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Abstract
Flower color is a key trait determining the commercial value of ornamental plants. As changes in flower color are increasingly appealing to home gardening

consumers, they have become a key trendsetter for future breeding. However, the molecular mechanism underlying flower color change during the post-

flowering stage in flowers remains unclear. In this study, the chrysanthemum cultivar 'f23' (exhibiting deepening flower color with flower aging) was used to

explore  post-flowering  flower  color  change  via  an  integrated  approach  of  HPLC  and  transcriptomic  analyses.  HPLC  results  showed  that  two  cyanidin

glycosides accumulated significantly in ray florets during the post-flowering stage, whereas the total flavonoid content decreased. Transcriptomic analysis

revealed that differentially expressed genes were mainly enriched in flavonoid biosynthesis and plant hormone signal transduction pathways. Notably, the

ABA  signal  transduction  gene CmSnRK2.6 was  identified  as  a  hub  gene  regulating  anthocyanin  biosynthesis  during  the  post-flowering  stage.  Over-

expression of CmSnRK2.6 in tobacco resulted in deepened flower color and increased anthocyanin accumulation, accompanied by significant upregulation

of core anthocyanin biosynthetic genes.  Yeast two-hybrid (Y2H) assays verified a direct physical  interaction between CmSnRK2.6 and CmbHLH2.1.  Yeast

one-hybrid (Y1H) and dual-luciferase assays further confirmed that CmbHLH2.1 directly binds to the promoter of CmDFR and activates its transcription. This

study provides a theoretical basis and abundant genetic resources for molecular breeding aimed at flower color improvement in chrysanthemums.
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 Introduction
Chrysanthemum (Chrysanthemum × morifolium Ramat.) is a tradi-

tional  Chinese  flower  with  cultural  significance,  ornamental  value,
and economic importance[1,2].  Flower change is  not only correlated
with pollinator behavior but also serves to improve the ornamental
value.  However,  most  chrysanthemum  cultivars  exhibit  flower  fad-
ing during the post-flowering stage, which has become a key bottle-
neck restricting the industrial  development of chrysanthemums[3,4].
In contrast,  only a few of the chrysanthemum cultivars show deep-
ening of  flower color during the post-flowering stage.  The molecu-
lar regulatory mechanism of flower color change in chrysanthemum
remains poorly understood and requires targeted research.

The  flower  color  change  during  senescence  is  primarily  driven
by  the  dynamic  changes  in  anthocyanin  metabolism.  Variations  in
pigment  composition  and  content  directly  determine  the  flower
color  change[5,6].  Studies  have  shown  that  flower  fading  in  some
species  is  caused  by  the  inhibition  of  anthocyanin  biosynthesis  or
the  acceleration  of  its  degradation,  such  as  in Brunfelsia  latifolia[7],
Michelia crassipes[8], and Paeonia lactiflora[9]. The flower color change
from white to pink in Oenothera tetraptera is caused by the increase
of  anthocyanin  content,  particularly  cyanidin-3-glucoside  (Cy3G)
and  isosorbide  glycoside[10].  The  flower  color  change  of Oenothera
laciniata and Oenothera  stricta follows  a  comparable  pattern.  The
deepening orange-red color of Lonicera tellmanniana petals is asso-
ciated with the content changes in two cyanidin glycosides and two

peonidin  glycosides[11].  Previous  studies  have  demonstrated  that
anthocyanin glycosides are synthesized from phenylalanine through
catalysis  by phenylalanine ammonia-lyase (PAL),  chalcone synthase
(CHS),  chalcone  isomerase  (CHI),  flavanone  3-hydroxylase  (F3H),
flavonoid  3'-hydroxylase  (F3'H),  flavonoid  3',5'-hydroxylase  (F3'5'H),
dihydroflavonol  4-reductase  (DFR),  and  anthocyanidin  synthase
(ANS)[12,13].  They  are  modified  by  flavonoid  3-O-glucosyltransferase
(UFGT),  other  methyltransferases  (MT),  and  acyltransferases  (AT),
before being transported to vacuoles for coloration[14−16]. The entire
process  is  regulated  by  the  MBW  complex  formed  by  the  MYB,
bHLH,  and  WD40  transcription  factors  (TFs)[17−19].  For  example,
XsMYB113s in Xanthoceras sorbifolium activate XsF3'H and XsANS to
promote  anthocyanin  accumulation  at  the  petal  base,  causing  a
color  change  from  yellow  to  purple[20].  Flower  fading  in Nelumbo
nucifera is  associated  with  the  downregulated  expression  of
NnMYB5, NnCHS, NnANS,  and NnUFGT[21].  However,  regulatory  net-
works  vary  significantly  among  species.  As  an  allopolyploid  plant,
the  molecular  mechanism  underlying  flower  color  change  during
the  post-flowering  stage  in  chrysanthemum  has  not  been  fully
elucidated.

Recent  studies  indicate  that  abscisic  acid  (ABA)  mediates  the
interplay  between  senescence  signals  and  anthocyanin  glycoside
metabolism  to  regulate  flower  color[22−24].  Exogenous  ABA  appli-
cation  can  induce  anthocyanin  accumulation  in Vaccinium  corym-
bosum seedlings[25]. LcNAC90 in Litchi  chinensis activates  antho-
cyanin biosynthesis in response to ABA[26]. Under salt stress, LrMYB1
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in Lycium  ruthenicum mediates  ABA-dependent  anthocyanin
accumulation[27].  By  comparison,  most  chrysanthemum  research
focuses  on  senescence  and  flower  fading  mechanisms.  For  exam-
ple,  the  cut  chrysanthemum  'Dante  Purple'  regulates  flower  fading
via the sucrose-CmMYB6/CmMYB#7 pathway[28]. Whereas 'Nannong
Fencui'[29] and  'Anastasia  Pink'[30] suppress CmANS and CmDFR
expression  through  CmMYB3-like  or  CmMYB21  to  reduce  antho-
cyanin synthesis. Only Wang et al.[31] found that CmNAC25 activates
CmMYB6/CmDFR to  regulate  anthocyanin  biosynthesis  during  the
post-flowering stage in  'Arctic  Queen'.  Despite  these advances,  the
underlying  molecular  regulatory  network  remains  poorly  under-
stood,  especially  the  specific  role  of  the  ABA  signaling  pathway  in
flower color change during the post-flowering stage.

This  study  identified  a  unique  chrysanthemum  cultivar  'f23'.  Its
flower color changes significantly from white to reddish-purple dur-
ing  the  post-flowering  stage,  with  obvious  differences  in  pigment
changes between inner and outer ray florets. This cultivar, therefore,
represents  an  ideal  material  for  exploring  the  molecular  mecha-
nisms  of  flower  color  change  (with  deepening  flower  color)  dur-
ing  the  post-flowering  stage.  In  this  study,  we  performed  HPLC  to
analyze the dynamic changes of  anthocyanin glycosides  and flavo-
noids  in  inner  and  outer  ray  florets  of  'f23'  throughout  the  whole
flowering  process  (S1–S7).  Combined  with  transcriptomic  analysis,
we  identified  transcription  factors  and  anthocyanin  biosynthetic
genes  involved  in  flower  color  change  during  the  post-flowering
stage.  Focusing  on  the  ABA  signal  transduction  gene CmSnRK2.6,
we  analyzed  its  sequence  characteristics,  phylogenetic  relation-
ships,  subcellular  localization,  and  protein–protein  interaction
with  CmbHLH2.1.  Meanwhile,  preliminary  functional  verification  of
CmSnRK2.6 was  conducted  via  ectopic  overexpression  in  tobacco.
The  study  aims  to  clarify  the  molecular  mechanism  of  flower  color
change  during  the  post-flowering  stage  in  chrysanthemum,  and
provide  insights  into  the  theoretical  framework  for  flower  color
change in other ornamental plants.

 Materials and methods

 Plant materials
The chrysanthemum cultivar 'f23' used in this study was obtained

from  the  Chrysanthemum  Resource  Garden  of  Beijing  Forestry
University. Its capitulum development was divided into seven stages
(S1−S7):  pre-bud  burst  stage  (S1,  ray  florets  fully  protruding  from
involucres  but  not  expanded,  all  curved  inward),  late  bud  burst
stage  (S2,  outer  ray  florets  erect  but  not  expanded),  initial  bloom
(S3,  outer 1–2 whorls  of  ray florets expanded),  middle bloom stage
(S4, outer 3–5 whorls of ray florets expanded), final bloom stage (S5,

outer  6–8 whorls  of  ray  florets  fully  expanded,  inner  tubular  florets
fully  open),  early  post-flowering  stage  (S6,  ray  and  tubular  florets
fully  expanded,  inner  ray  florets  white,  outer  ray  florets  turning
reddish-purple),  and  late  post-flowering  stage  (S7,  ray  and  tubular
florets  fully  expanded,  both  inner  and  outer  ray  florets  turning
reddish-purple). Inner ray florets (IR) at each stage were denoted as
IR1–IR7, and outer ray florets (OR) as OR1–OR7 (Fig. 1a, b).

Experiments were conducted from November 2022 to June 2025
at the Beijing Key Laboratory of Ornamental Plants Germplasm Inno-
vation  and  Molecular  Breeding  (Beijing,  China),  National  Engineer-
ing  Research  Center  for  Floriculture  (Beijing,  China),  and  School  of
Landscape  Architecture,  Beijing  Forestry  University  (Beijing,  China).
To  ensure  the  consistency  of  experimental  materials,  ray  florets  of
chrysanthemum 'f23' were collected under the same growth condi-
tions. Petals were harvested from three individual plants of chrysan-
themum 'f23' at each developmental stage, respectively, and mixed
as  one  biological  replicate.  Three  biological  replicates  were  pre-
pared.  Tobacco  plants  were  cultivated  in  growth  chambers  under
consistent  long-day  conditions  (16-h  light/8-h  dark)  and  used  for
transient expression assays at 4 weeks post-germination. All samples
were quickly frozen in liquid nitrogen and stored at −80 °C.

 Determination of anthocyanin and accessory
pigments

Approximately 0.1 g of ray florets from each sample was weighed
and  ground  into  powder  in  liquid  nitrogen.  One  mL  of  extraction
solution was added (methanol : double-distilled water : formic acid :
trifluoroacetic  acid  =  70:27:2:1,  v/v/v/v)  at  4  °C,  and  shaken  once
every 6 h, for 24 h. Subsequently, the extract was filtered through a
0.22 μm  nylon  membrane,  and  the  supernatant  was  collected
for  determination.  Each  sample  was  extracted  three  times.  A  Tu-
1901  double-beam  UV-visible  spectrophotometer  (Persee,  Beijing,
China)  was  used  for  scanning  in  the  ranges  of  220–700  nm  and
400–500  nm  to  initially  identify  pigment  components  in  the  ray
floret samples.  HPLC analysis was performed using an Agilent 1100
liquid chromatograph (Agilent Technologies Inc.,  La Jolla, CA, USA).
The  column  temperature  was  35  °C,  and  the  injection  volume  was
10 μL. Each sample was repeated three times, and chromatographic
peak  values  were  read  at  350  nm  (for  accessory  pigments),  and
525 nm (for anthocyanin). The standard preparation method referred
to  Sun  et  al.[32],  and  the  quantitative  analysis  method  referred  to
Lin & Harnly[33].

 Sample preparation, transcriptome sequencing,
and DEGs analysis

Total RNA was extracted from inner and outer ray florets of 'f23' at
capitulum development stages S5 to S7 using an RNA extraction kit
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Fig. 1  The flower color change of cultivar chrysanthemum 'f23'. (a) The whole plants of 'f23' during flower phases (top view). (b) Flower color changes of
inner and outer ray florets at different developmental stages in 'f23'.
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(Vazyme,  Nanjing,  China)  for  RNA-seq.  Each  sample  had  three
biological replicates. Eighteen 'f23' cDNA libraries were constructed
from these samples and sequenced on the Illumina HiSeq2500 plat-
form  (Gene  Denovo,  Guangzhou,  China).  After  quality  control  with
fastp,  high-quality  clean  reads  were  aligned  to  the C. morifolium
reference  genome  (https://doi.org/10.6084/m9.figshare.21655364)
using HISAT2 (v2.1.0)[34] with alignment rates > 85%, and the filtered
reads  were  further  assembled  with  Trinity  (v2.15.1)[35].  Blastx  was
used to align assembled sequences to the KEGG protein databases
(e-value  <  0.00001)  to  obtain  functional  annotation  information.
RSEM[36] was  used  to  calculate  gene  expression  levels  in  each
sample.  Poisson Dis[37] was used for  DEGs analysis  with parameters
set to FDR-adjusted ≤ 0.05 and |LOG2FC| ≥ 1. To identify the expres-
sion  trends  of  DEGs  in  all  analyzed  samples,  we  used  the  K-means
clustering approach[38]. A total of 19,911 genes (with FPKM ≥ 1) were
utilized for analysis. First, the sum of the squared error (SSE) estima-
tion  was  used  to  determine  the  optimal  number  of  clusters.  The
expression  value  of  these  genes  was  then  scaled  and  centered  to
fit into the range (−3.0 to 3.0) and subjected to the K-means cluster-
ing  procedure.  Subsequently,  the  correlation  of  each  gene  from
the  clusters  with  cluster  centroid  (cluster  core)  values  was  calcu-
lated.  Genes  with  correlation  scores  below  0.8  were  filtered  out.
The  results  were  visualized  using  the  R  packages  pheatmap  and
ggplot2[39].

 Weighted gene co-expression network analysis
(WGCNA)

Genes with FPKM ≥ 1 in the transcriptome of 'f23' ray florets were
selected  for  WGCNA[40].  First,  a  gene  co-expression  network  was
constructed using weighted gene expression correlations. Hierarchi-
cal  clustering  analysis  was  performed  based  on  weighted  correla-
tions, and clustering results were divided according to set criteria to
obtain  different  gene  modules.  Hierarchical  clustering  was  per-
formed  using  the  topological  overlap  matrix,  and  modules  were
delineated  using  the  dynamic  tree-cutting  algorithm  with  a  binary
eigengene-based  approach  to  define  module  boundaries.  Each
module was assigned a unique color and represented as a branch in
the dendrogram. Module-trait  associations were assessed by corre-
lating  module  eigengenes  with  anthocyanin  content  across  sam-
ples,  enabling the identification of modules significantly associated
with pigment biosynthesis. Cytoscape software was used to analyze
the interaction network of genes in related modules to screen genes
with  high  connectivity  in  the  regulatory  network.  TBtools  software
was  used  for  heatmap  analysis  for  the  expression  patterns  of  key
candidate genes.

 Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis

qRT-PCR technology was used to analyze the expression patterns
of  candidate  genes  in  ray  florets  at  different  flowering  stages.  A
plant RNA rapid extraction kit (Huayueyang Biotechnology Co., Ltd.,
Beijing, China) was used to extract total RNA from all samples. qPCR
was performed using a CFX Connect PCR instrument (Bio-Rad, USA)
with  reaction  conditions:  95  °C  pre-denaturation  for  30  s,  95  °C
denaturation for 5 s, annealing for 30 s, 72 °C extension for 30 s, and
then  increasing  by  0.5  °C  every  5  s  within  the  range  of  65–95  °C.
After  40 cycles,  the melting curve was recorded. CmPP2A was used
as the reference gene, and gene expression levels were determined
using the 2−ΔΔCᴛ method[41].  Each sample had three biological repli-
cates and three technical replicates. Primer sequences are shown in
Supplementary Table S1.

 Phylogenetic and conserved domain analysis of
CmSnRK2.6 and CmbHLH2.1

Homologs  of  CmSnRK2 were  identified by  BLAST (v2.15)  with  an
e-value cutoff of 1e−5 against the constructed protein database. The
protein  sequences  in  the  constructed  protein  database  include
the  genomic  protein  of  chrysanthemum  (https://cgd.njau.edu.cn),
Arabidopsis  (https://phytozome.jgi),  rice  (https://phytozome.jgi),
and  the  assembled  protein  sequences  of  the  'f23'  transcriptome.
Then, the multiple sequence alignments and phylogenetic relation-
ships  of  SnRK2  proteins  were  analyzed  using  DNAMAN  7.0  and
MEGA  11.0  software.  The  neighbor-joining  phylogenetic  tree  was
constructed in MEGA 11.0 with 1,000 bootstrap replicates to assess
node  reliability.  The  same  method  was  used  to  construct  an
unrooted  tree  of  protein  sequences  of CmSNRK2.6 and  its  homolo-
gous  genes  from  14  other  species.  To  identify  conserved  motifs  of
the  CmSNRK2.6  protein,  the  MEME  online  tool  (https://meme.sdsc.
edu/meme/intro.html) was first used for conserved motif prediction.
Then, the Pfam database (https://pfam.xfam.org) was used to check
whether all obtained SnRK2 amino acid sequences contained SnRK2
family domains.

Similarly,  the Arabidopsis  thaliana genome  and  transcriptome-
assembled  proteins  of  'f23'  were  used  to  screen  for  bHLH  family
proteins.  DNAMAN  7.0  and  MEGA  11.0  software  were  employed  to
analyze the multiple sequence alignment and phylogenetic relation-
ships of bHLH proteins. The same method was adopted to construct
an  unrooted  phylogenetic  tree  based  on  the  protein  sequences
of  CmbHLH2.1  and  its  homologous  genes  from  ten  other  plant
species.

 Subcellular localization
The  CDS  of CmSnRK2.6 and CmbHLH2.1 was  cloned  into  the

pBI121-GFP  vector.  Plasmids  containing  pBI121-GFP  and  pBI121-
CmSnRK2.6-GFP  were  transformed  into Agrobacterium  tumefaciens
GV3101,  which  was  then  used  to  infect  tobacco  leaves.  Three  days
after  inoculation,  GFP  (green  fluorescent  protein)  signals  were
detected using a Leica TCS SP8 confocal microscope (Leica, Wetzlar,
Germany).

 Yeast two-hybrid (Y2H) assay
The  CDSs  of CmSnRK2.6 and CmbHLH1.1, CmbHLH2.1,

CmbHLH147-like, CmMYB2.1,  and CmPHL7 were  individually  cloned
into  the  pGADT7  and  pGBKT7  vectors  via  homologous  recombina-
tion.  The pGBKT7-53/pGADT7-T and pGBKT7-lam/pGADT7-T served
as  the  positive  and  negative  controls,  respectively.  All  bait  con-
structs  were  first  tested  for  autoactivation.  Recombinant  pGBKT7
plasmids were co-transformed with the empty pGADT7 vector  into
Y2H Gold yeast cells, which were then incubated on DDO (SD/-Leu/-
Trp)  and  QDO  (SD/-Leu/-Trp/-His/-Ade)  plates  at  30  °C  for  3  d  to
observe  colony  growth.  After  ruling  out  bait  autoactivation,  pair-
wise  Y2H  interaction  assays  were  initiated.  Pairs  of  pGBKT7  and
pGADT7  recombinant  constructs  were  co-transformed  into  Y2H
Gold  cells  and  cultivated  on  DDO  plates  for  3  d.  Well-grown  yeast
colonies  were  serially  diluted  into  four  gradients  and  spotted  onto
QDO  plates.  The  physical  interactions  between  the  tested  proteins
were determined based on the growth status of yeast.

 Yeast one-hybrid (Y1H) assay
The  promoter  regions  of CmCHI, CmCHS, CmF3H, CmANS,  and

CmDFR were  cloned  into  the  pAbAi  vector  to  generate  bait  con-
structs,  and  the  CDS  of CmbHLH2.1 was  inserted  into  the  pGADT7
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vector  to  generate  the  prey  construct.  The  resulting  bait  vectors
were linearized and transformed into Y1H Gold yeast cells to obtain
bait  strains.  Prior  to  prey  vector  transformation,  the  minimum
inhibitory concentration of Aureobasidin A (AbA) for each bait strain
was determined to define the optimal screening stringency. Subse-
quently,  competent  yeast  cells  were  prepared  for  each  bait  strain
and separately transformed with the empty pGADT7 vector (serving
as  the  negative  control)  and  prey  construct.  The  transformed  cells
were  spread  onto  SD/-Leu  plates  and  incubated  at  30  °C  for  3  d.
Single  colonies  were  picked,  serially  diluted  to  four  gradients,  and
spotted  onto  SD/-Leu  plates  supplemented  with  the  optimal  AbA
concentration. Yeast colony growth was then observed to verify the
binding of the target protein to these promoters.

 Dual-luciferase activity assays
The CmDFR promoter fragment and CmbHLH2.1 CDS were cloned

into  pGreenII  0800-LUC  and  pGreenII  62-SK  vectors  to  generate
reporter and effector constructs, respectively. The recombinant plas-
mids  were  transformed  into Agrobacterium  tumefaciens GV3101
(pSoup). Agrobacterium cultures  containing  CmDFRpro-LUC  plus
empty  SK  (control)  or  CmDFRpro-LUC  plus  CmbHLH2.1-SK  were
mixed at a 1:1 ratio to infect tobacco leaves. After 72 h, LUC fluores-
cence was detected using an in vivo imaging system. Subsequently,
the infiltrated leaf tissues were fully ground, and the luciferase activ-
ities  were  determined  using  the  Dual  Luciferase  Reporter  Assay  Kit
(Vazyme, Nanjing, China) according to the manufacturer's protocol.
The firefly luciferase (LUC) and Renilla luciferase (REN) activities were
measured  with  a  multimode  microplate  reader,  and  the  relative
transcriptional activity was calculated as the ratio of LUC to REN.

 Results

 The chrysanthemum germplasm 'f23' exhibits
flower color change characterized by deepening

The continuous 3-year  observations  (October  11–24,  2022;  Octo-
ber  16–31,  2023;  and  October  20–November  11,  2024)  of  the  culti-
vated  chrysanthemum  'f23'  showed  that  'f23'  had  pale-yellow  or
white  flowers  in  the  early  flowering  stage.  The  color  of  ray  florets
gradually deepened from the outer to the inner whorls with flower
aging.  CIEL*a*b* measurements  showed  that  the  lightness  of  the
inner  and  outer  ray  florets  remained  stable  during  the  flowering
phase,  but  decreased  significantly  during  the  post-flowering  stage
in chrysanthemum 'f23'. Yellowness b* declined continuously, while
redness a* increased  markedly,  consistent  with  the  darkening  of
flower color. At the S7 developmental stage, L*, a*, and b* color coor-
dinates  were  determined  separately  for  the  inner  and  outer  ray
florets  of  chrysanthemum  capitula  (Supplementary  Fig.  S1).  These
values  were  subsequently  converted  to  the  Munsell  Color  System
(HVC).  The  inner  and  outer  ray  florets  corresponded  to  10RP  5/14
and  5RP  5/11,  respectively,  which  represent  the  ISCC-NBS  color
designations Strong reddish purple and Reddish purple. Visual com-
parison  with  the  Royal  Horticultural  Society  (RHS)  Colour  Chart
assigned  the  overall  floret  color  at  S7  to  the  Red-Purple  Group
(code N66B),  indicative of a typical reddish-purple color phenotype
(Fig. 1a, Supplementary Fig. S1).

As  shown  in Fig.  1b,  among  the  seven  stages  of  'f23'  capitulum
development,  stages  S1–S5  represent  the  early  flowering  stages,
with  flower  color  appearing  pale  yellow  or  white  (Fig.  1b).  During
the post-flowering stage (S6–S7), the flower color begins to deepen.
These  observations  confirm  'f23'  is  a  unique  chrysanthemum

germplasm  that  showed  flower  color  deepening  during  the  post-
flowering stage (Fig. 1a).

 Anthocyanin accumulation leads to reddish-
purple flower color of chrysanthemum 'f23'
during the post-flowering stage

Petals  from chrysanthemum 'f23'  stages S1–S7 were sampled for
pigment  composition  and  quantitative  analysis.  HPLC  detection
showed two main absorption peaks at 525 nm (anthocyanin detec-
tion wavelength), and eight absorption peaks at 350 nm (accessory
pigment  detection  wavelength)  (Fig.  2a, b).  Combining  retention
time,  maximum  absorption  wavelength,  and  positive  ion  mode
mass  spectrometry  information,  two  anthocyanin  glycosides  were
identified:  cyanidin-3-O-(6''-O-malonyl-glucoside)  and cyanidin-3-O-
(3'',6''-O-dimalonyl-glucoside).  Accessory  pigments  included  three
phenolic acids and five flavonoid derivatives (e.g., luteolin glycoside,
apigenin  glycoside,  diosmetin  glycoside)  (Fig.  2b).  Quantitative
pigment  results  showed  no  anthocyanin  accumulation  in  the  early
flowering stage (S1–S5). Anthocyanins began to accumulate in outer
ray florets at S6, and both inner and outer ray florets showed signifi-
cantly increased accumulation at S7 (Supplementary Fig.  S2a),  with
outer  ray  florets  having  significantly  higher  levels  than  inner  ray
florets  (Fig.  2c).  This  pattern  of  anthocyanin  content  change  was
consistent  with  the  pattern  of  capitulum  color  change.  Flavonoids
accumulated  throughout  the  flowering  period,  with  generally
higher  content  in  inner  ray  florets  than  in  outer  ray  florets,  and
higher  content  during  the  early  flowering  stages  (S1–S4)  than  dur-
ing  the  post-flowering  stage  (S6–S7)  (no  significant  difference  was
observed  among  the  samples)  (Fig.  2d, Supplementary  Fig.  S2b).
These  results  indicate  that  'f23'  only  accumulates  accessory  pig-
ments  (such  as  flavonoids)  in  early  flowering,  resulting  in  a  pale-
yellow or  white  color.  During the post-flowering stage,  the relative
content of flavonoid decreases while anthocyanin specifically accu-
mulates, driving the flower color deepening (Fig. 2e, f).

 Screening of DEGs involved in flower color
change during the post-flowering stage

To elucidate the molecular mechanism of flower color changes in
'f23'  flowers,  transcriptome  sequencing  was  performed  using  inner
and  outer  ray  florets  at  stages  S5,  S6,  and  S7.  Analysis  of  stage-
specific  heatmaps  and  DEGs  screening  identified  2,473  genes  dif-
ferentially  expressed  in  'f23'  ray  florets  across  different  flowering
stages (|Log2FC| ≥ 1, Log10FPKM ≥ 1) (Fig. 3a, Supplementary Fig. S3a).
KEGG  pathway  enrichment  analysis  revealed  that  these  DEGs  were
significantly  enriched  in  the  'Global  and  overview  maps'  category
(Fig. 3b). UPSET analysis of DEGs screened via volcano plots showed
that the OR5 vs. OR7 group had the highest number of DEGs (1,282),
including  240  upregulated  and  1,042  downregulated  genes.  The
OR5 vs. OR6 group had the fewest DEGs (241), including 122 upreg-
ulated  and  119  downregulated  genes  (Fig.  3c, Supplementary
Fig. S3b). DEGs in the IR5 vs. IR7, IR6 vs. IR7, OR5 vs. OR6, and OR5 vs.
OR7  comparisons  may  be  associated  with  flower  color  change
during  the  post-flowering  stage,  with  60  overlapping  DEGs  across
these four  groups.  Nineteen genes  were  upregulated,  and 41 were
downregulated  during  the  post-flowering  stage  (Supplementary
Fig.  S4).  The  upregulated  set  included  the  structural  gene F3H
(evm.TU.scaffold_382.23)  from  the  anthocyanin  synthesis  pathway,
which  exhibited  increased  expression  in  both  inner  and  outer  ray
florets  during  the  post-flowering  stage  (Fig.  3c).  Additionally,  the
MAPKK gene (evm.TU.scaffold_asm16_new.2853),  and other upregu-
lated genes  with  unknown functions  (e.g., evm.TU.scaffold_1240.90,
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Fig.  2  Qualitative  and  quantitative  analysis  of  ray  floret  pigments  in  'f23'.  (a)  HPLC  identification  of  anthocyanin  glycoside  components.  (b)  HPLC
identification of  accessory  pigment  components.  (c)  Anthocyanin content  in  inner  and outer  ray  florets  across  seven capitulum developmental  stages;
**** p < 0.0001.  (d)  Total  flavonoid content  in  inner  and outer  ray  florets  across  seven capitulum developmental  stages,  ns  = no significant  difference.
(e) Metabolic flux of anthocyanin and flavonoid contents in inner ray florets across seven stages. (f) Metabolic flux of anthocyanin and flavonoid contents
in outer ray florets across seven stages.
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evm.TU.scaffold_36.170)  may  be  closely  associated  with  flower
color  change  during  the  post-flowering  stage  in  'f23'  (Supplemen-
tary Fig. S4).

 Co-expression clustering of DEGs involved in
flower color change during the post-flowering
stage

A  total  of  19,911  DEGs  were  divided  into  eight  clusters  (Supple-
mentary Fig.  S5a).  Genes grouped in IR-clusters  4,  6,  and 7 showed
increased expression trends during the post-flowering stage. Those
in IR-clusters  6 and 7 were enriched in plant hormone signal  trans-
duction,  while  genes  in  IR-clusters  4  and  7  were  additionally

enriched  in  flavonoid  biosynthesis  (Supplementary  Fig.  S5b).  Simi-
larly,  genes  in  OR-cluster  2,  3,  and  4  were  upregulated  during  the
post-flowering  stage,  with  genes  grouped  into  OR-cluster  2  show-
ing  significant  enrichment  in  the  flavonoid  biosynthesis  pathway
(Supplementary  Fig.  S5b).  Candidate  genes  were  identified  to  be
involved  in  pathways  associated  with  anthocyanin  biosynthesis
and  plant  hormone  signal  transduction  (Fig.  4a).  Key  anthocyanin
biosynthetic genes (CHS, CHI, F3H, F3′H, DFR, ANS, etc.) were continu-
ously  upregulated  during  the  post-flowering  stage  (Fig.  4b).  In  the
ABA  pathway,  four  DEGs  were  consistently  upregulated,  including
two NCEDs, one PP2C, and one SnRK2, while four others (ZEP, NCED,
UGT, and PP2C) were steadily downregulated. Additionally, 12 auxin-
related,  seven  ethylene-related,  and  five  jasmonic  acid-related
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Fig. 3  Screening and functional enrichment analysis of DEGs in inner and outer ray florets during the post-flowering stage in 'f23'. (a) Expression heatmap
of DEGs. (b) KEGG enrichment analysis of DEGs. (c) UPSET plot of DEGs.
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genes  were  identified  as  candidate  genes  involved  in  flower  color
change during the post-flowering stage (Supplementary Fig. S6a).

In  summary,  key  anthocyanin  biosynthesis  structural  genes  are
significantly  upregulated  during  the  post-flowering  stage  in  'f23',

promoting anthocyanin accumulation. Many plant hormone-related
genes,  especially  those  in  the  ABA  pathway,  may  contribute  to
anthocyanin accumulation during the post-flowering stage (Supple-
mentary Fig. S6b).

 

a

b

Fig.  4  Screening of  DEGs in anthocyanin biosynthesis  pathways in inner and outer ray florets  during the post-flowering stage in 'f23'.  (a)  Screening of
genes related to flavonoid biosynthesis and plant hormone signal transduction pathways. (b) Heatmap of DEGs in the anthocyanin biosynthesis pathway.
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 WGCNA-based identification of hub genes
involved in flower color change during the post-
flowering stage

A  total  of  19,911  DEGs  were  clustered  into  nine  gene  modules
based on WGCNA (Fig. 5a). Considering the significant anthocyanin
accumulation  in  IR7,  OR6,  and  OR7,  we  further  analyzed  the  gene
modules  correlated with  these samples  (Figs.  1b, 2c).  The magenta
module  (1,502  genes)  correlated  with  IR7  (correlation  coefficient
r = 0.73) and OR6 (r = 0.39), including ANS, 3MaT2, SnRK2, and seven
upregulated TFs (Fig. 5b, Supplementary Fig. S7c). The blue module
(4,912  genes)  showed  the  highest  correlation  with  OR7  (r  =  0.98),
identifying ABA3, PP2C,  and  13  TFs  (nine  up,  four  down)  (Fig.  5b,
Supplementary  Fig.  S7c).  Notably,  the  pink  module  (9,076  genes)
exhibited  negative  or  low  correlations  with  key  coloration  samples
(IR7:  r  = −0.17;  OR6:  r  = −0.15;  OR7:  r  = −0.74).  In  contrast,  it  dis-
played  positive  correlations  with  white  ray  floret  samples  (IR5:
r = 0.73; IR6: r  = 0.2;  OR5: r  = 0.13) (Supplementary Fig.  S7b).  In the
pink  module,  21  anthocyanin  biosynthetic  genes,  15  ABA  metab-
olism structural genes, and 57 TFs were identified as negative regu-
lators of anthocyanin accumulation during the post-flowering stage
(Supplementary Fig. S7a, S7b).

Taken  together,  five  anthocyanin  biosynthetic  genes  (CmCHS,
CmCHI, CmANS, CmDFR,  and CmF3H)  and  one  ABA-related  gene
(CmSnRK2.6)  were obtained by integrating and analyzing gene sets
screened via three methods (Supplementary Fig.  S8).  qRT-PCR veri-
fied  the  expression pattern  of  these  six  genes  across  'f23'  develop-
mental  stages  S1,  S3,  S5,  S6,  and  S7. CmCHS, CmANS, CmDFR,  and
CmF3H showed  upregulated  expression  (Fig.  5c).  While CmCHI had
the  highest  expression  at  the  S6  stage,  it  also  showed  an  overall
upregulated trend (Fig. 5c). These results were consistent with tran-
scriptome data and positively correlated with anthocyanin accumu-
lation.  Co-expression  analysis  revealed  potential  interactions  for
these six hub genes with MYB, bHLH, MYC, NAC, WRKY, and other TF
families (Fig. 5d).

 Functional verification of CmSnRK2.6 in
regulating anthocyanin biosynthesis

Besides  the  structural  genes  and  transcription  factors  known  be
involved  in  anthocyanin  biosynthesis, CmSnRK2.6,  which  encodes
a  core  kinase  in  the  ABA  signaling  pathway,  was  also  enriched  in
the  magenta  module  (Fig.  5b).  Phylogenetic  analysis  showed  that
CmSnRK2.6  belongs  to  subgroup  IId  of  the  SnRK2  family  and  is
homologous  to AtSnRK2.6 (Supplementary  Fig.  S9).  Sequence  and
motif  analysis  indicated  that  Motifs  1/2/4/5/6/8/9/11  are  shared  by
CmSnRK2.6 and  its  homologous  genes  (Fig.  6a).  Motifs  1/2/3/4/5/
10/11  constitute  the  conserved  protein  kinase  domain  PF00069.
Both  the  N-and  C-terminus  of  CmSnRK2.6  are  relatively  conserved.
The N-terminal  region contains two conserved kinase domains:  the
ATP-binding domain (Motif 4) and the serine/threonine kinase activ-
ity domain (Motif 1). The C-terminus contains two different domains:
Domain  I  (Motif  6)  and  Domain  II  (Motifs  8  and  9)  (Fig.  6a, Supple-
mentary  Fig.  S10).  Domain  II  is  the  binding  region  of  PP2C  and
SnRK2  in  the  ABA-dependent  pathway,  indicating  that CmSnRK2.6
may be implicated in ABA signal transduction. Notably, the absence
of Motif 7 in both CmSnRK2.6 and AtSnRK2.6 may lead to their lower
N-terminal  conservation compared with  other  homologs.  Subcellu-
lar localization analysis showed that CmSnRK2.6 localizes to the cyto-
plasm and nucleus, consistent with the localization patterns of simi-
lar proteins reported by Han et al.[42] and Huang et al.[43] (Fig. 6b).

To  further  explore  the  functional  role  of CmSnRK2.6 in  antho-
cyanin  biosynthesis,  we  performed  ectopic  overexpression  of
CmSnRK2.6 in transgenic tobacco. Our results showed that the flower
color  of  transgenic  plants  was  significantly  deepened  (Fig.  6c).  The

measurement  of  anthocyanin  content  in  T1  transgenic  plants
showed  higher  accumulation  than  in  the  control  (Fig.  6c).  Mean-
while,  the  five  structural  genes  (NtCHS, NtCHI, NtF3H, NtDFR,  and
NtANS)  exhibited  synchronized  upregulation,  consistent  with  the
anthocyanin accumulation (Fig. 6c, d).

 CmSnRK2.6 interacts with CmbHLH2.1 to
promote anthocyanin accumulation during the
post-flowering stage in 'f23'

The above results collectively demonstrated that CmSnRK2.6 could
promote  anthocyanin  accumulation  and  may  serve  as  a  key  gene
responsible  for  the  flower  color  change  during  the  post-flowering
stage  in  'f23'.  To  elucidate  the  molecular  mechanism  by  which
CmSnRK2.6  regulates  anthocyanin  biosynthesis,  five  transcription
factors  were  screened  as  candidate  interacting  proteins  for  Y2H
assays based on the transcriptome co-expression network (Fig.  5d).
The  results  revealed  a  physical  interaction  between  CmSnRK2.6
and CmbHLH2.1 (evm.TU.scaffold_11779.113) (Fig. 7a). Phylogenetic
analysis  of  CmbHLH2.1  showed  that  it  is  most  closely  related  to
CmbHLH2 in chrysanthemum (Supplementary Fig. S11).  Subcellular
localization  assays  indicated  that  CmbHLH2.1  was  localized  in  the
nucleus,  suggesting  a  co-localization  with  CmSnRK2.6,  which  pro-
vides the spatial basis for their interaction (Fig. 7b).

Cis-element analysis  of  the promoter regions of  five anthocyanin
biosynthetic structural genes revealed that the promoters of CmCHS,
CmCHI, CmF3H, and CmDFR all contained the core binding elements
for  bHLH  transcription  factors  (G-box/MYC  binding  sites)  (Supple-
mentary  Fig.  S12, Table  S2).  This  result  suggested  that  CmbHLH2.1
could regulate the transcriptional expression of the above structural
genes  by  targeting  and  binding  to  their  promoter  regions.  Sub-
sequent  Y1H  and  dual-luciferase  reporter  assays  confirmed  that
CmbHLH2.1 could directly bind to the promoter of CmDFR and acti-
vate  its  transcription (Fig.  7c, d).  In  summary,  CmSnRK2.6  may acti-
vate the expression of the downstream CmDFR through interacting
with CmbHLH2.1, thereby promoting anthocyanin biosynthesis and
accumulation during the post-flowering stage in 'f23'.

 Discussion
Flower  color  of  ornamental  plants  often  undergoes  dynamic

changes with flower aging. In most cultivars, flower fading is a con-
sequence of both blocked anthocyanin synthesis and the wilting of
cell  structures,  leading  to  a  reduction  in  their  ornamental  value[31].
However,  the  chrysanthemum  'f23'  used  in  this  study  shows  deep-
ening flower  color  during the post-flowering stage.  Its  flower  color
changes from white to reddish purple at stages S5–S7. Our findings
demonstrate  that  the  specific  accumulation  of  cyanidin-3-O-(6''-O-
malonyl-glucoside)  and  cyanidin-3-O-(3'',6''-O-dimalonyl-glucoside)
is the primary driver of flower color change during the post-flower-
ing stage. Flavonoids, highly expressed in the early flowering stages,
decrease  in  relative  content  during  the  post-flowering  stage,  and
the change in their ratio together drives flower color change. These
identified  anthocyanin  components  are  highly  consistent  with  the
main  cyanidin  glycoside  types  reported  in  chrysanthemums  by
Nakayama et al.[44]. Unlike most chrysanthemums that exhibit flower
fading during the post-flowering stage,  cultivar  'f23'  exhibits  deep-
ening  flower  color  during  the  post-flowering  stage.  This  unique
germplasm serves as  an ideal  model  for  deciphering the molecular
regulatory mechanism of positive anthocyanin accumulation during
the post-flowering stage.

Changes  in  anthocyanin  content  are  the  result  of  the  synergistic
effect  of  multiple  processes  such  as  biosynthesis,  transport,  and
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degradation[45]. The biosynthesis process is controlled by the expres-

sion  of  structural  genes  and  is  precisely  regulated  by  transcription

factors.  It  has  been  confirmed  that  the  upregulated  expression  of

key structural genes for anthocyanin synthesis, such as CHI, F3H, and

ANS,  can  promote  anthocyanin  accumulation  in Lagerstroemia
indica[46] and Lonicera  japonica[47].  Transcriptome  analysis  in  this
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Fig. 5  WGCNA analysis of genes involved in flower color change during the post-flowering stage in 'f23'and validation of key gene expression patterns.
(a)  Module-trait  correlation  and  corresponding p-values  for  WGCNA  modules  in  inner  and  outer  ray  florets  during  the  post-flowering  stage.  (b)  Co-
expression regulatory networks in the blue and magenta modules. (c) The validation of gene expression for key candidate genes by qRT-PCR, ** p < 0.01,
*** p < 0.001, **** p < 0.0001. (d) The co-expression network analysis of TFs selected in WGCNA and the six genes screened in the ABA and anthocyanin
biosynthesis pathways.
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study  showed  that  expression  levels  of  structural  genes  across
the  entire  anthocyanin  biosynthesis  pathway  (CHS, CHI, F3H, F3'H,
DFR, ANS, 3MaT)  increased  during  the  post-flowering  stage  in

'f23'.  Notably,  the  high  expression  of 3MaT1/2 corresponds  to
the  synthesis  of  two  unique  cyanidin  glycosides  in  'f23',  providing
direct metabolic evidence for the deepening flower color during the
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Fig. 6  Functional characterization of CmSnRK2.6 involved in anthocyanin biosynthesis. (a) Phylogenetic and conserved motif analysis of CmSnRK2.6 and
homologous genes of AtSnRK2.6 from 14 species.  (b)  Subcellular  localization analysis  of  CmSnRK2.6 in tobacco leaves.  (c)  Total  anthocyanin content in
CmSnRK2.6-overexpressing tobacco. (d) Expression pattern of CmSnRK2.6, CmbHLH2.1, and anthocyanin biosynthesis-related genes in transgenic tobacco.
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post-flowering  stage.  Furthermore,  MYBs,  bHLHs,  WD40s,  and  the
MBW  complex  formed  by  them  are  the  core  regulatory  modules
of  structural  genes  for  anthocyanin  glycoside  synthesis[48].  In  this
study,  we  identified  a  set  of  candidate  genes,  including  core  MBW
complex members (MYBs, bHLHs) and transcription factors from the
NAC  and  WRKY  families.  Furthermore,  these  regulators  displayed
distinct co-expression patterns with the candidate structural genes.
This  suggests  that  different  transcription  factor  families  may  play
different  roles  in  regulating  anthocyanin  glycoside  biosynthesis
and  related  signaling  pathways.  In  addition  to  classical  MBW  com-
plex  regulation,  there  may  be  a  complex  transcriptional  regulatory
network  similar  to  MdNAC42-MdMYB10  in Malus  domestica[49]

and  PbWRKY75-PbMYB10b  in Pyrus  bretschneideri[50] that  affects
the  expression  of  downstream  structural  genes  and  flower  color
changes.

Plant  hormones  play  important  roles  in  regulating  anthocyanin
synthesis  and  plant  senescence[51,52].  As  an  ethylene-insensitive
plant[53,54], ABA is the main regulatory hormone for chrysanthemum
senescence[55].  However,  the  combined  regulation  of  multiple  hor-
mones  was  involved  in  flower  aging.  For  example,  ABA  and  ethy-
lene synergistically promote senescence in Rosa hybrida[56] and Rosa
chinensis[57]. KEGG pathway analysis in this study showed that plant
hormone  signal  transduction  pathways  (ethylene,  ABA,  auxin,  jas-
monic acid, etc.) were significantly enriched in DEGs. A core gene of
the  ABA  signal  transduction  pathway, CmSnRK2 (evm.TU.scaffold_

11705.13),  might  regulate  anthocyanin  biosynthesis  during  the
post-flowering  stage.  It  is  speculated  that  ABA  might  regulate  the
anthocyanin biosynthesis during the post-flowering stage via regu-
lating  endogenous  hormone  levels  and  synergizing  with  other
phytohormones.

Notably,  SnRK2  (SNF1-related  protein  kinase  2)  is  an  important
signal component of the ABA signal transduction pathway PYR/PYL/
RCAR-PP2Cs-SnRK2s-ABFs[58].  In addition to participating in osmotic
stress  and  ABA  response[59,60],  SnRK2  family  genes  have  also  been
reported  to  be  involved  in  regulating  anthocyanin  biosynthesis  in
Vaccinium corymbosum[61], Prunus avium[62], Fragaria × ananassa[63],
and Vitis  vinifera[64]. CmSnRK2.6 (evm.TU.scaffold_11705.13)  identi-
fied in this study is a homolog of AtSnRK2.6. Its N-terminus contains
a  conserved  ATP-binding  domain  and  a  serine/threonine  kinase
activity  domain,  and  its  C-terminus  contains  an  ABA-dependent
PP2C-binding  domain  (Domain  II),  which  has  the  core  function  of
mediating  ABA  signal  transduction.  Compared  with  other  homolo-
gous  genes,  CmSnRK2  lacks  Motif  7,  which  may  lead  to  certain
specificities  in  substrate  binding  or  kinase  activity  regulation.
Subcellular  localization  showed  that  CmSnRK2.6  localizes  to  the
nucleus and cytoplasm, which is  consistent with its  requirement to
phosphorylate ABF-type TFs in the nucleus to activate downstream
genes and regulate metabolic  enzyme activity in the cytoplasm for
ABA  signal  transduction.  Thus, CmSnRK2.6 is  a  key  candidate  gene
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Fig.  7  Functional  verification  of  the  interaction  between  CmSnRK2.6  and  CmbHLH2.1  and  the  transcriptional  activation  of  the CmDFR promoter  in
chrysanthemum 'f23'. (a) Y2H assay verifying the protein–protein interaction between CmSnRK2.6 and CmbHLH2.1. (b) Subcellular localization analysis of
CmbHLH2.1  in  tobacco  leaves.  (c)  Y1H  assay  confirming  the  direct  binding  of  CmbHLH2.1  to  the CmDFR promoter.  (d)  Dual-luciferase  reporter  assay
verifying the transcriptional activation of the CmDFR promoter by CmbHLH2.1.
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that  regulates  anthocyanin  biosynthesis  during  the  post-flowering
stage in chrysantheum, which could affect  ABA signal  transduction
and anthocyanin biosynthesis. It is well established that most SnRK2
proteins exert their core function through kinase activity rather than
direct DNA binding[65,66]. SnRK2 regulates downstream gene expres-
sion  via  a  canonical  mode  by  phosphorylating  TFs  (e.g.,  MYBs,
bHLHs),  which  in  turn  mediates  the  binding  of  these  TFs  to  target
gene  promoters.  Consistent  with  this,  prior  studies  in  blueberry[61]

and  strawberry[42] have  confirmed  that  SnRK2  modulates  antho-
cyanin  accumulation  by  regulating  TFs  such  as  VcMYB1  and
FabHLH3. In the present study, ectopic overexpression of CmSnRK2.6
in tobacco led to increased anthocyanin accumulation, coupled with
significantly  increased  transcript  levels  of  five  core  anthocyanin
biosynthetic structural genes. Based on the results of the co-expres-
sion  network  and  Y2H  assay,  we  verified  the  physical  interaction
between  CmSnRK2.6  and  CmbHLH2.1.  Meanwhile,  CmbHLH2.1
was  localized  in  the  nucleus,  allowing  spatial  co-localization  with
CmSnRK2.6  and  laying  the  foundation  for  their  interaction.  Fur-
thermore,  promoter cis-element  analysis  further  revealed  that  the
promoters of CmCHS, CmCHI, CmF3H, and CmDFR possess conserved
bHLH-binding motifs.  Y1H and dual-luciferase assays demonstrated
that CmbHLH2.1 could bind to the CmDFR promoter and activate its
expression.  Integrating  these  results,  CmSnRK2.6  may  function  by
interacting  with  CmbHLH2.1  to  modulate  downstream  the  antho-
cyanin  biosynthetic  gene CmDFR,  thereby  regulating  the  antho-
cyanin  biosynthesis  during  the  post-flowering  stage  in  chrysanthe-
mum. Future research should focus on validating the in vivo interac-
tion between CmSnRK2.6 and CmbHLH2.1, as well as their phospho-
rylation regulatory mechanism.

 Conclusions
The chrysanthemum cultivar 'f23' shows a unique reddish-purple

coloration during the post-flowering stage. This coloration is primar-
ily  caused  by  the  accumulation  of  two  cyanidin  glycosides  and  a
reduction  in  flavonoid  accumulation.  In  this  study, CmSnRK2.6,  a
core  gene  in  the  ABA  signaling  pathway,  was  verified  to  positively
regulate  anthocyanin  biosynthesis  during  the  post-flowering  stage
in  chrysanthemum.  CmSnRK2.6  is  localized  in  both  the  cytoplasm
and nucleus, and its ectopic overexpression in tobacco significantly
promotes  anthocyanin  accumulation.  Meanwhile,  the  transcript
levels  of  core  anthocyanin  biosynthetic  genes  are  significantly
upregulated  in  transgenic  lines.  Y2H  assays  provided  preliminary
evidence  supporting  the  physical  interaction  between  CmSnRK2.6
and CmbHLH2.1.  Furthermore,  CmbHLH2.1 can directly bind to the
promoter  of CmDFR and  activate  its  transcription.  Taken  together,
our  findings  demonstrate  that  CmSnRK2.6  could  interact  with
CmbHLH2.1  to  transcriptionally  activate  the  downstream  gene
CmDFR to  promote  anthocyanin  biosynthesis  and  accumulation,
thereby deepening the flower color during the post-flowering stage
in  chrysanthemum  'f23'.  This  study  enriches  the  germplasm
resources of chrysanthemum and provides a theoretical foundation
for  molecular  breeding  of  flower  color  modification  in  ornamental
plants.

 Author contributions

The  authors  confirm  their  contributions  to  the  paper  as  follows:
research conception and design: Hong Y, Wen X, Wei Y; provision of
germplasm  resources:  Dai  S;  bioinformatic  analysis:  Wei  Y,  Wen  X,
Wang B; experimental preparation and execution: Wei Y, Fu B, Song
X, Zhao W, Wang L, Cai Q; data analysis and manuscript writing: Wei

Y,  Wen  X.  All  authors  reviewed  the  results  and  approved  the  final
version of the manuscript.

 Data availability

The  transcriptomic  sequencing  data  have  been  deposited  in
the  National  Center  for  Biotechnology  Information  Sequence
Read  Archive  database  repository  with  accession  numbers
PRJNA1017809.

 Acknowledgments

This work was supported by the National Natural Science Founda-
tion of China (32271946).

 Conflict of interest

The authors declare that they have no conflict of interest.

 Supplementary information accompanies this paper online
at: https://doi.org/10.48130/opr-0026-0013.

Dates

Received 6 January 2026; Revised 14 April  2026; Accepted 7 May
2026; Published online 26 May 2026

References 

 Fu  H,  Zeng  T,  Zhao  Y,  Luo  T,  Deng  H,  et  al. 2021. Identification  of
chlorophyll metabolism- and photosynthesis-related genes regulating
green  flower  color  in  chrysanthemum  by  integrative  transcriptome
and weighted correlation network analyses. Genes 12:449

[1]

 Luo XY, Song X, Dai S. 2016. Variation and probability grading of quan-
titative  characters  of  traditional  chrysanthemum  cultivars. Journal  of
Beijing Forestry University 38:101−111 (in Chinese)

[2]

 Othman  EZ,  El-Ziat  RA,  Farag  HM,  El-Sayed  IM. 2023. Influence  of
Gibberellic  acid  and  Methionine  on  growth,  flowering  quality,  leaf
anatomical  structure  and  genetic  diversity  of Chrysanthemum  mori-
folium Ramat  plant. Emirates  Journal  of  Food  and  Agriculture
35:813−825

[3]

 Zou  Q,  Wang  T,  Guo  Q,  Yang  F,  Chen  J,  et  al. 2021. Combined
metabolomic  and  transcriptomic  analysis  reveals  redirection  of  the
phenylpropanoid  metabolic  flux  in  different  colored  medicinal
Chrysanthemum morifolium. Industrial Crops and Products 164:113343

[4]

 Mochizuki-Kawai H, Kishimoto S, Wada Y, Masuda T, Ichimura K. 2012.
Petal saturation affects visible flower senescence in cut lilies. Journal of
the Japanese Society for Horticultural Science 81:350−356

[5]

 Sun X, Qin M, Yu Q, Huang Z, Xiao Y, et al. 2021. Molecular understand-
ing of postharvest flower opening and senescence. Molecular Horticul-
ture 1:7

[6]

 Li M, Luo Y, Lu X, Sun Y, Qiu D. 2018. Changes in composition of antho-
cyanins  in Brunfelsia  acuminata flowers. Journal  of  Tropical  and
Subtropical Botany 26:627−632

[7]

 Yu Q,  Liu  C,  Jin  X,  Tan Y. 2021. Changes  of  physiological  indexes  and
pigment during the flowering process in the perianth of Michelia cras-
sipes. Central  South  University  of  Forestry  and  Technology 49:39−43  (in
Chinese)

[8]

 Zhong P,  Wang L,  Li  S,  Xu Y,  Zhu M. 2012. The changes of floral  color
and  pigments  composition  during  the  flowering  period  in Paeonia
lactiflora Pallas. Acta Horticulturae Sinica 39:2271−2282 (in Chinese)

[9]

 Teppabut  Y,  Oyama  KI,  Kondo  T,  Yoshida  K. 2018. Change  of  petals′
color  and  chemical  components  in Oenothera flowers  during  senes-
cence. Molecules 23:1698

[10]

 Liu A, Wei Q, Wang F, Bo G, Wang Q, et al. 2020. Changes of floral color
and pigment content during flowering in several species of Lonicera L.

[11]

  Flower color deepening in chrysanthemum

Page 12 of 14   Wei et al. Ornamental Plant Research 2026, 6: e018

https://doi.org/10.48130/opr-0026-0013
https://doi.org/10.48130/opr-0026-0013
https://doi.org/10.48130/opr-0026-0013
https://doi.org/10.48130/opr-0026-0013
https://doi.org/10.48130/opr-0026-0013
https://doi.org/10.3390/genes12030449
https://doi.org/10.13332/j.1000-1522.20150137
https://doi.org/10.13332/j.1000-1522.20150137
https://doi.org/10.9755/ejfa.2023.3144
https://doi.org/10.1016/j.indcrop.2021.113343
https://doi.org/10.2503/jjshs1.81.350
https://doi.org/10.2503/jjshs1.81.350
https://doi.org/10.1186/s43897-021-00015-8
https://doi.org/10.1186/s43897-021-00015-8
https://doi.org/10.1186/s43897-021-00015-8
https://doi.org/10.11926/jtsb.3878
https://doi.org/10.11926/jtsb.3878
https://doi.org/10.3969/j.issn.1000-5382.2021.03.007
https://doi.org/10.16420/j.issn.0513-353x.2012.11.023
https://doi.org/10.3390/molecules23071698


Journal  of  Southwest  University  Natural  Science  Edition 42:22−29  (in
Chinese)
 Wu  H,  Liu  B,  He  S,  Cao  Y,  Zheng  X,  et  al. 2025. Transcriptomic  and
metabolomic insights reveal the mechanisms underlying varied flower
colors on a single wintersweet tree. Scientia Horticulturae 343:114076

[12]

 Zong  Y,  Zhao  Z,  Zhou  K,  Duan  X,  Han  B,  et  al. 2025. Metabolome
and  transcriptome  analysis  of  anthocyanin  biosynthesis  reveal  key
metabolites  and  candidate  genes  in  red-stemmed  alfalfa  (Medicago
sativa). BMC Genomics 26:323

[13]

 Yang H, Wang J, Li S, Niu Y, Tang Q, et al. 2022. Advances in the molec-
ular  regulation  of  anthocyanins  in  solanaceous  vegetables. Chinese
Journal of Biotechnology 38:1738−1752 (in Chinese)

[14]

 Lu Z, Wang X, Lin X, Mostafa S, Zou H, et al. 2024. Plant anthocyanins:
classification, biosynthesis, regulation, bioactivity, and health benefits.
Plant Physiology and Biochemistry 217:109268

[15]

 Zhao  J,  Dixon  RA. 2010. The ‘ins’ and ‘outs’ of  flavonoid  transport.
Trends in Plant Science 15:72−80

[16]

 He G, Zhang R,  Jiang S,  Wang H, Ming F. 2023. The MYB transcription
factor  RcMYB1  plays  a  central  role  in  rose  anthocyanin  biosynthesis.
Horticulture Research 10:uhad080

[17]

 Li C, Wu J, Hu KD, Wei SW, Sun HY, et al. 2020. PyWRKY26 and PybHLH3
cotargeted  the PyMYB114 promoter  to  regulate  anthocyanin  biosyn-
thesis and transport in red-skinned pears. Horticulture Research 7:37

[18]

 Zhao M, Li J, Zhu L, Chang P, Li L, et al. 2019. Identification and charac-
terization  of  MYB-bHLH-WD40  regulatory  complex  members  control-
ling  anthocyanidin  biosynthesis  in  blueberry  fruits  development.
Genes 10:496

[19]

 Lu  Y,  Wang  H,  Liu  Z,  Zhang  T,  Li  Z,  et  al. 2022. A  naturally-occurring
phenomenon  of  flower  color  change  during  flower  development  in
Xanthoceras sorbifolium. Frontiers in Plant Science 13:1072185

[20]

 Liu  J,  Wang Y,  Zhang M,  Wang Y,  Deng X,  et  al. 2022. Color  fading in
lotus  (Nelumbo  nucifera)  petals  is  manipulated  both  by  anthocyanin
biosynthesis  reduction  and  active  degradation. Plant  Physiology  and
Biochemistry 179:100−107

[21]

 Zhou  X,  Xue  Y,  Mao  M,  He  Y,  Adjei  MO,  et  al. 2021. Metabolome  and
transcriptome  profiling  reveals  anthocyanin  contents  and  antho-
cyanin-related  genes  of  chimeric  leaves  in Ananas  comosus var.
bracteatus. BMC Genomics 22:331

[22]

 Ekici L, Simsek Z, Ozturk I, Sagdic O, Yetim H. 2014. Effects of tempera-
ture, time, and pH on the stability of anthocyanin extracts:  prediction
of  total  anthocyanin  content  using nonlinear  models. Food  Analytical
Methods 7:1328−1336

[23]

 Zhao  Y,  Sun  J,  Cherono  S,  An  JP,  Allan  AC,  et  al. 2023. Colorful  hues:
insight  into  the  mechanisms  of  anthocyanin  pigmentation  in  fruit.
Plant Physiology 192:1718−1732

[24]

 Ma B,  Song Y,  Feng X,  Guo Q,  Zhou L,  et  al. 2024. Exogenous abscisic
acid regulates anthocyanin biosynthesis and gene expression in blue-
berry leaves. Horticulturae 10:192

[25]

 Qu  S,  Wang  G,  Li  M,  Yu  W,  Zhu  S. 2022. LcNAC90 transcription  factor
regulates  biosynthesis  of  anthocyanin  in  harvested  litchi  in  response
to ABA and GA3. Postharvest Biology and Technology 194:112109

[26]

 Wang J,  Jiang M,  Nie  Z,  Guo A,  Wei  Y,  et  al. 2022. ABA participates  in
salt  stress-induced  anthocyanin  accumulation  by  stimulating  the
expression of LrMYB1 in Lycium ruthenicum Murr. Plant Cell,  Tissue and
Organ Culture (PCTOC) 151:11−21

[27]

 Liu  XF,  Teng  R,  Xiang  L,  Li  F,  Chen  K. 2023. Sucrose-delaying  flower
color  fading  associated  with  delaying  anthocyanin  accumulation
decrease in cut chrysanthemum. PeerJ 11:e16520

[28]

 Zhou L, Liu S, Wang Y, Wang Y, Song A, et al. 2024. CmMYB3-like nega-
tively  regulates  anthocyanin  biosynthesis  and  flower  color  formation
during  the  post-flowering  stage  in Chrysanthemum  morifolium. Horti-
cultural Plant Journal 10:194−204

[29]

 Wang Y, Zhou LJ, Wang Y, Geng Z, Ding B, et al. 2022. An R2R3-MYB tran-
scription factor CmMYB21 represses anthocyanin biosynthesis in color
fading petals of chrysanthemum. Scientia Horticulturae 293:110674

[30]

 Wang Y,  Wang Y,  Zhou LJ,  Peng J,  Chen C,  et  al. 2023. CmNAC25 tar-
gets CmMYB6 to  positively  regulate  anthocyanin  biosynthesis  during
the post-flowering stage in chrysanthemum. BMC Biology 21:211

[31]

 Sun W, Li C, Wang L, Dai S. 2010. Analysis on measuremental position
of  ligulate  floret  color  of  Chrysantlaemum. Acta  Horticulturae  Sinica
37:777−784 (in Chinese)

[32]

 Lin LZ,  Harnly JM. 2010. Identification of the phenolic components of
chrysanthemum  flower  (Chrysanthemum  morifolium Ramat). Food
Chemistry 120:319−326

[33]

 Kim  D,  Langmead  B,  Salzberg  SL. 2015. HISAT:  a  fast  spliced  aligner
with low memory requirements. Nature Methods 12:357−360

[34]

 Grabherr MG, Haas BJ, Yassour M, Levin JZ, Thompson DA, et al. 2011.
Full-length  transcriptome  assembly  from  RNA-Seq  data  without  a
reference genome. Nature Biotechnology 29:644−652

[35]

 Li  B,  Dewey  CN. 2011. RSEM:  accurate  transcript  quantification  from
RNA-Seq data with or  without a  reference genome. BMC  Bioinformat-
ics 12:323

[36]

 Audic S, Claverie JM. 1997. The significance of digital gene expression
profiles. Genome Research 7:986−995

[37]

 Wu FX. 2008. Genetic weighted k-means algorithm for clustering large-
scale gene expression data. BMC Bioinformatics 9:S12

[38]

 Machaliński  B,  Rogińska  D,  Wilk  A,  Szumilas  K,  Prowans P,  et  al. 2021.
Global  gene  expression  of  cultured  human  dermal  fibroblasts:  focus
on cell cycle and proliferation status in improving the condition of face
skin. International Journal of Medical Sciences 18:1519−1531

[39]

 Lu  C,  Pu  Y,  Liu  Y,  Li  Y,  Qu  J,  et  al. 2019. Comparative  transcriptomics
and  weighted  gene  co-expression  correlation  network  analysis
(WGCNA)  reveal  potential  regulation  mechanism  of  carotenoid  accu-
mulation  in Chrysanthemum × morifolium. Plant  Physiology  and
Biochemistry 142:415−428

[40]

 Livak  KJ,  Schmittgen  TD. 2001. Analysis  of  relative  gene  expression
data using real-time quantitative PCR and the 2−ΔΔCᴛ method. Methods
25:402−408

[41]

 Han Y, Dang R, Li J, Jiang J, Zhang N, et al. 2015. Sucrose nonferment-
ing1-related  protein  kinase  2.6,  an  ortholog  of  open  stomata1,  is  a
negative regulator of strawberry fruit development and ripening. Plant
Physiology 167:915−930

[42]

 Huang  F,  Sun  M,  Yao  Z,  Zhou  J,  Bai  Q,  et  al. 2024. Protein  kinase
SnRK2.6 phosphorylates transcription factor bHLH3 to regulate antho-
cyanin homeostasis during strawberry fruit ripening. Journal of Experi-
mental Botany 75:5627−5640

[43]

 Nakayama M, Koshioka M, Shibata M, Hiradate S,  Sugie H,  et  al. 1997.
Identification  of  cyanidin  3-O-(3″,  6″-O-dimalonyl-β-glucopyranoside)
as a flower pigment of Chrysanthemum (Dendranthema grandiflorum).
Bioscience, Biotechnology, and Biochemistry 61:1607−1608

[44]

 Oren-Shamir  M. 2009. Does  anthocyanin  degradation  play  a  signifi-
cant  role  in  determining  pigment  concentration  in  plants? Plant
Science 177:310−316

[45]

 Xie  X,  Cheng  T,  Yan  Y,  Zhu  C,  Zhang  M,  et  al. 2025. Integrated
metabolomic  and  transcriptomic  analysis  of  the  anthocyanin
regulatory  networks  in Lagerstroemia  indica petals. BMC  Plant  Biology
25:316

[46]

 Tan Z,  Lu D,  Li  L,  Yu Y,  Su X,  et  al. 2025. Integrated metabolomic and
transcriptomic  analyses  reveal  anthocyanin  biosynthesis  mechanisms
and the regulatory role of LjAN2 in Lonicera japonica. Plant Physiology
and Biochemistry 223:109824

[47]

 Hichri  I,  Heppel  SC,  Pillet  J,  Léon C,  Czemmel  S,  et  al. 2010. The basic
helix-loop-helix transcription factor MYC1 is involved in the regulation
of  the  flavonoid  biosynthesis  pathway  in  grapevine. Molecular  Plant
3:509−523

[48]

 Zhang S, Chen Y, Zhao L, Li C, Yu J, et al. 2020. A novel NAC transcrip-
tion  factor,  MdNAC42,  regulates  anthocyanin  accumulation  in  red-
fleshed  apple  by  interacting  with  MdMYB10. Tree  Physiology
40:413−423

[49]

 Cong L,  Qu Y,  Sha G,  Zhang S,  Ma Y,  et  al. 2021. PbWRKY75 promotes
anthocyanin synthesis by activating PbDFR, PbUFGT, and PbMYB10b in
pear. Physiologia Plantarum 173:1841−1849

[50]

 An  JP,  Xu  RR,  Wang  XN,  Zhang  XW,  You  CX,  et  al. 2024. MdbHLH162
connects  the  gibberellin  and  jasmonic  acid  signals  to  regulate
anthocyanin biosynthesis  in  apple. Journal  of  Integrative  Plant  Biology
66:265−284

[51]

Flower color deepening in chrysanthemum  

Wei et al. Ornamental Plant Research 2026, 6: e018   Page 13 of 14

https://doi.org/10.13718/j.cnki.xdzk.2020.01.004
https://doi.org/10.1016/j.scienta.2025.114076
https://doi.org/10.1186/s12864-025-11529-6
https://doi.org/10.13345/j.cjb.210800
https://doi.org/10.13345/j.cjb.210800
https://doi.org/10.1016/j.plaphy.2024.109268
https://doi.org/10.1016/j.tplants.2009.11.006
https://doi.org/10.1093/hr/uhad080
https://doi.org/10.1038/s41438-020-0254-z
https://doi.org/10.3390/genes10070496
https://doi.org/10.3389/fpls.2022.1072185
https://doi.org/10.1016/j.plaphy.2022.03.021
https://doi.org/10.1016/j.plaphy.2022.03.021
https://doi.org/10.1186/s12864-021-07642-x
https://doi.org/10.1007/s12161-013-9753-y
https://doi.org/10.1007/s12161-013-9753-y
https://doi.org/10.1093/plphys/kiad160
https://doi.org/10.3390/horticulturae10020192
https://doi.org/10.1016/j.postharvbio.2022.112109
https://doi.org/10.1007/s11240-022-02325-1
https://doi.org/10.1007/s11240-022-02325-1
https://doi.org/10.7717/peerj.16520
https://doi.org/10.1016/j.hpj.2023.02.011
https://doi.org/10.1016/j.hpj.2023.02.011
https://doi.org/10.1016/j.scienta.2021.110674
https://doi.org/10.1186/s12915-023-01719-7
https://doi.org/10.16420/j.issn.0513-353x.2010.05.029
https://doi.org/10.1016/j.foodchem.2009.09.083
https://doi.org/10.1016/j.foodchem.2009.09.083
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1101/gr.7.10.986
https://doi.org/10.1186/1471-2105-9-S6-S12
https://doi.org/10.7150/ijms.46265
https://doi.org/10.1016/j.plaphy.2019.07.023
https://doi.org/10.1016/j.plaphy.2019.07.023
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1104/pp.114.251314
https://doi.org/10.1104/pp.114.251314
https://doi.org/10.1093/jxb/erae250
https://doi.org/10.1093/jxb/erae250
https://doi.org/10.1093/jxb/erae250
https://doi.org/10.1271/bbb.61.1607
https://doi.org/10.1016/j.plantsci.2009.06.015
https://doi.org/10.1016/j.plantsci.2009.06.015
https://doi.org/10.1186/s12870-025-06350-y
https://doi.org/10.1016/j.plaphy.2025.109824
https://doi.org/10.1016/j.plaphy.2025.109824
https://doi.org/10.1093/mp/ssp118
https://doi.org/10.1093/treephys/tpaa004
https://doi.org/10.1111/ppl.13525
https://doi.org/10.1111/jipb.13608


 Altaf  F,  Parveen  S,  Farooq  S,  Lone  ML,  Haq  AU,  et  al. 2024. Enigmas
of  senescence:  a  reappraisal  on  the  hormonal  crosstalk  and  the
molecular  mechanisms. Theoretical  and  Experimental  Plant  Physiology
36:51−81

[52]

 Chakrabarty  D,  Chatterjee  J,  Datta  SK. 2007. Oxidative  stress  and
antioxidant  activity  as  the  basis  of  senescence  in  chrysanthemum
florets. Plant Growth Regulation 53:107−115

[53]

 Lone  ML,  Haq  AU,  Farooq  S,  Parveen  S,  Altaf  F,  et  al. 2025. Flower
senescence:  a  comprehensive  update  on  hormonal  regulation  and
molecular  aspects  of  petal  death. Postharvest  Biology  and  Technology
220:113299

[54]

 Tripathi SK, Tuteja N. 2007. Integrated signaling in flower senescence:
an overview. Plant Signaling & Behavior 2:437−445

[55]

 Kumar  N,  Srivastava  GC,  Dixit  K. 2008. Hormonal  regulation  of  flower
senescence  in  roses  (Rosa  hybrida L.). Plant  Growth  Regulation
55:65−71

[56]

 Trivellini  A,  Ferrante  A,  Vernieri  P,  Mensuali-Sodi  A,  Serra  G. 2011.
Effects  of  promoters  and  inhibitors  of  ethylene  and  ABA  on  flower
senescence of Hibiscus  rosa-sinensis L. Journal  of  Plant  Growth  Regula-
tion 30:175−184

[57]

 Gonzalez-Guzman M, Pizzio GA, Antoni R, Vera-Sirera F, Merilo E, et al.
2012. Arabidopsis PYR/PYL/RCAR receptors play a major role in quanti-
tative regulation of stomatal aperture and transcriptional response to
abscisic acid. The Plant Cell 24:2483−2496

[58]

 Yoshida  T,  Mogami  J,  Yamaguchi-Shinozaki  K. 2014. ABA-dependent
and  ABA-independent  signaling  in  response  to  osmotic  stress  in
plants. Current Opinion in Plant Biology 21:133−139

[59]

 Liu Z, Zhu Y, Wu G, Wei M. 2022. The role of SnRK2 in the response to
stress,  the  growth  and  development  of  plants. Chinese  Journal  of
Biotechnology 38:89−103 (in Chinese)

[60]

 Wang  X,  Tang  Q,  Chi  F,  Liu  H,  Zhang  H,  et  al. 2023. Sucrose  non-
fermenting1-related protein  kinase  VcSnRK2.3  promotes  anthocyanin
biosynthesis in association with VcMYB1 in blueberry. Frontiers in Plant
Science 14:1018874

[61]

 Shen  X,  Guo  X,  Zhao  D,  Zhang  Q,  Jiang  Y,  et  al. 2017. Cloning  and
expression  profiling  of  the PacSnRK2 and PacPP2C gene  families
during  fruit  development,  ABA  treatment,  and  dehydration  stress  in
sweet cherry. Plant Physiology and Biochemistry 119:275−285

[62]

 Jia  HF,  Chai  YM,  Li  CL,  Lu D,  Luo JJ,  et  al. 2011. Abscisic  acid plays  an
important  role  in  the  regulation  of  strawberry  fruit  ripening. Plant
Physiology 157:188−199

[63]

 Koyama  R,  Roberto  SR,  de  Souza  RT,  Borges  WFS,  Anderson  M,  et  al.
2018. Exogenous abscisic acid promotes anthocyanin biosynthesis and
increased  expression  of  flavonoid  synthesis  genes  in Vitis  vinifera ×
Vitis  labrusca table  grapes  in  a  subtropical  region. Frontiers  in  Plant
Science 9:323

[64]

 Chen  K,  Li  GJ,  Bressan  RA,  Song  CP,  Zhu  JK,  et  al. 2020. Abscisic  acid
dynamics, signaling, and functions in plants. Journal of Integrative Plant
Biology 62:25−54

[65]

 Umezawa T,  Sugiyama N, Takahashi F,  Anderson JC,  Ishihama Y,  et al.
2013. Genetics and phosphoproteomics reveal a protein phosphoryla-
tion  network  in  the  abscisic  acid  signaling  pathway  in Arabidopsis
thaliana. Science Signaling 6:e2003509

[66]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0/.

  Flower color deepening in chrysanthemum

Page 14 of 14   Wei et al. Ornamental Plant Research 2026, 6: e018

https://doi.org/10.1007/s40626-024-00308-5
https://doi.org/10.1007/s10725-007-9208-9
https://doi.org/10.1016/j.postharvbio.2024.113299
https://doi.org/10.4161/psb.2.6.4991
https://doi.org/10.1007/s10725-008-9259-6
https://doi.org/10.1007/s00344-010-9181-9
https://doi.org/10.1007/s00344-010-9181-9
https://doi.org/10.1007/s00344-010-9181-9
https://doi.org/10.1105/tpc.112.098574
https://doi.org/10.1016/j.pbi.2014.07.009
https://doi.org/10.13345/j.cjb.210267
https://doi.org/10.13345/j.cjb.210267
https://doi.org/10.3389/fpls.2023.1018874
https://doi.org/10.3389/fpls.2023.1018874
https://doi.org/10.1016/j.plaphy.2017.08.025
https://doi.org/10.1104/pp.111.177311
https://doi.org/10.1104/pp.111.177311
https://doi.org/10.3389/fpls.2018.00323
https://doi.org/10.3389/fpls.2018.00323
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1111/jipb.12899
https://doi.org/10.1126/scisignal.2003509
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Plant materials
	Determination of anthocyanin and accessory pigments
	Sample preparation, transcriptome sequencing, and DEGs analysis
	Weighted gene co-expression network analysis (WGCNA)
	Quantitative real-time polymerase chain reaction (qRT-PCR) analysis
	Phylogenetic and conserved domain analysis of CmSnRK2.6 and CmbHLH2.1
	Subcellular localization
	Yeast two-hybrid (Y2H) assay
	Yeast one-hybrid (Y1H) assay
	Dual-luciferase activity assays

	Results
	The chrysanthemum germplasm 'f23' exhibits flower color change characterized by deepening
	Anthocyanin accumulation leads to reddish-purple flower color of chrysanthemum 'f23' during the post-flowering stage
	Screening of DEGs involved in flower color change during the post-flowering stage
	Co-expression clustering of DEGs involved in flower color change during the post-flowering stage
	WGCNA-based identification of hub genes involved in flower color change during the post-flowering stage
	Functional verification of CmSnRK2.6 in regulating anthocyanin biosynthesis
	CmSnRK2.6 interacts with CmbHLH2.1 to promote anthocyanin accumulation during the post-flowering stage in 'f23'

	Discussion
	Conclusions
	Author contributions
	Data availability
	Acknowledgments
	Conflict of interest
	Supplementary information
	References

