bp. Other parameters were set as defaults.

2.4. Detection and Transferability of SSR Markers

We randomly selected 54 primer pairs, 6 SSR loci per chromosome, from the designed
SSR primers based on the B. oleracea whole genome. The transferability of these 54 pairs of
primers was validated by 7 species (B. rapa (AA), B. nigra (BB), B. oleracea (CC), B. juncea
(AABB), B. napus (AACC), B. carinata (BBCC), and R. sativus). The seeds of these related
species came from the Institute of Vegetable Science, Zhejiang University, and total genomic
DNA was extracted using the CTAB method [13]. PCR amplification was conducted in
a 25 µL reaction mixture that contained 50 ng of genomic DNA, 1 µL (10 µmol/L) of
each primer, and 12.5 µL of 2 × T5 Super PCR Mix (PAGE) (TsingKe, Beijing, China).
Afterward, ddH2O was added until the total volume of the reaction mixture was 25 µL.
The amplification system of PCR was initially denatured at 98 ◦C for 2 min, followed by
35 cycles of amplification at 98 ◦C for 10 s, 56 ◦C annealing for 10 s, 72 ◦C extension for 10 s,
and a final extension at 72 ◦C for 2 min in a BIO-RAD S1000TM Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA, USA). The samples were then stored at 4 ◦C. The PCR products
were detected by 12% PAGE following a method from Molecular Cloning: A Laboratory
Manual [38].

2.5. Construction of Bolting-Resistant/Bolting-Easy Segregated Population and Agronomic Traits
Investigation

The bolting-resistant male parent (P1 Y9805) and the bolting-easy female parent (P2
Y5314) were crossed by artificial emasculation. Then, the F2 population was developed from
a single heterozygous F1 individual plant. Both cabbage accessions originated from the
Institute of Vegetable Science, Jiangsu Academy of Agricultural Sciences. The agronomic
traits of 224 F2 plants were investigated, with the following specific criteria utilized:

Plant height: The observed value represents the vertical distance from the plant’s
highest point to the ground level. To measure this, we determine the natural vertical
distance in centimeters from the base of the plant where it meets the ground up to its
highest point. The accuracy of the measurement is 0.1 cm.

Plant size: The observation site refers to the outermost foliage of the plant. The measure-
ment technique entails determining the maximum horizontal distance of the outer leaves in
their usual vegetative condition, expressed in centimeters, with an accuracy of 0.1 cm.

Number of outer leaves: The observed part is the plant leaves, and the measuring
technique is to calculate the sum of the number of leaf scars on detached lotus leaves and the
number of remaining lotus leaves, measured in pieces, with precision to the whole position.
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Stem diameter: The spot to observe is the shortened stem at the leaf bulb’s base. The
measurement technique involves gauging the diameter of the short stem at the leaf bulb’s
bottom in centimeters, with a precision of 0.01 cm.

Winterness level: Level 1: shortened stems elongation (<1 cm); Level 3: stem shorten-
ing with notable elongation (1–2 cm), devoid of flower stems; Level 5: stems characterized
by both brevity and elongation, accompanied by flower stems (<5 cm); Level 7: internode
elongation, with flower stems exceeding 5 cm; Level 9: significant internode elongation,
featuring flower stems surpassing 20 cm.

2.6. Identification of SSR Markers Linked with Bolting Loci

Genomic DNA was extracted from 15 individuals with winterness level 1 and 15 indi-
viduals with winterness level 9 randomly selected from the F2 population, and the same
amount of DNA was utilized to generate resistant and easy-bolting DNA pools for fur-
ther screening of bolting-related SSR markers. For the experiment, a comprehensive set
of 336 SSR markers was chosen, all of which originated from the Brassica oleracea entire
genome SSR, meticulously developed within our laboratory (Table S6). All of the primer
pairs flanking the SSRs were synthesized by Shanghai Invitrogen. The PCR program and
PAGE protocol employed remained consistent with prior methodologies. Then, we ana-
lyzed the variations in amplified product length between the bolting-resistant gene pool
and the bolting-easy gene pool. Validation of each SSR marker was conducted across F2
plants and both parental genotypes. The Kosambi function was subsequently applied to
compute the genetic distances among the screened linkage SSR markers.

2.7. Haplotype Analysis with 34 Cabbage Accessions and Sequencing of BolSSR040196

We screened the BolSSR040196 marker to test 34 cabbage accessions from the Institute
of Vegetable Science, Jiangsu Academy of Agricultural Sciences, and then investigating
their winterness results to validate. PCR amplification systems, product analysis, and
the investigation of winterness levels are the same as the aforementioned description in
Section 2.4. Meanwhile, a chi-square goodness-of-fit test was employed to ascertain the
concordance between the observed results and the expected results.

PCR products were purified using the MolPure® Gel Extraction Kit (Yeasen, Shanghai,
China). The purified product was inserted into the T-vectors using the Hieff Clone® Uni-
versal Zero TOPO TA/Blunt Cloning Kit (Yeasen, Shanghai, China). Then, the vectors were
transformed into E. coli, and picked a single colony for sequencing. MEGA-X (Mega Lim-
ited, Auckland, New Zealand) was used to align the sequences of the BolSSR04016 marker.

3. Results
3.1. SSR Information Analysis of the Whole Genome of B. oleracea

A total of 125,443 SSR loci were searched from the whole-genome sequence of B.
oleracea, and the frequency (per Mb average occurrence of SSR) of SSR occurrence was
223.6 loci/Mb. Among the total genomic SSRs identified, the mononucleotide repeat
motifs (62,204, 49.59%) are the most abundant repeat types, with a frequency of 110.88
loci/Mb. The dinucleotide repeats (41,560, 33.13%) and trinucleotide repeats (13,652,
10.88%) constituted the second and third most prevalent categories, exhibiting frequencies
of 74.08 loci/Mb and 24.33 loci/Mb, respectively. The tetranucleotide repeats (4884, 3.89%)
and pentanucleotide repeats (1781, 1.42%) represented the fourth and fifth most prevalent
repeat motifs, showcasing frequencies of 8.71 loci/Mb and 3.17 loci/Mb, respectively. The
hexanucleotide repeat motifs (1362, 1.09%) exhibited the least frequency, with 2.43 loci/Mb
(Figure 1A, Table S1).
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Figure 1. SSR information analysis of whole genome of B. oleracea. (A) The distribution of major
repetitive motifs in B. oleracea. (B) SSR repeats distribution for each type. (C) Distribution of SSR on
different chromosomes of B. oleracea.

Among the mononucleotide repeats, the predominant motif was A/T (45.94%), com-
prising 92.65% of the total. Within the dinucleotide repeats, AT/AT (21.74%) emerged as
the most prevalent, followded by AG/CT (9.82%), AC/GT (1.57%), and CG/CG (0.00%).
Within the trinucleotide repeats, AAG/CTT (3.54%) emerged as the most prevalent, fol-
lowed by AAT/ATT (2.03%), AAC/GTT (1.07%), and ACC/GGT (0.70%). Among the
tetranucleotide, pentanucleotide, and hexanucleotide repeats in B. oleracea, AAAC/GTTT
(0.36%), AAAAC/GTTTT (0.12%), and AAAAAC/GTTTTT (0.05%) notably exhibited
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higher frequencies compared to other combinations (Figure 1A, Table S1). Among all of
the genomic SSRs, 20,697 SSRs with twelve repeats had the highest frequency (16.50%),
followed by thirteen repetitions (12,698, 10.12%) and seven repetitions (12,036, 9.59%)
(Figure 1B, Table S2).

Variations in distribution counts and relative abundance of SSRs across individual
chromosomes were also observed (Table S3). Among these, the C03 chromosome exhibits
the highest SSR distribution, totaling 18,286, with a relative abundance of 245.43 loci/Mb.
Conversely, the C06 chromosome harbors the lowest SSR distribution, with a relative
abundance of 232.44 loci/Mb (Figure 1C).

3.2. SSR Primer Design Based on the Whole Genome of B. oleracea

A total of 125,443 SSR loci were detected in the whole-genome sequence of B. oleracea,
sequentially named BolSSR000001 to BolSSR125443. The primer pairs were effectively de-
signed for 82,984 SSR markers using the SSR Locator I software, achieving a commendable
success rate of 66.12% in primer design. The primer sequence, Tm value, SSR motif, and
length of the predicted product for each SSR marker are listed in Table S4.

Subsequently, we randomly selected 10 primer pairs from the SSR primer set. These
primer pairs were selected for PCR simulation using the genomic DNA of B. oleracea
(Figure S1). The result indicates that 10 SSR primers effectively amplified the predicted
fragment products, suggesting the availability of our previously designed SSR primers.

3.3. Transferability Evaluation of the Genomic SSRs

In order to assess the broad applicability of the primers we have developed, a total of
54 primer pairs (Table S5) were randomly chosen from the pool of SSR primers designed
using the entire genome sequence of Brassica oleracea. The primer pairs selected for PCR
simulation used the genomic DNA of seven species in Table 1. Results demonstrated that
52 markers (96.30%) were transferable to the CC genome, and 33 SSR markers (61.11%)
were transferable to R. sativus. The highest ratio of transfer is cabbage, and the lowest
is radish within the previous cruciferous crops. Meanwhile, the ratio of transfer to AA,
BB, AABB, AACC, and BBCC is 85.19%, 79.63%, 87.04%, 64.81%, and 87.04%, respectively
(Table 1). Most of the SSR markers produced length and quantity variation among the seven
accessions (Figure 2). Except for the BolSSR076246 primer pair, the other four primer pairs,
BolSSR071665, BolSSR081968, BolSSR021757, and BolSSR053957, showed the polymorphism
among the six Brassica species of the U triangle (Figure 2). These findings suggest that the
primer pairs, derived from the comprehensive genome of cabbage, hold potential for future
utilization in genetic diversity analysis and molecular marker-assisted selection within
cruciferous crops.
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R. sativus.



Horticulturae 2024, 10, 443 7 of 16

Table 1. Transferability detection of the 54 SSR markers in related crucifer species.

SSR B. rapa B. nigra B. oleracea B. juncea B. napus B. carinata R. sativus

BolSSR000026 + + + − − + −
BolSSR001052 + + + + − + +
BolSSR002169 + + + + − + −
BolSSR002506 + + + + − + +
BolSSR003205 + + + + − + +
BolSSR004460 + + + + − + −
BolSSR007539 + + + + + + +
BolSSR007971 + + + + + + +
BolSSR008152 + + + + − + +
BolSSR009441 + + + + + + +
BolSSR009823 − + + + + + +
BolSSR014499 + + + + + + −
BolSSR057533 + − + − + + −
BolSSR016035 − − − + − + −
BolSSR017491 − + + + + + +
BolSSR018633 + + + + − + +
BolSSR021757 + + + + + + +
BolSSR024526 + − − − − − −
BolSSR027265 + + + + + + +
BolSSR028997 + − + − + + −
BolSSR029692 + − + − + + −
BolSSR035058 − + + + − + +
BolSSR031249 + + + + + + +
BolSSR038129 + + + + + + +
BolSSR039332 + + + + − + +
BolSSR039798 + + + + + + −
BolSSR040726 + + + + + + +
BolSSR044427 + + + + − + +
BolSSR045579 + + + + + + −
BolSSR030903 + − + + + + −
BolSSR059526 + − + + + − −
BolSSR060281 − − + − + + −
BolSSR061903 + + + + + − +
BolSSR056868 + + + + + + +
BolSSR063024 + + + + − + +
BolSSR055078 + + + + + − −
BolSSR057239 + + + + + − +
BolSSR053957 + + + + − + +
BolSSR051866 + + + + − + −
BolSSR052736 + + + + + + −
BolSSR065129 + + + + + − +
BolSSR064292 − − + + − + −
BolSSR066510 + + + + + + −
BolSSR066830 − − + − + + −
BolSSR070186 + + + + + + +
BolSSR071665 + − + + − + +
BolSSR072679 + + + + − + +
BolSSR073675 + + + + + + +
BolSSR076246 + + + + + + −
BolSSR078112 + + + + + − +
BolSSR064485 + + + + + + +
BolSSR080017 + + + + + + +
BolSSR081968 + + + + − + +
BolSSR082001 + + + + + + +

Note: + means positive result, − means negative result.
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3.4. Construction of BSA Segregated Population and Investigation of Related Traits

In this study, a bolting-related F2 generation segregation population was constructed.
Due to the transient segregation of the F2 population and the existence of heterozygous
genotypes, a total of 224 individuals were employed to carry out the subsequent trait inves-
tigation. We measured the plant height, number of outer leaves, plant size, stem diameter,
and winterness level of the F2 generation population. All these traits are in agreement
with the normal distribution (Figures 3 and S2). The F2 population obtained in this study
is a population with suitable trait segregation, and traits such as plant height, number
of outer leaves, stem diameter, and winterness level are quantitative traits controlled by
multiple genes. This population holds potential for subsequent marker screening, genetic
map construction, and gene mapping investigations.
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3.5. Screening of Bolting Linkage Markers

In order to screen SSR markers related to the bolting locus in cabbage, 336 pairs of
primers were randomly selected from the primers previously designed (Table S6). We
selected as many varieties of SSR markers as possible, and these markers were evenly dis-
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persed on each chromosome. The BSA method was used to screen the markers associated
with the bolting locus. We screened SSR markers showing significant variations between
bolting-resistant and bolting-easy DNA pools. Finally, we found that the BolSSR040196
marker has significant differences within the two gene pools. The findings from the PCR am-
plification of bolting-resistant and bolting-easy gene pools using the BolSSR040196 marker
revealed evident polymorphism at 150 bp (Figure 4A). The amplified bands observed
in bolting-resistant plants exhibit slight increments in size compared to those detected
in bolting-easy plants. Subsequently, a polymorphism validation experiment was con-
ducted utilizing 10 plants each from the bolting-resistant and bolting-easy parental lines
(Figure 4B,C), revealing the repeatability of bands exhibiting distinct polymorphisms
(Figure S3). The validation remained congruent with the screening results obtained from
the gene pool. All findings consistently indicate a close linkage between the BolSSR040196
marker and the locus associated with bolting resistance in cabbage.
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Figure 4. Amplification results of BolSSR040196 in bolting-resistant and bolting-easy gene pools by
12% PAGE test. (A) Lanes 1–3 were three repeated PCR results of the bolting-resistant gene pool,
while lanes 4–6 were three repeated PCR results of the bolting-easy gene pool. Differential fragments
between bolting-resistant and easy-bolting gene pools were marked with an arrow. (B) Bolting-
resistant male parent (P1 Y9805). (C) Bolting-easy female parent (P2 Y5314).

3.6. Identification of SSR Markers and Linkage Analysis of BolSSR040196

We conducted further verification to assess potential variations in the BolSSR040196
markers across additional F2 progeny individuals. The results revealed that 20 individ-
uals prone to easy bolting exhibited the same band pattern as depicted in Figure 4A,
while 3 individuals did not (Figure 5A). Within 15 bolting-resistant individuals, it was
observed that one individual, indicated by an arrowhead, amplified a smaller fragment
(Figure 5B). The bulk of the F2 progeny conformed to our anticipated outcomes; however, a
few recombinants were identified. These findings underscore the close linkage between
BolSSR040196 and the bolting-resistance locus. In other words, there were four instances of
genetic recombination among the 38 plants tested in the F2 generation. Calculating based
on the definition of genetic distance, the recombination rate was determined to be 10.53%.
Employing the Kosambi mapping function, the analysis revealed a genetic linkage distance
of 10.69 cM between BolSSR040196 and the bolting-resistant locus in B. oleracea.
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Figure 5. Validation results of bolting-resistant and bolting-easy individuals in F2 generation with the
primers BolSSR040196 tested by 12% PAGE. There were 3 recombinants among the 23 bolting-easy
individuals (A) and 1 recombinant among the 15 bolting-resistant individuals (B).

3.7. Haplotype Analysis with 34 Cabbage Accessions

The previous study, spanning parental and F2 generations, amplified the target frag-
ment using the BolSSR040196 primer, consistently demonstrating stable polymorphism
of BolSSR040196. This observation suggests a close linkage between BolSSR040196 and
the bolting-resistant locus, indicating its potential for further development into stable SSR
markers. Subsequently, the haplotype analysis experiment was carried out with 34 cabbage
accessions. Only 6 out of the 34 cabbage accessions examined using BolSSR040196 showed
discrepancies with the anticipated outcomes, while the remaining 28 varieties exhibited
conformity with the expected results. The haplotype analysis results indicated a predictive
accuracy rate of 82.35% (Table 2). The result of the chi-square goodness-of-fit test showed
that the χ2 value was 1.12, and the χ2

(1)0.05 = 3.84. Therefore, with a p-value > 0.05, the ratio
of bolting-easy plants to bolting-resistant plants was consistent with the expected value.

Table 2. Haplotype analysis results with 34 varieties tested by the BolSSR040196 marker.

Accession No. Actual Phenotype Result of Validation Accession No. Actual Phenotype Result of Validation

C27 easy resistant C70 easy easy
C28 easy easy C71 easy easy
C32 resistant resistant C79 easy easy
C33 resistant resistant C80 easy easy
C35 easy easy C81 easy easy
C40 resistant resistant C88 easy easy
C44 resistant resistant C93 resistant resistant
C50 easy resistant C95 easy easy
C51 resistant resistant C96 easy resistant
C53 resistant easy C103 easy easy
C54 resistant resistant C110 easy resistant
C55 resistant resistant C128 easy easy
C56 resistant resistant C129 easy easy
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Table 2. Cont.

Accession No. Actual Phenotype Result of Validation Accession No. Actual Phenotype Result of Validation

C57 resistant resistant C131 easy easy
C59 resistant resistant C133 easy easy
C62 easy easy C134 easy easy
C65 easy easy C135 resistant resistant

3.8. Sequencing of BolSSR040196

The sequencing results revealed that BolSSR040196 had a length of 151 bp, comprising a
(CT)n dinucleotide repeat type, with (CT)9 repeats in bolting-easy plants and (CT)11 repeats
in bolting-resistant plants (Figure 6). Following this, a BLAST analysis was conducted
utilizing the Brassicaceae Database [31], revealing that the molecular marker was located
on the C05 chromosome.
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plant and (CT)11 in the bolting-resistant plant.

4. Discussion
4.1. Distribution Feature of the SSR on the Whole Genome of B. oleracea

A comprehensive search conducted by the Krait software (v1.3.3) revealed a total of
125,443 SSRs within the most recent whole-genome sequence of B. oleracea. The frequency
of SSR occurrence averaged 223.6 loci/Mb. Contrarily, a prior report utilizing the PERL5
script MIcroSAtellite (MISA: http://pgrc.ipkgatersleben.de/misa/, accessed on 17 June
2023) identified a larger set of SSR markers, totaling 185,662, within B. oleracea [27]. Among
mononucleotide repeats, the A/T repeat motif stands out with 57,629 occurrences, consti-
tuting 45.94% of the total. This motif holds significance as it encompasses 92.65% of all
mononucleotide repeats. In contrast, the G/C repeat motif is notably less prevalent, with
only 4575 occurrences, representing 7.35% of mononucleotide repeats. This finding aligns
with a prior study that employed the entire genome of Vitis vinifera for SSR analysis [18].
Among dinucleotide repeats, the AT/AT repeat motif has 27,267 (21.74%). Therefore, it
is the most important for this type of repeat as it accounts for 65.61% of the dinucleotide
repeats. Among trinucleotide repeats, the AAG/CTT repeat motif has 4436 (3.54%). These
findings deviate slightly from earlier investigations that leveraged the entire B73 maize
genome for SSR analysis. Prior research identified AGC/GCT as the predominant motif
among trinucleotide repeats [19]. Among all types of repeat motifs, the mononucleotide
repeats exhibit the highest frequency, with a proportion of 110.88 loci/Mb, encompassing
62,204 motifs, which accounts for 49.59% of the total. In contrast to this result, Xu et al.
reported a dominance of dinucleotide repeats (40.9%), followed by mononucleotide repeats
(29.2%) [8]. The disparities observed could be attributed to variations in the algorithm
employed by the SSR software, differences in parameter settings, variations in database
versions, and discrepancies in the SSR information available for different species.

Shi et al. suggested that the microsatellite distribution pattern might exhibit con-
servation within Brassica species. This hypothesis was based on their comprehensive

http://pgrc.ipkgatersleben.de/misa/
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genome-wide characterization of microsatellites and subsequent marker development
across three sequenced Brassica crops: B. rapa, B. oleracea, and B. napus. It is noteworthy
that only 3974 tested SSR markers from B. oleracea have been published to date [27]. How-
ever, 82,948 pairs of SSR primers were designed and released in this study based on the
whole-genome sequence of B. oleracea. Xu identified a total of 64,546 perfect SSR motifs and
93,724 imperfect SSR motifs within the genome of the cabbage cultivar “TO1000” [8]. These
SSR markers provide a powerful tool for studying the genomics and genetics of B. oleracea
in the future.

4.2. Application of the Newly Developed Genome-Wide B. oleracea SSR Markers

High transferability has been previously reported for SSRs across various plant species.
For instance, in “Chiifu” of B. rapa, approximately 95% of its SSRs demonstrated the ability
to amplify fragments in other species [39]. Moreover, it was found that 47% of the EST-SSR
markers developed from B. rapa, B. oleracea, and B. napus exhibited transferability to six
different Brassica species [40]. Gupta and Gopalakrishna conducted a random selection
of 41 SSR markers from thistle and alfalfa. Their findings revealed transferability rates
ranging from 53% to 71% in the leguminous plant (alfalfa) and from 33% to 44% in the
non-leguminous plant (thistle) [25]. About 57% of cereal EST-SSRs could also be amplified
in ryegrass [41]. Roughly 60% of EST-SSR markers derived from barley demonstrated
amplification in wheat and rye as well [42]. Cui et al. employed 69 pairs of SSR primers
designed for non-heading Chinese cabbage across eight varieties of Brassica crops. Their
investigation revealed a transferability amplification rate ranging from 49.3% to 85.5%.
Additionally, they observed that 33% of the SSR primers exhibited abundant diversity in
inter-specific hybrids of Brassica [43]. Xu et al. randomly picked 24 stable and reliable SSR
primers for amplification on 10 different species in the Brassicaceae family and found that
87.5% of the SSR primers exhibited transferability and applicability to one or more of the
10 related Brassica species [8].

Based on the 1176 SSR-containing ESTs in cabbage, a total of 978 primer pairs have been
successfully designed and assessed for amplification efficiency using two inbred lines [44].
Subsequently, results indicated that the developed SSRs from ESTs of B. oleracea were valid
and valuable in marker-assisted selection and QTL analysis in cabbage [45,46]. In addition,
some useful information about SSRs and sequence analysis in Brassica crops can also be
obtained on the website of the Brassicaceae Database. In this study, approximately 70%
exhibited transferability to all six Brassica U triangle species, while around 60% demonstrated
transferability to R. sativus (cruciferous) crops. This finding suggests that genomic SSR
markers with high transferability are valuable tools that can be effectively utilized across
various Brassica species and even extended to non-Brassica species. Therefore, these genomic
SSR markers with definite locations and a uniform naming systems could be more widely
applied to a variety of areas, such as gene location, genetic mapping, evolutionary analysis,
molecular marker-assisted breeding, and supply marker material for genetic analysis and
comparative genomics analysis. These markers are a significant contribution to the B. oleracea
research community.

4.3. The Genetic Linkage Distance between BolSSR040196 and Bolting-Resistant Locus Is 10.69 cM

Cao and Wang employed the BSA approach to explore the molecular markers linked
to the late bolting gene of B. oleracea. A RAPD marker N1-750 with a linkage distance
of 7.9 cM was obtained, and one of the late bolting major genes is similar to the quality
trait [47]. Mao et al. applied the BSA method to identify molecular markers linked to
bolting genes in B. juncea. Through amplification mapping of parent and gene pools, they
identified differences in the amplification patterns of four primers (E13M4, ESM7, UBC834,
and UBC876). These differences were observed primarily in the early bolting cultivar
CT07 and the early bolting pool, suggesting their potential association with bolting-related
traits. The genetic distance of marker E13M4 was 16.8 cM [48]. In this study, SSR-BSA
was applied to screen 336 pairs of SSR primers, and then different SSR markers were
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found between the bolting-resistant gene pool and the easy-bolting gene pool. Following
that, a validation program was executed against parental and F2 generation single plants.
Ultimately, a linkage SSR dominant marker, BolSSR040196, was identified, exhibiting
a genetic distance of 10.69 cM to the bolting-resistant locus. Due to the independent
development of markers in each laboratory, comparisons with reported maps become
challenging. Additionally, determining the linkage group to which the gene belongs also
poses difficulty. However, despite these challenges, the marker holds significant potential
for employment in molecular marker-assisted selection breeding. It offers a straightforward
and rapid approach to breeding B. oleracea varieties resistant to bolting.

4.4. Application of the BolSSR040196 Marker in Genetic Improvement of Cabbage

It is widely acknowledged that plants must flower at the appropriate time to ensure
successful reproduction, and early flowering can significantly reduce crop yield during
agricultural production. Breeding a bolting-resistant cultivars is specifically important
for biennials, especially for crops originated in temperate regions, such as sugar beet [49],
spinach [50], onion [51], radish [52], Brassica crops [53], and so on. In recent years, substan-
tial advancements have been achieved in the development and utilization of molecular
markers in the aforementioned crops [35,53,54].

According to findings from Gao et al., microsatellites in plants are universal and highly
mutable. They also coexist and coevolve with transposable elements and are under selective
pressure, and the generation, loss, functionality, and evolution of microsatellites can be
related to plant gene expression and functional alterations [55]. According to the alignment
result, the BolSSR040196 SSR marker is located on the 5′ UTR of the uncharacterized
gene BolC05g008270.2J. Therefore, following the fine mapping process, the key candidate
gene will be identified, and subsequent functional analysis will be conducted in the near
future. This endeavor will enhance our comprehension of the biological function of the
BolSSR040196 SSR marker. Presently, the BolSSR040196 SSR marker can be effectively
utilized in molecular marker-assisted selection breeding. This approach will provide a
more expedient and streamlined method for selecting bolting-resistant cabbage varieties.

5. Conclusions

A total of 125,443 SSR loci were identified within the whole-genome sequence of B.
oleracea, and 82,948 primer pairs for SSR were designed. Moreover, each primer pair was
assigned a unique name, ranging from BolSSR00001 to BolSSR82984, and a percentage of
these primers has been confirmed to exhibit transferability to cruciferous crops. Addition-
ally, we identified an SSR marker, BolSSR040196, located at a genetic distance of 10.69 cM
from the bolting-resistant locus in B. oleracea. This SSR marker presents cabbage breeders
with a valuable tool for selecting bolting-resistant cabbage varieties through MAS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae10050443/s1, Table S1: Distribution of the major
SSR types identified from the genome sequence of B. oleracea; Table S2: Major SSR types and their
repetition number as identified from the genome sequence of B. oleracea; Table S3: Distribution of SSR
on different chromosomes of B. oleracea; Table S4: Characteristics of SSR loci and primer sequences
in B. oleracea; Table S5: The sequence of the 54 pairs of SSR primers for transferability evaluation;
Table S6: The sequence and Tm value of the 336 pairs of SSR primers used to screen the markers
associated with the bolting gene; Figure S1: PCR amplification of B. oleracea genomic SSR markers,
M: marker; 1: BolSSR000026; 2: BolSSR007539; 3: BolSSR014499; 4: BolSSR057533; 5: BolSSR027265;
6: BolSSR040726; 7: BolSSR056868; 8: BolSSR066830; 9: BolSSR064485; 10: BolSSR082001; Figure S2:
Identification of the winterness level in cabbage. Figure S3: Amplification results of parental individ-
uals with the primers BolSSR040196 tested by 12% PAGE; all of the female individuals could amplify
the target fragment that appeared in bolting-resistant individuals in F2 generation while none of the
male individuals could amplify.
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