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We previously reported that the transient and stable expression of IbMYB1a produced anthocyanin
pigmentation in tobacco leaves and transgenic Arabidopsis plants, respectively. To further determine the
effects of different promoters on the expression of IbMYB1a and anthocyanin production, we generated
and characterized stably transformed tobacco (Nicotiana tabacum SR1) plants expressing IbMYB1a under
the control of three different promoters. We compared the differences in anthocyanin accumulation
patterns and phenotypic features of the leaves of these transgenic tobacco plants during growth.
Expression of IbMYB1a under the control of these three different promoters led to a remarkable variation
in anthocyanin pigmentation in tobacco leaves. The anthocyanin contents of the leaves of the SPO-
IbMYB1a-OX (SPO-M) line were higher than those of the SWPA2-IbMYB1a-OX (SPA-M) and 35S-IbMYB1a-
OX (35S-M) lines. High levels of anthocyanin pigments negatively affected plant growth in the SPO-M
lines, resulting delayed growth and, occasionally, a stunted phenotype. Furthermore, HPLC analysis
revealed that transcriptional regulation of IbMYB1a led to the production of cyanidin-based anthocyanins
in the tobacco plants. In addition, RT-PCR analysis revealed that IbMYB1a expression induced the up-
regulation of several structural genes in the anthocyanin biosynthetic pathway, including DFR and
ANS. Differential expression levels of IbMYB1a under the control of different promoters were highly
correlated with the expression levels of the structural genes, thereby affecting anthocyanin production
levels. These results indicate that IbMYB1a positively controls the expression of multiple anthocyanin
biosynthetic genes and anthocyanin accumulation in heterologous tobacco plants.

© 2015 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Plants synthesize tens of thousands of secondary metabolites,
such as phenylpropanoids, flavonoids, terpenoids, glucosinolates,
and alkaloids (Stitt et al., 2010). Anthocyanins, the largest
subclass of flavonoids, confer the purple, red, and blue colors
present in plants (Holton and Cornish, 1995; Tanaka et al., 2008).
These secondary metabolites play important roles in various
plant functions, such as pigmentation and, phytoprotection
against damage by ultraviolet light and pathogens (Holton and
Cornish, 1995; Winkel-Shirley, 2001). Anthocyanins are impor-
tant plant pigments with excellent antioxidant properties, thus
providing nutritional value for consumers and serving as a
possible source of natural food colorants (Nagata et al., 2003).
Sweetpotato (Ipomoea batatas [L.] Lam) is the seventh most
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important food crop worldwide (Rodriguez-Bonila et al., 2014).
Sweetpotatoes are rich in secondary metabolites, especially
antioxidant compounds, including carotenoids, anthocyanins,
and vitamin C (Teow et al., 2007). Purple-fleshed sweetpotato
provides a healthy food source for humans and serves as a po-
tential source of natural food colorants due to its high levels of
anthocyanins and starch.

Anthocyanin biosynthesis and its regulation have been well
characterized in several model plants, such as maize, petunia,
and Arabidopsis (Bartel and Matsuda, 2003; Holton and Cornish,
1995). Anthocyanin biosynthesis is genetically determined by
structural and regulatory genes. A large number of studies have
suggested that anthocyanin biosynthesis is controlled by
numerous regulatory factors at the transcriptional level, which
modulate the expression of structural genes encoding both early-
and late-acting enzymes in the anthocyanin biosynthetic
pathway (Petroni and Tonelli, 2011). Among the various regula-
tory proteins, such as MYB, bHLH, and WD40 proteins, MYB
transcription factors (TFs) are the major determinants of antho-
cyanin production (Allan et al., 2008; Hichri et al., 2011). Two
redundant MYB TFs, Production of Anthocyanin Pigment1 (PAP1)
and PAP2 in Arabidopsis and their orthologs in other plant spe-
cies, are positive regulators of the structural genes involved in
anthocyanin biosynthesis, including CHS, DFR, and LDOX
(Borevitz et al., 2000; Hichri et al., 2011). Overexpression of PAP1/
AtMYB75 in transgenic Arabidopsis induces anthocyanin accu-
mulation by increasing the expression of structural genes in the
anthocyanin biosynthetic pathway (Borevitz et al., 2000; Dubos
et al., 2010; Tohge et al., 2005). In grape, the expression of
VvMYBA1 and VvMYBA2 leads to the transcriptional activation of
the UDP-Glc:flavonoid 3-O-glucosyltransferase (UFGT) gene as
well as anthocyanin biosynthesis (Cutanda-Perez et al., 2009;
Geekiyanage et al., 2007; Kobayashi et al., 2002; Li et al., 2011;
Walker et al., 2007). In addition, ectopic expression of VvMYB5b
in tobacco leads to the up-regulation of most flavonoid structural
genes, including CHS, CHI, F3H, and ANS, resulting in the accu-
mulation of anthocyanidin- and proanthocyanidin-derived com-
pounds in flowers (Deluc et al., 2008). In apple fruit, MdMYB10
controls red flesh coloration, while MdMYB1, MdMYBA, and
MdMYB3 are responsible for red skin coloration (Ban et al., 2007;
Espley et al., 2007; Vimolmangkang et al., 2013). Furthermore,
overexpression of MdMYB3 in transgenic tobacco plants results in
transcriptional activation of several flavonoid pathway genes,
including CHS, CHI, UFGT, and FLS, these plants exhibit increased
pigmentation and accumulate higher levels of anthocyanins and
flavonols in flowers, but not in leaves (Vimolmangkang et al.,
2013). Likewise, in the purple-fleshed sweetpotato, IbMYB1 is
responsible for purple pigmentation in the flesh of storage roots
(Mano et al., 2007). Two transcript variants of IbMYB1a and
IbMYB1b appear to be produced from the single IbMYB1 gene by
alternative splicing in purple-fleshed sweetpotato (Kim et al.,
2010; Mano et al., 2007). Recently, Park et al. (2015) reported
that overexpression of IbMYB1a in a single orange-fleshed
sweetpotato cultivar generated dual-pigmented transgenic
plants with high levels of both anthocyanins and carotenoids in
their storage roots. In addition, the expression of IbMYB1a alone
was sufficient for heterologous activation of anthocyanin
biosynthesis in transiently agro-infiltrated tobacco leaves and
stably transformed Arabidopsis plants (Chu et al., 2013; Kim et al.,
2010; Mano et al., 2007). Identifying the interacting partners of
IbMYB1a TF is necessary for elucidating the gene regulatory
networks controlling anthocyanin biosynthesis in purple-fleshed
sweetpotato.

Numerous studies have demonstrated that R2R3-MYB TFs in
various plant species are primarily responsible for the regulation
of anthocyanin biosynthetic pathways. Thus, understanding the
regulatory roles of R2R3-MYB TFs in anthocyanin biosynthesis is
essential for performing metabolic engineering of the anthocyanin
biosynthetic pathway in food crops. In this respect, R2R3-MYB TFs
appear to be key factors for metabolic engineering of the antho-
cyanin biosynthetic pathway to produce altered anthocyanin
profile and, hence, altered pigmentation of leaves, flowers, and
roots.

In this study, we demonstrated that heterologous expression of
the sweetpotato R2R3-MYB gene, IbMYB1a, under the control of
three different promoters produced different anthocyanin levels
and accumulation patterns in the leaves of transgenic tobacco
plants. Expression of IbMYB1a induced anthocyanin accumulation
in all tobacco tissues, including leaves, stems, roots, and flowers. In
addition, the level of anthocyanin accumulation in transgenic to-
bacco plants was positively correlated with the antioxidant activ-
ities of DPPH, APX, and CAT.

2. Materials and methods

2.1. Plant materials and growth conditions

Surface-sterilized seeds of axenic tobacco plants (Nicotiana
tabacum SR1) were germinated under aseptic conditions on solid
Murashige and Skoog (MS) medium (Murashige and Skoog, 1962)
supplemented with 3% sucrose (pH 5.8) and 0.8% agar (Duchefa).
The plates were incubated under long-day growth conditions (16 h
light/8 h dark cycle) at 25 �C for germination, and the plants were
grown under the same light and temperature conditions. Leaf discs
approximately 10 mm in length from 3- to 4-week-old healthy
leaves were used for plant transformation.

2.2. Vector construction and plant transformation

Sweetpotato IbMYB1a cDNA was cloned into the pCambia2300
binary vector as described by Kim et al. (2010). The resulting
pCam2300-IbMYB1a constructs containing different promoters,
designated pCam-35S-IbMYB1a, pCam-SWPA2-IbMYB1a, and
pCam-SPO-IbMYB1a, were introduced into Agrobacterium tume-
faciens strain LBA4404. Agrobacterium cells were grown over-
night at 28 �C in YEP medium (10 g/l Bacto peptone, 10 g/l Bacto
yeast extract, and 5 g/l NaCl, pH 7.0) containing 100 mg/l kana-
mycin and 40 mg/l rifampicin. Tobacco was transformed with
LBA4404 using the leaf disc method (Horsch and Klee, 1986).
Agrobacterium cells were grown to an optical density of 1.0 at
600 nm (OD600), and a final suspension at OD600 of 0.5 was used
for plant infection. Young, healthy green leaves were cut into
pieces approximately 10 mm in length, and the leaf segments
were incubated in an Agrobacterium suspension for 30 min. The
leaf segments were then blotted dry with sterile filter paper
for 5 min and placed onto MS1 co-cultivation medium
(MS þ 0.1 mg/l NAA þ 1 mg/l BA) in sterile Petri dishes. After
incubation for 3 days at 25 �C in the dark, the infected leaf ex-
plants were transferred to MS2 regeneration/selection medium
(MS1 þ 200 mg/l kanamycin þ 250 mg/l cefotaxime). After 2e3
weeks, the infected leaf explants were transferred to fresh
regeneration/selection media. Separate shoots from explants
were excised carefully and transferred onto plant culture dishes
containing MS3 rooting medium (MS þ 200 mg/l
kanamycin þ 250 mg/l cefotaxime). All media were supple-
mented with 3% sucrose and 0.4% Gelrite (Duchefa), and the pH
was adjusted to 5.8. The conditions used for shooting and rooting
were the same as those used for germination. Healthy seedlings
were transplanted into pots in a growth chamber (25 �C, 16 h
light/8 h dark cycle).
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2.3. RNA extraction and reverse transcriptase polymerase chain
reaction (RT-PCR) analysis

Two leaf tissues from each of the two independent tobacco lines
were collected and ground in liquid nitrogen. Total RNA was
extracted from the frozen samples (approximately 0.1 g) using
FavorPrep™ Tri-RNA reagent (Favorgen), and further purified using
an RNeasy Plant Mini Kit (Qiagen) according to the manufacturer's
instructions. The concentration of RNAwas quantified at 260 nm by
spectrophotometric measurement. First-strand cDNAs were syn-
thesized from 2 mg of total RNA using a RevertAid™ first-strand
cDNA synthesis kit (Fermentas). RT-PCR was performed using Ex-
Taq DNA polymerase (TaKaRa) as described by Chu et al. (2013).
Control RT-PCR was performed using a primer pair specific to the
ACTIN gene under the same conditions. Then, 10-ml aliquots of each
RT-PCR product were analyzed on a 1.0% agarose gel to visualize the
amplified cDNAs. The primers used in this study are shown in
Supplementary Table 1.

2.4. Extraction of anthocyanins and measurement of anthocyanin
contents by spectrophotometry

Two leaf tissue samples from each of the two independent to-
bacco lines were collected and ground in liquid nitrogen. Total
anthocyanins were extracted from 0.1 g finely ground plant mate-
rial and measured spectrophotometrically at wavelength 530 nm
and 657 nm as described by Chu et al. (2013). All samples were
measured in triplicates with two independent biological replicates.
Error bars indicate the standard deviation (SD) of the average
anthocyanin content.

2.5. Hydrolysis of anthocyanins and HPLC analysis of anthocyanidin
profiles

Anthocyanins were further hydrolyzed by boiling in butanol:HCl
solvent as described by Chu et al. (2013), and the anthocyanin
profiles of tobacco leaf samples were analyzed by HPLC. HPLC
analysis was performed at 37 �C on an Agilent 1200 system (Agilent
Technologies) equipped with a binary pump, an in-line degasser, an
auto-sampler, and a UV detector using a silica C18 reverse phase
column (GEMINI 5 mm C18 column, 4.6 � 150 mm, 5 mm; Phe-
nommenex) with a linear gradient of the binary solvent system. The
binary solvent system comprised with solvent A (0.1% trifluoro-
acetic acid in water) and solvent B (0.1% trifluoroacetic acid in
acetonitrile). The gradient was applied linearly from 85:15 (A:B, v/
v) to 5:95 (A:B, v/v) for 50 min with a flow rate of 0.5 ml/min. The
injection volumewas 10 ml and the detectionwavelength was set to
530 nm. Cyanidin, delphinidin, peonidin, and malvidin standards
(SigmaeAldrich) were used for identification and quantification.

2.6. Antioxidant enzyme extraction and activity assays

Two leaf tissue samples from each of the two independent to-
bacco lines were collected and ground in liquid nitrogen, and 0.1 g
finely ground leaf tissue samples were used for antioxidant enzyme
assays. Total phenolic and 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assays were spectrophotometrically performed
(Ainsworth and Gillespie, 2007; Sharma and Bhat, 2009). For the
total phenolic content, leaf samples (0.1 g) were extracted with
0.5 ml of 80% (v/v) ethanol. After centrifugation, 10 ml of the su-
pernatant was mixed with 890 ml of 0.1 N Folin-Ciocalteu reagent
and 100 ml of 20% (w/v) Na2CO3 was added. The mixture was
incubated at room temperature for 20 min and the absorbance was
determined at 725 nm using a UVevisible spectrophotometer. Total
phenolics were calculated as chlorogenic acid equivalents using the
regression equation between chlorogenic acid standards and
absorbance at 725 nm. For DPPH assay, leaf samples (0.1 g) were
extracted with 0.5 ml of 95% (v/v) ethanol. After centrifugation,
25 ml of the supernatant was mixed with 975 ml of 0.15 mM DPPH
solution. The mixture was incubated at room temperature for
30 min and the absorbance was determined at 517 nm using a
UVevisible spectrophotometer. L-Ascorbic acid (AsA) was used as a
standard for the calibration curve and the DPPH radical scavenging
activities were calculated as AsA equivalents per gram of tested
samples. For antioxidant enzyme activity assays of ascorbate
peroxidase (APX) and catalase (CAT), total soluble proteins were
extracted from 0.1 g leaf samples with extraction buffer (APX,
50 mM HEPES, pH 7.0 þ 0.1 mM EDTA; CAT, 50 mM potassium
phosphate, pH 7.0). APX activity was determined from the decrease
in absorbance at 290 nm for 1.5 min caused by ascorbic acid
oxidation according to Nakano and Asada (1981). The reaction
mixture contained 50 mMHEPES (pH 7.0), 0.6 mM ascorbate, 1 mM
H2O2, 0.1 mM EDTA and protein extract. One unit of APX activity
was defined as the amount of enzyme that caused the oxidation of
1 mmol of AsA. CAT activity was measured spectrophotometrically
according to the method of Aebi (1984) by following the con-
sumption of H2O2 at 240 nm for 1 min in 50 mM potassium
phosphate (pH 9.0) containing 20mMH2O2 and protein extract in a
final volume of 1 ml. Reactionwas started by adding H2O2. One unit
of CAT activity was defined as 1 mmol of H2O2 consumption per
minute and the specific activity was represented as units per mg
protein.

2.7. Statistical analysis

Experimental data were analyzed by one-way ANOVA. Subse-
quent multiple comparisons were examined by using Dunnett test.
All analyses were performed using the Statistical Package for the
Social Sciences (SPSS version 12) software and statistical signifi-
cance was set at *P < 0.05 and **P < 0.01.

3. Results

3.1. Generation of transgenic tobacco plants carrying IbMYB1a
driven by three different promoters

We previously reported that both transient expression of
sweetpotato IbMYB1a in tobacco leaves and stable expression of
this gene in Arabidopsis plants induce anthocyanin accumulation
(Chu et al., 2013; Kim et al., 2010). In this study, to further examine
whether IbMYB1a acts as a positive regulator of anthocyanin
biosynthesis in tobacco plants, we transferred IbMYB1a gene into
tobacco through Agrobacterium-mediated leaf disc transformation.
Transgenic tobacco plants expressing IbMYB1a were generated
under the control of three different promoters, including the
duplicated CaMV 35S (d35S) promoter, the sporamin SPO promoter,
and the peroxidase SWPA2 promoter derived from sweetpotato
(Fig. 1). The transgenic status and expression of the transgene in
transgenic plants were confirmed by selection with the antibiotic
kanamycin and visible anthocyanin color selection followed by PCR.
Some calli induced from the infected leaf discs exhibited the purple
anthocyanin color. Putative transgenic shoots from purple calli also
exhibited visible anthocyanin coloration (Fig. 1B). We then trans-
ferred healthy purple shoots to root induction medium to generate
putative transgenic plants. Using PCR analysis, we confirmed that
all of the putative purple seedlings showing visible anthocyanin
coloration were transgenic plants (data not shown). This result
indicates that transgenic plants harboring the IbMYB1a gene could
easily be selected through visible color selection without per-
forming PCR analysis. Ten independent lines (T0 generation)



Fig. 1. Generation of transgenic tobacco plants expressing IbMYB1a. (A) Schematic
representation of the three IbMYB1a constructs cloned into binary vector pCam-
bia2300 used for plant transformation. Expression of IbMYB1a was driven by the
duplicated CaMV 35S promoter (d35S), the sporamin (SPO) promoter, and the peroxi-
dase SWPA2 (SPA) promoter. The CaMV 35S terminator was replaced by the sporamin
terminator (SPO-ter) in both the SPO and SPA constructs. (B) Regenerating shoots (ar-
rows) from transformed calli showing anthocyanin pigmentation on MS2 regenera-
tion/selection medium containing kanamycin and cefotaxime at 4e6 weeks after
transformation (upper panels). Regenerated shoots showing anthocyanin pigmenta-
tion on MS basal medium containing kanamycin and cefotaxime at 8e10 weeks after
transformation (lower panels). (C) Mature plants (T0) in a growth chamber showing
anthocyanin pigmentation. NT, non-transgenic WT tobacco plant; 35S-M, d35S-
IbMYB1a-OX line; SPA-M, SWPA2-IbMYB1a-OX line; SPO-M, SPO-IbMYB1a-OX line.
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harboring IbMYB1a were ultimately obtained and allowed to set
seed. Nine and six of ten T0 35S-M and SPA-M transgenic lines
produced seeds, respectively, whereas seven of ten SPO-M lines
failed to set seed. In addition, we observed differential anthocyanin
accumulation patterns in leaves among lines harboring the three
constructs (Fig. 1C). SPO-M lines displayed higher levels of antho-
cyanin and accumulated even anthocyanin pigmentation
throughout their leaves than lines harboring the two constructs.
However, plant growth in the SPO-M lines occurred relatively late
during the growth stage. These findings suggest that high levels of
anthocyanin accumulation have a deleterious effect on plant
growth and seed development.

3.2. Different levels and patterns of anthocyanin accumulation in
transgenic tobacco plants

To further examine the differences in anthocyanin accumulation
levels and patterns in the leaves among the three types of trans-
genic lines, we obtained T1 generation seeds from each T0 trans-
genic line and observed the phenotypic features of the T1 plants
during 3 months of plant growth. T1 plants were selected for
antibiotic resistance by germinating the seeds on MS medium
supplemented with kanamycin, followed by transfer to soil. The
plants were grown to maturity in a growth chamber for 3 months.
The appearance of the anthocyanin pigmentation in transgenic
leaves varied among the three lines depending on the promoter
used. As shown in Fig. 2, at 14 days of seedlings growth on MS
medium, all T1 transgenic lines exhibited anthocyanin pigmenta-
tion in their cotyledons and leaves but not in roots. Relatively low
levels of anthocyanin accumulated in the 35S-M and SPA-M lines,
whereas the SPO-M line exhibited high levels of anthocyanin
pigmentation in both cotyledons and leaves. The SPA-M line
accumulated more anthocyanin in its cotyledons than in its leaves.
There were apparent differences in anthocyanin accumulation
levels and patterns among the three transgenic lines when grown
in soil, as observed in the plants at 28 days and 50 days after
germination. There were significant differences in anthocyanin
contents and distribution patterns in the leaf tissues among the
transgenic lines expressing IbMYB1a under the control of different
promoters. As shown in Fig. 2, anthocyanin accumulation was
restricted to certain areas in the leaves of the 35S-M line and
scattered randomly throughout the leaf tissue in the SPA-M line,
while the SPO-M line uniformly and highly accumulated anthocy-
anin pigments throughout the surface area of the leaf tissue.
However, the SPO-M line exhibited slow growth, short internodes,
and delayed plant growth, although normal growth occurred at the
late growth stage. Occasionally, the growth of SPO-M plants
exhibiting strong anthocyanin accumulation was stunted, and the
plants did not flower or set seed. In addition, the flowers of the
transgenic lines were red, unlike the pink color observed in wild-
type (WT) tobacco plants. The flowers of the 35S-M and SPO-M
lines had dark red petals and sepals, and the SPA-M line had red
flower petals and sepals. By contrast, the sepals ofWT flowers were
green.

3.3. Expression of IbMYB1a leads to the production of cyanidin-
based anthocyanins in transgenic tobacco plants

To examine whether the expression of IbMYB1a in transgenic
tobacco plants led to the production of anthocyanins, we examined
the total anthocyanin contents in 50-day-old leaf tissues in all three
types of IbMYB1a-OX lines (T1) using spectrometric measurements
(Fig. 3A). The highest levels of total anthocyanins were observed in
the leaves of the SPO-M line, with values of approximately 1.1 mg of
anthocyanin per gram fresh weight, which represented an almost
5.4- and 3.4-fold increase over that of the 35S-M and SPA-M lines,
respectively. The 35S-M line contained 206 mg anthocyanin/g fresh
weight, and the SPA-M line contained 697 mg anthocyanin/g fresh
weight. We further analyzed the levels of anthocyanin pigments in
the leaves of transgenic tobacco plants using HPLC (Fig. 3B). Com-
plete hydrolysis by boiling crude anthocyanin extract in acidic
methanol solvent released the core anthocyanidin (aglycones)
component at a retention time of 10.8 min. This retention time
corresponded to that of the cyanidin standard (10.894). The HPLC
chromatograms indicates that cyanidin was the predominant core
molecule of anthocyanidins recovered from the leaves of all three
types of IbMYB1a-OX lines (Fig. 3B). No anthocyanins were detected
in WT leaves. Consistently, the highest levels of anthocyanidins
were detected in the SPO-M line, followed by the SPA-M and 35S-M
lines. These results suggest that transcriptional expression of
IbMYB1a in transgenic tobacco plants induced the production of the
cyanidin-based anthocyanins as the major pigments.



Fig. 2. Comparison of typical anthocyanin phenotypes during growth in three transgenic tobacco plants (T1) expressing IbMYB1a. Anthocyanin-accumulating phenotypes in WT and
transgenic tobacco plants (35S, SPA, and SPO) were compared at different growth stages (14, 28, 50, and 90 days after germination). Pink flowers from WT plants and red flowers
from transgenic plants are shown in the middle panels on the right. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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3.4. Expression of IbMYB1a increases the transcript levels of
anthocyanin biosynthetic genes in transgenic tobacco plants

We previously reported that the expression of IbMYB1a controls
the transcriptional activation of anthocyanin biosynthetic genes
and anthocyanin accumulation in Arabidopsis plants (Chu et al.,
2013). To further elucidate the molecular mechanisms underlying
anthocyanin pigment accumulation via expression of IbMYB1a in
transgenic tobacco plants, we examined the transcript levels of
anthocyanin structural genes in both 30-day-old and 60-day-old
leaf tissues of each transgenic line (Fig. 4). We did not observe
marked differences in the expression levels and patterns of struc-
tural genes in between these samples. RT-PCR analysis revealed
high levels of IbMYB1 transcripts in all three IbMYB1a-OX lines;
these levels were much higher in the SPA-M and SPO-M lines than
in the 35S-M line. However, no IbMYB1a transcripts were detected
in WT plants, which served as a control. These results suggest that
the SPO and SWPA2 promoters more strongly control the tran-
scriptional activation of IbMYB1a than the 35S promoter in tobacco
plants. Up-regulation of IbMYB1a increased the expression of
anthocyanin biosynthetic genes encoding PAL, C4H, 4CL, CHS, CHI,
F3H, DFR, and ANS. In particular, the expression levels of the late
structural genes such as DFR and ANS in the IbMYB1a-OX lines were
much higher than those observed in theWT. High expression levels
of the structural genes were detected in the SPA-M and SPO-M
lines, whereas the transcript levels of these genes in the 35S-M
were slightly low. In addition, to see whether up-regulation of
IbMYB1a affects the gene expression of other regulatory partners
such as bHLH and WD40 proteins, we checked the expression
patterns of endogenous bHLH and WD40 genes in the IbMYB1a-OX
transgenic tobacco plants. As shown in Fig. 4, the expression level of
NtAn1 (accession number: HQ589210) encoding bHLH TF increased
in all the IbMYB1a-OX lines but the transcript levels of NtMYC1
(accession number: GQ859158) and NtMYC2 (accession number:
GQ859160) genes were not changed. Tobacco genes encoding
WD40 repeat protein such as NtWDR (accession number:
GQ260131) and NtTTG2 (accession number: FJ795022) were also
not affected by IbMYB1a expression. This result suggests that
IbMYB1a TF may function by inducing the expression of NtAn1 to
regulate anthocyanin biosynthesis. As shown Figs. 3 and 4, the
differential expression levels of anthocyanin biosynthetic genes in
response to IbMYB1a expression correlated well with the antho-
cyanin accumulation level observed in all three types of IbMYB1a-
OX lines. These results suggest that IbMYB1a expression positively
controls the expression of multiple anthocyanin biosynthetic genes
at the transcriptional level and induces anthocyanin accumulation
in transgenic tobacco plants.

3.5. Anthocyanin accumulation increases the total contents of
phenolic compounds and antioxidant activities in transgenic
tobacco plants

Since anthocyanins possess high antioxidant properties, we
examined the total contents of phenolic compounds, DPPH radical
scavenging activity, and antioxidant enzyme activities in leaf
samples from each transgenic tobacco plant using spectrophoto-
metric methods (Fig. 5). The levels of total phenolic compounds
were higher in transgenic plants than in WT, but these levels
significantly varied among the three IbMYB1a-OX transgenic to-
bacco lines. The total phenolic contents were highest in the SPA-M
line, followed by the SPO-M and 35S-M lines, although the antho-
cyanin level was higher in the SPO-M line than in SPA-M (Fig. 5A).
DPPH radical scavenging activity was also higher in both the SPA-M
and SPO-M lines than in the WT or 35S-M lines but, compared to
WT, their activity was relatively low in the transgenic lines (Fig. 5B).
The activities of antioxidant enzymes APX and CAT were signifi-
cantly higher in all three transgenic lines than in WT (Fig. 5C and
D). The specific APX enzyme activity in proportion to the total



Fig. 3. Anthocyanin quantification and HPLC analysis of the three IbMYB1a-OX transgenic tobacco lines. A, Total anthocyanin contents in 50-day-old leaves of tobacco plants. Total
anthocyanin contents were spectrophotometrically determined by measuring the absorption of the extracts at wavelengths of 530 nm and 657 nm as described in the Materials and
methods. B, HPLC analysis of anthocyanidins derived from acid hydrolysis of the anthocyanins produced in tobacco plants. Elution profiles of tobacco samples and anthocyanidin
standards (STD) after reverse phase HPLC are shown. Absorbance was measured at 530 nm. Four anthocyanidin standards (delphinidin, peonidin, cyanidin, and malvidin) were used
as controls. WT, wild type; 35S, d35S-IbMYB1a-OX; SPA, SWPA2-IbMYB1a-OX; SPO, SPO-IbMYB1a-OX.
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phenolic compounds was higher in all IbMYB1a-OX transgenic lines
than in WT. APX activity in the SPA-M line was considerably higher
than that of WT, while slightly higher activity was observed in the
SPO-M line than in the 35S-M line. Similarly, specific CAT enzyme
activity was highest in the SPA-M line followed by 35S-M and SPO-
M. These results suggest that the higher antioxidant activities
observed in the transgenic tobacco plants are related to anthocy-
anin accumulation in the leaves.

4. Discussion

The results show that overexpression of IbMYB1a, an alterna-
tively spliced variant of the R2R3-MYB IbMYB1 gene from
sweetpotato, produced anthocyanin pigmentation in all tissues,
including leaves, stems, roots, and flowers in tobacco. The use of
different promoters driving IbMYB1a led to differential expression
of this IbMYB1a regulatory gene, thereby causing differential
expression of several structural genes involved in anthocyanin
biosynthesis. These transcriptional alterations led to variations in
anthocyanin accumulation in the leaf tissues of transgenic tobacco
plants. The phenotypic differences in anthocyanin accumulation
and distribution in the leaves of IbMYB1a-OX transgenic plants may
have been due to differences in promoter activity as well as the
availability of endogenous regulatory proteins, such as bHLH and
WD40, which interact with the IbMYB1a MYB protein. Such tran-
scriptional regulators in tobacco plants remain to be identified. In



Fig. 4. Expression analysis of anthocyanin biosynthetic genes in the three IbMYB1a-OX transgenic tobacco lines by RT-PCR. Expression patterns in 30-day-old (A) and 60-day-old (B)
leaves of tobacco plants (T1 lines). Sample tissues from each of the two independent lines were subjected to RT-PCR analysis. Thirty cycles of PCR amplification were performed as
described in the Materials and methods. Tobacco b-ACTIN was used as a quantitative control.
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general, different promoters differentially affect to the expression
of transgenes. In the present study, the anthocyanin levels were
highest in the SPO-M line and was lowest in the 35S-M line
harboring the d35S promoter (Fig. 3). This phenotypic difference
provides some interesting insights into the activity of these three
promoters in transgenic tobacco plants. The SPO and SWPA2 pro-
moters exhibited higher promoter activity than the d35S promoter,
as exhibited by differences in anthocyanin production in the leaves
of tobacco plants. This result indicates that the sweetpotato SPO
and SWPA2 promoters are more active than the d35S promoter in
the leaf tissues of transgenic tobacco.

A powerful expression system with an appropriate promoter is
an important prerequisite for efficient expression of desired genes
in plant species. To maximize the expression levels of desired
genes, it is important to identify suitable promoters that are highly
active in target plants. Since the SPO promoter was highly active in
controlling the expression of the IbMYB1a transgene in tobacco, this
promoter can be used to express a gene of interest in tobacco at a
high level. The SPO promoter, however, is not likely a good choice to
study and engineer genes whose expression could be detrimental
for the host plants, since SPO-M lines with high levels of antho-
cyanin pigments exhibited negative effects on plant growth.
Sporamin is the most abundant protein in storage roots of sweet-
potato, accounting for 60e80% of the total soluble protein (Hattori
et al., 1990; Yeh et al., 1997). Thus, the sporamin promoter is
commonly used for transgene expression in storage roots of
sweetpotato. In addition, the use of the sporamin promoter leads to
high levels of expression of transgenes in heterologous plants, such
as potato, tobacco, Brassica, and Arabidopsis (Chen et al., 2006; Chu
et al., 2013; Hattori et al., 1990; Hong et al., 2008; Ohta et al., 1991;
Wang et al., 2002). Moreover, the sporamin gene is systemically
expressed in leaves and stems upon wounding (Wang et al., 2002;
Yeh et al., 1997). The sporamin promoter is highly responsive to
mechanical wounding and methyl jasmonate (MeJA) treatment in
the leaves and stems of sweetpotato and transgenic tobacco plants
(Wang et al., 2002). These observations, together with the results of
the current study, suggest that the SPO promoter could be used to
drive high levels of transgene expression in heterologous plants.
SWPA2, encoding an anionic peroxidase (POD), was previously
isolated from suspension cultures of sweetpotato. SWPA2 is pre-
dominantly expressed in cultured cells of sweetpotato and is highly
induced by environmental stresses, such as wounding, chilling, and
ozone in sweetpotato leaves (Kim et al., 1999). Likewise, the SWPA2
promoter is shown to be strongly induced in transgenic tobacco



Fig. 5. Effects of anthocyanin accumulation on total phenolic contents (A), DPPH radical scavenging activities (B), and antioxidant enzyme activities of APX (C) and CAT (D) in the
three IbMYB1a-OX transgenic tobacco lines. Sample tissues were taken from each of the two independent lines for these assays. The results represent mean ± standard error of three
independent experiments. All analyses were performed using the SPSS software and statistical significance was set at *P < 0.05 and **P < 0.01.
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plants in response to environmental stresses, such as hydrogen
peroxide, wounding, and UV treatment (Kim et al., 2003). More-
over, our previous and present studies have shown that the SWPA2
promoter more strongly induces anthocyanin accumulation and
transgene expression than the d35S promoter in Arabidopsis and
tobacco plants (Chu et al., 2013; Figs. 3 and 4). These results suggest
that the SWPA2 promoter could be used to induce high levels of
transgene expression in heterologous plants. Based on the analysis
of three promoters used for anthocyanin production in tobacco
plants, we suggest that SWPA2 promoter is likely suitable for the
use of IbMYB1a as a visible marker for plant transformation.
Because SWPA2 promoter did not show any negative effects on
plant growth and induced high levels of anthocyanin pigmentation
in tobacco plants.

The regulatory TFs R2R3-MYB, bHLH, and WD40 proteins
control multiple enzymatic steps in the anthocyanin biosynthetic
pathway (Dubos et al., 2010; Ramsay and Glover, 2005;
Zimmermann et al., 2004). In general, R2R3-MYB TFs combine
with bHLH and WD40 proteins to form a ternary complex (MBW)
that activates anthocyanin biosynthetic genes in plants. Among
these, co-expression of two classes of TFs, R2R3-MYB and bHLH,
is indispensable for the activation of anthocyanin biosynthetic
genes. Recently, tobacco bHLH and MYB TFs involved in flavonoid
biosynthetic pathway have been reported (Bai et al., 2011;
Pattanaik et al., 2010). Tobacco NtAn2 (accession number:
FJ472650) gene encoding an R2R3-MYB TF was isolated from
developing tobacco flowers (Pattanaik et al., 2010). Over-
expression of NtAn2 induced whole-plant anthocyanin produc-
tion in tobacco and Arabidopsis. In addition, ectopic expression
of NtAn1 encoding a bHLH TF enhanced anthocyanin accumula-
tion in tobacco flowers. Yeast two-hybrid assays showed that
NtAn2 protein interacts with bHLH TF, NtAn1 (Bai et al., 2011).
Interestingly, our RT-PCR analysis (Fig. 4) showed that over-
expression of IbMYB1a up-regulates the expression of NtAn1 in
tobacco. However, the tobacco R2R3-MYB NtAn2, which was
known to interact with NtAn1, did not responded to IbMYB1a
expression (data not shown). This finding indicates that IbMYB1a
protein can combine with endogenous tobacco NtAn1 TF by
inducing its expression to activate anthocyanin biosynthetic
genes such as DFR and ANS in tobacco plants. It is also possible
that certain bHLH and WD40 TFs with its constitutive expression
can participate in forming a ternary complex of MYB-bHLH-
WD40.

To date, many R2R3-MYB regulatory genes from various plant
species have been shown to activate the expression of structural
metabolic enzymes that induce anthocyanin biosynthesis. Their
availability for anthocyanin production has been examined via
heterologous expression analysis of the MYB gene in transgenic
Arabidopsis and tobacco plants. R2R3-MYB proteins such as
ZmC1, PAP1, MdMYB10, and VvMYBA1 require a bHLH partner for
anthocyanin biosynthesis (Espley et al., 2007; Goff et al., 1992;
Hichri et al., 2011; Walker et al., 2007; Zimmermann et al.,
2004). Interestingly, overexpression of PAP1 increases transcript
levels of the TT8 (bHLH) gene in Arabidopsis (Tohge et al., 2005).
We have previously and consistently demonstrated that heter-
ologous expression of IbMYB1a induces the expression of
endogenous PAP1 and TT8 genes in transgenic Arabidopsis (Chu
et al., 2013). In addition, when PAP1 alone was infiltrated into
the leaves of Nicotiana benthamiana, no anthocyanin pigmenta-
tion was observed (data not shown). By contrast, transfection of
IbMYB1a in tobacco using a transient agro-infiltration assays led
to the accumulation of anthocyanin in tobacco leaves (Kim et al.,
2010). These reports suggest that PAP1 MYB protein requires the
presence of TT8 bHLH protein for anthocyanin biosynthesis in
Arabidopsis. However, our previous and present studies have
shown that IbMYB1a does not require other regulatory factors
such as bHLH for anthocyanin biosynthesis in transgenic Arabi-
dopsis or tobacco plants (Chu et al., 2013; Fig. 2). Likewise,
overexpression of grape VlMYBA2 produces anthocyanin red
pigmentation in several dicot plants, such as tobacco and
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Arabidopsis (Geekiyanage et al., 2007). Recently, Huang et al.
(2013) also showed that overexpression of R2R3-MYB EsMYBA1
alone induces strong anthocyanin accumulation in transgenic
tobacco and Arabidopsis via up-regulation of the main flavonoid-
related genes. These results indicate that the expression of a
single R2R3-MYB regulatory gene alone is sufficient for the
activation of anthocyanin biosynthesis without the need for co-
expression of another regulatory partner bHLH protein. This
finding highlights a significant advantage of metabolic engi-
neering of anthocyanins in various plant species, since MYB TFs
such as IbMYB1a, VlMYBA2, and EsMYBA1 TFs do not depend on
their bHLH partner for anthocyanin pigmentation in dicot plants,
including Arabidopsis and tobacco. Indeed, we also found that
ectopic expression of IbMYB1a induced purple pigmentation in
alfalfa in addition to Arabidopsis and tobacco plants (data not
shown).

Our previous and present studies suggest that expression of
IbMYB1a in tobacco and Arabidopsis seems to be promising for the
identification of the transformants. As described previously for
IbMYB1a-OX transgenic Arabidopsis plants, all primary tobacco
transformants and their progenies displayed anthocyanin
pigmentation. This distinguishable phenotype is an indication
that IbMYB1a can be used for visual identification of transformed
tissues in Arabidopsis and tobacco plants. This finding suggests
that the IbMYB1a gene can potentially be used as a simple, non-
destructive visible marker for plant transformation. Several MYB
genes have already been identified as possible candidates for the
use in an anthocyanin visible marker system, which would serve
as a safe, efficient selectable marker system for plant trans-
formation (Geekiyanage et al., 2007; Goldsbrough et al., 1996; Kim
et al., 2010; Li et al., 2011; Ludwig et al., 1990). The utilization of
MYB genes not only enables simple, versatile selection of trans-
formed tissues through visualization, but it may also increase the
nutritional value of a transgenic plant by increasing its anthocy-
anin levels. However, the potential use of these genes as visible
markers should be further investigated throughout the transgenic
plant production process, from the efficient selection and recov-
ery of transformed regenerants during transformation to the
monitoring of transgenic plants.

Stresses that stimulate anthocyanin production were shown to
increase the activities of antioxidant enzymes such as CAT, APX, and
superoxide dismutase (SOD) in leaves (Agati et al., 2012; Kumchai
et al., 2013; Neill et al., 2002). The enzyme activities of APX and
CAT increased in proportion to the anthocyanin content, as
observed in all the IbMYB1a-OX lines (Figs. 3 and 5). However, the
antioxidant enzyme activities and total phenolic content were less
in the SPO-M than in the SPA-M lines, despite the highest level of
anthocyanins in the SPO-M lines. This suggests that excess content
of anthocyanins may decrease the activities of antioxidant en-
zymes, although appropriate anthocyanin accumulation increases
the enzyme activities of CAT and APX. Furthermore, the SPO-M
lines caused plant growth retardation due to high levels of antho-
cyanin pigments. Thus, it is possible that high accumulation of
anthocyanins may negatively affect the antioxidant enzyme activ-
ities such as CAT and APX. However, more studies are needed to
find out a positive or negative correlation between anthocyanin
content and antioxidant enzyme activities.
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