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ABSTRACT

Chrysanthemum x morifolium is a horticultural crop which plays a vital role in the flower industry with signifi-
cant economic value and has a cultivation history of over three thousand years in China. The accumulation of
anthocyanins is always affected by light. Here, we revealed that anthocyanin accumulation is highly dependent
on light in 2021135’ genotype chrysanthemum, while it is light-independent in 2001402’ genotype chrysanthe-
mum. However, no literature has been reported regarding the non-photosensitive chrysanthemum in anthocya-
nins light-independent synthesis pathways. Through the phenotype analysis of 44 F; generations, we found that
light-independence is a dominant trait which can be stable inherited by progeny. The transcriptome of the ray
florets of 2021135’ and 2001402’ under light and bagging treatment were sequenced and analyzed. Based on
weighted gene co-expression network analysis (WGCNA), K-means analysis, and Real-Time Quantitative Poly-
merase Chain Reaction (RT-qPCR) analysis, 16 genes were highly correlated with the anthocyanin content. The
anthocyanin content of ray florets treated with different light-quality conditions indicated that blue light signifi-
cantly affected anthocyanin accumulations. Through Yeast one-hybrid analysis, CmBIC1.1 and CmBIC1.2 can
directly regulate the anthocyanin structural gene CrmCHS2. In our study, we revealed the important characteristics
of light-independent anthocyanin synthesis in chrysanthemums and screened regulatory factors in light-depen-
dent and light-independent anthocyanin synthesis pathways. The results laid the groundwork for subsequent ana-
lysis of the molecular mechanism involved in the light-independent synthesis of anthocyanins in
chrysanthemums.
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1 Introduction

Bright-colored petals are typically the most appealing aspects of ornamental plants. The commercial
value of many ornamental plants is affected by flower color. The stability of color is is a primary
breeding objective for many horticulturists, aiming to elevate the ornamental appeal of plants.
Anthocyanins are biosynthesized through the flavonoid pathway, which is catalyzed stepwise by structural
genes coding for enzymes has been well studied. The regulation of the anthocyanin pigment pathway is
governed by a group of transcription factors, including R2R3-MYB, basic helix-loop-helix (bHLH), and
WD repeat proteins (WDR). These factors have been demonstrated to form a MYB-bHLH-WDR (MBW)
complex that enhances the expression of genes involved in anthocyanin biosynthesis [1-3].

Light signaling plays an essential role in the control of anthocyanin synthesis. The influence of light on
anthocyanin accumulation has been widely studied in cherries, tomatoes, strawberries, grapes, and other
crops, in which anthocyanins decrease under low light or shade conditions and increase under strong light
conditions [4-8]. The range of wavelengths of sunlight from 280 to 800 nm impacts plant biological
processes, encompassing ultraviolet (UV) light (UV-A and UV-B), visible light, and far-red light (710—
810 nm). The visible light spectrum ranges from 400-710 nm and is subdivided into blue (400—495 nm),
green (495-570 nm), yellow (570-590 nm), and red (590-710 nm) wavelengths. The exposure to blue
and ultraviolet (UV) light exhibits a stimulatory effect on the enhancement of anthocyanin biosynthesis,
whereas far-red light demonstrates a suppressive influence [9—13].

Photoreceptors and light signal transduction elements play a crucial role in the light-dependent
anthocyanin accumulation of plants. Light activates various photoreceptors in plants, including
phytochrome (PHYA-PHYE), cryptochromes (CRYs), phototropins (PHOTs) and UV resistance locus 8
(UVRS) [14]. Phytochromes (PHYA-PHYE) are red and far-red light receptors that can regulate the
growth and development of plants, such as phytochromes regulate nitrogen-, phosphate- and cold-induced
anthocyanin accumulation in shoots of Arabidopsis [15,16]. CRYs, PHOTSs, and three zeitlupe proteins
are characterized as UV-A/blue photoreceptors [17]. The induction of anthocyanin synthesis in eggplant
and tomato fruit epidermis has been reported through the activation of anthocyanin biosynthesis enzymes
by CRYs [18,19]. PHOTs play a crucial role in the synthesis of secondary metabolites mediated by blue
light, including the regulation of pigment synthesis within plant cells. It was demonstrated that
FaPHOT?2 functioned in detecting blue light and facilitating anthocyanin production in strawberry fruits
[20]. The blue-light photoreceptor Flavin-binding, Kelch Repeat, F-box1 (FKF1) can interact with
Constitutive Photomorphogenic 1 (COP1) and reduce COP1 activity in a day-length-dependent manner,
thereby promoting photomorphogenesis and anthocyanin accumulation in Arabidopsis [21].
UVR8 mediates UV-B-induced changes in gene expression, and photomorphogenic responses include
induction of flavonoid biosynthesis and accumulation of flavonoid compounds [17,22]. In Arabidopsis
uvr8 mutants, the expression of Chalcone synthase (CHS) and the content of anthocyanin accumulation is
significantly stimulated [23]. It has also been reported in plants such as grapes and apples that
UVRS serves as a significant photoreceptor to promote anthocyanin accumulation [22,24,25].

Downstream of these photoreceptors, COP1 emerges as a pivotal suppressor, instrumental in catalyzing
ubiquitination and subsequent degradation of anthocyanin biosynthesis’s positive regulators, including
elongated hypocotyl 5 (HYS), COPl-interacting protein (CIP7) [3,21,25]. A quantitative evaluation of
anthocyanins in the fruit peel showed that the 4y5 mutant fruit exhibited reduced levels of anthocyanins
[26]. Research indicated that CIP7 plays an essential role in regulating fruit color development; SmCIP7
nhances the expression of structural genes to increase anthocyanin accumulation in eggplant [27].
Phytochrome rapidly regulated 1 (PARI) was first recognized as an early downregulated gene in the
phyA-mediated far-red and phyB-mediated red light signaling pathways, which was observed to be
inhibited by photoreceptors [28]. These findings suggest that PAR1 is a photomorphogenesis-promoting
factor functioning across various photoreceptor signaling pathways [29]. There are two negative
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regulators to CRY's called Blue light inhibitors of cryptochromes (BICs, BIC1, and BIC2) in the blue light
signaling pathway. Studies showed that BICs (blue-light inhibitor of cryptochromes) interact with CRY?2 to
suppress the photomorphogenesis [30,31]. The involvement of two WD40-repeat proteins, Repressor of
UV-B photomorphogenesis 1 (RUP1) and RUP2, is essential in the UV-B light signaling pathway. These
proteins play a vital role in providing negative feedback regulation and deactivating UVRS by aiding in
its redimerization [32].

Light-dependent anthocyanin accumulation is influential in the pigmentation of plants. Light-
independent pigmentation has also been reported, such as the ‘Mantianhong’ pear and ‘Ruby’ mango,
which can still accumulate a significant amount of anthocyanins even when bagged [33,34]. The
accumulation of light-independent anthocyanins has also been found in blood oranges and carrots, in
which mutations of the R2ZR3-MYB promoter were discovered, resulting in constitutive expression of
MYB and potentially leading the fruits to exhibited elevated levels of anthocyanin pigmentation when
cultivated in darkness [35,36].

Chrysanthemum % morifolium, native to China, is an ornamental plant with a wide range of attractive
traits and high economic value. However, weak light stress during greenhouse cultivation can decrease its
ornamental quality and landscape effect, leading to higher production costs and insufficient energy
conservation in today’s horticultural production. Multiple MYB transcription factors that regulate
anthocyanin biosynthesis have been identified in chrysanthemums. Transcription factors such as
CmMYB6 and CmMYBYa can enhance anthocyanin accumulation in chrysanthemum flowers, while
CmMYB4, CmMYB#7, and CmMYBO012 suppress anthocyanin accumulation [13,37-39]. Similar to
other crops, light exposure also affects the coloration of chrysanthemum. Under UV-B treatment, the
content of anthocyanins in chrysanthemums significantly increases [40]. The mechanism of fine-tuning
the dynamic balance of anthocyanin pigments in chrysanthemum ray florets can be influenced by
different R/FR through the regulation of CmbHLH16 [41].

Additionally, during the coloration process of light-induced non-photosensitive chrysanthemum,
expression of structural genes and biosynthesis of anthocyanin pigments are regulated by light-responsive
transcription factors such as CmMYB4, CmMYB5-1, CmMYB6, CmbHLH24, and CmMYB7-1 [42-44].
CmHYS5 in chrysanthemum has also been reported to regulate the expression of CmFNSII-1 directly,
thereby regulating the biosynthesis of flavonoids. However, there are currently no reports on the light-
independent synthesis of anthocyanins in chrysanthemum, which indicates that the molecular mechanism
of the light-independent synthesis of anthocyanins in chrysanthemum is still not well understood.

In this study, we obtained the non-photosensitive chrysanthemum ‘2001402°. Through transcriptome
analysis, Y1H and Y2H assays, light signal transduction elements CmBIC1.1 and CmBIC1.2 may act as
the key factors in light-independent anthocyanins synthesis in chrysanthemum. The results laid the
groundwork for the subsequent analysis of the molecular mechanism underlying anthocyanin biosynthesis
in non-photosensitive chrysanthemum.

2 Materials and Methods

2.1 Plant Materials and Treatment

We conducted an experiment at the Greenhouse of Beijing Forestry University to investigate the light
regulatory characteristics of anthocyanin synthesis in chrysanthemum. A total of 103 chrysanthemum
genotypes were selected for this study. Three materials were selected as biological replicates. We covered
the 10 um-thick tin foil around the capitulum to block the light during the bud stage cultivation (Fig. 1a).

Five stages were divided according to the following definitions [45]. S1, 0-0.5 cm in ray florets length;
S2, 0.5-0.8 cm in ray florets length; S3, 0.8—1.2 cm in ray florets length; S4, 1.2—1.8 cm in ray florets length;
and S5, 1.8-2.5 mm in ray florets length (Fig. 1b).
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Figure 1: The shading treatment method and the grading standard: (a) Chrysanthemum treated with
bagging; (b) Developmental stages of ray florets development. Scale bar = 1 cm; (c) Part of light quality
treatments with 120 LEDs

The capitulums of different cultivars were bagged before the S1 stage until the S5 stage. The non-
photosensitive chrysanthemum ‘2001402’ and photosensitive chrysanthemum ‘2021135’ are the samples
for the RNA sequencing and gene expression analyses. For these two genotypes, the five distinct phases
of ray florets development under light and bagged conditions were cryogenically preserved in liquid
nitrogen and kept at —80°C for later analysis of pigment levels and RNA extraction. Besides, a consistent
light intensity (120 LEDs) treatment was applied to ‘2021135” before the S1 stage until the S3 stage.
Eight light quality treatments were conducted in 2 years, using far red (peak wavelength = 730 nm), red
(peak wavelength = 660 nm), blue (peak wavelength = 460 nm), UV-A (peak wavelength = 340 nm),
UV-B light (peak wavelength = 313 nm) in the first years with white light was used as the control while
blue light (80 LEDs) supplemented with UV-A (40 LEDs) or UV-B (40 LEDs) were using in the second
year. White and blue light was used as the control (Fig. 1¢). All the light treatments were arranged over
an area of 150 cm x 60 cm.

2.2 Hybridization Experiment between Non-Photosensitive and Photosensitive Chrysanthemum

The non-photosensitive chrysanthemum 2001402°, as well as the photosensitive chrysanthemum
B200 obtained through years of field experiments and pigment analysis, were used as parents to create
the reciprocal hybrids. Bagging was applied following the method as stated before. After bagging the
capitulum until the S5 stage, the bags were opened to assess the accumulation of anthocyanins in the ray
florets. The number of chrysanthemums with different degrees of photosensitivity was recorded.

2.3 Anthocyanin Extraction and Measurement

The anthocyanin content in the ray florets of chrysanthemum was quantified using UV
spectrophotometry methods utilized in prior research. A total of 0.1 g of tissue was finely ground to
powder using liquid nitrogen, combined with 5 mL of anthocyanin extracts [methanol:water:formic acid:
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trifluoroacetic acid (70:27:2:1, v/v/v/v)], and incubated at 4°C for 24 h in the absence of light. The
supernatant was then taken for measurement. Using a UV-visible spectrophotometer (TU-1901; Beijing
Puxi Co., Ltd., Beijing, China), the absorbance was measured at 520 nm with anthocyanin extracts as the
control. The content of anthocyanins was calculated based on the extinction coefficient (98.2) of total
anthocyanins. The average value was calculated based on three replicates of each sample. The formula
for the calculation of anthocyanin content is as follows: MF = (A x V)/(98.2 x M), where MF stands for
total anthocyanin content (mg/g), A represents the absorbance value at the maximum wavelength, V is
the final volume (mL), and M is the weight of the sample (g).

2.4 RNA Sequencing, Functional Annotation, and Data Processing

Ray florets at S2—S4 stages 0of 2001402 and 2021135 were selected for RNA-Seq analysis (Each stage of
sample sequencing is repeated three times). In brief, total RNA was extracted from ray florets of S2—S4 stages
and cDNA libraries were synthesized by Biomarker Technologies Corporation (Beijing, China). The data
processing is same as a previous study by Lu et al. [46].

2.5 Identification and Analysis of DEGs

The transcript abundances of all unigenes were calculated using the FPKM method with RSEM [47].
Analysis of all DEGs using Weighted Gene Co-Expression Network Analysis (WGCNA) and K-means
clustering analysis. We used the EBSeq technique for identifying differentially expressed genes in an
RNA-Seq experiment comparing two biological conditions [48]. In addition, we can correct the p-values
using the Benjamini-Hochberg method and use this indicator to filter differentially expressed genes
between the two libraries. Strict criteria for gene selection include a False Discovery Rate (FDR) less
than 0.05 and a fold change (FC) of at least 1.5. Further screening of Unigenes involved in
phototransduction and anthocyanin biosynthesis pathways is carried out based on NR and Swissprot
annotations. To ensure the comprehensiveness and accuracy of differential gene screening, homologous
genes are selected for transcription factors reported to design phototransduction pathways.

2.6 RT-PCR (Semi-Quantitative Reverse Transcriptase-Polymerase Chain Reaction) and RT-qPCR
(Real-Time Quantitative Polymerase Chain Reaction) Validation of Differentially Expressed Genes
RT-PCR was conducted to analyze the expression patterns of selected genes sourced from the RNA-Seq

database. Total RNAs from ray florets at S1-S5 stages of both non-photosensitive chrysanthemum ‘2001402’

and photosensitive chrysanthemum ‘2021135 were isolated using a Plant RNA Rapid Extraction Kit

(HUAYUEYANG Biotechnology, Beijing, China). These RNAs were then utilized to produce cDNA for

RT-PCR through a transcription kit. The semi-quantitative RT-PCR protocol adhered to the methodology

outlined in a previous study by Lu et al. [46], utilizing 26S as a reference gene. The primer sequences are

documented in Table S1.

To validate the accuracy of the RT-PCR findings, RT-qPCR reactions were carried out using a CFX
Connect Realtime System (Bio-Rad, Hercules, CA, USA) along with SYBR Premix Ex Taq (TaKaRa,
Kyoto, Japan), following the protocol detailed by Huang et al. [49]. The primer sequences are provided
in Table S1. Each data point from RT-qPCR was obtained from three biological and three technical
replicates. The relative gene expression levels were standardized by comparing them to the expression of
PP24 in Chrysanthemum % morifolium [50], and the analysis was conducted using the 2~ **“T method [51].

2.7 Gene Isolation and Yeast Two-Hybrid Assay

According to the information from the transcriptome analysis and gene expression analysis, we cloned
two light receptors of the blue light signaling pathway and two light signal transduction components from the
non-photosensitive chrysanthemum ‘2001402’ and the photosensitive chrysanthemum ‘2021135°, as well as
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four anthocyanin synthesis-related transcription factors. The forward and reverse (F/R) primers for these
genes (primer sequences are shown in the Table S1) were designed and used to clone the open reading
frame (ORF) of these genes from the light-independent and photosensitive chrysanthemum into the
pCE3 Blunt Vector (Vazyme, Nanjing, China), and sequenced (Sangon Biotech, Shanghai, China). The
amino acid sequences of the genes of other species were obtained from the National Center of
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/, accessed on 20 April 2024) database.
The phylogenetic tree for the proteins was constructed using MEGA V11.0.

The genes encoding components involved in blue light signaling and transcription factors related to
anthocyanin biosynthesis were integrated into pGADT7 and pGBKT7 vectors to create recombinant
vectors. These recombinant vectors were co-transformed into competent yeast cells (strain Y2H Gold).
After verifying no self-activation activity, the recombinant vectors were spread on SD/—Trp—Leu medium.
Subsequently, a singular colony was selected and diluted by factors of 1x, 10x, 10°x, and 10°x-fold to
inoculate the SD/—Trp/—Leu/—His/—Ade screening medium. The complete list of primers utilized in this
research is detailed in Table S1.

2.8 Isolation of Promoter Sequences Using the Chrysanthemum Genome Database and Yeast One-

Hybrid Assay

The promoter sequences of CmCHS2 and CmBICI were cloned from genomic DNA of ‘2001402 and
2021135’ ray florets using the Chrysanthemum Genome Database (http://210.22.121.250:8880/asteraceae/
homePage, accessed on 20 April 2024). The prediction and analysis of cis-elements in promoters were
performed using PlanCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html, accessed on 20
April 2024). The light-responsive elements (LRE) in the promoter were amplified and inserted into the
pADALI vector.

The promoter of the critical genes CmCHS2 and CmBIC]I in this study were cloned, and yeast one-
hybrid experiments were performed with other key light signal transduction factors, CmBIC1, CmHY5,
and CmWRKY40. The yeast one-hybrid assay was performed as described previously [52]. pAbAi-
pCmCHS2 was converted into Y1H Gold, and the minimal inhibitory concentration of aureobasidin A
(AbA) for the bait strain was examined on SD/-Ura medium. Subsequently, the hybrid vectors and AD
empty vector (control) were introduced into yeast cells harboring the recombinant pAbAi plasmid. The
modified yeast cells were diluted sequentially by ten-fold and spotted on SD/-Leu medium containing the
least AbA concentration. The yeast cells were then cultivated in an incubator at 30°C for 2-3 days.

3 Results

3.1 Classification and Screening of Different Light-Dependent Types of Chrysanthemum

After the materials were bagged for 30 days, compared with different treatments, the petal anthocyanin
of 103 chrysanthemums had different accumulations. Most chrysanthemums showed obvious fading;
51 (49.5%) chrysanthemum genotypes completely faded to white or yellow, belonging to photosensitive
chrysanthemum (Fig. 2a); 40 (38.8%) chrysanthemum genotypes showed partial fading, belonging to
light-semi-dependent chrysanthemum (Fig. 2b). There were 12 (11.7%) genotypes continued to exhibit a
significant level of anthocyanin synthesis even after bagging were classified as non-photosensitive
chrysanthemum (Fig. 2c). Among the 12 non-photosensitive chrysanthemum genotypes, the pink
genotype ‘2001402’ with a darker color and a larger number of ray florets, is more suitable for this study
than the orange and red strains due to the absence of interference from carotenoids. Therefore, 2001402’
was selected as the non-photosensitive chrysanthemum for pigment content determination, while the
completely faded photosensitive chrysanthemum ‘2021135 was selected as the control. A three-year
sequential shade experiment on both chrysanthemum genotypes was carried out, and the phenotypes of
the ray florets following shading displayed repeatability, suggesting the two kinds’ consistent
photosensitivity features.
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Figure 2: Phenotypic changes of 103 chrysanthemum genotypes before and after shading: (a) Phenotypic
changes of chrysanthemum completely light-dependent anthocyanin accumulation; (b) Phenotypic changes
of chrysanthemum light-semi-dependent anthocyanin accumulation; (c) Phenotype of non-photosensitive
chrysanthemum. Note: Scale bar = 1 cm

3.2 Light Treatment and Determination of Anthocyanin Content

Through the determination of pigment content (Fig. 3a), the photosensitive chrysanthemum ‘2021135
had almost no presence of anthocyanin in the ray florets. In contrast, the non-photosensitive chrysanthemum
2001402’ showed the synthesis of anthocyanin both before and after shading. The variance analysis of
anthocyanin content revealed that darkness exerted a subtle influence on the biosynthesis of anthocyanins

in non-photosensitive chrysanthemums; however, the ray florets of ‘2001402’ were evenly colored and
remained at a relatively high level (Fig. 3b).

According to the measurement of anthocyanin content, it was found that shading significantly affected
the synthesis of anthocyanins in ‘2021135’ chrysanthemums (Table S2). Therefore, materials ‘2001402 and
2021135 were selected for further experiments.

Through the light quality treatment on photosensitive chrysanthemum ‘2021135’ (Fig. 4a), the results of
the treatment in the first year at equal intensity showed that the single light quality treatment caused a
decrease in anthocyanin content of the chrysanthemum ray florets to varying degrees, with the most
significant accumulation of anthocyanin under blue light irradiation. Therefore, we believe that the most
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crucial light quality condition affecting chrysanthemum anthocyanin biosynthesis is blue light (Fig. 4b,
Table S3). Thus, in the second year, we chose blue light supplemented with UV light. The results showed
that a proper amount of UV-A and UV-B can enhance the promoting effect of blue light on
chrysanthemum anthocyanin to a certain extent (Fig. 4c, Table S4). In general, significantly higher
anthocyanin in ray florets treated with blue light supplemented with UV-A and UV-B light were observed
than that of the control (blue light only).
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Figure 3: (a) Flower phenotypes at various developmental stages after light and shading treatments; (b)
Anthocyanin content at various developmental stages after light and shading treatments (*p < 0.05; ***p
< 0.001). Note: Scale bar = 1 cm, the histograms are the mean of n = 3, the +/— vertical bars on the
upper part of the histograms mean standard deviation

3.3 Genetic Analysis of Light-Independent Properties

The results of the shading test indicated significant differences in anthocyanin synthesis between the
non-photosensitive chrysanthemum ‘2001402’ and the photosensitive chrysanthemum. The fluorescence
of 44 F, generation of ‘2001402’ and photosensitive chrysanthemum ‘B200’ was in late October 2019,
and all of it was capable of light-independent anthocyanin synthesis (Fig. 5). Based on the results, we can
infer that the light-independent characteristics of chrysanthemums are a stable inherited dominant trait.

3.4 De novo Assembly, Analyses of RNA-Seq Data, and Sequences Functional Annotation

RNA-Seq of the ray floret in the S2 stage—S4 stage of two types of chrysanthemums was carried out with
36 samples were sequenced and filtered. A total of 223.01 Gb Clean Data was generated with a Q30
(percentage of sequences with sequencing error rates lower than 0.1%) of 92.89%—-94.4%. The statistics
of 36 samples sequencing data evaluations are shown in Table S5 and Fig. S1.

100,132 high-quality unigenes were obtained after filtration, and 26,576 unigenes were above 1 kb in
length. Transcript abundance (estimated from fragments per Kilobase of exon model per Million mapped
fragments, FPKM) was highly correlated between replicate samples were highly correlated with each
other. Unigenes with an average FPKM value less than 0.3 across all samples are considered non-
expressed genes [53]. Subsequent filtering will be applied to the remaining high-quality Unigenes.

A total of 44,862 unigenes were annotated based on BLASTx (E-value < 1 x 10~°) and HMMER (E-
value < 1 x 10710) searches against public databases, including COG, GO, KEGG, KOG, Pfam, Swiss-
Port, eggNOG, and Nr (Fig. S2). 21,608 (48.17%) were annotated in KOG, 25,630 (57.13%) were
annotated in Pfam, 24,275 (54.11%) were annotated in Swissprot, 30,726 (68.49%) were annotated in
eggNOG, and 42,221 (94.11%) were annotated in Nr database.
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Figure 4: (a) Flower phenotypes at S1-S3 stages under different light quality treatments; (b) Anthocyanin
content at various developmental stages under light quality treatment in the first year; (c) Anthocyanin
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< 0.01; ***p < 0.001). Note: Scale bar = 1 cm, the histograms are the mean of n = 3, the +/— vertical
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3.5 Screening for DEGs Regulating Anthocyanins Light-Independent Synthesis through WGCNA

In this study, we used three developmental stages (Fig. 3) of ray florets of 2001402’ and 2021135’ as
materials to build transcriptome libraries and explored the potential transcription factors that regulated
anthocyanin accumulation in chrysanthemum using WGCNA combined with the analysis of dynamic
changes of anthocyanin total contents in twelve different developmental stages in different light condition.

The expression patterns of DEGs obtained from transcriptome sequencing were analyzed by WGCNA.
The genes with similar expression patterns were grouped into modules, and a total of 14 modules were
identified (Figs. 6a and S3). Because the pattern of gene expression was often associated with phenotypic
changes, such as pigment accumulation in higher plants [46], we analyzed the correlation between the
expression patterns of each module and the changes of the anthocyanin total contents. The results showed
that the Pierson correlation coefficient of the module ‘darkgreen’ with the anthocyanin total contents was
the highest, which was 0.88 (Fig. 6b), indicating that the module ‘darkturquoise’ was closely related to
carotenoid accumulation in chrysanthemum. Furthermore, the Pierson correlation coefficient of the
modules ‘paleturquoise’, ‘saddlebrown’, ‘orange’, and ‘lightsteelbluel’ are also highly correlated.
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Figure 5: (a) Flower phenotypes at various developmental stages after light and shading treatments. (b)
Phenotypic changes of the hybrid offspring between 2001402’ and ‘B200° chrysanthemums before and
after shading. Note: Scale bar = 1 cm
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Figure 6: Network analysis dendrogram showing modules identified by weighted gene co-expression
network analysis (WGCNA). (a) Dendrogram plot with color annotation; (b) Module-anthocyanin weight
correlations and corresponding p-values. The left panel shows the 14 modules. The color scale on the
right shows module-trait correlation from —1 (blue) to 1 (red). The internal reading means the pierson
correlation coefficient of the module with the anthocyanin
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Functional and pathway enrichment analyses were performed for the genes in ‘darkgreen’,
‘paleturquoise’, ‘saddlebrown’, ‘orange’, and ‘lightsteelbluel’ modules, in which the genes related to
anthocyanin biosynthesis in chrysanthemum. Deep analysis revealed that the ‘darkturquoise’ module
contained a total of 1,381 genes, out of which 896 are annotated with functions, including PHYB-1
(c106435.graph_c0), PARI (c95398.graph c0) involved in light signaling reception, as well as MYB3
(c108549.graph _cl), MYBI3 (c76800.graph c0), and bHLH2 (c119981.graph cl) associated with
anthocyanin synthesis. It also includes the anthocyanin synthesis structural genes CHSI (c114859.
graph_c0), CHI-1 (c108890.graph c0), and ANS (c113803.graph c0). The ‘paleturquoise’ module
contains 52 genes, out of which 33 are functionally annotated, but no genes directly related to light
signaling or anthocyanin synthesis pathways were found in this module. The module ‘saddlebrown’
contains 495 genes, among which 350 genes have functional annotations, but there was one gene,
UVRS8-1 (c116302.graph c0), involved in the light signaling reception. The module ‘orange’ consists of
329 genes, in which 250 genes have functional annotations, including BICI (c104215.graph_c0) involved
in the light signaling pathway, and the structural genes CHS2 (c88987.graph c0) and CHI-2 (c115206.
graph_cl) for anthocyanin synthesis. In the ‘lightsteelbluel’ module, there are 91 genes, out of which
73 have functional annotations, including CIP7 (c125178.graph c0) involved in the light signaling
pathway, and WRKY40 (c111000.graph c0) and MYB6 (c93023.graph c0) involved in anthocyanin
synthesis pathway. Additionally, genes such as CHS3 (c111705.graph c0), F3H (c121497.graph_c0),
F3’H-1 (c102320.graph c0), DFR (c122995.graph c0), and 3MT (c118954.graph c0) related to
anthocyanin synthesis were found in this module. In conclusion, a total of 20 genes related to
chrysanthemum anthocyanin biosynthesis and light signaling pathway were selected through WGCN
screening (Table S6).

3.6 Screening for Transcription Factors Regulating Anthocyanins Light-Independent Synthesis through
Cluster Analysis
The overall expression pattern of DEGs was shown on the clustering map with K-means cluster analysis;
5530 DEGs were classified into 18 clusters (Fig. S4), of which 7 clusters matched the expression trends we
were expecting (Fig. 7).

The expression trends of Cluster 1 (499 DEGs) decreased much more obviously in ‘2001402’ than in
2021135’ after shading. In Cluster 7 (356 DEGs), the genes were down-regulated in the ‘2001402’ after
bagging treatment, while they were up-regulated after shading in ‘2021135’. In Cluster 8 (520 DEGs), the
genes showed an upward expression trend after shading in ‘2001402°, while there was no significant
change in the ‘2021135, In two types of chrysanthemums under light treatment, the genes of Cluster 9
(733 DEGs) did not show any significant changes in expression across three developmental stages.
However, in ‘2001402 under bagging treatment, the gene expression levels showed a clear decreasing
trend with the progression of development, while the gene expression in ‘2021135’ remained unchanged.
In Cluster 10 (371 DEGs), the genes showed a consistent low expression under light in 2001402°.
However, after bagging treatment, the expression was up-regulated. In contrast, the genes in the
2021135 showed an up-regulation in expression with light exposure and no significant changes in
expression under bagging treatment. Cluster 13 (295 DEGs) and Cluster 16 (498 DEGs) were similar,
showing lower expression under bagging treatment than light treatment in ‘2001402°, while showed no
significant changes in expression under both treatments in ‘2021135°.

In the K-means clustering analysis, a total of 18 DEGs related to the light signaling pathways and
anthocyanin synthesis pathway were finally detected, including PHYA (c124786.graph c0), PHYB-1
(c106435.graph_c0), PHYB-2 (c122807.graph c0), CRYI1b-1 (c107160.graph c0), FKFI (c119423.
graph_c0), UVRS-1 (c116302.graph_c0), UVRS-2 (c121876.graph_c0), UVRS-3 (c122272.graph_c0), HYS
(c120662.graph _c0), SPAI (c122020.graph c0), RUP2 (c120802.graph c0), WRKY40 (c111000.
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graph c0), MYB3 (c108549.graph cl), MYBI3 (c76800.graph c0), CHSI (c114859.graph c0), CHI-2
(c115206.graph_cl), F3’H-2 (c113373.graph _c0), and ANS (c113803.graph_c0). The results are shown in
Table S6. Thus, we have obtained a total of 30 key genes with differential expression through
transcriptome analysis.
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Figure 7: Analysis of DEGs in 7 clusters matched the expected expression trends

3.7 Expression Pattern of Flower Development-Related Genes in Light Influencing Anthocyanin
Biosynthesis
To avoid missing genes in the transcriptome analysis clustering algorithm, we further filtered genes
annotated to the light signal pathway and anthocyanin synthesis pathway in the transcriptome, resulting in
16 genes related to the light signal pathway or anthocyanin synthesis.

According to the annotations of NR and Swissprot, we identified two unigenes annotated as red light
receptors PHYSs, respectively PHYC (c111957.graph_c0) and PHYE (c118794.graph_c0). Four unigenes
annotated as blue light receptors CRYs, including CRYI (c107160.graph cl), CRYIa (c124901.
graph_c0), CRY1b-2 (c107160.graph_c3), and CRY2 (c118543.graph_c0). We also found five unigenes
annotated as UV-B receptor UVRS, namely UVRS-4 (c120777.graph _c0), UVRS-5 (c123052.graph_c0),
UVRS-6 (c112558.graph_c0), UVRS-7 (c115587.graph c0), and UVRS-8 (c113730.graph_c0). There is
one unigene annotated as the inhibitor of photomorphogenesis COPI (c106643.graph _c0). Additionally,
we identified three PIF family transcription factors, PIF1 (c117264.graph_c0), PIF3 (c121983.graph c0),
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and PIF7 (c104014.graph_c0), as well as one WRKY transcription factor, WRKY65 (¢98625.graph_c0).
Combining the three gene selection methods, we obtained a total of 46 differentially expressed genes
(results are shown in Table S6).

RT-PCR analysis obtained 23 genes that appeared to be differentially expressed in ray florets of non-
photosensitive chrysanthemum and photosensitive chrysanthemum (gels are presented in Fig. S5). These
genes were selected for further validation by RT-qPCR in non-photosensitive chrysanthemums
(20001402) and photosensitive chrysanthemums (2021135, Fig. 8). From the RT-qPCR results, seven
genes were found not to be differentially expressed in two genotypes (Fig. S6a). Finally, we obtained
16 genes that appeared to be differentially expressed in light-independent and light-dependent floret
(Fig. S6b).
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represents the Log2. Genes that are up-regulated appear in red, and those that are down-regulated appear in blue

To determine the blue light signaling pathway and anthocyanin synthesis transcription factors’ function
of anthocyanins light-independent synthesis, we isolated full-length cDNA sequences of CmCRY2,
CmFKF1, CmBIC1, CmHYS5, CmWRKY40, CmMYB6, CmMYB13 and CmbHLH?2 in the 2001402’ and
2021135’ ray florets. Except for CmBICI, no differences were observed in these genes amino acid
sequences of the ‘2001402’ and ‘2021135’ ray florets (Figs. S7-S13). In 2001402, we identified two
CmBICI sequences (Fig. S10b). The longer one was the same as it in 2021135, so we named the longer
one CmBICI.1, while the shorter one was CmBIC1.2.

3.8 Experimental Verification of the Regulatory Relationship between Anthocyanins Light-Independent
Synthesis-Related Genes and Target Gene CmCHS?2
Investigating the interaction mechanisms of transcription factors, CmCRY2 and CmFKF1 were found to
interact with each other. Additionally, it was discovered that CmbHLH2 can interact with CmMYB6 and
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CmMYBI13, forming the MBW complex (Fig. 9a). We have isolated and characterized the promoters of
anthocyanin biosynthesis structural genes CmCHS in chrysanthemum. There were two light responsive
elements, Box 4 and G-box. Additionally, A variety of cis-regulatory elements have been identified in the
promoter sequences of CmCHS?2, including those responsive to abscisic acid responsive (ABRE), methyl
jasmonate responsive (CGTCA-motif, TGACG-motif), salicylic acid response element (CCATCTTTTT),
auxin response element (TGA-box), and low-temperature response element (LTR). This suggests that the
activity of the CmCHS2 promoter may be influenced by light, abscisic acid, methyl jasmonate, salicylic
acid, auxin and low-temperature. To investigate the regulatory role of CmBIC1 in the anthocyanin
biosynthetic pathway, yeast hybrid experiments were conducted with CmBIC1.1 and CmBIC1.2 and the
promoter of CmCHS2. The yeast one-hybrid assay revealed that two CmBICs directly participant in
anthocyanin synthesis by binding to the promoter of CmCHS?2 (Fig. 9b).
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Figure 9: Yeast hybrid assays. (a) Y2H assays revealed interactions between CmFKF1 and CmCRY2,
CmMYB6 or CmMYBI3 with bHLH2; (b) Y1H assays revealed the binding of CmBICI1.1 and
CmBIC1.2 with the anthocyanin biosynthesis gene CmCHS2 promoter; (¢) Schematic of the differences
between the CmBIC1 promoters in 2001402 and 2021135 showing positions of the ATG translation start
site, 210 bp segment, the I-box, and the AuxRR-core in 2021135. To the right of the schematics are
representative phenotypes



Phyton, 2024, vol.93, no.7 1613

We further isolated the promoter of CmBICI in two non-photosensitive chrysanthemums ‘2001402’ and
‘GB200’, as well as in five photosensitive chrysanthemums ‘2021135°, 2004034°, 2032086’, ‘1907086’
and ‘1902077°. By conducting a multiple sequence alignment of the CmBICI promoters in these seven
genotypes, we discovered a 210 bp segment exclusively present in non-photosensitive chrysanthemums
(Figs. 9c and S14). Due to the insertion of this segment, we identified an additional light-responsive
element (I-box) and an auxin-responsive element (AuxRR-core). So we indicated that CmBIC1 in non-
photosensitive chrysanthemum might participate in the regulation of auxin.

4 Discussion

4.1 The Impact of Light on the Coloration of Ray Florets Varies among Different Chrysanthemum

Genotypes

Anthocyanins, belonging to the flavonoid family, are the main pigment in many flowers. Light plays a
vital role in regulating anthocyanin biosynthesis [53]. In this study, shading treatment was applied to the
capitulum of 103 chrysanthemum genotypes, and we found that most of the flowers under dark would
fade considerably (Fig. 2a,b). As a result, 12 chrysanthemums were identified as light-independent
anthocyanin accumulation, 40 as light semi-dependent anthocyanin accumulation, and 51 as light-
dependent anthocyanin accumulation. This feature of photosensitive chrysanthemum that anthocyanins
biosynthesis occurs in light-grown plants and does not occur in dark-grown plants was consistent with
Arabidopsis and apple [54]. Similarly, The pigmentation of the ray florets of the chrysanthemum
genotype ‘Purple Reagan’ is influenced by light [42].

Higher plants detect distinct ranges of light wavelengths, including ultraviolet-B to far-red, through
various photoreceptors. The exposure of plants to various qualities of light can trigger distinct
developmental reactions, such as the production of anthocyanin. In tomatoes, exposure to blue light and
the overexpression expression of CRY 1a have been found to be associated with increased accumulation
of anthocyanin [19], while the total anthocyanin content in strawberry after treatment with the blue films
was observed to be significantly lower than that of other treatment [55]. Here, we report that the
photosensitive chrysanthemum ‘2021135 is significantly responsive to blue light, and blue light
supplemented with UV light results in higher anthocyanin accumulation in the ray florets. Moreover,
when the chrysanthemums were exposed to both blue and UV-A/B light simultaneously, the accumulation
of anthocyanin significantly increased compared to the anthocyanin accumulation when exposed to either
blue or UV-A/B light alone. This suggests a synergistic effect between blue and UV-B light exposure.
Similar synergistic effects have been observed in turnip seedlings [56].

The coloration of light-independent is of significant research importance for all plant species, such as the
discovery of the sunlight-independent synthesis of anthocyanins in grapes ‘Jingyan’ [57]; turnip “Tsuda”
(Brassica rapa) accumulates anthocyanin in a light-dependent manner [58]; anthocyanin accumulation in
the dark-red ‘Hongdeng’ fruits is minimally influenced by light conditions [4]. Through the pigment
content determination, the anthocyanin biosynthesis of the ray floret of ‘2001402’ remained at a relatively
high level. This further demonstrates the important effect of the production of research on non-
photosensitive chrysanthemums.

All tomato plants displayed an anthocyaninless phenotype under low-light conditions, regardless of their
genetic background [5]. In contrast, We performed reciprocal crosses using the non-photosensitive
chrysanthemum ‘2001402’ and the photosensitive chrysanthemum ‘B200’ as parents. After bagging, all
44 hybrids were able to synthesize anthocyanin, confirming the dominant nature of the light-independent
trait in chrysanthemums. As the ability of the hybrids to accumulate anthocyanin in dark conditions
varied, we speculate that the light-independent trait in chrysanthemums is determined by more than one
dominant gene. This is different from the genetic analysis, which showed that the non-photosensitivity
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phenotype in eggplant is controlled by a singular dominant nuclear gene [59]. This result indicates that the
light-independent synthesis of anthocyanin in chrysanthemums is complex.

4.2 Regulation of Anthocyanin Light-Independent Biosynthesis in Chrysanthemum by Light Signal
Transduction Factors
By the RNA-Seq analysis, RT-PCR, and RT-qPCR analysis, we analyzed the regulation of light-
independent for chrysanthemum. Our study discovered three types of light receptors: the blue light
receptors CRY2 and FKF1, the red and far-red light receptors phytochromes phyA, and two UV-B light
receptors UVRS.

Cryptochromes are the most widespread photoreceptors in plants that control growth and development.
The CRY apoprotein contains two domains: the N-terminal PHR domain and the C-terminal CCE domain
[60]. CmCRY2 in this research showcases highly conserved PHR and CCE domains at both termini,
indicating similar functions in regulating plant growth. The CCE domain, as a cryptochrome effector
domain, interacts with COP1 via its WD40 domain. In dark-grown Arabidopsis plants, COP1 plays a
pivotal role in light signal transduction by engaging with light receptors and target proteins, and
anthocyanin biosynthesis failed to occur [61]. Aside from the WD40 domain, COP1 features an RING-
finger domain accountable for degrading various photomorphogenesis-promoting transcription factors
[62]. COP1 exhibits E3 ubiquitin ligase activity and the ability to interact with light receptors upstream.

HYS5, a bZIP protein, functions as a controller of photomorphogenic growth and acts as a light-
controlled developmental molecular toggle; this conclusion has also been verified in eggplant [18,63]. In
this study, the expression level of CmHY5 shows a similar trend to the relative content of anthocyanins
and the expression levels of anthocyanin biosynthetic structural genes CmCHS2, CmDFR, and CmANS
(Figs. 3b and 7b), indicating that CmHY5 involved in non-photosensitive chrysanthemums.

In Arabidopsis thaliana, AtFKF1 can interact with and negatively regulate COP1. This is similar to the
expression tendencies of CmFKFI in our study, in which the high expression of CmFKFI reduces the
activity of the COP1 complex, releasing a large amount of CmHYS5 and further promoting anthocyanin
synthesis. During the process of FKFI expression change, only the protein-level function of the
COP1 complex is affected, while the transcription level may remain unchanged. We speculate that this
explains the role of COP1 as a pivotal mediator in the light signal transduction pathway, yet the
expression tendencies in different photosensitivity types of chrysanthemums are irregular. For COP1 in
dark conditions, it first interacts with one or more specific promoter binding proteins, and then binds to
the target promoter to regulate transcriptional activity [25]. Except for HYS5, COP1 actively
polyubiquitinates many regulators, such as HFR1, PAPs, and CIPs, leading to suppressed light signal
transmission and photomorphogenesis in the absence of light [64]. The CmCIP7 discovered in this study
is a positive regulator of photomorphogenesis and anthocyanin formation, whose expression trend was
consistent with the changes in anthocyanin content. In eggplant, SmCIP7-RNAi fruits exhibited a
noticeable reduction in the presence of anthocyanins [27]. Based on the above analysis, we speculated
that the irregular expression pattern of CmCOPI may be due to the regulation of multiple regulatory
factors and their complex mutual regulatory interactions.

In the intricate orchestration of the UVR8-mediated UV-B response, numerous molecular components
play pivotal roles. Upon UV-B irradiation, UVR8 homodimers monomerize instantaneously to active
monomers and activate the UV-B signaling pathway, thereby regulating the transcriptional expression of a
series of downstream target genes. In the intricate orchestration of the UVR8-mediated UV-B response,
numerous molecular components play pivotal roles. Upon exposure to UV-B irradiation,
UVRS8 homodimers promptly transform into active monomers, thereby initiating the UV-B signaling
cascade. This activation modulates the transcriptional expression of a diverse array of downstream target
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genes. Notably, the RUP1 and RUP2 proteins, both belonging to the WD40-repeat protein family, they
achieve this by suppressing the expression of HYS which governs the expression of genes involved in
anthocyanin biosynthesis [65]. The RLL4 gene in red lettuce leaves encodes a WD40 transcription factor,
homologous to the RUP genes in Arabidopsis. However, a mis-sense mutation within the »/l4 gene
diminishes its suppressive function, ultimately resulting in a significant accumulation of anthocyanins
[66]. Here, the expression pattern of CmRUP2 correlates with changes in anthocyanin accumulation,
suggesting that its structural domain might also have a mutation, which led to the loss of its inhibitory
effect on light signaling transduction and anthocyanin biosynthesis. RT-qPCR validation showed that
UVRS has different expression patterns among the two types of chrysanthemums (Fig. 7b). Two
CmUVRSs with expression patterns consistent with anthocyanins were identified in this study. Similarly,
SmUVRS is a key photoreceptor for its anthocyanin synthesis in non-photosensitive eggplants [67].
Extant research has demonstrated that UVRS possesses the capacity to stimulate anthocyanin synthesis in
radish sprouts and Arabidopsis, and this synthesis process is contingent upon the presence on light [68,69].

Despite being the primary receptor for UV-B, estimates suggest that the photon absorption of UVRSE in
sunlight extends into the blue spectral region. Consequently, it has been observed that UVRS exerts an
influence on blue light-induced gene expression [70]. In our study, blue and UV-A co-irradiation can
significantly promote anthocyanin accumulation in chrysanthemums. So we predict that CmUVRSs also
play an essential role in anthocyanins light-independent synthesis in chrysanthemum.

4.3 Blue Light Signal Transduction of Anthocyanins Light-Independent Synthesis in Chrysanthemum
We subjected the photosensitive chrysanthemum ‘2021135’ to different light qualities. As a result, the
accumulation of anthocyanins in the ray florets of the chrysanthemum was highest under blue light treatment
(A = 460 nm). Furthermore, we observed differences in the sequence of both the ORF and promoter of
CmBICl, indicating that the blue light-mediated BIC1 in chrysanthemum has significant implications for
non-light-dependent processes. Therefore, we further investigated the light signal transduction pathway
mechanism involving the blue light receptors CmFKF1, CmCRY2, and the blue light signaling factor
CmBICI. Yeast two-hybrid experiments indicated that besides the interaction between CmCRY2 and
CmFKF1, both CmBIC1 variants were unable to interact with other transcription factors under light and
dark conditions (Fig. S15). However, in Arabidopsis, both BIC1 variants could interact with the CID
(CRY-Interacting Domain) and PHR domains of CRY?2 under light and dark conditions [30].

We cloned the promoter of CmBIC1, and through multiple sequence alignment of CmBIC1 promoters
from 7 genotypes, we identified a 210 bp segment that is unique to non-photoperiodic chrysanthemums. This
insertion led to the presence of an additional light-responsive element I-box and an auxin-responsive element
AuxRR-core in the CmBIC1 promoter of non-photoperiodic chrysanthemums. I-box is speculated to be the
binding site for HYS5 [71]. In Gynandropsis gynandra, in vivo binding of light-responsive elements such as
G-box and I-box motifs were associated with the rapid increase in transcripts of C4 genes, and the analysis
confirmed that regions containing G-boxes and I-boxes were necessary for high expression [72]. Many
studies suggest a significant role for auxin in light-mediated plant growth, for instance Arabidopsis
CRY1 physically interacts with AUX/IAAs in a blue light-dependent way to hinder auxin signaling and
hypocotyl elongation [6]. We hypothesize that similar mechanisms exist in non-photosensitive
chrysanthemums. Given that the putative HY5 binding site I-box and auxin-responsive element was
discovered in the promoters, we propose that the regulation of CmBICI in non-photosensitive
chrysanthemum by HY5 and auxin, which allows high expression of CmBICIs under darkness, thereby
promoting the transcription of downstream anthocyanin structural genes.

Through yeast one-hybrid experiments, it has been demonstrated that CmBIC1 can bind to the
downstream CHS promoter. In eggplant and tomato, the anthocyanin biosynthesis activator CRY
promotes the accumulation of anthocyanins [18,19]. Both CmCRY2 and CmBIC1 in chrysanthemum
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show consistent changes in anthocyanin content, and CmBIC1 can bind to the downstream CHS promoter,
similar to the functional study of BIC in eggplant [31]. Therefore, we have reason to speculate that
CmBIC1 binds to CmCHS2 promoter and activates its expression, leading to the accumulation of
anthocyanins.

4.4 Key Genes Were Involved in Anthocyanin Synthesis

Through transcriptome comparison and expression pattern validation, we found that CmCHS2, CmDFR,
and CmANS were down-regulated after shading in photosensitive chrysanthemums, but in non-
photosensitive chrysanthemums, there is no significant decrease in expression, and they still had a high
expression level in dark conditions.

On the one hand, structural genes of anthocyanin biosynthesis are simultaneously regulated by the
activated transcription factors. We also screened for 4 TFs with the same expression pattern as the
structural genes, which contained 2 MYBs, 1 bHLH, and 1 WRKY (Fig. 7b). On the other hand, upon
receiving a light signal, photoreceptors will proceed to adjust the activity of transcription factors (TFs),
such as MYBs, bHLHs, and WD40. This process regulates the expression of structural genes, thereby
exerting a profound impact on anthocyanin biosynthesis subsequently. At present, numerous R2R3-MYB
transcription factors have been identified as key regulators involved in modulating anthocyanin synthesis,
and some of them have been found to respond to light [9]. Sunlight exposure enhanced, while bagging
suppressed the expression of LcMYBI and accumulation of anthocyanin in the pericarp [73]. All
SG6 R2R3-MYB genes control early anthocyanin biosynthesis in vegetative tissues [74,75]. After
silencing ScMYB6 in Senecio cruentus, the leaves failed to accumulate anthocyanins, and the expression
of structural genes decreased significantly [52]. Exposure to high light intensities triggers the expression
of MYBI12/PFG1 and MYBI111/PFG3, members of the R2R3-MYB family derived from subgroup 7
(SG7) [76].

Based on differentially expressed genes between two types of chrysanthemums, we screened out
CmMYB6 and CmMYB13 from the S6 and S7 subfamily, respectively, and CmbHLH?2 from bHLH gene
family, whose expression patterns correspond to changes in anthocyanin content. The CmMYB6 gene has
been previously reported in chrysanthemum that over-expressed CmMYB6 could not separately induce
anthocyanin in ‘Jimba’ petals because its transactivation was bHLH-dependent. Until now, only
CmbHLH?2 has been identified as a co-regulator with CmMYB6 in chrysanthemum [38]. In this study, we
also found CmbHLH2 could interact with CmMYB6, which proved that MYB transcription factor and
MBW complex play a key role in chrysanthemum color (Fig. 8a). In addition to CmMYB6, we observed
that CmMYBI3 can interact with CmbHLH2 to form a complex. Within the same subfamily as
CmMYBI13, CmMYB7-1 emerges as a potential participant in the negative regulation of anthocyanin
biosynthesis [42]. However, CmMYBI13 presented an expression trend consistent with the changes in
anthocyanin content in our study (Fig. 7b). However, the expression trend of CmMYB13 was consistent
with the change of anthocyanins in this study (Fig. 7b), so we believe that CmMYB13 may have
unknown functions in the light-independent accumulation of anthocyanins in chrysanthemum.
Subfamilies 2, 5 and 24 have been identified as regulators that play crucial roles in modulating flavonoid
or anthocyanin metabolism [42]. In our study, the CmbHLH2 was from subfamily 5.

WRKY transcription factors are one of the most prominent transcription factor families in plants, and
they are an integral part of the signaling network regulating many plant processes, including anthocyanin
metabolism. For example, in eggplant, SmMWRKY44 has been found to significantly increase anthocyanin
accumulation, while in apple, MdAWRKY40 can decrease the inhibition of anthocyanin synthesis by
MdWRKY 111, and simultaneously enhance the promotion of downstream structural genes by MAMYBI,
thereby increasing anthocyanin accumulation. Similarly, in Arabidopsis, ectopic expression of
BnWRKY41-1 can directly promote anthocyanin biosynthesis [31,5,77]. In this study, a
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CmWRKY40 was screened, and its expression pattern was consistent with changes in anthocyanin content.
However, phylogenetic analysis indicated that CmWRKY40 is homologous to AtWRKY40, which is an
important component of WRKY-mediated ABA signal transduction. Exogenous abscisic acid (ABA)
treatment reduced its transcription and translation [78]. ABA also participates in controlling anthocyanin
biosynthesis [79]. Therefore, it is speculated that chrysanthemum CmWRKY40 positively regulates
anthocyanin accumulation through a similar pathway.

5 Conclusion

This study applied comparative transcriptome and yeast two/one-hybrid verification to elucidate the
underlying molecular mechanism for anthocyanins light-independent synthesis in chrysanthemum. The
comprehensive analyses have elucidated that the structural genes and transcription factors associated with
photosensitivity in chrysanthemums undergo significant downregulation following exposure to shading
conditions. In contrast, the expression levels in non-photosensitive chrysanthemums under dark
conditions did not show significant down-regulation, and some genes even showed up-regulation. We
believe that PHYA, CRY2, FKF1, UVRS-1, UVRS-2, HYS, CIP7, BIC1 (BICI.1 and BIC1.2), RUP2,
WRKY40, bHLH2, MYB6, and MYB13 may be involved in the regulation of light-independent
anthocyanin biosynthesis in chrysanthemums. Through yeast one-hybrid verification, we found that a key
light signal transduction factor, CmBIC1 can directly promote the expression of the anthocyanin
structural gene CmCHS?2. At the same time, the blue light receptor CmCRY2 can interact with CmFKF1,
and CmbHLH2 can interact with CmMYB6 and CmMYB13. Our findings provide crucial insights that
enhance the understanding of the formation mechanism of anthocyanins light-independent synthesis in
chrysanthemum and provide a new strategy for energy-saving and environmental protection in
horticultural production.
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