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Flavonoids synthesized by the phenylpropanoid pathway participate in myriad physiological and biochemical processes in
plants. Due to the diversity of secondary transformations and the complexity of the regulation of branched pathways, single
gene strategies have not been very successful in enhancing the accumulation of targeted molecules. We have expressed an
Arabidopsis (Arabidopsis thaliana) transcription factor, AtMYB12, in tobacco (Nicotiana tabacum), which resulted in enhanced
expression of genes involved in the phenylpropanoid pathway, leading to severalfold higher accumulation of flavonols. Global
gene expression and limited metabolite profiling of leaves in the transgenic lines of tobacco revealed that AtMYB12 regulated a
number of pathways, leading to flux availability for the phenylpropanoid pathway in general and flavonol biosynthesis in
particular. The tobacco transgenic lines developed resistance against the insect pests Spodoptera litura and Helicoverpa armigera
due to enhanced accumulation of rutin. Suppression of flavonol biosynthesis by artificial microRNA reversed insect resistance
of the AtMYB12-expressing tobacco plants. Our study suggests that AtMYB12 can be strategically used for developing safer
insect pest-resistant transgenic plants.

More than 7,000 diverse flavonoids have been iden-
tified in different plant species. These are synthesized
by the phenylpropanoid pathway (Ververidis et al.,
2007) and impart pigmentation to flowers (Tanaka
et al., 2008), provide protection against damage by UV
radiation (Izaguirre et al., 2007) and insects (Thoison
et al., 2004; Diaz Napal et al., 2009), as well as act as
signaling molecules (Kobayashi et al., 2004). About
20% of the carbon fixed in photosynthesis is directed
into this pathway, which produces the majority of
phenolic compounds found in nature. The biosynthe-
sis of naringenin, the central molecule of the pathway,
involves the enzymes Phe ammonia lyase (PAL),
cinnamate 4-hydroxylase, 4-coumarate:CoA ligase,

chalcone synthase, and chalcone isomerase. The inter-
mediates or naringenin subsequently lead to the
biosynthesis of lignins, flavones, flavonols, and antho-
cyanins. Structurally diverse compounds are formed
due to the action of enzymes that bring about regio-
specific condensation, cyclization, aromatization, hy-
droxylation, glycosylation, acylation, prenylation,
sulfation, and methylation reactions.

Flavonols, among flavonoids, are also considered as
health-protective components in functional foods and
provide protection against cardiovascular diseases,
certain types of cancers and degenerative disorders
(Nijveldt et al., 2001; Korkina, 2007), platelet aggrega-
tion (Graf et al., 2005), and osteoporosis (Trivedi et al.,
2009). Flavonols, especially rutin, have been shown to
have insecticidal properties (Simmonds, 2003). It has
also been reported that soybean (Glycine max) geno-
type PI 227687, which accumulates rutin, has been
used widely in breeding programs as a source of insect
resistance (Hoffmann-Campo et al., 2006). Biosynthe-
sis and accumulation of these flavonoids are species
specific and show tight spatial and temporal regula-
tion. There has been growing interest to engineer
plants for higher flavonol content by manipulating
the expression of genes of the biosynthetic pathway.
Manipulation of the expression of individual genes
has provided limited success for the enhancement in
flavonol biosynthesis and accumulation, due to the
complex regulation of various branches of the phenyl-
propanoid pathway and poor substrate availability
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(Muir et al., 2001). The increase of flux into one branch
of the pathway will normally decrease the flux into
other branches, unless total flux into the pathway is
enhanced.
Transcription factors that regulate the expression of

genes involved in metabolic pathways have been
discussed as promising tools for engineering the
levels of metabolites (Broun, 2004). The transcription
factors are often present as gene families and regulate
target genes in tissue- and species-related patterns
(Bovy et al., 2002). Specificity of the regulatory genes
has not been studied in detail in most cases. Analysis
of changes in transcriptomes and metabolomes
should provide clues related to regulation by tran-
scription factors in heterologous systems. AtMYB12
has been identified as a flavonol-specific transcription
factor in Arabidopsis (Arabidopsis thaliana; Mehrtens
et al., 2005; Stracke et al., 2007). It has been heterol-
ogously expressed in plants, like tobacco and tomato
(Solanum lycopersicum), leading to high-level accu-
mulation of polyphenolic compounds, especially fla-
vonols (Luo et al., 2008). AtMYB12 expression and
enhanced accumulation of flavonols in transgenic
lines have not been studied for global changes in
transcriptomes or metabolomes leading to increased
flux availability to the flavonol-specific pathway.
In this study, we report changes in genome-wide
expression and the metabolite profile in AtMYB12-
expressing transgenic tobacco lines and show that
apart from regulating the phenylpropanoid path-
way, this transcription factor modulates other meta-
bolic pathways as well, which lead to increased
flux availability to this pathway. Most importantly,
the high-level accumulation of the flavanol rutin in
AtMYB12-expressing tobacco lines provided resis-
tance against Spodoptera litura and Helicoverpa armigera

insects. This resistance was observed through an insect
bioassay performed using plant extract or purified
rutin from transgenic lines as well as in planta. When
AtMYB12-expressing lines were suppressed for the
expression of the tobacco flavonol synthase (NtFLS)
gene using artificial microRNA (miRNA), the de-
creased accumulation of rutin reversed the insect
resistance in transgenic lines.

RESULTS

Enhanced Flavonol Content in
AtMYB12-Expressing Plants

AtMYB12-expressing T0 tobacco transgenic lines
displayed reduced floral pigmentation (Fig. 1A) due
to reduction in anthocyanin content when compared
with wild-type flowers (Supplemental Fig. S1A). The
total flavonoid content of these lines was highly ele-
vated in terms of quercetin equivalents (Supplemental
Fig. S1B). The flower color phenotype segregated in
the T1 generation. Based on kanamycin resistance, we
selected homozygous transgenic lines for further anal-
ysis. In homozygous transgenic lines, rutin (up to 3.2
mg g21 fresh weight) was the most dominant flavonol
in nonhydrolyzed methanolic extract of transgenic
lines (Fig. 1). This increase was more than 40-fold in
comparison with the wild-type plants. Kaempferol
and quercetin increased up to 3.2- and 5-fold, respec-
tively (Fig. 2). In hydrolyzed methanolic extract of leaf
samples, while rutin was undetectable, quercetin (up
to 3.3 mg g21 fresh weight) and kaempferol (up to 0.82
mg g21 fresh weight) were major flavonols, and their
levels were much higher than those of their nonhy-
drolyzed counterparts (Supplemental Fig. S2). This
may result from the acid hydrolysis, resulting in the

Figure 1. Change in flower color and
comparative analysis of flavonols in
transgenic tobacco lines expressing
AtMYB12 under the control of the
cauliflower mosaic virus 35S promoter.
A, Flower-specific phenotypes of the
wild type (WT) and six independent
(T4–T9) transgenic lines. B, Contents of
rutin, kaempferol, and quercetin in
leaves of the wild type and different
transgenic lines. Compounds were
quantified by separating methanolic
extracts from leaves of the wild type
and transgenic lines using HPLC. The
graph shows values 6 SD of four leaves
from each independent transgenic
line. Asterisks indicate values that dif-
fer significantly from the wild type
according to Student’s paired t test:
* P, 0.05, ** P, 0.01, *** P, 0.001.
FW, Fresh weight. [See online article
for color version of this figure.]
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release of sugar moieties in quercetin and kaempferol
backbones, leading to the conversion of rutin and
kaempferol glycosides into quercetin and kaempferol,
respectively.

Transcriptome Analysis in AtMYB12-Expressing
Transgenic Lines

AtMYB12 has been shown to be a flavonol-specific
transcription factor targeting genes related to the
phenylpropanoid pathway in Arabidopsis (Mehrtens
et al., 2005) and heterologous system (Luo et al. 2008).
Microarray analysis on RNA extracted from the leaves
of wild-type and AtMYB12-expressing tobacco plants
(line 7) identified a number of differentially expressed
genes. A combined criterion of 2-fold or greater
change and P , 0.05 in the t tests showed 205 and
257 probe sets as up- and down-regulated, respec-
tively. These probes sets represented 57 and 92 up- and
down-regulated unigenes, respectively (Supplemental

Tables S1 and S2). Arabidopsis homologs of all the
differentially expressed genes in AtMYB12-expressing
tobacco lines were identified and groupedwith respect
to their predicted roles in different biological processes
using WEGO (Fig. 2) as well as with respect to the
interactive network leading to the modulation of dif-
ferent processes (Supplemental Fig. S4). Our analysis
suggests that different biological processes related to
secondary plant products, carbohydrate metabolism,
amino acid metabolism, lipid metabolism, hormone
action, stress and defense responses, and regulation of
metabolic processes are differentially expressed in
AtMYB12-expressing transgenic tobacco lines.

Expression of Genes Related to Phenylpropanid
Pathway-Related Genes

Most of the structural genes of the phenylpropanoid
pathway present on the arrays were up-regulated in
the transgenic lines. The up-regulation of these genes

Figure 2. Biological processes related to differentially regulated genes in AtMYB12 in transgenic tobacco lines. Arabidopsis
homologs of the differentially expressed genes in AtMYB12-expressing tobacco lines were identified and groupedwith respect to
their predicted roles in different biological processes using WEGO (level 4). Different biological processes were further grouped
under secondary plant product (BP1), carbohydrate metabolism (BP2), amino acid metabolism (BP3), lipid metabolism (BP4),
hormone action (BP5), stress and defense responses (BP6), and regulation (BP7).
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as well as others involved in different pathways was
further confirmed by reverse transcription (RT)-PCR
(Supplemental Fig. S3). Although the expression of
PAL, chalcone synthase, chalcone isomerase, flavonone-
3-hydroxylase, and FLS increased in the leaves and
flowers, expression of two dihydroflavonol 4-reductase
(DFR) genes, DFR1 and DFR2, is flower specific and
not regulated by AtMYB12 in transgenic lines. The
DFR and PAL expression has been shown not to be
regulated by AtMYB12 in Arabidopsis (Stracke et al.,
2007). However, in AtMYB12-expressing tobacco, the
genes originally identified as targets of AtMYB12
(Mehrtens et al., 2005; Stracke et al., 2007) in Arabi-
dopsis as well as PAL were up-regulated. While the
expression of putative ferulate-5-hydroxylase and
cinnamoyl-CoA reductase involved in lignin biosyn-
thesis was up-regulated, expression of two methyl-
transferases, caffeoyl-CoA 3-O-methyltransferase and
catechol O-methyltransferase, was down-regulated. An
EST encoding for a putative Rha biosynthetic gene
(Arabidopsis Rha synthase [AtRHM1], a homolog),
responsible for the formation of UDP-Rha residues
from Glc, was up-regulated in the transgenic lines. A
similar RHM gene coexpresses with flavonol biosyn-
thetic genes in Arabidopsis, suggesting its involvement
in rhamnosylation of flavonols (Yonekura-Sakakibara

et al., 2008). ESTs showing homology with Petunia
hybrida anthocyanin 3-O-glucoside:rhamnosyltrans-
ferase and cinnamate-4-hydroxylase were also up-
regulated in AtMYB12-expressing tobacco lines.

Expression of Genes Related to Amino Acid Metabolism

Apart from the phenylpropanoid pathway, expres-
sion of genes involved in other pathways was also
significantly modulated in the transgenic lines.
Two genes, encoding 3-dehydroquinate dehydratase/
shikimate dehydrogenase and 5-enolpyruvylshikimate-
3-phosphate synthase, were up-regulated in AtMYB12
transgenic lines. These two enzymes are involved
in the shikimic acid pathway responsible for the
production of aromatic amino acids, the carbon flux
for the phenylpropanoid pathway. Asn biosynthesis
appears to be highly influenced by AtMYB12, as
Asn synthase showed up-regulation while putative
asparaginase, involved in the catabolism of Asn,
was down-regulated in the transgenic lines. Expres-
sion of Gln synthetase, Asp aminotransferase, Glu
synthase, and Arg decarboxylase, having roles
in amino acid biosynthesis and related biosynthetic
processes, were also up-regulated in the transgenic
lines.

Figure 3. Effects of AtMYB12 expression on different metabolites and metabolic sectors of tobacco leaves. A, Modulation of
different metabolites as identified using a 400-MHz 1H NMR spectrum of aqueous methanolic extracts of leaves of wild-type and
transgenic tobacco plants in D2O buffer. Data were recorded for at least three independent leaves (Table I) and plotted as fold
change in each transgenic line with respect to the wild type. B, Schematic representation based on limited metabolite profiling
and transcriptome analysis of the metabolic sectors altered in tobacco plants expressing AtMYB12. Red and green boxes show
metabolites with increased and decreased contents, respectively, in AtMYB12-expressing lines in comparison with the wild type;
enzymes encoded by different genes are shown in italics either in red or green representing up- or down-regulation in AtMYB12-
expressing lines. Different metabolites are as follows: Lac, lactose; Mal, malate; PEP, phosphoenolpyruvate; Rhm, UDP-L-Rha.
Enzymes encoded by differentially regulated genes are as follows: A3RT, anthocyanin 3-O-glucoside rhamnosyltransferase; AAT,
Asp aminotransferase; ASN, Asn synthase; C4H, cinnamate 4-hydroxylase; CcOMT, caffeoyl-CoA O-methyltransferase; CCR,
cinnamoyl-CoA reductase; CHI, chalcone isomerase; CHS, chalcone synthase; COMT, catechol O-methyltransferase; DQD,
3-dehydroquinate dehydratase/shikimate dehydrogenase; ECS, enoyl-CoA hydratase/isomerase; EPSP, 5-enoylpyruvylshikimate-
3-phosphate synthase; F3H, flavonone-3-hydroxylase; F5H, ferulate-5-hydroxylase; FLS, flavonol synthase; GL, Glu synthase;
GLU, Gln synthetase; PAL, Phe ammonia lyase; RHM, Rha synthase; TAL, transaldolase. [See online article for color version of
this figure.]
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Expression of Genes Related to Carbohydrate and

Lipid Metabolism

Enhanced expression of a putative transaldolase and
enoyl-CoA hydratase/isomerase in tobacco transgenic
lines indicated thatAtMYB12 expression affects the pen-
tose phosphate pathway and b-oxidation of fatty acids
also. In addition, genes like glyceraldehyde-3-phosphate
dehydrogenase, pyruvate decarboxylase, and Glc-6-P/
phosphate transporter were differentially regulated.

Expression of Genes Related to the Auxin Response

Expression of certain ESTs homologous to auxin-
repressed genes, such as Drm3-like protein and puta-
tive auxin-repressed protein, was up-regulated in the
transgenic lines, while that of the auxin-induced
genes, such as parA (Takahashi and Nagata, 1992;
Takahashi et al., 1995), was down-regulated. In addi-
tion, an auxin efflux carrier was down-regulated.
Taken together, the microarray data suggest that an
auxin-depleted state may prevail in tobacco leaves
expressing AtMYB12 transcription factor.

Expression of Genes Related to Stress and
Defense Responses

Interestingly, a set of ESTs up-regulated in AtMYB12-
expressing tobacco lines are related to genes involved in
biotic and abiotic stresses. These stress-responsive
genes include b-1,3-glucanases (Calo et al., 2006),
osmotin (Castillo Ruiz et al., 2005), harpin-induced1
(Takahashi et al., 2004), snakin (Berrocal-Lobo et al.,
2002), and thionins (Pelegrini and Franco, 2005).

Modulation of Metabolite Profile by AtMYB12

The microarray analyses of transgenic lines sug-
gested that AtMYB12 expression in tobacco affects

genes belonging to diverse aspects of plant metabolism.
Limited metabolite profiles of leaves of transgenic
plants also showed a marked shift (Fig. 3A; Table I).
One-dimensional 1H NMR spectra of aqueous meth-
anolic extracts of wild-type and AtMYB12-expressing
transgenic plants were obtained using one-pulse se-
quence with suppression of water resonance by pre-
saturation following a standard protocol (Sobolev
et al., 2005). Our analyses showed changes in a number
of metabolites in transgenic plants in comparison with
the wild type (Fig. 3A). Enhanced accumulation of
most of the amino acids, like Val, Ala, Phe, Thr, Pro,
and Asn, as well as citrate, choline, and Glc was
observed in AtMYB12-expressing transgenic tobacco
lines. Out of these, Asn and Val accumulated more
than 2.5-fold. Gln, Suc, and lactate accumulation in
these lines decreased in comparison with the wild
type. Increased accumulation of Phe suggests that
AtMYB12 expression not only up-regulates the phen-
ylpropanoid pathway but also leads to enhanced
biosynthesis of aromatic amino acids to meet the
increasing demand of flux in the pathway.

On the basis of genome-wide expression analysis as
well as metabolic profiling, metabolic sectors altered in
tobacco plants expressing AtMYB12 have been gener-
ated (Fig. 3B). These pathways are interconnected to
each other and help in increasing substrate flux for
biosynthesis of flavonols.

Increased Rutin Accumulation Leads to Insect Resistance
in Plants

Accumulation of certain secondary plant products
(Kappers et al., 2005) including flavonoids (Thoison
et al., 2004) has been reported to confer insect resis-
tance in plants. Insect bioassay using S. litura on
detached leaves of control and AtMYB12-expressing

Table I. Identified metabolites and their content as analyzed by 1H NMR spectrum
1H chemical shift is reported with respect to TSP signal (d = 0.00 ppm) in CD3OD and a binary mixture

of CD3OD-D2O (8:2), respectively. Data were recorded for at least three independent leaves. SD values of
metabolite contents for independent measurement are given in parentheses. ND, Not detected.

Metabolites 1H (ppm) and Multiplicity
Content

Control Transgenic P

mg g21 dry wt

Ala 1.48 (d) 0.272 (0.002) 0.479 (0.006) 0.001
Asn 2.85 (dd), 2.93 (dd) 0.199 (0.005) 1.256 (0.006) 0.001
Citrate 2.65 (dd), 2.80 (dd) 6.715 (0.239) 9.867 (0.719) 0.002
Choline 3.19 (s) 0.143 (0.003) 0.368 (0.005) 0.001
Glc 3.25 (dd), 4.64 (d), 5.22 (d) 1.502 (0.160) 2.971 (0.212) 0.001
Gln 2.14 (m), 2.46 (m), 3.65 (t) 1.328 (0.312) 0.372 (0.003) 0.006
Lactate 1.33 (d), 4.14 (q) 0.196 (0.002) 0.044 (0.003) 0.001
Malate 2.39 (dd), 4.33 (dd) 3.330 (0.269) 4.023 (0.183) 0.013
Phe 7.32 (m), 7.37 (m), 7.41 (m) 0.731 (0.003) 1.041 (0.051) 0.001
Pro 2.07 (m), 2.35 (m), 4.14 (m) 5.167 (0.283) 10.874 (1.033) 0.001
Rutin 3.80 (d), 6.20 (s), 6.87 (d) ND 2.832 0.001
Suc 5.42 (d) 7.024 (0.164) 4.897 (0.175) 0.001
Thr 1.32 (d), 4.26 (m) 0.689 (0.009) 1.611 (0.085) 0.001
Val 0.99 (d), 1.03 (d), 2.27 (m) 0.162 (0.002) 0.904 (0.013) 0.001
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tobacco suggested that the transgenic lines were dis-
tinctly insect resistant. More than 70% mortality was
noted. The surviving insects showed marked weight
loss (Fig. 4A; Supplemental Table S3). Release of these
insects on potted transgenic plants for 10 d showed
75% mortality with more than 90% weight loss of the
surviving insects (Fig. 4B; Supplemental Table S4). To
studywhether enhanced content of the flavonols in the
transgenic lines provided insect resistance, the etha-
nolic fraction of the control and transgenic lines was
fed to the larvae of S. litura andH. armigeramixed with
the synthetic diet. Fifty percent and 100% mortality of
S. litura and H. armigera insects, respectively, was
observed after feeding for 10 d. Significant weight

loss (more than 95%) was observed for the surviving S.
litura insects (Table II; Fig. 4C; Supplemental Tables
S5–S8). Since the dominant flavonol in transgenic lines
was rutin, we studied whether enhanced accumula-
tion of rutin leads to insect mortality. Rutin was
isolated from the transgenic lines and fed to the larvae
of S. litura and H. armigera by mixing in synthetic diet
(1 and 2 mg mL21). At both concentrations, more than
65% mortality and severe weight loss of the surviving
insects (Fig. 4, C and D; Supplemental Tables S5–S9)
were noted, suggesting that high rutin in AtMYB12
transgenic lines leads to insect resistance.

Our study suggests that AtMYB12 overexpression in
tobacco modulates different metabolic sectors (Fig.
3B), leading to enhanced rutin content that gives insect
resistance in tobacco. To further validate whether rutin
was responsible in planta for insect resistance, its
synthesis in a transgenic line (line 7) was blocked
using artificial miRNA (Fig. 5). Artificial miRNA for
tobacco NtFLS was prepared using the hairpin struc-
ture of Arabidopsis miRNA159a as a backbone (Niu
et al. 2006). Three constructs, using different regions of
NtFLS, were prepared and analyzed for efficacy using
agroinfiltration in leaves of the transgenic lines (Fig.
5). The miRNA that showed maximum inhibition
(amiFLS1) of NtFLS expression (as noted by RT-PCR)
was utilized to raise stable transgenic lines in the
AtMYB12 background. Transgenic plants harboring
both AtMYB12 and amiFLS miRNA showed increased
floral color in comparison with AtMYB12 transgenic
lines as well as the wild type (Fig. 6A). Intense red
floral color suggested diversion of the pathway to
synthesize excess anthocyanins, following the inhibi-
tion of flavonols by the amiFLS miRNA. On the other
hand, rutin content was drastically reduced in the
double transgenic lines and was comparable to the
wild type (Fig. 6B). Feeding by S. litura larvae on
the double transgenic lines showed reversion of insect
resistance (Fig. 6C), substantiating the involvement of
flavonols, specifically rutin, in insect resistance.

DISCUSSION

Transcription factors of the MYB family regulate
multiple steps in metabolic pathways and can have
dramatic effects on the accumulation of flavonoids
(Tohge et al., 2005; Butelli et al., 2008). Our study
demonstrates that one of the flavonol-specific tran-
scription factors, AtMYB12 (Stracke et al., 2007; Luo
et al., 2008), not only up-regulates the expression of
genes involved in the phenylpropanoid pathway but
also leads to several other changes in the transcrip-
tome, leading to additional carbon flux for enhanced
accumulation of flavonols and several other metab-
olites (Fig. 3B). Interestingly, enhancement in the
content of flavonols in tobacco is much higher in
comparison with that reported in Arabidopsis over-
expressing AtMYB12 (Mehrtens et al., 2005). The
higher accumulation in tobacco may be due to addi-

Figure 4. AtMYB12 expression leads to insect resistance in tobacco
plants. A, Insect bioassay on detached leaves of wild-type (WT) and
different AtMYB12-expressing transgenic tobacco plants. Two-day-old
S. litura larvae were released on detached leaves of the wild type and
selected transgenic lines (T4–T7), followed by measurements taken
after 3 d. More than 70% mortality and severe weight loss of surviving
insects were observed in different transgenic lines. B, Twenty-five
neonate S. litura larvae were released on potted wild-type and
AtMYB12-expressing transgenic plants (T5 and T7). Photographs of
plants were taken 10 d after release of insects. C and D, Growth
reduction of S. litura (C) andH. armigera (D) larvae 10 d after release on
semisynthetic diet containing solvent (SL), extract from control plant
(CE), extract from AtMYB12-expressing transgenic plant (TE), and rutin
at 1 mg mL21 (R1) and 2 mg mL21 (R2) purified from the transgenic
plants. Observations on mortality (percentage) and weight of surviving
larvae were made on different days. In the case of H. armigera, the
larvae were released individually to avoid cannibalism. For details, see
Supplemental Tables S3 to S9. [See online article for color version of
this figure.]
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tional targets of AtMYB12. For example, enhanced
expression of PAL in tobacco can contribute to in-
creased flux into the phenylpropanoid pathway. En-
hanced expression of ESTs encoding RHM1 and
rhamnosyltransferase in microarray analysis suggests
their possible roles in Rha residue formation and
rhamnosylation of flavonol aglycones. Our HPLC
data also suggest that most flavonol accumulation in
transgenic lines is in the rhamnosylated form, posing
additional demand for UDP-Rha residues.

Limited metabolite profiling by NMR revealed re-
duced accumulation of Suc and enhanced content of
amino acids. Similar correlation between Suc and
amino acid content has been observed in other sys-
tems, suggesting that de novo biosynthesis of amino
acids is regulated by Suc level (Roessner-Tunali et al.,
2003; Broeckling et al., 2005; Sánchez-Sampedro et al.,
2007). Higher accumulation of flavonols by AtMYB12
in our study appears to utilize additional carbon flux

and energy, leading to a decrease in Suc content.
Enhanced accumulation of citrate and malate could
be due to increased respiration to meet extra demand
for energy as well as carbon flux for increased de novo
synthesis of the amino acids by enzymes involved in
amino acid biosynthesis (Roessner-Tunali et al., 2003).
Decreased Gln content in AtMYB12 transgenic lines
may be due to down-regulation of the gene encoding a
Gln synthetase. The decrease in Gln content may lead
to the increased accumulation of Asn and Pro ob-
served in our study.

The microarray and NMR analyses suggest that
the shikimate pathway, responsible for the biosynthe-
sis of aromatic amino acids, is up-regulated in the
AtMYB12-expressing transgenic tobacco lines. Two
genes of this pathway, 3-dehydroquinate dehydra-
tase/shikimate dehydrogenase and 3-phosphoshikimate
1-carboxyvinyltransferase, were up-regulated (Fig.
3B). Up-regulation of a gene encoding a putative

Table II. Percentage larval mortality and weight loss in control and AtMYB12-expressing tobacco lines

NA, Not available.

Extract/Compound S. litura H. armigera

% mortality (% weight loss)

Control extract (1 mg mL21) 0.0 (0.53) 10.0 (62.39)
Transgenic extract (1 mg mL21) 50.00 (95.45) 100 (NA)
Rutin (1 mg mL21) 46.66 (95.32) 86.66 (98.08)
Rutin (2 mg mL21) 66.66 (97.35) 100 (NA)

Figure 5. Inhibition of rutin biosynthesis in anAtMYB12-expressing transgenic line by amiFLS. Artificial miRNAwas designed and
cloned in plant expression vector under the control of the cauliflower mosaic virus 35S promoter. Part of the phenylpropanoid
pathway synthesizing flavonols and anthocyanin as well as associated enzymes is represented. The hairpin structure represents
amiFLS to inhibit NtFLS expression in AtMYB12-expressing tobacco lines. The constructs expressing three different amiFLS
proteins under the control of the cauliflower mosaic virus 35S promoter were agroinfiltrated in tobacco leaves. Relative expression
of NtFLS was studied through semiquantitative RT-PCR analysis to select the most potent construct inhibiting NtFLS expression.
Expression of ubiquitin was used for normalization. Bars C, 1, 2, and 3 represent the control and three different amiFLS-expressing
constructs. Construct 1 reduced expression of NtFLS approximately 3-fold and was further used for stable transformation. F3#H,
Flavonoid 3#-hydroxylase; GT, glucosyltransferase; LDOX, leucoanthocyanidin dioxygenase; RT, rhamnosyltransferase.
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transaldolase, an enzyme involved in the pentose
phosphate pathway, may also be involved in increas-
ing flux to the shikimate pathway. Modulated expres-

sion of only a few enzymes of these pathways could be
concluded due to limited transcriptome data available
on the tobacco genome. The possibility of up-regulation
of other genes involved in the shikimate pathway
and/or Phe biosynthesis cannot be ruled out.

Up-regulation of putative enoyl-CoA hydratase/
isomerase by AtMYB12 is indicative of the impact of
the b-oxidation pathway, which might lead to in-
creases in carbon flux in the form of acetyl-CoA. This
can be correlated with the depletion of lactate due to
reduced anaerobic utilization of pyruvate over effi-
cient aerobic conversion into acetyl-CoA to enter into
tricarboxylic acid cycle. In addition, down-regulation
of a gene encoding a putative pyruvate decarboxylase
also indicates efficient preferential aerobic breakdown
of pyruvate. Altered expression of certain auxin-
responsive genes in transgenic plants suggests lower
auxin levels in the leaves, which might be due to the
inhibition of auxin transport by flavonoids, particu-
larly aglycone flavonols like quercetin and kaempferol
(Peer and Murphy, 2007).

One of the significant observations of our transcrip-
tome analysis is up-regulation of genes involved in
biotic and abiotic stress response in plants. Genes up-
regulated in transgenic lines may either be a direct
target ofAtMYB12 or regulated by the accumulation of
flavonols, leading to a stress-related signaling cascade.
Flavonoids have been known to act as signaling
molecules in stresses and root nodule formation
(Kobayashi et al., 2004). Components of the signal
transduction machinery through flavonoids leading to
resistance against stresses within plants are not yet
known. Modulated expression of putative MYB and
WRKY transcription factors as well as a calmodulin-
like protein in AtMYB12-expressing transgenic to-
bacco suggests a possible involvement of such a
signaling machinery. In addition, up-regulation of
b-1,3-glucanase may be due to the auxin-depleted state
of leaves, as this is known to be negatively regulated
by auxin in tobacco (Mohnen et al., 1985). Another
stress-responsive gene, Snakin2, an antimicrobial pep-
tide, is up-regulated inAtMYB12-expressing lines. This
gene is known to be positively regulated by pathogen
attack, wounding, and abscisic acid (Berrocal-Lobo
et al., 2002). Enhanced choline levels in transgenic
plants are also suggestive of a stress response, as its
increased accumulation has been observed after elic-
itor treatments (Sánchez-Sampedro et al., 2007). These
observations suggest that AtMYB12 expression and
subsequent accumulation of flavonols may lead to
metabolic and transcriptional alterations that may
mimic the stress response. This stress response may
be generated by hormonal cross talk or metabolic
alterations, resulting in activation of defense-related
proteins/compounds.

A set of genes up-regulated in AtMYB12-overexpress-
ing lines were related to plant stress and defense
response. We analyzed transgenic lines for insect re-
sistance against S. litura and H. armigera. The insect
feeding experiment on detached leaves (Fig. 4A) as

Figure 6. Effect of amiFLS in AtMYB12-expressing transgenic lines. A
and B, Flower color phenotype (A) and decrease in rutin content by
amiFLS (B) in AtMYB12-expressing transgenic lines. FW, Fresh weight.
C, Insect bioassay in thewild type (WT),AtMYB12-expressing (TAtMyb12),
and AtMYB12-expressing but NtFLS-suppressed (TAtMyb12:MiFLS)
transgenic line 7. Two-day-old S. litura larvae were released on
detached leaves of the plants followed by observations after 3 d.
Decreased rutin content in AtMYB12-expressing transgenic lines
through amiFLS shows reversion of insect resistance, suggesting the
involvement of rutin in insect resistance. D and E, RT-PCR analysis and
relative expression ofNtFLS in the wild type, AtMYB12-expressing, and
amiFLS-suppressed transgenic line 7. Expression of NtFLS decreased
due to the expression of amiFLS in the AtMYB12-expressing transgenic
lines. Expression of ubiquitin was used for normalization. [See online
article for color version of this figure.]
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well as on plants (Fig. 4B) established that AtMYB12-
overexpressing lines provided resistance against these
insects. The larvae feeding studies on the chromato-
graphic fraction of the leaf extract suggested that
AtMYB12-expressing tobacco lines conferred insect
resistance through increased accumulation of flavo-
nols, especially rutin (Fig. 4, C and D). Inhibition of
flavonol biosynthesis using artificial miRNA targeting
NtFLS expression caused reversion of insect tolerance in
AtMYB12-expressing tobacco to insect sensitivity and
a concomitant decrease in rutin content. Rutin is an
environmentally friendly insecticide. It interacts as a
noncompetitive inhibitor with Arg kinase, a key en-
zyme in the cellular energy metabolism of insects (Wu
et al., 2009), which may lead to the insect resistance in
AtMYB12-expressing transgenic tobacco lines. Engi-
neering crop plants to develop transgenic seeds with
endogenous resistance to insect pests has been one of
the major commercial successes of plant biotechnol-
ogy. Genetically modified maize (Zea mays), potato
(Solanum tuberosum), and cotton (Gossypium hirsutum)
plants expressing genes encoding entomocidal
d-endotoxins from Bacillus thuringiensis have been
cultivated globally. In spite of field success, uses
related to the safety in deployment of bacterial genes
in plants have been restricting the release of geneti-
cally modified crops in several countries, especially in
the European Union. There is a need to develop new
strategies for engineering insect resistance, preferably
using genes of plant origin. Also, the pyramiding of
independently acting genes can be a good guard
against the development of resistance in insect pests.
A few plant-based genes (Ferry et al., 2004) have been
identified in recent years. We propose that AtMYB12 is
a good candidate gene for use in developing insect-
resistant crop plants.

MATERIALS AND METHODS

Plasmid Construction and Plant Transformation

The full-length open reading frame of the AtMYB12 cDNA from Arabi-

dopsis (Arabidopsis thaliana) was isolated using oligonucleotide primers

(AtMYB12F, 5#-ATAACCGCTCTAGAAAATGGGAAGAG-3#, and AtMYB12R,

5#-CGGATCAGAGCTCAATATCATCATGAC-3#) having recognition sites for

XbaI and SacI restriction endonucleases. The PCR product was cloned in the

binary vector pBI121 (Clontech) under the control of the cauliflower mosaic

virus 35S promoter, replacing the GUS gene. Binary vectors harboring the

desired construct were transferred into Agrobacterium tumefaciens strain

LBA4404 by electroporation. For tobacco (Nicotiana tabacum ‘Petit Havana’)

transformation, a leaf disc cocultivation method (Horsch et al., 1985) was used

for generating transgenic plants, which were selected on medium containing

100 mg L21 kanamycin. Several transgenic tobacco lines constitutively

expressing AtMYB12 were selected based on floral color phenotype and RT-

PCR and grown in a glasshouse. Seeds were harvested, sterilized, and plated

on solid half-strength MS medium (Murashige and Skoog, 1962) supple-

mented with kanamycin. Antibiotic-resistant plants were transferred in the

glasshouse and grown until maturity. Wild-type and control plants were

grown in pots at 26�C on a 16-h-day/8-h-night cycle.

Gene Expression Analysis

Total RNAwas extracted from young leaves and flower petals of flowering

tobacco plants using the Spectrum Plant Total RNA kit (Sigma-Aldrich),

which was subsequently treated with RNase-free DNase (Fermentas Life

Sciences). RNAwas subjected to RT to generate first-strand cDNA using oligo

(dT) primers (MBI Fermentas). RT-PCR analysis of a set of selected genes was

carried out using 23 PCR Master mix (Fermentas Life Sciences). The lists of

selected genes and oligonucleotide primers used in the study are provided as

Supplemental Table S9. The primers for the tobacco ubiquitin gene were used

as a loading control to ensure that equal amounts of cDNAwere used in all the

reactions. PCR was carried out using the following cycle conditions: an initial

denaturation at 94�C for 2 min, 30 cycles at 94�C for 30 s, 55�C for 30 s, and

72�C for 30 s, followed by a final 5-min extension at 72�C.

Analysis of Anthocyanin and Flavonoid Content

For estimation of total anthocyanin, fresh tissue was ground into fine pow-

der in liquid N2 and extracted with acidic (0.1% HCl, v/v) methanol for 18 h

at room temperature. After extraction, samples were centrifuged for 20 min at

5,000g. Anthocyanins in the supernatants were determined spectrophoto-

metrically through recording A530 and A657. Quantification of anthocyanin was

carried out as follows: anthocyanin = (A530 2 0.253 A657) M
21, where M is the

weight of the plant material taken for the analysis. Total flavanoid content as

quercetin equivalent was determined as described previously (Aslan et al.,

2007). Total flavanoid content was expressed in milligrams of quercetin

equivalents per gram of extract.

Individual flavanols in the plants were determined either as aglycones or

as flavanol glycosides by preparing acid-hydrolyzed or nonhydrolyzed ex-

tracts, respectively. For preparation of acid-hydrolyzed extract, plant material

was extracted with 80% ethanol overnight at room temperature with brief

agitation. The filtrates were evaporated to 1.0 mL, and 3 volumes of HCl (1 M)

was added followed by incubation at 94�C for 2 h to hydrolyze any conjugate

forms of flavanoids. After hydrolyzation, samples were extracted with ethyl

acetate, evaporated to dryness, and resuspended in 80% methanol. For

nonhydrolyzed extracts, plant material was extracted in methanol:water

(70:30) overnight at room temperature with brief agitation. Extracts were

filtered through a 0.2-mm filter (Millipore) before separation and quantitation

of flavonols using a liquid chromatograph (Waters) and a Merck Purospher

star (250 3 4.6 mm, 5-mm pore size) C18 column with guard column of the

same chemistry. Elution of flavonols was carried out at a flow rate of 0.8 mL

min21 with 0.5% phosphoric acid as solvent A and methanol as solvent B,

using a gradient elution with 75% to 70% A (0–5 min), 70% to 50% A (5–10

min), 50% to 20% A (10–15 min), and 20% to 80% A (15–25 min). Flavonols

were quantified by calculating the area of an individual peak and comparing

this with a standard obtained from Sigma-Aldrich.

Transcriptome Analysis

The quality of total RNA isolated from leaves of wild-type and AtMYB12-

expressing tobacco (line 7) was validated using a nanodrop spectrophotom-

eter as well as a Bioanalyzer (Agilent 2100). Microarray-based gene expression

profiling was performed using Agilent Platform with the Agilent tobacco

whole genome microarray with 44,000 probe sets as per standard protocol.

Normalization and statistical analysis were carried out using Agilent’s Gene-

Spring GX version 10.0 software. To identify statistically significantly differ-

entially expressed genes, a combined criterion of 2-fold or greater change and

P, 0.05 in the t tests was adopted. To obtain annotations for the differentially

regulated probe sets, target sequences from the sequence information file

of the tobacco genome array were searched using BLASTx against the

National Center for Biotechnology Information (http://blast.ncbi.nlm.nih.

gov/Blast.cgi) and Arabidopsis (The Arabidopsis Information Resource;

www.arabidopsis.org) databases. Arabidopsis homologs of all the differen-

tially expressed genes in AtMYB12-expressing tobacco lines were identified

and grouped with respect to their predicted roles in cellular components,

molecular functions, and biological processes using the Web Gene Ontology

Annotation Plotting tool (WEGO; http://wego.genomics.org.cn) as well as

with respect to an interactive network leading to modulation of different

processes using Tools for Mining Pathway Collections and Ontologies, Path-

way Studio (Ariadne Genomics).

Limited Metabolite Profiling by NMR

One-dimensional 1H NMR spectra of aqueous methanolic extracts of

leaves of wild and transgenic tobacco plants were obtained using one-pulse

sequence with suppression of water resonance by presaturation. In each
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experiment, the sample was dissolved in 500 mL of deuterated binary mixture

of MeOD-D2O (8:2) and taken in a 5-mm NMR tube for analysis. A coaxial

tube containing 30 mL of 0.375% trisilylpropionic acid (TSP) in deuterium

oxide was inserted into the NMR tube before recording the NMR spectra. TSP

served as a chemical shift reference as well as an internal standard for

quantitative estimation. Typical parameters for both the extractions were as

follows: spectral width, 6,000 Hz; time domain data points, 32,000; flip angle,

45�; relaxation delay, 5 s; spectrum size, 32,000 points; line broadening for

exponential window function, 0.3 Hz. To confirm the assignments, two-

dimensional correlation spectroscopy (COSY) and total COSY (TOCSY) were

carried out using the Bruker’s standard pulse program library. The spectral

width of COSY was 6,000 Hz in both dimensions, with 512 t1 increments for

each t1, and 16 transients using 2.5-s relaxation delay were added with 2,048

complex data points. The phase-sensitive data were obtained by the time-

proportional phase incrementation method. The resulting data were zero

filled up to 1,024 in the t1 dimension and were weighted with 90� squared sine

window functions in both dimensions prior to double Fourier transformation.

In the case of TOCSY, the spin-locking time was set to 60 ms, which included

duration of 2.5 ms for the trim pulses. The assignments of metabolites of wild

and transgenic tobacco leaves was carried out by the use of one-dimensional

and two-dimensional COSY spectra. The assignments were further reinstated

based on the existing literature values obtained in lettuce (Lactuca sativa)

leaves by Sobolev et al. (2005). Differential accumulation of metabolites was

analyzed and plotted as log of fold change.

Insect Toxicity Bioassay

The genetically homozygous larvae of Spodoptera litura and Helicoverpa

armigera were maintained in the laboratory on semisynthetic diet at 26�C 6
2�C and 70% relative humidity on a 14-h-day/10-h-night cycle. In the case of

detached leaf insect bioassays, leaves from the fourth to sixth nodes from the

base of 2-month-old wild-type and transgenic tobacco were washed thor-

oughly in distilled water, blotted dry and placed in a plastic beaker, and fed to

first instar larvae of S. litura for 3 d. For on-plant bioassay, 25 neonate larvae

were released on 2-month-old plants and observation was made after 10 d. For

experiments with leaf extracts and purified rutin, stock solutions of different

extracts or rutin were mixed separately with semisynthetic diet before

solidifying. Control treatment consisted of ethanol mixed with diet. Medium

was poured into the petri dishes (60 mm), which were kept open overnight to

evaporate the solvent. One-day-old, 30 larvae of S. litura or H. armigera were

fed to the preparation for 10 d. In the case of H. armigera, the larvae were

released individually to avoid cannibalism. Observations for mortality (per-

centage) and surviving larvaeweights weremade on 3, 5, 7, and 10 d after start

of the experiment. Each treatment was replicated three times.

Artificial Pre-amiRNA Construct and Analysis of

Transgenic Lines

Tobacco FLS nucleotide sequence (gi:164454784) was downloaded from the

National Center for Biotechnology Information for selection of putative

artificial miRNA. Putative artificial miRNA for NtFLS was identified using

online software (http://wmd.weigelworld.org/cgi-bin/mirnatools.pl). A to-

tal of 59 putative artificial miRNA sequences for NtFLS were obtained and

analyzed for their specificity using http://bioinfo3.noble.org/psRNATarget

and BLASTn. Three putative sequences were selected for consideration for

amiRNA preparation based on their specificity to the target. A 545-bp frag-

ment containing the entire sequence of the Arabidopsis miR159a was cloned

by PCR amplification using primers miR159-F1 (5#-ATATCTCCTTCATAG-

CTCTAATG-3#) and miR159R1 (5#-AAATAACACGCTAAACATTGCTTCG-3#)
and utilized for mutagenesis to yield amiRNA for NtFLS using oligonucleo-

tide primers provided in Supplemental Table S9. Mutagenesis of pre-miR159a

was performed by PCR. Each primary amiRNA construct, having 235 nucle-

otides consisting miRNA159a fold-back structure, was cloned at XbaI and SacI

sites in pIG121 binary vector having hygromycin selection. The pre-amiFLS

constructs were tested for their effectiveness through agroinfiltration in

tobacco leaves (Voinnet et al., 2003). amiFLS1 inhibited expression of NtFLS

and was used for transformation in AtMYB12-expressing tobacco transgenic

plants. Transgenic plants were selected on the basis of resistance to hygro-

mycin. Expression of NtFLS, rutin content, as well as insect toxicity in double

transgenic plants expressing AtMYB12 and amiFLS1 were studied as per the

procedures given above.

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession number NM_130314.
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