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controlling soluble sugar and
glucosinolate biosynthesis in
Chinese cabbage by integrating
metabolome and genome-wide
transcriptome analysis
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Fengde Wang1* and Jianwei Gao1*
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Introduction: Soluble sugar and glucosinolate are essential components that

determine the flavor of Chinese cabbage and consumer preferences. However,

the underlying regulatory networks that modulate the biosynthesis of soluble

sugar and glucosinolate in Chinese cabbage remain largely unknown.

Methods: The glucosinolate and carotene content in yellow inner-leaf Chinese

cabbage were observed, followed by the combination of metabolome and

transcriptome analysis to explore the metabolic basis of glucosinolate and

soluble sugar.

Results: This study observed high glucosinolate and carotene content in yellow

inner-leaf Chinese cabbage, which showed a lower soluble sugar content. The

differences between the yellow and the white inner-leaf Chinese cabbage were

compared using the untargeted metabonomic and transcriptomic analyses in

six cultivars of Chinese cabbage to explore the metabolic basis of glucosinolate

and soluble sugar. Aliphatic glucosinolate and two soluble sugars (fructose and

glucose) were the key metabolites that caused the difference in Chinese

cabbage’s glucosinolate and soluble sugar. By integrating soluble sugar and

glucosinolate-associated metabolism and transcriptome data, we indicated

BraA05gAOP1 and BraA04gAOP4, BraA03gHT7 and BraA01gHT4 were the

glucosinolates and soluble sugar biosynthesis structural genes. Moreover,

BraA01gCHR11 and BraA07gSCL1 were two vital transcription factors that

regulate soluble sugar and glucosinolate biosynthesis.
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Discussion: These findings provide novel insights into glucosinolate and

soluble sugar biosynthesis and a possible explanation for the significant

difference in nutrients between yellow and white inner-leaf Chinese

cabbage. Moreover, it will facilitate genetic modification to improve the

Chinese cabbage’s nutritional and health values.
KEYWORDS
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Introduction

Chinese cabbage is one of the essential vegetables in the

world. They are the most widely grown vegetables in China and

northern areas and account for over one-quarter of the total

annual vegetable consumption. The leafy head comprising

numerous incurved leaves is the main edible organ. Soluble

sugar, carotenoid and glucosinolate are the most common

nutrient compounds affecting the flavor of Chinese cabbage

(Ishida et al., 2014; Cao et al., 2021; Cheng et al., 2022).

However, over the past few decades, intensive breeding has

been mainly focused on yield and disease resistance rather

than the quality of vegetables. With the increase in citizens’

living standards, the market-driven orientation artificial

selection strategy becomes more critical. Furthermore,

functional Chinese cabbage has gained popularity within

health and wellness circles in recent years with the increasing

diversity. Therefore, Chinese cabbage has been the subject of

much research to evaluate its nutrient compounds and

characteristic flavors (Higdon et al., 2007).

Glucosinolate is sulfur- and nitrogen-containing plant

secondary metabolite found in cruciferous vegetables, whose

hydrolysis products contribute to the unique flavours and tastes

of Brassica species (Shim et al., 2016; Bischoff, 2021).

Glucosinolate is known for its beneficial effect on human

health, such as strong anti-cancer effects and regulatory

functions in inflammation and dampening the stress responses

and antimicrobial properties (Hu et al., 2022; Jo et al., 2022;

Tandayu et al., 2022). Aliphatic glucosinolate has been reported

as the primary type of glucosinolate in Brassica rapa (Liao,

2011). Interestingly, aliphatic glucosinolate, positively correlated

with carotenoid content in Chinese cabbage, indicated the

synergistic regulation between these nutrient components

(Baek et al., 2016). Content and biosynthesis of glucosinolate

that affects fruit flavor have been widely studied in model

Arabidopsis (Harun et al., 2020), which paved the way for

elucidating the molecular mechanism of glucosinolate

biosynthesis in Chinese cabbage. The biosynthesis of aliphatic

glucosinolate originates from the elongation of methionine
02
(Met). AOPs (2-oxoglutarate-dependent dioxygenases), SUR1

(C-S lyase), UGT74 (UDP-glycosyltransferases), BCATs

(branched-chain amino acid aminotransferase), CYP79s

(cytochrome P450 monooxygenases) and CYP83s (Kang et al.,

2018; Zuluaga et al., 2019), MAM (Methylthioalkylmalate

synthase) (Das, 2021), SOT (sulfotransferases) (Klein and

Papenbrock, 2008) play a vital role in glucosinolate

biosynthesis. Overexpression of CYP79s and CYP83s, which

are involved in forming the core glucosinolate structure,

increased the aliphatic glucosinolate level in Chinese cabbage

(Zang et al., 2008). In addition, transcription factors, such as

MYB, ERF and bHLH, are all involved in the regulation of

glucosinolate biosynthesis (Chhajed et al., 2020; Mitreiter and

Gigolashvili, 2021). In the previous report, MYB122

(transcription factor), CYP79B2, UGT74B1, SUR1, SOT16,

SOT17, SOT18 (core structure biosynthesis genes), and IGMT1

(indole glucosinolate side chain modification gene) play a

differentiated role in the transcriptional response pattern of JA

(jasmonic acid) in two broccoli cultivars (Ku et al., 2016).

Therefore, these metabolite and transcript biomarkers could be

helpful in an effective marker-assisted breeding strategy for

improving the resistance in Brassica vegetables. Another study

indicated three MYB28 homologs regulating glucosinolate

biosynthesis in Chinese kale sprouts (Guo et al., 2016).

Soluble sugar, including sucrose, glucose and fructose, is one

of the essential qualitative traits to evaluate the shelf-life of

Chinese cabbage and is also the vital element that provides

energy and bare carbon skeletons for various metabolic

pathways (Shen et al., 2018; Liu et al., 2020). In addition,

soluble sugar can act as signal transduction molecules to

regulate the development and adaptation to environmental

challenges (Durán-Soria et al., 2020). Even though soluble

sugar significantly influences the sensory quality, few studies

on the sweetness of heading leaves in Chinese cabbage have yet

been reported. The sweetness of vegetables is mainly related to

the composition and type of soluble sugar. The biosynthesis and

metabolism of soluble sugar were involved in many biological

processes regulated by the expression of many genes of enzymes.

INV (Invertase), SUS (sucrose synthase) and SPS (sucrose
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phosphate synthase) have been recognized as the essential

enzymes affecting the metabolism and accumulation of soluble

sugar (Nookaraju et al., 2010; Matsukura, 2016). The

biosynthesis of sucrose is probably regulated by PFK6 and

SUS1/SuSy1 in Chinese cabbage, and it is also regulated by

SPS4, a crucial enzyme in sucrose synthesis (Li et al., 2019).

During the soluble sugar biosynthesis and metabolic process of

Chinese cabbage, HxK (hexokinase) and FRK (fructokinase)

were involved in the further utilization of sucrose degradation

products, including glucose and fructose (Moscatello et al., 2011;

Hu et al., 2016).

Even though the soluble sugar and glucosinolate have the

most significant influence on the flavor and quality (Wang et al.,

2011; Vallone et al., 2013), their regulatory mechanism in

Chinese cabbage is still unclear. Compared to white inner-leaf

Chinese cabbage, yellow inner-leaf Chinese cabbage showed

high glucosinolate content and low soluble sugar. Therefore, it

provided an ideal experimental material to study the

biosynthesis mechanism of soluble sugar and glucosinolate in

Chinese cabbage. Integration of transcriptome and metabolome

information offers unique insights into pathways associated with

agronomy traits while identifying potential targets for genetic

modification. To clarify the regulatory pathways of glucosinolate

and soluble sugar in Chinese cabbage, we first investigated the

differences in the accumulation of glucosinolate and soluble

sugar between the yellow and the white inner-leaf Chinese

cabbage, and the expression of biosynthesis-related genes of

glucosinolate and soluble sugar was quantified. Then, to explain

nutrient differences between the yellow and the white inner-leaf

Chinese cabbage, we used conjoint transcriptome and

metabolome analysis to identify different metabolites and

DEGs (differentially expressed genes) in glucosinolate and

soluble sugar biosynthesis. In addition, a series of physiological

tests were carried out to evaluate the commercial value of the

varieties. Besides, the qRT-PCR (Quantitative Real-time

Polymerase Chain Reaction) was used to verify the

transcriptome analysis results. Our study can provide new

insights into understanding the nutrient formation of

Chinese cabbage.
Material and methods

Plant materials and treatments

Three varieties of yellow inner-leaf Chinese cabbage,

Wawahuang (WWH), Xiqing (XQ), Gaochunhuanag (GCH)

and three types of white inner-leaf Chinese cabbage, Rewangzi

(RWZ), Xiayangwang (XYW), Rejiangjun (RJJ) were grown and

collected from an experiment field of Shandong Academy of

Agricultural Sciences (Jinan city, Shandong Province) in 2021.

The middle third of the edible part was cut as selected material

for measuring of total soluble solids, total carotenoid, total
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glucosinolate, the metabolomics and RNA-Seq analysis, and

qRT-PCR.

Seeds of “XQ” and “XYW” were germinated in a plastic pot

(10 ×10 cm) containing soil and vermiculite at a volume ratio of

1:3 and grown under controlled conditions, 20°C ± 2, in a plant

culture room in the institute of Vegetables, Shandong Academy

of Agricultural Sciences. One-month-old seedlings with 5-7

leaves were selected, and the whole plants were cut up for the

qRT-PCR analysis.

We used three biological replicates for one experiment, and

each replicate consisted of three Chinese cabbage. Therefore,

three Chinese cabbage were cut up, mixed as one sample and

three biological replicates for one experiment. The samples were

frozen in liquid nitrogen and stored at -80°C for

further research.
Total carotenoid content measurement

1.0 g fresh Chinese cabbage was ground in 50 ml 100%

acetone and extracted in the dark at 4°C in the dark. The

absorbance of the extraction solution was measured in A663,

A645, and A470 (Cao et al., 2007). We calculated the total

carotenoid by the following formula:

Chlorophyll a   (mg=L)   =   12:21� A663 − 2:81� A646

Chlorophyll b(mg=L)   =   20:13� A646 − 5:03� A663

Carotenoids(mg=L)   =  
(1000� A470 − 3:27� Chlorophyll a − 104� Chlorophyll b)

229
Total soluble sugar content
measurement

1.0 g fresh Chinese cabbage was ground and rinsed with 5 to

10 ml ddH₂O, then the extraction was filtered and boiled for

30 min, and the tube and residue were flushed to the final

volume (100 ml). In the next step, we added 0.5 ml extract

solution and 1.5 ml distilled water to a 25 ml glass tube with

0.5 ml anthrone-ethyl acetate and 5 ml concentrated sulfuric

acid. Later, we boiled the sample for 1 min. Finally, we measured

the absorbance of the reaction in A630 (Cao et al., 2007).
Total glucosinolate
content measurement

We dried 10 g of Chinese cabbage at 120°C for 15 minutes

and then incubated it at 80°C for 2 days. Then, the samples were

ground into powder and filtered by 100 mesh to remove the large

debris. First, we added 0.1 g powder to 1.5 ml of 90% ethanol and
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incubated at it 70°C for 45 min. Then we filtered and washed

using ddH₂O to 10 ml. Later, we added 1.0 ml solution with

2.0 ml 4 mmol/L PdCl and kept it at room temperature for 2

hours. Finally, we measured the absorbance of the reaction in

A540 (Chelimoge et al., 2014).
Metabolomics analysis of soluble sugar
in Chinese cabbage

Soluble sugar content and composition were detected by

MetWare (Wuhan, China, http://www.metware.cn/). An

electronic mill ground the freeze-dried samples at 30 Hz for

1.5 min. 500 mL mixture with the volume ratio of methanol,

isopropanol and water (3:3:2 V/V/V) was used to dissolve 20 mg

sample powder and vortexed for 3 min and ultrasound for

30 min. After centrifugation at 14,000 rpm under 4°C for

3 min. The supernatant was evaporated under an N2 stream,

and then lyophilized. The residue was used for further

derivatization. A gas chromatograph and mass spectrometer

(GC-MS) were used to analyse Chinese cabbage’s soluble

sugar. 1.0 mL/min of pure Helium was used as a carrier gas. 1

mL gas was injected with a split ratio of 5:1. The heating program

of the column oven was conducted as follows: starting at 170°C

for 2 min, and then raised to 240°C at 10°C/min, the

temperature increased to 280°C at 5°C/min, the temperature

increased at 25°C/min to 310°C, and maintained at 310°C for

4 min. We used a selective ion monitoring mode to analyze all of

the samples. The ion source and transfer line temperatures were

230°C and 240°C, respectively.
Metabolomics analysis of glucosinolate
in Chinese cabbage

Glucosinolate content and composition were detected by

MetWare (Wuhan, China, http://www.metware.cn/). The

sample preparation was the same as the soluble sugar

measurement. 1.2 mL 70% methanol (70:30, v/v) was added

into 100 mg lyophilized powder and blended. Extraction was

carried out in a refrigerator at 4°C overnight. The samples were

centrifuged at 12000 rpm for 10 min to remove the undissolved

residue, and then were filtrated via SCAA-104 with 0.22 mm pore

size (ANPEL, Shanghai) before being done UPLC-MS/MS

analysis. Glucosinolate metabolites were measured by a UPLC-

ESI-MS/MS system (UPLC, SHIMADZU Nexera X2; MS,

Applied Biosystems 4500 Q TRAP) equipped with SB-C18 (1.8

μm, 2.1 mm × 100 mm). Solvent A (pure water with 0.1% formic

acid) and solvent B (acetonitrile with 0.1% formic acid) were

used as the UPLC mobile phase. Sample measurements were

carried out with a gradient program with 0.35 mL/min flow rate

and 40°C of the column oven temperature. The injection volume

was 4 mL. The gradient program was started with 95% A:5% B,
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followed by 5% A: 95% B at 0-10 min, and at 11.1-14 min, 95%

A: 5% B. The effluent was connected to an ESI-triple

quadrupole-linear ion trap (QTRAP)-MS. We carried linear

ion trap (LIT), and triple quadrupole (QQQ) scans on an

AB4500 Q TRAP UPLC/MS/MS System equipped with an ESI

Turbo Ion-Spray interface, operating in both positive and

negative ion mode and controlled by the Analyst 1.6.3

software (AB Sciex). The ESI conditions were set as follows: a

turbo spray ion source, 5500 V (positive ion mode)/-4500 V

(negative ion mode) and 550°C; ion source gas I (GSI), gas II

(GSII) and curtain gas (CUR) was set at 50, 60, and 25.0 psi,

respectively; the collision-activated dissociation (CAD) was

high. 10 and 100 mmol/L polypropylene glycol solutions in

QQQ and LIT were conducted for Instrument tuning and

mass calibration, respectively. The nitrogen was placed in the

medium for the MRM experiment. Declustering potential (DP)

and collision energy (CE) was done for each MRM transition.
RNA-Seq analysis

The RNA-Seq was performed by MetWare (Wuhan, China).

Total RNA was extracted from six Chinese cabbage. A total

amount of 1 μg RNA per sample was used as input material for

the RNA sample preparations. Sequencing libraries were

generated using NEBNext® UltraTM RNA Library Prep Kit

for Illumina® (NEB, USA). After the raw data were filtered, the

sequencing error rate and the GC content distribution were

checked, clean reads were obtained for subsequent analysis, and

the mapped data were obtained by sequence alignment with the

Chinese cabbage reference genome (http://brassicadb.cn).

FPKM (fragments per kilobase of transcript per million

fragments) values were used to indicate transcript or gene

expression levels. The original count data were analyzed by

using DESeq2 v1.22.1 software. After difference analysis, the

hypothesis test probability (P-value) was corrected using the

Benjamini-Hochberg method, and the FDR (the false discovery

rate) was obtained. DEG screening criteria were a |log 2fold

change| ≥ 1 and an FDR< 0.05. The enrichment analysis is based

on the hypergeometric test using KEGG (Kyoto Encyclopedia of

Genes and Genomes), and the hypergeometric distribution test

is performed with the unit of the pathway. In addition, the genes

showing expression values (an averaged NRPKM from three

replicates) were higher than one was selected, and WGCNA

(weighted gene co-expression network analysis) was performed

using the WGCNA v1.69 software package.
qRT-PCR analysis

The total RNA of six Chinese cabbage flesh frozen samples

were extracted and used as a template, and a Takara Kit

(PrimeScript 1st strand cDNA Synthesis Kit) was used to
frontiersin.org
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reverse-transcribe RNA into cDNA. Reactions were carried out

on a Roche LightCycler 96 qRT-PCR detection system. The

analysis of each sample was repeated three times, and the 2−DCT

method was used for quantitative data analysis. We used Actin as

an internal reference gene. In this study, all the primers (primers

synthesized by Qingdao WeiLai Biotechnology Co., Ltd.) are

shown in Supplementary Material 2- Supplementary Table S1.
Statistical analysis

KEGG annotation and enrichment analysis were used to test

the statistical enrichment of the DEGs in KEGG pathways. Three

biological replicates were performed in all the experiments in

this study. Statistical significance (Student’s t-tests) and Pearson

correlation coefficients were analyzed by using SPSS v24.0
Frontiers in Plant Science 05
software (SPSS Inc., Chicago, IL, USA), and a difference was

considered to be statistically significant when P ≤ 0.05.
Results

Differences in carotenoid, soluble
sugar and glucosinolate content
between yellow and white inner-leaf
Chinese cabbage

Six representative Chinese cabbage cultivars with yellow or

white inner-leaf color, WWH, XQ, GCH, RWZ, XYW and RJJ,

were selected for this study. The inner-leaf color of WWH, XQ

and GCH are yellow, while those of RWZ, XYW and RJJ are

white (Figure 1A). The content of total carotenoid, total soluble
A

B

C

FIGURE 1

The contents of carotenoid, soluble sugar and glucosinolate in yellow and white inner-leaf Chinese cabbage. (A) the phenotype of yellow
(WWH, XQ, GCH) and white (RWZ, XYW, RJJ) inner-leaf Chinese cabbage. Scale bars are 5 cm. (B) Carotenoid, Soluble sugar and Glucosinolate
content. (C) D-Fructose, Glucose and Inositol content. Data are means ± SD, N = 3. Different letters indicate significant differences among six
Chinese cabbage by t-tests (p ≤ 0.05).
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sugar and total glucosinolate in these six cultivars of Chinese

cabbage were measured (Figure 1B). The yellow inner-leaf

Chinese cabbage observed a significantly high total carotenoid

content. Similarly, the glucosinolate content in the yellow inner-

leaf Chinese cabbage was generally higher than that in the white

inner-leaf Chinese cabbage. Meantime, we measured soluble

sugar content that could affect the taste and sweetness. We

found that the rule of total soluble sugar content in yellow and

white inner-leaf Chinese cabbage was opposite to carotenoid and

glucosinolate content, showing a significantly high soluble sugar

content in white inner-leaf Chinese cabbage.
Qualitative and quantitative analysis of
the soluble sugar and glucosinolate

To investigate the soluble sugar content and type in

Chinese cabbage, we measured 13 soluble sugars using

HPLC-MS/MS. As a result, there were 10 soluble sugars,

including Maltose, Sucrose, Trehalose, D-Arabinose, L-

Fucose, Glucose, Inositol, L-Rhamnose, and Xylitol were

identified in white and yellow inner-leaf Chinese cabbage

(Supplementary Material 1). In particular, D-fructose and

glucose were the major components of soluble sugar in

Chinese cabbage, accounting for more than 96% of the total
Frontiers in Plant Science 06
soluble sugar content. Therefore, it is speculated that the

significant difference between D-fructose and glucose content

leads to the substantial difference in total soluble sugar content

between the yellow and the white inner-leaf Chinese cabbage (p

≤ 0.05). In addition, inositol is a kind of hygienic component.

However, the total content was relatively low, significantly

higher in yellow inner-leaf Chinese cabbage than in white

inner-leaf Chinese cabbage (Figure 1C).

Based on fold change ≥ 2 or ≤ 0.5 and VIP ≥ 1, the

glucosinolate metabolites in the yellow and the white inner-

leaf Chinese cabbage were quantitatively and qualitatively

analyzed. Fifty-three glucosinolate metabolites were identified

and divided into four classes, including thirty-eight aliphatic

glucosinolates, nine aromatic glucosinolates, four indole

glucosinolate, and one thiocyanate (Supplementary Material

1). Among the 53 glucosinolates, 5-Hexenyl Glucosinolate, 3-

Methylamylthioglycoside, N-Hexyl glucoside, and 2-Hydroxy-4-

Pentenylglucosinolate in yellow inner-leaf Chinese cabbage was

generally much higher than that in white inner-leaf Chinese

cabbage (Table 1). Furthermore, the qualitative analysis showed

that all four glucosinolates belong to aliphatic glucosinolate.

Therefore, we speculated that the difference in total glucosinolate

content between yellow and white inner-leaf Chinese cabbage

was mainly caused by the significant difference in the content of

these four aliphatic glucosinolates.
TABLE 1 Compares glucosinolate content between yellow inner-leaf Chinese cabbage and white inner-leaf Chinese cabbage.

Compounds Fold change

WWH/
RWZ

XQ/
RWZ

GCH/
RWZ

WWH/
XYW

XQ/
XYW

GCH/
XYW

WWH/
RJJ

XQ/
RJJ

GCH/
RJJ

5-Hexenyl Glucosinolate 4.15 4.43 5.09 6.37 6.81 7.81 3.83 4.09 4.69

N-Hexyl glucoside 88500* 104000* 112000* 4.34 5.08 5.49 2.98 3.49 3.77

3-Methylamylthioglycoside 3.09 3.52 3.93 4.65 5.30 5.91 3.14 3.58 3.99

2-Hydroxy-4-Pentenylglucosinolate 2.67 2.44 2.59 2.84 2.59 2.74 3.35 3.06 3.24

3-Hydroxy-5-(methylthio)pentyl
Glucosinolate

0.18 0.28 0.15 0.29 0.44 0.24 0.23 0.35 0.19

3-(Methylthio)propyl glucosinolate 0.27 0.39 0.31 0.25 0.36 0.29 0.20 0.29 0.23

2(R)-Hydroxy-2-Phenylethyl Glucosinolate 0.23 0.24 0.23 0.30 0.31 0.30 0.19 0.19 0.19

5-(Methylsulfinyl)amyl glucoside 0.17 0.24 0.14 0.29 0.42 0.23 0.18 0.26 0.15

4-Methylthiobutyl glucosinolate
(Glucoerucin)

0.06 0.11 0.03 0.04 0.06 0.02 0.04 0.06 0.02

5-Methylthiopentyl glucosinolate
(Glucoberteroin)

0.25 0.32 0.14 0.29 0.36 0.16 0.26 0.32 0.14

Sulforaphane (4-methylsulphinylbutyl
glucosinolate)

0.15 0.19 0.11 0.73 0.09 0.06 0.10 0.13 0.08

4-Methylsulfinylbutyl glucosinolate
(Glucoraphanin)

0.04 0.06 0.03 0.04 0.07 0.03 0.03 0.05 0.02

Glucocheirolin 0.15 0.19 0.15 0.17 0.21 0.17 0.10 0.13 0.10

3-Phenylpropyl Glucosinolate 0.23 0.29 0.12 0.25 0.31 0.13 0.19 0.24 0.10
front
*means not detected in RWZ.
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DEGs between yellow and white
inner-leaf Chinese cabbage

Based on the metabolomic analysis and the content of soluble

sugar and glucosinolate, the significant differences focused on

soluble sugar and glucosinolate biosynthesis pathway between

yellow and white inner-leaf Chinese cabbage. Therefore, we

performed RNA-Seq on yellow and white inner-leaf Chinese

cabbage to study the molecular regulatory mechanisms of

soluble sugar and glucosinolate biosynthesis. The 18

transcriptome samples produced 125.2 Gb Clean Data, more

than 6.0 Gb per sample, with a percentage of Q30 bases above

93%. The clean reads were compared and annotated. To better

elucidate the difference between yellow and white inner-leaf

Chinese cabbage, the Pearson correlation coefficient (r2, PCC) of

RNA-Seq datasets was conducted to analyze the correlation of

samples (Figure 2A). The closer the r2 is to 1, the stronger the

correlation between the replications of samples. The results

showed a good correlation between each sample in this study

was good. The PCA (principal component analysis) score plot

showed that yellow inner-leaf Chinese cabbage exhibited an

apparent separation from white inner-leaf Chinese cabbage, and

three biological replicates of each variety were compactly gathered

together (Supplementary Material 2-Supplementary Figure 1A),

indicating that the experiment was reproducible and reliable. This
Frontiers in Plant Science 07
comparison showed significant differences between yellow and

white inner-leaf Chinese cabbage (p ≤ 0.05). In addition, 18

samples were divided into four groups in the cluster and

correlation analysis on the heatmap (Supplementary Material 2-

Supplementary Figure 1B), indicating significant differences in the

contents of metabolites in yellow and white inner-leaf Chinese

cabbage. These results suggested enormously different metabolite

profiles in different inner-leaf color Chinese cabbage.

FPKM values were calculated for each sample to normalize

the expression and further investigate the gene expression

patterns. A pairwise comparison was made between yellow

inner-leaf Chinese cabbage and white inner-leaf Chinese

cabbage. The results showed that the most DEGs were

observed in the comparison of WWH/RWZ, and the fewest

DEGs were found in comparing GCH/XYW (Figure 2B). A total

of 1163 DEGs (padj-value< 0.05, |log2Fold Change| ≥ 1),

including 571 up-regulated genes and 592 down-regulated

genes, were detected between yellow and white inner-leaf

Chinese cabbage (Figure 2C). To analyze the function of

common DEGs during soluble sugar and glucosinolate

biosynthesis, we carried KEGG enrichment analysis between

white and yellow inner-leaf Chinese cabbage (Figure 2D). These

1163 DEGs were enriched mainly in the metabolic pathway

(ko01100) related to 203 DEGs, followed by the biosynthesis of

secondary metabolites (ko01110), which underlies the soluble
A B

D
C

FIGURE 2

Preliminary analysis of transcriptome data. (A) heat map of correlation in different comparison groups. (B) The number of DEGs in each group.
(C) The number of common DEGs in white and yellow inner-leaf Chinese cabbage (|log2Fold Change| ≥ 1, FDR< 0.05). (D) KEGG enrichment
analysis of DEGs between the comparison groups (Yellow vs White inner-leaf Chinese cabbage). Each bubble in the plot represents a metabolic
pathway. A larger bubble size indicates a larger impact factor. Darker bubble colors represent a higher degree of enrichment.
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sugar and glucosinolate difference between white and yellow

inner-leaf Chinese cabbage.

To gain further insight into the regulation of soluble sugar and

glucosinolate biosynthesis, we carried out WGCNA to investigate

the co-expression gene modules and the critical modules involved

in soluble sugar and glucosinolate biosynthesis. A total of 18 co-

expression modules were identified according to their expression

patterns (Figure 3A). The correlation between the gene matrix of

different modules and samples of Chinese cabbage was analyzed,

and the correlation and corresponding e-value were presented in a

digital form in the grid where each module and trait intersect

(Figure 3A). According to the ‘module character’ correlation

analysis, the blue module showed a significant positive correlation
Frontiers in Plant Science 08
with all yellow inner-leaf Chinese cabbage and a negative

correlation with all white inner-leaf Chinese cabbage. In addition,

we carried out KEGG enrichment analyses of the blue module

(Figure 3B). These DEGs in the blue module were enriched mainly

in the metabolic pathway, followed by the biosynthesis of secondary

metabolites. We found that more than 60% of DEGs between the

yellow and the white inner-leaf Chinese cabbage enriched in the

metabolic pathway and secondary metabolite synthesis pathway in

Figure 3 existed in the blue module, signifying blue module should

be strongly correlated to the metabolism of the Chinese cabbage,

including soluble sugar and glucosinolate metabolism. These results

indicated that the blue module is the critical module regulating

soluble sugar and glucosinolate biosynthesis in Chinese cabbage.
A

B

FIGURE 3

WGCNA of RNA-Seq data. (A) Eigen gene adjacency heatmap. (B) KEGG enrichment of DEGs in the blue module. Each bubble represents a
metabolic pathway. A larger bubble size indicates a more considerable impact factor. The bubble colors represent the p-values of the
enrichment analysis.
frontiersin.org

https://doi.org/10.3389/fpls.2022.1043489
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wang et al. 10.3389/fpls.2022.1043489
Analysis of soluble sugar biosynthetic
pathway in Chinese cabbage

To generate the regulatory network associated with soluble

sugar biosynthesis, we constructed the soluble sugar metabolic

pathway in Figure 4A, and examined the structural genes involved

in soluble sugar biosynthesis. The structural genes and

transcription factors were organized into a connection network

using Cytoscape software (Figures 4B, C). Among 1163 DEGs, six

structural genes strongly correlated to the biosynthesis of soluble

sugar were identified (Pearson correlation coefficients > 0.8, p-

value< 0.05), including BraA06gSPS2 , BraA03gFRK1 ,

BraA09gFRK3, BraA01gHT4 (hexose transporter), BraA03gHT7,

BraA03gHT3. According to the analysis of gene function and

RNA-Seq, BraA01gHT4 and BraA03gHT7 were positively

correlated to the soluble sugar content, while the negative

correlations were shown with BraA03gFRK1, BraA09gFRK3,

BraA06gSPS2 and BraA03gHT3 in Chinese cabbage (Figure 4D).

According to the soluble sugar metabolic pathway, HT mainly

transported fructose and glucose from the cytoplasm to the

vacuole. BraA01gHT4 and BraA03gHT7 encode the HT

enzymes, regulating fructose and glucose metabolism.

BraA03gHT7 is in the blue module, and BraA01gHT4 is

clustered in the green module. According to weight value, the

top ten transcription factors were selected from 1163 DEGs in the

blue and green modules, respectively. In the blue modules, these

ten t ranscr ip t ion fac tors inc lude BraA01gCHR11
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( CHROMAT IN - R EMODEL ING PROTE IN 1 1 ) ,

BraA05gRAP2.2 (RELATED TO AP2.2), BraA07gSCL1

(SCARECROW-LIKE 1), BraA09gNLP6 (NIN-LIKE PROTEIN

6), BraA05gWRKY23, BraA03gSPL3 (SQUAMOSA PROMOTER

BINDING PROTEIN-LIKE 3), BraA04gFRS5 (FAR1-RELATED

SEQUENCE 5), BraA06gAGL97 (AGAMOUS-LIKE 97),

BraA09gTGA1 (TGACG SEQUENCE-SPECIFIC BINDING

PROTEIN 1), and BraA09gMYB1R1 and include BraA01gNF-

YC11 (NUCLEAR FACTOR Y, SUBUNIT C11), BraA02gARR18

(RESPONSE REGULATOR 18 ) , BraA02gMYB34 ,

BraA03gNAC41 (NAC DOMAIN CONTAINING PROTEIN

41), BraA06gC3H6 (Zinc finger C-x8-C-x5-C-x3-H type family

protein), BraA06gNF-YC4, BraA07gGPRI1 (GBF’S PRO-RICH

REGION-INTERACTING FACTOR 1), BraA07gbHLH77 (Basic

helix-loop-HELIX 77), BraA07gZFP1 (ZINC-FINGER PROTEIN

1), and BraA08gSNF2 (Helicase protein with RING/U-box

domain-containing protein) in the green module. The structural

genes and transcription factors were organized into a connection

network using Cytoscape software. Interestingly, four common

transcription factors, including BraA01gCHR11, BraA05gRAP2.2,

BraA07gSCL1, and BraA09gNLP6, were recognized both in the

biosynthesis of glucosinolate and soluble sugar in the blue module,

whose expression was highly correlated with the glucosinolate and

soluble sugar content (Figures 4E), suggested that these four

transcription factors not only correspond to the regulation of

glucosinolate biosynthesis but also the regulated soluble

sugar biosynthesis.
A B D

E

C

FIGURE 4

Pathway related to soluble sugar biosynthesis in Chinese cabbage. (A) Reconstruction of the soluble sugar biosynthetic pathway with the
differentially expressed structural genes. Green ellipses represent essential genes we identified by RNA-Seq, and blue ellipses represent the
genes involved in the glucosinolate biosynthesis. (B) Heatmap of the DEGs involved in soluble sugar biosynthetic pathway. (C) Correlation
network of essential gene and transcription factors in the blue module. (D) Correlation network of structural genes and transcription factors in
the green module. Green circles represent structural genes, and orange circles represent TFs. (E) The expression of transcription factors
involved in soluble sugar biosynthesis in RNA-Seq result.
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Analysis of the glucosinolate biosynthetic
pathway in Chinese cabbage

To further investigate the regulation mechanism underlying

glucosinolate between yellow and white inner-leaf Chinese

cabbage, we analyzed the aliphatic glucosinolate biosynthetic

pathway to perform the critical genes in the metabolism of

yellow and white inner-leaf Chinese cabbage. The biosynthesis of

aliphatic glucosinolate is derived from Met. BCAT, MAM,

CYP79/CYP83, AOP, SOT, and UGT74 regulate aliphatic

glucosinolate biosynthesis (Figure 5A). Among 1163 DEGs,

seven structural genes involved in aliphatic glucosinolate

biosynthesis, including BraA05gUGT74F1, BraA03gAOP1.2,

BraA03gAOP1 .1 , BraA06gBCAT2 , BraA02gSOT12 ,

BraA04gAOP4, and BraA05gAOP1 were identified (Figure 5B).

Correlation analysis was conducted between the expression of

these structural genes and aliphatic glucosinolates, significantly

different in yellow and white inner-leaf Chinese cabbage (PCC

were calculated using the cor function in R). BraA05gAOP1,

BraA02gSOT12, BraA06gBCAT2, and BraA04gAOP4 located in

the blue module were positively correlated to the glucosinolate

content in yellow inner-leaf Chinese cabbage (PPC>0.8, p-

value<0.05). While BraA05gUGT74F1, BraA03gAOP1.2, and

BraA03gAOP1.1 were negatively correlated to the glucosinolate

content in yellow inner-leaf Chinese cabbage.
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The top ten transcription factors in the blue modules were

selected based on weight values from the 1163 DEGs. The

visualization network between structural genes and

transcription factors (Cytoscape software) was shown in

Figure 5C. Among these ten transcriptions factors, eight of

them, including BraA08gGATA28 (BraA08g002520.3C),

BraA08gSOP1 (SUPPRESSOR OF PAS2 1), BraA09gAREB3

(ABA-RESPONSIVE ELEMENT BINDING PROTEIN 3),

B raA10gAGL25 , B raA02gAGL70 , B raA05gCHR10 ,

BraA05gRAP2.2, and BraA07gSCL1 were up-regulated

(Figure 5D). At the same time, BraA01gCHR11 and

BraA09gNLP6 were down-regulated in yellow inner-leaf

Chinese cabbage, suggesting positive and negative regulation

of glucosinolate biosynthesis, respectively (Figure 5D). These

results indicated that these ten transcription factors correspond

to the putative regulators controlling glucosinolate biosynthesis

in Chinese cabbage.
Confirmation of the transcriptome data
using qRT-PCR

To validate the transcriptome data, the expression pattern of

the structural genes which we identified related to the

biosynthesis of soluble sugar (BraA03gHT7 and BraA01gHT4)
A B

D

C

FIGURE 5

Aliphatic glucosinolate biosynthesis in Chinese cabbage. (A) Reconstruction of the aliphatic glucosinolate biosynthetic pathway with the
differentially expressed structural genes. Green ellipses represent essential genes we identified by RNA-Seq; blue ellipses represent the genes
involved in the glucosinolate biosynthesis. (B) Heatmap of the DEGs involved in aliphatic glucosinolate biosynthesis. (C) Correlation network of
crucial genes involved in aliphatic glucosinolate biosynthesis in yellow and white inner-leaf Chinese cabbage. Green circles represent structural
genes; orange circles represent TFs. (D) The expression of transcription factors involved in glucosinolate biosynthesis in RNA-Seq result.
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and glucosinolate (BraA06gBCAT2, BraA02gSOT12,

BraA04gAOP4, and BraA05gAOP1) was investigated in the

yellow and the white inner-leaf Chinese cabbage by using the

qRT-PCR (Figure 6). The relative expression of these structural

genes agrees with the RNA-seq results, indicating consistency in

the RNA-seq data and the qRT-PCR results. In addition, six

transcription factors, including BraA03gNAC41, BraA03gSPL3,

BraA05gRAP2.2, BraA06gNF-YC4, BraA07gSCL1 , and

BraA08gSOP1 were selected randomly from the candidate

genes for the regulation of glucosinolate and soluble sugar

biosynthesis, and their expression was analyzed using qRT-

PCR to validate the transcriptome data sets from RNA-Seq.

The results showed that the relative expression trends of these

transcription factors are in close agreement with the

corresponding relative transcript abundances, validating the

reproducibility and credibility of the transcriptome data in

this study.
Expression analysis of genes related to
the biosynthesis of soluble sugar
and glucosinolate

The seedling stage of yellow inner-leaf (XQ) and white

inner-leaf (XYW) Chinese cabbage were used to verify the

above results and confirm the molecular mechanism of

Chinese cabbage soluble sugar and glucosinolate biosynthesis.

We measured the total soluble sugar content and total

glucosinolate content of the seeding stage in ‘XQ’ and ‘XYW’
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(Figures 7A, B). The results showed a high glucosinolate in

yellow inner-leaf Chinese cabbage. And, a significant high

soluble sugar content is observed in white inner-leaf Chinese

cabbage, which is consistent to with their content at the

heading stage.

The expression patterns of all structural genes and ten

transcription factors regulating the biosynthesis of

glucosinolate and soluble sugar were analyzed using the qRT-

PCR in the seedlings of ‘XQ’ and ‘XYW’ (Figures 7C, D). The

relative expression of four structural genes regulating

glucosinolate biosynthesis was significantly higher in ‘XQ’ than

in ‘XYW’. BraA05gAOP1, BraA02gSOT12, and BraA04gAOP4 as

the positive regulators of glucosinolate biosynthesis. It agrees

with the glucosinolate content (Figure 7A) and the RNA-Seq

data (Figure 7C). While the expression of the negative regulator

of BraA06gBCAT2 is inconsistent with the glucosinolate content.

Meanwhile, the relative expression level of two structural

genes, BraA01gHT4 and BraA03gHT7, confirmed the soluble

sugar content, with the significantly high expression level in

white inner-leaf Chinese cabbage. The verification of ten

transcription factors correlated to BraA01gHT4 and

BraA03gHT7 showed that BraA03gSPL3 and BraA04gFRS5 in

the blue module are inconsistent RNA-Seq results with higher

expression in white inner-leaf Chinese cabbage in RNA-Seq data

but lower expression at seedling stage of white inner-leaf

Chinese cabbage (Figure 7D). It agrees with the soluble sugar

content at the heading and seedling stages. In the green module,

the expression of BraA03gNAC41, BraA07gGPRI1, and

BraA07gbHLH77 were high in white inner-leaf Chinese
FIGURE 6

qRT- PCR verification of expression levels of key genes identified by RNA sequencing. The relative expression levels analyzed by qRT-PCR and
calculated by 2-△Ct and bars with different lowercase letters are significantly different (P ≤ 0.05). The red circle represents transcription factors,
and the green circle represents structural genes.
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cabbage. It is contrary to the soluble sugar content and RNA-Seq

at the seedling stage.

In addition, the four common transcription factors

regulating glucosinolate and soluble sugar biosynthesis,

BraA07gSCL1, BraA05gRAP2.2, BraA01gCHR11, BraA09gNLP6

exhibited a consistent result to RNA-Seq and glucosinolate

content. However, the RNA-Seq results and the expression

pattern of BraA07gSCL1 and BraA05gRAP2.2 showed a

contrary trend to the soluble sugar content.
Discussion

Quantitative and qualitative analysis of
soluble sugar and glucosinolate in
Chinese cabbage

Flavor and leaf color are two essential quality indices of

Chinese cabbage (Huang et al. , 2016). The content
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of glucosinolate and soluble sugar determines the flavor of

Chinese cabbage. In a previous study, the total glucosinolate

content in Chinese cabbage was much lower than that in

broccoli, kale and other cruciferous vegetables (Bhandari et al.,

2015). The metabolic pathways and regulators governing the

biosynthesis of soluble sugar and glucosinolate were elucidated

to improve the quality of Chinese cabbage by increasing the

soluble sugar and glucosinolate content. After pairwise

comparison, a higher content of carotenoid and glucosinolate

was found in yellow inner-leaf Chinese cabbage (Figure 1B). The

qualitative and quantitative analysis showed that aliphatic

glucosinolate was the primary type of glucosinolate in Chinese

cabbage (Supplementary Material 1). It was consistent with the

report that the content of aliphatic glucosinolate was higher than

other kinds of glucosinolate and positively correlated with the

carotenoid in Chinese cabbage (Baek et al., 2016). The content

and type of soluble sugar are essential factors that affect the

flavor and sweetness of Chinese cabbage. In our study, the

soluble sugar content in white inner-leaf Chinese cabbage was
A

B

D

C

FIGURE 7

Expression analysis of key genes related to soluble sugar and glucosinolate biosynthesis in yellow and white inner-leaf Chinese cabbage.
(A) Glucosinolate content at the seedling stage. (B) Soluble sugar content at the seedling stage. Data are means ± SD, N = 3. Lowercase letters
indicate that there are significant differences between ‘XQ’ and ‘XYW’ (P ≤ 0.05). (C) Relative expression of structural genes involved in
glucosinolate and soluble sugar biosynthesis at the seedling stage. (D) The expression of transcription factors involved in glucosinolate and
soluble sugar biosynthesis at the seedling stage. Asterisks indicate statistical significance using Student’s t-test: *,P ≤ 0.05, **,P ≤ 0.01.
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generally higher than that of yellow inner-leaf Chinese cabbage.

D-fructose and glucose were the main ingredients of soluble

sugar in Chinese cabbage. Sucrose, fructose and glucose show

significant differences in sweetness; fructose’s sweetness is 1.73

times that of sucrose and 2.34 times that of glucose (Pangborn,

1963). This result signified that fructose and glucose could be

mainly responsible for the high sweetness of white inner-leaf

Chinese cabbage. Although inositol was detected in both yellow

inner-leaf and white inner-leaf Chinese cabbage, the content in

yellow inner-leaf Chinese cabbages had a much higher range

than in white inner-leaf Chinese cabbage. Inositol is not only

involved in plant sugar transport and resistance but also inhibits

the growth of tumor cells while also having the same function as

vitamin B1 (Loewus and Loewus, 1983). This also further

explains the traits of the higher nutritional value of yellow

inner-leaf Chinese cabbage.
Molecular mechanism of soluble sugar
biosynthesis and accumulation in
Chinese cabbage

Elucidating the metabolic pathways and regulators

governing the biosynthesis and accumulation of soluble sugar

is essential to provide new leads for improving Chinese cabbage

quality. Fructose and glucose biosynthesis and metabolism are

regulated by many essential structural genes, for instance, SUS,

INV, HxK, SPS, and FRK (Rosa et al., 2009; Liu et al., 2020;

Cheng et al., 2022). In our study, two critical structural genes

encoding HT were identified by the conjugation of metabolomic

and transcriptomic analyses. HT is a class of transporter proteins

which directly regulates hexose content by transporting the

hexose into a vacuole from the plasma membrane. As

reported, the high HT activity transfers hexose into

parenchyma cells against the concentration gradient and

promotes sugar accumulation in fruit (Li et al., 2018). In

apples with overexpression of HT, fructose and glucose

content were significantly increased, while the sucrose content

was decreased (Wang, 2020). And the LeHT1 and LeHT2

exhibited transport properties consistent with a high-affinity

glucose/H+ and low-affinity fructose/H+ symporters (McCurdy

et al., 2010) in tomatoes. Moreover, the decrease of LeHT1

caused a decline in hexoses concentrations, including glucose,

fructose, and mannose (McCurdy et al., 2010). According to

metabolic data analysis, fructose and glucose were the main

component of soluble sugar in Chinese cabbage. Therefore, we

suspected that HT probably is a key enzyme regulating the

soluble sugar content in Chinese cabbage and also leads to the

difference in soluble sugar between the yellow and the white

inner-leaf Chinese cabbage.

Furthermore, transcription factors are the key factors in the

biosynthesis of soluble sugar in Chinese cabbage. So far, MYB,

WARKY, and bZIP have been confirmed to regulate soluble sugar
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biosynthesis. It has been reported that CmMYB113 could interact

with CmSPS1 and CmACO1, regulating ethylene-dependent

sucrose accumulation (Gao et al., 2021). AtbZIP1 was vital in

sugar-mediated gene expression and maintained sucrose

homeostasis in plants (Wiese et al., 2005). Sucrose-specific

signaling pathways showed to be responsible for the repression of

ATB2/AtbZIP (Wiese et al., 2005). The expression of WRKY42 is

also closely related to the sucrose content in Pomegranate (Feng

et al., 2022). In our study, we identified the critical transcription

factors modulating the transcription of the vital structural genes,

such as WRKY, bZIP, GRAS, MYB, bHLH, RWP-RK, AP2/ERF-

ERF, and B3. Among them, transcription factors/transcription

regulation factors BraA07gSCL1 (GRAS), BraA01gCHR11 (SNF2),

BraA05gRAP2.2 (AP2/ERF-ERF), and BraA09gNLP6 (RWP-RK)

are involved in the regulation of both glucosinolate and soluble

sugar biosynthesis. Whereas their expression levels of them at the

seedling stage suggested that the BraA09gNLP6 and

BraA01gCHR11 are not the critical transcription factors

regulating soluble sugar biosynthesis in Chinese cabbage.
Molecular mechanism of glucosinolate in
Chinese cabbage

In previous studies, the biosynthesis of aliphatic glucosinolate

goes through the chain elongation of selected precursor amino

acids, the formation of core glucosinolates structure and the

secondary modification of the amino acid side chains in three

steps (Sønderby et al., 2010). The vital roles of BCAT, MAM,

CYP79/CYP83, AOP, SOT, and UGT74 in this process have been

reported (Sanchez-Pujante et al., 2017). In previous study, the AOP

is probably the principal regulator of aliphatic glucosinolate

accumulation in the biosynthetic pathway (Kliebenstein et al.,

2001; Wang et al., 2021), consistent with our results. BCAT, as an

aminotransferase enzyme, can act on branched-chain amino acids

to regulate sulfur amino acid metabolism (Klein et al., 2006). The

function of AtSOT16, AtSOT17 and AtSOT18 sulfonated

desulphoglucosinolates in the last step of glucosinolate

biosynthesis also were confirmed (Hashiguchi et al., 2014). In

addition, AtSOT12 was shown to be sulphurated brassinosteroids

and flavanone (Marsolais et al., 2006; Gigolashvili et al., 2007). Even

though these structural genes of glucosinolate biosynthesis have

been studied a lot, previous studies mainly focused on Arabidopsis,

and the relevant studies on Chinese cabbage are still lacking.

In our study, at the heading stage, the expression level of

structural genes, BraA06gBCAT2, BraA02gSOT12, BraA05gAOP1,

and BraA04gAOP4 was significantly higher in the yellow inner-leaf

Chinese cabbage than that in the white inner-leaf Chinese cabbage

(Figure 7). Nevertheless, the expression of four structural genes was

significantly higher. Therefore, considering the higher expression of

BraA06gBCAT2 in white inner-leaf Chinese cabbage at the seedling

stage, we proposed that BraA06gBCAT2 might not be an essential

gene regulating glucosinolates accumulation at the seedling stage.
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In past reports, MYB28, MYB29, and MYB76 participated in

aliphatic glucosinolate biosynthesis by regulating MAM1,

MAM3, CYP79F1, CYP79F2, CYP83A1, AtST5b and AtST5c

(Zang et al., 2008). The gain of MYB28 function increased the

content of glucosinolate while decreasing in HAG1 RNAi knock-

down mutants (Schön et al., 2013). Previous studies proved that

bHLH could form protein complexes with MYB and allow the

coordinated and rapid regulation of glucosinolate genes in

cruciferous plants (Mitreiter and Gigolashvili, 2021). In

addition, WRKY18 and WRKY40 are synergistic with

CYP81F2 to negatively regulate the biosynthesis of indole

glucosinolate (Schweizer et al., 2013). The crucial role of the

MYC-MYB interaction system has been reported in the

regulation of glucosinolate biosynthesis (Zang et al., 2021). To

validate the previous studies, our report can also be used to verify

the regulation of transcription factors for glucosinolate

accumulation in Chinese cabbage. Our dataset showed that

bZIP (Wiese et al., 2005), SNF2, GRAS, MYB (Zang et al.,

2021), bHLH (Mitreiter and Gigolashvili, 2021) et al. play an

essential role in regulating structural genes of glucosinolate

biosynthesis. Of all the ten transcription factors, BraA07gSCL1

belonged to the GRAS transcription factor family and was noted

for its strong relationship with all four structural genes. The

critical role of SCL on plant growth and development, signal

transduction, disease resistance and stress resistance has been

reported (Chen et al., 2020; Wang et al., 2020; Zang et al., 2021),

while a lack of direct evidence on glucosinolate accumulation

require the further research and verification.
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