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SHORT COMMUNICATION

Characterization of an Apple Anthocyanidin Synthase
Gene in Transgenic Tobacco Plants

Sung-Hyun Kim, Jae-Rin Lee, and Seong-Ryong Kim*
Department of Life Science, Sogang University, Seoul 121-742, Korea

Anthocyanin is the major color pigment in plants. The apple anthocyanidin synthase gene (ANS) manifests fruit skin-preferen-
tial expression (Kim et al., 2003). To understand the regulatory mechanism for such expression, we isolated and analyzed an
apple ANS genomic clone. Sequence analysis of ca. 1.4-kb of the ANS promoter region predicted several cis-elements for
MYB, light responsive GT-1, and the ABA Responsive Element (ABRE). Transgenic tobacco plants carrying a chimeric fusion
between the ANS promoter and the p-glucuronidase gene (GUS) showed that GUS was expressed in the receptacles and
immature seeds as well as in the floral buds, but not in the vegetative organs.

Keywords: anthocyanidin synthase gene, anthocyanin, apple, GUS, promoter

Color development in flowers and fruits is an important
trait in plant fitness. This coloration arises from a blend of
chlorophyll, carotenoids, and flavonoids. Anthocyanins are
secondary products belonging to a subclass of flavonoids.
They function as pigments in flowers and fruits to attract
insects for pollination or to aid in seed dispersal (Holton and
Cornish, 1995; Springob et al., 2003). Anthocyanins and
other flavonoids also can act as protectants against UV light
and pathogens or as signal molecules in the interaction
between bacteria and plants (Harborne and Grayer, 1994;
Holton and Cornish, 1995; Dixon and Steele, 1999; Sprin-
gob et al., 2003; Kim et al., 2006). Besides anthocyanin,
other pigments such as flavonols and carotenoids, as well as
metal complex, vacuolar pH, and cell shapes can affect the
final pigmentation phenotype (Forkmann, 1994; Holton and
Cornish, 1995).

The anthocyanin biosynthesis pathway is well-known for
secondary products (Dixon and Steele, 1999). It has been
extensively studied in the flowers of petunia (Petunia hybrida)
and snapdragon {(Antirrhinum majus), and in the kernels of
maize (Zea mays) (Holton and Cornish, 1995). Among the
genes and enzymes examined in this pathway, anthocyanidin
synthase (ANS) is an important component because it converts
leucoanthocyanidins to anthocyanidins, the first colored com-
pound in the anthocyanin pathway (Springob et al., 2003). In
Forsythia, ANS transcripts have been detected in the sepals,
but not in the anthers or petals (Rosati et al., 1999). In eti-
olated seedlings of Arabidopsis, ANS gene is induced by white
light to its highest level later on than is the flavonol synthase
gene (FLS), suggesting the former is a ‘late” gene in the biosyn-
thetic pathway (Pelletier et al., 1997). Expression of the Perilla
ANS gene, which is detected in red leaves of the red forma, is
coordinately induced in the forma by high-intensity white light
(Gong et al., 1997). Likewise, transcripts of the apple ANS
gene are detected preferentially in the skin tissues of red fruits,
but not green, and are also coordinately induced by light (Kim
et al., 2003).

Regulatory genes of the anthocyanin biosynthetic pathway
have also been identified (Springob et al., 2003). Among those
that are well characterized are the genes that encode MYB and
basic helix-loop-helix (bHLH), which influence the intensity and
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pattern of expression (Holton and Cornish, 1995; Springob et
al., 2003). For example, the Forsythia ANS gene contains some
cis-elements involved in the activation and light response of
anthocyanin genes (Rosati et al., 1999). In maize, a C1-binding
site with a second, adjacent putative site functions in the activa-
tion of the ANS gene (Lesnick and Chandler, 1998).

In this study, genomic clones of an apple ANS gene were
isolated and the promoter region was examined in silico. To
understand the regulatory role of the promoter, a GUS gene
under the ANS promoter was investigated in transgenic
tobacco.

MATERIALS AND METHODS

Bacterial Strains

Escherichia coli strains MC1000 and XL-1 Blue MRF’
served as hosts for molecular cloning. The {1 helper phage,
R408, was. used for excision of the pBluescript phagemid
from the AUNI-Zap XR vector (Stratagene, USA). The E. coli
strain XL1-Blue MRA (P2) was used as a host for Aphage
preparation after the genomic library was screened.

Screening of Genomic Library

An apple genomic fibrary was obtained from Dr. Woo-
Taek Kim at Yonsei University, Korea. The library was gener-
ated from young apple leaves using the BamHI-digested
ADASHII vector (Stratagene), according to the manufac-
turer’s instructions. Phages of the library were screened by
plaque hybridization with the MdANST probe (Accession
number AF117269) labeled with [a-*’PIdCTPR After tertiary
screening, positive plaques were isolated and the restriction
fragment of the recombinant clone was subcloned into
pBluescript SK(-) vector (Stratagene).

DNA Sequence Analysis

DNA sequencing was performed according to the dideox-
ynucleotide chain termination method (Sanger et al., 1977),
and with a Thermo Sequenase Cycle Sequencing kit (Amer-
sham, UK) and autosequencer (ABI, USA). The sequences
were compared with those in the database, using the BLAST
program (Altschul et al., 1990) and DNASIS and PROSIS
software (Hitachi, Japan). Putative DNA-protein binding



GUS Expression by Apple Anthocyanidin Synthase Promoter 327

sites in the promoter sequence were searched with the Mat-
Inspector program and standard settings (core similarity,
0.80; matrix similarity, 0.85).

Analysis of ANS Genomic Clone and Construction of
ANS::GUS

A genomic clone corresponding to MdANST cDNA was
isolated and a 1.5-kb EcoRI fragment containing the
MdANST 5'-flanking region was subcloned into the pBlue-
script SK(-), generating pANS1.5. A Sall/Xbal fragment of
pANS1.5 was translationally fused into pBI101.2 (Accession
number U12668; Jefferson et al., 1987), generating
pSK126. This vector was then transferred into Agrobacte-
rium tumefaciens strain  LBA4404 by the freeze-thaw
method (An et al., 1988).

Tobacco Transformation and GUS Assay

Nicotiana tabacum var. SR1 was transformed with A.
tumefaciens by the leaf disc transformation method (An et
al., 1988). Flowers, floral buds, and leaves of greenhouse-
grown transgenic tobacco plants were used for the GUS
assay, as described by Jefferson et al. (1987). Tissues were
incubated in the dark at 37°C for 10 to 13 h in 100 mM
sodium phosphate buffer (pH 7.0) containing 0.1% (w/v) 5-
bromo-4-chloro-3-indolyl-B-D-glucuronide (X-Glu), 10 mM
EDTA, 0.5% (v/v) Triton X-100, 5 mM potassium ferrocya-
nide, 5 mM potassium ferricyanide, and 20% methanol.
After staining, the tissues were cleared with ethanol at 50°C
for 5 h, then observed under a microscope with dark-field
illumination.

RESULTS AND DISCUSSION

Isolation of an Apple ANS Genomic Clone

We previously analyzed the ANS gene (MdANST), which is
preferentially expressed in the skin tissues of a red apple culti-
var, ‘Fuji’ (Kim et al., 2003). To better understand the regula-
tory mechanism for this tissue-specific expression, we have
now isolated genomic clones. About 3 x 10° plaques of the
genomic library were screened by plaque hybridization, using
MdANST cDNA as the probe. After tertiary screening, nine
recombinant plaques were obtained, and were divided into
four groups based on their restriction maps (data not shown).
An approximately 12-kbp-long genomic clone, AANS1, was
found to correspond to the MdANST cDNA. A 1.5-kbp FcoR|
subclone of AANST (pANS1.5) contained a 5'-flanking
sequence with part of the coding region (Fig. 1A). An adjacent
2.0-kbp EcoRI subclone, pANS2.0, contained the remaining
coding region, with a 194-b intron and a 3'-flanking region.
This genomic structure, comprising an intron, is similar to
those found in Arabidopsis, Forsythia, and Petunia, but differs
from one identified in maize (Furtek et al., 1988; Menssen et
al., 1990; Pelletier et al., 1997; Rosati et al., 1999). Our intron
comprised consensus GT and AG sequences at the 5 and 3’
ends, respectively.

in Silico Analysis of the ANS Promoter

A putative CAAT box sequence, CAAT, and a TATA box
sequence, TATAAAA, were found in the 5'-flanking sequence of
MAANST at —112/~109 and -91/-85, respectively, from the 5’
end of MdANST cDNA (Fig. 1B). Several cis-elements important

for light-responsive or flavonoid biosynthesis-specific expression
were located as well (Table 1), as were a Myb-class P activator
binding site, CCAACC (at —847/-842) and two similar
sequences. In the maize pericarp, a P protein activates transcrip-
tion of the A7 gene required for 3-deoxyflavonoid biosynthesis
(Pelietier and Shirley, 1996). Our gene also contained cis-ele-
ments for C1 and MYB.Ph3 binding (Martin et al., 1991; Grote-
wold et al., 1994) in three locations (Table 1). The cis-elements
for C1, B and MYB.Ph3 binding have also been reported in the
Forsythia ANS promoter (Rosati et al., 7999). Furthermore, in the
MdJANST promoter (Table 1), we found other elements such as
a G box (CACGTC) and GT-1 box (GGTTAA) which are present
in many light-regulated promoters (Solano et al., 1995; Terzaghi
and Cashmore, 1995). GT-1 sites were usually found in tandem,
and the spacing between them is critical (Terzaghi and Cash-
more, 1995). In the MdANST promoter, a GT-1 site at -1042 is
22-b from a SBF-1 binding site (Gilmartin et al., 1990), a
sequence closely related to the GT-1 binding site. The pro-
moter region contains three G box core sequences that are
overlapped with ABA-responsive elements (ABRE). Kim et al.
(2003) have shown that MdANST is light-inducible; it will be
interesting to determine whether these elements are indeed
responsible for gene expression. The transcription factors that
bind to the putative cis-elements might mediate transcriptional
activation or inhibition of the MdANST gene. By analyzing the
activity of the promoter with mutations in the elements,
researchers may be able to identify the elements that affect
MdANS gene expression.

Expression of the Apple ANS::GUS in Transgenic
Tobacco Plants

We produced transgenic plants to investigate the role of
the MAANST promoter in tissue-specific expression.
Because apple is recalcitrant to transformation, a tobacco
system was employed. The ANS promoter region was trans-
lationally fused to the CUS gene of the binary vector
pBI101.2, generating pSK126 (Fig. 1C). Out of 10 regener-
ated plants, 6 were confirmed as transgenics based on PCR
examination of the ANS::CUS construct (data not shown).
Expression of this fusion gene was analyzed by histochemi-
cal GUS assay.

GUS activity in the transgenic plants was barely detected
during the vegetative growth phase, which is consistent
with the results from a northern analysis of MdANST. In
contrast, at the reproductive phase, GUS activity was
detected in several tissues from the reproductive organs:
sepals of floral buds, petals of mature flowers, receptacles,
and developing seeds (Fig. 2). In the sepals, GUS activity
was found mainly in the trichomes and only weakly in the
epidermal tissues. Similarly, in the mature petals, activity
was greater in the trichomes than in the epidermal tissues.
In the petals, vascular tissues also showed strong activity. In
the developing fruits, activity was significant in the crenu-
lated epidermal cells of immature seeds, but weak in the
placenta. Strong activity was detected in the centers of the
receptacles. This high level of activity in the reproductive
organs, but low in the vegetative organs, of transgenic
tobacco is consistent with the reproductive organ-prefer-
ential expression of MdANST described previously (Kim et
al., 2003).

GUS activity was remarkably high in the immature seeds
of our transgenic tobacco (Fig. 2), which may be related to
the anthocyanin production in developing seed coats. In
Phaseolus vulgaris, the CHST5 promoter-driven GUS gene
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-1398 gaatteggatcgaaaaacaaatgaaaattcacacacaaaaagtcataaattattggaaacataggttactgattectatgtatacgtaactageteata
-1299 gttggacctttaaccaaatgagataagagacaattacaatcacatctaggatataagaaaaaattgtagtaaatagtcecttaactctaacttaattgg
-1200 agcaatagtccttceaactaaaaatccatgaccagtaactcatcaaaacatgtagctatggteattitogtcaactecegtcagagtttcatcaaaatgag
-1101 traggtttgaaggaccattgctacaatggggttaaaattagggattattgetecaattgyggttaaagttgtgggaccagtactacaatttttteatttg
-1002 grtetteatatttgecccttgattcaatettaagtgagtggtacgtgactcattttgagtaagttctaacagagttgacgaaaatgatcatagetygeat
-903 gttttgatgagttaaaggaccaattgtcaaagatttttagttaaaagateattgeteccaaccggetaaaattaagtgaccattactygtaatttactcag
-804 aatataaataaactattgtgggacgaagtggtcgaagacaaataaatgaattaaagttagaaactgaatcatgaateccagatatgttgactgeteatg
~705 ctcaggctegaatttggaatacaagaagttaacatgcetctetgtatacaggatccgaatttgggatectaacatatgaatttcgaaatatacgectaaaa
-606  ctctttacaagggtaataaattttgottaaaactaattagtttctegaattgagttaaaattactataaatgtctgagaaacgtacatttttigtacaa
-507 acgatattactggcgagaggttaaacataagacttgattgtaaagaaaaatattgttacttacttgaattataaatctttattattgaataagtaaatg
-408 caattaagtttgtaaaccaataattaacttaattttgatagtcaaacacctcatataaagtggaaaaccaagaaceggaagcatttactaaggeggtta
-309 ggggtatccatgcacgetttcaactttocagtcaaaccteggtogeatgatgaaagtetggtgggtgagatgtcacatgtacaacagecacatgeetac
-210 tcgaaaagaaagaacacattettcactctecaacacgeteacttactettgetagtggtagetagecageagtattttecettetaaattttgtaaacee
-111 aattggaaccaactactcattataaaatcaacgttacattatcaatgecocgttaaaccattgcttcatcaacccaccacaaaa gagtgc
~12  agggcctgeattgttatcgeaaaaaaaaaaaaaaaaaasaacasacgagtaatatactagetgagatagtatattcettgttgtegaaagecagetecaa
88 aaATGGTGAGCT CTGATTCAGTGAATT CAAGGGTTGAGACCTTGGCCEGCAGTGGAATCTCARACCATCCCAAAAGAGTACATCAGACCTARAGATGAGT
M Vv s 8 b 8 VvV N SRV ETULAGSGTI §T I P KEJYIRPKDE L 33
187 TCGTAARCATTGGTGACATCTTCGAACAAGAGAAGAACAACGAAGGGCCTCARGTTCCCACCATCGATTTGAAGGAGATAGAGTCTGATARCGARAAAG
vV NI GD I F EQ E KN NEGU?PQUV PT I DL KETIESDNE K V 66
286 TGAGAGCARAATGCAGGGAGAAGTTGARGRAGGCAGCTGTGGACTGGGGTGTCATGCACCTTGTGARCCATGGCATCTCCGACCGAGCTCATGGACAAGG
R A K CR E XL KK AAV DWG VMHLV NUHGTISDETILMMDZKUV 83
385 TCAGGAAGGCCGGTAAGGCCTTCTTTGACCTTCCCATTCAGCAGAAGGAGAAGTATGCCAATGACCAGGCCTCTGGTARGATT CAAGGCTATGGAAGCA
R KA GKAVF F DL PTIEOQQZEXEI K YA ANDUGQQASGI K I Q G Y G 8 K 132
484 AGCTTGCARACAATGCATCTGGGCAGCTTGAGTGGGAGGACTACTTCTTCCACTGTGTATACCCAGAGGACAAGCGTGACTTGTCAATTTGGCCTCAAA
L A NN AS G QL EWEUDYF F HCV Y P EDIXKURDTLS I W P Q T 165
583 CACCTGCTGATTACATgtaagtacttaaaaatcttageatgettaattggtgteacaatecataaaccctagectaaaatitttaattatatecccgaact
P A D Y I 170
682 gattaaaattgtcaatagttttatatatatttgtaaaaggecctectecccacaagtaattctggttecgeegecttactettgttaacatcaatettta
781 ataccttggeagTGAGGCAACCGCCGAGTATGCTAAGCAATTGAGGGAGCTAGCAACCAAGGTACTGAAAGTTCTGTCACTTGECTTGGGATTGGATGA
EATAZEY AKX QLREULATI KUV VLKV L S L GUL G L D E 199
880 AGGGAGGCTGGAGAAAGAAGTTGGTGGACTTGAAGAGCTCCTCTTGCARATGARRATCAACTACTACCCARAATGCCCTCAGCCGGAGCTTGCACTTGG
G R L E XK E V 6 6L E E L L L ¢M X I NY Y P K CP g P ETILATL G 232
978 TGTTGARGCTCACACTGACGTGAGTGCACTCACCTTCATCCTCCACAACATGGTTCCTGGCCTGCAGCTTTTCTATGAAGGAAAGTGGGTCACTGCCAA
V EA H TD V 8§ AL TF I L HNMVPGLOQLTFYEGIZ KWV T A K 265
1078 GTGCGTTCCAAATTCCATCGTCATGCACATTGGCGATACACTTGAGATTTTGAGCAATGGGAAGTACAAAAGTATACT CCACAGGGGCATGGTGAACAA
¢ v P N S I VMHIGTDTULETI L SDNGI K YK S I L HRGMV N K 298
1177 GGAAARGGTGAGGATTTCATGGGCTCTTTTCTGTGAGCCACCAAAGGAGARGATCATCCTTAAGCCACTGCCGGAGRACCCTGTCTGAGGACGAGCCGGL
E XK VR I 8 WAV F CEUP P KEZXKTII L KUPLU®PETUV S ETDTE P A 331
1276 BAATGTTCCCACCACGAACTTTTGCTGAGCACATTCAGCACAAGTTGTTCAGGAAGAGCCAAGAGGCTTTGCTCCCCAAGEgaagegggttatgetaaat
M F P P R T F A E H I ¢ H X L F R K § Q E A L L P K » 357
1375 tataatattgttgtgaactatcgtcoctaataaatctgtttatggecatagttggtatgatatatcttagtttecatagtatgtgggtttectttttgeac
1474 ttggctaagctactcetgtecgectgetttgttgaataatattgattttatgtecttgtacctgtgatgaatggetattttcaagtcaagatttcaata
1573 tatgggtactttcattttetatgcaacttggeatettcacgtttgeattttcacaacacatattatgatcgaactgtttatatattaategttaatigt
1672 ttaaagattatttttatataaaaaatcaaaategagatttttgttgtagteoctatttgattcggaatgtaattgtgtaaatectagtatatettagaat
1771 atctcteatattectattagaagtagattacctattaaatgttgtaatecctaaagggaaaggaattaagcttceoctactattgtaaataaaggcacaat
1870 gggtggataacacacacctgcaattacacatetctttecttetgtetatgeegecaccttecctcactetggectecataattgttcagtaaattatgect
1969 aaaacacgttatcagcacactcttgatgetacgctaaagagagtttattotttaatcaggggattattacgttttaateattetttttatgattaattt
2068 attattttattgaattgatctacatgctattgattcaatttaattittgtgtgttgaacgtgatataacacattggagatagaatto
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Figure 1. Nucleotide sequence of MdANST gene and map of MdANST::GUS construct. A, Restriction map of MdANST genomic clone. A
1.5-kb EcoRlI fragment designated as pANS1.5 includes the first ATG codon with upstream region, whereas pANS2.0 includes the remaining
downstream region. Arrow indicates direction of translation. MdANS7 coding regions are shown in black boxes, with intron as white box. E,
EcoRl; B, BamHl; S, Sacl. “Two BamHI sites are located near each other; another "Sacl site is located close to and upstream of EcoRI. B,
Nucleotide and deduced amino acid sequences of MdANST gene. Non-coding sequence is in lower case; coding sequence, in upper case.
Deduced amino acid sequence of MdANST gene is shown below nucleotide sequence. Numbers on the left and the right indicate respec-
tive positions of nucleotide and amino acid. First nucleotide of MdANST cDNA is shown in bold type and referred to as +1. Putative CAAT
and TATA boxes in promoter region and polyadenylation signals are underlined. C, Chimeric gene construct to express GUS under MdANS7

romoter in transgenic tobacco. This gene cassette was inserted into binary vector pBl101.2 and introduced into tobacco leaf discs by Agro-
Eacterium—mediated transformation. RB, right border of T-DNA; Pyos, nopaline synthase promoter; npt il, neomycin phosphotransferase

gene; Tuos, nopaline synthase terminator; LB, left border of T-DNA.

also shows GUS expression in the epidermal cells of develop-
ing seeds from transgenic tobacco plants (Lawton et al,
1991). Here, we could detect only weak activity in the fruit
skins of transgenic tobacco, perhaps because of different
types of fruit development, i.e., tobacco fruit is a dehiscent
capsule that develops from an ovary while apple fruit is inde-
hiscent flesh, being hypanthium developed to fruit paren-

chyma (Fahn, 1990). Therefore, it would be interesting to
examine whether GUS expression in the receptacles of trans-
genic plants is related to the skin-preferential expression of
MdJANSTin apple. Transformation of apple plants would pro-
vide a direct answer for the exact location of MAANST expres-
sion, and developing skin-specific promoter will be useful to
enhance such biological traits as fruit color in the skin tissues.
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Table 1. Putative cis-elements observed in the MdANST promoter®.
MYB.Ph3

b SBF-1(GGTTAAATHATIA/TY)  G-box (CACGTG)
P (CCT/AACCY  C1 (AAACGT) (g?iég;(éﬁg)c?{f& I-box (GATAA) or GT-1 (GGTTAAF or ABRE (ACGTY
GGTTAAAAT (-1072 to -1064)

CCAACC GGTTAAAGT (-1042 t0-1034)  TACGTA
(-847 to0 -842) ATGAGCTAGTTA AGTTAAAAG (-865 t0 -857) 1316 to -1311)
CCCACC AAACGT (-1312t0 -1301)° GATAA AGTTAACAT (-679 to -671) TACGTG
(-250t0 -245°  (-528t0-523) CTAAGGCGGTTA (1278 t0-1274)  GCTTAAAAC (-582 to -574) {(-961 to -956)
GCTACC {(-319 to -308) AGTTAAAAT {-554 to -546} AACGTA
(-154 to -149)° GGTTAAACA (-489 to -481) (-527 t0 -522)

AGTTAATTA (-388 to -380)°

“Putative cis-elements observed in a 1398-b region upstream from the 5’ end of MAANST cDNA. "The nucleotide sequence is the core
consensus sequence reported for the promoters of other plant species. “GT-1 boxes and YABRE core sequences are underlined. “Sequences
found in the reverse orientation compared with the direction of the MdANS? open reading frame.

Figure 2. MdANS? promoter-driven GUS expression in transgenic tobacco Flants. Blue precipitates indicate locations of GUS activity. A, Young
floral bud. Close-up shows activity in trichomes of sepal. Bar =1 mm. B, Flower before anthesis. Close-up shows activity in vascular tissues as
well as in trichomes of petal. Bar =2 mm. C, Cross section of developing fruit. Close-up shows activity in seed coats. Bar =1 mm. D, Lower part
of developing fruit. For photo of GUS-expressed region, old sepals were detached from fruit. Bar =1 mm. P petal; R, receptacle; S, sepal; Se,
developing seeds.
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