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Abstract L-Ascorbic acid (AsA) is an important nutrient in non-heading Chinese cabbage (Brassica rapa ssp.
chinensis). To understand the regulatory mechanism of
AsA accumulation, we crossed “Wutacai” and “Erqing”
to obtain F2 plants and then constructed two pools
(AsA-High and AsA-Low) of F2-generation plants to
further analyze the differentially expressed genes
(DEGs) by cDNA-amplified fragment length polymorphism (cDNA-AFLP) technology. Among the DEGs,
BcERF070 showed a significantly higher expression
level in “Wutacai” and F2 plants with high AsA than
in “Erqing” and F2 plants with low AsA, suggesting that
BcERF070 is involved in the accumulation of AsA. To
further understand the function of BcERF070 in AsA
accumulation, we obtained BcERF070-silenced plants
and BcERF070-overexpressed Arabidopsis thaliana
plants. It was found that the downregulation of
BcERF070 resulted in a decrease in AsA content, and
the upregulation of BcERF070 resulted in an increase in
AsA content. To evaluate the mechanism of BcERF070
involvement in the accumulation of AsA, the leaves of

BcERF070-silenced and control plants were subjected
to transcriptome sequencing. Twelve DEGs including
BrAPXs were found to be associated with ascorbic acid.
The qRT-PCR analysis on BcERF070-silenced plants
and BcERF070-overexpressed plants further demonstrated the reliability of the transcriptome sequencing.
Finally, based on analysis of the cis-acting elements of
the promoter of 12 AsA-related genes, we speculated
that BcERF070 may act on the DRE (dehydrationresponsive element) of seven target gene promoters to
regulate AsA content. In conclusion, a novel transcription factor, BcERF070, was revealed in this study, which
affected the accumulation of AsA by regulating genes
involved in the ascorbate biosynthesis and metabolic
pathway. This information will help in understanding
the regulatory mechanism of BcERF070 involvement in
the accumulation of AsA in plants.
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L-ascorbate (AsA), which is also known as vitamin C, is
the primary water-soluble antioxidant in plants and animals. AsA is often the most abundant antioxidant present in plant cells and plays an important role in a number
of processes, including defense mechanisms, photosynthesis, cell division, growth regulation, and senescence
(Sanmartin et al. 2003; Barth et al. 2006; Kotchoni et al.
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2009). In addition, AsA is a cofactor for the activity of
many enzymes and affects the expression of genes involved in defense and hormone-signaling pathways in
plants (Smirnoff 2011). Humans and other primates are
unable to synthesize AsA because the final step in its
biosynthesis is blocked. AsA provides health benefits to
humans and reduces dangerous molecules associated
with oxidative stress. Given the importance of Lascorbate for plant and animal health, increasing AsA
content has been the goal of many studies aiming to
improve the nutritive value of plants and their stress
responses.
AsA content is regulated by the ascorbate biosynthesis, degradation, and recycling pathways, and these
three pathways form a complex network in plants. Four
well-defined or presumed biosynthetic pathways for
AsA have been proposed (Wheeler et al. 1998; Linster
et al. 2008; Wheeler et al. 2015; Li et al. 2010), i.e., the
L-galactose, galacturonate, myo-inositol, and L-gulose
pathways. The specific process of the L-galactose pathway has been well-clarified: starting from D-6-phospho
fructose, the synthesis of AsA requires that a total of 8
enzymes, such as GME (GDP-D-mannose-3’,5’-epimerase) and GPP (L-galactose-1-phosphate phosphatase
(Wolucka and Van Montagu 2003; Laing et al. 2004;
Bulley and Laing 2016), participate in catalysis.
The other three biosynthetic pathways for AsA are
presumed. Isherwood et al. (1954) demonstrated that
Me-D-galacturonate significantly increased the AsA
content of cress seedlings through substrate feeding
experiments. Loewus and Kelly (1961) demonstrated
that D-galacturonic acid synthesized AsA via a carbon
chain inversion pathway in isolated mature strawberry
fruits. In recent years, it had been found that Dgalacturonic acid was reduced to L-galacturonic acid
by D-galacturonate reductase during the ripening of
strawberry fruit due to the degradation of cell wall
pectin. L-galactonic acid was then converted into Lgalactose-1,4-lactone, which can synthesize AsA under
the action of L-galactono-1,4-lactone dehydrogenase, so
the content of AsA in fruits was significantly increased
(Smirnoff and Wheeler 2000; Agius et al. 2003). Therefore, the D-galacturonic acid pathway with Dgalacturonic acid as an intermediate had been proposed.
Lorence et al. (2004) performed an alignment search
in the Arabidopsis genome and found four genes homologous to porcine inositol oxidase. One of the most
appropriate homologous genes was transferred to
Arabidopsis; the AsA content increased by 2–3 times.
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Therefore, the inositol pathway may be one of the AsA
synthesis pathways in plants.
L-gulono-1,4-lactone dehydrogenase is the last enzyme of the AsA synthesis pathway (gulose pathway) in
animals. The L-gulono-1,4-lactone dehydrogenase from
rats was overexpressed in lettuce and tobacco, and the
results showed that the content of AsA in overexpressed
plants were 7 times that in control plants (Jain and
Nessler 2000). In addition, the AsA content was restored
after transferring L-gulono-1,4-lactone dehydrogenase
into five AsA deletion mutants from Arabidopsis
thaliana (Radzio et al. 2003). These studies indicate
the presence of L-gulono-1,4-lactone dehydrogenase in
plants. Therefore, there may be L-gulose pathway in
plants. However, other enzymes in the L-gulose pathway are not obtained in plants, so whether there is the
same gulose pathway in plants remains to be further
studied.
In addition to de novo synthesis, AsA degradation
and recycling are also important processes that affect
AsA content. AsA is oxidized to monodehydroascorbic
acid (MDHA) by L-ascorbate peroxidase (APX), and
MDHA can be reduced to AsA by
monodehydroascorbate reductase (MDHAR) or converted to dehydroascorbic acid (DHA) under nonenzymatic action (Smirnoff 2000; van Doorn and Ketsa
2014). DHA is unstable and undergoes irreversible hydrolytic ring cleavage to 2, 3-diketogulonic acid in
aqueous solution (Washko et al. 1992; Deutsch 1998;
Smirnoff and Wheeler 2000).
Some genes involved in the accumulation of AsA in
non-heading Chinese cabbage have been well described.
GGP(GDP-L-galactose phosphorylase) acts as a key
enzyme of the L-galactose pathway and promotes the
synthesis of AsA in multiple species (Bulley et al. 2012;
Zhang et al. 2015; Yoshimura et al. 2014). GME by
itself has little effect of ascorbate as shown by transformation with the gene for GME. Some work has shown
GGP and GME work synergistically and enhance ascorbate more than either alone (Bulley et al. 2009; Bulley
et al. 2012; Laing et al. 2015). APX plays an important
role in the oxidation of L-ascorbate, and the AsA content in tomato APX-RNAi lines is 1.4–2.2 times that in
wild-type (WT) plants (Zhang et al. 2011).
The functions of genes involved in AsA accumulation in non-heading Chinese cabbage are complex. For
instance, phosphomannose isomerase (PMI) is an enzyme that catalyzes the first step of the L-galactose
pathway in plant AsA biosynthesis. The AsA level in
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BcPMI2-overexpressed tobacco plants is significantly
increased under oxidative and salt stress. However, the
AsA level is lower in BcPMI2-overexpressed tobacco
plants than in WT tobacco plants under normal condit i o n s ( Wa n g e t a l . 2 0 1 4 ) . T h e r o l e o f
monodehydroascorbate reductase is to reduce MDHA
to L-ascorbate. However, the overexpression of the
monodehydroascorbate reductase gene (MDHAR) from
non-heading Chinese cabbage reduces the L-ascorbate
level in transgenic tobacco (Ren et al. 2015), which is
similar to the effect of the MDHAR gene from Solanum
lycopersicum in mature green fruits (Haroldsen et al.
2011). Because of the complexity of AsA synthesis and
metabolism-related genes in non-heading Chinese cabbage, more work should be conducted to understand the
AsA regulatory mechanism.
In this study, we used cDNA-AFLP technology to
screen differentially expressed genes (DEGs) from different AsA content lines and hybrid progeny. One of the
DEGs—BcERF070—was then selected for further
study. Uncovering new genes related to AsA content
helps us understand the regulatory mechanism of
BcERF070 involvement in AsA accumulation in plants
and may be important for genetic improvement of nonheading Chinese cabbage.

Materials and methods
Plant materials and inoculation
Two cultivars of non-heading Chinese cabbage (Brassica rapa ssp. chinensis), namely, “Wutacai” and
“Erqing,” are advanced inbred lines with high and low
AsA contents, respectively. Wutacai (P1) was crossed
with Erqing (P2) to produce 23 F1 progeny, and the F1
plants were then self-pollinated to obtain 263 F2 progeny. The same parts of the P1, P2, and F2-generation
plant inner leaves were collected at 8 weeks after sowing
and immediately frozen in liquid nitrogen.
AsA content determination by high-performance liquid
chromatography
The AsA content of samples was determined by highperformance liquid chromatography (HPLC) according
to the method of Fontannaz (Fontannaz et al. 2006),
with minor modifications. Briefly, 0.2 g of leaves was
ground with liquid nitrogen and then mixed into 1.5 mL
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oxalic acid (0.1%). Finally, the supernatants were filtered through a 0.45-μm syringe filter, and 10 μL of the
sample was injected into the HPLC system for determination of reduced ascorbic acid. The oxidized ascorbic
acid was reduced by adding an equivalent volume of
20 mg mL-1 DL-Dithiothreitol (DTT). The flow rate
was 1 mL min−1, the mobile phase consisted of 0.1%
acetic acid, and an ultra-base C18 column was used (4.6
× 100 mm, 5 μm) (Shiseido, Tokyo, Japan). Three
biological replicates and three technical replicates were
performed for every sample. The standard curves for
AsA (Sigma, St Louis, MO) were generated as references to quantify the AsA content in the samples.
cDNA-AFLP analysis and isolation
of transcript-derived fragments
After measuring the AsA content of all 263 F2 plants, 30
plants with the highest AsA concentration and 30 plants
with the lowest AsA concentration were used to analyze
the differentially expressed genes according to the
bulked segregant analysis (BSA) method (Michelmore
et al. 1991). The RNA of these plants was extracted
using an RNA Simple Total RNA kit (Tiangen, China)
to establish high- and low-AsA pools. RNA was treated
with DNase I (Sigma, USA) for purification. The
amount and quality of RNA were verified on a 1%
agarose gel and by a BioPhotometer Plus (Eppendorf,
Germany). Double-stranded cDNA (ds cDNA) was synthesized using an M-MLV RTase cDNA Synthesis Kit
(Takara, Japan). Approximately 80 ng of ds cDNA was
digested using EcoRI and MseI (NEB, USA) at 37 °C
for 3 h, and the digested products were then incubated
for 20 min at 80 °C to inactivate the restriction enzymes.
The products were subsequently ligated to EcoRI and
MseI adaptors (Table S1) with T4 DNA ligase at 16 °C
overnight. A pair of preamplification primers (E00 and
M00) and 16 pairs of selective primers (Table S1) were
used for cDNA-AFLP analysis. The differentially
expressed bands were reamplified by PCR, obtained
by agarose gel electrophoresis, transformed to DH5α,
and sequenced and aligned against the genes from the
non-heading Chinese cabbage database.
Construction of a BcERF070-silenced vector and its
genetic transformation
The open reading frame of the BcERF070 gene was
cloned from “Suzhouqing” according to the sequence
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of BcERF070 in the non-heading Chinese cabbage database. For the virus-induced gene silencing (VIGS)
experiment, pTY-S was digested with SnaB I. The 40
nt (from 170 to 209 bp) of BcERF070 and its reverse
complement sequence were used for the hairpin construct. This 80 nt fragment was inserted into the SnaB I
restriction site of the pTY-S vector by homologous
recombination. The recombinant vector was named
pTY-BcERF070.
“Suzhouqing” was grown in a growth chamber at
25 °C and a 75% relative humidity (14-h light/10-h
dark cycle), and it was used as the material for the
knockdown of BcERF070. Approximately 2.5 μg of
control plasmid (pTY-S) and BcERF070-silenced
plasmid (pTY-BcERF070) were coated on gold powder. Particle bombardments were performed at the
four-leaf stage of the seedlings by a PDS-1000/He
biolistic gun (Bio-Rad, Hercules, USA) according to
a previously described method (Chen and Celio
2000). The infected plants were detected by
checking for the symptoms of turnip yellow mosaic
virus. Two weeks after inoculation, the infected
plants were identified, and the relative expression
level of BcERF070 was determined by qRT-PCR to
determine whether the BcERF070 gene was knocked
down. Finally, the leaves of pTY-S plants and pTYBcERF070 plants were sampled, immediately placed
in liquid nitrogen, and stored at − 70 °C until use in
AsA assays and transcriptome sequencing.

Structural characteristics and transient expression
analysis of BcERF070

Construction of a BcERF070-overexpressed vector
and its genetic transformation

The transcriptome RNA samples come from the
BcERF070-silenced (pTY-BcERF070) and control
(pTY-S) plants. To ensure that transcriptome sequencing
was performed using high-quality samples, a
NanoDrop, a Qubit 2.0, and an Agilent 2100 were used
to determine the purity, concentration, and integrity of
RNA samples, respectively. First, the mRNA was
enriched with oligo (dT) magnetic beads, and fragmentation buffer was added to randomly disrupt the mRNA.
The first cDNA strand was synthesized using mRNA as
a template and a six-base random primer (random
hexamers). To synthesize the second cDNA strand, the
first cDNA strand was combined with buffer, dNTPs,
RNase H, and DNA polymerase I. The purified doublestranded cDNA was subjected to end repair, A tailed,
and ligated to the sequencing adapter. Finally, fragment
size selection was performed using AMPure XP beads,
and a cDNA library was enriched by PCR. After the

To construct the BcERF070-overexpressed vector,
the open reading frame of BcERF070 was cloned
and ligated into the overexpression vector pTCK303
w i t h T 4 l i g a s e . To g e n e r a t e B c E R F 0 7 0 overexpressed Arabidopsis lines, BcERF070 was
transferred into Arabidopsis thaliana using the floral
dip method (Lloyd et al. 1986). The harvested seeds
were screened on 1/2 × Murashige and Skoog (MS)
medium containing (30 μg mL-1) hygromycin. After
15 days, positive seedlings were distinguished and
transplanted into the soil. A total of 15 transgenic
plants were obtained, namely, OE-1~OE-15. T2 lines
were confirmed by PCR and β-glucuronidase (GUS)
staining (Table S4; Fig. 5a, b). Two T2 lines (OE-1
and OE-2) were analyzed in detail.

The theoretical isoelectric point (pI) of the BcERF070
protein was predicted by the Isoelectric Point Calculator
(http://isoelectric.org/calculate.php), and the mass value
was calculated by the ExPASy program (http://web.
expasy.org/tools/). In addition, the conserved domain
of BcERF070 was predicted using SMART software
(http://smart.embl-heidelberg.de/).
For BcERF070 subcellular localization, the open
reading frame (without the stop codon) of BcERF070
was cloned and ligated into pdonr221. The pdonr221
vector was then digested with Mlu I, and the larger
fragment was recovered and ligated into the
pEarleyGate103 (35S::GFP) vector to form the recombinant vector pEarleyGate103-BcERF070 (35S::GFPBcERF070). This plasmid was transformed into
agrobacterium GV3101 using a freeze-thaw method
(Dupadahalli 2007), and BcERF070 was transiently
expressed in tobacco according to the method of Wu
(Wu et al. 2010). After 48 h of incubation in the dark, the
leaves were soaked in DAPI nuclear staining solution
(mall-bio) for 2 min before being observed by laser
confocal microscopy. The pEarleyGate103 was used as
a control in this experiment.

Total RNA isolation, RNA sequencing library
construction, and sequencing
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library was constructed, the concentration of the library
and the insert size were detected using a Qubit 2.0 and
an Agilent 2100, respectively. High-throughput sequencing was performed using a HiSeq X Ten after
library quality inspection.
Sequence data processing and DEG analysis
Three biologically repeated cDNA libraries of pTY-S
and pTY-BcERF070 plants were sequenced and produced 44.48 GB of clean data. The quality of the bases
was evaluated by using a Phred base mass value of Q30
(Ewing et al. 1998). The HISAT2 (Kim et al. 2015)
system was used to efficiently compare reads from
RNA sequencing experiments, and StringTie (Pertea
et al. 2015) was used to assemble the reads. BLAST
software (Altschul et al. 1997) was used to compare the
sequence of the discovered genes with the NR
(nonredundant) (Deng et al. 2006), Swiss-Prot
(Mitchell et al. 2003), GO (Ashburner et al. 2000),
COG (Tatusov et al. 2000), KOG (Koonin et al. 2004),
Pfam (Finn et al. 2014), and KEGG databases (Kanehisa
et al. 2004). The KEGG Orthology results of new genes
were obtained using KOBAS 2.0 (Xie et al. 2011). After
predicting the amino acid sequence of the new gene,
HMMER (Eddy 1998) software was used to compare
the new gene with the Pfam database to obtain annotation information. StringTie used FPKM (fragments per
kilobase of transcript per million fragments mapped)
(Florea et al. 2013) as a measure of transcript or gene
expression level through the maximum flow algorithm.
The significance of DEGs was determined using an FC
(fold change) ≥ 1.5 and a FDR ≤ 0.05. We also used
Plant CARE (http://bioinformatics.psb.ugent.
be/webtools/plantcare/html/) to analyze the promoter
sequences of DEGs associated with AsA.
Verification of DEGs by quantitative real-time PCR
Quantitative analysis of 20 genes selected from the
cDNA-AFLP results and 12 AsA-related genes obtained
from RNA-sequencing was performed using a Bio-Rad
CFX96 Real Time PCR System (Bio-Rad, Hercules,
CA). The quantitative real-time PCR (qRT-PCR) mixtures had a volume of 25 μL and contained 12.5 μL of
SYBR Green PCR mix (Takara, Japan), 2.0 μL of
template (5× diluted cDNA), 10 pM of each primer,
and 8.5 μL of sterile water. PCRs were performed as
follows: 2 min at 95 °C for denaturation, followed by 40
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cycles of 90 °C for 20 s, 56 °C for 15 s, and 72 °C for 20
s. Subsequently, a melting curve was obtained from 61
cycles at 65 °C for 10 s to detect the specificity of the
primers. The primers used in this experiment are listed
in Table S3 and Table S4. Actin (Gene ID: 106418315)
was used as an internal standard for normalization.
Transcript abundance was assessed with three independent biological replicates. Relative gene quantification
was performed by the comparative 2 ΔΔCT method
(Livak and Schmittgen 2001). Statistical analysis was
carried out by one-way ANOVA using SPSS 18.0 software. The data are presented as the mean ± SD.

Results
cDNA-AFLP analysis and transcript-derived fragment
analysis
We selected an inbred line of “Wutacai” with high
vitamin C and an inbred line of “Erqing” with low
vitamin C in non-heading Chinese cabbage to obtain
progeny plants (Fig. 1a). A total of 23 F1 and 263 F2
progeny of “Wutacai” and “Erqing” were produced.
The AsA contents of the 263 F 2 progeny were
measured, and 30 plants with highest AsA content
and 30 plants with lowest AsA content were selected
to establish high- and low-AsA pools (AsA-High
and AsA-Low), respectively (Fig. 1b). The DEGs
between the AsA-High and AsA-Low pools in
non-heading Chinese cabbage were identified by
cDNA-AFLP technology, and 356 transcriptderived fragments (TDFs) were detected. Among
the 356 TDFs, 244 (68.5%) genes displayed upregulation, and 112 exhibited (31.5%) downregulation,
illustrating that a large number of genes were activated in relation to AsA biosynthesis. In total, 184
TDFs were selected on the basis of their differential
expression intensity on gels. Figure 1c shows the
partial results of a transcript-derived fragment gel
image with primer combinations. In total, 176 of
184 TDFs (88.0%) produced specific bands by
reamplification and were sequenced. The sequencing
results revealed 102 records after NCBI BLAST, and
86 of these records have known functions. A total of
12 groups were divided based on annotation (Fig.
1d; Table S2), and the number of genes involved in
the metabolic process was the highest (11.88%). The
proportion of genes related to cell structure and
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Fig. 1 DEGs related to the AsA content in non-heading Chinese
cabbage based on cDNA-AFLP technology. a Comparison of AsA
content in the parental lines (Erqing and Wutacai). b Comparison
of AsA content from the segregating populations (F2). AsA-low,
F2 populations with low AsA; AsA-high, F2 populations with high

AsA. c Partial results of the transcript-derived fragment gel image
with primer combinations. L, low-AsA content pool (AsA-low);
H, high-AsA content pool (AsA-high); arrows indicate some
DEGs. M: DL 2000 marker; d functional classification of the
DEGs

transcription reached 10.89% and 9.90%, respectively. In addition, 11 genes (6.93% and 5.94%) were
related to photosynthetic and energy processes. The
number of genes involved in transporter, signal
transduction, and cell division processes was six,
five, and two, respectively.

showed that the relative expression of these 20
genes was significantly different between Wucai
and Erqing, and there was also a difference between
F2 high ascorbic acid plants and low ascorbic acid
plants, indicating that these genes may affect or be
affected by AsA. A total of 9 genes were significantly different among Wutacai plants, Erqing
plants, F2 plants with high AsA, and F2 plants with
low AsA: BcLRR, BcHS70, BcPPO, BcPAP, BcPPC,
BcGEBG, BcERF070, BcSCF35, and BcATL3I (Fig.
2). Among the 9 genes, the expression level of
BcERF070 in Wutacai was 7.5 times that in Erqing,
and the corresponding expression in F2 plants with
high AsA was 3.3 times that in low-AsA plants (Fig.

qRT-PCR of differentially expressed fragments obtained
by cDNA-AFLP technology
To verify the authenticity of the cDNA-AFLP results
and determine whether the selected genes were related to AsA content, 20 genes were randomly selected for qRT-PCR analysis (Table S3). The results
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Fig. 2 qRT-PCR analysis of 20 differential expression genes
derived from cDNA-AFLP technology. P1-Wutacai, parental line
P1; P2-Erqing, parental line P2; AsA-high, F2 populations with

high AsA; AsA-low, F2 populations with low AsA. The data are
shown as the mean ± SD (n = 3), and significant differences are
indicated by letters (P < 0.05)

2). Based on the TDF analysis and qRT-PCR identification, we selected BcERF070 for further
research.

To further verify the subcellular localization of
BcERF070, pEarleyGate103-BcERF070
agrobacterium was transiently expressed in tobacco
leaves; BcERF070 fluoresced only in the nucleus
and coincided with the blue light of the nuclear
dye (DAPI), indicating that BcERF070 was localized in the nucleus (Fig. 3b).

The structural features and subcellular localization
of BcERF070
The open reading frame of BcERF070 was cloned,
and a 444-nucleic acid sequence encoding 147 amino acids was obtained (Fig. 3a), which was the same
as the sequence of BcERF070 in the non-heading
Chinese cabbage database. The isoelectric point of
the BcERF070 protein was predicted to be 9.12, and
the protein mass was 16080.27294 Da. SMART
software predicted that amino acids 68 to 139 were
the conserved AP2 domain of BcERF070 (Fig. 3a).

Analysis of phenotypes and AsA content
of BcERF070-silenced plants
and BcERF070-overexpressed plants
For BcERF070-silenced plants, a total of 8 pTYBcERF070 plants and 3 pTY-S plants were obtained
using VIGS. Both the pTY-S and pTY-BcERF070
plants showed obvious mosaic symptoms 2 weeks
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Fig. 3 Sequence analysis and subcellular localization of
BcERF070. a The conserved AP2 domain is indicated by a red
underline and gray background. b The subcellular localization of
BcERF070 in tobacco. pEarleyGate103-BcERF070 (35S::GFPBcERF070) represents a fusion protein. The pEarleyGate103

(35S::GFP) construct was used as a control. Merged, overlay of
bright field, green fluorescence, and DAPI images; bright field,
bright field images of tobacco leaf cells; dark field, green fluorescence; DAPI, nuclear dye stain images. Bars: 50 μm

Fig. 4 The phenotype and AsA content in leaves of non-heading
Chinese cabbage after infection with the viral plasmid pTYBcERF070. a The symptoms of plant leaves 2 weeks after virus
inoculation. b The phenotype of the plants 2 weeks after virus
inoculation. WT wild-type plant, pTY-S plant inoculated with pTYS plasmid, pTY-BcERF070 plant inoculated with pTY-BcERF070
plasmid. c Plant phenotypes 1 week before flowering for pTYBcERF070 plants. d The relative expression level of BcERF070 in
pTY-S and pTY-BcERF070 plants 2 weeks after inoculation. e The

AsA content of pTY-S and pTY-BcERF070 plants 2 weeks after
inoculation. The inner leaves of plants were sampled. f The AsA
content of pTY-S and pTY-BcERF070 plants 1 week before
flowering for pTY-S plants. The middle leaves of plants were
sampled. g The AsA content of pTY-S and pTY-BcERF070 plants
3 days after flowering for pTY-BcERF070 plants. The middle
leaves of plants were sampled. The data are shown as the mean
± SD (n = 3), and significant differences are indicated by letters (P
< 0.05)
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after inoculation (Fig. 4a), and qRT-PCR analysis
indicated that the expression level of BcERF070 in
pTY-BcERF070 plants was 33–65% lower than that
in pTY-S plants (Fig. 4d). There was no significant
difference in the height of plants 2 weeks after
inoculation (Fig. 4b). However, the flowering time
of pTY-BcERF070 plants was later than that of pTYS and WT plants (Fig. 4c). HPLC analysis showed
that the AsA content in the leaves of pTYBcERF070 plants was lower than that in the leaves
of pTY-S plants during plant growth (Fig. 4e–g).
For BcERF070-overexpressed transgenic plants, although the expression level of BcERF070 in transgenic
plants is 614–624 times that of WT plants (Fig. 5a;
Table S4), the growth of transgenic lines showed no
significant difference with the WT plants under normal
conditions. However, the reduced ascorbic acid content
in BcERF070-overexpressed plants was 1.56–1.82
times that of the WT plants (Fig. 5c), and the ratio of
reduced ascorbic acid/oxidized ascorbic acid in
BcERF070-overexpressed plants was higher than WT
plants (Fig. 5d). Therefore, we hypothesized that

BcERF070 affected the accumulation of AsA, thereby
affecting the growth and development of the plants.

Fig. 5 The AsA content of BcERF070-overexpressed
Arabidopsis thaliana plants. a The relative expression level of
BcERF070 in BcERF070-overexpressed plants after 20 days of
sowing. The data represented the means of three replicates, and
error bars represented the standard deviations of means. b T2 lines
were confirmed by β-glucuronidase (GUS) staining. c The

reduced ascorbic acid and total ascorbic acid of BcERF070overexpressed Arabidopsis thaliana plants. d The ratio of reduced
ascorbic acid to oxidized ascorbic acid in WT and BcERF070overexpressed Arabidopsis thaliana plants. For each line, 3 seedlings were assayed. Different letters above bars indicated significant differences (P < 0.05) between plants

Transcriptome analysis of leaves
from BcERF070-silenced plants
Through transcriptome analysis of 6 samples from pTYBcERF070 (3 samples) and pTY-S plants (control, 3
samples) 2 weeks after inoculation with turnip yellow
mosaic virus, a total of 44.48 GB of clean data was
obtained. The amount of clean data for each sample
reached 7.36 GB, and the Q30 base percentage was
above 92.86% (Table 1). The sequences of clean reads
of each sample were compared with the Brassica rapa
ssp. pekinensis genome (http://brassicadb.org/brad/),
and the comparison efficiency ranged from 70.84 to
84.14% (Table S5).
A total of 5108 genes were obtained from transcriptome sequencing, of which 2947 were DEGs. A
total of 1729 genes were upregulated, and 1218
were downregulated (Fig. 6a). A total of 2947 DEGs
in the sample were functionally annotated, and Gene
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Table 1 The output statistics of sequencing

Note: BMK-ID, the analysis number of Baimaike sample; ERF-A,
pTY-BcERF070-A; ERF-B, pTY-BcERF070-B; ERF-C, pTYBcERF070-C; pTY-A, pTY-S-A; pTY-B, pTY-S-B; pTY-C, pTYS-C. Clean reads, total number of pair-end reads in clean data;
clean bases, total number of bases in clean data; GC content, the
GC content in clean data; ≥ Q30%, percentage of bases with a
clean data quality value greater than or equal to 30

Ontology (GO) analysis showed that most of these
genes were abundant in the biological process category, with 2055 genes participating in metabolic
processes (Fig. 6b). To test the reliability of the
expression profiles obtained from RNA sequencing,
we randomly selected 19 DEGs with various expression levels for qRT-PCR; these unigenes were involved in the biological process, cellular component,
and molecular function categories (Table S6).
Pearson’s correlation coefficients showed that the
qRT-PCR data for these genes and the RNA sequencing results were highly correlated (Fig. 6c).
The correlation coefficient was 0.9157, indicating a
positive correlation between the RNA sequencing
data and qRT-PCR data.

Fig. 6 Screening of DEGs in pTY-BcERF070 plants compared
with pTY-S plants. a MA map of DEGs. The X-axis is log2
(FPKM), which is the logarithm of the mean expression level in
the two samples; the Y-axis is log2 (FC), which is the logarithm of
the product of the gene expression levels between the two samples.
The green dots in the figure represent downregulated DEGs, the

red dots represent upregulated DEGs, and the black dots represent
no DEG. b Gene enrichment of the secondary functions of DEGs.
The X-axis is the GO classification, the left of the Y-axis is the
percentage of the number of genes, and the right is the number of
genes. c Correlation analysis of FPKM values from transcriptome
sequencing and the qRT-PCR values

BMK-ID

Clean reads

Clean bases

GC content

% ≥ Q30

ERF-A

25323574

7562715074

0.4735

0.9305

ERF-B

27002485

8064124742

0.4762

0.9338

ERF-C

26280494

7852205836

0.4739

0.9331

pTY-A

25130422

7503663022

0.4735

0.9351

pTY-B

27312423

8178929292

0.4824

0.9286

pTY-C

28736404

8604654428

0.4815

0.9286
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Analysis of AsA metabolism-related gene expression
in BcERF070-silenced plants
A total of 23 DEGs were related to AsA based on
functional annotation (Table S7). These genes were
subjected to KEGG classification (Fig. 7a) and KEGG
enrichment (Fig. 7b). It was found that the genes were
distributed in 7 classes of carbohydrate metabolism, and
one of these 7 classes, ascorbate and aldarate metabolism (accession number: ko00053), included 10 DEGs
related to AsA (Fig. 7a, b; Fig. 8; Table S8): BcGME
(GDP-mannose 3,5-epimerase, Bra010011); BcUGDH1
(UDP-glucose 6-dehydrogenase 1, Bra024708);

Fig. 7 Analysis of ascorbate-related DEGs. a Classification of
DEGs in KEGG metabolic pathways. The Y-axis is the name of
the KEGG metabolic pathway, and the X-axis is the number of
genes annotated under the pathway and its proportion to the total
number of genes being annotated. b Enrichment of DEGs in
KEGG metabolic pathways. Each circle in the figure represents a
KEGG pathway, the Y-axis represents the name of the pathway,
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BcUGDH3-like (UDP-glucose 6-dehydrogenase 3-like,
Bra023520); BcUGDH4 (UDP-glucose 6dehydrogenase 4, Bra028430); BcUGDH4-like (UDPglucose 6-dehydrogenase 4-like, Bra026264);
BcMIOX2 (inositol oxygenase 2-like, Bra036701);
BcTAPX (L-ascorbate peroxidase T, Bra015668);
BcAPX4 (L-ascorbate peroxidase 4, Bra000663);
BcAPX5 (L-ascorbate peroxidase 5,
Brassica_rapa_newGene_2032); and BcMDAR5
(monodehydroascorbate reductase 5, Bra027670). In
addition to these 10 DEGs, two more genes, namely,
BcAPX3 (L-ascorbate peroxidase 3, Bra013053) and
BcMDAR4 (monodehydroascorbate reductase 4,

and the X-axis is the enrichment factor, indicating the proportion
of genes for the differential genes that were annotated to a pathway
and the annotation of the pathway to all genes. The greater the
enrichment factor is, the more significant the level of enrichment
of DEGs in this pathway is. c Heat map analysis of FPKM values
from AsA-related genes
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Fig. 8 Pattern diagram of BcERF070 involvement in the regulation of AsA content

Bra025303), showed significant differences (FC ≥ 2),
but their FDR were greater than 0.05; thus, the 12 genes
were further analyzed. Figure 8 is a schematic diagram
of these 12 genes in the biosynthetic pathway and metabolic pathway of AsA.
Cluster analysis of FPKM data from 12 genes
associated with ascorbate metabolism in pTY-S and
pTY-BcERF070 samples showed good reproducibility of the samples (Fig. 7c). FPKM data showed that
the expression profile of BcERF070 (Bra012352) in
pTY-BcERF070 plants was 0.69 times that in pTY-S
plants, and 12 genes associated with ascorbate metabolism were significantly upregulated (Table S6;
Fig. 7c).
qRT-PCR validation of 12 AsA-related genes
in BcERF070-silenced plants
We further tested whether the 12 screened genes were
associated with AsA using qRT-PCR technology. qRTPCR of BcERF070 and 12 AsA-related genes was performed using specific primers (Table S4), and the results
showed that although the transcriptional profile of

BcERF070 in pTY-BcERF070 was reduced by 46%
compared with that in pTY-S plants (Fig. 9), the transcriptional profiles of the 12 genes associated with AsA
were significantly increased, which was similar with the
data from transcriptome sequencing (Fig. 9; Table S6).
In the L-galactose biosynthetic pathway, only
BcGME was significantly expressed in pTY-BcERF070
plants, in which it was 1.5–2.28 times higher than in
pTY-S plants (Fig. 9). Five genes were involved in the
synthesis of AsA in the myo-inositol pathway. Among
these genes, the relative expression level of BcUGDH1,
BcUGDH4, and BcUGDH4-like in pTY-BcERF070
plants was 2.1–23 times that in the control (Fig. 9). In
fact, the upregulation of these genes promotes the synthesis of AsA (Fig. 8), but considering that the AsA
content decreased when BcERF070 was silenced, we
conclude that BcERF070 mainly acts on genes involved
in the AsA degradation pathway rather than on genes
involved in the AsA synthesis pathway (Fig. 9).
Four genes from the ascorbate degradation pathway
were found, which primarily promote the conversion of
L-ascorbic acid to monodehydroascorbic acid. When
BcERF070 was downregulated, the expression of these
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Fig. 9 qRT-PCR analysis of BcERF070 and 12 ascorbate-related DEGs in pTY-S and pTY-BcERF070 plants
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two genes (BcAPX4 and BcAPX5) was 2.89–12.08
times that in the control. The expression level of
BcAPX5 was 12.08 times that in pTY-S plants, implying
that BcAPX5 was a key gene regulated by BcERF070
(Fig. 9). In this study, we found that the relative expression levels of BcMDAR4 and BcMDAR5 in BcERF070silenced plants were 1.43–1.55 times (< 2 fold) those in
the control (Fig. 9; Table S6). Thus, we concluded that
BcMDAR4 and BcMDAR5 were insufficient to recycle
the MDHA back to AsA and BcERF070 may affect the
accumulation of AsA by regulating APX4 and APX5.
qRT-PCR validation of 12 AsA-related genes
in BcERF070-overexpressed plants
To further verify that 12 AsA-related genes are regulated
by BcERF070, we further determined the expression of
related genes in BcERF070-overexpressed lines (OE-1
and OE-2). The results showed that when the expression
level of BcERF070 was 614–624 times that of WT
plants in Arabidopsis (Fig. 5a), the expression levels
of 12 AsA-related homologous genes in Arabidopsis
changed to varying degrees (Fig. S1). A total of 75%
of these 12 AsA-related genes in BcERF070overexpressed lines had opposite expression trends to
BcERF070-silenced plants. In particular, AtAPX4,
AtTAPX, AtAPX5, and AtAPX3 were significantly downregulated in BcERF070-overexpressed plants (Fig. S1).
Since the reduced ascorbic acid and total ascorbic acid
contents were significantly increased in BcERF070overexpressed plants relative to those in the WT plants,
the oxidized ascorbic acid in BcERF070-overexpressed
plants was decreased relative to that in WT plants (Fig.
5c, 9d). Therefore, we further clarified that BcERF070
may participate in the synthesis and accumulation of
ascorbic acid by regulating the BrAPXs.
Prediction of the DRE and GCC box of 12 AsA-related
gene promoters
The DRE (core sequence: CCGAC) and GCC box (core
sequence: GCCGCC) are binding sites for ERF proteins
(Ohme-Takagi and Shinshi 1995; Zhang et al. 2012). In
this paper, we analyzed the cis-acting elements of 12
AsA-related genes and found that BcUGDH3-like,
BcUGDH4, BcUGDH4-like, BcTAPX, BcAPX4,
BcAPX5, and BcMDAR5 contain DREs, although these
12 gene promoters do not contain the GCC box
(Table 2). Therefore, we concluded that these genes

might be regulated by BcERF070 through binding to
the DRE cis-element of the genes, which warrants further exploration.

Discussion
In our study, 184 TDFs related to AsA contents in nonheading Chinese cabbage were detected. Among these
184 TDFs, 86 TDFs have known functions (Fig. 1d). In
addition, 20 genes were selected for qRT-PCR to verify
the reliability of the cDNA-AFLP technique. This verification lays a foundation for further functional verification of these genes.
qRT-PCR analysis indicated that BcPAP, BcPPC, and
BcGEBG were upregulated in low-AsA plants and
downregulated in high-AsA ones, respectively, which
indicated that these genes might be negatively correlated
with AsA content in plants. Moreover, Zhang et al.
(2008) found that the homologous gene of BcPAP—
AtPAP15—increases foliar ascorbate in Arabidopsis
thaliana mutants and might modulate AsA levels via
the myo-inositol pathway. Therefore, we conclude that
the cDNA–AFLP technique is a valuable method for
functional genomics and genetics and speculate that
these genes may be related to AsA accumulation in
non-heading Chinese cabbage. In this study, BcERF070
showed different expression levels in plants with different AsA concentrations (Fig. 2). Furthermore, the
BcERF070 homologous gene AtERF98 was found to
regulate the expression of VTC1 in the AsA biosynthesis pathway in Arabidopsis (Zhang et al. 2012). Therefore, we speculate that BcERF070 is involved in the
regulation of AsA content in non-heading Chinese
cabbage.
To further explore the regulatory mechanism of the
BcERF070 gene in relation to AsA content, BcERF070silenced plants were obtained by the method of VIGS.
Suzhouqing is a cultivar of non-heading Chinese cabbage with high AsA content. In this experiment,
BcERF070 in non-heading Chinese cabbage was silenced by virus-induced gene silencing, while
Suzhouqing was susceptible to infection with turnip
mosaic virus. Therefore, Suzhouqing was selected as a
material for BcERF070 silencing in this study. It was
found that downregulation of BcERF070 reduced the
AsA content in the leaves of plants (Fig. 4). AsA has
been found to be associated with flowering in recent
years (Barth et al. 2006). When the AsA content in the
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Table 2 Analysis of cis-elements
in 12 AsA-related gene promoters
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Gene name

Gene ID in RNA-Seq

Number of DRE ciselement

Number of GCC
box

BcGME

Bra010011

0

0

BcUGDH1

Bra024708

0

0

BcUGDH3-like

Bra023520

1

0

BcUGDH4

Bra028430

1

0

BcUGDH4-like

Bra026264

1

0

BcMIOX2

Bra036701

0

0

BcTAPX

Bra015668

1

0

BcAPX4

Bra000663

1

0

BcAPX5

Brassica_rapa_newGene_2032

1

0

BcMDAR5

Bra027670

1

0

BcAPX3

Bra013053

0

0

BcMDAR4

Bra025303

0

0

Arabidopsis thaliana vtc-1 mutant was 30% of that in
WT plants, growth was slower and flowering was delayed (Veljovic-jovanovic et al. 2001). In this study, we
found that the flowering of pTY-BcERF070 plants was
later than that of pTY-S plants and WT plants. Barth
et al. (2006) combined various studies to propose a
possible pattern of AsA-induced flowering and speculated that the mechanism of flowering induced by AsA
was related to the photoperiod, gibberellin, and autonomous flowering pathways. However, the mechanism by
which AsA modified flowering time was very complex,
and further research is needed to clarify this mechanism.
Nevertheless, our result suggested that BcERF070 may
affect the flowering time of plants by regulating AsA
content. In addition, previous studies have shown that
ERF proteins can regulate the biosynthesis of plant
metabolites, such as ethylene, to enhance the tolerance
to environmental stress (Zhang et al. 2009; Zhang and
Huang 2010). It has recently been reported that ERF can
regulate ascorbate synthesis by activating ascorbaterelated genes (Zhang et al. 2012). Therefore, we speculate that ERF may also have multiple effects: while
increasing ascorbic acid to increase resistance, the cost
is to accelerate aging.
Transcriptome sequencing technology is one of the
most important methods with which to study the regulatory mechanisms of genes. By analyzing the transcriptome data of the pTY-S and pTY-BcERF070 plants,
we found that the downregulation of BcERF070 significantly upregulated 12 ascorbate-related genes. Six of

these genes were catalytic enzyme genes involved in the
L-AsA biosynthetic pathway. One of which, BcGME,
was upregulated in BcERF070-silenced non-heading
Chinese cabbage and downregulated in BcERF070overexpressed Arabidopsis plants. However, analysis
from the transcriptome data revealed that the expression
level of the key gene GGP (GDP-L-galactose phosphorylase) in the L-galactose pathway did not show significant difference between pTY-S and pTY-BcERF070
plants. In addition to the BcGME gene, others
(BcUGDH1, BcUGDH4-like, BcUGDH4, and
BcMIOX2) involved in the myo-inositol pathway
showed the opposite expression trend between
BcERF070-silenced plants and BcERF070overexpressed plants (Fig. 8). Considering that when
BcERF070 is downregulated, AsA content is decreased;
when BcERF070 is upregulated, AsA content is increased. Therefore, we believe that the BrGME and
myo-inositol pathway genes have little effect on the
synthesis and accumulation of ascorbic acid. The reason
for explaining this phenomenon may be that (1) GME
has little effect of ascorbate and plays a role in the
biosynthesis of noncellulosic cell wall polysaccharides
(Gilbert et al. 2009; Bulley et al. 2009; Bulley et al.
2012; Laing et al. 2015) and (2) L-galactose pathway is
the main pathway for ascorbic acid synthesis (Bulley
and Laing 2016).
In the metabolic recycling pathway, AsA can be
oxidized by ascorbate peroxidase (APX) in the ascorbate metabolism pathway, and APX plays a key role in

Mol Breeding (2020) 40: 2

2 Page 16 of 18

oxidizing AsA (Zhang et al. 2011). BcAPX4, BcTAPX,
BcAPX5, and BcAPX3 were directly involved in the
oxidation of L-ascorbate, and the expression levels of
these four genes in BcERF070-silenced plants were
significantly increased relative to those in the control
plants. Conversely, in BcERF070-overexpressed plants,
the expression levels of BcAPX4, BcTAPX, BcAPX5,
and BcAPX3 were decreased. Therefore, we concluded
that the BcERF070 gene mainly participates in AsA
metabolism by regulating BcAPXs. The role of the
MDAR gene in regulating AsA content is complex. For
instance, Eltelib et al. (2012) also found that overexpression of MDHAR in tobacco increased the amount of
AsA in leaves; although Haroldsen et al. (2011) found
that overexpression of the tomato MDHAR3 gene reduced the AsA content in tomato fruits. In this study, we
found that the relative expression levels of BcMDAR4
and BcMDAR5 in BcERF070-silenced plants were
1.43–1.55 times that in the control plants (Fig. 9;
Table S6). Related reports indicated that the MDHAR
gene (BcMDHAR1, LOC103841218) from the nonheading Chinese cabbage cultivar “Suzhouqing” negatively regulated AsA levels in transgenic tobacco plants
(Ren et al. 2015). Therefore, to confirm the promotion
or inhibition of the accumulation of AsA by BcMDAR4
and BcMDAR5, further research is needed (Stevens et al.
2008; Haroldsen et al. 2011).
From the results of transcriptome sequencing analysis, it was found that BcERF070 acts on 12 target genes
to regulate the AsA content. However, it is unclear how
BcERF070 regulates these genes. As previously reported in Arabidopsis thaliana, AtERF98 directly activates
the transcription of VTC1 by interacting with VTC1
promoter fragments containing the DRE cis-element,
thereby increasing the AsA content (Zhang et al.
2012). Because BcERF070 has high homology with
AtERF98, we predicted the promoters of these 12 target
genes and found 7 genes (BcUGDH3-like, BcUGDH4,
BcUGDH4-like, BcTAPX, BcAPX4, BcAPX5, and
BcMDAR5) containing DREs (Table 2). Therefore, we
speculate that BcERF070 is likely to regulate AsA content by acting on the DREs of these seven genes. In
addition, the remaining 5 genes do not contain a DRE
cis-element, indicating that BcERF070 may act on other
cis-elements of the 5 genes to regulate the AsA content,
which requires further exploration.
In conclusion, BcERF070 affects the AsA content
mainly by regulating AsA metabolic cycle genes, which
in turn affects plant growth and development. Our

results provide novel evidence that the accumulation
of AsA was affected by an ERF transcription factor in
non-heading Chinese cabbage, which will facilitate theoretical research and improvement of AsA synthesis and
accumulation in non-heading Chinese cabbage varieties.
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