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Identification of the glutathione S-transferase gene 
responsible for flower color intensity in carnations
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Abstract Two cDNAs with homology to glutathione S-transferase (GST) were isolated from the carnation (Dianthus 
caryophyllus); these cDNAs are termed here DcGSTF1 and DcGSTF2. Phylogenetic analysis suggested that both DcGSTF1 
and DcGSTF2 belonged to the Phi class of GSTs. DcGSTF2 showed high levels of transcription at late stages of petal 
development when anthocyanin biosynthesis is most active. Sequencing of DcGSTF2 indicated that it consisted of three 
exons and two introns. A truncated DcGSTF2 gene, resulting from the insertion of a CACTA-type transposable element, 
was found in the genome of a mutable �ower line bearing deep pink sectors on pale pink petals. A full length DcGSTF2 gene 
driven by a continuous expression promoter was introduced into the epidermal cells of carnations with pale pink petals. �e 
transformed cells were deep pink. �ese results suggest that the DcGSTF2 gene is responsible for �ower color intensity in 
carnations.
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Carnations (Dianthus caryophyllus) are one of the 
most popular cultivated flowers around the world 
and this interest has led to the breeding of a large 
number of varieties with differently colored flowers. 
The pigmentation of the flowers is derived from the 
anthocyanins in the cells of the petals. �e structures 
of anthocyanin molecules in the carnation have been 
determined (Nakayama et al. 2000). Our group is 
investigating the genes responsible for carnation �ower 
color and is striving to identify the enzymes catalyzing 
the reaction steps in the synthesis of anthocyanin 
molecules. These investigations identified the genes 
phenylalanine ammonia-lyase (PAL) (Yoshimoto et al. 
2000) and dihydroflavonol reductase (DFR), which is 
disrupted by the insertion of transposable elements (Itoh 
et al. 2002); we also found anthocyanin modi�cation 
enzymes, such as two types of glucosyltransferase that 
utilize UDP-glucose (Ogata et al. 2004) or acyl-glucose 
(Matsuba et al. 2010) as the glucose-donor, and a 

malyltransferase (Abe et al. 2008). Mutation of the genes 
encoding anthocyanin biosynthetic enzymes can lead 
to changes in the colors of the carnation �owers (Itoh et 
al. 2002; Nishizaki et al. 2011). �e variations in �ower 
color usually result from changes to the anthocyanin 
molecules. By contrast, �ower color intensity is thought 
to be determined by the amount of anthocyanin 
present. Analysis of several carnation varieties that 
have pale pink petals con�rmed that the plants had a 
reduced anthocyanin content in their petals without any 
alteration in the composition of the anthocyanins (data 
not shown). �e pale color in petal epidermal cells can 
be restored to a deeper color by the introduction of maize 
Bronze2 (Bz2) or petunia Anthocyanin9 (An9) genes 
using a microprojectile bombardment method (Larsen 
et al. 2003). As Bz2 and An9 encode glutathione S-
transferase (GST)-like proteins, one possible explanation 
of the pale pink coloration in some carnation varieties 
is disruption of a GST-like gene. Here, we isolated two 
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cDNAs with homology to GST; these cDNAs were 
obtained by PCR using �rst strand cDNA prepared from 
carnation petals as the template and degenerate primers 
based on conserved amino acid sequences in the GST 
protein. �e 5′- and 3′-regions of both cDNAs were 
obtained by 5′- and 3′-rapid amplification of cDNA 
ends (RACE) using a GENE Racer kit (Invitrogen, 
Carlsbad, CA, USA). Full-length cDNAs were obtained 
by PCR using primers designed for the 5′-untranslated 
region (UTR) (DcGSTF1, 5′-ATA  ACC  TCT  CAA  TTT  
TCT  CTC  TAA  -3′; DcGSTF2, 5′-TAA  TCA  AGT  AAG  
AAA  AAA  TGG  GAG  T-3′) and 3′-UTR (DcGSTF1, 
5′-TCA  CTG  ACT  CAC  TGT  ATA  ACA  CGA  -3′ ; 
DcGSTF2, 5′-TGT  GCC  CTG  TAT  GGC  TGT  ATG  
TTC  T-3′). A homology search of the deduced amino 
acid sequences of the ampli�ed fragments revealed that 
these GST homologs belonged to the Phi class of GST 
proteins (Dixon and Edwards 2010). Therefore, the 
two GSTs were designated DcGSTF1 and DcGSTF2 in 
accordance with the consensus nomenclature (Edwards 
et al. 2000). DcGSTF1 cDNA contained an ORF of 
624 bp encoding 208 amino acids; the DcGSTF2 cDNA 
contained an ORF of 651 bp encoding 217 amino acids. 
The amino acid sequences of DcGSTF1 showed 45% 
identity to Dc2GSTF2. A phylogenetic tree analysis based 
on the amino acid sequences revealed that DcGSTF2 
fell into a clade that includes An9 and AtGSTF12 
(TT19). �is implies that DcGSTF2 might be involved 

in transportation of anthocyanin into the vacuole in 
carnations, in a similar manner to An9 and TT19 in the 
accumulation of anthocyanin/�avonoids in the petunia 
and Arabidopsis, respectively (Alfenito et al. 1998; 
Kitamura et al. 2004).

�e expression pro�les of DcGST genes at di�erent 
stages of �ower development were analyzed by northern 
hybridization. We found that DcGSTF2 mRNA 
accumulated at later developmental stages, a pattern 
similar to that reported for other ‘late’ genes involved 
in anthocyanin biosynthesis, such as DFR, ANS and 
an anthocyanin 3-glucosyltransferase named DicGT1 
(Ogata et al. 2004) (Figure 2). By contrast, DcGSTF1 
was expressed at all stages of �ower development. �ese 
results suggest that DcGSTF2 might be involved in the 
transportation of anthocyanin molecules from the 
cytosol into the vacuole.

To determine whether DcGSTF2 is involved in 
transportation of anthocyanin molecules into the vacuole 
in vivo, we performed a complementation experiment 

Figure 1.　Unrooted phylogenetic tree of Phi class GSTs, including 
those of Arabidopsis, DcGSTF1 and DcGSTF2, and Perilla frutescens 
PfGST1, based on their amino acid sequences. Multiple alignments of 
the amino acids sequences were determined using the CLUSTALW 
algorithm, which is available on the GENOMENET server (http://
www.genome.jp), and the phylogenetic tree was constructed using 
GNETYX-TREE (GENETYX corp., Tokyo, Japan). Bar = 0.1 amino 
acid substitutions/site. �e accession numbers for the sequences are: 
An9, Y07721; DcGSTF1, AB688110; DcGSTF2, AB688111; PfGST1, 
AB362191; AtGSTF2, At4g02520; AtGSTF3, At2g02930; AtGSTF4, 
At1g02950; AtGSTF5, At1g02940; AtGSTF6, At1g02930; AtGSTF7, 
At1g02920; AtGSTF8, At2g47730; AtGSTF9, At1g02930; AtGSTF10, 
At2g30870; AtGSTF11, At3g03190; AtGSTF12, At5g17220; AtGSTF13, 
At3g62760; AtGSTF14, At1g49860.

Figure 2.　Expression pro�les at di�erent stages of carnation petal 
development. �e cDNA fragments used as probes were obtained by 
PCR using gene-speci�c primers designed from the DNA sequence 
information deposited in genome databases. The 32P-labeled 
probes were hybridized with total RNAs bound to the membrane. 
Hybridization was performed at 65°C overnight. Membranes were 
washed twice with a low stringency bu�er (2×SSC, 0.5% SDS) at room 
temperature followed by two washes with a high stringency bu�er 
(0.1×SSC, 0.1% SDS) at 65°C. DicGT1 was used as the anthocyanin 
3-glucosyltransferase gene (Ogata et al. 2004). �e membranes were 
exposed to X-ray �lms. �e DDBJ accession numbers of the genes are: 
DcPAL, AB041361; DcCHS, AF267173; DcDFR, AB071787; DcANS, 
U82432; DicGT1, AB191245.
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using the pale pink �ower variety ‘03L-3’ (Figure 3A). 
DcGSTF2 and green �uorescent protein (GFP), driven by 
a cauli�ower mosaic virus 35S (CaMV35S) promoter, 
were co-introduced into epidermal cells of 03L-3 
petals by a microprojectile bombardment method. 
A�er 48 h incubation at 27°C, the cells were analyzed 
by fluorescence microscopy and green fluorescence 
was observed in transformed cells; the cells appeared 
deep pink when observed by bright �eld microscopy 
(Figure 3B). When only the GFP construct was 
introduced into the epidermal cells, no deep pink spots 
were detected although �uorescence arising from the 
GFP was observed (Figure 3C). �ese results con�rm 

that DcGSTF2 is actively involved in anthocyanin 
accumulation in the vacuole.

Genomic DNAs were extracted from the leaves of 
‘Scania’ (which has deep red �owers) and 03L-3 plants 
(which have pale pink �owers) using the cetyl trimethyl 
ammonium bromide (CTAB)-CsCl ultracentrifugation 
method. Using these DNAs as templates, the DcGSTF2 
genomic region was ampli�ed by PCR with the primers 
5′-TAA  TCA  AGT  AAG  AAA  AAT  GGG  AGT  -3′ and 
5′-TGT  GCC  CTG  TAT  GGC  TGT  ATG  TTC  T-3′. Both 
varieties yielded a DNA fragment of ca. 1.9 kbp; these 
fragments were cloned into pBluescript SK+ vector and 
their DNA sequences were determined. Comparison 
of these DNA sequences with that of DcGSTF2 cDNA 
showed that the latter consisted of three exons and two 
introns, similar to other GST members of the Phi class 
(Dixon and Edwards 2010). The DcGSTF2 genomic 
region, termed here DcGSTF2mu, from the ‘03L-3’ 
variety contained ten nucleotide substitutions in the 
third exon compared to that of ‘Scania’. One of these 
substitutions in the third exon was associated with the 
alteration of a glutamine codon to a stop codon (Figure 
4C, asterisk), which might cause a loss of function 
and lead to the formation of pale flower colors. The 
phenotypic change could result from the transport of 
lower amounts of anthocyanins by either DcGSTF1 (in 

Figure 3.　Complementation analysis of the DcGSTF2 gene in the 
‘03L-3’ variety, which has pale pink petals. (A), Flower from an ‘03L-
3’ plant showing its typical pale pink pigmentation. (B), Bright �eld 
and (C) �uorescence images of epidermal cells co-expressing DcGSTF2, 
driven by the CaMV35S promoter, and GFP.

Figure 4.　DcGSTF2 gene structures and the insertion site of dTac1. (A), Flower from the variegated variety ‘Daisy-VP’. (B), Genomic PCR using 
‘Daisy-VP’ DNA as the template and primers designed to amplify DcGSTF2. (C), Diagram of the structure of DcGSTF2 and its variant. (D) �e DNA 
sequences of the dTac1 insertion region and footprints.
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place of DcGSTF2) or other trafficking mechanisms, 
such as the route mediated by the multidrug and toxin 
extrusion protein (MATE) (Gomez et al. 2009), or via the 
endoplasmic reticulum-mediated system (Poustka et al. 
2007).

�e carnation variety ‘Daisy-VP’ has variegated pale 
pink and deep pink �owers (Figure 4A). It has been 
reported that the variegation is caused by the insertion 
of a transposable element into the genes involved in the 
anthocyanin synthetic pathway (Iida et al. 2004; Itoh et 
al. 2002). We speculated that the variegated phenotype 
of ‘Daisy-VP’ might be due to insertion of a transposable 
element into the DcGSTF2 gene. We amplified the 
DcGSTF2 genomic region by PCR using the gene speci�c 
primers described above, and also extracted genomic 
DNA from the deep pink parts of the �owers of ‘Daisy-
VP’ for use as a template. Two major bands, ca. 4.5 kbp 
and 1.9 kbp, were detected on the agarose gel (Figure 
4B). Sequencing of the 4.5 kbp fragment ampli�ed from 
‘Daisy-VP’ showed a 3,640 bp insertion at the �rst intron. 
�e inserted sequence contained 16 bp terminal inverted 
repeats starting with 5′-CACTA-3′; additionally, the 
inserted element generated a 3 bp target site duplication 
(TGG) adjoining the insertion site. �ese characteristic 
sequences indicated that the insertion was a CACTA-type 
DNA transposon. We termed this transposable element 
dTac1; the insert sequence contained an incomplete 
ORF suggesting it was a non-autonomous element. 
Four other DNA fragments were also obtained from 
shorter amplicons. �ree of these contained inaccurate 
footprints at the dTac1 detachment site (Figure 4C). �e 
fourth corresponded to the DcGSTF2mu genomic region. 
�ese results suggest that ‘Daisy-VP’ is heterozygous 
and harbors genomic DcGSTF2 truncated by dTac1 and 
DcGSTF2mu.

Several trafficking mechanisms, such as MATE-
mediated, GST-ABC transporter mediated and 
endoplasmic reticulum-mediated, have recently been 
proposed to be involved in the transport of secondary 
metabolites (Ozeki et al. 2011). In Arabidopsis, 
carnation, petunia, and maize, the GST protein 
mediated mechanism seems to be the main one for 
trafficking anthocyanins. Bz2 of maize is grouped in 
the Tau class of GSTs. By contrast, Arabidopsis TT19, 
carnation DcGSTF2, Perilla frutescens PfGST (identi�ed 
as encoding the protein involved in anthocyanin 
transportation; Yamazaki et al. 2008), and petunia An9 
are in the Phi class. �e di�erence in classi�cation of Bz2 
and these other genes suggests that the GST-mediated 
anthocyanin transport mechanism of monocotyledons 
evolved separately from that of dicotyledons.
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