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Abstract. The effect of shading in midsummer on anthocyanin and non-flavonoid
polyphenol biosynthesis of Gynura bicolor DC leaves was examined using a control (full
solar radiation) and a shade treatment (50% shading of full solar radiation). Leaf
temperature in the shade plot remained ’’40 8C in the daytime, ’’6 8C lower than in the
control. Plants in the shade plot grew better than the control. The content of chlorogenic
acid (CGA) in leaves decreased with leaf maturation for both treatments, and a larger
amount of CGA was detected in leaves from the control than the shade treatment. The
profiles of reactive oxygen species (ROS) scavenging activity exhibited an identical
pattern to the content of CGA. Although there was an abrupt increase in the content of
anthocyanin in the early stage of leaf expansion, the content decreased rapidly as the
leaves matured. The increase in anthocyanin early during leaf expansion was much more
limited in control leaves than shaded leaves. There were no correlation between the
profiles of anthocyanin and gene expression such as GbPAL, GbC4H, Gb4CL, GbCHS,
GbCHI, GbF3H, and GbUFGT. However, the profiles of expression of genes such as
GbMYB2, GbF3#H, GbDFR, and GbANS were similar to the anthocyanin profiles. These
results suggest that artificial shading in midsummer is an effective method to promote
anthocyanin accumulation but reduces ROS scavenging capacity as a result of lowered
CGA production.

Gynura bicolor DC is widely distributed
in certain areas of southeast Asia. It is a mem-
ber of the Asteraceae family and has several
local names, e.g., Suizenjina and Kinjisou in
Japan (Hayashi et al., 2002). Its leaves are
characterized by green adaxial and reddish
purple abaxial surfaces. In Ishikawa Prefec-
ture, G. bicolor is cultivated in the field from
early spring to late fall. However, the reddish
purple abaxial sides of leaves harvested in
midsummer often lack this characteristic color
(Yoshiaki et al., 2010).

Several growers say that the loss of red
color of G. bicolor in midsummer is less in
leaves from shaded locations than in those in
sun-exposed locations. Many studies have
reported on the effects of shading on the
content of anthocyanins in fruit skin and on
fruit color (Koyama and Goto-Yamamoto,
2008; Wang et al., 2000). In most fruits, light
is a prerequisite for anthocyanin synthesis
(Mancinelli, 1983) and shading during fruit
development results in decreased anthocya-
nin content (Koyama and Goto-Yamamoto,
2008; Wang et al., 2000). On the other hand,
temperature is an important factor that affects
anthocyanin biosynthesis in various fruits such
as apples (Ubi et al., 2006) and grapes (Yamane
et al., 2006). The expression of genes in-
volved in anthocyanin biosynthesis is re-
pressed by high temperatures in a red-wine

grape cultivar (Mori et al., 2007). Because
G. bicolor plants are often exposed to high
temperature in midsummer, the loss of red
color of the leaves may largely be dependent
on a repression of anthocyanin biosynthesis
genes caused by high temperature.

Chlorogenic acid is the most abundant
phenolic compound in G. bicolor leaves
(Fukuoka et al., 2012). The contents increase
in response to environmental stresses (Oh
et al., 2009). In lettuce, leaves of sun-exposed
plants contained more CGA than leaves from
plants growing under shaded locations (Grace
et al., 1998). Generally, phenolic compounds
including anthocyanin can scavenge ROS
(Kanatt et al., 2005; Nara et al., 2006). Chloro-
genic acid was the most efficient scavenger
of free radicals in G. bicolor leaves (Fukuoka
et al., 2012). Because stress conditions en-
hance the production of ROS (Asada and
Takahashi, 1987), leaves from sun-exposed
locations in midsummer may contain a larger
amount of CGA to scavenge abundant ROS.

However, because G. bicolor is a minor
crop, there has been little research on this
plant and no reports of changes in polyphenol
biosynthesis of leaves induced by shading. In
this article, we show that artificial shading in
midsummer is an effective method to pro-
mote anthocyanin accumulation but reduces
ROS scavenging capacity as a result of lower
production of CGA.

Materials and Methods

Plant materials and experimental plots.
Cuttings (�6 to 9 cm long with three nodes)
of Gynura bicolor shoots were obtained from
mother plants on 4 June and planted in
germination boxes filled with sandy soil and
then grown in a greenhouse. Approximately
20 d after cutting, plants were transplanted
into 10.5-cm polypots filled with clay soil
containing various mixtures of organic ma-
nure. Primary shoots were pinched off 20 d
after transplanting, and then the plants were
grown under natural conditions until two
foliage leaves had fully expanded. Lateral
shoots that emerged were reduced to three on
each cutting 10 d after pinching, and the
seedlings were planted in the field at 30-cm
intervals in rows 110 cm apart. A basal
fertilizer (10N–10P–10L) of 100 g·m–2 was
applied before planting. Microelemental ma-
nure (60 g·m–2) containing 0.4% manganese,
0.3% boron, 1.2% iron, and 0.03% copper
was added at the same time.

To clarify the effect of shading on poly-
phenol biosynthesis, plants were grown in
two experimental plots, a control and a shade
treatment. Control plants were grown under
the usual conditions in midsummer. For the
shade treatment, tunnels (90 cm high · 120 cm
wide) were placed above the plants (100 plants
per plot) and covered with an SL50 silver
nylon mesh (Diatex Co., Ltd., Tokyo, Japan)
that provided 50% shading of full solar radi-
ation. Changes in daily light intensity and leaf
temperature at the top of the canopy were
respectively measured on a clear day (2 Aug.)
using a TM-201 illuminometer (Tenmars
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Electronics Co., Ltd., Taipei, Taiwan) and
a TA-0510bF radiation thermometer (Min-
olta Camera Co., Ltd., Osaka, Japan). On 16
Aug., �50 lateral shoots were harvested and
10 uniform shoots were used to measure plant
growth. Subsequently, leaves were collected
at one node intervals from the shoot apex to
the basal end. Each collected leaf was num-
bered basipetally from the shoot apex as
shown in Figure 1. A 3-g sample from each
collected fresh leaf was cut into pieces and
boiled in 40 mL distilled water for 10 min.
The mixture was filtered through cotton gauze
and the extract was diluted to 50 mL with
distilled water. The extracts were stored at
–45 �C until analysis of phenolic compounds
and antioxidant activity. The remaining fresh
leaves were stored at –80 �C until extraction of
RNA for analysis of anthocyanin biosynthetic
gene expression.

Anthocyanin and CGA contents. Total phenol
content was measured using the method de-
scribed by Singleton et al. (1999) with some
modifications. Briefly, a 3-fold volume of
ethanol was added to 1.5 mL of the stored
extract, and the precipitant was removed by
centrifugation (10,000 g for 15 min). The
ethanolic extract was dried at 60 �C and dis-
solved in 200 mL of distilled water, and a 5-mL
aliquot of solution was brought up to 45 mL
with distilled water in each well of a 96-well
microplate. Then, 50 mL of Folin-Ciocalteau
reagent and 50 mL of 100 mg·L–1 Na2CO3 were
added to each well. After incubation for 60 min
at room temperature, the absorbance at 750 nm
was measured using a plate reader (Bio-Rad
Laboratories, Tokyo, Japan). Results were ex-
pressed as milligrams of gallic acid equivalent

per gram fresh weight. All measurements were
taken in triplicate and the mean values were
calculated.

CGA is the most abundant phenolic com-
pound in G. bicolor leaves (Fukuoka et al.,
2012). Then, in this study, CGA was mea-
sured using the solution remaining after de-
termination of total polyphenol content. A
10-mL aliquot of this solution was injected
into a Hitachi high-performance liquid chro-
matography (HPLC) system (Hitachi High-Tech
Co. Ltd., Tokyo, Japan) equipped with an
L-4200H ultraviolet detector (Hitachi High-Tech
Co. Ltd.) and an Inertsil ODS-3 column
(150 mm · 4.6 mm; 5 mm particle size; GL
Sciences Inc., Tokyo, Japan). The mobile
phase for HPLC consisted of a mixture of
Solvent A (10 mM NaH2PO4 in distilled water)
and Solvent B (100% methanol). The solvent
gradient was as follows: Solvent B was in-
creased from 10% (v/v) to 50% (v/v) in
Solvent A over 20 min and then kept at 50%
for the next 10 min. The flow rate was 1.0
mL·min–1, the column temperature was 40 �C,
and absorption was measured at 280 nm. To
identify the peak corresponding to CGA, CGA
(Nacalai Tesque Inc., Kyoto, Japan) was used
as external standard. Results were expressed
as milligrams of CGA equivalent per gram
fresh weight. All measurements were taken in
triplicate and the mean values were calculated.

To determine the anthocyanin content,
�3 mL of frozen leaf extract was extracted
with a 3-fold volume of 100% ethanol and the
resulting precipitate was removed by centri-
fugation (10,000 g for 15 min). The ethanolic
extract was then dried at 60 �C and dissolved
in 3 mL of 0.1 M citrate buffer (pH 3.0).

Anthocyanin content was measured as absor-
bance at 546 nm using a U-3900 ultraviolet–
Vis spectrophotometer (Hitachi Co., Ltd.,
Tokyo, Japan). Results were expressed as
milligrams of equivalent cyanidin-3-glucoside
per gram of fresh weight. All measurements
were taken in triplicate and the mean values
were calculated.

Analysis of anthocyanin biosynthetic gene
expression. Approximately 800 mg of frozen
leaves for each sample were ground into
powder in the presence of liquid nitrogen using
a mortar and pestle. Approximately 300 mg of
each powder was transferred to sterile centri-
fuge tubes containing 4 mL Fruitmate for RNA
purification reagent (Takara Bio Inc., Otsu,
Shiga, Japan). The powder was thoroughly
dispersed by hand shaking for a few seconds.
After centrifugation at 9170 g for 5 min at 4 �C,
the supernatant was transferred to new poly-
propylene tubes and extracted with an equal
volume of TRIzol reagent (Life Technologies,
Inc., Gaithersburg, MD). After incubation for
5 min at room temperature, 0.2 mL of chloro-
form was added per milliliter of TRIzol re-
agent. The slurry was mixed vigorously and
then centrifuged at 10,000 rpm for 15 min at
4 �C. Centrifugation separated the biphasic
mixtures into a lower red phenol–chloroform
phase and an upper colorless aqueous phase.
RNA was precipitated from the aqueous phase
by mixing with an equal volume of isopropa-
nol. The liquid was incubated at room temper-
ature for 10 min and centrifuged at 10,000 rpm
for 10 min at 4 �C. The supernatant was
removed and the RNA pellet was washed
once with 75% (v/v) ethanol. The pellet was
air-dried and dissolved in 100 mL Milli-Q
water. The total RNA in the samples was
quantified using an ND1000 spectropho-
tometer (Thermo Fisher Scientific, Inc.,
Wilmington, DE).

The RNA was purified on RNeasy mini
columns (Qiagen, Chatsworth, CA), includ-
ing on-column DNase I digestion as described
by the manufacturer’s protocol. RNA integrity
was evaluated by viewing bands after agarose
gel electrophoresis and staining with ethidium
bromide. Aliquots of total RNA (1 mg) were
reverse-transcribed to cDNA using a ReverTra
Ace qPCR RT Kit (Toyobo Co., Ltd., Osaka,
Japan) as follows: denaturation at 65 �C for
5 min, reverse transcription at 37 �C for 15
min in a 10 mL reaction containing 2 mL 5 ·
reverse transcription (RT) buffer, 0.5 mL RT
enzyme mix, 0.5 mL primer mix, and the
appropriate volume of nuclease-free water,
and termination at 98 �C for 5 min. The cDNA
samples obtained from these aliquots of total
RNA were stored at –20 �C until use.

The regulation of 10 genes of the antho-
cyanin biosynthetic pathway [phenylalanine
ammonia-lyase (GbPAL), cinnamic acid
4-hydroxylase (GbC4H), 4-coumarate CoA
ligase (Gb4CL), chalcone synthase (GbCHS),
chalcone isomerase (GbCHI), flavonoid 3-
hydroxylase (GbF3#H), flavanone 3-hydroxylase
(GbF3H), dihydroflavonol 4-reductase (GbDFR),
anthocyanidin synthase (GbANS)] and flavo-
noid 3-O-glucosyltransferase (GbUFGT) as
well as two related transcription factors

Fig. 1. Differences in leaf growth of G. bicolor plants between treatments. Unshaded and solid circles
indicate control and shade treatments, respectively. (A) leaf weight; (B) leaf length; (C) leaf width.
Vertical bars indicate ± SE (n = 10). **Significant differences at P # 0.01 by Student’s t test.
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(GbMYB1, GbMYB2) was monitored, and Gen-
eBank accession no. of them were AB550238,
AB550251, AB550249, AB550239, AB550250,
AB550253, AB550252, AB552040 AB550241,
AB617731, AB552044, and AB552045, respec-
tively. A 1:20 dilution of the resultant cDNA
was used as the template to quantify the
relative content of mRNA by real-time poly-
merase chain reaction (PCR) on a StepOne-
Plus system (Applied Biosystems, Foster City,
CA) using the respective primers (Table 1).
Each 19 mL PCR mixture contained 1 mL
cDNA, 10 pmol·nL–1 of each primer, and
10.2 mL GoTaq Green Master Mix (Promega
Corp., Madison, WI). The PCR conditions
were as follows: for the initial denaturation
step, 95 �C for 2 min followed by 40 cycles at
95 �C for 3 s, 60 �C for 30 s, with a final
elongation at 72 �C for 3 min. The transcript
levels of each gene were normalized to that of
the tubulin gene (GeneBank accession no.
AB581528) as a control. Relative gene expres-
sion was determined by the DDCT method. All
measurements were taken in triplicate and the
mean values were calculated.

Antioxidant activities. Ferric-reducing
power was measured using the eluant from
the determination of total polyphenol con-
tent, which was diluted 5-fold with distilled
water. Aliquots (10 mL) of each solution were
diluted to 25 mL with distilled water in wells
of a 96-well microplate. Approximately 25 mL
phosphate buffer (0.1 M, pH 7.2) and 50 mL
1% (w/v) potassium ferricyanide were put
into each well. After incubation at 37 �C for
60 min, 25 mL 10% (w/v) TCA, 100 mL
distilled water, and 25 mL 0.1% (w/v) ferric
chloride (FeCl3) were added to the mixture.
An increase in absorbance at 620 nm of the
reaction mixture indicated increased reduc-
ing power.

To determine hydroxyl radical scaveng-
ing activity, a 3-fold volume of ethanol was
added to 1.5 mL of the stored extract and the
polysaccharides were precipitated by centri-
fugation. The ethanolic extract was then dried
at 60 �C and dissolved in 100 mL distilled
water. A 10-mL aliquot of this solution
was diluted to 100 mL with distilled water
in a well of a 96-well microplate, then 75 mL
phosphate buffer (0.025 M, pH 7.2), 25 mL
1,10-phenanthroline (0.006 M), and 25 mL
FeSO4 (0.006 M) were added. Hydroxyl
radical was generated by adding 25 mL
0.1% (v/v) H2O2. The mixture was incubated
at 37 �C for 60 min and the absorbance was
measured at 540 nm. Results were expressed
as milligrams of catechin equivalent per gram
fresh weight.

Results

Light intensity and leaf temperature. The
daily maximum air temperature in the shade
plot was �37 �C, 2 to 5 �C lower than in the
control (data not shown). Values of photo-
synthetic photon flux density (PPFD) in the
control increased rapidly after sunrise and
reached 1760 mmol·m–2·s–1 at 1300 HR. On the
other hand, the PPFD values in the shade plot
remained at �900 mmol·m–2·s–1 (data not

shown). Results for leaf temperature were
similar to those for PPFD. Leaf temperature
in the shade plot increased rapidly after
sunrise and reached 40 �C at 1300 HR, �6 �C
lower than in the control (data not shown).

Plant growth. Plants in the shade plot
grew better than the control. In the shade plot,
the mean leaf weight for leaf number (LN) 5
was 0.7 and for LN 9, it was 1.7 g, �122%
and 147% of the respective values for the
control (Fig. 1A). Leaf size showed a similar
trend across treatments to that for leaf weight
(Fig. 1B–C). The mean length and width of
LN 9 in the shade plot were 12.0 and 4.9 cm,
respectively, �138% and 132% of the re-
spective values in the control. Although the
leaves in the shade plot had reddish purple
abaxial surfaces, these surfaces in the control
plant were lacking this characteristic color.

Anthocyanin and CGA contents. Total
polyphenol content on a fresh weight basis
decreased as leaves matured, and a lower
content was detected in shaded leaves than
control leaves, regardless of leaf stage (Fig.
2A). The polyphenol content of LN 3 and 7 in
the shaded leaves was 2.1 and 1.6 mg·g–1,
respectively, which was 89% and 85% of the
respective values in the control. The profile
of fluctuation in CGA content exhibited an
identical pattern with lower CGA content
observed in the shaded leaves (Fig. 2B).

Although there was an abrupt increase in
the content of anthocyanin in the early stage
of leaf expansion, the content decreased rapidly
as the leaves matured (Fig. 2C). The increase in
anthocyanin early during leaf expansion was
much more limited in control leaves than
shaded leaves, although the decreased rate of
anthocyanin accumulation in maturing leaves
did not differ between treatments.

Anthocyanin biosynthetic genes. Twelve
genes encoding GbMYB1, GbMYB2, GbPAL,
GbC4H, Gb4CL, GbCHS, GbCHI, GbF3H,
GbF3#H, GbDFR, GbANS, and GbUFGT
were selected to examine the expression
pattern of anthocyanin biosynthetic genes
with respect to leaf age (Fig. 3). Expression
of the transcription factor gene GbMYB2 was
strongly intensified in the shaded leaves. Like-
wise, in structural genes such as GbF3#H,
GbDFR, and GbANS, expression tended to
decrease as the leaves matured, and the levels
in LN 1 to 5 of the shaded leaves were much
higher than those of comparable chronological
age in the control. Conversely, the relationship
between the profiles of fluctuation in expres-
sion of Gb4CL, GbCHS, and GbCHI and those
of GbF3#H, GbDFR, and GbANS were mirror
images of each other, and the levels of Gb4CL,
GbCHS, and GbCHI transcripts showed no
significant difference between the two exper-
imental treatments, regardless of leaf stage.

Table 1. Primers for quantitative reverse transcription–polymerase chain reaction analysis.

Gene Forward primer (5# to 3#) Reverse primer (5# to 3#)

GbPAL CTTACTTGACCGGCGAAAAGG TTTGCACATAGCCGTGAACAC
GbC4H CGCTAAACTTGGCGGCTATG GCTAACCACCACGCGTTGA
Gb4CL GCCGAGATGAAGATCGTTGAC CATATCTCGCCCCGTTGGT
GbC4H CATATCTCGCCCCGTTGGT GCTAACCACCACGCGTTGA
GbCHS CCTTGACACAAGCCTTTACTCCTT AGGGTGCGCGATCCAA
GbCHI CACAACATCAG CTGTTGGATCA CGTTTGCAGTTTCCGGTATCA
GbF3#H GCCGGCCGCAGGAT CAATGTTGCAATAAGCAATTGGA
GbF3H ACCTTGTTGCTTCAGGACCAA ATCCAACTCTTGCCACCATCA
GbDFR CGAAAGCTGAAGGGAGATACATTT CATTGATCATTTTTGCCAGTTGA
GbANS TGGTCAATGGATCACTGCAAA CATTACTTAGAATCTCAATAGTGTC

ACCAA
GbUFGT AATTGAAGGCGGGAGTTTCA AGACGATTCGTTGGATAAAACTTGT
GbMYB1 GGGTGGTTATTCGGTGGTTCT CATATAAACTTTCACCGTCTTTTTGG
GbMYB2 GTTGACCAGGAGAAGGGAATTG TGGTCATCTAAACTCTCCTCCTTTG
Tublin TGGAGGAGACCTGGCTAAGGT-3# CGGGAGAAGACTTCAGCAACA

Fig. 2. Differences in phenolic content of G. bicolor leaves between treatments. Unshaded and solid
columns indicate control and shade treatments, respectively. (A) Total polyphenol; (B) chlorogenic
acid; (C) anthocyanin. Vertical bars indicate ± SE (n = 3 or n = 4). * and ** indicate significant
differences at P < 0.05 and P # 0.01, respectively, by Student’s t test.
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Antioxidant activities. Differences in anti-
oxidant activities between the shade and
control treatments are shown in Figure 4. Both
the ferric-reducing power and hydroxyl radi-
cal scavenging activity became lower as the
leaves matured, and lower reducing activities
were detected in the shaded leaves than the
control leaves regardless of leaf age.

Discussion

We found that the content of total phenolics
and CGA decreased on a fresh weight basis with
maturation of both control and shaded leaves.
Although the anthocyanin content increased in
the early stage of leaf expansion, it also de-
creased rapidly as leaves aged. G. bicolor leaves
contain several phenolic compounds such as
CGA, quercetin, kaempferol, quercitrin, iso-
quercitrin, and anthocyanin (Fukuoka et al.,

2012; Yoshitama et al., 1994). In the leaves
of Salicaceous species (Ikonen, 2002) and
Pyrus communis (Andreott et al., 2006), the
phenolic composition is influenced by onto-
genetic age and the content decreases with leaf
age. Likewise, in leaves of Chrysobalanus
icaco, anthocyanins are synthesized actively
during the young expanding stage and decline
significantly with leaf maturation (Nissim-Levi
et al., 2003). These results suggest that leaf
phenolic compounds including anthocyanins
are synthesized actively in the young expand-
ing stage and thereafter decrease with age. The
loss of red color in leaves of C. icaco during
leaf maturation is reportedly the result of
dilution of anthocyanins in the expanding
leaves, attributable either to masking of the
red pigment by an increase in the concentration
of chlorophylls or to anthocyanin degradation
(Nissim-Levi et al., 2003).

The anthocyanin content in leaves is
tightly dependent on environmental condi-
tions such as light quality, light intensity, and
growth temperature (Oren-Shamir, 2009). In
most fruit and plant organs, light is a prerequi-
site for anthocyanin synthesis (Mancinelli,
1983), and the rate of anthocyanin synthesis
increases with increasing light energy (Proctor,
1974). In leaves of sweetpotato, shading (i.e.,
40% and 80% shading of full solar radiation)
decreases anthocyanin content compared with
no shading (Islam et al., 2005). However, in
our study, higher anthocyanin content was
detected in young expanding leaves from the
shaded plot than in those from comparable
ages in the control. On the other hand, tem-
perature is also an important factor that affects
anthocyanin synthesis in various fruits such as
apples (Ubi et al., 2006) and grapes (Yamane
et al., 2006). Many studies on the action of

Fig. 3. Differences in gene expression of G. bicolor leaves between treatments. Unshaded and solid bars indicate control and shade treatments, respectively.
Vertical bars indicate ± SE (n = 4). * and ** indicate significant differences at P < 0.05 and P # 0.01, respectively, by Student’s t test.
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genes involved in anthocyanin biosynthesis in
higher plants have shown that high tempera-
ture inhibits the induction of anthocyanin
synthesis (Dela et al., 2003; Shvarts et al.,
1997). In the Darkridge grape berry skin,
continuous high night temperature inhibits
anthocyanin accumulation, and this inhibition
is the result of the suppression of anthocyanin
biosynthetic genes including the MYB-related
genes (Mori et al., 2005). The expression of
anthocyanin biosynthetic genes such as CHS
and DFR in rose (Dela et al., 2003) and CHS in
apple (Lin-Wang et al., 2011) is suppressed by
elevated temperatures. In our study, leaf tem-
peratures in the control leaves reached�46 �C
in the daytime. Conversely, the temperatures in
the shaded leaves were �6 �C lower than
control leaves. Expression of transcription
factor GbMYB2 stayed higher in shaded leaves
than control leaves regardless of leaf age. The
gene expressions such as GbF3#H, GbDFR,
and GbANS in young expanding shaded leaves
were much higher than in the control leaves of
comparable age. According to Shimizu et al.
(2010), anthocyanin accumulation in G. bicolor
leaves is accreted in cultured sucrose-treated
plantlet and this promotion is the result of
increased expression of GbDFR and GbANS
induced by coexpression of GbMYB2 and
bHLH-type transcription factor, GbMYC1.
These results may suggest that red color loss
in G. bicolor leaves in midsummer is largely
dependent on the repression of GbMYB2-
related genes induced by high temperature.
We think that shading promotes gene expres-
sions of GbDFR and GbANS because the
expression of GbMYB2 is kept high as a result
of lowered temperature, and then a larger
amount of anthocyanin pigments accumulates.

Generally, in higher plants, high temper-
atures enhance the production of ROS (Asada
and Takahashi, 1987). ROS are strong oxi-
dants that initiate local oxidative damage,
leading to the disturbance of metabolic func-
tion and to the loss of cellular integrity at sites
where they accumulate (Foyer et al., 1991).
Tolerance to high temperatures in crop plants is

associated with an increase in the activity of
antioxidant enzymes (Gupta et al., 1993). Nat-
urally occurring compounds of non-flavonoid
phenolics scavenge ROS (Kanatt et al., 2005;
Nara et al., 2006), and anthocyanins can also
interrupt the propagation of free radicals
(Galvano et al., 2004). According to Fukuoka
et al. (2012), in G. bicolor leaves, a greater
part of the ROS scavenging activity resulting
from phenolic compounds was detected in
the CGA fraction, not the anthocyanin frac-
tion. The content of CGA is known to increase
in response to environmental stresses (Oh et al.,
2009). In lettuce, leaves of sun-exposed plants
contained more CGA than leaves from plants
growing under shaded locations (Grace et al.,
1998). In this study, a larger amount of CGA
was detected in young expanding control
leaves than shaded leaves, and the profile of
ROS scavenging activity exhibited an iden-
tical pattern to that of the CGA content.
These observations suggest that increased
CGA production occurs in the control leaves
and that this metabolic change is an adaptive
metabolic response to avoid the toxicity of
ROS resulting from exposure to high tem-
perature. We think that lowered leaf temper-
atures induced by shading prevent abundant
ROS generation and so shaded leaves do not
need to activate the CGA production to
scavenge ROS.

According to Shaked-Sachray et al. (2002),
both a decrease in synthesis and an increase in
degradation of anthocyanin occur after a high
temperature treatment. In Brunfelsia calycina
flowers, the most likely candidates for the
degradation of anthocyanin are enzymes such
as polyphenyloxidase (PPO) and peroxidase
(POD) (Vaknin et al., 2005). Induction of POD
activity, resulting from high temperature, was
found in the leaves of bentgrass (Liu and
Huang, 2000). In Raphanus sativus, a pro-
nounced increase in PPO activity has been
observed in roots responding to elevated
temperature (Fukuoka and Enomoto, 2001).
Furthermore, in G. bicolor, the induction of
both PPO and POD by heat stress has been

reported by Fukuoka and Enomoto (2001).
These results suggest that an increase in en-
zyme activities resulting from high temperature
may play a crucial role in the enhancement of
anthocyanin degradation in G. bicolor leaves.
We also think that shading is an effective
method to prevent temperature-induced antho-
cyanin degradation.

In conclusion, if G. bicolor plants are
grown in midsummer, high temperature re-
stricts anthocyanin synthesis but promotes
CGA production in leaves. Lower production
of anthocyanin pigment is the result of the
repression of GbMYB2-related genes, and
higher CGA production is attributed to a de-
fense response protecting against increasing
injury from ROS induced by high tempera-
ture. The artificial shading is an effective
method to promote anthocyanin accumula-
tion because the expressions of GbMYB2-
related genes are kept high as a result of
lower temperature.
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