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Abstract In this study, we investigated differentially

expressed genes between the original chrysanthemum culti-

var ‘Argus’ with white flower color and its gamma-ray irra-

diated mutant ‘ARTI-purple’ with purple flower color. The

expression levels of anthocyanin biosynthetic genes were not

associated with anthocyanin accumulations of Argus and

ARTI-purple. Expressed sequence tags (ESTs) analysis was

performed to identify a novel cDNAs encoding enzymes of

specific plant metabolic pathways and the biological effects of

gamma-ray mutation through alterations in expression in each

flower. A total of 796 unigenes were isolated from chrysan-

themum ray florets. These unigenes were functionally clas-

sified using gene ontologies and tentative pathway

associations were established to 99 sequences in the Kyoto

encyclopedia of genes and genomes. The expressions of the

isolated ESTs were screened by cDNA dot blot hybridization.

Seven differentially expressed genes were identified as being

involved in carbohydrate and lipid metabolic pathways and

five as transcription factor or signal transduction genes. Of

particular note, decreased expression of CmMYB1 was iden-

tified at the ‘ARTI-purple’. The CmMYB1 shared high sim-

ilarity with AtMYB4 and AtMYBL2 which is a negative

regulator of anthocyanin and flavonol accumulation. Fur-

thermore, two genes involved in lipid metabolism, enoyl-ACP

reductase and [acyl-carrier-protein] S-malonyltransferase,

were decreased in the ‘ARTI-purple’ flower. Our results

suggest that the purple pigmentation of the ‘ARTI-purple’ is

not just dependent on the expression of anthocyanin synthesis

genes, and that the pigmentation may also affect other meta-

bolic processing and the plant cell environment.

Keywords Chrysanthemum � Anthocyanin � Flower

pigment � ESTs � CmMYB1

Introduction

Exposure to radiation is a hypothesized risk factor for

mutation in all creatures, and the gamma ray is one of theElectronic supplementary material The online version of this
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most powerful forms of ionizing radiation, causing random

damage to DNA and cytoplasmic organelles. The biologi-

cal effects of ionizing radiation have been studied in plants,

animals, cultured human cells and microorganisms through

approaches such as SNP detection, measurement of nuclear

DNA content, and microarrays [1–4]. Gamma radiation can

result in chromosomal reduction in plants [5]. Gamma ray

exposure can also increase the amount of superoxides and

other reactive oxygen species (ROS) in cells [6]. Indirect

effects of gamma rays in plants are damage to cellular

macromolecular components including the cell walls,

membranes and DNA, by water radiolysis [7]. Through

these mechanisms, relevant genes in plants were observed

to respond in ROS scavenging and signal transduction

pathways [8], and gamma irradiation can also impact the

capacity of a specific plant to produce antioxidants and

phytochemicals such as flavonoids, phenolic compounds

and anthocyanins at different levels [9, 10].

The chrysanthemum, a popular ornamental plant, comes

in various colors, forms, sizes, growth habits and disease-

resistant characters. In response to recent demands on the

horticultural industry to produce more valuable and varied

plants, the industry has begun to use gamma-ray muta-

genesis as a way to produce new varieties. The under-

standing of its effects is an important factor in the use of

gamma-ray mutagenesis. Petal colors are mainly deter-

mined by the content and type of a plant’s anthocyanins,

which, in various chemical forms, are part of the plant’s

secondary metabolites. Anthocyanins are synthesized by

phenylpropanoid pathway enzymes such as chalcone

synthesis (CHS), chalconeisomerase (CHI), flavonone

3-hydroxylase (F3H), dihydroflavonol 4-reductase (DFR),

anthocyanidin synthase (ANS), glucosyltransferase (GT),

acyltransferase (ACT) and methyltransferase (MAT)

[11–13]. While some of the remaining structural enzymes

of anthocyanins are well known, the specific interactions of

anthocyanins in the living cell are uncharacterized.

Anthocyanins are highly unstable and easily susceptible to

degradation under extraction conditions. It has been

reported that their stability can be altered by pH level,

storage temperature, peroxidase, light, oxygen, the struc-

ture and concentration of the anthocyanin itself, or by the

presence of other compounds such as other flavonoids,

proteins and minerals [14]. Similarly, the stability of

anthocyanins in vivo can be modified by intra-vacuolar

conditions such as pH concentration, co-pigmentation with

coexisting colorless flavonoids, the formation of complexes

with metal ions, and plants hormones [15–18]. Moreover,

Some MYB domain factors have been revealed as negative

regulators of anthocyanins, such as AtMYBL2, AtMYB4

and FaMYB1 [19–21]. Such MYB domain factors bind to

specific DNA sites, controlling the flow of metabolic pro-

cess by promotion or repression.

Expressed sequence tags (ESTs) are an efficient gene

discovery tool that provides an overview of transcriptional

activities within specific tissues [22, 23]. Furthermore,

identified EST clones can be used for gene expression

analysis using cDNA dot blot hybridization. cDNA dot blot

analysis is a technique for immobilizing specific oligonu-

cleotide probes on a nylon membrane rather than in indi-

vidual RNA samples. In this format, multiple pairs of

mutant and normal specific oligonucleotide probes can be

attached to strips of nylon membranes. For each diagnostic

test, a spotted strip containing many normal and mutant

oligonucleotides is hybridized with a specific DNA probe

to screen for differences.

This study describes gene expression alteration in a

gamma-irradiated mutant ‘ARTI-purple’, which has

acquired purple petals in contrast to the light pink of ori-

ginal cultivar. Total anthocyanin content and the expres-

sion levels of anthocyanin biosynthetic genes were

examined in the petals. In addition, the differentially

expressed genes were identified using cDNA dot blot

hybridization and confirmed via gene ontologies (GO)

descriptions and KEGG pathways. These approaches have

been successfully developed to detect expression changes

in the two transcripts, and the results may help understand

the biologicals effect of gamma-ray irradiation and be

useful in molecular manipulation to improve chrysanthe-

mum traits in the future.

Materials and methods

Plant materials

The ‘Argus’ is a spray type of chrysanthemum (Chrysan-

themum 9 morifolium) that is composed of two morpho-

logically visible florets, with a central tubular floret packed

into a ray floret (surrounded ray floret) The mutant line

‘ARTI-purple’, derived from ‘Argus’ by a gamma-ray

mutagenesis program (40 Gy to calli), has higher antho-

cyanin pigmentation in the petals than ‘Argus’ (Fig. 1 and

Supplementary Material 1). The mutant plants were prop-

agated vegetatively and grown for three years (M3) under

natural conditions in a plastic greenhouse at the Advanced

Radiation Technology Institute, Korea Atomic Energy

Research Institute. The mutated colors have been visually

inherited for 3 years.

Identification of total anthocyanin contents

The total anthocyanin contents of the ray florets in ‘Argus’

and ‘ARTI-purple’ were measured using the pH differential

method [24]. Extracts from the petals of each plant were

prepared by adding 1 mL of 0.2 M potassium chloride
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solution (adjusted to pH 1.0 with 1.0 M HCl) and 1 M

sodium acetate buffer (adjusted to pH 4.5 with 1.0 M HCl) to

3 g of the extracted samples. The mixtures were then incu-

bated overnight at 4 �C. After incubation, the extracts were

centrifuged at 15,000 rpm for 15 min, and the optical density

of the supernatants was measured at 528 and 700 nm with a

spectrophotometer (Bio-Tek, USA). The concentration (mg/L)

of each sample was calculated according to the following

formula: TAC (lg/g) = (A 9 MW 9 DF 9 103)/e; where

A = (A530 nm - A700 nm)pH1.0 - (A530 nm - A700 nm)pH4.5

(The difference in absorbency), e = the molar extinction

coefficient for cyaniding-3-glucoside (26,900), MW = the

molecular weight of cyaniding-3-glucoside (449.2 g/mol),

and DF = the dilution factor.

RNA extraction and construction of cDNA libraries

Total RNA was isolated from sampled flower petals with

the TRIzol Reagent (Invitrogen, USA) according to the

protocol provided. The chrysanthemum petals were found

to contain high levels of polysaccharides. Thus, the

extracted total RNA in the DEPC was precipitated for 3 h

using a constant concentration of 3 M LiCl2 at -20 �C,

and Poly A ? mRNA was isolated using a Poly Tract

mRNA isolation kit (Promega, USA). The total RNA and

mRNA were quantified using a NanoDrop ND-1000

spectrophotometer (NanoDrop Technologies, USA) at

wavelengths of 230, 260 and 280 nm, and the mRNA was

adjusted to a final concentration of 1 lg/lL. The integrity

of the total RNA and mRNA was verified by electropho-

resis on 1.2 % agarose gels. The mRNA was isolated from

the whole flower of ‘ARTI-purple’, and a cDNA library

was constructed using the SMART cDNA Library Con-

struction Kit (Clontech, USA). Synthesized cDNAs were

sequenced and edited automatically using the cross-match

procedure to remove any vector and ambiguous sequences.

Low-quality sequences or sequence outputs \100 bases in

length were excluded.

General molecular procedures and GO analysis

To assign putative functions to the proteins, we performed

blastx searches of The Reference Sequence (refseq) data-

base (http://www.ncbi.nlm.nih.gov/blast/blast.cgi) for

matches using the Blast2GO tool. For the annotation con-

figuration, the default settings (E-value filter of 1.0E-3

and annotation cut-off of 33) were used. To obtain more

information, we searched the best-matched sequences from

the Arabidopsis thaliana sequence information with At-

numbers using the matched sequences from Blast2GO via a

NCBI blastx web search (http://www.ncbi.nlm.nih.gov/

blast). The ESTs were named according to homologous

sequences in the database, and while sequences of less than

50 homologous bp were classified as ‘unknown sequence’,

each sequence matched more than one GO term either in

different GO categories (Biological Process, Molecular

Function and Cellular Component) or in the same category

(http://www.Arabidopsis.org/tools/bulk/go/index.jsp). The

sequences were mapped according to their domain/motif

similarity, and the GO results were merged with the

remaining annotations. Furthermore, the peptides were

assigned into metabolic pathways using the Kyoto Ency-

clopedia of Genes and Genomes (KEGG, http://www.

genome.jp/kegg/kegg2.html) with the At-numbers.

Fig. 1 Photographs of the five samples representing the Chrysanthemum varieties. a, b ‘Argus’ forward and reverse. c, d ‘ARTI-purple’ forward

and reverse. e ‘Ford’. f ‘Yeonja’. g ‘Orlando’. h Anthocyanin concentrations of ‘Argus’ and ‘ARTI-purple’ at three developmental stages
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Expression analysis

For expression analysis, RNA samples were treated with

DNase I (amplification grade, Invitrogen) at 37 �C for

15 min prior to RT-PCR. First-strand cDNA synthesis was

performed using a transcript or high-fidelity cDNA syn-

thesis Version 6.0 kit (Roche, Germany), and anthocyanin

biosynthetic genes were identified in the NCBI nucleotide

databases (dihydroflavonol 4-reductase, Accession:

GU324979.1 and anthocyanidin synthase, EU810810.2)

and ESTs database. The primers were designed using in

silico information on chrysanthemum from the conserved

sequence regions and the expression level of each were

estimated in a 1 % agarose gel by altering the 25 cycles of

PCR amplification. The relative expression levels between

‘Argus’ and ‘ARTI-purple’ were obtained by quantitative

RT-PCR using SYBR Green II Master Mix Kit (TAKARA,

Japan). Primers for the PCR were designed using the Pri-

mer 3 web interface (http://frodo.wi.mit.edu/primer3/), and

palindrome structures were avoided; the product size was

approximately 80–160 bp. The total RNA (100 ng) was

treated with DNase (Promega, USA), and reverse tran-

scription was performed according to the PrimeScript RT

Reagent Kit instructions. For the qPCR, 100 ng of total

RNA was used for reactions in the EcoTM Real-Time PCR

System (Illumine, USA), and the expression levels were

analyzed with Eco Software v3.0.16.0 and normalized with

the results of a-tubulin. The reaction was performed in

three replicates for each set of conditions, and the data

were presented as mean ± SD (n = 4).

To confirm the differential expression of the isolated

cDNA clones, we used a reverse dot blot hybridization

technique. The collected plasmid cDNA clones were

amplified in a 25 lL reaction mix using a cloning vector

primer (M13 forward and reverse). The conditions for PCR

were 94 �C for 5 min, 40 cycles of 94 �C for 30 s, 58 �C

for 30 s, and 72 �C for 1.5 min, followed by a 5 min final

extension at 72 �C. The amplified products were denatured

at 94 �C with 0.4 M NaOH and 10 mM EDTA for 10 min.

After incubation, the cDNAs were dotted onto Hybond-N

membranes (Amersham, Germany) using a vacuum blotter

(Gibco BRL, USA). The blotted membranes were fixed by

UV crosslinking using CL-1000 Ultraviolet Crosslinker

(UVP Inc, England) and stored at 4 �C for future use. Two

digoxigenin-labeled cDNAs were synthesized using the

isolated total RNAs from ‘Argus’ and ‘ARTI-purple’ with

the DIG DNA Labeling Kit (Roche, Switzerland) accord-

ing to the manufacturer’s instructions. The membranes

were pre-hybridized for 2 h at 62 �C and then hybridized

for 16 h at 62 �C with 1 lg of the probes generated from

the total RNAs. Membrane washing and detection were

performed according to the protocols specified in the DIG

Nucleic Acid Detection Kit (Roche, Switzerland). Both

membranes were exposed to X-ray films for 1 h and

scanned, and the results from the two hybridizations were

compared for each clone.

Results and discussion

Total anthocyanin contents and expression

of anthocyanin biosynthetic genes

The relationship between anthocyanin accumulation and

gene expression was examined in ‘Argus’, ‘ARTI-purple’

and three other cultivars (Fig. 1e–g). The original cv.

‘Argus’ has light pink petals, while its derived mutant,

‘ARTI-purple’, has pure purple petals (Fig. 1a–d). We

analyzed the total anthocyanin content by measuring cy-

anidin 3-glucoside in the petals. In ‘ARTI-purple’, the

concentration of anthocyanin was increased approximately

3.5-fold over that of ‘Argus’.

Expression levels were determined for six anthocyanin

biosynthetic genes including CHS, CHI, F3H, DFR and

ANS. RT-PCR was performed using gene-specific primers

(Supplementary Material 2). In the three Chrysanthemum

spp. with white, pink and purple petals, the expression pat-

terns of the anthocyanin biosynthetic genes correlated with

the anthocyanin pigmentation levels of each flower (Fig. 2).

For example, the white variety named ‘Ford’ (Fig. 1e) had

low levels of anthocyanin biosynthetic gene expression

(Fig. 2). The pink (Fig. 1f) and purple cultivars (Fig. 1g)

showed expression levels of anthocyanin biosynthetic genes

that corresponded with each flower’s pigmentation (Fig. 2).

However, ‘Argus’ showed higher expression levels of the

biosynthetic genes than ‘ARTI-purple’ despite the low

anthocyanin concentration in the petals (Figs. 1, 2). And no

significant differences according to the flower development

were identified (Supplementary Material 3). To understand

this difference, we conducted DMACA staining of petals

from the two flowers, but we did not find any proanthocy-

anidins or condensed tannins (data not shown).

Recently, Wei et al. [40] showed the relationships

between anthocyanin contents and the expressions of

anthocyanin biosynthetic genes with 12 litchi cultivars in

which the expression levels of LcDFR and LcUFGT leads

to enhanced anthocyanin accumulation in the pericarp.

However, the anthocyanin content of two cultivars, ‘San-

yuehong’ and ‘Guinuo’, among the 12 litchi cultivars did

not associated with the expression level of anthocyanin

biosynthetic genes. Although ‘Guinuo’ has 4-fold higher

anthocyanin concentration than ‘Sanyuehong’, the expres-

sion levels of LcDFR and LcUFGT was not notable at the

‘Guinuo’ [40]. These results imply that ‘Sanyuehong’

might have a different anthocyanin metabolism such as

‘Argus’ in our study.
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EST analysis

A cDNA (complementary DNA) library was constructed

from ‘ARTI-purple’ ray florets. A total of 1,137 clones

were sequenced, and the sequences less than 100 bp in

length were discarded as unreliable. The 1,137 clones

contained 695 singletons and 289 redundant sequences

clustered into 101 contigs (contiguous consensus sequen-

ces), corresponding to a redundancy level of 29.4 %

(Table 1). Consequently, 769 unigenes were obtained with

a mean length of 653 bp. The contig ESTs in abundance

were assigned tentative functions following a blastx simi-

larity search (Table 1).

The most highly clustered clones were sucrose: sucrose

1-fructosyltransferase (1.04 %), tubulin alpha chain, a

putative protein (0.91 %), chalcone synthase (0.91 %),

ribulose-1,5-bisphosphate carboxylase small subunit

(0.78 %), lipid transfer protein precursor (0.78 %), C-4

methyl sterol oxidase, another putative protein (0.65 %) and

a proline-rich protein (0.65 %) (Table 2). Among these,

tubulin alpha chain, one of the putative proteins (0.91 %),

ribulose-1,5-bisphosphate carboxylase small subunit

(0.78 %) and the proline-rich protein (0.65 %) appeared in

similar frequencies as in the chrysanthemum inflorescence

library [23]. Lipid transfer proteins are highly expressed in

carnation petals; a hypothetical protein (Accession number

of best-matched sequence: XP_002285432.1) and a proline-

rich protein (AAF78903.1) shared high similarity with lipid-

transfer proteins in Arabidopsis (data not shown). In carna-

tion petals, expression of many varied LTP genes was

observed, suggesting their contribution to petal development

is important, through the regulation of morphologically

important cellular components such as the cell wall and

cuticle [25]. In addition, we identified five clusters of chal-

cone synthase (0.91 %), which is a key enzyme involved in

the biosynthesis of flavonoids and is required for the accu-

mulation of purple anthocyanins in plant tissues [26, 27]. The

abundant ESTs we confirmed in the ‘ARTI-purple’ petals

can be used for chrysanthemum petal studies in genetics and

molecular biology as ample expressed factors [22].

The three organizing principles of GO consist of the

molecular function, biological process and cellular compo-

nent categories. These three principles provide information

that is necessary to describe the roles of genes and gene

products [28]. A total of 769 unigenes were annotated with

putative functions by Blastx matching, which reported best

matches with Arabidopsis and other plant sequences. All of

the unigenes were functionally classified into one or more

GO annotations by referencing the Arabidopsis information

resource (TAIR; www.arabidopsis.org) (Fig. 3). Functional

categorizations for GO biological processes were grouped

into 13 categories, and the majority of the sub-GO terms were

cellular processes (27.9 %) and metabolic processes

(24.2 %). In the biological process category, 725 genes were

annotated using various terms. For molecular function, the

majority groups appeared to be other binding (15.2 %) and

other enzyme activity (19.4 %) based on 724 annotated

genes. The majority of categorizations for cellular compo-

nents included other intracellular components (21.4 %) and

other cytoplasmic components (16.9 %) and these were lis-

ted for 653 genes. From the total unigenes, the percentage

contributions of biological process, molecular function and

cellular component were 92, 94 and 85 %, respectively

(Fig. 3).

Fig. 2 Expression analysis of anthocyanin biosynthesis genes in the

petals of ‘Argus’, ‘ARTI-purple’ and three control plants. The

expression levels of five genes involved in general anthocyanin

biosynthesis (CHS, CHI, F3H, DFR and ANS) were analyzed by RT-

PCR. The ‘Argus’ and ‘ARTI-purple’ expression patterns were

compared with three other Chrysanthemum varieties. Alpha tubulin

was used as the quantitative control. Ag ‘Argus’, Ap ‘ARTI-purple’,

W ‘Ford’, P ‘Yeonja’, Pp ‘Orlando’

Table 1 Summary of ESTs

Feature No. of ESTs (%)

Total sequenced clones 1,137

Excluded (outputs \ 100 bp) 153 (13.4)

Unassembled (singletons) 695 (70.6)

Redundant 289 (29.4)

Clustered (contigs) 101 (10.3)

Unigene (unassembled ? clustered) 769

Average length of unigenes 653.3 (bp)

Tentative annotation (B1.0E-3) 511

Unknown 258
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Fig. 3 Gene ontology (GO) assignment (2nd level GO terms) of 511 Chrysanthemum annotated unigenes. The three GO categories, biological

process (a), molecular function (b) and cellular component (c), are presented
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For the establishment of pathway associations, the KEGG

within the GO terms were used. The representative pathways

with enzyme numbers greater than five are presented in

Table 3. Among the metabolic pathways identified, four

metabolisms were included: carbohydrate metabolism,

energy metabolism, amino acid metabolism and metabolism

of other amino acids. The most abundant of these was car-

bohydrate metabolism, which comprised four KEGG path-

ways, namely, fructose and mannose metabolism, glycolysis/

gluconeogenesis, amino sugar and nucleotide sugar metabo-

lism and the pentose phosphate pathway (Table 3). The

number of pathways identified involving biosynthesis of

secondary metabolites (ko01110) was 48. Among them, the

anthocyanin related-pathway (flavonoid: ko00941) included

four enzymes, namely, chalconeisomerase (Enzyme Com-

mission numbers: 5.5.1.6), dihydrokaempferol 4-reductase

(ec: 1.1.1.219), flavanone 3-dioxygenase (ec: 1.14.11.9) and

naringenin-chalcone synthase (ec: 2.3.1.74).

Further identification of anthocyanin biosynthetic

enzymes and their expressions

Chrysanthemum secondary metabolism is important for

understanding the regulation of pigment biosynthesis [29].

In Table 4, the putative genes involved in secondary

metabolism are listed with putative annotations from the

511 unigenes. The phylogenetic relationships of isolated

genes with homology to glucosyltransferase and malonyl-

transferase were analyzed to identify orthologs of the

chrysanthemum flower pigment regulatory genes. Three

clones (ED0113, EC0909 and EE0207) were clustered into

the Arabidopsis UDP-glucose group, as well as anthocy-

anidin 3-glucosyltransferase (3GT), anthocyanidin 503-O-

glycosyltransferase (503GT) and anthocyanidinmalonyl-

transferase (MAT), whose sequences were confirmed from

several other plants (Fig. 4). The isolated 3GT (ED0113)

and 503GT (EC0909) genes had 61 % maximal identity

(126/205) and 100 % query coverage in the alignment

results from the NCBI blastx search, while the amino acid

sequence of the isolated MAT (EE0207) from our EST

exhibited 54 % (156/290) sequence identity with both

Dm3MaT1 and Dm3MaT2.

The expression of anthocyanidin 3-glucosyltransferases

is essential for anthocyanin biosynthesis in a variety of

plant species [30]. In Arabidopsis, 3GT (NP_197207) is

induced by PAP1 expression [31–33]. We compared the

expression of this gene between ‘Argus’ and ‘ARTI-pur-

ple’, but no noticeable difference was detected (Fig. 5). In

Rosa, Ogata et al. [34] suggested that the activation of

RhGT1 (Rosa 503GT: Q4R1I9) could catalyze glycosyla-

tion at not just one, but two different sites on the antho-

cyanidin molecule; glycosylation occurs first at the 5-OH

and then at the 3-OH group. Glycosylation also affects the

stabilization of the anthocyanin structure. Chrysanthemum

MAT function, structure and mutational establishment

were studied previously [35, 36], and it was suggested that

Dm3MaT1 (AAQ63615.1) and Dm3MaT2 (AAQ63616.1)

function as both anthocyanidin 3-O-glucoside-60-O-mal-

onyltransferases and anthocyanidin 3-O-glucoside-3060-O-

Table 3 The relative abundance of KEGG pathways

KEGG pathways No. of

unigenes

Metabolic pathways 93

Biosynthesis of secondary metabolites 48

Carbohydrate metabolism

Fructose and mannose metabolism 10

Glycolysis/gluconeogenesis 8

Amino sugar and nucleotide sugar metabolism 7

Pentose phosphate pathway 7

Energy metabolism

Carbon fixation in photosynthetic organisms 10

Photosynthesis 7

Oxidative phosphorylation 5

Amino acid metabolism

Cysteine and methionine metabolism 8

Metabolism of other amino acids

Glutathione metabolism 5

Total contribution 99

Table 4 Secondary metabolite

genes in anthocyanin

biosynthesis

Clone No. Description Accession

number

Species E-value

EB0702 Chalcone synthase ABF69124.1 Ch. 9 morifolium 1E-172

EA0401 Chalconeisomerase A1E261.1 Ch. 9 morifolium 1E-129

EE1011 Flavanone 3-hydroxylase AAC15414.1 Nicotianatabacum 1E-134

ED0113 UDP-glucose:anthocyanidin

3-O-glucosyltransferase

BAF49310.1 Lobelia erinus 1E-91

EC0909 Glycosyltransferase UGT88A8 ACB56924.1 Hieraciumpilosella 9E-107

EE0207 Malonyl-coaanthocyanidin

3-O-glucoside-600-O-

MALONYLTRANSFERASE

2E1T Ch. 9 morifolium 1E-103
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dimalonyltransferases [36]. We examined the expression

levels of 503GT and MAT using the qPCR system (Fig. 5).

However, we determined that ‘Argus’ had higher expression

levels than ‘ARTI-purple’, although ‘ARTI-purple’ had

higher anthocyanin content. This result suggested that 3GT,

503GT and MAT were not associated with the flower color

change in ‘ARTI-purple’. Moreover, the expression of these

three genes was decreased in the ‘ARTI-purple’ petal.

Identification of differentially expressed genes

Total RNA was used to generate cDNA, which was labeled

with digoxigenin according to the techniques recom-

mended for cDNA dot blot hybridization. The amplicons of

the ESTs, dotted on to the nylon membranes, were

hybridized with labeled cDNA, as described in the

‘‘Materials and methods’’ section. cDNA dot blot hybrid-

ization has proven to be a good tool for detecting differ-

entially expressed genes. In our results, 769 unigenes were

screened in total, and their expression levels indicated that

19 clones were up-regulated and 53 clones were down-

Fig. 4 The phylogenetic

relationships of

glycosyltransferases. The amino

acid sequences of

Chrysanthemum 3GT (EST No.:

EC0909), 503GT (ED0113) and

MAT (EE0207) were aligned

with Arabidopsis (AT numbers)

and other plant

glycosyltransferases using

ClustalW2. The phylogenetic

tree was constructed using the

MEGA5.05 program with the

minimum evolution test

Fig. 5 Relative expression analysis of Chrysanthemum 3GT, 503GT

and MAT in ‘Argus’ and ‘ARTI-puprle’
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regulated. Most of the gene expression patterns in the

gamma-ray mutant were at a level detectable by cDNA dot

blot hybridization (Supplementary Material 4).

Both the up- and down-regulated genes were assigned to

known pathways using the KEGG pathway databases. The

identified clones showing expression changes were

grouped into five KEGG pathways. The most abundant

groups were carbohydrate and lipid metabolisms. Carbo-

hydrate metabolism included four pathways, glycolysis/

gluconeogenesis (ko00010), pentose phosphate metabolism

(ko00030), ascorbate and aldarate metabolism (ko00053)

and pyruvate metabolism (ko00620), with five enzymes

(up-regulated in the mutant: L-lactate dehydrogenase,

down-regulated: FBA1, LOS2, ribose 5-phosphate isom-

erase A, MIOX2) that showed changes in expression

(Table 5). The expression of two clones, enoyl-ACP

reductase (FabI) and [acyl-carrier-protein] S-malonyl-

transferase (FabD), involved in the fatty acid biosynthesis

pathway (ko00071) was reduced in the mutant (Supple-

mentary Material 5). These results suggest some interesting

implications for the sharing of malonyl-CoA between fatty

acid and anthocyanin biosynthesis. That is, malonyl-CoA

may be used competitively in the metabolic processes of

fatty acid and anthocyanin biosynthesis. Therefore, the

reduction of these two enzymes, enoyl-ACP reductase

(FabI) and [acyl-carrier-protein] S-malonyltransferase

(FabD), may result in different malonyl-CoA utilization.

At the transcription factor and signal transduction level,

five clones were differentially expressed, including a

R2R3-MYB transcription factor, a CDM86 transcription

factor, a MADS-box factor, a GRCD4 protein and a rapid

alkalinization factor precursor (Table 6). These five clones

were down-regulated from twofold to several-fold (Fig. 6).

Among them, the R2R3-MYB transcription factor encoded

by CmMYB1 (Accession No: AEO27497), appeared to be

a full-length cDNA (858 bp) encoding a protein of 286

amino acids. CmMYB1 expression was reduced signifi-

cantly in the ‘ARTI-purple’ petals (Fig. 6) and it clustered

with Arabidopsis AtMYB4 and AtMYBL2, Malus

MdMYB16, Populus MYB156, Vitis MYB4B and Glycine

MYBZ2 in the amino acid alignment (Fig. 7).

Recent studies have demonstrated that some MYB-type

transcription factors acts as a negative regulators of

anthocyanin and flavonol accumulation [19, 20]. An

Arabidopsis knockout mutant of AtMYB4 showed the down-

regulation of cinnamate 4-hydroxylase (C4H) and 4-cou-

maroyl-CoA ligase (4CL) in the biosynthesis of anthocya-

nins [20]. The expression level of AtMYBL2 caused changes

in plant color and its expression was induced by high light

and sucrose concentrations [21, 37–39]. In the functional

study of AtMYBL2, it showed as a transcriptional repressor

and negatively regulates the biosynthesis of anthocyanin.

Loss of function of AtMYBL2 (atmybl2) enhanced antho-

cyanin accumulation via induction of the expression of DFR

and TT8. These results suggested that putative role of At-

MYBL2 might be critical in determining whether a complex

is in-active, repressive or active with respect to the expres-

sion of the target genes [21]. However, the expression pattern

of AtMYBL2 appears to be the different with CmMYB1 in

chrysanthemum petal. The anthocyanin biosynthetic genes

such as DFR is not expressed correspond closely to antho-

cyanin accumulation between ‘ARTI-purple’ and ‘Argus’. If

Table 5 Identification of differentially expressed genes in carbohydrate and lipid metabolism

Metabolism Related pathway Enzyme Enzyme id

Expression decrease clones at the ARTI-purple

Carbohydrate metabolism Glycolysis/gluconeogenesis FBA1

LOS2

4.1.2.13

4.2.1.11

Pentose phosphate pathway Ribose 5-phosphate isomerase A 5.3.1.6

Ascorbate and aldarate metabolism MIOX2 1.13.99.1

Lipid metabolism Fatty acid biosynthesis Enoyl-ACP reductase

[Acyl-carrier-protein] S-malonyltransferase

1.3.1.9

2.3.1.39

Expression increase clones at the ARTI-purple

Carbohydrate metabolism Pyruvate metabolism L-lactate dehydrogenase 1.1.1.27

Table 6 Transcription factors and signal transduction related genes

identified by cDNA dot blot hybridization

BLAST matching

accession no.

Gene description

CAX65570.1 GRCD4 protein (Gerbera hybrid cultivar)

CAH04878.1 MADS domain protein (G. hybrid cultivar)

AEO27497.1 MYB1 (Chrysanthemum 9 morifolium)

AAO22986.1 MADS-box transcription factor CDM86

(Ch. 9 morifolium)

ABS72341.1 Alkalinization factor precursor (Litchi

chinensis)
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CmMYB1 function is repressive regulator of anthocyanin

accumulation, its role is suggested as an inhibition of meta-

bolic processes affecting the anthocyanin contents rather

than the directly transcriptional inhibition of anthocyanin

biosynthetic genes. However, the exact mechanism of action

is not known.

Fig. 6 Relative expression

analysis of transcription factor

and signal transduction mRNAs

from ‘Argus’ and ‘ARTI-

purple’ petals

Fig. 7 Phylogenetic tree from

CmMYB1 amino acid sequence

alignment with best-matched

Arabidopsis and other plant

MYB-domain factors
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Further studies are necessary to identify the mechanisms

involved in a relationship between the anthocyanin accu-

mulating facility and the candidate targets including tran-

scription factor and the genes related to the two suggested

metabolisms. In addition, to explain their complicated

relationship, model plant-based transgenic approaches, as

well as statistical bioinformatics research is required. Per-

haps, in a metabolic process due to the limited materials,

anthocyanin and lipid metabolism might be an inevitably

competitive relationship using as a structural material of

malonyl-CoA and glucose.
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