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Cgl2 plays an essential role in cuticular wax
biosynthesis in cabbage (Brassica oleracea
L. var. capitata)
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Abstract

Background: The aerial parts of most land plants are covered with cuticular wax which is important for plants to
avoid harmful factors. There is still no cloning study about wax synthesis gene of the alcohol-forming pathway in
Brassica species.

Results: Scanning electron microscopy (SEM) showed that, compared with wild type (WT), wax crystal are severely
reduced in both the adaxial and abaxial sides of cabbage (Brassica oleracea L. var. capitata L.) leaves from the LD10GL
mutant. Genetic analysis results revealed that the glossy trait of LD10GL is controlled by a single recessive gene, and
fine mapping results revealed that the target gene Cgl2 (Cabbage glossy 2) is located within a physical region of 170 kb
on chromosome 1. Based on sequence analysis of the genes in the mapped region, the gene designated Bol013612
was speculated to be the candidate gene. Gene Bol013612 is homologous to Arabidopsis CER4, which encodes fatty
acyl-coenzyme A reductase. Sequencing identified a single nucleotide substitution at an intron/exon boundary that
results in an insertion of six nucleotides in the cDNA of Bol013612 in LD10GL. The phenotypic defect of LD10GL was
confirmed by a functional complementation test with Arabidopsis mutant cer4.

Conclusions: Our results indicated that wax crystals of cabbage mutant LD10GL are severely reduced and mutation of
gene Bol013612 causes a glossy phenotype in the LD10GL mutant.
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Background
Cabbage leaves usually appear glaucous due to the exist-
ence of cuticular wax crystals, but they tend to be glossy
green in wax-deficient mutants. Wax plays important
roles in protecting plants against various biotic and abi-
otic stresses, including drought, cold, UV radiation,
insect attack, and pathogen infection [1–7]. Both the
amount and composition of plant cuticular wax can dif-
fer across species, ontogeny, and environment [8–11].
The major compositions of cuticular wax are very long-

chain fatty acids (VLCFAs) (C20-C40) and their deriva-
tives, such as alkanes, aldehydes, ketones, esters, primary
alcohols, and secondary alcohols [12].
In Arabidopsis, wax biosynthesis begins with the

elongation cycle, which converts fatty acids (C16-C18)
into VLCFAs by transferring a C2 unit from malonyl-
CoA to long-chain acyl-CoA [13–17]. The generated
VLCFAs are subsequently modified by the alcohol-
forming pathway (also known as the acyl reduction path-
way) or the alkane-forming pathway (also known as the
decarbonylation pathway) to produce the main compo-
nents of cuticular wax, including primary alcohols,
esters, secondary alcohols, aldehydes, alkanes, and ke-
tones [18, 19]. In Arabidopsis, primary alcohols and wax
esters, the main products of the alcohol-forming path-
way, account for 10–15% of the total wax on the stems
and 15–25% on the leaves, while the alkane-forming
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pathway produces the majority of wax compounds on
the stems (84%) and on the leaves (60%) [20].
With cer (eceriferum) and gl (glossy) mutants in

Arabidopsis and other plants, several genes involved in
wax biosynthesis have been isolated. These genes encode
various proteins, including wax synthesis-related
enzymes (CER4, CER6, CER10, FATB, and GL8) [20–24],
wax transporters (CER5 and WBC11) [25–27], and tran-
scription factors (SHN1, MYB30, MYB96, and WXP1)
[28–31]. In Arabidopsis, CER4 encodes the fatty acyl-
coenzyme A reductase (FAR), which is involved in pro-
duction of VLCFAs and synthesis of primary alcohols [20].
Some genes involved in wax biosynthesis of Brassica

species have been reported in recent studies. For ex-
ample, gene BrWax1 in Brassica rapa was mapped to an
86.4-kb physical interval on linkage group A1, and gene
Bra013809, which is orthologous to the CER2 gene in
Arabidopsis, was predicted to be the candidate gene
[32]. In Brassica napus, the BnaA.GL gene was fine-
mapped using cDNA microarray chip analysis [33]. In
cabbage, Cgl1 was fine-mapped, and a candidate gene
orthologous to CER1 was identified [34]. Although sev-
eral genes involved in wax biosynthesis have been identi-
fied in Brassica species, few genes of the alcohol-
forming pathway have been cloned. In the present study,
with help of wax-deficient cabbage mutant LD10GL, a
high-resolution genetic map was constructed. The

Bol013612 gene was predicted to be the candidate gene
associated with the glossy phenotype, and the prediction
was proved by gene sequencing and functional analysis
results. Based on the homology analysis with Arabidopsis
CER4 which encodes fatty acyl-coenzyme A reductase,
Bol013612 was speculated to be involved in the alcohol-
forming pathway in cabbage. These results will help to
illustrate the alcohol-forming pathway and accelerate
research concerning wax metabolism in Brassica species.

Results
Wax is significantly reduced in LD10GL
WT (LD10) material is a high-generation cabbage
(B. oleracea L. var. capitata) inbred line with glaucous
appearance, and it is the near-isogenic line (NIL) of
LD10GL. Surfaces of all the aerial organs of WT, such as
the leaves (Fig. 1a), seedpods (Fig. 1c), stems, and flower
buds (Fig. 1e), were glaucous with cuticular wax. In con-
trast, appearance of the corresponding organs tended to
be glossy green in LD10GL (Fig. 1b, d and f).
To study microscopic character of wax crystals, SEM

was used to observe the adaxial and abaxial sides of the
leaves. Result showed that both leaf sides of WT are cov-
ered with compact wax crystals and the crystals are rod
shaped (Fig. 2a and c). In contrast, the amount of wax
crystals in both the adaxial and abaxial sides of LD10GL

a b

c   d     e               f

Fig. 1 The morphological character of WT and LD10GL. (a) leaf, (c) seedpod, and (e) flower buds and stem of WT; (b) leaf, (d) seedpod,
and (f) flower buds and stem of mutant LD10GL
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was markedly reduced, and the wax crystals tended to be
rodlet shaped (Fig. 2b and d).
To dissect chemical components changes in LD10GL,

wax composition of WT and LD10GL was analyzed by
GC-MS. As shown in Fig. 3 and Additional file 1, similar
content of alkanes, ketones, fatty acids, aldehydes, and
secondary alcohols was observed by WT and LD10GL.
But significant reduction of primary alcohols and wax
esters was detected in LD10GL compared with WT. For
example, the primary alcohol and wax ester content is
about sixtyfold and fourfold in WT of LD10GL.

The glossy green character of the LD10GL mutant is
controlled by a single recessive gene
To investigate the inheritance of the glossy green trait
in LD10GL, seeds of the parental materials,
LD10GL(B. oleracea L. var. capitata)and M36 (B. oleracea

var. alboglabra), and the derived F1, F2, BC1 and BC2
populations were sown. The glossy green individuals were
identified visually. Results showed that surface of leaves
and stems of all F1 plants is glaucous, suggesting that the
glossy green trait is recessive to the glaucous trait. In the
F2 population, 2130 of 2834 individuals showed a glaucous
appearance, and 704 individuals showed a glossy green
phenotype. The segregation ratio was confirmed to be 3:1
(χ2 = 0.24 < χ20.05 = 3.84, P > 0.05) by the Chi-square test.
In BC1 population, which was obtained through backcross
of F1 with LD10GL plants, the numbers of glaucous plants
and glossy plants were 202 and 192, respectively, display-
ing a ratio of 1:1 (χ2 = 0.03 < χ20.05 = 3.84, P > 0.05). Fur-
thermore, surface of all BC2 plants, which were achieved
through backcrossing the F1 plant with M36, was glaucous
(Table 1). All results above indicate that the glossy green
trait of LD10GL is controlled by a single recessive gene.

a b

c d

Fig. 2 SEM images of wax crystals on the surface of cabbage leaves at 3000 ×magnification. Appearance of leaf adaxial side of WT (a) and LD10GL
(b), and appearance of leaf abaxial side of WT (c) and LD10GL (d)

Fig. 3 Cuticular wax compositions of WT and LD10GL. Three replicates were performed and the bars indicate SE of the mean
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Preliminary genetic mapping of Cgl2
Two DNA pools were constructed by mixing equal
amounts of DNA from 12 glossy green and 12 glaucous
F2 individuals. To obtain the markers linked to gene
Cgl2, 1064 pairs of primers were screened with the
parents and DNA pools successively. As a result, only
primer BoID000046 with polymorphism both between
the parents and the two DNA pools was obtained. To
further verify the linkage between BoID000046 and Cgl2,
gDNA of 2834 F2 individuals was amplified as a template
with primer BoID000046. As expected, genetic distance
between primer BoID000046 and Cgl2 was confirmed to
be 4.7 cM (Fig. 4a). To acquire more markers linked to
the Cgl2 gene, another 200 pairs of primers on the same
chromosome (chromosome C01) were analyzed with F2
individuals. Consequently, four more pairs of markers
linked to Cgl2 were obtained, and Cgl2 was mapped to a
genetic interval of 6.2 cM with markers BoID000046 and
BoID000065 (Fig. 4a).

Marker development and fine mapping of Cgl2
To narrow the mapped region, 50 pairs of new primers
within the mapped region were developed according to
B. oleracea genome database. Screened with the parental
lines, 11 pairs of polymorphic primers were identified.
These markers were used to screen 704 F2 individuals
with the glossy phenotype for the recombinant plants.
Based on the information of the polymorphic markers
and the recombinants, a fine linkage map comprising 13
DNA markers was constructed (Fig. 4b). Gene Cgl2 was
delimited to a region between markers C01SSR147 and
C01SSR150 with genetic distances of 0.2 cM and 0.1 cM,
respectively, covering a physical distance of 170 kb
(2503307–2,752,299) (Figs. 4b and 5a and b).

Identification of the candidate gene for Cgl2
To identify the candidate gene, BLAST searches against
the NCBI conserved domain database with genes in the
mapped region were conducted. Result revealed that the
gene Bol013612 (C01:2,609,971:2,615,418), which con-
tains the fatty acyl-coenzyme A reductase (FAR) domain,
may be a candidate gene. The FAR enzyme usually acts
on medium- and long-chain fatty acids and has been
reported to be involved in the biosynthesis of plant pri-
mary alcohols and cuticular wax [20].
To examine transcriptional level of the candidate gene,

expression of Bol013612 was tested using qPCR. Results
showed that the expression level in LD10GL is lower
than that in WT, which may be induced by mutation
and abnormal function of gene Bol013612 in LD10GL
(Fig. 6). The cDNA, gDNA, and nucleotide sequence
approximately 2000 bp upstream of the gDNA of
Bol013612 were sequenced. Results showed that, com-
pared with the WT, there exists a nucleotide substitution
from adenine to guanine at nucleotide position 622 in
the gDNA and an insert of six nucleotides in the cDNA
of gene Bol013612 (Fig. 7a and b; Additional file 2).
According to the GT-AG rule, which implies that an in-
tron should start with a ‘GT’ at the 5′ side and end with
an ‘AG’ at the 3′ side [35], the mutational pattern in
LD10GL was illustrated as follows: a single nucleotide
substitution at position 622 in the gDNA brings a new
terminal ‘AG’ to the first intron and thus generated an
alternative 3′ splice site in intron 1. Because of the earl-
ier ending of the first intron, the six additional nucleo-
tides were included within the 5′ portion of exon 2
(Fig. 7a and b). As a result, six nucleotides are inserted
into the cDNA sequence at nucleotide position 92
(Fig. 7b). Because of the insertion of the six nucleotides,
one amino acid is modified and another two additional
amino acids are introduced (Fig. 7c), which is just within
the FAR domain of this protein (Additional file 3). The
resulting change of amino acid sequence is considered

Table 1 Segregation of glossy traits and the χ2 goodness-of-fit
test of segregation in BC1 and F2 populations

Population Total Non-glossy Glossy Segregation ratio χ2

P1(LD10GL) 16 0 16 – –

P2(M36) 16 16 0 – –

F1 100 100 0 – –

F2 2834 2130 704 2.99:1 0.03

BC1(F1 × LD10GL) 394 202 192 1.05:1 0.24

BC2(F1 × M36) 268 268 0 – –

Fig. 4 Genetic and physical maps of gene Cgl2. a Genetic linkage map
constructed with the screened markers. b Physical map to fine map Cgl2
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to disrupt the gene function, influence the wax biosyn-
thesis, and further lead to the glossy appearance.

Bol013612 can rescue the phenotype of the Arabidopsis
cer4 mutant
Sequence analysis result show that protein sequence of
Bol013612 and CER4 is highly homologous with each
other (84.58%)(Additional file 4), and FAR domain was
both contained by CER4 and Bol013612. To further con-
firm the relationship between Bol013612 and the glossy
green phenotype in LD10GL, the full-length coding
sequence (CDS) of the Bol013612 gene from LD10GL
was ectopically expressed in Arabidopsis cer4 mutant
under control of the 35S promoter (designated as cgl2-
LD10GL). The Arabidopsis cer4 plants, cer4 plants with
Bol013612 cDNA from WT (designated as Cgl2-LD10),
and mutant plants with an empty pCambia3301 vector
(designated as cer4–3301) were used as the controls.

Several independent transgenic lines were obtained from
each process, and the Bol013612 gene was ectopically
expressed in Arabidopsis in the cgl2-LD10GL and Cgl2-
LD10 plants (Fig. 6). As a result, the phenotypic defect
of Arabidopsis mutant cer4 was restored in Cgl2-LD10
(Fig. 8d), but the glossy appearance was still exhibited in
cgl2-LD10GL (Fig. 8b) and cer4–3301 (Fig. 8c) plants;
the wax load and morphology were restored to wildtype-
levels in transgenic plants expressing Cgl2, but not cgl2-
LD10GL (Fig. 9). The functional complementation test
result and high sequence homology between gene
Bol013612 and known FAR-coding gene implicates pro-
tein Bol013612 is a wax biosynthesis enzyme. Collect-
ively, these results illustrate that it is the mutation of
Bol013612 that influences wax biosynthesis and causes
the glossy green trait in LD10GL.

Discussion
Appearance of many plants is glaucous for the covering of
cuticular wax, which constitutes the outermost barrier of
plants. Compared with glaucous wild-type plants, most
land plants with metabolic defects in wax biosynthesis are
readily detectable with naked eye. With T-DNA insertion,
many Arabidopsis cer (eceriferum) mutants were isolated
and the corresponding genes were identified. Same as
other Arabidopsis cer mutants, cer4 has a glossy green
appearance. But different from some sterile cer mutants,
such as cer1, cer3, cer6, and cer10, cer4 mutant is fertile
[36].In contrast to the glaucous appearance in WT, surface
of the leaves, seedpods, flower buds and stems is glossy
green in cabbage LD10GL mutant. Changes of wax crystal
density and shape were observed through SEM, indicating
that it is the reduction of wax leads to glossiness in
LD10GL. Similar as cer4 mutant, cabbage mutant
LD10GL is fertile, different from another cabbage glossy
green mutant 10Q-961, in which few seeds were produced
after self-pollination [34].

Fig. 5 PCR amplification patterns of polymorphic markers. a C01gSSR147and (b) C01gSSR150 with the parents, F1, and the recessive individuals
from the F2 population. The black arrows show the polymorphism between the glaucous and glossy green lines. Lanes 1, 2, and 3 is LD10GL,
M36, and the F1 respectively. Lanes 4–20 represent the glossy green recessive individuals from the F2 populations

Fig. 6 Expression level of gene Bol013612 in the WT, LD10GL,
cgl2-LD10GL, and Cgl2-LD10. The columns (a) and (b) are for
expression of gene Bol013612 in cabbage material WT and LD10GL;
columns (c) and (d) depict expression levels of alleles Bol013612 from
LD10GL and WT when expressed in Arabidopsis. The date represents
the means ± standard deviations of three replicates
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Plant wax compounds are produced through alcohol-
forming pathway and the alkane-forming pathway in
Arabidopsis. Many genes have been isolated. Several
genes implicated in Brassica plants wax biosynthesis
were reported in recent studies. Gene BrWax1 in
Brassica rapa was mapped to a fragment of 86.4 kb, and
Bra013809 was predicted to be the candidate gene for
BrWax1 [32]. The BnaA.GL gene in Brassica napus was
proved to be located at the end of the A9 chromosome
[33]. In cabbage, the BoGL1 gene was delimited to the
end of chromosome C08 by flanking marker SSRC08–76
with genetic distance of 0.2 cM and Bol018504 was
selected as the candidate gene [34]. Although several
wax biosynthesis-related genes have been identified in
Brassica species, little research about the alcohol-
forming pathway and the related genes were reported.
In Arabidopsis, FAR catalyzes the two-step reduction

of VLCFAs to produce primary alcohols. The primary

alcohols together with C16:0 acyl-CoAs combine to pro-
duce alkyl esters. Primary alcohols and alkyl esters are
two of the main cuticular wax components [20, 37].
CER4 is one of the key genes encoding FAR in
Arabidopsis. For reduction of primary alcohols and wax
esters, glossy wax-deficient trait is displayed in cer4 [20].
High level of protein sequence homology is exhibited be-
tween cabbage gene Bol013612 and CER4. Similar as
cer4, primary alcohol and wax esters are the main re-
duced wax compositions in mutant LG10GL.
As helpful material for metabolic mechanism research,

the cabbage mutant LD10GL was applied to the wax
biosynthesis study. Using a standard molecular genetic
mapping strategy, the Cgl2 gene was delimited to the
interval between markers C01SSR147 and C01SSR150.
Based on sequence analysis results, gene Bol013612 was
speculated to be the candidate gene. Concerning se-
quence homology and similar reduced wax composition

Fig. 7 The gene structure and mutational pattern of gene Bol013612 in LD10GL. a The gene structure and the nucleotide substitution in the gDNA of
LD10GL. The underlined nucleotides are the partial sequence of the 1st intron. b The insertion of six nucleotides in gene Bol013612 of LD10GL. c The
mutational pattern in the level of amino acid of LD10GL

Fig. 8 Recovery of cer4-Cgl2 plants from waxless Arabidopsis mutant cer4. Bright green appearance is presented by stems of cer4 (a), cgl2-LD10GL
(b), and cer4–3301(c); the color of stem in Cgl2-LD10 (d) turns to be glaucous, just like the WT (e)

Liu et al. BMC Plant Biology  (2017) 17:223 Page 6 of 10



in LD10GL and cer4, gene Bol013612 was speculated to
encode FAR. Linkage relationship of the glossy character
in LD10GL and Bol013612 was further confirmed by a
functional complementation test. All results provided evi-
dence that Bol013612 may be the target gene for Cgl2.
All of these results will help us to further illustrate

the formation of the glossy trait in LD10GL and wax
biosynthesis in cabbage. More research needs to be car-
ried out in future work, such as the metabolic mechan-
ism of cabbage wax biosynthesis and identification of
other genes involved.

Conclusions
We fine-mapped a wax synthesis gene using the F2 pop-
ulations, analyzed the genes present in the candidate re-
gion, and identified Bol013612, which is homologous to
CER4, as a candidate gene for Cgl2. A 6-bp insertion re-
sulted in the abnormal function of the FAR domain in
the LD10GL glossy mutant line. The identification of
Cgl2 gene will enhance our understanding about its role
in cabbage wax biosynthesis and lays a foundation for
further study of cabbage wax metabolism.

Methods
Plant materials and genetic study
Plant materials in this study are all maintained in our
lab. F1, F2, BC1, and BC2 populations were constructed
using the female LD10GL parent (P1) and male M36
parent (P2) for inheritance and fine mapping studies.
The glossy cabbage mutant LD10GL is a natural glossy
mutant of LD10 cabbage. The gene responsible for the
glossy green trait in LD10GL is named as Cgl2 for the
reason that Cgl2 is the 2nd gene which was fine-mapped
and cloned in cabbage (the 1st gene fine-mapped and
cloned was named Cgl1). LD10 is a high-generation

cabbage (B. oleracea L. var. capitata) inbred line with
glaucous appearance and is referred as WT in this study.
Same agronomic traits, such as shape of the head and
plant type are exhibited by LD10 and LD10GL, except
the glossy green appearance. M36 is a Chinese kale
(Brassica oleracea var. alboglabra) material with glau-
cous appearance. F1 plants were obtained by crossing
LD10GL and M36. One F1 plant was used as the female
parent material in the backcrosses with LD10GL and
M36, and F2 plants were obtained by selfing the same F1
plant. All the plant materials were provided by the
Cabbage and Broccoli Research Group, Institute of
Vegetables and Flowers (IVF), Chinese Academy of
Agricultural Sciences (CAAS) and grown in the green-
house in Changping (39°54′N, 116°13′E, Beijing, China)
according to local crop management practices. The
glossy phenotype was assessed and recorded at the five-
leaf stage. The segregation ratios of the F2 and BC1 pop-
ulations were analyzed with the Chi-square test (χ2).

SEM and GC-MS analysis
Fresh leaves from the five-leaf-stage plants were fixed
overnight in 2% glutaraldehyde, mounted on specimen
stubs using double-sided tape and then coated with gold
particles in a SEMPrep2 sputter coater (Nanotech). The
phenotype was analyzed by SEM (S-4800, Hitachi, Japan)
with a secondary electron detector at a high voltage
(10 kV). GC-MS analysis of cuticular wax was carried
out as described as Tang [38].

The mapping strategy
Total genomic DNA from fresh leaves was extracted
with the cetyltrimethylammonium bromide (CTAB)
protocol, and the concentration of genomic DNA was
adjusted to 30 ng/μl [39]. Polymerase chain reaction

a b c

d e

Fig. 9 SEM images of wax crystals on the surface of Arabidopsis stems at 3000 ×magnification. There are only a few wax crystals on the surface of cer4
(a), cgl2-LD10GL (b), and cer4–3301 (c); There are amounts of wax crystals on the surface of Cgl2-LD10 (d), just like the WT (e), which indicates that the
wax reduction defect was restored in Cgl2-LD10
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(PCR) and polyacrylamide gel electrophoresis (PAGE)
was performed with 20 μl of reaction mixture [40].
Using the bulked segregant analysis (BSA) method, 12
glaucous and 12 glossy individuals from the F2 popula-
tion were selected to construct two DNA bulks. One
thousand two hundred sixty-four pairs of SSR primers
that were designed according to data of the B. oleracea
genome database (Brassica Database, BRAD; http://bras
sicadb.org/brad/index.php) [41] were screened by the
parental materials and two DNA pools successively for
mapping analysis. The linkage relationships between the
Cgl2 gene and the polymorphic primers were confirmed
with F2 individuals. Linkages between markers and the
Cgl2 gene were determined using the software
Joinmap 4.0 (Kyasma, NL). To finely map Cgl2, 50 pairs
of SSR primers near the preliminary mapping region
were developed and used to screen for the recombinants
among 704 recessive F2 individuals. The individuals
whose gel bands were the same as those of M36 or the
F1 were used as the recombinants and selected for fur-
ther analysis. The linkage between the markers and the
Cgl2 gene was determined with the Kosambi mapping
function, and a genetic map was constructed using the

software Mapdraw 2.1 [42, 43]. The sequences of all
polymorphic markers used in this study are listed in
Table 2.

Identification and sequence analysis of the candidate
gene
Conserved domains of genes between the two closest
markers were analyzed using the BLAST program
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
[44]. Genes with wax-related conserved domains were
selected as the candidate genes. The level of protein
sequence homology between Bol013612 and Arabidopsis
CER4 was analyzed with software MultAlin (http://mul
talin.toulouse.inra.fr/multalin/multalin.html) [45] and
DNAMAN software (http://www.lynnon.com/dnaman.
html). The expression level of the candidate gene in
WT and LD10GL was tested by qPCR. Sequences of the
candidate genes were amplified using the gDNA and
cDNA as templates with a KAPPA HiFi HotStart
ReadyMix PCR Kit (Kappa Biosystems). The PCR prod-
ucts were sequenced by BGI TechSolutions Co., Ltd.
Sequences were aligned with the software MultAlin
(http://multalin.toulouse.inra.fr/multalin/multalin.html)

Table 2 Sequences of primers

Primer name Forward primer sequence (5′-3′) Reverse primer sequence (5′-3′)

BoID000042 ACCATGTTCATAGCAAGCTC ACACTCGCACGTAAAGAAAT

BoID000043 GCTGATGGAAGGAAGATGTA CCTGCTTTGAAAATTCACTC

BoID000046 CACAAAATCATTAGGCCAAC AAAAGACAGTGCCTTCCTAA

BoID000065 ATTGGTTTAGTGCAAGTGCT CTTCATTTTTCGAGGTCAAG

BoID000066 TCCTGTGATGTGATTTTCCT AAAATGCTTGTGAAGTGACC

C01gSSR127 GGCGTGAGACAGTCCAAT TGAGAACCTTGCTTACAAAC

C01gSSR128 TCGTTCGACTGTATTTGACA CAGTGTGTTGATGATGAAGC

C01gSSR129 ATGCATCATGTTCGTTACTG TCACTGGTAAATGATGGGTT

C01gSSR132 CAAAACATGAGACCAAGACC GCTGGATAGCATTCTAAAGG

C01gSSR134 CAAACAATGTGAGGGAAGTT GTATGTTCTTGTTGGGTTGG

C01gSSR135 CACAACTTATTCGCTGACAA CACTCTTATTACGTGCTCCA

C01gSSR137 GTTCAGTCTGGATTTTGCTT TCCAAAGACGAACAAAAGAG

C01gSSR139 TTAAGGGATTTTGGACAGG GAAGGATATACTGTGGTGGC

C01gSSR140 CCCACTTCACTCTGCTTATG GTATGGTCGAAGTGGTATGC

C01gSSR147 TAAAAATGAGGAAGTGGCCG GGGCAGATAGTCTAGCACGC

C01gSSR150 AGAATTCAAGTCTTTGCGAG TATCCCCTGTATGGTGATGT

Bol013612g1 ACTAGGCATAATGTGTGCG CACGACAGTCATCAGAAGC

Bol013612g2 GTTTGGACTTGTAGTGCTTCTG GATTATCTATGGGTGGTAACGG

Bol013612g3 AGACGAGGTTTGTCCCTTC CATACTCTTCTAAAGCACCCG

Bol013612g4 TATCAACACACTGGGCGTC ACACGAACCACCTTACCTTC

Bol013612g5 GGCTCACCAGGTTCTATTCC CCCAACTTCCCAATCAGAC

Bol013612c1 CTCGCTCATACGTACATAC TTTAAATAGCAACATCCC

qPCR-013612 AGCCTCTCCTGAAACCATC CGGACGAATCAACACAAG

qPCR-actin-Bol CCTCCGTCTTGACCTTGC GTCTCCATCTCCTGCTCGT
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[45]. The gene structure was analyzed with the Gene
Structure Display Server software (http://gsds.cbi.pku.e
du.cn/index.php) [46].
The primers used to amplify the gDNA sequence

were designed according to the B. oleracea genome
database (Brassica Database, BRAD; http://brassicadb.
org/brad/index.php) [41] with the software Primer
Premier 5 [47] and were named Bol013612g1,
Bol013612g2, Bol013612g3, Bol013612g4, and
Bol013612g5 (Table 2). The primers used to amplify the
cDNA sequence were designed according to the B.
oleracea transcriptome database (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE42891) [41] and
named Bol013612c1 (Table 2). Total RNA extraction,
first-strand cDNAs synthesis, and real-time PCR were
performed as previously reported [34]. Sequences of the
primers for qPCR named qPCR-013612 and qPCR-
actin-Bol are listed in Table 2. Each sample was tested
in triplicate.

Transformation of Arabidopsis mutants
The cDNA of Bol013612 from LD10GL and WT was
cloned and inserted into the pCAMBIA3301 vector
between the NcoI and BstEII sites. The constructed vec-
tors contained the 35S CaMV promoter and a Basta re-
sistance marker. The plasmid was introduced into
Agrobacterium EHA105 via heat shock and transformed
into Arabidopsis plants using the floral dip method [48].
Arabidopsis thaliana mutant material cer4 (ecotype
Columbia; named SALK_000575C in Arabidopsis
Biological Resource Center, ABRC), which has glossy
green stem surface, was used for experiments involving
transformation [49]. Seeds of transformed Arabidopsis
plants were selected on MS (Murashige and Skoog)
medium containing 50 mg/ml of Basta. qRT-PCR was
employed to further confirm the successful transfer of
35S:Bol013612 in the stems with the primers qPCR-
013612 and qPCR-actin-At (Table 2).
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Additional file 1: Cuticular wax composition of WT and LD10GL.
(DOCX 20 kb)

Additional file 2: CDS of gene Bol013612 in WT and LD10GL. (DOCX 21 kb)

Additional file 3: Insertion of six nucleotides at nucleotide position 92
in cDNA sequence of gene Bol013612 is just within the FAR domain of
this protein. (DOCX 106 kb)

Additional file 4: Protein sequence homology analysis of gene Bol013612
and CER4. (DOCX 32 kb)

Abbreviations
ABRC: Arabidopsis Biological Resource Center; CER: Eceriferum; Cgl2: Cabbage
glossy 2; FAR: Fatty acyl-coenzyme A reductase; gl: glossy; MOA: Ministry of
agricultural; MOE: Ministry of education; MS: Murashige and Skoog;
SEM: Scanning electron microscopy; UV: Ultravioletray; VLCFAs: Very long-chain
fatty acids; WT: Wild type

Acknowledgements
We thank Dr. Shiyou Lu (Wuhan Botanical Garden, the Chinese Academy of
Sciences) for his generous help with the seeds of Arabidopsis lines.

Funding
The field experiment was supported by grants from the National Key
Research and Development Program (2017YFD0101800), National Natural
Science Foundation of China (31672155), the National Key Research and
Development Program (SQ2017ZY030004); the fees for sample analysis was
granted through the National High Technology Research and Development
Program of China (863 Program) (2012AA100101) and the Key Projects in the
National Science and Technology Pillar Program during the Twelfth Five-Year
Plan Period (2012BAD02B01); the fees for sample gathering, measurement and
data processing, and the cost of publication fees were supported by grants
through the Science and Technology Innovation Program of the Chinese
Academy of Agricultural Sciences (CAAS-ASTIP-2013-IVFCAAS), the Modern
Agro-Industry Technology Research System (CARS-25-B-01), and the Project
of Science and Technology Commission of Beijing Municipality
(Z141105002314020–1) The funding body did not play a role in the design
of the study and collection, analysis, and interpretation of data and in
writing the manuscript, but just provide the financial support.

Availability of data and materials
The reference B. oleracea genome and transcriptome sequence was obtained
from Brassica Database (http://brassicadb.org) and B. oleracea transcriptome
database (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42891); As
one of the data owners, we confirm that we have full permission to use the
genome sequence for the purposes of this study (i.e., candidate gene
identification and characterization). The use of the reference genome for
these purposes was approved by all data owners. All data generated or
analyzed during this study are included in this published article.

Authors’ contributions
DL, LY, ZF, ZY, JT, ZZL, XD, MZ, YZ, HL, PS, YL and ZSL designed and supervised
the study. ZSL, XD, MZ, and YZ participated in plant cultivation, DNA extraction,
RNA extraction, and PCR. ZY, YL, HL and PS participated in SEM and GC-MS
analysis and transformation of Arabidopsis mutants. DL participated in the
mapping, RT-PCR, and cloning analysis. JT and ZZL participated in the statistical
analysis. DL, LY, and ZF wrote the manuscript. All authors have read and
approved the final version of this manuscript.

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 26 March 2017 Accepted: 8 November 2017

References
1. Cameron KD, Teece MA, Smart LB. Increased accumulation of cuticular wax

and expression of lipid transfer protein in response to periodic drying
events in leaves of tree tobacco. Plant Physiol. 2006;140(1):176–83.

2. Grncarevic M, Radler F. The effect of wax components on cuticular
transpiration-model experiments. Planta. 1967;75(1):23–7.

3. Lee B, Priestley JH. The plant cuticle. I. Its structure, distribution, and
function. Ann Bot. 1924;38(151):525–45.

4. Jenks MA. Critical issues with the plant cuticle’s function in drought stress.
In: Wood AJ (ed) Biochemical and molecular responses of plants to the
environment. Kerala: Research Signpost Press; 2002.

5. Serrano M, Coluccia F, Torres M, L'Haridon F, Métraux JP. The cuticle and
plant defense to pathogens. Front Plant Sci. 2014;5(5):274.

Liu et al. BMC Plant Biology  (2017) 17:223 Page 9 of 10

http://gsds.cbi.pku.edu.cn/index.php
http://gsds.cbi.pku.edu.cn/index.php
http://brassicadb.org/brad/index.php
http://brassicadb.org/brad/index.php
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42891
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42891
dx.doi.org/10.1186/s12870-017-1162-8
dx.doi.org/10.1186/s12870-017-1162-8
dx.doi.org/10.1186/s12870-017-1162-8
dx.doi.org/10.1186/s12870-017-1162-8
http://brassicadb.org
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42891


6. Roelande V, Greet SB, Marjolein TH, Edithtlammerts VB. Plant traits
associated with resistance to Thrips Tabaci in cabbage (Brassica Oleracea var
capitata). Euphytica. 2008;163(3):409–15.

7. Stork NE. Role of WAXBLOOMS in preventing attachment to BRASSICAS by
the mustard beetle, PHAEDON COCHLEARIAE. Entomologia Exp Appl. 1980;
28(1):100–7.

8. Jenks MA, Ashworth EN. Plant Epicuticular waxes: function, production, and
genetics. Hortic Rev. 1999;23:1–68.

9. Kosma DK, Bourdenx B, Bernard A, Parsons EP, Lü S, Joubès J, Jenks MA. The
impact of water deficiency on leaf cuticle lipids of Arabidopsis. Plant
Physiol. 2009;151(4):1918.

10. Shepherd T, Griffiths DW. The effects of stress on plant cuticular waxes. New
Phytol. 2006;171(3):469.

11. Riederer M, Müller C. Biology of the plant cuticle. Oxford: Blackwell
Publishing; 2006.

12. Yeats TH, Rose JK. The formation and function of plant cuticles. Plant
Physiol. 2013;163(1):5.

13. Gniwotta F, Vogg G, Gartmann V, Carver TL, Riederer M, Jetter R. What do
microbes encounter at the plant surface? Chemical composition of pea leaf
cuticular waxes. Plant Physiol. 2005;139(1):519–30.

14. Bernard A, Joubes J. Arabidopsis cuticular waxes: advances in synthesis,
export and regulation. Prog Lipid Res. 2013;52(1):110–29.

15. Baud S, Guyon V, Kronenberger J, Wuillème S, Miquel M, Caboche M,
Lepiniec L, Rochat C. Multifunctional acetyl-CoA carboxylase 1 is essential
for very long chain fatty acid elongation and embryo development in
Arabidopsis. Plant J. 2003;33(1):75–86.

16. Lu S, Zhao H, Parsons EP, Xu C, Kosma DK, Xu X, Chao D, Lohrey G,
Bangarusamy DK, Wang G, et al. The glossyhead1 allele of ACC1 reveals a
principal role for multidomain acetyl-coenzyme a carboxylase in the
biosynthesis of cuticular waxes by Arabidopsis. Plant Physiol. 2011;157(3):
1079–92.

17. Cassagne C, Lessire R, Bessoule JJ, Moreau P, Creach A, Schneider F, Sturbois
B. Biosynthesis of very long chain fatty acids in higher plants. Prog Lipid
Res. 1994;33(1–2):55–69.

18. Samuels L, Kunst L, Jetter R. Sealing plant surfaces: cuticular wax formation
by epidermal cells. Annu Rev Plant Biol. 2008;59:683–707.

19. Li-Beisson Y, Shorrosh B, Beisson F, Andersson MX, Arondel V, Bates PD,
Baud S, Bird D, Debono A, Durrett TP. Acyl-lipid metabolism. Arabidopsis
Book. 2010;8(8):e0133.

20. Rowland O, Zheng H, Hepworth SR, Lam P, Jetter R, Kunst L. CER4 encodes
an alcohol-forming fatty acyl-coenzyme a reductase involved in cuticular
wax production in Arabidopsis. Plant Physiol. 2006;142(3):866–77.

21. Bonaventure G, Salas JJ, Pollard MR, Ohlrogge JB. Disruption of the FATB
gene in Arabidopsis demonstrates an essential role of saturated fatty acids
in plant growth. Plant Cell. 2003;15(4):1020–33.

22. Fiebig A, Mayfield JA, Miley NL, Chau S, Fischer RL, Preuss D. Alterations in
CER6, a gene identical to CUT1, differentially affect long-chain lipid content
on the surface of pollen and stems. Plant Cell. 2000;12(10):2001–8.

23. Zheng H, Rowland O, Kunst L. Disruptions of the Arabidopsis Enoyl-CoA
reductase gene reveal an essential role for very-long-chain fatty acid
synthesis in cell expansion during plant morphogenesis. Plant Cell. 2005;
17(5):1467.

24. Dietrich CR, Perera MA, YN M, Meeley RB, Nikolau BJ, Schnable PS.
Characterization of two GL8 paralogs reveals that the 3-ketoacyl reductase
component of fatty acid elongase is essential for maize (Zea mays L.)
development. Plant J. 2005;42(6):844.

25. Pighin JA, Zheng H, Balakshin LJ, Goodman IP, Western TL, Jetter R, Kunst L,
Samuels AL. Plant cuticular lipid export requires an ABC transporter. Science.
2004;306(5696):702–4.

26. Bird D, Beisson F, Brigham A, Shin J, Greer S, Jetter R, Kunst L, Wu X,
Yephremov A, Samuels L. Characterization of Arabidopsis ABCG11/WBC11,
an ATP binding cassette (ABC) transporter that is required for cuticular lipid
secretion. Plant J. 2007;52(3):485–98.

27. Panikashvili D, Savaldigoldstein S, Mandel T, Yifhar T, Franke RB, Höfer R,
Schreiber L, Chory J, Aharoni A. The Arabidopsis DESPERADO/AtWBC11
transporter is required for cutin and wax secretion. Plant Physiol. 2007;
145(4):1345–60.

28. Broun P, Poindexter P, Osborne E, Jiang CZ, Riechmann JL. WIN1, a
transcriptional activator of epidermal wax accumulation in Arabidopsis. Proc
Natl Acad Sci U S A. 2004;101(13):4706.

29. Raffaele S, Vailleau F, Léger A, Joubès J, Miersch O, Huard C, Blée E,
Mongrand S, Domergue F, Roby D. A MYB transcription factor regulates
very-long-chain fatty acid biosynthesis for activation of the hypersensitive
cell death response in Arabidopsis. Plant Cell. 2008;20(3):752.

30. Seo PJ, Lee SB, Suh MC, Park MJ, Go YS, Park CM. The MYB96 transcription
factor regulates cuticular wax biosynthesis under drought conditions in
Arabidopsis. Plant Cell. 2011;23(3):1138.

31. Zhang JY, Db C, Blancaflor EB, Sledge MK, Lw S: Overexpression of WXP1, a
putative Medicago truncatula AP2 domain containing transcription factor
gene, increases cutucular wax accumulation and enhances drought
tolerance in transgenic alfalfa( Medicago sativa). 2005.

32. Zhang X, Liu Z, Wang P, Wang Q, Yang S, Feng H. Fine mapping of BrWax1,
a gene controlling cuticular wax biosynthesis in Chinese cabbage (Brassica
rapa L. ssp. pekinensis). Mol Breed. 2013;32(4):867–74.

33. Pu Y, Jie G, Guo Y, Liu T, Zhu L, Ping X, Yi B, Jing W, Tu J, Ma C. A novel
dominant glossy mutation causes suppression of wax biosynthesis pathway and
deficiency of cuticular wax in Brassica Napus. BMC Plant Biol. 2013;13(1):1–14.

34. Liu Z, Fang Z, Zhuang M, Zhang Y, Lv H, Liu Y, Li Z, Sun P, Tang J, Liu D.
Fine-mapping and analysis ofCgl1, a gene conferring glossy trait in cabbage
(Brassica oleraceaL. var.capitata). Front Plant Sci. 2017;8(14024):239.

35. Breathnach R, Benoist C, O'Hare K, Gannon F, Chambon P. Ovalbumin gene:
evidence for a leader sequence in mRNA and DNA sequences at the exon-
intron boundaries. Proc Natl Acad Sci U S A. 1978;75(10):4853.

36. Mcnevin JP, Woodward W, Hannoufa A, Feldmann KA, Lemieux B. Isolation
and characterization of eceriferum (cer) mutants induced by T-DNA
insertions in Arabidopsis Thaliana. Genome. 1993;36(3):610.

37. Lai C, Kunst LR. Composition of alkyl esters in the cuticular wax on inflorescence
stems of Arabidopsis Thaliana cer mutants. Plant J. 2007;50(2):189–96.

38. Tang J, Liu D, Liu Z, Yang L, Fang Z, Liu Y, Zhuang M, Zhang Y, Honghao L,
Yi D. Preliminary study of the characteristics of several glossy cabbage (
Brassica oleracea var. capitata L.) mutants. Horticultural Plant Journal. 2015;
1(2):93–100.

39. Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW. Ribosomal DNA
spacer-length polymorphisms in barley: Mendelian inheritance,
chromosomal location, and population dynamics. Proc Natl Acad Sci U S A.
1984;81(24):8014–8.

40. Han FQ, Yang C, Fang ZY, Yang LM, Zhuang M, Lv HH, Liu YM, Li ZS, Liu B, Yu
HL. Inheritance and InDel markers closely linked to petal color gene ( cpc - 1 )
in Brassica oleracea. Mol Breed. 2015;35(8):160.

41. Liu S, Liu Y, Yang X, Tong C, Edwards D, Parkin IA, Zhao M, Ma J, Yu J,
Huang S. The Brassica oleracea genome reveals the asymmetrical evolution
of polyploid genomes. Nat Commun. 2014;5(5):3930.

42. Kosambi DD. The estimation of map distance from recombination values.
Ann Hum Genet. 1943;12(1):172–5.

43. Liu RH, Meng JL. MapDraw: a microsoft excel macro for drawing genetic
linkage maps based on given genetic linkage data. Hereditas(Beijing). 2003;
25(3):317.

44. Marchlerbauer A, Lu S, Anderson JB, Chitsaz F, Derbyshire MK, Deweesescott
C, Fong JH, Geer LY, Geer RC, Gonzales NR. CDD: a conserved domain
database for the functional annotation of proteins. Nucleic Acids Res. 2011;
39(Database issue):D225.

45. Corpet F: Multiple sequence alignment with hierarchical clustering. 1988.
46. Hu B, Jin J, Guo AY, Zhang H, Luo J, Gao G. GSDS 2.0: an upgraded gene

feature visualization server. Bioinformatics. 2015;31(8):1296.
47. Lalitha S. Primer premier 5. Biotech Softw Internet Report: The Computer

Software Journal for Scient. 2000;1(6):270–2.
48. Clough SJ, Bent AF. Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis Thaliana. Plant J. 1998;16(6):735–43.
49. Alonso JM, Stepanova AN, Leisse TJ, Kim CJ, Chen H, Shinn P, Stevenson DK,

Zimmerman J, Barajas P, Cheuk R. Genome-wide insertional mutagenesis of
Arabidopsis Thaliana. Science. 2003;301(5633):653–7.

Liu et al. BMC Plant Biology  (2017) 17:223 Page 10 of 10


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Wax is significantly reduced in LD10GL
	The glossy green character of the LD10GL mutant is controlled by a single recessive gene
	Preliminary genetic mapping of Cgl2
	Marker development and fine mapping of Cgl2
	Identification of the candidate gene for Cgl2
	Bol013612 can rescue the phenotype of the Arabidopsis cer4 mutant

	Discussion
	Conclusions
	Methods
	Plant materials and genetic study
	SEM and GC-MS analysis
	The mapping strategy
	Identification and sequence analysis of the candidate gene
	Transformation of Arabidopsis mutants

	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	References

