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Abstract

chicory.

Background Chicory is a unique and nutritious vegetable crop. However, the molecular mechanisms underlying
anthocyanin biosynthesis in chicory remain poorly understood. We combined transcriptomics and metabolomics
analyses to explore the molecular basis of anthocyanin biosynthesis in red-budded (Z1) and yellow-budded (Z7)

Results Integrated transcriptomics and metabolomics analyses were performed to investigate the molecular basis
of anthocyanin biosynthesis in chicory. A total of 26 key structural genes, including F3'H, DFR, CHS, and ANS, were
identified and enriched in pathways such as flavonoid and anthocyanin biosynthesis. Additionally, 29 transcription
factors were identified, including 11 MYB, five bHLH, and two WD40 transcription factors, with seven MYB genes
upregulated and four genes downregulated, indicating their roles in regulating anthocyanin biosynthesis. Notably,
the MYB transcription factor, CI35997, which is homologous to RLL2A in lettuce, was predicted to positively regulate
anthocyanin biosynthesis. Other transcription factors, such as AP2/ERF, bZIP, NAC, and Trihelix, have also been
implicated. Metabolomics analysis revealed that cyanidin derivatives were the main contributors to the red coloration
of chicory buds, with cyanidin-3-O-(6-O-malonyl)-glucoside being the most abundant. Furthermore, a competitive
relationship between lignin and anthocyanin biosynthesis was observed, wherein the downregulation of lignin-
related genes enhanced anthocyanin accumulation.

Conclusions This study identified key structural genes and transcription factors that offer molecular-level insights
into anthocyanin biosynthesis in chicory. These findings provide valuable guidance for genetic improvement of
chicory and other crops with high anthocyanin content.
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Background

Anthocyanins are secondary flavonoid metabolites
that are widely found in plants and are characterized
by a C6-C3-C6 carbon skeleton. In plants, anthocya-
nins typically exist in their glycosylated forms, with the
most common aglycone types being cyanidin, delph-
inidin, pelargonidin, petunidin, malvidin, and peonidin.
The structures of the substituents are the main basis for
distinguishing anthocyanins [1]. Anthocyanins impart
vibrant colors, such as red, orange, purple, and blue, to
plant organs [2]. These colors strongly attract insects and
other organisms, facilitating pollination and seed disper-
sal [3]. Anthocyanins also protect plants from pathogens,
prevent photooxidative damage, and shield plants against
biotic and abiotic stresses, enhancing plant stress resis-
tance [4, 5]. The health benefits of anthocyanins have
attracted increasing attention in recent years. Studies
have shown that anthocyanins exhibit strong antioxidant
activity, enhance the human defense system, reduce free
radical damage, slow the progression of chronic diseases,
prevent cardiovascular diseases and cancer, and delay
aging [6-8]. Therefore, the effects of anthocyanins on
plants and humans have become a key research focus.

Research on plant anthocyanin metabolic pathways is
highly advanced. Anthocyanin biosynthesis is divided
into three steps. The first stage begins with phenylala-
nine, which is sequentially catalyzed by phenylalanine
ammonia-lyase (PAL), cinnamic acid 4-hydroxylase
(C4H), and 4-coumarate-CoA ligase (4CL) to form 4-cou-
maroyl-CoA. In the second stage, 4-coumaroyl-CoA and
malonyl-CoA are sequentially catalyzed by chalcone
synthase (CHS), chalcone isomerase (CHI), and flava-
none 3-hydroxylase (F3H) to form dihydrokaempferol.
The third stage involves structural genes such as flava-
none 3-hydroxylase (F3’H), dihydroflavonol 4-reductase
(DFR), and anthocyanidin synthase (ANS). DER catalyzes
the formation of colorless anthocyanidins, which are then
converted to colored anthocyanins by ANS. Anthocya-
nins undergo acetylation, glycosylation, and methylation
in the cytoplasm before being transported to vacuoles for
storage [9].

The structural genes involved in anthocyanin syn-
thesis in plants are regulated by control genes. Three
main types of transcription factors regulate anthocy-
anin synthesis in plants: MYB, basic helix-loop-helix
(bHLH), and WD40 repeat proteins [10]. In Arabidopsis,
anthocyanin-regulating genes are divided into R2R3-
MYB transcription factors and the MYB-bHLH-WD40
(MBW) complex. MYB11, MYB12, MYB75, MYB90, and
MYBI111 are among the earliest identified R2R3-MYB
transcription factors, capable of activating genes such as
PAL, CHS, F3H, and DFR. The MBW complex includes
four R2R3-MYB protein-coding genes (PAPI1, PAP2,
MYBI113, and MYB114), three bHLH protein-coding
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genes (Transparent Testa 8, TT8; GLABRA3, GL3; and
Enhancer of GLABRA3, EGL3), and one WD40 repeat
protein-coding gene (Transparent Testa Glabral, TTGI).
This complex primarily activates structural genes in the
later stages of anthocyanin synthesis, such as F3H, DFR,
and ANS [11-14]. Numerous transcription factors regu-
lating anthocyanin synthesis have been identified in other
dicotyledonous plants. In petunias, PhnAN2 and PhAN4
activate CHS and DFR [15, 16], while ASR interacts with
AN1 and ANI11 to regulate anthocyanins via the MBW
complex [17]. In grapes, VVWMYBAZ2r positively regulates
anthocyanin biosynthesis by forming the VWMYBAZ2r-
VVMYCA1-VvWDRI1 complex [18]. In apples, MAMYBA
activates MdANS expression to promote anthocyanin
accumulation. MdMYB10 requires the coexpression of
two bHLH proteins, MdbHLH3 and MdbHLH33, to
induce anthocyanin biosynthesis [19]. Several transcrip-
tion factors repress anthocyanin synthesis. In Arabidop-
sis, MYB4 and its homologs MYB7 and MYB32 interact
with bHLH transcription factors (TT8, GL3, and EGL3),
disrupting the MBW complex and hindering anthocy-
anin synthesis [20]. Heterologous expression of CmMYBI
from chrysanthemums inhibits flavonoid-related genes
in Arabidopsis [21]. In poplars, MYB182 disrupts the
transcriptional activation of MYB134, thereby inhibiting
anthocyanin synthesis [22]. In contrast, the regulation of
anthocyanins in monocotyledonous plants is relatively
simple. In maize, the anthocyanin synthesis genes (CHS,
CHI, F3H, DFR, ANS, and UFGT) are regulated solely by
the MBW complex [23]. In lilies and orchids, MYB tran-
scription factors predominantly regulate anthocyanin
genes [24]. Li et al. (2022) identified a rare bHLH tran-
scription factor in onions that interacts with AcMYBI to
coactivate AcANS and AcF3H1 [25].

Chicory (Cichorium intybus L.) is a perennial herb
belonging to the genus Cichorium in the family Astera-
ceae, which is cultivated worldwide. Forced chicory, a
cultivated variety developed through specific methods to
produce softer, lighter-colored leaves, originates from the
Mediterranean, Central Asia, and North Africa and was
introduced to China in the 1990s. It quickly gained popu-
larity owing to its tender appearance, bittersweet taste,
and crisp texture, earning the title of a noble vegetable. In
traditional Chinese medicine, the aerial parts and roots
of chicory are considered bitter and cold, respectively,
with properties of clearing heat, promoting diuresis, and
aiding digestion. Modern studies have shown that chic-
ory is rich in dietary fiber, flavonoids, fatty acids, amino
acids, sesquiterpene lactones, vitamins, minerals, and
antioxidants, offering benefits like lipid regulation and
anti-inflammatory and analgesic effects [26, 27]. Forced
chicory is classified into yellow and red types based
on the bud color. Few studies have reported chicory
anthocyanins, and their synthetic mechanisms remain
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Fig. 1 The chicory materials used for this experiment. a, Z1 (red). b, Z7 (yellow). The blue circles indicate the sampling sites
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Fig. 2 Principal component analysis (PCA) results of transcriptomics data (a) and metabolomics data (b)

unknown. This study used red- and yellow-bud forced
chicory (Fig. 1) to explore anthocyanin synthesis mecha-
nisms via transcriptomics and metabolomics analyses,
thereby providing a foundation for breeding high-quality
varieties.

Results

Transcriptomics and metabolomics data analysis

Quality control results for the transcriptome data (Table
S1) showed that after filtering, approximately 43.19 to
56.46 million clean reads were generated. The GC content
ranged from 44.43 to 45.21%, and the Q30 ratio exceeded
93.99%, indicating that the sequencing data were of high
quality and suitable for downstream analysis.

Principal component analysis (PCA) of the transcrip-
tome and metabolome data showed clear separation
between groups and tight clustering within groups, indi-
cating the reliability and consistency of the anthocyanin-
related datasets (Fig. 2).

Identification of anthocyanin composition

A noticeable color difference was observed between the
two forced chicory materials, Z1 and Z7 (Fig. 1), which
was speculated to result from anthocyanin accumula-
tion. To explore this, a targeted metabolomics analysis of
anthocyanins was performed, which identified 59 antho-
cyanin-related metabolites classified into seven sub-
groups: 56 anthocyanins, one procyanidin, and two other
compounds. Of these, 58 metabolites were detected in
71, 20 in Z7, and 19 were shared (Table S2). In addition,
11 differential metabolites were identified between Z1
and Z7, including four cyanidins, one delphinidin, one
malvidin, two pelargonidins, two peonidins, and one fla-
vonoid (Table 1). In Z7, cyanidin-3-O-(6"-O-malonyl)
galactoside was not detected, and the contents of other
components were minimal, with quercetin-3-O-gluco-
side being the highest at only 3.31 pg/g. In contrast, Z1
exhibited significantly higher anthocyanin content, with
cyanidin-3-O-(6-O-malonyl-beta-D-glucoside) being the
most abundant at 7,292.60 pg/g, accounting for 89.54%
of the total anthocyanins (Fig. 3). This was followed by



Zhu et al. BMC Plant Biology (2025) 25:409

Table 1 Content and statistical analysis of differential
metabolites between Z1 and Z7 (ug/q)

Compounds Class Content p-value Log-
(ng/9) oFC
Z1 z7

Cyanidin-3-0-(6"-0O- Cyani- 4.02 0.00 0.007 Inf
malonyl)galactoside din

Cyanidin-3-0-(6-O-malo-  Cyani- 7,29260 2.15 0.002 11.73
nyl-beta-D-glucoside) din

Cyanidin-3-O-glucoside  Cyani- 19524  0.06 0.002 11.78
din

Cyanidin-3,5-O-diglu- Cyani- 10040  0.01 0.008 12.86
coside din

Delphinidin-3-O-(6"-O- Del- 8.12 0.01 0.002 9.68
acetyl)galactoside phini-
din

Malvidin-3-O-(6-O-malo-  Malvi- 261 0.03 0.002 6.29
nyl-beta-D-glucoside) din

Pelargonidin-3,5-O- Pelar- 1.72 0.07 0.000 4.69
diglucoside goni-
din

Pelargonidin-3-0O- Pelar- 242 0.10 0014 4.57
glucoside goni-
din

Peonidin-3-O-glucoside  Peoni- 6.74 0.13  0.068 5.66
din

Peonidin-3,5-O-diglu- Peoni- 2.96 0.17 0.087 4.15
coside din

Quercetin-3-O-glucoside  Flavo-  527.65 331 0.002 7.31
noid

quercetin-3-O-glucoside at 527.65 ug/g (6.48%). Cyani-
din-3-O-glucoside and cyanidin-3,5-O-diglucoside were
also relatively abundant, measured at 195.24 pg/g (2.40%)
and 100.40 pg/g (1.23%), respectively. The remaining
components were present in much lower amounts, with
none exceeding 10 ug/g.

Differentially expressed gene identification and
enrichment analysis

The analysis identified 3,888 differentially expressed
genes (DEGs) between Z1 and Z7, including 2,345 upreg-
ulated and 1,543 downregulated genes (Fig. S1). Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of these DEGs showed that the top 50
enriched pathways were predominantly related to meta-
bolic processes, with 407 genes involved in metabolic
pathways and 287 genes involved in secondary metabo-
lite biosynthesis. Furthermore, 97 genes were enriched
in the plant-pathogen interaction pathway. Specifically,
in pathways associated with anthocyanin metabolism, 17
genes were enriched in flavonoid biosynthesis, whereas
the anthocyanin biosynthesis and flavone and flavonol
biosynthesis pathways each contained three enriched
genes (Fig. 4).
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Identification of key DEGs related to anthocyanin
metabolism

Based on the KEGG enrichment analysis of DEGs, we
identified 26 key genes associated with anthocyanin
metabolism, including flavonoid biosynthesis, antho-
cyanin biosynthesis, flavonol biosynthesis, and second-
ary metabolite biosynthesis pathways. Among these,
four genes were downregulated, whereas the others
were upregulated (Fig. 5; Table S3). Specifically, these
genes included three encoding F3'H [EC:1.14.14.82],
two encoding anthocyanin 5-O-glucoside-6”-O-mal-
onyltransferase (5MaT) [EC:2.3.1.172], one encod-
ing anthocyanidin 3-O-glucoside 6”-O-acyltransferase
(3-GAT) [EC:2.3.1.215], two encoding DFR [EC:1.1.1.219,
1.1.1.234], one encoding CHS [EC:2.3.1.74], one encod-
ing ANS [EC:1.14.20.4], two encoding CHI [EC:5.5.1.6],
three encoding caffeoyl-CoA  O-methyltransferase
(CCoAOMT) [EC:2.1.1.104], four encoding PAL
[EC:4.3.1.24], three encoding 4CL [EC:6.2.1.12], one
encoding F3H [EC:1.14.11.9], one encoding flavonol syn-
thase (FLS) [EC:1.14.20.6], and two encoding anthocy-
anidin 3-O-glucosyltransferase (3-GT) [EC:2.4.1.115]. In
addition to structural genes, transcription factors directly
or indirectly involved in anthocyanin metabolism were
identified among all the DEGs based on the gene annota-
tion results. By integrating transcriptomics and metabo-
lomics data through analyses such as the nine-quadrant
plot (Fig. S2) and a correlation heatmap (Fig. S3), we
identified 29 transcription factors, including 11 MYB,
five bHLH, two WD40, three AP2/ERF-ERF, four bZIP,
one NAC, two SNF2, and one Trihelix transcription fac-
tor (Table S3).

Quantitative reverse transcriptase-polymerase chain
reaction validation

To validate the reliability of the RNA sequencing (RNA-
seq) results, the ten key DEGs identified earlier were
selected for verification by quantitative reverse transcrip-
tase-polymerase chain reaction (qQRT-PCR). qRT-PCR
analysis demonstrated that the relative expression lev-
els of these genes in Z1 and Z7 were consistent with the
trends observed in the RNA-seq data (Fig. 6).

The regulatory network of anthocyanin metabolism in
Chicory

Based on the analysis of the key DEGs and differential
metabolites, a model diagram of anthocyanin biosyn-
thesis in chicory was established. As shown in Fig. 7, the
flavonoid metabolic pathway was abnormally active in
Z1 than in Z7, with most structural genes in this path-
way being upregulated. Starting from phenylalanine, the
pathway progresses through key intermediates, such as
dihydrokaempferol and dihydroquercetin, leading to
the formation, modification, and stabilization of both
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Delphinidin-3-O-(6"-O-acetyl)galactoside 0.1%

Cyanidin-3,5-O-diglucoside 1.23%

Cyanidin-3-O-glucoside 2.4%

Cyanidin-3-0-(6-O-malonyl-beta-D-glucoside) 89.54%
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Malvidin-3-0-(6-O-malonyl-beta-D-glucoside) 0.03%

Pelargonidin-3-O-glucoside 0.03%

Pelargonidin-3,5-O-diglucoside 0.02%

Peonidin-3-O-glucoside 0.08%

Peonidin-3,5-O-diglucoside 0.04%

Quercetin-3-O-glucoside 6.48%

Cyanidin-3-0O-(6"-O-malonyl)galactoside 0.05%

Fig. 3 The proportions of individual anthocyanins in Z1 among the differential anthocyanin metabolites

colorless and colored anthocyanins. Enzymes at each
stage exhibited increased activity, collectively contribut-
ing to the red trait in Z1 buds, which aligned closely with
our metabolomics analysis results. Notably, the downreg-
ulation of FLS also promoted anthocyanin accumulation
because FLS competes with DFR for the same catalytic
substrate [28]. Reduced FLS activity diverts upstream
metabolites toward anthocyanin biosynthesis. However,
the quercetin-3-O-glucoside content in Z1 remained
significantly higher than that in Z7, likely because of
the overproduction of upstream metabolites. Even with
reduced FLS expression, a small fraction of these metab-
olites was directed toward the quercetin branch, result-
ing in substantial quercetin-3-O-glucoside accumulation,
although the exact mechanisms require further investiga-
tion. Additionally, the lignin metabolic pathway, a branch
of the phenylpropanoid metabolic pathway, competes
with anthocyanin biosynthesis. At the branching point,
4-coumaroyl-CoA is sequentially catalyzed by p-coumar-
oyl-CoA 3-hydroxylase (C3H) and CCoAOMT before lig-
nin synthesis begins [29]. Downregulation of CCoAOMT
expression in Z1 further promoted anthocyanin accumu-
lation by reducing the flux toward lignin biosynthesis.

Discussion

The effect of differential anthocyanins in the two Chicory
materials on bud color

Anthocyanin content is widely recognized as the primary
factor responsible for the vibrant coloration of plant
organs. However, the formation of red buds in chicory
and the mechanisms underlying anthocyanin synthesis
remain largely unexplored. Previous studies have high-
lighted the roles of cyanidin derivatives in plant color-
ation. For example, high levels of cyanidin derivatives
have been identified as key determinants of purple rind
traits in sugarcane [30]. Similarly, delphinidin 3-O-glu-
coside and delphinidin 3-O-rutinoside were significantly
enriched in purple peppers than in green peppers [31].
In roses, seven anthocyanins were significantly enriched
in deep pink petals than in light pink petals [32]. Like-
wise, in Michelia maudiae, the red-flowered mutant
exhibited a 157-fold increase in anthocyanins, including
peonidin O-hexoside, cyanidin O-syringic acid, cyanidin
3,5-O-diglucoside, cyanidin 3-O-glucoside, and pelargo-
nidin 3-O-glucoside, in comparison with the white-flow-
ered mutant [33]. In this study, cyanidin derivatives were
identified as the primary differential anthocyanin metab-
olites between Z1 and Z7, accounting for 93.22% of the
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Fig. 4 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of differentially expressed genes (DEGs)

total anthocyanin content. Among these, cyanidin-3-O-
(6-O-malonyl-beta-p-glucoside) showed an absolute
content of 7292.6 pg/g. These findings suggest that cyani-
din derivatives are key factors driving the formation of
red buds in chicory.

The transcription factors regulating anthocyanin
metabolism in Chicory

Anthocyanin biosynthesis is a branch of the flavonoid
metabolic pathway originating from phenylalanine.
Through a series of enzymatic reactions, including gly-
cosylation, methylation, and acylation, anthocyanins are
transported to and accumulate in vacuoles, with multiple
key enzymes involved in their synthesis and modification
(Fig. 7) [34]. In addition to structural genes, transcription
factors are critical regulators of anthocyanin metabolism.
Among these, MYB transcription factors are the most

common and typically form complexes with bHLH and
WD40 proteins to jointly regulate anthocyanin biosyn-
thesis. MYB is a key component of the MBW complex
and not only activates the proanthocyanin metabolic
pathway but can also independently initiate this path-
way. As a central and dominant regulator of anthocyanin
metabolism and pigmentation patterns in plants, MYB
is often referred to as the master regulator. MYB tran-
scription factors function as both positive and negative
regulators. In this study, integrated transcriptomics and
metabolomics analyses combined with a nine-quadrant
diagram analysis identified seven upregulated and four
downregulated MYB genes. The upregulated genes were
likely involved in the positive regulation of anthocyanin
biosynthesis, whereas the downregulated genes may con-
tribute to its negative regulation. Notably, CI35997 is
homologous to the transcription factor RLL2A in lettuce,
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which has been shown to positively regulate anthocyanin
biosynthesis in lettuce [35]. This finding supports the
predicted regulatory roles of MYB transcription factors,
although the functions of the remaining genes require
further validation.

In addition to the well-known transcription factors
MYB, bHLH, and WD40, which regulate anthocyanin
metabolism, we identified several other transcription fac-
tors that may be associated with anthocyanin metabo-
lism, including AP2/ERF-ERF, bZIP, NAC, SNEF2, and
Trihelix. The overexpression of the AP2/ERF transcrip-
tion factor in Arabidopsis under phosphorus-deficient
conditions results in reduced anthocyanin accumula-
tion [36]. This suggests that AP2/ERF acts as a negative
regulator of anthocyanin metabolism. Similarly, in the
present study, we identified three downregulated AP2/
ERF-ERF transcription factors in chicory that are likely
to play similar negative regulatory roles in anthocyanin
biosynthesis. In contrast, the bZIP transcription factor
family has been shown to positively regulate anthocy-
anin metabolism in several plant species. For example, in
tomatoes, HY5 directly binds to the promoters of antho-
cyanin biosynthesis genes, such as CHS and DFR, to pro-
mote anthocyanin synthesis [37]. In apples, MdbZIP44

enhances MAMYBI1 binding to the promoters of down-
stream target genes in response to ABA, thereby pro-
moting anthocyanin accumulation [38]. Consistent with
these findings, we identified four upregulated bZIP tran-
scription factors in chicory that may positively regulate
anthocyanin metabolism. The NAC transcription factor
family is another important regulator of anthocyanin
biosynthesis, often acting upstream of the MYB tran-
scription factors. Previous studies have demonstrated
the role of NAC in regulating anthocyanin metabolism
in various plants [39-41]. In the present study, we identi-
fied an upregulated NAC transcription factor in chicory
that may play a crucial role in the activation of antho-
cyanin biosynthesis. The Trihelix transcription factor
family has been implicated in the regulation of antho-
cyanins. Meng et al. (2024) conducted transcriptome and
metabolome analyses of two differently colored sepals of
Aquilegia oxysepala and identified a series of transcrip-
tion factors associated with anthocyanin metabolism,
including bHLH, Trihelix, MYB, and NAC [42]. Con-
sistent with these findings, we identified an upregulated
Trihelix transcription factor in chicory that may also
contribute to anthocyanin biosynthesis. Recent studies
have highlighted the role of chromatin remodeling in the
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regulation of anthocyanin biosynthesis. Cai et al. (2021)
demonstrated that the chromatin-remodeling complex
SWI2/SNF2-Related 1 interacts with H3K4me3 to regu-
late anthocyanin biosynthesis [43]. On the basis of these
findings, we speculated that the SNF2 transcription fac-
tor identified in this study may also be involved in the
regulation of anthocyanin biosynthesis in chicory.

Conclusions

This study explored the synthesis and accumulation pat-
terns of anthocyanins during the formation of red buds in
chicory using transcriptomics and metabolomics analy-
ses. The results showed that cyanidin derivatives con-
tributed 93.22% to the red color of red-bud chicory, with
cyanidin-3-O-(6-O-malonyl-beta-D-glucoside) being the
predominant component. In the anthocyanin metabolic
pathway, structural genes such as DFR, ANS, and F3’'H
were significantly upregulated, while FLS was downreg-
ulated, reducing substrate competition and promoting
anthocyanin accumulation. In addition, 29 transcription
factors related to anthocyanin metabolism were iden-
tified, including MYB, bHLH, WD40, AP2/ERF, bZIP,
NAC, SNF2, and Trihelix, with MYB, bHLH, and WD40
being the key regulatory factors. The study also revealed a
competitive relationship between anthocyanin and lignin

metabolic pathways, where the downregulation of lignin-
related genes (e.g., CCoAOMT) facilitated metabolic flux
toward anthocyanin synthesis. This study provides new
insights into the molecular basis of red-bud formation in
chicory and offers a theoretical reference for improving
the color and nutritional value of chicory varieties.

Methods

Plant materials and sampling

On July 16, 2023, direct seeding of chicory began in the
open fields. Following a period of growth and care, efforts
were made to ensure full root development. Root harvest-
ing began on November 5, 2023, with the goal of achiev-
ing root maturity. Forcing began on December 5, 2023,
in a completely dark artificial climate chamber to pro-
mote bud growth. The soft cultivation environment was
maintained at a temperature of 15°C-18°C and a humid-
ity level of 85-95%. After approximately one month of
soft cultivation, the chicory buds grew to approximately
10 c¢m, and a harvest survey was conducted on January
4, 2024.

Ruanhong No. 1 and FIRST LADY were used in this
study. Ruanhong No. 1 was developed by the Beijing
Vegetable Research Center, whereas the seeds of FIRST
LADY were introduced by the Dutch company Chicosem
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BV. After being forced, the leaves of Ruanhong No. 1
turned red, whereas those of FIRST LADY turned yel-
low. In this experiment, they were designated as Z1 and
Z7, respectively (Fig. 1). The leaves were divided into
two parts: the part near the base of the leaf was white,
whereas the leaf margins and area near the tip were yel-
low or red. During sampling, we collected the red and
yellow parts of the leaf margins from Z1 and Z7 for
anthocyanin content detection and RNA sequencing. The
experiment was conducted in triplicate, each consisting
of six individual plants. The three samples for Z1 were
labeled Z1-1, Z1-2, and Z1-3, while the three samples
for Z7 were labeled Z7-1, Z7-2, and Z7-3. The samples
were sent to Wuhan Metware Biotechnology Co. Ltd.
(Wuhan, China) for metabolomics and transcriptomics
sequencing.

-O-malonyltransferase; 3-GAT: anthocyanidin 3-O-glucoside 6"-O-acyltransferase

Anthocyanin extraction and component analysis

The samples were freeze-dried and ground into a fine
powder. A 50-mg aliquot of the powder was extracted
using 0.5 mL of a methanol/water/hydrochloric acid
solution (500:500:1, V/V/V). The extract was vortexed for
5 min, ultrasonicated for 5 min, and centrifuged at 12,000
x g at 4 °C for 3 min. The residue was then subjected to
a second extraction step under identical conditions. The
combined supernatants were filtered through a 0.22-pm
membrane filter (Anpel) prior to liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. The
extracts were analyzed using a ultra-high performance
liquid chromatography (UPLC)-electrospray ioniza-
tion (ESI)-MS/MS system, consisting of a UPLC system
(ExionLC™ AD; https://sciex.com.cn/) coupled with MS
(Applied Biosystems 6500 Triple Quadrupole; https://sc
iex.com.cn/). The analytical conditions were as follows:
a Waters ACQUITY BEH C18 column was used with a
solvent system consisting of water with 0.1% formic acid
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(solvent A) and methanol with 0.1% formic acid (solvent
B). The gradient program began at 95:5 V/V (A: B) at
0 min, shifted to 50:50 V/V at 6 min, 5:95 V/V at 12 min,
held for 2 min, reverted to 95:5 V/V at 14 min, and held
for another 2 min. The flow rate was set at 0.35 mL/min,
the column temperature was maintained at 40 °C, and the
injection volume was 2 pL.

Linear ion trap (LIT) and triple quadrupole (QQQ)
scans were conducted using a QTRAP® 6500+ LC-MS/
MS System, a triple quadrupole-linear ion trap mass
spectrometer equipped with an ESI Turbo Ion-Spray
interface. The system operated in positive-ion mode and
was managed using Analyst 1.6.3 software (Sciex). The
ESI source parameters were set as follows: ion source
mode, ESI+; source temperature, 550 °C; ion-spray volt-
age, 5500 V; and curtain gas pressure, 35 psi. In total,
413 anthocyanin compounds were targeted for detec-
tion. Anthocyanins were analyzed using scheduled mul-
tiple reaction monitoring (MRM). Data acquisition was
performed using Analyst 1.6.3 software, and metabolite
quantification was performed using Multiquant 3.0.3
software (Sciex). Mass spectrometry parameters, includ-
ing the declustering potentials (DPs) and collision ener-
gies (CEs) for individual MRM transitions, were further
optimized. A specific set of MRM transitions was moni-
tored for each period corresponding to the metabolites
eluted at that time.

RNA extraction and sequencing and data analysis

Leaves used for RNA extraction were the same as
those used for anthocyanin extraction. Total RNA was
extracted using a FastPure Universal Plant Total RNA
Isolation Kit (Vazyme Biotech Co., Ltd.) in accordance
with the manufacturer’s instructions. RNA quality and
integrity were evaluated using an Agilent 2100 Bio-
analyzer (Agilent Technologies, Santa Clara, CA, USA).
RNA samples were selected for library preparation based
on the following criteria: RIN>7.0, 28 S:18 S ratio>1.0,
0D260/230=2.0, and OD260/280 within the range of
1.8-2.2. ¢DNA libraries were constructed using a HiS-
cript III All-in-one RT SuperMix kit (Vazyme Biotech
Co., Ltd.) in accordance with the manufacturer’s protocol.
The six cDNA libraries were sequenced on an Illumina
NovaSeq 6000 platform (Illumina, San Diego, CA, USA)
with a read length of 150 bp. The transcriptome sequenc-
ing data volumes averaged 6 Gb/sample. To ensure data
quality, low-quality reads were removed, including those
containing adaptors, reads with more than 5% unknown
nucleotides, or reads with Q20 scores <20% (indicating a
sequencing error rate of >1%). The resulting high-quality
reads were aligned to the Cichorium intybus reference
genome [44] using Tophat2. The alignment files in the
BAM/SAM format were further processed to remove
duplicate reads. Gene expression levels were quantified

Page 10 of 12

using fragments per kilobase of exon per million mapped
reads (FPKM) calculated using Cufflinks software.

The DEGs and differential metabolites were identified
using Z7 as the reference. DEGs and significantly regu-
lated metabolites were determined based on a thresh-
old of|log2Fold Change| = 2. Additionally, differential
metabolites with absolute contents less than 1 pg/g were
excluded from the analysis. Correlation analysis was
performed to assess the consistency between biologi-
cal replicates, and PCA was used to visualize the differ-
ences between sample groups. An enrichment analysis
was performed using a hypergeometric test. Pathway-
based enrichment was performed using KEGG, while
gene ontology (GO) term-based analysis was used for
GO enrichment. The correlation between genes and
metabolites was analyzed using the “cor” function in R
to calculate the Pearson correlation coefficient. A corre-
lation coefficient with an absolute value greater than 0.8
and p-value less than 0.05 was considered significant. The
fold changes in the genes and metabolites corresponding
to these significant relationships were visualized using a
nine-quadrant diagram and correlation network diagram.

Validation by quantitative real-time PCR

RNA sequencing (RNA-seq) results of DEGs between
Z1 and Z7 were validated through quantitative real-time
PCR (RT-qPCR) analysis of 10 genes potentially involved
in anthocyanin synthesis. Gene-specific primers (Table
S4) were designed using Premier 5 software, with actin
(GenBank accession number EF528575) as the internal
control [45]. The 20-pL PCR reaction mixture consisted
of 1 uL of cDNA, 1 pL of each forward and reverse primer
(10 uM), 10 pL of 2x Taq Pro Universal SYBR qPCR Mas-
ter Mix (Vazyme Biotech Co., Ltd), and 7 pL of double-
distilled water. The amplification protocol included an
initial denaturation step at 95 °C for 30 s, followed by 40
cycles of 95 °C for 5 s, 60 °C for 15 s, and 72 °C for 20 s,
performed on a Bio-Rad CFX96 Real-Time PCR System
(Bio-Rad, USA). Each qPCR experiment was conducted
in triplicate to ensure technical reproducibility. Relative
gene expression levels were determined using the 2742¢T
method. Using SPSS software, an independent-sample
t-test was performed on the qRT-PCR results to com-
pare the gene expression levels between Z1 and Z7, and
to conduct a significance analysis. Prior to the t-test, nor-
mality (Shapiro-Wilk test) and homogeneity of variance
(Levene’s test) were assessed to ensure that the data met
the assumptions of the t-test. The significance level was
set at P<0.05.

Abbreviations

bHLH Helix-Loop-Helix

KEGG Kyoto Encyclopedia of Genes and Genomes
GO Gene Ontology

PCA Principal Component Analysis
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DEGs Differentially Expressed Genes

PAL Phenylalanine Ammonia-Lyase

C4H Cinnamic acid 4-Hydroxylase

4CL 4-Coumarate-CoA Ligase

CHS Chalcone Synthase

CHI Chalcone Isomerase

F3H Flavanone 3-Hydroxylase

C3H p-Coumaroyl-CoA 3-Hydroxylase

CCoAOMT  Caffeoyl-CoA O-methyltransferase

F3'H Flavanone 3'-Hydroxylase

F3'5'H Flavanone 3'5'-Hydroxylase

DFR Dihydroflavonol 4-Reductase

FLS Flavonol Synthase

ANS Anthocyanidin Synthesis

3-GT Anthocyanidin 3-O-Glucosyltransferase

5-GT Anthocyanidin 5-O-Glucosyltransferase

OMT O-Methyltransferase

5MaT Anthocyanin 5-O-Glucoside-6"-O-malonyltransferase
3-GAT Anthocyanidin 3-O-Glucoside 6"-O-acyltransferase
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