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Abstract
Background  Chrysanthemum morifolium ‘HangBaiJu’, a popular medicinal and edible plant, exerts its biological 
activities primarily through the presence of flavones and caffeoylquinic acids (CQAs). However, the regulatory 
mechanism of flavone and CQA biosynthesis in the chrysanthemum capitulum remains unclear.

Results  In this study, the content of flavones and CQAs during the development of chrysanthemum capitulum was 
determined by HPLC, revealing an accumulation pattern with higher levels at S1 and S2 and a gradual decrease at 
S3 to S5. Transcriptomic analysis revealed that CmPAL1/2, CmCHS1/2, CmFNS, CmHQT, and CmHCT were key structural 
genes in flavones and CQAs biosynthesis. Furthermore, weighted gene co-expression correlation network analysis 
(WGCNA), k-means clustering, correlation analysis and protein interaction prediction were carried out in this study to 
identify transcription factors (TFs) associated with flavone and CQA biosynthesis, including MYB, bHLH, AP2/ERF, and 
MADS-box families. The TFs CmERF/PTI6 and CmCMD77 were proposed to act as upstream regulators of CmMYB3 
and CmbHLH143, while CmMYB3 and CmbHLH143 might form a complex to directly regulate the structural genes 
CmPAL1/2, CmCHS1/2, CmFNS, CmHQT, and CmHCT, thereby controlling flavone and CQA biosynthesis.

Conclusions  Overall, these findings provide initial insights into the TF regulatory network underlying flavones 
and CQAs accumulation in the chrysanthemum capitulum, which laid a theoretical foundation for the quality 
improvement of C. morifolium ‘HangBaiJu’ and the high-quality development of the industry.
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Introduction
Chrysanthemum morifolium ‘HangBaiJu’ is a traditional 
medicinal and edible plant in China, which is favored 
by consumers because of its disease-preventing and 
health-improving functions [1–3]. The capitulum, as the 
medicinal and edible part of chrysanthemum, is rich in 
flavones and caffeoylquinic acids (CQAs). Flavones and 
CQAs are the main active ingredients of chrysanthe-
mum, exhibiting diverse biological activities such as 
anti-inflammatory [4], antibacterial [5], antioxidant [6], 
and anti-diabetes [7]. They are also important indicators 
for evaluating the quality of C. morifolium ‘HangBaiJu’ 
[8, 9]. Clarifying the metabolic regulation mechanism of 
flavone and CQA biosynthesis can lay the foundation for 
quality enhancement and future metabolic engineering of 
chrysanthemum.

Flavones and CQAs are one of the most essential com-
ponents of flavonoids and phenolic acids, respectively 
[10, 11]. Currently, the metabolic genes of flavonoids and 
phenolic acids (Fig.  1) have been extensively studied in 
plants [12, 13]. It was recorded that flavonoid and phe-
nolic acid metabolism both belong to the phenylalanine 
pathway [14], and the key enzymes are phenylalanine 
ammonia-lyase (PAL), 4-coumarate-CoA ligase (4CL), 
and cinnamate 4-hydroxylase (C4H), which catalyze 
the synthesis of p-coumaroyl-CoA from phenylalanine 
[13]. Subsequently, p4-Coumaroyl-CoA is catalyzed by 
a variety of different enzymes to form flavonoids and 
phenolic acids, respectively. In the pathway of flavonoid 

biosynthesis, p4-Coumaroyl-CoA is catalyzed to flava-
none (naringenin) by chalcone synthase (CHS) and Chal-
cone isomerase (CHI). Naringenin acts as an important 
precursor for the synthesis of many flavonoid subclasses 
such as flavones, flavanols, anthocyanins, proanthocyani-
dins, and isoflavone, then ultimately flows into multiple 
branching pathways of different flavonoid biosynthesis 
[13]. Subsequent initiation of phenolic acid biosynthesis 
comes from 4-Coumaroyl-CoA catalyzed by hydroxy-
cinnamoyl CoA quinate hydroxycinnamoyl transfer-
ase (HQT), Hydroxycinnamoyl-CoA shikimate/quinate 
hydroxycinnamoyl transferase (HCT) and p-Coumarate 
3-hydroxylase (C3H) to finally obtain CQAs such chloro-
genic acid and Di-caffeoylquinic acid [15]. Several studies 
have declared that the expression level of metabolic genes 
is closely connected to flavones and CQAs accumulation 
in plants. However, the specific transcriptional regulation 
controlling the expression of these structural genes has 
remained extremely restricted in chrysanthemum.

There are a large number of TF families participating 
in plant biological development, adversity stress and sec-
ondary metabolism, such as the MYB family, the bHLH 
family, the MADS-box family, the NAC family, and the 
ERF/AP2 family. Numerous studies have shownthe sig-
nificance of MYB and bHLH TFs in regulating flavonoid 
and phenolic acid biosynthesis, and they often form 
complexes to exercise their functions [16]. For instance, 
EsMYBA1, a MYB TF in Epimedium sagittatum, inter-
acted with bHLH TF involved in the flavonoid synthesis 

Fig. 1  Metabolic pathways of flavone and caffeoylquinic acid (CQA)
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pathway and activated the promoters of genes activat-
ing the flavonoid synthesis pathway, thereby promoting 
anthocyanin biosynthesis [17]. In Salvia miltiorrhiza, the 
MYB TF SmMYB52 and the bHLH TFs SmbHLH148 and 
SmMYC2 both up-regulated Salvianolic acid B biosyn-
thesis pathway genes and thereby promoted the accumu-
lation of Salvianolic acid B [18]. Currently, CmMYB3 in 
chrysanthemum has been reported to be involved in fla-
vonol biosynthesis [19], while CmMYB6 [20], CmMYB9a 
[21] and CmMYB3-like [22] have been reported to par-
ticipates in anthocyanin biosynthesis. In contrast, the 
MYB and bHLH TFs that regulate the biosynthesis of fla-
vone and CQA in chrysanthemum are presently unclear.

MADS-box TFs play a key role in the regulation of 
capitulum development [23], and have also been reported 
to be involved in the regulation of flavonoid biosynthesis. 
In tomato (Solanum lycopersicum), the MADS-box TF 
SlTAGL1 was found to regulate flavonoid biosynthesis by 
modulating the key rate-limiting enzyme 3-Dehydroqui-
nate dehydratase/shikimate dehydrogenase [24]. Ethylene 
is an important hormone during flower development, 
and AP2/ERF TFs play an important role in respond to 
ethylene signals [25, 26]. The development of flowers is 
accompanied by the change of metabolites, so AP2/ERF 
TFs also have a certain relationship with plant second-
ary metabolism. At present, some studies have demon-
strated the regulatory roles of AP2/ERF TFs in flavonoid 
and phenolic acid biosynthesis. Zhao et al. [27] identified 
three AP2/ERF TFs in citrus that activated the expression 
level of CHI gene to regulate the content of flavonoids. 
SmERF115, an AP2/ERF TF in Salvia miltiorrhiza, was 
able to promote phenolic acid production by regulating 
the structural genes of the phenolic acid biosynthesis 
pathway, including PAL3 and 4CL5 [28]. However, the 
MADS-box and AP2/ERF TFs affecting metabolism in 
chrysanthemum are currently unknown.

In this study, high performance liquid chromatography 
(HPLC), an analytical technique for separating and quan-
tifying chemicals, was used to determine the contents of 
flavonoids and CQAs at different developmental stages, 

which revealed the dynamic changes of flavones and 
CQAs during the capitatum development. Meanwhile, 
the molecular mechanisms regulating flavone and CQA 
biosynthesis during the development of chrysanthemum 
capitulum were explored by transcriptome sequenc-
ing, utilizing weighted gene co-expression correlation 
network analysis (WGCNA), K-means and correlation 
analysis. Our study improved the understanding of the 
flavone and CQA biosynthesis pathways and provided 
a theoretical foundation for future studies on metabolic 
engineering of flavones and CQAs in chrysanthemum.

Materials and methods
Plant materials
C. morifolium ‘HangBaiJu’ planted in Zhejiang A & F 
University was used as the material for the experiment. 
The development of chrysanthemum capitulum was 
divided into five stages (S1-S5) (Fig. 2). S1 was described 
as when the ray florets had barely outgrown the bract; 
S2 was defined as when the ray florets had outgrown the 
bract partially; S3 was identified as when the ray florets 
completely outgrew the bract; S4 was defined as when 
the ray florets were fully opened; and S5 was described as 
when the outer whorl of ray florets began to decay [29]. 
Chrysanthemum capitulum from these five growth stages 
were selected for active components contents determina-
tion, comparative transcriptome analysis, WGCNA anal-
ysis, K-means and qRT-PCR analysis.

Extraction and contents analysis of total flavonoids and 
polyphenol
0.25 mg of extraction solution, 1.2 mL of water and 0.75 
µL NaNO3 (5%) were mixed for 6 min. Subsequently, 0.15 
µL of AlCl3 (10%) was added and the mixture was allowed 
to react for 5 min. Then, 0.5 mL of NaOH (5%) and 0.275 
mL of water were added to the mixture. Absorbance was 
measured at 510 nm. Each stage of sample extraction was 
repeated three times. The total flavonoid content (TFC) 
was expressed as quercetin equivalent per gram of sam-
ple dry weight. [30].

Fig. 2  Differentiation stages of C. morifolium ‘HangBaiju’. S1 was described as when the ray florets had barely outgrown the bract; S2 was defined as when 
the ray florets had outgrown the bract partially; S3 was identified as when the ray florets completely outgrew the bract; S4 was defined as when the ray 
florets were fully opened; and S5 was described as when the outer whorl of ray florets began to decay
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1.25  g dried flower powder was added to 25 mL of 
80% methanol and placed in a 25  °C shaker (150 RPM) 
for 24  h to obtain the methanol extract. Samples from 
each stage were extracted three times. After filtration, 
total polyphenolic content (TPC) was quantified with the 
Folin-Ciocalteu reagent [31]. TPC was reported as mg of 
equivalent tannic acid per gram of sample on a dry basis.

Extraction and HPLC analysis of the main flavones and 
CQAs
0.10  g chrysanthemum powder was extracted via ultra-
sonic extraction with 5.00 mL 60% CH3OH at room 
temperature, and repeated three times per sample. The 
extraction solution and standard solution including Chlo-
rogenic acid, Apigenin-7-O-glucoside, Luteolin-7-O-glu-
coside and 3,5-Di-caffeoylquinic were filtered through 
0.45  μm filters for HPLC analysis. The HPLC separa-
tion was performed on a Waters 2695 series HPLC sys-
tem using a WondaSil-C18 column (4.6 mm × 250 mm, 
5 μm), sentry guard column was used at flow rate of 1.0 
mL/min. The column oven temperature was set at 25℃. 
The mobile phase consisted of a combination of A (0.1% 
formic acid in water) and B (0.1% formic acid in acetoni-
trile). The gradient was varied linearly from 10 to 26% B 
(v/v) in 40 min, 65% B at 70 min, and finally to 100% B at 
71 min and held at 100% B to 75 min. The DAD was set 
at 350 nm for real-time monitoring of the peak intensity 
[32].

RNA-seq and exploration of differential expression genes 
(DEGs) of five stages
In this study, RNA-seq of C. morifolium ‘HangBaiJu’ at 
the five stages was performed, and samples from each 
stage were repeated three times.

Total RNA was extracted using the RNAsimple Totol 
RNA kit (Tiangen Biotech, China), and treated with 
DNaseI to eliminate genomic DNA contamination. Total 
RNA yield (ng/µL) and purity (260:280 wavelength ratios) 
was measured by using Nanodrop2000 (Eppendorf, USA) 
instrument. 2  µg RNA from each of the samples were 
used for the synthesis of single stranded cDNA by Bio-
Rad iScript™ (Hercules, CA, USA). Then cDNA libraries 
were constructed using Hieff NGS Ultima Dual-mode 
mRNA Library Prep Kit for Illumina (Yeasen, China) and 
sequenced on the Illumina NovaSeq 6000 sequencing 
platform (Illumina, San Diego, CA, USA) by Biomarker 
Technologies Corporation (Beijing, China). The cDNA 
libraries sequenced by Illumina ranged in size from 
200 bp to 400 bp. Raw reads were evaluated qualitatively 
by the Fastp tool (v0.23.1). Low quality bases (Q < 20) and 
adapter sequences were trimmed and clean reads were 
screened for errors and corrected accordingly. Clean 
reads were obtained and then assembled using Trinity 
(version: v2.5.1, major parameter: -min_contig_length 

200 -group_pairs_distance 500 -min_kmer_cov 1) [33]. 
Short reads were first assembled into contigs with no 
gaps, and the reads were mapped back to the contigs. 
Obtained contigs clustered into sets of connected scaf-
folds (The contigs fulfill the following conditions will 
be clustered into one scaffold: (a) Perfect overlap of k-1 
bases. (b) A minimal number of reads spanned between 
two contig junctions. (c) (k-1)/2 bases mapped backed 
to both ends of (k-1)mer junction). Finally, De Bruijn 
was applied here to recognize unigenes in the scaffolds. 
The Bowtie (https://bowtie-bio.sourceforge.net/index.
shtml) [34] was used to map reads back to the unigenes. 
According to the comparison results, the unigene expres-
sion was calculated and normalized to Transcript per 
Million Mapped Reads (FPKM) through RSEM [35]. The 
unigene sequences were aligned to the NR, Swiss-Prot, 
COG, KOG, eggNOG4.5, and KEGG databases using 
DIAMOND software (version: v2.0.4) [36] to obtain 
annotations.

The transcript abundance of unigenes was estimated 
via the fragments per kilobase of transcript per million 
mapped reads (FPKM) [35]. DEGs analysis with the false 
discovery rate (FDR) < 0.01 and the fold change (FC) ≥ 2 
was performed using DESeq2 [37].

WGCNA and K-means clustering analysis
In order to screen genes involved in the biosynthesis of 
flavone and CQA in C. morifolium ‘HangBaiJu’, WGCNA 
analysis was performed on BMKCloud (www.biocloud.
net) through “WGCNA” package under R environment 
(https://horvath.genetics.ucla.edu/html/Coexpression-
Network/Rpackages/WGCNA/) First of all, the gene 
expression file is converted into a suitable format, and 
the soft thresholding power (β value) was filtered based 
on the calculation of scale-free topological fit index and 
mean connectivity. The best β value was confirmed with a 
scale-free fit index bigger than 0.85 as well as the highest 
mean connectivity by performing a gradient test from 1 
to 30. After that, the topological overlap matrix (TOM) 
was constructed by calculating the topological over-
lap between pairwise genes, and hierarchical clustering 
analysis was performed. The co-expression relationships 
among different modules were analysed and modules 
with high similarity were merged at the threshold of 0.25 
[38]. Subsequently, the modules showing the highest 
correlation with the content of flavones and CQAs were 
identified, and the genes in the modules were subjected 
to KEGG analysis.

K-means cluster analysis was carried out on BMK-
Cloud (www.biocloud.net) through R package (cluster 
package, Biobase package, Q-value package). Eleven clus-
ters were chosen for grouping the 46,100 unigenes in this 
study. Those 11 clusters were used to identify centroids, 
defined as an average point specific to a cluster of points. 

https://bowtie-bio.sourceforge.net/index.shtml
https://bowtie-bio.sourceforge.net/index.shtml
http://www.biocloud.net
http://www.biocloud.net
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/
https://horvath.genetics.ucla.edu/html/CoexpressionNetwork/Rpackages/WGCNA/
http://www.biocloud.net
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With centroids moved into a position such that an opti-
mum separation of objects into groups occurred, cluster-
ing was run for 1,000 repetitions using squared-Euclidian 
distance as the algorithm to measure pairwise distance 
between data points. Having 11 clusters fit the dataset 
so that all the values were affiliated with a specific cluster 
[39].

Sequence analysis and phylogenetic tree construction of 
TFs
For investigating the potential biological functions, phy-
logenetic tree of MYB, bHLH and MADS-box was con-
structed. Sequence alignments were performed using 
the ClustalW mode in Molecular Evolutionary Genet-
ics Analysis version7 (MEGA7), and phylogenetic trees 
were subsequently constructed according to the neigh-
bor-joining statistical method. Tree nodes were evalu-
ated using the bootstrap method for 1000 replicates, and 
branches corresponding to partitions reproduced in less 
than 50% of the bootstrap replicates were condensed into 
single branches. Evolutionary distances were computed 
using the p-distance method and expressed in units of 
amino acid differences per site.

Real-time quantitative PCR analysis (Verification of DEGs) 
and co-expression network construction
Seven key structural genes and nine TFs involved in fla-
vone and CQA biosynthesis were selected to validate the 
accuracy of the transcriptome results through qRT-PCR 
analysis. Total RNA was extracted by SteadyPure Plant 
RNA Extraction Kit (AG21019), and was repeated three 
times for each sample. First-strand cDNA was synthe-
sized using a Evo M-MLVMix Kit with gDNA Clean for 
qPCR (AG11728). qRT-PCR was carried out with SYBR 
Green Premix Pro Taq HS qPCR Kit (AG11701) on a 
CFX96 Touch Real-Time PCR Detection System (Bio-
rad). 35 S was used as a reference gene to normalize the 
expression levels between samples. The relative expres-
sion levels of genes were calculated using the 2−ΔΔCq 
method [40]. Primers were listed in Table S2.

The Protein-Protein Interaction (PPI) network was 
constructed using the STRING database (https://string-
db.org/) and the PPI network was visualised and land-
scaped using Cytoscape v3.10.0 software [41].

Statistical analysis
All experimental data was measured with three biological 
replicates. One-way ANOVA analysis based on Duncan’s 
multiple comparison test was conducted using SPSS 26.0 
statistical software (P < 0.05). All data were presented as 
“mean ± standard error”. Different letters were added to 
indicate the significant differences. The figures were gen-
erated by the graphPad Prism9.

Results
Flavones and CQAs contents and compositional analysis of 
chrysanthemum capitulum at five developmental stages
C. morifolium ‘HangBaiJu’ is rich in flavones and CQAs 
compounds, which has a variety of biological activities 
such as anti-inflammation, antibacterial and antioxidant 
[42, 43]. In order to clarify the variations in active sub-
stances in the chrysanthemum capitulum at different 
developmental stages, total content of flavonoids (TFC, 
including flavone, flavonol and anthocyanin, etc.) and 
polyphenols (TPC, including CQAs, coumarins, flavo-
noids, etc. [44]) were determined by ultraviolet spectro-
photometry. As depicted in Fig.  3A, TFC was higher in 
S1 (17.43 ± 0.975  mg/g DW) and S2 (16.95 ± 3.956  mg/g 
DW), and lower in other stages. Different from the 
trend of flavonoids content, TPC increased initially 
and then decreased with the development of chrysan-
themum capitulum (Fig.  3B), reaching its peak in S2 
(60.16 ± 10.440 mg/g DW).

Luteolin-7-O-glucoside, Apigenin-7-O-glucoside, 
Chlorogenic acid, and 3, 5-Di-caffeoylquinic acid are the 
main components of the biological activities of C. morifo-
lium ‘HangBaiJu’ [45]. They are also served as standards 
for judging the quality of C. morifolium ‘HangBaiJu’ in 
Pharmacopoeia of the people’s Republic of China. HPLC 
was used to analyse the contents of Luteolin-7-O-gluco-
side, Apigenin-7-O-glucoside, Chlorogenic acid and 3, 
5-Di-caffeoylquinic in different stages of chrysanthemum 
capitulum (Fig.  3C). It was observed that chlorogenic 
acid concentration initially increased with the devel-
opment of capitulum, peaking at S2 (3.09 ± 0.353  mg/g 
DW), while 3, 5-Di-caffeoylquinic and Apigenin-7-O-
glucoside similarly reached a maximum at S2, with val-
ues of 14.42 ± 0.616  mg/g DW and 2.38 ± 0.212  mg/g 
DW, respectively, and gradually decreased with the 
development of chrysanthemum capitulum. The con-
tent of Luteolin-7-O-glucoside was the highest in S1 
(1.48 ± 0.089 mg/g DW) and gradually decreased with the 
development of capitulum. These results indicated that 
the contents of active ingredients were relatively higher 
in S1 and S2, and progressively declined in the S3 to S5 as 
the chrysanthemum capitulum developed.

3.2 Sequencing, assembly, functional annotation of 
the transcriptome and expression analysis of flavone and 
CQA metabolic genes in five stages.

The active substances are catalyzed by metabolic 
enzymes. In this study, RNA-seq of the five stages of 
capitulum was performed to further explore the accumu-
lation mechanism of flavone and CQA in C. morifolium 
‘HangBaiJu’ (Fig. 4A). A total of 110.52 Gb clean data was 
obtained by sequencing 15 samples, Q30 (base correct 
recognition rate of 99.9%) was 91.17-95.43% (Table S3). 
Following assembly, 49,231 Unigenes were obtained, with 
an N50 of 2,029 bp (Table S4). A total of 33,858 Unigenes 

https://string-db.org/
https://string-db.org/
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with annotation information were finally obtained, of 
which 16,664 (49.22%) Unigenes were annotated to the 
KOG database. 20,424 (60.32%) Unigenes were annotated 
in Pfam database, 20,628 (60.93%) Unigenes were anno-
tated in Swissprot database, and 33,129 (97.85%) Unige-
nes were annotated in Nr database (Fig. 4B).

A total of 33,858 Unigenes with annotation information 
were finally obtained, of which 16,664 (49.22%) Unigenes 
were annotated to the KOG database. 20,424 (60.32%) 
Unigenes were annotated in Pfam database, 20,628 
(60.93%) Unigenes were annotated in Swissprot data-
base, and 33,129 (97.85%) Unigenes were annotated in 
Nr database (Fig. 4B). Among them, cellular component 
functional group has the most proteins related to intra-
cellular and cellular anatomical entities. In the molecular 
function group, it is noted that the number of Unigenes 
related to binding and catalytic activity is the largest. 
The proteins related to cellular process, metabolic pro-
cess and biological regulation were the most in the func-
tional group of biological processes. According to COG 
annotations, 7,626 (22.52%) Unigenes were classified into 

26 functional groups (Fig. S1B). Additionally, a total of 
20,542 (60.67%) Unigenes were mapped to 136 KEGG 
pathways (Fig. S1C).

To investigate whether these significant differences in 
flavones and CQAs accumulation among the five stages 
were caused by the different expression of their struc-
tural genes, the FPKM of relevant genes were thor-
oughly exploited based on transcriptome database. We 
have acquired 5 members of PAL genes, 1 member of 
C4H gene, 8 members of 4CL genes, 3 members of CHS 
genes,7 members of CHI genes, 1 member of FNS gene, 
3 members of F3’H genes, 4 members of HQT genes, 1 
member of C3’H gene and 5 members of HCT genes 
(Fig.  4C). In order to screen out the most important 
structural genes, the correlation analysis was conducted 
between the FPKM of structural genes and metabo-
lite content (Fig. S2), and genes with high correlation 
with metabolites were screened: CmPAL (TRINITY_
DN45389_c0_g1, TRINITY_DN144576_c0_g1), CmCHS 
(TRINITY_DN52214_c0_g1, TRINITY_DN124567_
c0_g1), CmFNS (TRINITY_DN8097_c0_g2), CmHQT 

Fig. 3  Contents of active components in five stages of chrysanthemum capitulum. (A) Total content of flavonoids. (b) Total content of polyphenols. (c) 
Contents of Chlorogenic acid, Luteolin-7-O-glucoside, 3, 5-Di-caffeoylquinic and Apigenin-7-O-glucoside. The significance of difference is calculated 
by one-way ANOVA analysis based on Duncan’s multiple comparison test. Different letters (a-c) between two averages indicate a significant difference 
(P < 0.05) between the two averages, and the presence of the same letters between two averages indicates no significant difference (P ≥ 0.05) between 
two averages

 



Page 7 of 16Lu et al. BMC Genomics          (2024) 25:759 

(TRINITY_DN5792_c0_g1), and CmHCT (TRIN-
ITY_DN3804_c1_g1, TRINITY_DN20183_c0_g1). The 
expression of structural genes is intimately related to TFs, 
so which TFs regulating these key structural genes need 
to be investigated.

Screening for TFs regulating flavones and CQAs 
accumulation through WGCNA
TFs act as switches that control the expression of down-
stream genes. Here, WGCNA analysis was carried out 
to screen for TFs that might regulate flavones and CQAs 
metabolism (Fig.  5A). According to the expression pat-
terns, the obtained genes were divided into 13 modules 
(Fig. S3). Eigengenes (the first principal component in the 
module) represented the gene expression profile of the 
whole module. Based on previous studies, S1 and S2 were 
the key stages for accumulation of flavones and CQAs. 
By comparing the correlation coefficients between differ-
ent modules and samples, it was found that the module 
sienna3, which was highly correlated with the accumu-
lation of flavones and CQAs (Fig. 5B), contained a large 
number of key metabolic genes. We have speculated that 
the genes in this module might be closely related to the 
biosynthesis of flavone and CQA.

Further analysis revealed that sienna3 module con-
tained 5,011 genes, with abundant expression in S1 and 
S2 (Fig.  5C). KEGG functional analysis showed that 57 

genes were enriched in the phenylpropanoid biosynthe-
sis pathway (ko00940), and 32 genes were enriched in 
the flavonoid biosynthesis pathway (ko00941) (Fig.  5D). 
Furthermore, several TFs belonging to basic bHLH, AP2/
ERF, MYB, WRKY and MADS-box TF families were 
identified (Fig. 5E), suggesting their potential roles in reg-
ulating flavone and CQA metabolism.

Screening of key upstream TFs regulating flavone and CQA 
metabolism by K-means
Besides WGCNA analysis, K-means clustering analysis 
was utilized to further explore TFs that may affected fla-
vones and CQAs metabolism. K-means cluster analysis 
divides all DEGs into 11 clusters, illustrating the overall 
expression pattern of DEGs (Fig. 6A). The genes in clus-
ter 1, cluster 7, cluster 8 and cluster 10 were expressed at 
high levels at S1. Among them, the expression of genes 
in cluster10 gradually decreased from S2 to S5, align-
ing with the accumulation pattern of active ingredients. 
Therefore, we hypothesized that the genes within clus-
ter10 might be involved in flavone and CQA biosynthe-
sis. Several metabolic genes such as CmPAL, CmCHS and 
CmFNS were identified to be concentrated in cluster10. 
There were also a significant number of TFs associated 
with flavone and CQA biosynthesis, including 16 mem-
bers of the MYB TFs, 12 members of the bHLH TFs, and 
some other TFs (Fig. 6B) found in cluster10.

Fig. 4  Expression of the structural genes of the flavone and CQA metabolic pathway at five stages according to transcriptome database. (A) FPKM heat-
maps of five stages by RNA-seq. The heatmap shows high expression in red and low expression in green. The color of the heatmap from red to green 
indicates the amount of gene expression from high to low. (B) Statistics on the number of Unigenes in different databases. (C) Expression of the structural 
genes of the flavone and caffeoylquinic acid metabolic pathway. The color of the heatmap from red to blue indicates the amount of gene expression 
from high to low
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To further explore potential TFs which regulated fla-
vone and CQA biosynthesis in chrysanthemum capitu-
lum, a comprehensive analysis of the Sienna3 module 
in WGCNA and the cluster10 TFs in K-means was con-
ducted. Generally, 21 MYB TFs, 19 bHLH TFs, 3 MADS-
box TFs, 2 AP2/ ERF TFs, 3 NAC TFs, and 2 BBX TFs 
were present in the sienna3 module or cluster10 (Table 
S5). It was hypothesized that these TFs may be involved 
in flavone and CQA biosynthesis by regulating the 
expression of these structural genes.

Sequence analysis and phylogenetic tree construction of 
MYB, bHLH and other TFs
As MYB and bHLH play crucial roles in flavones and 
CQAs metabolism. To explore the evolutionary rela-
tionship between the screened MYBs and the MYB 
TFs in Arabidopsis and other species, phylogenetic 
trees were constructed (Fig. S4, Fig. 7A), which showed 
that CmMYB1 (TRINITY_DN4766_c2_g1) exhibited 
high homology with AtMYB3 belonging to subgroup 
4. Subgroup 4 of MYB TFs have been reported to be 

Fig. 5  WGCNA of all Unigenes in the transcriptome and the expression pattern and annotation of genes in the sienna3 module. (A) WGCNA of all 
Unigenes in the transcriptome. (B) Module-trait weight correlations and corresponding p-values. The color scale shows module-trait correlation from low 
(white) to high (red). (C) Expression pattern of eigengenes in the sienna3 module. (D) KEGG pathways significantly enrich genes in the sienna3 module. 
(E) Statistics on the number of important TFs in the sienna3 module
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transcriptional repressors of flavonoid biosynthesis [46]. 
CmMYB3 (TRINITY_DN10770_c0_g1) were clustered 
with AtMYB8, which belonged to subgroup 7 and was 
responsible for regulating flavonoid and phenolic acid 
biosynthesis [47]. Additionally, through constructing the 
bHLH phylogenetic trees as above (Fig. S5, Fig. 7B), we 
found that CmMYC2 (TRINITY_DN30658_c0_g1) clus-
tered with AtbHLH4 belonging to subgroup IIIe, and 
CmbHLH143 (TRINITY_DN14025_c2_g1) was grouped 
with AtbHLH8 in subgroup VIIa, both subgroups 
have been reported to be involved in the regulation 

of flavonoid biosynthesis [48]. Sequence comparison 
(Fig. S6) and motif analysis (Fig.  7C, D) revealed that 
CmMYB3 and CmMYB1 presented a highly conserved 
R2R3 domain. In addition, a typical bHLH conserva-
tive region was observed in the N-terminal region of 
the CmMYC2 and CmbHLH143 protein. Furthermore, 
evolutionary trees were constructed for three protein 
sequences annotated as MADS-box by NR (Fig. S7), and 
we have found that CDM77 (TRINITY_DN7098_c0_g1) 
was classified as a class E MADS-domain TF belonging 
to SEP subfamily. AGL15 (TRINITY_DN7660_c0_g1), a 

Fig. 6  The eleven clusters of DEGs with different expression patterns and TFs in cluster10
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class C MADS-domain TF, was a member of AGL17 sub-
family. MADS23 (TRINITY_DN8288_c0_g1) was a class 
B TF which belongs to the PI subfamily. These results 
suggested that these TFs associated with capitulum 
development of chrysanthemum may also related to the 
regulate accumulation of flavone and CQA [49]. Addi-
tionally, based on sequence alignment, it was also found 
that TRINITY_DN35369_c0_g1, which is annotated as 

an AP2/ERF TF, may function as a transcriptional activa-
tor for flavonoid and phenolic acid metabolism.

qRT-PCR expression validation and co-expression network 
construction of important structural genes and TFs
Based on the results of transcriptome and phylogenetic 
analysis, it was hypothesized that the above upstream 
TFs (CmMYB1-like, CmMYB3, CmMYC3, CmbHLH143, 
CmCDM77, CmAGL17, CmMADS23, CmERF43, and 

Fig. 7  Phylogenetic analysis (A, B) and Motif prediction (C, D) of MYB and bHLH TFs
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CmERF/PTI6) regulated the expression level of metabo-
lism genes, thereby altering the accumulation of flavones 
and CQAs during chrysanthemum capitulum devel-
opment. In order to clarify the expression patterns of 
structural genes and TFs, qRT-PCR analyses were car-
ried out in capitulum at different developmental stages 
in this study. The results (Fig.  8A) demonstrated that 
the expression pattern of the most structural genes and 
TFs were consistent with the changes in the trends of the 
active components, showing an initial increase, reaching 

a maximum at S2, followed by a gradual decrease with 
capitulum development. However, the overall trend of 
gene expression of CmMYB1-like was opposite to that 
of flavones and CQAs, which might be due to the fact 
that CmMYB1-like belongs to the Subgroup 4 of MYBs 
that have the role of negative regulation of flavonoid 
synthesis.

To explore the most important TFs regulating fla-
vone and CQA biosynthesis from the TFs obtained by 
the above screening, pearson correlation analysis and 

Fig. 8  Relative expression (A) and co-expression network (B) of flavone and CQA biosynthetic pathway genes and TFs
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co-expression network construction were performed 
(Fig.  8B). The results revealed that CmMYB3, Cmb-
HLH143, CmERF/PTI6 and CmCDM77 were signifi-
cantly positively correlated with the structural genes, 
respectively (P > 0.9). Previous studies have shown that 
MYB and bHLH synergized to form a complex to regu-
late flavonoid and phenolic acids biosynthesis pathways 
[16]. CmMYB3 and CmbHLH143, exhibiting similar 
expression patterns, were strongly correlated with struc-
tural genes such as CmPAL1/2, CmCHS1/2, CmFNS, 
CmHQT and CmHCT. The interaction between MYB3 
and bHLH143 was predicted by STRING (Fig. S8), sug-
gesting that CmMYB3 and CmbHLH143 may form a 
complex that regulates flavone and CQA biosynthesis at 
different growth stages of chrysanthemum capitulum. 
CmERF/PTI6 and CmCDM77 have showed highly sig-
nificant positive correlations (P > 0.9) with CmMYB3 and 
CmbHLH143, respectively, indicating that CmCDM77 
and CmERF/PTI6 may regulate the biosynthesis of 
flavone and CQA during capitulum development as 
upstream TFs of MYB3 and bHLH143.

Discussion
Accumulation patterns of flavones and CQAs in 
chrysanthemum capitulum at different developmental 
stages
Flavone and CQA compounds are the main active ingre-
dients in C. morifolium ‘HangBaiJu’, exhibiting various 
biological activities. In this study, we observed that Fla-
vone and CQA compounds, such as Chlorogenic acid, 
Luteolin-7-O-glucoside, Apigenin-7-O-glucoside and 
3, 5-Di-caffeoylquinic, were existed in all five stages of 
chrysanthemum capitulum. Besides, the content of these 
active ingredients were higher in S1 and S2, and gradu-
ally declined in S3-S5 (Fig.  3C). A similar pattern was 
observed for flavonoids and phenolic compounds during 
the development of rose flowers [50, 51].

Based on transcriptome sequencing results, a sig-
nificant number of differentially expressed structural 
genes involved in the biosynthesis pathways of flavone 
and CQA were discovered in chrysanthemum. Different 
expression level of structural genes contribute to changes 
in the levels of active components. Correlation analy-
sis revealed the key rate-limiting enzyme genes, such as 
CmPAL1/2, CmCHS1/2, CmFNS, CmHQT and CmHCT, 
involved in the metabolism of flavone and CQA in 
chrysanthemum(Fig. 4C, S2). Among them, CmPAL1/2 is 
the rate-limiting enzyme in the phenylalanine metabolic 
pathway for the synthesis of precursor substances such as 
flavonoids and phenolic acids [52]. Subsequently, the syn-
thesis of flavone and CQA (chlorogenic acid and its deriv-
atives) is carried out in the presence of CmCHS1/2 and 
CmHCT, respectively [53]. Besides, flavanones are con-
verted to flavones by the flavonoid-directed branching 

metabolizing enzyme CmFNS [54], and CmHQT acts 
as a key rate-limiting enzyme in CQA metabolism [55]. 
Thus, CmPAL1/2, CmCHS1/2, CmFNS, CmHQT and 
CmHCT were considered as the key enzyme genes for 
improving the quality of chrysanthemum. Currently, the 
study of HQT in the phenolic acid synthesis pathway is 
relatively rare, and further research on its enzymatic 
function is needed.

CmMYB3-CmbHLH143 TF complex may regulate flavone 
and CQA compositions in chrysanthemum capitulum
MYB and bHLH TFs are widely present in plants and 
have been proven to play key regulatory roles in the 
biosynthesis of secondary metabolites [56]. Numerous 
studies have demonstrated the involvement of MYB and 
bHLH TFs in the biosynthesis of flavonoids and pheno-
lic acids. For instance, ThMYB4 and ThMYB7 in Tetra-
stigma hemsleyanum promoted flavonoid biosynthesis by 
regulating the structural genes ThCHS and ThCHI [57]. 
Overexpressed GhMYB18 in cotton and found that it 
activates the phenylpropanoid signaling pathway, thereby 
promoting the synthesis of flavonoids and phenolic com-
pounds [58]. EbbHLH80 in Erigeron breviscapus has 
been identified as a regulator of the expression of certain 
structural genes in the flavonoid biosynthetic pathway, 
influencing flavonoid accumulation [59]. In Taraxa-
cum antungense Kitag, TabHLH1 bound directly to the 
bHLH-binding motifs of proTaHQT2 and proTa4CL, 
thereby regulating chlorogenic acid and luteolin synthe-
sis [9]. In this study, WGCNA and k-means analysis were 
conducted to identify multiple TFs associated with fla-
vone and CQA biosynthesis during the development of 
chrysanthemum capitulum. Through phylogenetic analy-
sis, qRT-PCR, and co-expression network construction, 
two TFs, CmMYB3 and CmbHLH143, belonging to the 
subgroup 7 and subgroup VIIa, respectively, exhibited 
high correlation with the expression patterns of the met-
abolic genes (Figs. 7 and 8B). Both subgroups have been 
reported to be involved in the biosynthesis of flavonoids 
and phenolic acids [48, 60].

Additionally, MYB often forms complexes with bHLH 
and WD40 proteins to activate specific gene transcrip-
tion [54]. For example, NtMYB330 in tobacco (Nicotiana 
tabacum L.) interacted with flavonoid-related bHLH TF 
NtAn1b and WDR protein NtAn11-1, forming a com-
plex that strongly activates the transcription of NtDFR1, 
a gene involved in the phenylalanine synthesis pathway 
[61]. Protein interaction prediction suggested a poten-
tial interaction between CmMYB3 and CmbHLH143 
in the study (Fig. S8). It is hypothesized that CmMYB3 
and CmbHLH143 regulated the expression of structural 
genes through forming MYB-bHLH complexes, thereby 
participating in the biosynthesis and accumulation of fla-
vone and CQA (Fig. 9).
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AP2/ERF and MADS-box TFs regulate MYB and bHLH TFs 
expression
AP2/ERF and MADS-box TFs are crucial TFs found in 
plants, involving various biological processes. AP2/ERF 
TFs have been reported to play a critical role in plant 
growth and development, including in response to envi-
ronmental stress [62]. MADS-box TFs have been exten-
sively studied for their key roles in floral development 
[63]. In recent years, several studies have indicated that 
AP2/ERF and MADS-box TFs are also involved in the 
regulation of plant secondary metabolite biosynthesis by 
directly regulating the expression of MYB and bHLH TFs. 
For instance, The AP2/ERF TF FaRAV1 in strawberry 
was found to directly bind to the FaMYB10 promoter 
and promote anthocyanin synthesis [64]. In Eriobotrya 
japonica, EjAP2-1 indirectly regulated lignin biosynthe-
sis by acting as an upstream regulator of EjMYB1 and 
EjMYB2, which are associated with lignin biosynthesis 
[65]. The MADS-box TF OAGL6-2 was found to form 
the protein complex with OAP3-1 in orchids for regu-
lating the expression of PeMYB11 to form floral patches 
[66]. Besides, a MADS-box TF SVP3 in kiwifruit (Actin-
idia spp.) was identified as an upstream regulator of 
MYB110a, involved in anthocyanin synthesis [67]. In 
our study, two TFs CmERF/PTI6 and CmCDM77, from 
the AP2/ERF family and the MADS-box family were 
identified through WGCNA, k-means, and correlation 

analysis, respectively. The expression patterns of CmERF/
PTI6 and CmCDM77 showed a consistent trend with 
CmMYB3 and CmbHLH143 (Fig. 8A). Besides, CmERF/
PTI6 and CmCDM77 played a central role in gene reg-
ulation network (Fig.  8B). We speculate that CmERF/
PTI6 and CmCDM77 may act as upstream regulators of 
CmMYB3 and CmbHLH143, indirectly modulating the 
expression level of metabolic genes.

Our study provides a preliminary prediction of the 
regulatory roles of AP2/ERF and MADS-box TFs on 
MYB and bHLH TFs, constructing a regulatory network 
(Fig. 9) for flavone and CQA biosynthesis in chrysanthe-
mum capitulum. Elucidating this regulatory mechanism 
will contribute to a better understanding of the regula-
tory network of flavones and CQAs metabolism in plants, 
providing novel strategies for the synthesis and utiliza-
tion of plant secondary metabolites. However, there are 
still many questions such as interaction mechanisms and 
regulatory networks that require further research and 
validation in the future.

Conclusion
In conclusion, our study revealed the accumulation pat-
tern of flavones and CQAs in the development of chry-
santhemum capitulum, with higher levels in S1 and S2, 
followed by a gradual decrease in S3 to S5 through HPLC. 
Transcriptome analysis identified key structural genes, 

Fig. 9  Mechanisms of flavone and CQA accumulation during the development of chrysanthemum capitulum. The dotted lines represent the predicted 
interaction relationship or hypothetical regulatory network
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including CmPAL1/2, CmCHS1/2, CmFNS, CmHQT 
and CmHCT, participated in the biosynthesis of flavone 
and CQA. The TFs involved in the regulation of flavones 
and CQAs were identified by WGCNA and K-means 
analysis. Correlation analysis and co-expression network 
construction were used to further screen TFs and con-
struct the regulatory network of flavonoid biosynthesis in 
Chrysanthemum. Specifically, The TFs CmERF/PTI6 and 
CmCMD77 were identified as potential upstream regula-
tors of CmMYB3 and CmbHLH143. Moreover, CmMYB3 
and CmbHLH143 were hypothesized to form a com-
plex to directly regulate the structural genes CmPAL1/2, 
CmCHS1/2, CmFNS, CmHQT, and CmHCT, thereby 
controlling flavone and CQA biosynthesis. These results 
have provided valuable insights for further research on 
the metabolic engineering of chrysanthemum flavones 
and CQAs, and supplied a in-depth understanding of the 
molecular mechanisms underlying flavones and CQA 
biosynthesis in higher plants.
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