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A B S T R A C T
Genome editing offers great advantages in identifying gene function and generating agronomically important mutations in crops. Here,
we report that the genome of cabbage (Brassica oleracea var. capitata), an important cruciferous vegetable, can also be precisely edited by a
CRISPR/Cas9 system stacked with multiple single-guide RNA-expressing cassettes. When the phytoene desaturase BoPDS gene was used as the
target gene, an albino-phenotype transgenic shoot in T0 Basta-resistant lines was observed, and 37.5% of the transgenic cabbage shoots carried
BoPDS gene mutations as a result of nucleotide deletions at the expected position. Moreover, mutations were detected in sites with the same
target sequence in gene Bol016089 which is paralogous to the BoPDS gene. Our results show that the CRISPR/ Cas9 system is a powerful tool for
cabbage variety improvement by genome editing.
Keywords: Cabbage; CRISPR/Cas9; BoPDS; Genome editing; Mutation

1. Introduction
Methods for rapidly and efficiently editing plant genomes provide great advantages in gene function identifying and crop improvement. In recent years, methods involving sequence-specific
nucleases for creating targeted double-strand breaks (DSBs), including zinc-finger nucleases (ZFNs), transcription-activator-like
effector nucleases (TALENs) and the bacterial clustered regularly
interspaced short palindromic repeats-associated protein-9 nuclease system (CRISPR/Cas9), have been used for genome editing
(Sprink et al., 2015). Unlike ZFNs and TALENs, which are technically complex and exhibit low efficiency (Sprink et al., 2015;
Pacher and Puchta, 2017), the Cas9 system, first demonstrated in
2012 in mammalian cells (Jinek et al., 2012), requires only a singleguide RNA (sgRNA) to direct the Cas9 nuclease to the DNA target
of interest, and involves simple design and cloning methods to
achieve genome editing (Belhaj et al., 2015). Following the estab-

lishment of the CRISPR/Cas9 system in human cells (Jinek et al.,
2012; Mali et al., 2013), the technology has been widely applied
to plants for genome editing (Schaeffer and Nakata, 2016; Pacher
and Puchta, 2017).
Even though the CRISPR/Cas9 system is becoming a powerful
tool for genome editing in plants, the application of CRISPR/Cas9
technology to horticultural crops is limited to only a few crops,
due to the lack of availability of regeneration protocols and
sufficient sequence information in many horticultural crops
(Karkute et al., 2017; Jaganathan et al., 2018). Cruciferous vegetables are composed of many genera, species, and varieties
which are widely cultivated for food, such as cabbage, cauliflower,
broccoli, Chinese cabbage, mustard, radish etc. However, only
a few cases of genome editing using the CRISPR/Cas9 system
in cruciferous vegetables have been reported (Lawrenson et al.,
2015; Jing, 2017). Cabbage (Brassica oleracea var. capitata) is an important cruciferous vegetable crop that is planted worldwide,
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and is characterized by a typical sporophytic self-incompatibility
mechanism (Kitashiba and Nasrallah, 2014), while flowering
has an obligate requirement for exposure to a prolonged period at low temperatures (“vernalization”) (Ito et al., 1966). The
self-incompatibility characteristics make it extremely difficult
to develop new cabbage germplasm via conventional physical
or chemical mutagenesis approaches, because laborious artificial self-pollination (“bud-pollination”) has to be performed to
reveal the (usually, recessive) mutant phenotype. In addition,
as a species recalcitrant to genetic engineering transformation
(Gerszberg, 2018), gene editing of cabbage via the CRISPR/Cas9
system has not previously been reported in the scientific literature. With the availability of the Brassica oleracea genome sequence (Liu et al., 2014), the CRISPR/Cas9 system may enable us
to direct the editing of target genes in cabbage.
In this study, we constructed a vector stacked with three independent sgRNA-expressing cassettes to determine the ability of the CRISPR/Cas9 system to successfully edit the cabbage
genome, using the phytoene desaturase gene (BoPDS) as target
gene. And the results demonstrated that the CRISPR/Cas9 system can induce gene-specific mutation in cabbage with a high
efficiency.

2. Materials and methods
2.1. Plant materials
The cabbage inbred line ‘F416’ used in this study was obtained
from the Cruciferae Vegetable Research Institute of Southwestern University, Chongqing, China. This work was performed at
Key Laboratory of Horticulture Science for Southern Mountains
Regions, Ministry of Education, Chongqing, China in 2016.

2.2. Vector construction
The sgRNA-expressing cassette sequences (Supplementary
doc.1), with a BbsI site between the Arabidopsis thaliana RNA polymerase III promoter (U6-26, U6-29, U6-1) and the sgRNA scaffold
sequence, were synthesized by Shanghai Xuguan Biotechnological Development Co., LTD (Shanghai, China). The sequences were
cloned into a pUC19-derived vector to generate a U6-26::sgRNA
expressing cassette with a HindIII site at the 5 and 3 ends, U629::sgRNA with an EcoRI site at the 5 and 3 ends, and U6-1::sgRNA

5

3

with a BamHI site at the
and
ends. The oligo nucleotides
used for targeted mutagenesis were designed according to the
criteria described by Mali et al. (2013). Oligos complementary to
the targeted sites, with 4 nt overhangs, were ligated into the BbsI
site of the sgRNA-expressing cassettes according to the protocol described at http://www.genome-engineering.org/crispr/. All
the complementary oligos used are listed in Table 1. The sgRNAexpression cassettes for the target sites A, B, and C were then
assembled into a Cas9 gene expression vector to generate the
pCABarCas-sgRNA-PDS-ABC vector.

2.3. Cabbage Agrobacterium-mediated transformation
A modification of the transformation method described by
Bhalla and Singh (2008) was used. Briefly, hypocotyls from 7
to 10-day old seedlings were precultured on a Murashige and
Skoog (MS)-based callus initiation medium [MS + 0.05 mg · L−1
1-naphthaleneacetic acid (NAA) + 3 mg · L−1 6-bnzylaminopurine
(6-BAP) + 30 g · L−1 sucrose + 6 g agar] for 2 days before inoculation and coculture with Agrobacterium tumefaciens strain
EHA105 carrying the plant expression vector pCABarCassgRNA-PDS-ABC. The preincubated hypocotyls were soaked
in Agrobacterium-infection buffer (MS + 30 g · L−1 sucrose; pH
5.8–5.9) for 15 min and then transferred to the cocultivation
medium (MS + 0.05 mg · L−1 NAA + 3 mg · L−1 6-BAP + 30 g · L−1
sucrose + 6 g · L−1 agar) in the dark for 48 h at 25 °C. Afterwards,
the explants were transferred to the callus and shoot induction
medium [MS + 0.05 mg · L−1 NAA + 3 mg · L−1 6-BAP + 30 g · L−1
sucrose + 6 g · L−1 agar + 4 mg · L−1 DL-phosphinothricin
(PPT) + 400 mg · L−1 carbenicillin (Cb)]. When the regenerating shoots reached 1.0–1.5 cm in height, they were transferred
to a selective rooting medium (MS + 0.1 mg · L−1 NAA + 30 g · L−1
sucrose + 6 g · L−1 agar + 4 mg · L−1 PPT + 400 mg · L−1 Cb) to
obtain transgenic cabbage plantlets.

2.4. Detection of mutations
Genomic DNA from individual T0 plant leaves was extracted
using a standard cetyltrimethylammonium bromide (CTAB)
protocol (Rogers and Bendich, 1985). Each plant was genotyped
for the presence of the Cas9 construct with specific Cas9 gene
primers Cas9-F and Cas9-R (Table 1). The CRISPR/Cas9 T-DNApositive transgenic lines were further genotyped for mutations,

Table 1 Oligos and primers used in this study
(5 −3 )

Oligo or primer name

Sequence

SgPDS-1F
SgPDS-1R
SgPDS-2F
SgPDS-2R
SgPDS-3F
SgPDS-3R
Cas9-F
Cas9-R
BoPDS-F1
BoPDS-R1
BoPDS-F2
BoPDS-R2
BoPDS-F
BoPDS-R
Bol016089-F
Bol016089-R

GATTGCAAAGTACCTGGCTGATGC
AAACGCATCAGCCAGGTACTTTGC
GATTGAAGCAAGAGATGTTCTTGG
AAACCCAAGAACATCTCTTGCTTC
GATTGAAACAACGAGATGCTGACA
AAACTGTCAGCATCTCGTTGTTTC
CAAGTACGTGAACTTCCTCTACC
GCTGGGAAAGGTCGATACGAGTC
AGACAAGAACAAGGCGAAGGACT
CCGGTTTCATACCAATCTCCATC
ATGTTCTACCAGCACCCTTAAAC
AGGTACTCCCTGGAAATGAACAC
CCTTTTATTCATTATGCTACCCAG
GAGAAGTGAGCATGCTTTAGTGGT
TGGTGAAGCTCCTTTGCCTCTCG
TAAGAACGCCATCTTCGACCCAT

Purpose
Assembly of the BoPDS gene target sites

Detection of transgenic plants
PCR of the BoPDS genomic sequence spanning the target sites

PCR of the Bol016089 genomic sequence spanning the target sites
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using primers flanking the target sequence (Table 1). According to
Ma et al. (2015a), heterozygous and bi-allelic mutations could be
detected by directly sequencing the PCR products spanning the
target region. The PCR products were then cloned and sequenced
by the Sanger method to characterize the types of mutation (at
least five clones for each plant).

3. Results
3.1. Construction of a vector stacking multiple
sgRNA-expressing cassettes for BoPDS gene editing
To ensure successful gene editing, three target sites in the
BoPDS gene (Lopez et al., 2008), with a protospacer adjacent motif
(PAM) sequence (NGG) at their 3 regions with red letters, were selected manually, with two sites located in the third exon and one
site in the sixth exon (Fig. 1, A). Because the Cas9 coding sequence
in the pYLCRISPR/Cas9P35S-B binary vector with codon optimization for plants contains four HindIII sites (Ma et al., 2015b),
the U6-26::sgRNA-PDS-A-expressing cassette was inserted into
the HindIII site of the pCA13Bar-35S binary vector (with a Basta
herbicide-resistance Bar gene as a marker gene, developed by
our laboratory) to obtain the pCA35S-U6-26::sgRNA-PDS-A vector. The Cas9 coding sequence, as a NcoI and BamHI fragment
from the pYLCRISPR/Cas9P35S-B vector, was then cloned into
the NcoI and BglII sites of the pCA35S-U6-26::sgRNA-PDS-A vector to generate the pCACas-sgRNA-PDS-A vector. Finally, the U629::sgRNA-PDS-B- and U6-1::sgRNA-PDS-C-expressing cassettes
were inserted into the EcoRI and BamHI sites of pCACas-sgRNAPDS-A successively to generate the pCACas-sgRNA-PDS-ABC vector (Fig. 1, B).

3.2. CRISPR/Cas9 system induces efficient mutation of the
BoPDS gene in cabbage
About 700 hypocotyl explants were infected with Agrobacterium, but only eight herbicide-resistant T0 transgenic plants
were generated, all of which were confirmed to be transgenic
plants following detection by the Cas9-specific gene primers
(Cas9-F and Cas9-R, Table 1); this represents a relatively low
transformation efficiency (1.14%). Among the eight transgenic
plants, one of them exhibited a completely albino phenotype
(Fig. 2, A), suggesting that the BoPDS gene might be disrupted in
vivo. To test whether nucleotide sequence mutations occurred in
all transgenic plants, PCR was performed with primers BoPDS-F1
and BoPDS-R1 flanking the target sites A and B and BoPDS-F2 and
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BoPDS-R2 flanking the target site C of the BoPDS gene (Fig. 1, A,
Table 1). The PCR fragments were sequenced directly. Superimposed sequencing chromatograms were observed at the target
sites in three out of eight plants, representing a 37.5% knockout
efficiency (Fig. 2, B and C). The sequence results of clones derived
from the PCR products revealed 1–67 bp nucleotide deletions at
sites A or C in lines 3 or 8, but the nucleotide deletion in line 4
occurred only at site C. And no nucleotide insertion, deletion or
substitution was found at site B in any of three lines after total
30 clones containing the PCR fragment across the site A and site
B from 3 plants were further sequenced (Fig. 2, D). Therefore, we
considered that the overlapping peaks of the sequencing chromatogram of PCR products shown at site B had been caused by
the upstream site A mutation (Fig. 2, B). In addition, no large genomic fragment deletion was detected in any of the 8 transgenic
plants, when using primers BoPDS-F and BoPDS-R (Table 1) to amplify the genomic region spanning all three target sites (Fig. 2, E).

3.3. CRISPR/Cas9 induced mutagenesis of the BoPDS
paralogous gene
We found another gene Bol016089 in the cabbage genome
(from the Brassica database, BRAD; brassicadb.org/) that had a sequence closely similar to that of the BoPDS gene. The nucleotide
sequences of target sites A and B in the Bol016089 gene were identical with those of the target sites A and B in the BoPDS gene,
but there was one base mismatch at site C in the Bol016089 gene
compared with the target site C in the BoPDS gene (Fig. 3, A). Unfortunately, we did not detect any mutation at sites A, B, and C
of the Bol016089 gene in the line 4. For site A in the Bol016089
gene, a mutation was detected only in the line 3. We did not
detect mutations at site B of the BoPDS gene in any of the three
lines, but a mutation was found at site B of the Bol016089 gene in
the line 8. Although there was a base mismatch at the site C of
the Bol016089 gene, we detected a 16.7% editing efficiency in the
line 8 (Fig. 3, B). As with the results found for the BoPDS gene, no
large genomic fragment deletions were detected in the Bol016089
gene (Fig. 2, F). These results indicated that multiple and multisite mutations in cabbage could be achieved by stacking multiple
independent sgRNA-expressing cassettes in one vector.

4. Discussion
Cabbage is one of the most important cruciferous vegetables
cultivated worldwide. As a species recalcitrant to genetic engineering transformation (Gerszberg, 2018), markedly fewer genetic

Fig. 1 The pCACas-sgRNA-PDS-ABC vector construct for editing of the BoPDS gene
A. Schematic representation of the cabbage BoPDS gene with the three target sites indicated; B. Schematic illustrating the engineered
CRISPR/Cas9 vector stacking three independent sgRNAs targeted to the BoPDS gene.
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Fig. 2 Phenotypes and genotypes of BoPDS gene mutations induced by CRISPR/Cas9 system
A. Phenotypes of the BoPDS gene mutants; B and C. Superimposed sequencing chromatograms from PCR fragment Sanger
sequencing; D. Summary of the mutation types of BoPDS gene at sites A, B and C. The number of each mutation type was used to
estimate genome-editing efficiency. The target sequences are shown in green, with mutations shown in red. The right-hand
numbers indicate the number of deleted bases for corresponding target sites and detected clone numbers after sequence analysis; E.
BoPDS gene deletion was detected by primers BoPDS-F and BoPDS-R; F. Bol016089 gene deletion was detected by primers
Bol016089-F and Bol016089-R. PAM: Protospacer adjacent motif.

engineering modification studies have been reported in cabbage
than in other cruciferous crops, such as Brassica napus and Brassica juncea, which are more amenable to these techniques. In this
study, the BoPDS gene and its paralogous gene were knocked out
successfully by stacking multiple independent sgRNA-expression
boxes. Knockout of the BoPDS gene in the transgenic plants
produced an obvious albino phenotype, which was similar to pds
mutants reported in many other plant species, such as poplar,
petunia, potato and watermelon (Fan et al., 2015; Wang et al.,
2015a; Zhang et al., 2015; Tian et al., 2017). Our results showed
that the CRISPR/Cas9 system could achieve efficient genome edit-

ing by stable expression in cabbage cells. Moreover, it is capable
of targeting multiple sites and genes in a single transformation
event.
The Cas9 protein requires only a PAM (NGG) adjacent to the
sgRNA homology region to achieve efficient Cas9 binding and
DSBs. But there are many possible PAM sites in a gene, and different sites can yield widely varied gene modification rates (from
0% to 100%) (Fan et al., 2015; Liang et al., 2016; Liu et al., 2016; Peterson et al., 2016; Wang et al., 2016). Therefore, the CRISPR/Cas9
system might provide insufficient or invalid gene knockout if only
one site is targeted. Thus, it is becoming increasingly popular to
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Fig. 3 The paralogous gene Bol016089 mutation was mediated by the CRISPR/Cas9 system
A. Sites A, B and C sequence alignment between Bol016089 and BoPDS gene. B. Summary of the mutation types of Bol016089 gene
via the CRISPR/Cas9 system. The number of each mutation type was used to estimate genome-editing efficiency. The target
sequences are shown in green, with mutations shown in red. The right-hand numbers indicate the number of deleted bases for
corresponding target sites and detected clone numbers after sequence analysis. PAM: Protospacer adjacent motif.
target more than one site in the target gene simultaneously in a
single transformation event to ensure successful gene disruption
(Zhou et al., 2014; Fan et al., 2015; Lawrenson et al., 2015; Ma et
al., 2015b; Wang et al., 2015b; Zhang et al., 2015; Tian et al., 2017;
Durr et al., 2018).
In this study, we selected three sites in the BoPDS gene manually according to the requirements of the Cas9 system, and gene
mutations were achieved at a frequency of 37.5% with or without the albino phenotype, by stacking three independent sgRNAexpression boxes in a vector, although an invalid site (site B)
was detected (Fig. 2, D). Compared with the efficiency in watermelon (100%, two sites targeted), petunia (55.6–87.5%, one site targeted) and potato (83.3%, one site targeted) (Wang et al., 2015a;
Zhang et al., 2015; Tian et al., 2017), the knockout efficiency of
the CRISPR/Cas9 system in cabbage is low. Moreover, we did not
detect large fragment deletions in either the BoPDS gene or the
Bol016089 gene (Fig. 2, E and F), which arose frequently when multiple sites on the same chromosome were targeted in petunia
(Zhang et al., 2015), rice (Zhou et al., 2014) and Arabidopsis (Durr
et al., 2018). Generally, marked differences in editing efficiencies
are attributed to codon optimization for Cas9, the promoter used
for Cas9 expression, or the position effect of the T-DNA insertions (Ma et al., 2015b; Wang et al., 2015b; Yan et al., 2015; Mao
et al., 2016). Although different expression levels associated with
the different Arabidopsis U6 promoters have been reported (Li et
al., 2007), varied sgRNA levels driven by U3 and U6 promoters in
rice produced similar editing efficiencies (Mao et al., 2016). In this
study, where three different U6 promoters were used to express
the sgRNAs, no mutation was detected at site B in the BoPDS gene
(Fig. 2, D), but mutation was detected in the Bol016089 gene at
a site with the same sequence as site B in the BoPDS gene (Fig.
3, B). Therefore, successful gene editing may not only depends
on what promoter used, the varied editing efficiency might be
induced by the different position of target site at chromosome
(Yang et al., 2017), because the genomic context or architecture
of DNA (such as nucleosomes) of the target site can affect the efficiency of genome editing by CRISPR-Cas9 in vivo (Liu et al., 2016;
Yarrington et al., 2018).
In this study, we did not perform potential off-target analysis of loci within the cabbage genome, but mutation of highly
homologous sites located in the Bol016089 gene, which is a par-

alogue of the BoPDS gene, was examined. The site A and site B
in the Bol016089 gene, which are completely same to the target
A site and B site, as expected, mutations were detected in the
putative off-target sites. The PAM-proximal “seed” region, comprising 10–12 bp, is crucial to Cas9 cleavage activity, with mismatches in the region usually leading to a decrease in or even
complete elimination of target cleavage activity (Hsu et al., 2013;
Wu et al., 2014). The site C in the Bol016089 gene, has a mismatch
but out of the “seed sequence”, so a 16.7% mutation rate was detected (Fig. 3, B). Off-target cleavage and associated toxicity are a
common concern in the application of the CRISPR/Cas9 system in
plants, designing a highly specific target sequence is the most effective strategy to reduce off-target events (Sun et al., 2015). And
many sgRNA design tools support the identification of specific
sgRNA sequences to improve targeting and minimize off-target
effects. The CRISPR design tools, CGAT, CRISPR-P, CHOPCHOP, and
CRISPR-direct contain all the functionalities necessary to predict and rank potential off-target locations within plant genomes
(Brazelton et al., 2015).
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