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Transcriptomic analyses reveal species-specific
light-induced anthocyanin biosynthesis in
chrysanthemum
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Abstract

Background: The flower colour of agricultural products is very important for their commercial value, which is
mainly attributed to the accumulation of anthocyanins. Light is one of the key environmental factors that affect the
anthocyanin biosynthesis. However, the deep molecular mechanism remains elusive, and many problems regarding
the phenotypic change and the corresponding gene regulation are still unclear. In the present study,
Chrysanthemum × morifolium ‘Purple Reagan’, a light-responding pigmentation cultivar, was selected to investigate
the mechanism of light-induced anthocyanin biosynthesis using transcriptomic analyses.

Results: Only cyanidin derivatives were identified based on the analyses of the pigmentation in ray florets. Shading
experiments revealed that the capitulum was the key organ and that its bud stage was the key phase responding
to light. These results were used to design five libraries for transcriptomic analyses, including three capitulum
developmental stages and two light conditions. RNA sequences were de novo assembled into 103,517 unigenes, of
which 60,712 were annotated against four public protein databases. As many as 2,135 unigenes were differentially
expressed between the light and dark libraries with 923 up-regulated and 1,212 down-regulated unigenes in
response to shading. Next, interactive pathway analysis showed that the anthocyanin biosynthetic pathway was the
only complete metabolic pathway both modulated in response to light and related to capitulum development.
Following the shading treatment, nearly all structural genes involved in the anthocyanin biosynthetic pathway were
down-regulated. Moreover, three CmMYB genes and one CmbHLH gene were identified as key transcription factors
that might participate in the regulation of anthocyanin biosynthesis under light conditions based on clustering
analysis and validation by RT-qPCR. Finally, a light-induced anthocyanin biosynthesis pathway in chrysanthemums
was inferred.

Conclusion: The pigmentation of the ray florets of chrysanthemum cultivar ‘Purple Reagan’ is dependent on light. During
the light-induced pigmentation process, the expression of seven structural genes in the anthocyanin biosynthetic pathway
(regulated by at least four transcription factors in response to light) are the main contributors to the pigmentation of
chrysanthemums. This information will further our understanding of the molecular mechanisms governing light-induced
anthocyanin biosynthesis in ornamental plants.
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Background
The colours of flowers and fruits of agricultural products
are highly important for their commercial value, which are
mainly attributed to the accumulation of anthocyanins, a
class of plant flavonoid metabolites [1]. The genetics and
biochemistry of the anthocyanin biosynthetic pathway
have been well characterized in plants, such as arabidopsis
(Arabidopsis thaliana), snapdragon (Antirrhinum majus)
and petunia (Petunia hybrida) [2]. Anthocyanin biosyn-
thetic pathway genes are also regulated by the develop-
mental stages of plants and environmental factors [3].
However, the mechanisms associated with plant develop-
ment and/or environmental factors that impact anthocya-
nin biosynthesis remain unclear.
Light is one of the key environmental factors that affect

anthocyanin biosynthesis [4]. Previous studies demon-
strated that light has a decisive effect on colour produc-
tion in plants; thus, the ornamental values of flowers and
economic values of fruits can be greatly improved by
changing their colours through the regulation of light con-
ditions [5]. The pigmentation of reproductive organs can
be divided into the following two categories according to
the different modes of light regulation on plant species:
the light-dependent type [6-9] and the light-independent
type [10,11]. Many studies have demonstrated that the ex-
pression of anthocyanin genes was induced by intense
light, resulting in the accumulation of anthocyanin. In
contrast, under weak light or dark conditions, the expres-
sions of related genes were down-regulated or repressed,
which resulted in decreased accumulation of anthocyanin
in flowers and fruits, thereby generating white or light-
coloured organs [9,11-13]. Moreover, many regulatory
genes have been identified in different crop species, for ex-
ample, MdCOP1 and MdMYB1 in apple (Malus pumila)
[8,14], and RLC1 in cotton (Gossypium hirsutum) [7].
However, the deep molecular mechanism of light-induced
anthocyanin biosynthesis remains elusive, and many prob-
lems regarding the phenotypic change and corresponding
gene regulation are still unclear in ornamental plants.
Chrysanthemum (Chrysanthemum × morifolium) is a

worldwide famous ornamental crop with rich germplasm,
whose yield and output values make it a leader in the glo-
bal flower industry [15,16]. Compared with other orna-
mental traits, the phenotypic variation of chrysanthemum
flower is particularly rich in colours [17]. Previous studies
have shown that only one pathway related to anthocyanin
metabolism (the cyanidin metabolic pathway) exists in the
chrysanthemum [18,19]. The simple background of pig-
ment metabolism and the light sensitivity of pigments
production make chrysanthemums an ideal model for
studies of anthocyanin biosynthesis and the corresponding
molecular regulatory mechanism in response to light.
Next generation sequencing technology, such as high-

throughput paired-end (PE) RNA sequencing (RNA-Seq)
and digital transcript abundance tag profiling, has greatly
facilitated investigation of the functional complexity of
transcriptomes for non-model organisms without a ref-
erence genome [20-23]. De novo assembly of a transcrip-
tome from RNA-Seq data produces a genome-scale
transcription map that contains both the transcriptional
structure and expression level for each gene. This ap-
proach has been widely used for studies on the relation-
ship between environmental factors and plant colour
changes [21,23-28].
To further understand the mechanism behind light-

induced pigmentation in the chrysanthemum, in the present
study, the ray florets of chrysanthemum cultivar ‘Purple
Reagan’ were analysed using transcriptomic methods. To
the best of our knowledge, this is the first systematic study
to investigate light-induced anthocyanin biosynthesis using
these two strategies in ornamental plants. This information
will be very helpful for improving functional genomic stud-
ies in chrysanthemums and will further our understanding
of the molecular mechanisms behind light-induced antho-
cyanin biosynthesis. Furthermore, this study provided evi-
dence for a molecular breeding theory concerning the basis
of flower colour modifications in ornamental plants.
Methods
Plant materials and RNA preparation
The capitulum of chrysanthemum cultivar ‘Purple
Reagan’ was selected as the experimental material. This
cultivar is pentaploid (2n=5x=45), with the floral com-
petence of 14-leave stage, and the limited inductive
photoperiod of 43 d under short daylight (12 h light/
12 h dark) (unpublished data). According to Sun et al.
[19], a total of five stages have been defined during ca-
pitulum development, named S1, S2, S3, S4 and S5. Ray
floret samples were collected at each capitulum devel-
opmental stage under light (fluorescent lamp) and dark
(shading using silver paper over the whole capitulum)
conditions in September 2013 from an artificial cham-
ber located at the Beijing Forestry University, Beijing,
China. All samples were frozen rapidly in liquid nitro-
gen and kept at −80°C. A portion of the samples was
used for RNA extractions.
Phenotypic measurements
Ray floret colour during different capitulum developmental
stages was measured using a Hunter Lab Mini Scan XE
Plus colourimeter (Hunter Associates Laboratory Inc.,
Tucson, AZ, USA). The Commission Internationale de
l’Eclairage L*a*b* colour scale was adopted [17], and raw
data such as L*, a* and b* were obtained. The colour index
for red grapes (CIRG) was calculated according to CIRG =
(180-H) / (L* + C), where C = (a*2 + b*2)0.5 and H = arctan
(b*/a*) [29]. A vernier caliper was used to measure
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capitulum diameters. Five random measurements were
made for each sample; the mean value was used for analysis.

Measurements for high performance liquid
chromatography and reducing sugar content
The extraction of anthocyanins was performed according
to previous methods [19]. Briefly, 0.2 g of the sample was
ground into fine powder in liquid N2, and then homoge-
nized in 1 ml of anthocyanin extracts [methanol:distilled
water:methane acid:trifluoroacetic acid (70:27:2:1, v/v/v/
v)] at 4°C for 24 h, with vortexing every 6 h [10,30]. Then,
the mixture was filtered using medium-speed filter paper
(Hangzhou Special Paper Industry, Hangzhou City,
China), and the filtrate was passed through a 0.22 μm
reinforced nylon membrane filter (Shanghai ANPEL,
Shanghai City, China) before submitting to high per-
formance liquid chromatography-diode array detector
(HPLC-DAD) analysis. Three replicate extractions were
made for each biological sample. The HPLC system Dio-
nex (Thermo Fisher Scientific Inc, Sunnyvale, CA, USA)
equipped with a P680 HPLC pump, UltiMate 3000 auto-
sampler, Thermostatted Column Compartment-100 and
Photodiode Array Detector-100 was used to separate
the constituents of the ray floret extracts. A C18 ODS-
80Ts QA column (150 × 4.6 mm I.D., Tokyo, Japan)
protected with a CARB Sep Coregel 87C guard cartridge
(Transgenomic Inc., Omaha, NE, USA) was used. A 10
mm3 aliquot was injected, and the resulting chromato-
grams were read at 515 nm for anthocyanins. For prep-
aration of the standard solution, rutin was accurately
weighed and dissolved in methanol, and then diluted to
appropriate concentrations. The quantitative analysis
was based on the method described by Lin and Harnly
[31]. Each sample run for HPLC was repeated three
times under the same conditions. The measurement for
reducing sugar content was based on Lin [32].

RNA isolation and library construction for transcriptomic
analyses
Total RNA was isolated from the ray florets of the capit-
ulum during different developmental stages and light con-
ditions using the Quick RNA Isolation Kit (Huayueyang
Biotechnology Co. Ltd., Beijing, China). To obtain a gen-
eral overview of the ray floret transcriptome in response
to light, five libraries (L1, L2, L3, D2 and D3) were de-
signed for RNA-Seq. L1, L2 and L3 represent samples that
were treated under a fluorescent lamp and were sampled
at capitulum developmental stages S1, S2 and S3, respect-
ively; D2 and D3 represent samples that were 100%
shaded using silver papers at the S1 stage and were sam-
pled once every other 48 h when they developed to S2 and
S3 stages, respectively (Additional file 1: Figure S1).
After the total RNA extraction and DNA polymerase I

treatment, magnetic beads with Oligo (dT) were used to
isolate mRNA. The mRNA was mixed with the fragmenta-
tion buffer and fragmented into short fragments. Then,
cDNA was synthesized using the mRNA fragments as
templates. Short fragments were purified and resolved
with elution buffer for end reparation and single nucleo-
tide adenine addition. Next, the short fragments were con-
nected with adapters. Suitable fragments were selected for
PCR amplification as templates. During the quality control
steps, an Agilent 2100 Bioanaylzer (Agilent Technologies
Co. Ltd., Santa Clara, CA, USA) and an ABI StepOnePlus
Real-Time PCR System (Applied Biosystems Inc., Foster,
CA, USA) were used.

Transcriptome sequencing, de novo assembly and
functional annotation
The Illumina HiSeq™ 2000 (Illumina Inc., San Diego, CA,
USA) was employed to sequence the library. The cDNA
fragments were approximately 200 bp in length, and the
fragments were sequenced using the PE strategy. The raw
reads obtained were pre-processed by removing adaptor
sequences and discarding empty reads and low-quality se-
quences. Then, all reads were used for transcriptome de
novo assembly using the short read assembling program
SOAPdenovo version 1.04 (http://soap.genomics.org.cn/
soapdenovo.html) with the parameters “-K 29, −M 2, −L
50”. The meaning and selection principles of the parame-
ters are available at http://soap.genomics.org.cn/soapde-
novo.html. Short reads were first assembled into contigs
with no gaps, and the reads were mapped back to the con-
tigs. The resulting contigs were joined into scaffolds using
the read mate pairs, with unknown sequences replaced
with “N”s. Finally, PE reads were performed to fill the gaps
between different scaffolds to obtain unigenes with the
least number of “N”s and the longest sequences. The as-
sembled unigenes were annotated using the BLASTx
alignment (E-value < 1×10−5) to protein databases, such
as the National Center for Biotechnology Information
non-redundant (NCBI nr) protein database (http://www.
ncbi.nlm.nih.gov), the Swiss-Prot protein database (http://
www.expasy.ch/sprot), the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database (http://www.
genome.jp/kegg), and the Clusters of Orthologous Groups
of proteins (COG) database (http://www.ncbi.nlm.nih.gov/
COG). The best-aligning results from the four databases
were chosen to decide the sequence direction of the
unigenes.

Expression annotation
The alignment package SOAPaligner version 2.20 was used
to map reads back to the transcriptome with the parameters
“-m 0, −× 1000, −s 40, −l 35, −v 3, −r 2”. The meaning and
selection principles of the parameters are available at http://
soap.genomics.org.cn/soapaligner.html. Then, the number
of mapped clean reads for each unigene was counted and
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normalized into fragments per kilobase per million frag-
ments (FPKM) values, which are widely used to calculate
unigene expression [33]. In our work, the differentially
expressed unigenes between each of the samples were
screened with a threshold of false discovery rate (FDR) <
0.001 and an absolute value of log2 ratio ≥ 1 [34].

Metabolic pathway analyses
Interactive pathway (iPath) analysis was performed using
Interactive Pathways Explorer version 2.0 (http://pathways.
embl.de). The expression of a specific gene family was
summed from all family members encoding the gene based
on KEGG orthology (Ko) identities. To understand the dy-
namic changes and magnitude of absolute expression dur-
ing capitulum development, a bar consisting of different
colours was applied to indicate different FPKM values of
unigenes.

Homolog search and phylogenetic tree construction
A total of 34 R2R3-MYB and 25 bHLH genes were iso-
lated from 103,517 chrysanthemum unigenes and trans-
lated using the NCBI Open Reading Frame Finder
(http://www.ncbi.nlm.nih.gov/projects/gorf ). Sequences
of all 125 arabidopsis R2R3-MYB proteins were retrieved
from The Arabidopsis Information Resource Arabidopsis
Genome Annotation version 7.0 released in April 2007
(http://www.arabidopsis.org). Additionally, 149 AtbHLH
sequences were retrieved from the UniProt Database
(http://www.uniprot.org). Sequence alignments were
performed using the ClustalW algorithm-based AlignX
mode in Molecular Evolutionary Genetics Analysis ver-
sion 5 (MEGA5) [35]. A phylogenetic tree was subse-
quently constructed according to the neighbour-joining
statistical method [36]. Tree nodes were evaluated using
the bootstrap method for 1,000 replicates [37], and
branches corresponding to partitions reproduced in less
than 50% of the bootstrap replicates were condensed
into single branches. Evolutionary distances were com-
puted using the p-distance method and expressed in
units of amino acid differences per site. All positions
containing gaps and missing data were eliminated prior
to construction of the phylogenetic trees for the R2R3-
MYB and bHLH genes. Amino acid sequences of the
R2R3-MYB and bHLH proteins in chrysanthemums and
other species were aligned in MEGA5 [35]. The con-
served motifs of each R2R3-MYB subgroup (Sg) were
predicted using MEME (http://nbcr-222.ucsd.edu).

Real-time quantitative reverse transcription-PCR analysis
For expression analysis using real-time quantitative re-
verse transcription-PCR (RT-qPCR), RNA was isolated
from the five different developmental stage samples under
light and dark conditions and used to generate cDNA.
PCR reactions were performed using a Mini Opticon
Real-time PCR System (Bio-Rad Laboratories Inc., Hercules,
CA, USA) based on the SYBR Premix Ex Taq (TaKaRa Bio
Inc., Shiga, Japan) [38] with three replicates. The mean ex-
pression levels of different genes were normalized to the
relative expression level [38]. Primer sequences are listed in
Additional file 2: Table S1.

Results and discussion
Pigments content in the ray florets of chrysanthemum
cultivar ‘Purple Reagan’
The pigment types and contents in flowers result in the
variety of flower colours. Therefore, we investigated the
pigment types that existed in the ray florets of chrysan-
themum cultivar ‘Purple Reagan’. Spectral scanning of
ray floret extracts from 220 nm to 270 nm and 400 nm
to 700 nm using the ultraviolet–visible spectrum re-
vealed that the absorption only presented between 220
nm and 400 nm and between 500 nm and 600 nm. This
result indicated that the analysed samples contained only
anthocyanin and flavonoids (Figure 1A and B). The
anthocyanin content was further measured using HPLC-
multi stage tandem mass spectrometry. The measuring
result showed that the fractionations of the a1 and a2
peaks both included a fragment of m/z 287 u, typical for
a [cyanidin]+ ion (Figure 1C). Based on Nakayama et al.
[18] and Saito et al. [39], peaks a1 and a2 were assigned
as cyanidin-3-O-(6″-O-malonyl-glucoside) and cyanidin-
3-O-(3″,6″-O-dimalonyl-glucoside), respectively. Quan-
titative analysis was further conducted using samples
from the five capitulum developmental stages S1 to S5
using HPLC compared to the standard sample. As
shown in Figure one (D), relative anthocyanin contents
were increased during capitulum developmental stages
S1 to S3 and then decreased after the S3 stage. There-
fore, the change in flower colour phenotypes in chrysan-
themums is mainly caused by the increase or decrease of
anthocyanin (cyanidin) content.

Organs responding to light during the anthocyanin
biosynthetic process
To investigate whether the ray florets or the leaves are the
light-response receptors during the anthocyanin biosynthetic
process in chrysanthemums, we first shaded the whole ca-
pitulum during the S1 stage (bud stage) and all leaves using
silver papers; then, we took photos when the capitulum de-
veloped to the S5 stage (full-bloom stage, Figure 2A). Plants
under light conditions were used as a control group. As
shown in Figure two (A), compared with the control group,
the ray florets under capitulum- and leaf-shaded treatments
all faded; the former treatment made the fading more
severe.
Based on the fading phenomenon, the CIRG and relative

contents of total anthocyanin in the ray florets between
these two treatments were further measured and compared.
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Figure 1 Analysis of the ultraviolet–visible spectrum and relative anthocyanin content in Chrysanthemum × morifolium ‘Purple Reagan’. A,
Ultraviolet–visible spectrum analysis of flavonoids. B, Ultraviolet–visible spectrum analysis of carotenoids. C, Mass spectrum analysis of anthocyanin content
using the HPLC method. D, The relative anthocyanin contents of different samples collected during five capitulum developmental stages detected by the
HPLC method. The x-axis and y-axis in Figure 1A and B indicate the wavelength and absorption peak value, respectively. The x-axis and y-axis in Figure 1C
indicate the running time and electric signal, respectively. The x-axis and y-axis in Figure 1D indicate the five capitulum developmental stages from S1 to
S5 and the relative anthocyanin content, respectively.
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Compared with the control group, the CIRG value and
relative anthocyanin contents in the ray florets under
these two treatments were all decreased (Figure 2B-1).
The decreased amount of relative anthocyanin content
under the capitulum-shaded treatment (0.99 OD g−1 FW)
was greater than the leaf-shaded treatment (0.55 OD g−1

FW), indicating that the shading treatment during the bud
stage of the chrysanthemum capitulum significantly af-
fected the relative content of total anthocyanin.
The effect of shading on capitulum development was also

investigated between these two treatments by measuring the
capitulum diameters (S5 stage), fresh weights and reducing
sugar contents in ray florets. The results showed that the ca-
pitulum diameters were decreased following the two shading
treatments to different extents compared to the control
group (Figure 2B-2). Variance analysis indicated that the de-
crease in capitulum diameters between the control group
and the capitulum-shaded treatment was not significant; in
contrast, the opposite was true for the leaf-shaded treatment
(Figure 2B-2). The measuring results also showed that the
fresh weights and reducing sugar contents in ray florets
decreased significantly following shading of the leaves
(Figure 2B-2 and B-3). The above results indicated that ca-
pitulum development of chrysanthemums was significantly
repressed by shading the leaves.
Based on measurements of flower colour phenotypes,
pigments and related physiological substances, we inferred
that the capitulum might be the key organ responding to
light during the anthocyanin biosynthetic process.

Key phase of capitulum development responding to light
during the anthocyanin biosynthetic process
To identify the developmental stage of capitulum that acts
as the key phase in response to light during the anthocya-
nin biosynthetic process, we shaded the capitulum during
four of the developmental stages (S1, S2, S3 and S4) and
found that the colour phenotypes of ray florets under each
capitulum developmental stage were all faded compared
to the control group. The phenotypic change in ray floret
colour following shading during the S1 stage was most
obvious, resulting in ray florets that faded to almost white
(Figure 3A). The CIRG values and relative contents of
total anthocyanin in the ray florets under the four shading
treatments all decreased (Figure 3B). The decreased
amount of relative anthocyanin content in ray florets dur-
ing the S1 stage was the highest (1.03 OD g−1 FW), and
there was a concomitant decrease in anthocyanin content
in ray florets from stages S2 to S4 (Figure 3B).
In conclusion, the pigmentation of chrysanthemum ray

florets was significantly repressed after shading during the



Figure 2 Schematic of phenotypic and physiological data among different shading treatments. A, The different shading treatments and
corresponding ray floret phenotypes (S5 developmental stage of capitulum). B, Comparison of CIRG values and relative anthocyanin contents in
ray florets (B-1), capitulum diameters and fresh weights of capitulum (B-2), and reducing sugar contents (B-3) in ray florets (S5 developmental
stage of capitulum) following different shading treatments. a, b and c represent the control group (non-shaded treatment), capitulum-shaded
and leaf-shaded treatment, respectively.
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early capitulum developmental stage, indicating that the
early developmental stage of the capitulum was the key
phase that responds to light. This result was consistent
with an investigation of the Barberton daisy (Gerbera
jamesonii) [40]. Therefore, we inferred that during the
early capitulum developmental stages, light plays a signal-
activating role in the anthocyanin biosynthetic process or
induces the generation of physiological substances in the
capitulum that are necessary for flower development and
pigmentation. In contrast, the later capitulum develop-
mental stages were only indistinctively dependent on light.

Transcriptome sequencing and de novo assembly
A pooled cDNA sample representing the capitulum de-
velopmental stages of the chrysanthemum was prepared
and sequenced with Illumina PE sequencing. As shown
in Additional file 3: Table S2, after a stringent quality
check and data cleaning, all PE reads were assembled
into 103,517 unigenes. The quality of the reads was
assessed using the base-calling quality scores from Illu-
mina’s Base-caller Bustard. Additionally, 97.53% (D3) to
97.71% (L2) of the clean reads had Phred-like quality
scores at the Q20 threshold (percentage of sequences
with sequencing error rates lower than 1%), which was
higher than the 88% and 94.85% reported for similar
works investigating the flowers from tea (Camellia
sinensis) [41] and chamomile (Chrysanthemum lavandu-
lifolium) [42], respectively. The proportion of guanidine
and cytosine nucleotides among the total nucleotides
ranged from 43.08% (D2) to 43.61% (D3). These results
showed that the throughput and sequencing quality was
high enough for further analysis.
Using the SOAPdenovo software (http://soap.genomics.

org.cn), a total of 151,247, 154,112, 140,788, 156,237 and
145,369 contigs (≥200 bp) were assembled into samples
L1, L2, L3, D2 and D3, respectively (Additional file 3:
Table S2; Sheet A in Additional file 4: Table S3). Using PE
joining and gap-filling, a total of 93,998, 96,119, 83,946,
93,496 and 83,467 unigenes (≥200 bp) were further assem-
bled from these contigs respectively (Additional file 3:
Table S2; Sheet B in Additional file 4: Table S3 and
Additional file 5: Figure S2). Finally, a total of 103,517
unique unigenes were screened out, which was similar to
the study of the Barberton daisy [25].

Functional annotation and classification
A total of 60,712 unigenes (58.65% of all 103,517 cleaned
unigenes) were annotated based on BLASTx (E-value <

http://soap.genomics.org.cn
http://soap.genomics.org.cn


Figure 3 Schematic of phenotypic and physiological data among different shading treatments of capitulum developmental stages. A,
The different developmental stages of the capitulum before treatment and the corresponding ray floret phenotypes at the S5 developmental
stage of the capitulum. Scale bar = 1 cm. B, Comparison of CIRG values and relative anthocyanin contents in ray florets (S5 developmental stage
of the capitulum) among different treatments. a represents the control group (capitulum treated under light condition from stage S1 until stage
S5), while b, c, d and e represent capitulum treated under dark conditions from stages S1 to S4, respectively, until developed to stage S5.
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1×10−5) searches of four public databases: NCBI nr data-
base, Swiss-Prot protein database, KEGG database and
COG database; this was higher than the percentage re-
ported for the chamomile transcriptome (54.32%) [42].
Among them, 57,952 unigenes (95.45% of all annotated
unigenes) could be annotated to the NCBI nr database,
while 16,359 unigenes could be annotated to all four data-
bases (Additional file 6: Figure S3A). Based on the NCBI
nr annotations, 40.9% of the annotated sequences had very
strong homology (E-value < 10−60), 18.6% showed strong
homology (10−60 < E-value < 10−30), and an additional
40.3% showed homology (10−30 < E-value < 10−5) to avail-
able plant sequences (Additional file 6: Figure S3B). The
20 top-hit species based on NCBI nr annotation are
shown in Additional file 6: Figure S3C. More than 80% of
unigenes could be annotated with sequences from the
nine top-hit species.
The Swiss-Prot database was reviewed by manual en-
dorsement; therefore, the functional annotation that was
provided by this database was the least redundant, the most
complete and highly accurate. In total, 38,215 unigenes
were annotated against the Swiss-Prot database, accounting
for 62.94% of all annotated unigenes and 246 unigenes that
were not annotated against the other three databases
(Additional file 6: Figure S3A).
There were 34,657 unigenes mapped into 128 KEGG

pathways. The pathways with the highest unigene repre-
sentations were plant-pathogen interaction (Ko04626,
1,804 unigenes, 5.21%), followed by plant hormone signal
transduction (Ko04075, 1,567 unigenes, 4.52%) and RNA
transport (Ko03013, 1,352 unigenes, 3.9%). The metabo-
lites with the highest representation were starch and su-
crose metabolism (Ko00500, 916 unigenes, 2.64%), purine
metabolism (Ko00230, 825 unigenes, 2.38%), and the
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mRNA surveillance pathway (Ko03015, 802 unigenes,
2.31%) (Additional file 7: Table S4). From these pathways,
information concerning chrysanthemum metabolism can
be obtained. Additionally, the Ko ids were used in iPath
analysis and were helpful for the study of flower colour
quality-related metabolism (see below).
Next, Gene Ontology (GO) analysis was performed. A

total of 42,411 unigenes (69.86% of all annotated unigenes)
were assigned one or more GO terms. These 42,411 uni-
genes were categorized into 55 GO functional groups dis-
tributed under three main categories: biological processes
(49.53%), cellular components (36.67%) and molecular
functions (13.80%). Proteins related to cellular processes
(15.48%), metabolic processes (14.60%) and single-organism
processes (11.12%) were enriched in the biological processes
category. Under the cellular components category, the cell
(24.76%), cell parts (24.76%) and organelles (19.81%) were
the most highly represented GO terms. Within the molecu-
lar functions category, genes encoding binding proteins
(41.68%) and proteins related to catalytic activity (43.92%)
were the most enriched (Additional file 8: Figure S4).
In addition to GO analysis, COG analysis was used to

further evaluate the function of the assembled unigenes.
Out of a total of 60,712 annotated unigenes, 20,414 hits
(33.62%) were aligned with 25 COG classifications. Out of
the 25 COG categories, the cluster for general function pre-
diction only (16.51%) represented the largest group,
followed by transcription (9.34%) and replication, recom-
bination and repair (8.64%). Only a small proportion of the
unigenes was assigned to nuclear structure (0.027%) or
extracellular structures (0.027%). It is worth noting that a
large number of genes were assigned to posttranslational
modification, protein turnover, chaperones (7.44%), transla-
tion, ribosomal structure and biogenesis (6.95%), signal
transduction mechanisms (6.54%), and carbohydrate trans-
port and metabolism (5.79%) (Additional file 9: Figure S5).
Based on the use of BLASTx against the databases

mentioned above, the direction and region of the coding
sequences were extracted from the sequences. A total of
58,419 coding sequences were translated into peptide
sequences; a total of 22,641 had lengths > 300 AA, with
the 888 longest unigenes having lengths > 1000 AA. The
remaining unigenes were predicted using ESTscan [43]
resulting in annotation of 4,715 unigenes, 589 of whose
lengths were > 300 AA.

Exploration of light-induced genes during capitulum
development
A total of 103,517 unigenes expressed during capitulum
development showed different expression patterns
between the light and dark libraries. For a global view of
expression patterns, the expression level of unigenes
was visualized in a three-dimensional space (Additional
file 10: Figure S6). This approach enables an overall
understanding of the expression changes of unigenes
between these two libraries.
To investigate differences in unigene expression in chrys-

anthemum ray florets under different light conditions, we
first analysed the differentially expressed unigenes between
the light and dark libraries. Comparing the expression of
unigenes between samples L2 (under light conditions) and
D2 (under dark conditions), we found that a total of 2,425
and 2,542 unigenes were up- and down-regulated after
shading, respectively (Additional file 11: Figure S7A and
S7C). For unigenes in samples L3 (under light condi-
tions) and D3 (under dark conditions), a total of 2,807
and 2,514 unigenes were up- and down-regulated, re-
spectively (Additional file 11: Figure S7B and S7C). To
identify candidate unigenes that are regulated in re-
sponse to light, the intersections among these four
samples were further analysed. Finally, we found that
the numbers of up-regulated, down-regulated and in-
variable unigenes were 923, 1,212 and 93,656, respect-
ively (Additional file 11: Figure S7C). Thus, we focused
on the 923 up-regulated and 1,212 down-regulated uni-
genes that most likely represented light-induced genes.
To identify the function of these differentially expressed

unigenes, we further performed GO, KEGG and nr classifi-
cation analysis. In the GO analysis, these differentially
expressed unigenes were categorized into 47 functional
groups. Interestingly, unigenes encoding proteins related to
biological adhesion, antioxidant activity and extracellular
region were only up-regulated, while unigenes encoding
proteins related to the extracellular matrix and nutrient res-
ervoir activity were only down-regulated (Additional file 12:
Figure S8A). In the KEGG analysis, all of the differentially
expressed unigenes were categorized into 12 functional
groups. Among them, 60.19% of the up-regulated unigenes
and 68.18% of the down-regulated unigenes with known
functions fell into categories related to genetic information
processing, carbohydrate metabolism, flavonoid related bio-
synthesis, hormone response, amino acid metabolism or
environmental adaptation (Additional file 12: Figure S8B),
suggesting that these pathways or processes might respond
to shading.
Because GO categories and KEGG annotation are too

general to provide detailed information on biological
mechanisms, additional annotation based on the NCBI
nr database was performed for all of the 2,135 unigenes
with differential expression patterns. A total of 1,558
(72.97%) of the unigenes had unknown functions. The
remaining 577 unigenes were divided into 37 groups
(Additional file 12: Figure S8C), in which the transcrip-
tion factors (57), protein kinases (44), photosynthesis
proteins (40), transport (40), lipid biosynthesis proteins
(39), ubiquitin system (35), transcription machinery (30)
and glycan biosynthesis (26) occupied a large proportion
(57.36% of the total known unigenes). After comparing
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these results with studies related to fruit [24,44-46], we
observed both many similarities and specificities for
flowers.
A reduction in light intensity is thought to be the most

direct effect of shading. It has been hypothesized that
photosynthetic rates are significantly altered by different
levels of shading [47,48]. Zhu et al. [24] found that ap-
proximately 6% of shade-response genes are related to
photosynthesis. In another study, approximately 2% of li-
tchi (Litchi chinensis) unigenes induced by shading were
found to be related to photosynthesis [26]. In this work,
we found that 1.87% of chrysanthemum unigenes were re-
lated to photosynthesis (Additional file 13: Table S5),
which is similar to the study of litchi [26]. Among them,
92.5% of the unigenes documented were repressed; these
unigenes were mainly involved in photosystem and elec-
tron transport system, antenna proteins, chloroplastid,
carbon fixation in photosynthetic organisms, and oxidative
phosphorylation and nitrogen metabolism; the remaining
up-regulated unigenes only included genes involved in
chlorophyll biosynthesis.
Shading also had a large impact on protein ubiquitination

and degradation. For example, F-box proteins, 26S prote-
asome subunit proteins, the ubiquitin E3 ligase complex
including cullin and ubiquitin-conjugating enzymes were
regulated in response to shading, which is in agreement
with the findings in apples [24] and litchi [26]. Shading may
also affect the expression of stress-response genes [26]. For
instance, some unigenes involved in the cellular response to
salt, drought and disease stress were induced after shading
(Additional file 13: Table S5). It has been previously re-
ported that shading has an effect on cell-wall loosening and
degradation [24,45]. In our study, 14 cell-wall degradation-
related genes were induced after shading. These genes
included eight up-regulated unigenes mainly involved in
pectin methylesterase, polygalacturonase-inhibiting protein,
cellulose synthase, cell wall glycoprotein, wall-associated re-
ceptor kinase and extensin-like protein, and six down-
regulated unigenes mainly involved in glycine-rich cell wall
structural protein, cell wall-associated hydrolase, putative
extensin and leucine-rich repeat extensin-like protein.
These results indicated that ray florets activate cell-wall for-
mation in response to low-light stress. Moreover, the gener-
ation of reactive oxygen species and differentially expressed
genes related to cell wall decoration were also found in
chrysanthemums (Additional file 13: Table S5).
Fruit and floral development are highly dependent on the

carbohydrate supply. In response to shading, eight differen-
tially expressed unigenes encoding enzymes involved in
carbohydrate metabolism were identified (i.e., the metabo-
lisms of ascorbate, starch, sucrose, fructose, mannose, gal-
actose and gluconeogenesis); the majority of these unigenes
were up-regulated (Additional file 13: Table S5). This result
is in agreement with the findings in apples [24] and litchi
[26]. The up-regulated expression of these genes is likely a
direct or indirect early response of the ray florets to the
carbohydrate storage.
Transcription factors, protein kinases and protein phos-

phatases are all related to the transcription process in
plants. In the current study as many as 35 up-regulated and
22 down-regulated chrysanthemum unigenes under shad-
ing conditions were found to be related to transcription fac-
tors, mainly including MYB, bHLH, WD40, zinc finger
protein, MADS-box, Homeobox, Ankyrin, MYC, RING fin-
ger, WRKY, NAC and GATA-factors. The differentially
expressed unigenes related to protein kinases included six
groups: CAMK, CK1, TKL, Atypical protein, Histidine pro-
tein kinases and other groups (such as receptor-like protein
kinase, putative protein kinase, shikimate kinase and
calmodulin-binding transcription activator). For protein
phosphatases, both the up- and down-regulated unigenes
possessed functions of phosphate and amino acid trans-
porters (Additional file 13: Table S5).
Some research groups have reported that shading treat-

ment affected the biosynthesis of many genetic materials
and biological processes [11,23,26]. Unigenes related to
DNA replication proteins and the chromosome or associ-
ated with the biogenesis of transfer RNA, mitochondria
and the ribosome were found to be differentially expressed
in the present study (Additional file 13: Table S5). A com-
plex combination of signalling pathways has been pro-
posed to play important roles in the modulation of fruit
development. Hormone signalling is important for the co-
ordination of fruit growth, fruit abscission and plant de-
fence [49,50]. In our study, as many as 14 differentially
expressed unigenes were hormone-related and involved in
the signal transduction pathways of auxins, brassinoster-
oids, jasmonic acid, abscisic acid and indole. In contrast to
the study of litchi [26], not all of these genes were up-
regulated: two auxin-binding proteins, one putative auxin
binding protein, one indole-3-acetic acid hydrolase and
one jasmonic acid were down-regulated, indicating that
the expression of these hormone-related genes are specific
to flowers.
Beside the above mentioned functions, we also observed

many differentially expressed unigenes related to transpor-
tation (transport and ion channels), floral development
(developing and circadian rhythm), proteins (chaperones
and folding catalysts, GTP-binding proteins, retrotrans-
poson proteins, lectins, sweet proteins, glutathione metab-
olism and metallothionein) and other metabolisms (lipid
biosynthesis proteins, glycan biosynthesis, gibberellin bio-
synthesis, amino acid related enzymes, anthocyanin bio-
synthesis, other secondary metabolites, tricarboxylic acid
cycle, terpenoids and polyketides, cofactors and vitamins).
Many of these results are similar to the studies on fruit,
indicating that several homogeneous biological reactions
in response to shading exist both in fruit and flowers.
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However, in the present study we observed that genes re-
lated to anthocyanin biosynthesis were repressed after
shading, which has not been previously reported. The de-
tailed analyses are shown below.

Metabolic pathways responding to shading during
capitulum development
To provide a global view of genes that are modulated in
response to shading during chrysanthemum metabolism,
the 923 and 1,212 up- and down-regulated unigenes
were submitted for analysis via on-line iPath explorer
version 2.0 (Additional file 14: Figure S9). iPath is an
open-access online tool that integrates 123 KEGG maps
from 183 species [51]. It has been widely used in associ-
ation with RNA-Seq transcriptomics [52], for example,
in the analysis of Solanum glandular trichomes [53].
The dynamic changes and magnitudes of absolute ex-
pression during capitulum development are shown in
Additional file 14: Figure S9. The lines shown in this fig-
ure indicate genes modulated in response to shading
that mapped to pathways, including the metabolism of
lipids, carbohydrates, amino acids, nucleotides and
energy metabolism. Blue, green and yellow lines indicate
that the expression of most members in a specific gene
family did not differ significantly, were down-regulated
and were irregularly regulated during capitulum develop-
ment, respectively. Importantly, some pathways (indicated
by red lines) showed enhancement, such as pentose phos-
phate metabolism (Additional file 14: Figure S9B) that
generates triphosphopyridine nucleotides to increase the
metabolic rate during capitulum development; moreover,
the expression of genes involved in the tricarboxylic acid
cycle also increased Additional file 14: Figure S9B). In the
present study, the iPath application provided an inter-
active metabolic network associated with gene expression
changes during capitulum development in chrysanthe-
mums. Interestingly, we found that almost all the struc-
tural genes participating in the anthocyanin metabolic
pathway were up-regulated during capitulum develop-
ment (Additional file 14: Figure S9B). This pathway repre-
sents the only complete metabolic pathways modulated in
response to both light and floral development that we
observed.
Light is a very important environmental factor that af-

fects floral organ development and the metabolic path-
way. Biosynthesis of phenolic compounds is known to
be sensitive to light environments, which reflects the
possible role of these compounds in photoprotection in
plants [54]. Among these metabolic pathways, the mo-
lecular mechanism by which light affects anthocyanin
biosynthesis has not been clearly revealed. Light also
plays a key role in the development of floral organs in
some plants. For example, after shading during the
early-stage inflorescence of the Barberton daisy, Meng
et al. [40] found that both the pigmentation of ray florets
and the elongation of inflorescence were repressed. Fur-
ther study has shown that light promoted the transverse
and longitudinal development of cells in the Barberton
daisy ray florets. In the present study, when the bud-
stage capitulum of the chrysanthemum was shaded, the
capitulum development was not repressed. This finding
indicates that the influence of light on floral organ devel-
opment may differ among species.

Expression patterns of genes involved in the anthocyanin
metabolic pathway
During the first three stages (S1, S2 and S3) of capitulum
development, the ray florets undergo a rapid change in
flower colour under light conditions, ranging from white
on the whole petal to pink on the tip of the petal to purple
on the whole petal (Figure 4A). This change is due to the
increase in relative anthocyanin content from 0.25 OD g−1

FW to 1.50 OD g−1 FW to 1.72 OD g−1 FW as detected by
HPLC analysis (Figure 4B). In this work, unigenes partici-
pating in the anthocyanin metabolic pathway were
selected and studied in detail. We observed that the ex-
pressions of 13 unigenes or contigs related to the eight
genes encoding corresponding enzymes involved in the
anthocyanin metabolic pathway were significantly up-
regulated with the exception of CHI (Figure 4C).
In the present study, we found that ray floret colour deep-

ened with capitulum development; accordingly, there was
an increase in the relative anthocyanin content and the
expression levels of key genes related to anthocyanin biosyn-
thesis. The variation tendencies of the three were coincident.
These findings are similar to studies on apple [55], anthura
(Anthurium andraeanum) [56] and the Barberton daisy
[40], indicating a relationship between floral development
and the pigmentation of plants. This relationship may occur
because the two processes might be regulated by the same
upstream pathways, or colour formation might be strictly
regulated by capitulum development.
The present study showed that the pigmentation of

chrysanthemum ray florets was severely repressed after
shading; the relative anthocyanin content decreased and
the expression of almost all the structural genes was re-
pressed. These findings indicated that anthocyanin bio-
synthesis in chrysanthemums relies on light. Therefore,
light is the necessary induction factor for normal pig-
mentation in chrysanthemums during certain develop-
mental stages and promotes anthocyanin biosynthesis
mainly by activating the expression of genes related to
anthocyanin biosynthesis.
The promoting effect of light on the transcriptional

levels of structural and regulatory genes has been ob-
served in many plants, such as CHS in arabidopsis
[57-59], DFR and MYBP1 in purple perilla (Perilla fru-
tescens) [60], PAL in corn (Zea mays) [61], CHS, F3H,



Figure 4 Schematic of physiological and metabolic data related to chrysanthemum flower colour during capitulum development.
A, Changes in colour phenotypes of ray florets during capitulum development. Scale bar = 0.5 cm. B, Changes in relative anthocyanin content
during the first three capitulum developmental stages (S1, S2 and S3) detected by HPLC analysis. The x-axis and y-axis represent the relative
anthocyanin content and the three capitulum developmental stages, respectively. C, Anthocyanin biosynthesis pathway. Enzyme names, unigene
names and expression patterns are indicated on the right of each step. The expression patterns of each unigene or contig are shown using
different grids from blue (−4.0) to red (13.0), with the values representing the log10 FPKM values. The higher the grid values, the higher the gene
expression levels. a and b represent the light and dark libraries, respectively.
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DFR, LDOX and UFGT in apple [14], LAP1, MtMYBA
and AN2 in alfalfa (Medicago sativa) [62,63], and CHS,
CHI, F3H, DFR, LDOX, UFGT and MYBA1 in grape
[64]. Using transcriptomic analysis we obtained a com-
prehensive understanding of the changes in structural
genes related to anthocyanin synthesis after shading at
the transcriptomic level due to the elimination of the
functional effects of different gene family members. In
the present study, we found that the expression of most
of the structural genes involved in the anthocyanin bio-
synthetic pathway was affected by light (with the excep-
tion of CHI), indicating that the light-induced biosynthetic
mechanism of anthocyanin in chrysanthemums is species-
specific.
Gene expression decreased 2- to 36-fold under shad-

ing conditions, with high levels of repression of the
expression of anthocyanin-specific branch genes DFR,
ANS, 3GT, 3MT1 and 3MT2. The expression of unigene
34776_All (ANS) after shading was repressed almost
completely; thus, this gene was inferred to be a key
structural gene related to the effect of light on antho-
cyanin biosynthesis.
In conclusion, the regulation of anthocyanin biosyn-

thesis in chrysanthemums by light is in turn regulated by
the developmental stage of the capitulum; in other words,
the pigmentation process in chrysanthemums is simultan-
eously regulated by light and capitulum development.

Differential effects on transcription factors regulating
anthocyanin biosynthesis between the light and dark
libraries
A total of 34 chrysanthemum R2R3-MYBs and 125 arabi-
dopsis R2R3-MYBs were used to construct a phylogenetic
tree (Figure 5A). CmMYBs were integrated with AtMYBs in
clustered phylogenetic clades or subclades and divided into
25 MYB subgroups overall (Figure 5A). The resulting tree
exhibited similar basic subgroups to those observed by
Matus et al. [65] with the exception of Sg8 and Sg17. MYBs
in Sg4, Sg5, Sg6, Sg7 and Sg15 were reported to be regula-
tors of anthocyanin and proanthocyanidin biosynthesis [66].



Figure 5 Evolutionary relationships of R2R3-MYBs and validation of CmMYBs. A, Evolutionary relationships of 125 AtMYBs and 34 CmMYBs.
Full-length amino acid sequences of R2R3-MYBs from the chrysanthemum transcriptome dataset and arabidopsis genome were first aligned using
ClustalW in MEGA5. The phylogenetic tree was constructed according to the neighbour-joining method. Branches corresponding to partitions
reproduced in less than 50% of the bootstrap replicates were collapsed. The evolutionary distances were computed using the p-distance method.
All ambiguous positions were removed for each sequence pair. Evolutionary analyses were conducted in MEGA5. The black circle represents 34
CmMYBs. B, Phylogenetic tree of R2R3-MYBs and conserved motifs of chrysanthemum and other plants in subgroups 4, 5, 6 and 7. The black
circle represents CmMYBs. Conserved motifs detected by MEME are listed behind each subgroup. C, Validation of CmMYBs in subgroups 4, 5, 6
and 7. The x-axis and y-axis represent the three developmental stages of the capitulum and the FPKM values, respectively. Red and black lines
indicate the light and shading treatments, respectively.
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In the present study, there was one CmMYB in Sg4 (uni-
gene 12060, renamed as CmMYB4), two in Sg5 (unigene
30900 and unigene 39316, renamed as CmMYB5-1 and
CmMYB5-2, respectively), one in Sg6 (unigene 33504,
renamed as CmMYB6), and three in Sg7 (unigene 17016,
unigene 18866 and unigene 35384, renamed as CmMYB7-1,
CmMYB7-2 and CmMYB7-3, respectively); no CmMYBs
were found in Sg15.
According to Matus et al. [65], most of MYBs belonging

to the same subgroup share motifs outside of the MYB
domain. Consistent motifs were generally observed among
arabidopsis, chrysanthemum and many other ornamental
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plants using MEME (Figure 5B), including Sg4 (LNLEL[R/S]
I) [67], Sg5 ([V/I]IR[T/L][K/H]A) [68], Sg6 ([V/N]IKPRPR
SFS[Q/V]) [69], and Sg7 ([K/L/R][P/R]GR[T/W][S/D/T][R/
N][E/S][I/E][K/D][K/N]) [70], further confirming the validity
of the proposed tree (Figure 5A).
To investigate the expression patterns of these seven

CmMYBs during capitulum developmental processes
under light and shading conditions, the relative inten-
sities (FPKM value) of these genes were further analysed
(Figure 5C). The results showed that the expression of
CmMYB4, CmMYB5-1 and CmMYB6 increased under
both of the light conditions in agreement with capitulum
development and were repressed after shading; in con-
trast, the opposite trend was observed for CmMYB7-1.
Therefore, we inferred that CmMYB4, CmMYB5-1 and
CmMYB6 might be regulation enhancers of light-
induced anthocyanin biosynthesis in chrysanthemums,
while CmMYB7-1 might participate in the negative regu-
lation of anthocyanin biosynthesis.
Based on conserved short motifs identified outside of the

DNA binding domain, Heim et al. [71] classified 113 ob-
served bHLH proteins into 12 groups numbered from I to
XII. In this system, members of IIId, IIIe, and IIIf function
as transcription factors regulating genes involved in flavon-
oid metabolism [71]. Carretero-Paulet et al. [72] presented
a comprehensive classification as well as a structural and
evolutionary analysis of the bHLH gene family in plants,
classifying 638 observed bHLH genes from arabidopsis,
poplar (Populus), rice (Oryza sativa), mosses, and algae
species into 32 subfamilies. Notably, subfamilies 2, 5 and 24
were identified as regulators of flavonoid or anthocyanin
metabolism. Using the same methods, 25 CmbHLHs and
149 AtbHLHs were constructed into a phylogenetic tree
and divided into 10 groups (inside number) and 21 subfam-
ilies (outside number; Figure 6A), excluding the subfamilies
6, 8, 9, 11, 18, 20, 21, 22, 23, 29 and 32. The number of
CmbHLH associations with flavonoid or anthocyanin bio-
synthesis was less than expected, with one CmbHLH identi-
fied in subfamily 2 (unigene 11513, renamed as CmbHLH2),
subfamily 5 (unigene 8215, renamed as CmbHLH5) and
subfamily 24 (unigene 8723, renamed as CmbHLH24),
respectively.
The HLH domain commonly provides information on

specific DNA-binding abilities due to the amphipathic af-
finity of its N-terminal. This is especially apparent in the
critical His-Glu-Arg (H-E-R) motif located at positions 5,
9, and 13. These HER sites have been shown to bind to a
variation of the E-box hexanucleotide sequence (E-box: 5’-
CANNTG-3’, variation G-box: 5’-CACGTG-3’) [73]. The
HLH region is composed of two hydrophobic α-helices
linked by a divergent loop and is marked by the alignment
of amino acids of subfamilies 2 and 24 in Figure six (A).
The activation or repression domains located outside of
the DNA binding domain are important for the regulation
of gene expression. These sequences usually contain short
motifs that are conserved between related proteins in dif-
ferent species. In most cases, the protein architecture is
remarkably conserved within specific subfamilies, provid-
ing further support for phylogenetic analysis based on
bHLH domains.
Based on 50 motifs of variable lengths (8–80 amino

acids) summarized from the 638 bHLHs examined by
Carretero-Paulet et al. [72], conserved motif architecture
structures in subfamilies 2, 5 and 24 were 11-14-8-20-
12-2-1-7-4, 22-2-1-22-47-29 and 22-48-2-1-39-15, re-
spectively (Figure 6B). Similar to CmMYBs, we analysed
the relative intensity of these three CmbHLH genes (Fig-
ure 6C). The results showed that only CmbHLH24 re-
vealed a clear expression pattern and was repressed after
shading. Therefore, we inferred that CmbHLH24 might
be a regulation enhancer of light-induced anthocyanin
biosynthesis in chrysanthemums.
In general, the expression of transcription factors is in-

duced by external signals and affects the pigmentation of
plant fruits, leaves and flowers through their influence on
structural gene expression levels related to anthocyanin
biosynthesis [74]. For example, in the study of petunia, the
authors found that transcript PhMYB27 (a putative S1S2-
MYB active repressor) was highly expressed during non-
inductive shade conditions and repressed during high
light. The competitive inhibitor PhMYBx (S2-MYB) was
expressed under high light, which suggested that it may
provide feedback repression [75]. Correlations have been
found between light, anthocyanin biosynthesis and tran-
script levels of MYB. It has been suggested that MYB de-
termined the light-induced phenotype in petunias [4] and
played an important role in the regulation of anthocyanin
biosynthesis in corn in response to different light qualities
[76,77]. In fruit, the enhancement of MYB expression by
sunlight was also observed during fruit pigmentation. In
pear (Pyrus spp.) fruit under normal sunlight conditions
for eight days after bag removal, PyMYB10 transcripts
were approximately 12-fold higher than those observed in
the bagged fruit [78]. When dark-grown apple fruit were
exposed to sunlight, MdMYB1 transcript levels increased
over several days [14]. In studies investigating the mech-
anism, promoter structure differentiation of MYB tran-
scription factor RLC1 was shown to induce red leaf
pigmentation in empire red leaf cotton under light condi-
tions [7]. All of the above reports indicated the signifi-
cance of transcription factors on the regulation of the
anthocyanin biosynthetic process in higher plants. In the
present study, we identified five important transcription
factors that might be key genes regulating anthocyanin
biosynthesis and correspondingly resulting in the change of
flower colour phenotypes in chrysanthemums. These find-
ings are similar to many studies related to the anthocyanin-
light relationship in other multiplication organs. However,



Figure 6 Evolutionary relationships of bHLHs and validation of CmbHLHs. A, Evolutionary relationships of 149 AtbHLHs and 25 CmbHLHs.
Full-length amino acid sequences of bHLHs in the chrysanthemum transcriptome dataset and arabidopsis genome were first aligned using ClustalW in
MEGA5. The phylogenetic tree was constructed according to the neighbour-joining method. Branches corresponding to partitions reproduced in less
than 50% of bootstrap replicates were collapsed. The evolutionary distances were computed using the p-distance method. All ambiguous positions
were removed for each sequence pair. Evolutionary analyses were conducted in MEGA5. The black circle represents 25 CmbHLHs. B, Phylogenetic tree
of bHLHs and conserved motifs of chrysanthemum and other plants in subfamilies 2, 5 and 24. The black circle represents CmbHLHs. Conserved motifs
are listed behind each subfamily. C, Validation of CmbHLHs in subfamilies 2, 5 and 24. The x-axis and y-axis represent the three developmental stages
of the capitulum and the FPKM values, respectively. Red and black lines indicate the light and dark treatments, respectively.
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the elucidation of their functions requires more elaborate
studies.

Validation of the expression of genes related to
anthocyanin biosynthesis in chrysanthemum
To verify the reliability of the chrysanthemum transcription
data, all five transcription factors (CmMYB4, CmMYB5-1,
CmMYB6, CmMYB7-1 and CmbHLH24) and 13 structural
genes involved in the anthocyanin biosynthetic pathway
(CmCHS1, CmCHS2, CmF3H, CmF3’H1, CmF3’H2, CmF
3’H3, CmDFR, CmANS1, CmANS2, CmANS3, Cm3GT,
Cm3MT1 and Cm3MT2) in chrysanthemums were ampli-
fied from samples collected during the five capitulum devel-
opmental stages and two light conditions by RT-qPCR
(Figure 7A). PP2A was used as a reference gene [79]. The re-
sults showed that all 13 structural genes showed the same
expression patterns predicted by the transcription results:
with the capitulum development, their expression first in-
creased and then decreased. Moreover, significant differ-
ences between the light and shading samples were detected



Figure 7 Validation of the expression of genes related to anthocyanin biosynthesis in chrysanthemums. A, Relative expression levels of
13 functional genes related to anthocyanin biosynthesis and five transcription factors under different treatment conditions by RT-qPCR. The x-axis
and y-axis represent the five developmental stages of the capitulum and the relative expression level of each gene, respectively. Red and black
squares indicate light and shading treatments, respectively. *represents significance at the 0.05 level. All gene expression levels were normalized
against CmPP2A. B, The phenotype of the capitulum during five developmental stages. The upper part depicts the capitulum treated under light
condition, while the lower part depicts the capitulum treated under dark conditions. Scale bar = 1cm. C, The relative anthocyanin content of
different samples detected by the HPLC method. The x-axis and y-axis represent the five developmental stages of the capitulum and the relative
anthocyanin content, respectively. Red and black squires indicate light and shading treatment, respectively. D, The inferred light-induced
anthocyanin biosynthesis pathway in chrysanthemums.
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at the 0.05 level. The results were the same for the transcrip-
tion factors. However, it is worth noting that although the
expression of CmMYB4 showed the same expression pat-
tern as the 13 structural genes, there were no significant
differences between the light and shading samples collected
from the five capitulum developmental stages. Therefore,
CmMYB4 was eliminated from our results (Figure 7A).
These results were consistent with the fading of flower
colour phenotypes (Figure 7B) and changes in relative
anthocyanin content (Figure 7C) under the same experi-
mental conditions, indicating the high reliability of the
chrysanthemum transcription data.
Based on the above results, a light-induced anthocya-

nin biosynthesis pathway in chrysanthemums was in-
ferred (Figure 7D). Briefly, following the regulation of
CHS1 and CHS2 in chrysanthemum ray florets, chal-
cone is generated from ρ-coumaroyl-CoA, which is
further transferred to naringenin under the regulation
of CHI. Next, F3H plays a key role in the generation
of dihydrokaempferol. Then, under the regulation of
F3’H1, F3’H2 and F3’H3, dihydrokaempferol is trans-
ferred to dihydroquercetin, and leucocyanidin is further
generated due to the existence of DFR. Cyanidin, a sub-
stance unique to the metabolic pathway of anthocyanin
in chrysanthemums, is generated from leucocyanidin under
the regulation of enzymes ANS1, ANS2 and ANS3. Finally,
cyanidin-3-O-(6″-O-malonyl-glucoside) and cyanidin-3-O-
(3″,6″-O-dimalonyl-glucoside) are generated in order after
the regulation of 3GT, 3MT1 and 3MT2, respectively. The
whole metabolic pathway of the anthocyanin transcription
factors, including three positive regulators (CmMYB5-1,
CmMYB6 and CmbHLH24) and one negative regulator
(CmMYB7-1), play roles in the regulation of structural gene
expression, although their functions and interactions with
each other need further study.

Conclusions
The pigmentation of the ray florets of chrysanthemum
cultivar ‘Purple Reagan’ is dependent on light. During the
light-induced pigmentation process, the expression of
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structural genes CHS, F3H, F3’H, DFR, ANS, 3GT and 3MT
in the anthocyanin biosynthetic pathway (regulated by tran-
scription factors CmMYB5-1, CmMYB6, CmbHLH24 and
CmMYB7-1 in response to light) are the main contributors
to the pigmentation of chrysanthemums.

Availability of supporting data
The data sets supporting the results of this article are
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Dg2fDMzcLjA=.

Additional files

Additional file 1: Figure S1. The five samples used in the
transcriptomic analysis. Scale bar = 0.5 cm.

Additional file 2: Table S1. Primers used for RT-qPCR analysis.

Additional file 3: Table S2. Summary of the chrysanthemum ray floret
transcriptome.

Additional file 4: Table S3. Length and gap distribution of contigs and
unigenes from each library of Chrysanthemum ×morifolium ‘Purple Reagan’.

Additional file 5: Figure S2. The distribution of unigene numbers and
lengths.

Additional file 6: Figure S3. Characteristics of the homology search of
chrysanthemum unigenes. A, Venn diagram of the number of unigenes
annotated by BLASTx with an E-value threshold of 10−5 against four
protein databases. B, E-value distribution of the top BLASTx hits against
the nr database for each unigene. C, Numbers and percentages of
unigenes matching the 20 top species using BLASTx in the nr database.

Additional file 7: Table S4. KEGG pathway annotation of
chrysanthemum unigenes.

Additional file 8: Figure S4. GO classification of chrysanthemum unigenes.

Additional file 9: Figure S5. COG classification of chrysanthemum
unigenes.

Additional file 10: Figure S6. Overall expression profiles for the
unigenes expressed in ray floret libraries during capitulum development.
A, Light library. B, Dark library.

Additional file 11: Figure S7. Differentially expressed unigenes between
the light and dark libraries. A, Number of differentially expressed unigenes
between samples L2 (under light condition) and D2 (under dark condition).
B, Number of differentially expressed unigenes between samples L3 (under
light condition) and D3 (under dark condition). C, Intersection between
samples L2 versus D2 and L3 versus D3. The plus symbol, minus symbol
and triangular symbol represent up-regulated, down-regulated and
invariable unigenes, respectively.

Additional file 12: Figure S8. Comparisons between up- and
down-regulated unigenes classified in the GO, KEGG and nr databases. A,
Functional classification of differentially expressed unigenes based
on GO categorization. B, Pathway assignment based on the KEGG
classification metabolism categories. C, Comparison of numbers between
up- and down-regulated unigenes in nr analysis. a and b represent the
up- and down-regulated unigenes after shading, respectively.

Additional file 13: Table S5. Summary of differentially expressed
unigenes annotated in the nr database.

Additional file 14: Figure S9. Interactive pathway analysis of anthocyanin
biosynthesis during capitulum development. A, Up-regulated genes after
shading. B, Down-regulated genes after shading.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
YH and XT conducted the experiments and bioinformatics analysis. HH and
SD conceived the study, coordinated research activities. YH and YZ wrote
the manuscript; all authors read and approved the final manuscript.
Acknowledgements
The authors thank the National Natural Science Foundation of China
(Grant No. 31272192) for support and the colleagues at the chrysanthemum
breeding group for their valuable input.

Received: 21 December 2014 Accepted: 2 March 2015

References
1. Tanaka Y, Ohmiya A. Seeing is believing: engineering anthocyanin and

carotenoid biosynthetic pathways. Curr Opin Biotech. 2008;19(2):190–7.
2. Winkel-Shirley B. Flavonoid biosynthesis. A colorful model for genetics,

biochemistry, cell biology, and biotechnology. Plant Physiol. 2001;126
(2):485–93.

3. Guo J, Han W, Wang MH. Ultraviolet and environmental stresses involved in
the induction and regulation of anthocyanin biosynthesis: a review. Afr J
Biotechnol. 2008;7(25):4966–72.

4. Albert NW, Lewis DH, Zhang H, Irving LJ, Jameson PE, Davies K. Light-
induced vegetative anthocyanin pigmentation in Petunia. J Exp Bot. 2009;60
(7):2191–202.

5. Jaakola L, Hohtola A. Effect of latitude on flavonoid biosynthesis in plants.
Plant Cell Environ. 2010;33(8):1239–48.

6. Dong YH, Beuning L, Davies K, Mitra D, Morris B, Kootstra A. Expression of
pigmentation genes and photo-regulation of anthocyanin biosynthesis in
developing Royal Gala apple flowers. Functional Plant Biol.
1998;25(2):245–52.

7. Gao Z, Liu C, Zhang Y, Li Y, Yi K, Zhao X, et al. The promoter structure
differentiation of a MYB transcription factor RLC1 causes red leaf coloration
in empire red leaf cotton under light. PLoS One. 2013;8(10):e77891.

8. Li Y, Mao K, Zhao C, Zhao X, Zhang H, Shu H, et al. MdCOP1 ubiquitin E3 ligases
interact with MdMYB1 to regulate light-induced anthocyanin biosynthesis and red
fruit coloration in apple. Plant Physiol. 2012;160(2):1011–22.

9. Yu B, Zhang D, Huang C, Qian M, Zheng X, Teng Y, et al. Isolation of
anthocyanin biosynthetic genes in red Chinese sand pear (Pyrus pyrifolia
Nakai) and their expression as affected by organ/tissue, cultivar, bagging
and fruit side. Scientia Hortic. 2012;136(11):29–37.

10. Jia N, Shu Q, Wang L, Du H, Xu Y, Liu Z. Analysis of petal anthocyanins to
investigate coloration mechanism in herbaceous peony cultivars.
Scientia Hortic. 2008;117(2):167–73.

11. Zheng Y, Li JH, Xin HP, Wang N, Guan L, Wu BH, et al. Anthocyanin profile
and gene expression in berry skin of two red Vitis vinifera grape cultivars
that are sunlight dependent versus sunlight independent. Aust J Grape
Wine Res. 2013;19(2):238–48.

12. Moscovici S, Moalem-Beno D, Weiss D. Leaf-mediated light responses in
petunia flowers. Plant Physiol. 1996;110(4):1275–82.

13. Islam MS, Jalaluddin M, Garner JO, Yoshimoto M, Yamakawa O. Artificial
shading and temperature influence on anthocyanin compositions in sweet
potato leaves. HortScience. 2005;40(1):176–80.

14. Takos AM, Jaffé FW, Jacob SR, Bogs J, Robinson SP, Walker AR. Light-
induced expression of a MYB gene regulates anthocyanin biosynthesis in
red apples. Plant Physiol. 2006;142(3):1216–32.

15. Anderson NO. Chrysanthemum (Chrysanthemum ×grandiflora Tzvelv.). In:
Anderson NO, editor. Flower Breeding and Genetics Issues, Challenges and
Opportunities for the 21st Century. New York: Springer-Verlag;
2006. p. 389–437.

16. Teixeira da Silva JA, Shinoyama H, Aida R, Matsushita Y, Raj SK, Chen F.
Chrysanthemum biotechnology: Quo vadis? Crit Rev Plant Sci.
2013;32(1):21–52.

17. Hong Y, Bai X, Sun W, Jia F, Dai S. The numerical classification of
chrysanthemum flower colour phenotype. Acta Hortic Sin.
2012;39(7):1330–40.

18. Nakayama M, Koshioka M, Shibata M, Hiradate S, Sugie H, Yamaguchi M.
Identification of cyanidin 3-O-(3,6-O-dimalonyl-beta-glucopyranoside) as a
flower pigment of chrysanthemum (Dendranthema grandiflora).
Biosci Biotech Bioch. 1997;61(9):1607–8.

https://mynotebook.labarchives.com/share/2554620161543841/MTMuMHw4MzgwMC8xMC9UcmVlTm9kZS8zNzEyMDY5NDg2fDMzLjA=
https://mynotebook.labarchives.com/share/2554620161543841/MTMuMHw4MzgwMC8xMC9UcmVlTm9kZS8zNzEyMDY5NDg2fDMzLjA=
https://mynotebook.labarchives.com/share/2554620161543841/MTMuMHw4MzgwMC8xMC9UcmVlTm9kZS8zNzEyMDY5NDg2fDMzLjA=
https://mynotebook.labarchives.com/share/2554620161543841/MTMuMHw4MzgwMC8xMC9UcmVlTm9kZS8zNzEyMDY5NDg2fDMzLjA=
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s1.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s2.xls
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s3.xls
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s4.xls
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s5.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s6.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s7.xls
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s8.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s9.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s10.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s11.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s12.tiff
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s13.xls
http://www.biomedcentral.com/content/supplementary/s12864-015-1428-1-s14.tiff


Hong et al. BMC Genomics  (2015) 16:202 Page 17 of 18
19. Sun W, Li C, Wang L, Dai S. Analysis of anthocyanins and flavones in
different-colored flowers of chrysanthemum. Chinese Bull Bot.
2010;45(3):327–36.

20. Anisimov SV. Serial Analysis of Gene Expression (SAGE): 13 years of
application in research. Curr Pharm Biotechno. 2008;9(5):338–50.

21. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for
transcriptomics. Nat Rev Genet. 2009;10(1):57–63.

22. Surget-Groba Y, Montoya-Burgos JI. Optimization of de novo transcriptome
assembly from next-generation sequencing data. Genome Res.
2010;20(10):1432–40.

23. Feng C, Chen M, Xu C, Bai L, Yin X, Li X, et al. Transcriptomic analysis of
Chinese bayberry (Myrica rubra) fruit development and ripening using
RNA-Seq. BMC Genomics. 2012;13:19.

24. Zhu H, Dardick CD, Beers EP, Callanhan AM, Xia R, Yuan RC. Transcriptomics
of shading-induced and NAA-induced abscission in apple (Malus domestica)
reveals a shared pathway involving reduced photosynthesis, alterations in
carbohydrate transport and signaling and hormone crosstalk. BMC Plant
Biol. 2011;11:138.

25. Kuang Q, Li LF, Peng JZ, Sun SL, Wang XJ. Transcriptome analysis of Gerbera
hybrida ray florets: putative genes associated with gibberellin metabolism
and signal transduction. PLoS One. 2013;8(3):e57715.

26. Li C, Wang Y, Huang X, Li J, Wang H, Li J. De novo assembly and
characterization of fruit transcriptome in Litchi chinensis Sonn and analysis
of differentially regulated genes in fruit in response to shading.
BMC Genomics. 2013;14:552.

27. Chen Y, Mao Y, Liu H, Yu F, Li S, Yin T. Transcriptome analysis of
differentially expressed genes relevant to variegation in peach flowers.
PLoS One. 2014;9(6):e90842.

28. Hyun TK, Lee S, Rim Y, Kumar R, Han X, Lee SY, et al. De-novo RNA
sequencing and metabolite profiling to identify genes involved in
anthocyanin biosynthesis in Korean black raspberry (Rubus coreanus Miquel).
PLoS One. 2014;9(2):e88292.

29. Carreño J, Martínez A, Almela L, Fernández-López JA. Proposal of an index
for the objective evaluation of the color of red table grapes. Food Res Int.
1995;28(4):373–7.

30. Zhang J, Wang L, Shu Q, Li C, Zhang J, Wei X, et al. Comparison of
anthocyanins in non-blotches and blotches of the petals of Xibei tree
peony. Scientia Hortic. 2012;114(2):104–11.

31. Lin LZ, Harnly JM. Identification of the phenolic components of
chrysanthemum flower (Chrysanthemum morifolium Ramat). Food Chem.
2010;120(1):319–26.

32. Lin YK. Comparison and improvement of several common anthrone-
colorimetry methods for sugar content in plant. Plant Physiol Commun.
1989;25(4):53–5.

33. Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods.
2008;5(7):621–8.

34. Wu J, Zhang Y, Zhang H, Huang H, Folta K, Lu J. Whole genome wide
expression profiles of Vitis amurensis grape responding to downy mildew by
using Solexa sequencing technology. BMC Plant Biol. 2010;10:234.

35. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar S. MEGA 5:
molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol Biol Evol.
2011;28(10):2731–9.

36. Saitou N, Nei M. The neighbor-joining method: a new method for
reconstructing phylogenetic trees. Mol Biol Evol. 1987;4(4):406–25.

37. Felsenstein J. Confidence limits on phylogenies: an approach using the
bootstrap. Evol Int J Org Evol. 1985;39(4):783–91.

38. Fu J, Qi S, Yang L, Dai Y, Dai S. Characterization of chrysanthemum ClSOC1-1
and ClSOC1-2, homologous genes of SOC1. Plant Mol Biol Rpt. 2014;32
(3):740–9.

39. Saito N, Toki K, Honda T, Kawase K. Cyanidin 3-malonylglucuronylglucoside
in Bellis and cyanidin 3-malonylglucoside in Dendranthema. Phytochemistry.
1988;27(9):2963–6.

40. Meng XC, Xing T, Wang XJ. The role of light in the regulation of
anthocyanin accumulation in Gerbera hybrida. Plant Growth Regul.
2004;44(3):243–50.

41. Shi C, Yang H, Wei L, Yu O, Zhang Z, Jiang C, et al. Deep sequencing of the
Camellia sinensis transcriptome revealed candidate genes for major
metabolic pathways of tea-specific compounds. BMC Genomics.
2011;12:131.
42. Wang Y, Huang H, Ma Y, Fu J, Wang L, Dai S. Construction and de novo
characterization of a transcriptome of Chrysanthemum lavandulifolium:
analysis of gene expression patterns in floral bud emergence. Plant Cell Tiss
Org. 2013;116(3):297–309.

43. Iseli C, Jongeneel CV, Bucher P. ESTScan: a program for detecting,
evaluating, and reconstructing potential coding regions in EST sequences.
In: Lengauer T, Schneider R, editors. International Conference on Intelligent
Systems for Molecular Biology: 6–10 August 1999; Heidelberg. California:
The Association for the Advancement of Artificial Intelligence;
1999. p. 138–48.

44. Polomski RF, Barden JA, Byers RE, Wolf DD. Apple fruit nonstructural
carbohydrates and abscission as influenced by shade and terbacil. J Amer
Soc Hortic Sci. 1988;113(4):506–11.

45. Zhou C, Lakso AN, Robinson TL, Gan S. Isolation and characterization of
genes associated with shade-induced apple abscission. Mol Genet
Genomics. 2008;280(1):83–92.

46. Dal Cin V, Barbaro E, Danesin M, Murayama H, Velasco R, Ramina A. Fruitlet
abscission: a cDNA-AFLP approach to study genes differentially expressed
during shedding of immature fruits reveals the involvement of a putative
auxin hydrogen symporter in apple (Malus domestica L. Borkh). Gene.
2009;442(1–2):26–36.

47. Cartechini A, Palliotti A. Effect of shading on vine morphology and
productivity and leaf gas exchange characteristics in grapevines in the field.
Amer J Enol Viticult. 1995;46(2):227–34.

48. Cai ZQ. Shade delayed flowering and decreased photosynthesis, growth
and yield of Sacha Inchi (Plukenetia volubilis) plants. Ind Crop Prod.
2011;34(1):1235–7.

49. Meir S, Philosoph-Hadas S, Sundaresan S, Selvaraj KSV, Burd S, Ophir R, et al.
Microarray analysis of the abscission-related transcriptome in the tomato
flower abscission zone in response to auxin depletion. Plant Physiol.
2010;154(4):1929–56.

50. Robert-Seilaniantz A, Grant M, Jones JD. Hormone crosstalk in plant disease
and defense: more than just jasmonate-salicylate antagonism. Annu Rev
Phytopathol. 2011;49:317–43.

51. Letunic I, Yamada T, Kanehisa M, Bork P. iPath: interactive exploration of
biochemical pathways and networks. Trends Biochem Sci. 2008;33(3):101–3.

52. Cantacessi C, Jex AR, Hall RS, Young ND, Campbell BE, Joachim A, et al. A
practical, bioinformatic workflow system for large data sets generated by
next-generation sequencing. Nucleic Acids Res. 2010;38(17):e171.

53. McDowell ET, Kapteyn J, Schmidt A, Li C, Kang JH, Descour A, et al.
Comparative functional genomic analysis of Solanum glandular trichome
types. Plant Physiol. 2011;155(1):524–39.

54. Koyama K, Ikeda H, Poudel PR, Goto-Yamamoto N. Light quality affects
flavonoid biosynthesis in young berries of Cabernet Sauvignon grape.
Phytochemistry. 2012;78:54–64.

55. Honda C, Kotoda N, Wada M, Kondo S, Kobayashi S, Soejima J, et al.
Anthocyanin biosynthetic genes are coordinately expressed during red
coloration in apple skin. Plant Physiol Bioch. 2002;40(11):955–62.

56. Collette VE, Jameson PE, Schwinn KE, Umaharan P, Davies KM. Temporal
and spatial expression of flavonoid biosynthetic genes in flowers of
Anthurium andraeanum. Physiol Plantarum. 2004;122(3):297–304.

57. Kaiser T, Emmler K, Kretsch T, Weisshaar B, Schäfer E, Batschauer A. Promoter
elements of the mustard CHS1 gene are sufficient for light regulation in
transgenic plants. Plant Mol Biol. 1995;28(2):219–29.

58. Jenkins GI. UV and blue light signal transduction in Arabidopsis. Plant Cell
Environ. 1997;20(6):773–8.

59. Cominelli E, Gusmaroli G, Allegra D, Galbiati M, Wade HK, Jenkins GI, et al.
Expression analysis of anthocyanin regulatory genes in response to different
light qualities in Arabidopsis thaliana. J Plant Physiol. 2008;165(8):886–94.

60. Gong ZZ, Yamazaki M, Saito K. A light-inducible Myb-like gene that is specifically
expressed in red Perilla frutescens and presumably acts as a determining factor of
the anthocyanin forma. Mol Gen Genet. 1999;262(1):65–72.

61. Irani N, Grotewold E. Light-induced morphological alteration in
anthocyanin-accumulating vacuoles of maize cells. BMC Plant Biol. 2005;5:7.

62. Peel GJ, Pang Y, Modolo LV, Dixon RA. The LAP1 MYB transcription factor
orchestrates anthocyanidin biosynthesis and glycosylation in Medicago.
Plant J. 2009;59(1):136–49.

63. Carletti G, Lucini L, Busconi M, Marocco A, Bernardi J. Insight into the role
of anthocyanin biosynthesis-related genes in Medicago truncatula
mutants impaired in pigmentation in leaves. Plant Physiol Biochem.
2013;70:123–32.



Hong et al. BMC Genomics  (2015) 16:202 Page 18 of 18
64. Jeong ST, Goto-Yamamoto N, Kobayashi S, Esaka M. Effects of plant
hormones and shading on the accumulation of anthocyanins and the
expression of anthocyanin biosynthetic genes in grape berry skins. Plant Sci.
2004;167(2):247–52.

65. Matus JT, Aquea F, Arce-Johnson P. Analysis of the grape MYB R2R3
subfamily reveals expanded wine quality-related clades and conserved gene
structure organization across Vitis and Arabidopsis genomes. BMC Plant Biol.
2008;8:83.

66. Hichri I, Barrieu F, Bogs J, Kappel C, Delrot S, Lauvergeat V. Recent advances
in the transcriptional regulation of the flavonoid biosynthetic pathway.
J Exp Bot. 2011;62(8):2465–83.

67. Jin H, Cominelli E, Bailey P, Parr A, Mehrtens F, Jones J, et al. Transcriptional
repression by AtMYB4 controls production of UV-protecting sunscreens in
Arabidopsis. EMBO J. 2000;19(22):6150–61.

68. Nesi N, Jond C, Debeaujon I, Caboche M, Lepiniec L. The Arabidopsis TT2
gene encodes an R2R3 MYB domain protein that acts as a key determinant
for proanthocyanidin accumulation in developing seed. Plant Cell.
2001;13(9):2099–114.

69. Borevitz JO, Xia Y, Blount J, Dixon RA, Lamb C. Activation tagging identifies
a conserved MYB regulator of phenylpropanoid biosynthesis. Plant Cell.
2000;12(12):2383–94.

70. Kumar N, Maiti S. A thermodynamic overview of naturally occurring
intramolecular DNA quadruplexes. Nucleic Acids Res. 2008;36(17):5610–22.

71. Heim MA, Jakoby M, Werber M, Martin C, Weisshaar B, Bailey PC. The basic
helix-loop-helix transcription factor family in plants: a genome-wide study
of protein structure and functional diversity. Mol Biol Evol.
2003;20(5):735–47.

72. Carretero-Paulet L, Galstyan A, Roig-Villanova I, Martinez-Garcia JF, Bilbao-
Castro JR, Robertson DL. Genome-wide classification and evolutionary
analysis of the bHLH family of transcription factors in Arabidopsis, poplar,
rice, moss, and algae. Plant Physiol. 2010;153(3):1398–412.

73. Buck MJ, Atchley WR. Phylogenetic analysis of plant basic helix-loop-helix
proteins. J Mol Evol. 2003;56(6):742–50.

74. Xie XB, Li S, Zhang RF, Zhao J, Chen YC, Zhao Q, et al. The bHLH
transcription factor MdbHLH3 promotes anthocyanin accumulation and fruit
colouration in response to low temperature in apples. Plant Cell Environ.
2012;35(11):1884–97.

75. Albert NW, Lewis DH, Zhang H, Schwinn KE, Jameson PE, Davies KM. Members of
an S1S2-MYB transcription factor family in petunia are developmentally and
environmentally regulated to control complex floral and vegetative pigmentation
patterning. Plant J. 2011;65(5):771–84.

76. Procissi A, Dolfini S, Ronchi A, Tonelli C. Light-dependent spatial and
temporal expression of pigment regulatory genes in developing maize
seeds. Plant Cell. 1997;9(9):1547–57.

77. Piazza P, Procissi A, Jenkins GI, Tonelli C. Members of the c1/pl1 regulatory
gene family mediate the response of maize aleurone and mesocotyl to
different light qualities and cytokinins. Plant Physiol. 2002;128(3):1077–86.

78. Feng S, Wang Y, Yang S, Xu Y, Chen X. Anthocyanin biosynthesis in pears is
regulated by a R2R3-MYB transcription factor PyMYB10. Planta.
2010;232(1):245–55.

79. Hong Y, Dai S. Selection of reference genes for real-time quantitative polymerase
chain reaction analysis of light-dependent anthocyanin biosynthesis in
chrysanthemum. J Amer Soc Hortic Sci. 2015;140(1):68–77.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Plant materials and RNA preparation
	Phenotypic measurements
	Measurements for high performance liquid chromatography and reducing sugar content
	RNA isolation and library construction for transcriptomic analyses
	Transcriptome sequencing, de novo assembly and functional annotation
	Expression annotation
	Metabolic pathway analyses
	Homolog search and phylogenetic tree construction
	Real-time quantitative reverse transcription-PCR analysis

	Results and discussion
	Pigments content in the ray florets of chrysanthemum cultivar ‘Purple Reagan’
	Organs responding to light during the anthocyanin biosynthetic process
	Key phase of capitulum development responding to light during the anthocyanin biosynthetic process
	Transcriptome sequencing and de novo assembly
	Functional annotation and classification
	Exploration of light-induced genes during capitulum development
	Metabolic pathways responding to shading during capitulum development
	Expression patterns of genes involved in the anthocyanin metabolic pathway
	Differential effects on transcription factors regulating anthocyanin biosynthesis between the light and dark libraries
	Validation of the expression of genes related to anthocyanin biosynthesis in chrysanthemum

	Conclusions
	Availability of supporting data

	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

