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ABSTRACT

Anthocyanins, ubiquitous in the Compositae family, are regulated by MYB (v-myb avian myeloblastosis viral
oncogene homolog), playing an important role in anthocyanin synthesis. In this study, we analyzed the regulation
pathway in which the MYB protein of subgroup 6 promotes dihydroflavonol reductase (DFR) expression in Com-
positae, and validated this law in Saussurea medusa through yeast one-hybrid experiments. Our results showed
that MYB and DFR underwent purification selection, DFR promoter analysis revealed the presence of MYB bind-
ing site (GAGTTGAATGG) and bHLH binding site (CANNTG) at the sense strand of 84–116 nucleotide residues
from the start codon. These two motifs were separated by 9–10 nucleotide residues, as existed in the DFR pro-
moters of many Compositae plants. Furthermore, the yeast one-hybrid experiment demonstrated that
SmMYB1 can activate the promoter of SmDFR. Our results provide a reference for further functional study of
DFR in Compositae.
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1 Introduction

The MYB gene family is large, functionally diverse, and represented in all eukaryotes. In plants, many
MYB genes, acting in complex with basic helix–loophelix (bHLH) and WD40 partners, are key factors in
regulatory networks controlling development, metabolism, and responses to biotic and abiotic stresses [1].
Dihydroflavonol 4-reductase (DFR) catalyzes the NADPH-dependent reduction of dihydroflavonols into
leucoanthocyanidins, acting as the key enzyme committed to anthocyanin and proanthocyanidin
biosynthesis [2]. The overexpression of DFR genes of different species in tobacco can induce the
accumulation of pigments in the flower [3], and gene silencing of IbDFR in sweet potato (Ipomoea
batatas) can induce the decrease of anthocyanin content [4]. Anthocyanin biosynthesis is mainly
regulated at the transcriptional level [5]. MYB protein plays an important role in the regulation of
anthocyanin synthesis. Different structures in the DFR promoter of Malus crabapple have influences on
MYB binding, which Affects the accumulation of anthocyanins in crabapple cultivars [6].
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The Asteraceae family (Compositae) is a widespread family of flowering plants [7]. It is the largest
family of angiosperms due to the developed sexual reproduction. Several Compositae plants have
ornamental, medicinal, and edible values, while Mikania micrantha is a destructive invasive plant in
China [8]. Through studying anthocyanins components in Asteraceae, Saigo et al. [9] found that
delphinidin is the most abundant in Asterales, followed by cyanidin, pelargonin, and malvain;
Sareedenchai et al. [10] found 9 types of anthocyanins, including 6 pelargonins, 2 cyanidins, and
1 malvain, in the tribe Cichorieae of Asteraceae [11]; The flower color of dahlia is mainly determined by
xanthein, anthocyanins, and other flavonoids [12]; anthocyanins act as nutrients and improve the quality
of Asteraceae vegetables Lactuca sativa and Gynura bicolor DC [13–15].

Comparative transcriptome analysis reveals mechanisms of adaptation to extreme environments among
Three Species of Compositae [16]. The regulation pathway through which the MYB protein of subgroup
6 promotes DFR expression has been verified in an increasing number of Asteraceae plants, suggesting
that such a pathway is highly conserved in Compositae (Table 1). At the same time, the publication of
many genomic data has made evolutionary analysis of this pathway possible This study used Asteraceae
plants as the research object, conducted selection pressure analysis of MYB and DFR protein, analyzed
the conserved elements of DFR promoter, and verified it by yeast one-hybrid experiment in Saussurea
medusa. The findings can provide a theoretical basis for the evolution and transcriptional control of
anthocyanin metabolism in Compositae. Anthocyanin is an active substance with high ornamental and
nutritional value; this element may be used as a molecular marker related to anthocyanins in Compositae
plants.

Table 1: Research progress of DFR gene in compositae

Species Composition of
anthocyanins

Function of DFR Expression regulation of DFR

Gynura bicolor
DC

Cyanidin [14] GbDFR was correlated with the
accumulation of anthocyanins in
jasmonic acid treatment [14].

GbMYB1 and GbMYC1 can
activate the expression of GbDFR
[14].

Centaurea
cyanus

Geranin,
cyanidin,
delphinidin [17]

CcDFR can catalyze different
types of dihydroflavonols [18].

Interaction between CcMYB6-1
and CcbHLH1 regulated the
expression of CcDFR [18].

Gerbera hybrida Geranium,
cyanidin [19]

GDFR1-2 was involved in the
accumulation of pelargonidin,
and GDFR1-3 was involved in
the accumulation of cyanidin
[19].

GMYB10 can interact with
GMYC1 to activate the expression
of GDFR2 [11].

Chrysanthemum
morifolium

Centaurea [20] CmDFR was related to the
accumulation of anthocyanins in
tubular floret of different
varieties [21].

CmMYB6 required interaction
with CmbHLH2 to activate
CmDFR [18,22].

Saussurea
medusa

Cyanidin [23] SmDFR can catalyze different
types of dihydroflavonols [24].

SmDFR was highly expressed in
flowers [24].

Lactuca sativa Cyanidin LsDFR was associated with the
accumulation of anthocyanins
[25,26].

LsMYB75, LsMYB90, and
LsMYB113 were expressed related
to anthocyanin accumulation
[25,26].

(Continued)
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2 Materials and Methods

2.1 Conservation Analysis of DFR and MYB Protein
The Compositae plants were summarized based on published literature (Table 1). The composition of

anthocyanins in Asteraceae plants was searched in the KNApSAcK database (http://kanaya.naist.jp/
KNApSAcK/). The Compositae DFR protein sequences (Table S1) were retrieved from the NCBI and the
OrthDB website (http://www.orthodb.org/). BLASTp search was performed against Compositae plants
with published genome sequences. DNAMAN was used to perform multiple sequence alignments.

The MYB of subgroup 6 in Gynura bicolor DC, Gerbera hybrida, Chrysanthemum morifolium, and
Centaurea cyanus has been experimentally demonstrated to positively regulate DFR expression
[11,14,17,18]. DNAMAN was used to perform multiple sequence alignments of these MYB proteins.

The amino acid sequence was submitted to ColabFold v1.5.5 (https://colab.research.google.com/github/
sokrypton/ColabFold/blob/main/AlphaFold2.ipynb) using the default settings. The resulting models were
evaluated using the pLDDT score.

2.2 Conservation Analysis of DFR Gene Promoter
The Compositae plants were summarized based on published literature (Table 1). The composition of

anthocyanins in Asteraceae plants was searched in the KNApSAcK database The 1000 bp DFR promoter
sequences were retrieved with the published genome (Table S1). The DFR promoters (Table S1) were
analyzed on the MEME website (https://meme-suite.org/meme/doc/overview.html) to find the conserved
motifs. The conserved motifs were annotated by the PLACE website (https://www.dna.affrc.go.jp/
PLACE/?action=newplace). The existence of the conserved motifs in the Asteraceae DFR promoter was
further analyzed.

2.3 Cloning of Compositae DFR Genome Sequence and Yeast One-Hybrid Experiment
The DFR promoter sequence of Saussurea medusa was amplified by the method of hi-TAIL PCR

[31,32]. Primers used in the experiment are listed in Table 2. Three nested downstream-specific primers
were designed according to the SmDFR gDNA sequence (GenBank: EF672726.1). The pGADT7 vector

Table 1 (continued)

Species Composition of
anthocyanins

Function of DFR Expression regulation of DFR

Helianthus
annuus

Cyanidin HaDFR was associated with the
accumulation of anthocyanins in
rayflorets [27].

HaDFR was highly expressed in
the bud stage and the initial
flowering stage of flower
development [27].

Dahlia variabilis Pelargonium DvDFR was related to the
synthesis of anthocyanins [28].

DvIVS regulated the expression of
DvDFR [28].

Chrysanthemum
grandiflorum

Cyanidin [29] CgDFR was related to the
accumulation of anthocyanins in
tubular floret of different
varieties [29].

No reports

Pilosella
officinarum

No reports No reports FLS, DFR, and ANS were lowly
expressed during plants
development [30].
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was double-digested with EcoRI and BamHI, and the pHIS2 vector was double-digested with EcoRI and
MluI, both incubated at 30°C for 2 h followed by 65°C for 10 min. The enzyme-cut mixture was
separated by electrophoresis. The pGADT7-SmMYB1 yeast expression vector and the pSmDFR-
HIS2 yeast reporter vector were constructed by in-fusion cloning. Yeast-competent cells were prepared by
the LiAc method, and the pGADT7-SmMYB1 and pHIS2-pSmDFR vectors were co-transformed into
yeast strains and cloned into SD/-Trp-Leu-His triple deficiency medium with a 3-AT concentration gradient.

2.4 Evolutionary Analysis of MYB and DFR Genes
Multiple sequence alignments were performed through the MUSCLE (CONDON) option of MEGA7.

The neighbor-joining method was used to construct a phylogenetic tree with the alignment sequences. The
selection pressure analysis was performed using EasyCodeML [33]. The sequence alignments and tree files
were imported into EasyCodeML to estimate the selection pressures based on the ratio of non-synonymous to
synonymous substitution rates (Omega = dN/dS).

3 Results

3.1 DFR and MYB Protein Conservation Analysis
According to the OrthDB website, both Helianthus annuus and Lactuca sativa contain one DFR gene

(Table S1). By searching for BLASTp in the published genomes of Compositae plants, we found that Cynara
cardunculus contains one DFR gene, while Artemisia annua contains two DFR genes (Table S1).
Compositae DFR protein multiple sequence alignment reveals that the sequences at positions 9 to 332 are
highly conserved (Fig. 1). DFR is divided into Asn/Asp type (cannot convert dihydrokaempferol to
leucopelarginin), and non-Asn/Asp type according to the type of amino acid at position 134. All of the
isolated DFR genes in Asteraceae are Asn-type DFR. The modeling results show that only the DFR
protein is highly consistent (Fig. 2).

MYB protein contains the conserved R2R3-MYB domain, which contains two motifs, [DE]Lx(2)[RK]x
(3)Lx(6)Lx(3)R and ANDV (Fig. 3). The modeling results show that only the R2R3-MYB domain is
structurally similar (Fig. 2).

3.2 Conservation Analysis of DFR Gene Promoter
Three ubiquitous motifs were found in the promoters of Centaurea cyanus, Chrysanthemum morifolium,

and Gynura bicolor (Fig. 4A), including GMYB10 binding site (GAGTTGAATGG), bHLH binding site
(CACGTG), and ELM2 (AACGG) binding site. The MYB binding site and the bHLH binding site are
separated by 9–10 nucleotide residues and relatively conserved in the sense strand 84–111 bp from the
start codon (Fig. 4A).

Table 2: Primer sequences used in this study

Type Primers Primer sequences (5′ → 3′)

Promoter
amplification

PDFR-R0 AAGTCCATAGGGGTGGCCACATGAAACAC

PDFR-R1 ACACCCCATGGCAACCTTCAATAGCTTCA

PDFR-R2 TCATAACGAGCCACGAGCCAATGAATCCG

Yeast one-hybrid TF-F TATGGCCATGGAGGCCAGTGAATTC ATGCATATAAGTCCTTG

TF-R TCTGCAGCTCGAGCTCGATGGATCCTCATAGTTGCTCTGTA

Pro-F ATACGACTCACTATAGGGCGAATTCCGCACATGATTTAACC

Pro-R ACCGCGGATCGATTCGCGAACGCGT GCTGTGTATGTGGTTT
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Figure 1: Multiple sequence alignment of DFR protein

Figure 2: Protein structure of DFR and MYB
Note: The uplink is DFR protein, and the downlink is MYB protein. Dark blue means very high (greater than 80), green means
moderate (70), yellow means low (60), and red means very low (less than 50).
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It was found that the DFR promoter of Cynara cardunculus conformed to the above-mentioned law.
Lactuca sativa, Lactuca saligna, and Artemisia annua also conformed to such rule except for one base
substitution (Fig. 4B). These findings indicate that the binding elements of MYB and bHLH are
ubiquitous in the DFR promoters, and their positions are located at 87–119 bp from the start codon (Fig. 4B).

3.3 Cloning of Saussurea Medusa DFR Genome Sequence and Yeast One-Hybrid Experiment
According to the article by Elomaa et al. [11], particle bombardment analysis indicated that the 276-bp

fragment of GDFR2 confers similar levels of reporter gene activity as the full-length promoter. Also,
mutations at the site resembling an MYB-binding site (GAGTTGAATGGGG) reduced reporter gene
activities to approximately 20% to 40% of the full-length promoter in Gerbera hybrida [34].

Figure 3: Multiple sequence alignment of MYB protein

Figure 4: Conservation analysis of DFR gene promoter
Note: (A) Conserved motif of DFR gene promoter in Compositae. (B) Alignment of conserved elements in compositae, the number
after the species is the number of bases from the start codon of the elements. (C) Yeast one-hybrid, left column: SD/-Leu/-Trp, middle
column: SD/-His/-Leu/-Trp+2.5mM 3-AT, right column: SD/-His/-Leu/-Trp+5mM 3-AT, +: positive control, -: negative control, 01:
pSmDFR-HIS2/pGADT7, 02: pGADT7-SmMYB1+pSmDFR-HIS2.
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The 389 bp SmDFR promoter sequence (GenBank: MT634229) was amplified, and conservedMYB and
bHLH binding elements (GAGTTGAATGGGG) were found at 88–113 bp from the start codon (Fig. 4C). All
the yeast strains co-transfected with pHIS2 and pGADT7 vectors could grow on SD/-Leu/-Trp double
deficiency medium, indicating successful transformation of the two vectors. The grown clones were
picked and transferred to SD/-His/-Leu/-Trp triple deficiency medium with 2.5 mM 3-AT. We found that
the experimental group grew better than the self-activation group (pSmDFR-HIS2+pGADT7). The clones
were then picked and transferred to SD/-His/-Leu/-Trp triple deficiency medium with 5 mM 3-AT, where
the growth of the self-activating group (pSmDFR-HIS2+pGADT7) was found inhibited. Meanwhile, the
experimental group (pGADT7-SmMYB1+pSmDFR-HIS2) could grow normally (Fig. 4C). These results
indicate that the SmMYB1 protein potentially binds with the SmDFR promoter.

3.4 Evolutionary Analysis of MYB and DFR Genes
The MYB of subgroup 6 in Gynura bicolor DC, Gerbera hybrida, Chrysanthemum morifolium,

Centaurea cyanus, and Saussurea medusa has been experimentally demonstrated to positively regulate
DFR expression [11,14,17,35]. These MYB sequences were collected and carried out the selection
pressure analysis by EasyCodeML, and the likelihood ratio test showed no significant difference between
the one-ratio vs. free-ratio model of the branch model This indicates the existence of the same selection
pressure among different branches. The selection pressure was 0.40885 under the one-ratio model,
indicating that the gene was mainly selected by purification. The likelihood ratio test of these DFR
sequences showed no significant difference between the one-ratio vs. free-ratio model of the branch
model. Once again, this indicates the existence of the same selection pressure among different branches.
The selection pressure was 0.24999 under the one-ratio model, indicating that the gene was mainly
selected by purification.

No DFR and MYB gene was found in the published Asteraceae genomes of Mikania micrantha
(Genbank: GCA_009363875.1), Erigeron canadensis (Genbank: GCA_010389155.1), Stevia rebaudiana
(Genbank: GCA_009936405.2), Chrysanthemum seticuspe (Genbank: GCA_019973895.1), and Silphium
perfoliatum (Genbank: GCA_900538075.1). Meanwhile, no anthocyanins were found in the above
species by searching the KNApSAcK database.

4 Discussion

DFR genes are closely related to anthocyanin synthesis in most of the Compositae plants (Table 1). The
DFR of Saussurea medusa, Gerbera hybrida, and Callistephus chinensis can catalyze the divergent
conversion of dihydroflavonols to proanthocyanidins [19,24,25]. Meanwhile, all the Compositae plants
discussed above-contained cyanidin, indicating a flow of cyanidin towards the branch in the late stage of
anthocyanin synthesis, and all of the isolated DFR genes in Asteraceae were Asn-type DFR. Such a
branching pathway has been previously reported in Lactuca sativa [26], in which DFR is required to
catalyze dihydroquercetin to leucocyanidin simultaneously.

The MYB of the sixth subfamily can interact with the bHLH partner to induce DFR expression in
Gynura bicolor DC, Gerbera hybrida, Chrysanthemum morifolium, and Centaurea cyanus [11,14,17,35].
The selection pressure analysis showed that the MYB and DFR genes are mainly subjected to purification
selection. The DFR promoter analysis revealed the existence of conserved MYB binding sites
(GAGTTGAATG) and bHLH binding sites (CANNTG). Zhu et al. [36] have previously identified
ANCNNCC for MYB recognizing elements and CACN(A/C/T)(G/T) for bHLH recognizing elements
within anthocyanin gene promoters in at least 35 species, including gymnosperms and angiosperms.
Although the MYB binding element (ANCNNCC) is not identical to the antisense strand sequence
CCATTCAACTC of the MYB binding element (GAGTTGAATGG) of the Compositae family in this
study, they are both rich in A and C bases. The DFR promoter of Saussurea medusa was found to
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conform to this law, and the yeast one-hybrid experiment demonstrated that SmMYB1 can activate the
SmDFR promoter. This regulatory pathway, in which MYB protein can activate the promoter of DFR, is
predicted to be ubiquitous in the Compositae plants.

Wheeler et al. [37] have found that the transcription factors exhibit faster rates of molecular evolution
(dN/dS) than their targets, with the highly specialized MYB genes evolving the fastest in the flavonoid
pigment pathway of Petunieae. In Compositae, MYB is lowly conserved with a selection pressure of
0.40885 while DFR is highly conserved with a selection pressure of 0.25000; this is consistent with the
evolution model in Petuniaeae. This may be because transcription factors only function in the DNA-
binding domain and the transcriptional activation domain. Enzymes, on the other hand, require the entire
protein to catalyze the reaction.

However, no DFR gene was found in the genomic sequences of Mikania micrantha, Erigeron
canadensis, Stevia rebaudiana, Chrysanthemum seticuspe, Silybum marianum, Carthamus tinctorius, and
Silphium perfoliatum. OsDFR is defective in rice varieties that do not produce anthocyanins [38]. These
results indicate that this pathway is not necessary in all species. The above-mentioned findings reveal that
the expression and regulation of DFR still follow certain rules in some species, though there still is a
great variation of the DFR gene in Compositae.

5 Conclusion

Through evolutionary analysis of several Compositae plants in which MYB has been confirmed to
regulate DFR, the MYB gene was found under purification selection, and conserved MYB and bHLH
binding elements were identified in the DFR promoter (such elements have been verified in Gerbera
hybrida). This indicates the important role of such elements in the anthocyanin pathway. This element
may be used as a molecular marker related to anthocyanins in Asteraceae plants. The MYB gene was
found to be expanded in some Compositae plants with published genomes, and the conserved MYB and
bHLH binding elements were also identified in their DFR promoters. MYB was speculated to regulate
DFR in these Compositae plants, which was further verified in Saussurea medusa by a yeast one-hybrid
experiment. However, these genes are lost in some species, suggesting a different evolutionary direction.
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