Current Research in Food Science 10 (2025) 100938

© Current Research in
Food Science
ot o

Contents lists available at ScienceDirect

Current Research in Food Science

journal homepage: www.sciencedirect.com/journal/current-research-in-food-science

ELSEVIER

Integrated metabolomics and transcriptomics analysis provides insights
into biosynthesis and accumulation of flavonoids and glucosinolates in
different radish varieties

Da Cai, Yanjie Dong, Lei Wang, Shancang Zhao

Shandong Provincial Key Laboratory of Test Technology on Food Quality and Safety, Institute of Quality Standard and Testing Technology for Agro-Products, Shandong
Academy of Agricultural Sciences, Jinan, 250100, China

ARTICLE INFO ABSTRACT

Handling Editor: Siyun Wang Radish is an important vegetable worldwide, with wide medicinal functions and health benefits. The quality of

radish, strongly affected by phytochemicals like flavonoids and glucosinolates, are quite different depending on

Keywords: the radish varieties. However, the comprehensive accumulation profiles of secondary metabolites and their
Rapham’j‘ satvus molecular regulatory mechanisms in different radish cultivars remain unclear thus far. Herein, we comprehen-
Flavon_md sively analyzed the secondary metabolite and gene expression profiles of the flesh and skin of four popular radish
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Metabolomics varieties with different flesh and/or skin colors, using UPLC-MS/MS-based metabolomics and transcriptomics
Transcriptomics approach combined with RT-qPCR. The results showed that altogether 352 secondary metabolites were identified

in radish, of which flavonoids and phenolic acids accounted for 60.51% of the total. The flesh and skin of each
variety exhibited distinct metabolic profiles, making them unique in coloration, flavor, taste, and nutritional
quality. The differential metabolites were mostly enriched in flavonoid biosynthesis, flavone and flavonol
biosynthesis, phenylpropanoid biosynthesis, and glucosinolate biosynthesis pathway. Further, 19 key genes
regulating the differential accumulation of flavonoids among different radish varieties were identified, such as
RsCHS, RsCCOAMT, RsF3H, RsFLS, RsCYP75B1, RsDFR, and RsANS that were significantly upregulated in red-
colored radish tissue. Also, 10 key genes affecting the differential accumulation of glucosinolates among
different varieties were identified, such as RsCYP83B1, RsSUR1, and RsST5a that were significantly increased in
the skin of green radish. Moreover, systematical biosynthetic pathways of flavonoids and glucosinolates and co-
expression networks between genes and metabolites were constructed based on integrative analysis between
metabolomics and transcriptomics. Our findings provide a novel insight into the mechanisms of radish quality
formation, thereby providing a molecular basis for breeding and cultivation of radish with excellent nutritional
quality.

Secondary metabolite
Radish variety

1. Introduction

Radish (Raphanus sativus L.) belongs to the Brassicaceae family and is
an important root vegetable crop cultivated worldwide. There are
hundreds of radish landraces (Zhang et al., 2015). Radishes can be
categorized according to skin and/or flesh colors, for example, white
radish, green radish and red radish, which are widely cultivated and
popular with consumers in China. Radishes with different flesh and/or
skin colors have high variations in flavor and nutritional quality, which
can be used for various purposes (Mei et al., 2022). Radish taproot has
been known to contain carbohydrates, dietary fiber, vitamins, minerals,
and valuable bioactive phytochemicals like flavonoids and
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glucosinolates (GSLs), which provide various nutrients and medicinal
functions that are beneficial to human health, such as antioxidation,
anti-inflammation, and anticancer activity (Zhang et al., 2020a; Barillari
et al., 2005; Yi et al., 2016). The profiles and concentrations of the
phytochemicals in radish taproot, which strongly affect its coloration,
flavor, taste, and nutritional quality, hence directly influencing eco-
nomic value and health benefits of radish, were quite differential as a
result of different cultivars and growing conditions (Mei et al., 2022;
Jing et al., 2012).

Flavonoids are a large class of important polyphenolic secondary
metabolites, including flavones, flavonols, dihydroflavones, iso-
flavonoids, chalcones, flavanols, and anthocyanins (Bohm, 1998).
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Recently, interest in flavonoids derived from plants has greatly
increased because of their vital nutraceutical properties for human.
Studies have shown that the biosynthesis and accumulation of flavo-
noids greatly influence the color formation of plant organs and tissues
(Wang et al., 2021; Zhang et al., 2020b; Li et al., 2021). Zhang et al.
performed flavonoid-targeted profiling of radish, and found that red and
purple radishes had anthocyanin compounds including red cyanidin,
callistephin, and pelargonin (Zhang et al., 2020a). The accumulation of
flavonoids is a complex process regulated by many genes and environ-
mental factors (Zhang et al., 2018a). Several structural genes encode the
enzymes necessary for flavonoid biosynthesis, such as phenylalanine
ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate
CoA ligase (4CL), chalcone synthase (CHS), chalcone isomerase (CHI),
dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS)
(Holton and Cornish, 1995). Zhang et al. identified candidate genes
regulating anthocyanin synthesis in black radish skin, including RsCHS,
RsCHI, RsDFR, and RsUGT75C1 (Zhang et al., 2023). Zhang et al. found
that the anthocyanin biosynthesis genes including RsC4H, RsTT4,
RsTT7, RsCCOAMT, RsDFR, and RsLDOX were upregulated in
red-colored and purple-colored radish accessions (Zhang et al., 2021).
Liu et al. analyzed the transcriptome of ‘Xinlimei’ radish taproot skin,
indicating that anthocyanin and chlorophyll metabolism pathways
perform important roles in skin color changes (Liu et al., 2019). Muleke
et al. identified 102 assembled unigenes and 20 candidate genes
involved in anthocyanin biosynthesis in radish and found that total
anthocyanin content correlated with transcript levels of anthocyanin
biosynthesis genes, particularly RsF3H, RsANS, RsCHS3, RsF3'H1, and
RsUFGT (Muleke et al., 2017). The above relevant reports focused pri-
marily on anthocyanin biosynthesis genes and regulatory mechanisms.
Nevertheless, there are few studies on the overall metabolic profiles and
regulatory mechanisms of nonanthocyanin flavonoids. Because of the
complexity and diversity of flavonoid structures as well as the compli-
cated genetic background of radish, it is extremely necessary to integrate
flavonoid metabolism phenotype with gene expression profiles to
further decipher the molecular regulatory mechanisms underlying dif-
ferential accumulation of flavonoids among different radish varieties,
whereas the relevant research has rarely been reported thus far.

GSLs are a class of characteristic sulfur-rich secondary metabolites in
Brassicaceae plants, which are classified into three major groups:
aliphatic GSLs, aromatic GSLs, and indole GSLs (Halkier and Ger-
shenzon, 2006). GSLs and their degradation products isothiocyanates
have diverse bioactivities, such as defence against herbivores and
resistance to pathogens in plants as well as protection of human health,
especially having anti-carcinogenic properties (Razis et al., 2011; Holst
and Williamson, 2004). Isothiocyanates also contribute to the flavors
and tastes such as pungency (Holst and Williamson, 2004). Therefore,
GSL content is one of the most important traits of radish, and crucial to
nutritional quality and flavor formation of radish taproot (Holst and
Williamson, 2004). Studies have reported some enzymes for GSL
biosynthesis, such as branched-chain aminotransferases (BCATSs), iso-
propyl malate isomerases (IPMIs), S-alkyl-thiohydroximate lyase
(SUR1), UDP-glucosyl transferase 74 (UGT74), and sulfotransferases
(SOTs) (Liu et al., 2014). Li et al. identified 13 genes that were signifi-
cantly higher co-expressed in the radish genotypes with high GSL con-
tent (Li et al., 2022). Kang et al. defined the genes involved in
glucoraphasatin biosynthesis process (Kang et al., 2020). However,
comprehensive and detailed GSL profiles and their accumulation
mechanisms in different tissues of different radish varieties are still
unknown and remain to be explored.

Widely targeted metabolomics analysis, as well as more emerging
technology widely targeted metabolite modificomics, combining the
advantages of high resolution and wide coverage of non-target tech-
nology with high sensitivity and accurate quantitative ability of the
target multiple-reaction monitoring (MRM) mode, has recently been
developed and has been applied in major horticultural crops such as
citrus (Wang et al., 2024), jujube (Zhang et al., 2020b), and tomato
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(Yang et al., 2024). As sequencing technologies advance, nowadays the
combination of metabolomics with transcriptomics has become a
promising approach to identify and quantify of an extremely broad
range of metabolites in plants simultaneously, explore the key genes
involved in metabolic pathways and corresponding regulatory mecha-
nisms. While this approach has been applied in major crops, such as
wheat (Wang et al., 2021), jujube (Li et al., 2021), and chili pepper
(Heng et al., 2023), it has not yet been used in secondary metabolites of
radish to our knowledge. As the characterization of global phytochem-
ical profiles and the regulatory mechanisms in different tissues of
various radish cultivars have not yet been clear so far, it is essential to
investigate the comprehensive profiles of phytochemical components
and their molecular regulatory mechanisms in different radish cultivars
applying the integrative analysis of metabolomics and transcriptomics.

Therefore, the primary aim of this study is to comprehensively un-
cover the differences in secondary metabolite profiles that could
contribute to the diversities of coloration, flavor, taste, and nutritional
quality among different radish varieties, and further explore the un-
derlying mechanisms regulating the differential accumulation of two
important classes of secondary metabolites—flavonoids and
GSLs—among different varieties. To achieve the aim, secondary
metabolite profiling of the flesh and skin of four common and popular
radish varieties with different flesh and/or skin colors was performed by
widely targeted metabolomics analysis based on UPLC-ESI-MS/MS.
Meanwhile, the global gene expression profiles were analyzed by a
transcriptomics method. Moreover, we further constructed the meta-
bolic pathways related to biosynthesis and accumulation of flavonoids
and GSLs and the co-expression networks of genes and metabolites in
radish taproots. These are of vital importance for in-depth and thorough
understanding about the formation mechanisms of quality characteris-
tics of different radish cultivars and helpful for improving their nutri-
tional quality through molecular breeding.

2. Materials and methods
2.1. Plant materials

Four radish inbred lines were used in this study: Hongfeng, with red
taproot skin and white flesh; White radish, with white taproot skin and
white flesh; Xinlimei, with green taproot skin and red flesh; and Green
radish, with green taproot skin and green flesh. All plants were grown in
the experimental station of Weifang Academy of Agricultural Sciences,
in August 2021. Our research complied with local guidelines and
legislation, and the required permissions and licenses for the study were
obtained. Developed taproots were harvested at the end of October
2021. The skin and flesh of the taproots were separated using a blade on
a clean table, sampled, and stored at —80 °C for further analysis. Each
sample included three biological repeats and each repeat included five
individual plants.

2.2. Determination of moisture content, antioxidant capacity, total
polyphenols, and total flavonoids

The moisture content of fresh radish was determined according to GB
5009.3 (National Standards of China GB 5009.3-2016, 2016). The
antioxidant capacity of radish was analyzed by the ABTS method with
the total antioxidant capacity assay kit (Beyotime, Shanghai, China).
The results of antioxidant capacity were expressed as the
Trolox-equivalent antioxidant capacity. The total polyphenols were
analyzed by the Folin-Ciocalteu method according to GB/T 8313
(National Standards of China GB/T 8313-2018, 2018), and the con-
centration was calculated from a calibration curve using gallic acid (Alta
Scientific Co., Ltd., Tianjin, China) as the standard. The total flavonoids
were determined according to NY/T 1295 (Agricultural Industry Stan-
dard of China NY/T 1295-2007, 2007), and the content was calculated
from a calibration curve using rutin (Alta Scientific Co., Ltd., Tianjin,
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China) as the standard. Concentrations of total polyphenols and total
flavonoids were expressed as gram per 100 g on a dry-weight basis.

2.3. Metabolomics analysis

The samples were prepared based on the method described by Zhu
et al. (2018). In detail, the samples were freeze-dried and then were
crushed. The 50 mg of lyophilized powder was dissolved with 1.2 mL of
70% methanol solution, and vortexed for 30 s every 30 min for 6 times in
total. Following centrifugation at 12000 rpm for 3 min, the extracts were
filtrated through a microfilter (0.22 pm pore size) before UPLC-MS/MS
analysis. Equal amounts of each sample were mixed to prepare the
quality control (QC) sample to ensure the reliability of the analytical
method and data. The QC sample was inserted before, during, and after
sample analysis.

The sample extracts were analyzed using an UPLC-ESI-MS/MS sys-
tem (UPLC, SHIMADZU Nexera X2; MS, Applied Biosystems 4500 Q
TRAP). Chromatographic separations were performed with an Agilent
SB-C18 (1.8 pm, 2.1 mm x 100 mm). The mobile phase consisted of pure
water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid
(B) with the following gradient elution: 0 min, 95% A and 5% B; 0-9
min, 5% A and 95% B; 9-10 min, 5% A and 95% B; 10-11.1 min, 95% A
and 5% B; and 11.1-14 min, 95% A and 5% B. The flow velocity was set
to 0.35 mL/min. The column oven was maintained at 40 °C. The injec-
tion volume was 4 pL. Peak detection was performed by an ESI-triple
quadrupole-linear ion trap (Q TRAP) mass spectrometer.

The mass spectrometry parameters were as follows: source temper-
ature of 550 °C; ion spray voltage (IS) of 5500 V (positive ion mode)/-
4500 V (negative ion mode); ion source gas I, gas II, and curtain gas were
set at 50, 60, and 25 psi, respectively; the collision-activated dissociation
was high. QQQ scans were acquired as MRM experiments with collision
gas (nitrogen) set to medium. DP and CE for individual MRM transitions
were done with further DP and CE optimization. A specific set of MRM
transitions were monitored for each period according to the metabolites
eluted within this period.

2.4. Transcriptome analysis

Total RNA of each sample was extracted using the Tiangen RNAprep
Pure kit for plants (Tiangen, Beijing, China), and examined with a
NanoPhotometer spectrophotometer (IMPLEN, CA, USA), Qubit 2.0
Fluorometer (Life Technologies, CA, USA), and a Bioanalyzer 2100
system (Agilent, CA, USA). Transcriptome sequencing was performed by
Metware Biotechnology Co. Ltd. (Wuhan, China). RNA-seq libraries
were constructed. The library preparations were sequenced on an Illu-
mina platform and 150 bp paired-end reads were generated. After
quality control and filtration, the clean reads were mapped to the
reference genome GCF_000801105.1 (https://www.ncbi.nlm.nih.gov)
using HISAT v2.1.0 (Kim et al., 2015).

2.5. Validation of gene expression

To validate the reliability of the RNA-seq data, the relative transcript
levels of 12 genes were analyzed by RT-qPCR with specific primers
(Supplementary Table S1). The ¢cDNA synthesis and RT-qPCR were
performed as previously described (Zhang et al., 2018b). The first-strand
cDNA was synthesized with the All-in-One RT Mixture IV (ABM, Can-
ada). The cDNA template was subjected to qPCR using the SYBR Green
Real time PCR Master Mix (DBI, Germany). Actin was used as an internal
control for the normalization of gene expression. The relative expression
levels were calculated using the delta CT method (Schmittgen and Livak,
2008). Three independent biological replicates with three technical
replicates each were analyzed by RT-qPCR to ensure reproducibility and
reliability.
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2.6. Data processing and statistical analysis

The signal intensities of metabolites obtained by UPLC-MS/MS were
scaled before multivariate statistical analysis. Unsupervised principal
component analysis (PCA) was carried out by statistics function prcomp
in R (www.r-project.org). The hierarchical cluster analysis (HCA) and
supervised orthogonal projections to latent structures discriminant
analysis (OPLS-DA) were performed by R package ComplexHeatmap
and MetaboAnalystR, respectively. The data were log-transformed and
mean-centered before OPLS-DA. A permutation test (200 permutations)
was carried out in order to avoid overfitting. The metabolites with VIP
>1 and |log; fold change| > 1 were identified as the significant differ-
ential metabolites. The metabolomics pathway analysis was performed
using the KEGG database.

The quantification of the gene expression level applied StringTie
v1.3.4 d to calculate FPKMs (Fragments per kilo-base of exon per million
fragments mapped). DESeq2 v1.22.1 was used to identify differentially
expressed genes (DEGs), and the p value was corrected using the
Benjamini-Hochberg method to obtain the false discovery rate (FDR).
Transcripts with FDR <0.05 and |log; fold change| > 1 were identified
as DEGs. The KEGG enrichment analysis is performed based on the hy-
pergeometric test.

The correlation analysis between gene expression and metabolites
was carried out by R. The Pearson correlation coefficients between the
expression levels of DEGs and the contents of metabolites were calcu-
lated. Then the correlation network was constructed by Cytoscape 3.8.2.
The statistical significance was set at p < 0.05.

3. Results

3.1. Morphology and conventional physicochemical and nutritional
indicators of radish taproots

The four radish accessions were planted and grown under uniform
conditions in the same season. The morphology of the radish taproots,
particularly the color of skin and flesh, were obviously different. White
radish has white taproot skin (WS) and white flesh (WF), Green radish
has green taproot skin (GS) and green flesh (GF), Xinlimei radish has
green taproot skin (XLMS) and red flesh (XLMF), and Hongfeng radish
has red taproot skin (RSWFS) and white flesh (RSWFF) (Fig. 1A).

The moisture content, antioxidant capacity, and contents of total
polyphenols and total flavonoids of skin and flesh of four radish varieties
were first analyzed. As shown in Fig. S1, the moisture content of
different radish samples was in the range of 87.7%-94.6%. The anti-
oxidant capacity was highest in red-colored radish tissue XLMF (1.19
mmol/kg) and RSWFS (1.05 mmol/kg) (p < 0.05), followed by GS and
GF (Fig. 1B and C). Numerous studies reported that polyphenols were
responsible for the antioxidant ability in agricultural products, and
flavonoid was the most important polyphenol in radish. As shown in
Fig. 1B and C, the total polyphenols and flavonoids in skin and flesh of
four different varieties ranged in 0.3-1.9 and 0.1-0.6 g/100 g dw,
respectively. Noteworthily, the total polyphenols and flavonoids were
highest in XLMF (total polyphenols: 1.9 g/100 g; total flavonoids: 0.6 g/
100 g) (p < 0.05), followed by RSWEFS (total polyphenols: 1.3 g/100 g;
total flavonoids: 0.5 g/100 g) (p < 0.05), while in RSWFF, they were
relatively low and only 0.3 and 0.1 g/100 g, respectively. Therefore, it
can be concluded that there must be huge discrepancies in metabolites
among different radish varieties and different tissue. Thus, the small-
molecule metabolites in skin and flesh of four radish varieties were
analyzed in the next study.

3.2. Comprehensive profiling of secondary metabolites in the flesh and
skin of different radish varieties

A widely targeted metabolomics analysis based on UPLC-MS/MS was
performed for comprehensive profiling of secondary metabolites in


https://www.ncbi.nlm.nih.gov
http://www.r-project.org

D. Cai et al.

[Xinlimei radish with] White radish with | Hongfeng radish with
XLMS and XLMF | WS and WF RSWES and RSWFF

B I Polyphenols
Flavonoids _
204 € Y - Antioxidant capacity 1.2 é"
F
ED ™ B 1.0 é
= | og &
3 T g
= 1.04 %
o D 0.6 o
g = b b ‘5
o 57 C a g 043
I 5 CERE
0.0- ' r r r 0.2 *é‘
$ & < $
N <Q Q)
e Qg§
C [ Polyphenols
Flavonoids
on0: — Antigxidant capacit}_L2 gn
=
— £
& 1.5 L9 E
= =
3 E
= 10 b 0.6 =
D b (5]
: . :
0.5 = ]
= A C B o3
- - =
0.0- T T T T ;E
& &£ é‘? &
¥ &

Fig. 1. Different skin and flesh color phenotypes of radish (A), contents of total
polyphenols and total flavonoids and antioxidant capacity of flesh and skin of
four radish varieties (B, C). (A) Scale bar = 1 cm. (B) and (C) Concentrations of
total polyphenols and total flavonoids were expressed as g/100 g dw. Antiox-
idant capacity was expressed as the Trolox-equivalent antioxidant capacity with
the unit mmol/kg. Values without a common letter within the same indicator
were significantly different, p < 0.05. The significant differences among
different groups were analyzed by LSD test. Abbreviations: XLMF, Xinlimei
radish taproot flesh; XLMS, Xinlimei radish taproot skin; WF, White radish
taproot flesh; WS, White radish taproot skin; RSWFF, Hongfeng radish taproot
flesh; RSWFS, Hongfeng radish taproot skin; GF, Green radish taproot flesh; GS,
Green radish taproot skin.

radish taproots. A total of 352 secondary metabolites were identified
(Supplementary Table S§2), including 118 flavonoids, 95 phenolic acids,
67 alkaloids, 28 GSLs, 12 lignans, 11 coumarins, 8 terpenoids, and 13
other compounds, which are the important foundation of radish nutri-
tional quality. Polyphenolic components, including flavonoids and
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phenolic acids, accounted for 60.51% of the identified compounds,
indicating that polyphenols in radish were dominant bioactive
constituents.

To understand differences in global metabolic profiles among
different radish varieties, unsupervised PCA was performed to assess the
overall secondary metabolite differences in the flesh and skin among
four radish cultivars. As shown in Fig. 2A, the PCA scores plot depicted a
clear separation among the flesh and skin samples of four radish culti-
vars, implying that the phytochemicals in radishes with different skin
and flesh colors were distinct and there were also significant nutritional
discrepancies between radish flesh and skin. Also, the QC samples were
tightly clustered, indicating high repeatability of the metabolomics data
in the analysis process. The total ion chromatography (TIC) overlap
diagrams at ESI" and ESI™ modes of QC samples also revealed the reli-
ability of the data (Fig. S2). Sample-to-sample correlation analysis
showed that the correlation was greater than 0.9 between each repeat of
radish samples, indicating that the repeatability was desirable among
biological replicates of radish samples, and the data obtained in this
study were reliable (Fig. S3). Additionally, HCA combined with a heat
map was carried out to directly reflect the differences in the accumu-
lation patterns of secondary metabolites among different groups
(Fig. 2B). Secondary metabolites could be grouped into seven clusters. In
detail, the metabolites in clusters 4 prominently accumulated in GS, and
primarily involved GSLs like 4-methylthiobutyl GSL, benzyl GSL, and 7-
(methylsulfinyl) heptyl GSL. The metabolites in clusters 5 were pri-
marily represented by flavonoids and phenolic acids such as rutin, caf-
feic acid, and anthocyanin, and these highly accumulated in RSWFS. The
metabolites in clusters 6 commonly distributed in XLMF and RSWFS,
and were primarily composed of antioxidant components including
flavonoids, phenolic acids, GSLs, and alkaloids. These results essentially
coincided with the above data on total flavonoids, total polyphenols,
and antioxidant capacity. The metabolites in clusters 7 highly accumu-
lated in WS and WF. The metabolites in clusters 2 prominently distrib-
uted in GF and RSWFF. The metabolites involved in clusters 1 commonly
accumulated in XLMS. Thus, the results of HCA indicated that the skin
and flesh samples of these four radish accessions had distinct metabolite
profiles, which were consistent with the results of PCA analysis.

To determine the metabolites that caused the observed differences, a
pairwise comparison of the four radish accessions was conducted by
OPLS-DA. There are a clear separation between XLMF and WF, XLMF
and GF, XLMF and RSWFF, GF and WF, RSWFF and WF, GF and RSWFF,
XLMS and WS, GS and WS, RSWFS and WS, RSWFS and GS, XLMS and
GS, and RSWFS and XLMS in the OPLS-DA scores plots (Figs. S4 and S5),
further indicating that there are distinct differences in the global
metabolic profiles between the different groups. The two criteria VIP >1
and |log, fold change| > 1 were applied to identify the differential
metabolites. The results are presented as volcano plots (Fig. 2C-2H,
Fig. 56). It is worth noting that there were 153 (101 upregulated and 52
downregulated), 138 (102 upregulated and 36 downregulated), and 154
(113 upregulated and 41 downregulated) differential metabolites for
XLMF, compared to WF, GF, and RSWFF, respectively (Fig. 2C-2E).
These results mean that the quantities of upregulated compounds were
far more than that of the downregulated components for XLMF
compared to the flesh of the other three radish accessions, indicating
that the majority of secondary metabolites were much more abundant in
XLMF and XLMF was a rich source of phytochemicals. The upregulated
phytochemicals included 66 (39 flavonoids and 27 phenolic acids), 63
(34 flavonoids and 29 phenolic acids), and 67 (35 flavonoids and 32
phenolic acids) polyphenolic components in XLMF, compared to WEF,
GF, and RSWFF, respectively, accounting for 65%, 62%, and 59% of the
upregulated compounds respectively, which suggested that poly-
phenols, particularly flavonoids, were important metabolites greatly
contributing to the distinct quality discrepancies among different radish
varieties. Additionally, it should be noted that there were 160 (112
upregulated and 48 downregulated), 172 (118 upregulated and 54
downregulated), and 172 (111 upregulated and 61 downregulated)
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Fig. 2. Differences of secondary metabolites in the flesh and skin of different radish cultivars. (A) Score plot of PCA of secondary metabolites reflects high cohesion
within groups and a clear separation among different groups. (B) Heat map visualization of HCA of secondary metabolites. Each metabolite is visualized in one row,
and each sample is represented by one column. Progressive colors show the relative accumulation levels of metabolites from low (green) to high (red). (C)~(H) OPLS-
DA volcano plots of XLMF compared to WF (C), XLMF compared to GF (D), XLMF compared to RSWFF (E), XLMS compared to WS (F), GS compared to WS (G), and
RSWFS compared to WS (H). Volcano plots reveal the identified differential metabolites between the two groups. Green spots represent downregulated differential
metabolites, red spots represent upregulated differential metabolites, and gray spots denote detected metabolites with insignificant differences.

differential metabolites for XLMS, GS, and RSWFS, respectively,
compared to WS (Fig. 2F-2H). These results reflected that the amounts
of upregulated components were far more than that of the down-
regulated compounds for XLMS, GS, and RSWFS compared to WS,
implying that most secondary metabolites were much more abundant in
colored skin.

To obtain detailed pathway information, the differential metabolites
were mapped to the KEGG database and enrichment analysis was per-
formed (Figs. S7 and S8). The differential metabolites were mostly
enriched in flavonoid biosynthesis, flavone and flavonol biosynthesis,
phenylpropanoid biosynthesis, phenylalanine metabolism, GSL biosyn-
thesis and 2-oxocarboxylic acid metabolism. Therefore, these metabolic
pathways should be key pathways responsible for the polymorphisms of
coloration, flavor, and nutritional quality among different radish vari-
eties. Thus, an in-depth analysis on these metabolic pathways relevant to
flavonoid and GSL biosynthesis in different radish cultivars was carried
out in the next study.

3.3. Transcriptomic profiling of the flesh and skin of different radish
varieties

To elucidate the differences in transcription levels among the
different radish varieties, RNA-seq analysis of the flesh and skin of the
four radish accessions was performed, generating a total of
1,141,515,178 raw reads (Supplementary Table S3). Raw reads were
uploaded to NCBI (SRA accession no. PRINA1180643). After adaptor
sequence trimming and filtering out of low-quality reads, a total of
1,109,142,030 clean reads and 166.35 G clean bases were obtained. The
Q20 percentages ranged from 96.32% to 96.93%, and the GC percent-
ages ranged from 45.20% to 47.23%. Of these clean reads, 81.43%—
86.05% were mapped to the radish reference genome. Among these,
73.86%-78.32% were mapped uniquely to one location. Therefore, the
results showed that the data were reliable and sufficient.

The DEGs were identified by pairwise comparisons of the expression
levels between the four radish accessions, based on the two criteria |logs
fold change| > 1 and FDR <0.05, as shown in Fig. 3A. As to radish flesh,
there were 14998, 11139, 13971, 15159, 13838, and 12985 DEGs for
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Fig. 3. Differentially expressed genes (DEGs) in the flesh and skin of different radish varieties. (A) Number of upregulated and downregulated DEGs in each
comparison. (B) Heat map of HCA of the DEGs. Each DEG is represented by a row, and each sample is represented by a column. Red indicates high expression levels,

and green indicates relatively low expression levels.

XLMF compared to WF, XLMF compared to GF, XLMF compared to
RSWEFF, GF compared to WF, RSWFF compared to WF, and GF compared
to RSWFF, respectively. As for radish skin, there were 14259, 14609,
13803, 13430, 11172, and 13459 DEGs for XLMS compared to WS, GS
compared to WS, RSWFS compared to WS, RSWFS compared to GS,
XLMS compared to GS, and RSWFS compared to XLMS, respectively.

Furthermore, HCA of the obtained DEGs was conducted and a heat map
was constructed (Fig. 3B). The heat map reflected directly that each
group had a distinct transcript profile. These DEGs may be potential
regulators of differences in quality characteristics among different
radish varieties.

To validate the transcriptome data, 12 DEGs, including 6 genes
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Fig. 4. Validation of the transcriptome data using RT-qPCR. The blue lines represent the RNA-seq data expressed in log-transformed FPKM (right y-axis), and the
yellow bars indicate the RT-qPCR data measured by the delta CT method (left y-axis). Values without a common letter within the same gene were significantly
different, p < 0.05. The significant differences among different groups were analyzed by LSD test.
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involved in GSL biosynthesis and 6 genes related to flavonoid biosyn-
thesis and phenylpropanoid biosynthesis, were randomly selected to
assess their expression profiles in four radish varieties using RT-qPCR
(Fig. 4). The results showed that RsCYP83B1 (LOC108829823),
RsSUR1 (LOC108813271), and RsST5a (LOC108814527,
LOC108820205) were more highly expressed in GS (p < 0.05). RsST5b/
ST5c (LOC108823890) expression level was the highest in XLMS (p <
0.05), followed by GS. The expression level of RsBCAT (LOC108838735)
was relatively high in GS and WS (p < 0.05). Additionally, as for the
genes in flavonoid biosynthesis and phenylpropanoid biosynthesis,
RsPAL (LOC108812387) and Rs4CL (LOC108862381) were also signif-
icantly upregulated in GS (p < 0.05). The expression level of RSANS
(LOC108843686) was significantly increased in XLMF (p < 0.05). The
expression level of RsCCOAMT (LOC108819091) was the highest in
RSWES (p < 0.05). The expression level of Rs=COMT (LOC108857322)
was significantly increased in RSWFF (p < 0.05). RsCCR
(LOC108843713) expression level was relatively higher in GS and XLMS
(p < 0.05). All of these RT-qPCR results were consistent with the tran-
scriptome analysis, indicating the reliability of the gene expression
profiles detected by RNA-seq.

3.4. Integrative analysis between metabolomics and transcriptomics
related to flavonoid biosynthesis in different radish varieties

To further understand the molecular basis and discover detailed in-
formation about the metabolic pathways in the taproots of different
radish varieties, both the DEGs and metabolites were mapped to the
KEGG database, and the metabolic pathways associated with flavonoid
biosynthesis and accumulation, including flavonoid biosynthesis
(map00941), flavone and flavonol biosynthesis (map00944), and

Current Research in Food Science 10 (2025) 100938

phenylpropanoid biosynthesis (map00940), were constructed (Fig. 5).
The expression profiles of the DEGs and metabolites mapped in these
metabolic pathways in different radish varieties are also displayed in
Fig. 5. The expression patterns of the transcription factors (TFs) involved
in the regulation of flavonoids in different radish varieties are shown in
Fig. S9. Altogether 19 genes (RsCHS, RsCHI, RsF3H, RsDFR, RsANS,
RsCYP75B1, RsFLS, RsPGT1, RsPAL, RsC4H, Rs4CL, RsHCT, RsC3H,
RsCCOAMT, RsCAD, RsCCR, RsCOMT, RsF5H, and RsBRT1) were
involved in these pathways related to flavonoid biosynthesis (Fig. 5).
Among the 19 genes, the expression levels of RsCHS and RsCCOAMT
were significantly increased in RSWFS (p < 0.05); the expression levels
of RsF3H, RsFLS, RsCYP75B1, and RsDFR were the highest in XLMF (p <
0.05), followed by RSWFS; and the expression of RsC4H was signifi-
cantly enhanced in GS (p < 0.05). Additionally, six RsPAL genes iden-
tified displayed different expression patterns. Similarly, five Rs4CL,
seven RsCHI, and two RsANS genes with differential expression patterns
were also identified. The above 19 genes performed crucial roles in
flavonoid biosynthesis in the taproots of different radish varieties, which
were considered key genes affecting the differential accumulation of
flavonoids among different radish cultivars.

To gain insight into the regulatory network of the differential dis-
tribution of flavonoid-related metabolites among different radish vari-
eties, the correlation analysis between the transcripts and metabolites
related to flavonoid biosynthesis was carried out, and a co-expression
network was established. As shown in Fig. 6, 22 metabolites relevant
to flavonoid biosynthesis were significantly correlated with 153 DEGs
including 136 structural genes and 17 TFs (Pearson correlation coeffi-
cient R > 0.8, p < 0.05) (Supplementary Tables S4 and S5). The 22
metabolites and 153 DEGs associated with flavonoid biosynthesis were
grouped into five clusters (A-E). In cluster A, 1-O-sinapoyl-$-D-glucose
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Fig. 5. Metabolic pathways associated with flavonoid biosynthesis and expression profiles of the related DEGs and metabolites in different radish varieties. These
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of DEGs and the relative contents of metabolites, respectively. Heat maps are orde
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Metabolites in red boxes indicate the identified metabolites mapped in phenylpropanoid biosynthesis (map00940), flavonoid biosynthesis (map00941), and flavone

and flavonol biosynthesis (map00944).
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Fig. 6. Co-expression network between DEGs and metabolites relevant to flavonoid biosynthesis. Correlation relationships with Pearson correlation coefficient R >
0.8 are shown. Cyan hexagons represent metabolites; pink triangles represent structural genes; and green squares represent TFs. Node size reflects its connectivity to
other DEGs/metabolites. Orange solid lines represent positive correlations, and blue dashed lines represent negative correlations.

was significantly increased in XLMF (p < 0.05), and was highly corre-
lated with 16 genes including RsANS, RsCHS, RsFLS, RsF3H, RsCHI,
RsCYP75B1, RsDFR, and RsIF7MAT as well as transcription factor RsTT8.
Three metabolites in cluster B, including rutin, astragalin, and caffeic
acid, were more elevated in RSWFS (p < 0.05). A total of 21 genes, 21
genes, and 23 genes were found to be highly correlated with rutin,
astragalin, and caffeic acid, respectively. These three metabolites were
also highly correlated with transcription factor RsTCP15. Remarkably,
the contents of epicatechin and catechin were also the highest in RSWFS
(p < 0.05). In cluster C, five metabolites including dihydroquercetin,
quercetin-3-(2G-xylosylrutinoside), nictoflorin, phlorizin chalcone, and
sinapine were significantly increased in GS (p < 0.05). A total of 18
genes, 19 genes, 17 genes, 15 genes, and 15 genes were found to be
highly correlated with quercetin-3-(2G-xylosylrutinoside), dihy-
droquercetin, nictoflorin, phlorizin chalcone, and sinapine, respectively.
In cluster D, quercitrin was significantly increased in WF and WS (p <
0.05), and was highly correlated with 21 genes such as RsHCT, RsCCR,
and RsCCOAMT. Two metabolites in cluster E, including pinobanksin
and naringenin, were significantly elevated in RSWFF (p < 0.05), and
were highly correlated with 26 genes such as RsCOMT, RsF5H, RsCAD,
and RsCCOAMT. Overall, these results indicated that the synergistic
expression and possible interaction of the above differential genes and
TFs contributed to the various accumulation patterns of flavonoids

among different radish varieties.

3.5. Integrative analysis between metabolomics and transcriptomics
related to GSL biosynthesis in different radish varieties

To decipher the underlying mechanisms responsible for the differ-
ential accumulation of GSLs among different radish varieties, GSL
biosynthesis pathway in the taproots of four radish varieties was con-
structed based on KEGG database (map00966), as shown in Fig. 7. The
expression profiles of the DEGs and metabolites mapped in this meta-
bolic pathway in different radish varieties are also displayed in Fig. 7.
The expression patterns of the TFs involved in the regulation of GSLs in
different radish varieties are shown in Fig. S10. A total of ten genes
(RsBCAT3, RsSUR1, RsUGT74B1, RsST5a, RsST5b/ST5c, RsCYP83B1,
RsCYP79B2, RsCYP79B3, RsIPMI-LSU1, RsIPMI-SSU2) and six differen-
tial metabolites (3-(methylthio)propyl GSL, 4-methylthiobutyl GSL,
benzyl GSL, 3-indolylmethyl GSL, 5-methylthiopentyl GSL, 7-methyl-
thioheptyl GSL) were involved in GSL biosynthesis pathway (Fig. 7).
Among the six GSLs, the content of 3-(methylthio)propyl GSL was the
highest in RSWFS (p < 0.05). 4-Methylthiobutyl GSL was significantly
increased in GS and GF (p < 0.05). 5-Methylthiopentyl GSL was signif-
icantly elevated in the skin, but obviously low in the flesh, of all radish
varieties (p < 0.05). 7-Methylthioheptyl GSL and benzyl GSL were the
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most abundant in GS (p < 0.05). The concentration of 3-indolylmethyl
GSL was the highest in XLMF (p < 0.05). In brief, the six GSLs were
specifically different depending on the radish varieties and there were
distinct differences between radish skin and flesh. Also, the above ten
genes could be considered key genes affecting the differential accumu-
lation of GSLs among different radish varieties.

A co-expression network of the DEGs and metabolites related to GSL
biosynthesis was established (Fig. 8). Four metabolites, including benzyl
GSL, 4-methylthiobutyl GSL, 3-(methylthio)propyl GSL, and 5-methyl-
thiopentyl GSL, were significantly correlated with 17 DEGs including
11 structural genes and 6 TFs, with Pearson correlation coefficient R >
0.8 (p < 0.05) (Supplementary Tables S6 and S7). Among the four me-
tabolites, benzyl GSL was found to be significantly positively correlated
with RsCYP83B1 (LOC108829823), RsSURI (LOC108813271), RsST5a
(LOC108814527, LOC108820205), RsST5b/ST5c (LOC108846410),
RsCYP79B2 (LOC108818790, LOC108855674), and RsCYP79B3
(LOC108850755, LOC108851800), as well as transcription factor
RsMYB34 (LOC108829872), indicating that the accumulation of benzyl
GSL in radish taproots is strongly influenced by the co-expression of
these genes and the TF RsMYB34. 4-Methylthiobutyl GSL was found to
be significantly positively correlated with RsST5a (LOC108814527,
LOC108820205, novel. 3777) and RsCYP79B3 (LOC108850755,
LOC108851800), as well as 3 TFs including RsMYB34 (LOC108829872).
Among these correlations, the correlation coefficient of benzyl GSL and
RsSURI1 (LOC108813271) was highest (R = 0.98, p = 6.70 x 10716),
which suggests that RsSURI may play an important role in the biosyn-
thesis of benzyl GSL in radish.

4. Discussion

As one of the most important commercial vegetable crops world-
wide, radish plays critical roles in human diet and health. The previous
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studies have investigated specific categories of metabolites, such as
anthocyanins and GSLs, concerning their biosynthesis pathways and
regulatory mechanisms (Zhang et al., 2021; Liu et al., 2019; Muleke
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etal., 2017; Li et al., 2022; Kang et al., 2020; Gao et al., 2019; Sun et al.,
2018; Park et al., 2011). However, the overall differences in secondary
metabolite profiles of different tissues among different radish varieties
have not yet been clear until now. Moreover, the molecular regulatory
mechanisms responsible for the differential accumulation of flavonoids
and GSLs in different tissues of different radish varieties remain to be
less-thoroughly understood. Here, through the comprehensive and
comparative analysis of secondary metabolite profiles and tran-
scriptome, we found that the flesh and skin of different radish cultivars
had distinct metabolic profiles and gene expression patterns. Moreover,
we also discovered key metabolic pathways responsible for the di-
versities of quality among different varieties, and identified key genes
regulating the differential accumulation of flavonoids and GSLs among
different radish varieties. Further, systematical biosynthetic pathways of
flavonoids and GSLs and co-expression networks between genes and
metabolites were constructed, thus achieving initial goal of this study
and expanding our understanding of the accumulation patterns and
regulatory mechanisms of bioactive components in different radish
cultivars.

Altogether 352 secondary metabolites were identified in radish in
this study, including 118 flavonoids and 95 phenolic acids, both of
which accounted for 60.51% of the identified compounds, indicating
that flavonoids and phenolic acids in radish were dominant bioactive
constituents. Flavonoids are important plant pigments (Hostetler et al.,
2017). It has been reported that flavonoids, as pivotal ingredients of the
human diet, have wide health benefits, such as antioxidation,
anti-inflammation, cardioprotection, antihypertension, anticarcino-
genic activity, and blood glucose regulation (Rathod et al., 2023). In the
present study, we discovered that the total flavonoids were highest in
red-colored radish tissue XLMF and RSWEFS (p < 0.05). Their antioxidant
capacity, meanwhile, was also highest (p < 0.05). Additionally, the
different tissues of different radish varieties revealed distinct flavonoid
accumulation profiles, which was consistent with the observations of
Zhang et al. who found different profiles of flavonoids among different
colored radishes (Zhang et al., 2020a). Specifically, we found that rutin,
astragalin, caffeic acid, epicatechin and catechin were significantly
increased in RSWFS (p < 0.05), with a similar trend with the previous
studies which showed that caffeic acid and epicatechin were higher in
the skin of Hong Feng No.1 radish (p < 0.05) (Park et al., 2011), epi-
catechin was abundant in MSH radish with red skin and white flesh (Mei
et al., 2022), and the level of catechin was upregulated in the red and
purple radishes (Zhang et al., 2021). Catechin and epicatechin have
been recognized to possess numerous pharmacological activities, such as
antioxidative, anticancer, anti-aging, and immunomodulatory proper-
ties (Meyer et al., 1998; Ebeler et al., 2002). Besides, it is worth noting
that cyanidin-3-0-(6"-O-feruloyl)sophoroside-5-O-glucoside, a kind of
anthocyanin responsible for color pigmentation, was significantly
increased in RSWFS (p < 0.05), which was similar to the findings of
Zhang et al. who found that red radish was enriched with cyanidin
(Zhang et al., 2020a). Hence, RSWEFS is a richer source of rutin, astra-
galin, caffeic acid, epicatechin, catechin, and anthocyanin, with
health-promoting value. Additionally, our results revealed that pino-
banksin and naringenin were significantly elevated in RSWFF (p < 0.05).
Pinobanksin has been reported to have antioxidative, antimicrobial,
antiproliferative, and antiangiogenic activities (Zheng et al., 2018; Bang
and Ahn, 2021). Naringenin has been shown to possess anticancer,
anti-inflammatory, antioxidative, and anti-diabetic activities (Joshi
et al., 2018). Thus, RSWFF is a better source of pinobanksin and nar-
ingenin, beneficial to human health. Also, we discovered that
1-O-sinapoyl-p-D-glucose was significantly increased in XLMF (p <
0.05); dihydroquercetin, quercetin-3-(2G-xylosylrutinoside), nicto-
florin, phlorizin chalcone, and sinapine were significantly increased in
GS (p < 0.05); while quercitrin was more elevated in WF and WS (p <
0.05). These results reflected the unique flavonoid metabolic profiles in
each radish cultivar, greatly contributing to the distinct differences in
nutritional quality and coloration among different radish varieties.
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The discrepancies in accumulation profiles of flavonoids in different
tissues of different radish varieties are ascribable to differences in the
unique expression patterns of the overall set of genes regulating flavo-
noid biosynthesis. In this study, RsCHS, RsCHI, RsF3H, RsDFR, RsANS,
RsCYP75B1, RsFLS, RsPGT1, RsPAL, RsC4H, Rs4CL, RsHCT, RsC3H,
RsCCOAMT, RsCAD, RsCCR, RsCOMT, RsF5H, and RsBRT1 were identi-
fied as key genes regulating flavonoid biosynthesis and accumulation in
different radish varieties. Among these key genes, the expression of
RsCHS was significantly increased in RSWFS (p < 0.05). Similarly, a
previous study showed that RsCHS expression level was the highest in
the skin of Hong Feng No.1 radish with red skin and white flesh (p <
0.05) (Park et al., 2011). Also, RsCHS was found upregulated in the HX-3
and WG-3 radishes with red skin and red flesh (Gao et al., 2019). Other
work also showed that RsCHS3 correlated positively with total antho-
cyanin in radish (Muleke et al., 2017). It is generally believed that CHS
proteins have multiple functions, including pigment biosynthesis, de-
fense against pathogens, protection from UV radiation, and pollen
fertility (Deng et al., 2014). Additionally, we found that the expression
levels of RsF3H, RsFLS, RsCYP75B1, RsDFR, and RsANS
(LOC108843686) were the highest in XLMF (p < 0.05), followed by
RSWEFS. These results were in line with the findings of Zhang et al. and
Sun et al., both of whom found that RsFLS, RsCYP75B1, RsDFR, and
RsANS were significantly upregulated in the flesh of Xinlimei radish
(Zhang et al., 2021), and that the expression levels of F3H, DFR, and ANS
were higher in Xinlimei radish than those in white radish (Sun et al.,
2018), respectively. Besides, we also discovered that the expression level
of RsCCOAMT was significantly increased in RSWFS (p < 0.05), which
was similar to the observations reported by Zhang et al. who found that
RsCCOAMT was abundant in the red-color radishes but undetectable in
white radishes (Zhang et al., 2021). In brief, the above genes including
RsCHS, RsCCOAMT, RsF3H, RsFLS, RsCYP75B1, RsDFR, and RsANS were
significantly upregulated in red-colored radish tissue RSWFS and XLMF,
implying that these genes could contribute to the increase of total fla-
vonoids, total polyphenols, and antioxidant capacity. Interestingly, our
results also showed that six RsPAL genes identified displayed different
expression patterns, implying divergent functions (Lai et al., 2015).
Similarly, five Rs4CL, seven RsCHI, and two RsANS genes with differ-
ential expression patterns were also identified. Furthermore, through
the correlation analysis between the metabolome and transcriptome, we
found that 22 flavonoid-related metabolites were significantly corre-
lated with 153 DEGs associated with flavonoid biosynthesis (R > 0.8, p
< 0.05), which were grouped into five clusters (A-E), implying that the
genes in each cluster might be functionally connected to the flavonoids
in the corresponding cluster, regulating the biosynthesis and accumu-
lation of flavonoids in different radish varieties. The co-expression
network analysis between metabolomics and transcriptomics has been
rarely reported in previous studies, and only Zhang et al. constructed a
connection network between genes and flavonoids thus far (Zhang et al.,
2021). Our results also indicate that a single gene is not responsible for
flavonoid accumulation and that flavonoid biosynthesis involves the
coordinated mechanism of numerous genes.

GSLs are also important and unique bioactive components in radish.
It was reported that GSLs and their degradation products iso-
thiocyanates are beneficial to human health because of their biological
activities, such as anticarcinogenic activity, anti-inflammation, and
cardiovascular protection (Curtis, 2003; Soundararajan and Kim, 2018),
strongly influencing the nutritional quality as well as pungent taste of
radish (Holst and Williamson, 2004; Curtis, 2003). Li and Kang et al.
detected six and ten GSLs in radish, respectively (Li et al., 2022; Kang
et al., 2020). In this study, we identified 28 GSLs, of which six GSL
components were involved in GSL biosynthesis pathway. Among the six
GSLs, 4-methylthiobutyl GSL was significantly increased in GS and GF
(p < 0.05). We also found that 7-methylthioheptyl GSL, benzyl GSL,
6-(methylsulfinyl)hexyl GSL, 7-(methylsulfinyl) heptyl GSL, 4-hydrox-
yindol-3-ylmethyl GSL, and 8-methylsulfinyl-3-oxooctyl GSL were the
most abundant in GS (p < 0.05). These results were similar to the
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findings of Mei et al. who found that 6-(methylsulfinyl)hexyl GSL,
7-(methylsulfinyl) heptyl GSL, and 4-hydroxyindol-3-ylmethyl GSL were
more abundant in SDQ radish with green flesh and green skin than the
other samples (Mei et al., 2022). Additionally, our results showed that
4-methylthio-3-butenyl GSL was significantly increased in RSWFS (p <
0.05). It has been reported that 4-methylthio-3-butenyl GSL is the pre-
dominant GSL in radish (Yi et al., 2016). Besides, we also discovered that
the concentration of 3-indolylmethyl GSL was the highest in XLMF (p <
0.05). Yet, a previous study showed that 3-indolylmethyl GSL was most
abundant in SDQ radish, but Xinlimei radish was not included in that
study (Mei et al., 2022). Thus, it can be concluded that the unique
accumulation patterns of GSLs in each radish varieties, to a large extent,
contribute to the distinct differences in pungent taste and nutritional
quality among different radish cultivars.

Better understanding of the key genes and molecular mechanism
regulating GSLs accumulation provides a blueprint for genetic
improvement of quality traits in radish molecular breeding research to
increase the accumulation of beneficial GSLs for enhancing the health
benefits and commercial value of radish. Previous research has
confirmed that BCAT3, IPMI-LSU1, IPMI-SSU2, CYP83B1, SURI,
UGT74B1, ST5a, and ST5b/ST5c¢ genes are known to be the major genes
involved in GSL biosynthesis (Liu et al., 2014). In this study, we iden-
tified 10 key genes regulating GSL biosynthesis and accumulation in
different radish cultivars. Among these key genes, the expression levels
of RsCYP83B1, RsSUR1, and RsST5a were the highest in GS (p < 0.05).
RsST5b/ST5c expression level was the highest in XLMS (p < 0.05), fol-
lowed by GS. A previous study showed that the expression levels of
RsSURI1 and RsST5b were significantly higher in the radish genotypes
with high GSL content, compared with a genotype with low content (Li
et al., 2022). Besides, other work showed that the expression levels of
IPMI-LSU1, IPMI-SSU2, SUR1, UGT74B1, and ST5b/ST5¢c were signifi-
cantly higher, while CYP79B2, CYP79B3, CYP83B1, and ST5a were at
low levels of expression, in the radish with high GSL content (Kang et al.,
2020). The differences among the different studies could be attributed to
the discrepancies in the genetic background and growing conditions of
radish accessions used in different researches. However, as to the
different tissues of different radish varieties, the accumulation patterns
and regulatory mechanisms of GSLs have rarely been reported to our
knowledge. Additionally, through the integrative analysis between the
metabolome and transcriptome, we found that benzyl GSL, 4-methyl-
thiobutyl GSL, 3-(methylthio)propyl GSL, and 5-methylthiopentyl GSL
were significantly correlated with 11 structural genes including
RsCYP83B1, RsSUR1, RsST5a, RsST5b/ST5c, RsCYP79B2, and
RsCYP79B3, as well as 6 TFs such as RsMYB34. In order to confirm and
apply our results, further studies are needed, such as transgenic function
verification of key genes, for radish genome design breeding research to
produce more beneficial phytochemicals for promoting human health in
the future.

5. Conclusions

This study provides a global view of the secondary metabolite pro-
files and gene expression patterns of four popular radish varieties, and
further reveals the regulatory mechanisms of the differential accumu-
lation of flavonoids and GSLs in different tissues among different radish
cultivars. The accumulation profiles of secondary metabolites in the
flesh and skin of different radish varieties were notably distinct. The
differential metabolites were mostly enriched in flavonoid biosynthesis,
flavone and flavonol biosynthesis, phenylpropanoid biosynthesis, and
GSL biosynthesis pathway, greatly contributing to the diversities of
coloration, flavor, taste, and nutritional quality among different culti-
vars. Furthermore, 19 key genes regulating the differential accumula-
tion of flavonoids among different radish varieties were identified.
Among them, RsCHS, RsCCOAMT, RsF3H, RsFLS, RsCYP75B1, RsDFR,
and RsANS were significantly upregulated in red-colored radish tissue
RSWEFS and/or XLMF, implying that these genes could contribute to the
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increase of total flavonoids, total polyphenols, and antioxidant capacity.
Also, 10 key genes affecting the differential accumulation of GSLs
among different radish cultivars were identified, such as RsCYP83B1,
RsSUR1, and RsST5a that were significantly increased in GS. Further,
systematical biosynthetic pathways of flavonoids and GSLs and co-
expression networks between genes and metabolites were constructed,
reflecting the synergistic expression and coordinated mechanism of the
DEGs regulating the differential accumulation patterns of flavonoids and
GSLs among different radish varieties. Overall, this study comprehen-
sively characterizes secondary metabolites in different radish cultivars
at the metabolic and molecular levels and provides a novel insight into
the biosynthesis and accumulation of flavonoids and GSLs in different
radish varieties through the integrative analysis between metabolomics
and transcriptomics. These findings provide better understanding about
the mechanisms of radish quality formation, thereby providing a mo-
lecular basis for breeding and cultivation of radish with excellent
nutritional quality.
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