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Abstract. The objective of the current study is to determine the effect of light quality on enhancement of growth,
phytochemicals, antioxidant potential, and antioxidant enzyme activities at in vitro cultures of Rehmannia glutinosa
Libosch. In vitro-grown shoot tip explants were cultured on the plant growth regulator (PGR)-free Murashige and
Skoog (MS) medium and cultured under a conventional cool white fluorescent light (control), blue light emitting
diode (LED) light or red LED light. After four weeks, the growth traits along with total phenol content, total
flavonoid content, free radical scavenging activities, and antioxidant enzyme activities were measured. Interestingly,
the blue or red LED treatments showed a significant increase in growth parameters compared with the cool white
florescent light. In addition, the LED treatments increased the total phenol and flavonoid levels in leaf and root
extracts. Furthermore, data on the total antioxidant capacity, reducing power potential, and DPPH radical scavenging
capacity also revealed the enhancement of antioxidant capacity under both blue and red LED treatments. Especially,
the blue LED treatment significantly increased the antioxidant enzyme activities in both the leaf and root, followed
by the red LED treatment. Modulation in the spectral quality particularly by the blue LED induced the antioxidant
defense line and was directly correlated with the enhancement of phytochemicals. Therefore, the incorporation of
blue or red LED light sources during in vitro propagation of R. glutinosa can be a beneficial way to increase the
medicinal values of the plant.
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Introduction

Rehmannia glutinosa Libosch. (Chinese foxglove) is a
medicinally important herb, and widely distributed in the
mountains of Korea, China, and Japan. The root extracts of
R. glutinosa has been employed to treat anemia, inflammation,
hypoglycemia, and hypertension since antiquity (Zhang et al.,
2008). The medicinal importance of the R. glutinosa roots
are attributed to the occurrence of secondary metabolites
such as catalpol, leonuride, aucubin, melittoside, rehmaglutin,
etc. with pharmaceutical importance (Chung et al., 2006; Zhang
et al., 2008). Because of the comprehensive medicinal values,
R. glutinosa has been considered as a top grade medicinal
herb in traditional Chinese medicine and widely used to

strengthen blood system, immune system, endocrine system,
cardio-vascular system, and nervous system (Zhang et al.,
2008). However, irrespective of its medicinal values, the
cultivation of this plant has been limited due to seed dor-
mancy, virus infection, low yields, and slow plant growth
rate (Park et al., 2009). In order to overcome these difficulties
plant tissue culture techniques can be incorporated for the
mass propagation of R. glutinosa. In addition, most of the
existing reports are limited to the root-based antioxidant
analysis and also very few have examined the phenol and
flavonoid contents of R. glutinosa (Piatczak et al., 2014).
The importance of medicinal plants lies on the presence of
bioactive secondary metabolites such as phenols and flavonoids
that can readily act as free radical scavengers. Free radicals
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are highly reactive molecules produced as the intermediates
during metabolic reactions (Machlin and Bendich, 1987).
The presence of excess amount of reactive free radicals in
the human body causes oxidative damages leading to various
lethal disorders (Kinsella et al., 1993). Furthermore, the in
vitro environment offers a plausible and convenient atmosphere
to understand the mechanism of secondary metabolite synthesis
and accumulation without the intrusions of external environment.

Until date no reports are available on the enhancement of
phytochemicals and antioxidant property of R. glutinosa by
light quality using blue and/or red light emitting diodes (LEDs).
Among several environmental factors, light influences various
metabolic activities of the plant, especially under in vitro
environment (Kozai et al., 1997). Thus, the synthesis and
accumulation of phytochemicals with medicinal uses can be
elicited using different light spectra. On comparison with
the conventional cool white fluorescence light source used
in plant tissue cultures, LED lights possess various advantages
such as less heat radiation, energy efficiency, monochromatic
spectrum, and longer life span (Kim et al., 2004; Samuoliene
et al., 2012). Amongst various light spectra, blue (450 nm)
and red (650 nm) wavelengths are the primary spectral
wavelengths and highly influence the primary and secondary
metabolism of plants (Johkan et al., 2010). Therefore, the
objective of the current study was to enhance the phytochemicals
and antioxidant properties of R. glutinosa during in vitro
propagation using blue and red LEDs.

Materials and Methods

Culture Conditions and Light Treatments

In vitro-grown, four weeks old R. glutinosa shoot tips
were inoculated on the plant growth regulator (PGR)-free
Murashige and Skoog (1962) (MS) medium supplemented
with 3% (w/v) sucrose and 0.8% (w/v) agar. The pH was
adjusted to 5.70 using 0.1 N NaOH or 0.1 N HCI before
autoclave at 121°C for 15 min. All the cultures were maintained
at 25°C under a 16 h photoperiod with 50 pmol'm™s” PPFD
and 80% relative humidity (RH). Light treatments were
provided from the top by either cool white fluorescent light
(FL), or monochromatic spectral light emitting diodes (LEDs)
such as red (450 nm) or blue (650 nm). The plants were
harvested after four weeks and their growth parameters such
as stem length, root length, number of roots, length of
vigorously growing third leaf with ruler, number of leaves,
and fresh and dry weights were measured. Similarly, phyto-
chemicals content, enzymes activity, and antioxidant activity
were measured in fresh weight basis.

Chlorophyll Content Estimation

Chlorophyll content was measured colorimetrically by
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following the procedures of Armon (1949). Briefly, 100 mg
leaf tissue was extracted with an 80% (v/v) acetone and the
absorbance was measured at 645 and 663 nm by a UV-
spectrophotometer (Uvikon 992, Kotron Instrumentals, Milano,
Italy).

Plant Extracts Preparation and Phytochemical
Estimation

For phytochemical and antioxidant assays, the leaf and
root of in vitro-grown R. glutinosa were harvested after four
weeks of light treatments and extracted with methanol
according to Gracia-Perez et al. (2012) with slight modifications.
Briefly, 0.5 g of plant tissue was homogenized using liquid
nitrogen and extracted with 5 mL of 80% methanol with
continuous shaking (Model 200FL, Koencon shaking incubator,
Hanam City, Korea) for 5 h at 200 rpm. Then the extract was
centrifuged at 1,000 g for 12 min and the supernatant was
employed for the assays. The total phenol content (expressed
in gallic acid equivalent) of the extract was estimated by the
Folin-Ciocalteu (FC) principle according to Kumaran and
Karunakaran (2007). Aliquot of the extracts (0.1 mL) made
up to 1 mL with distilled water was mixed with 0.5 mL of
Folin-Ciocalteu reagent (1:1 with water) and 2.5 mL of
sodium carbonate solution (7.5%). The reaction mixture was
incubated in dark for 40 min and the absorbance was recorded
at 725 nm. The total phenol content was estimated using
standard gallic acid calibration curve.

The total flavonoid content (expressed in quercetin equivalent)
was determined by aluminum chloride method outlined by
Gracia-Perez et al. (2012). Briefly, samples (0.1 mL) were
made up to 1 mL with 80% methanol and used for the analysis
by adding 1 mL of 2% aluminum chloride solution. The
absorbance of the reaction mixture was measured at 415 nm
after 30 min incubation and the total flavonoids were de-
termined from the standard quercetin calibration curve.

Total Antioxidant Capacity Analysis

Total antioxidant activity of the extracts was analyzed
using the phosphomolybdenum method according to Kumaran
and Karunakaran (2007). For the reduction reaction, 0.1 mL
extract was mixed with 3 mL of reagent solution containing
0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM
ammonium molybdate. The mixture was incubated for 90
min at 95°C and the absorbance was determined at 695 nm.
The phosphomolybdenum reduction (total antioxidant activity)
was expressed as microgram of ascorbic acid equivalent per
milligram of fresh weight (pg-mg'l ‘AAE FW).

Reducing Power Capacity Assessment

The reducing power capacity was determined by the
procedure of Kumaran and Karunakaran (2007) with slight
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modifications. Briefly, 0.1 mL of extracts in 1 mL of phos-
phate buffer was mixed with 2.5 mL of 0.2 M sodium
phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium
ferricyanide solution. The reaction was initiated by maintaining
the tubes at 50°C for 20 min in a hot waterbath. After
incubation, the reaction was terminated by the addition of
2.5 mL ice cold trichloroacetic acid (10%, v/v). The superatant
(2.5 mL) was extracted after centrifugation at 1,000 rpm for
10 min and mixed with equal volume of DH,O and 0.1 mL
of 0.1% ferric chloride. Finally, the absorbance was measured
at 700 nm after 10 min of incubation. The reducing power
capacity was expressed as microgram of ascorbic acid
equivalent per milligram of fresh weight (ng'mg'-AAE

FW).

2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical
Scavenging Assay

To determine the antioxidant potential in terms of hydrogen
donating or radical scavenging ability, DPPH radical scavenging
capacity of the tissue extracts were investigated according to
Blios (1958). The sample extracts (40 pL) was added to 1.960
mL of 0.01 mM methanol solution of DPPH and incubated
in dark for 15 min. Then the absorbance was read at 517 nm
and the scavenging activity was calculated using the following
formula:

DPPH radical-scavenging activity (%) = [(Ac-As)/Ac] * 100,
where A denotes the absorbance of control (without sample)
and A denotes the absorbance of sample (extract or ascorbic
acid).

Analysis of Antioxidant Enzyme Activities

For antioxidant enzyme extraction, 100 mg of fresh leaf
and root samples were ground in 1.5 mL ice cold 100 mM
sodium phosphate buffer (pH 7.0) for guaiacol peroxidase
(GPX) activity assay and 50 mM sodium phosphate buffer
with 1 mM EDTA, 0.05% Triton X 100, and 2% polyvinyl-
pyrrolidone for sodium dismutase (SOD), catalase (CAT),
ascrobate peroxidase (APX), and phenylalanine ammonia
lyase (PAL) activity assays. The homogenates were centrifuged
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at 18,000 g for 20 min at 4°C and the supernatant was employed
for enzyme activity analysis and protein estimation. The SOD
activity was assayed by following the protocol of Giannopolitis
and Ries (1977) by the nitro blue tetrazolium (NBT) inhibition
method. Guaiacol peroxidase activity was estimated based
on the amount of enzyme required for the formation of
tetraguaiacol per min according to Shah et al. (2001). The
activity of CAT enzyme was estimated according to the
method of Cakmak and Marschner (1992). APX activity
was estimated by following the protocol of Nakano and
Asada (1981). PAL activity was determined according to the
method outlined by Zhan et al. (2012). The total protein
content of the samples was determined by the Bradford’s
method (Bradford, 1976). All the chemicals used for the
phytochemical analysis, antioxidant potential assessment
and antioxidant enzymes estimation were of analytical grade
purchased from Sigma Aldrich (St. Louis, MO, USA).

Statistical Analysis

The light treatments were set up in a completely randomized
design with five replications per treatment containing five
explants in each container. All the assays were performed in
triplicates and the results were averaged. Significant dif-
ferences among the treatments were determined by analysis
of variance (ANOVA) followed by Duncan multiple range
tests at a significant level of 0.05 using Statistical Analysis
System (SAS, V.6.12) computer package (SAS Institute
Inc., Cary, NC, USA).

Results and Discussion

In the present study the influence of light quality on the
morphogenesis, phytochemicals content, and antioxidant
property of R. glutinosa cultured in vitro were investigated.
Firstly, the morphological differences among the light
treatments were observed clearly (Fig. 1). Except shoot length,
all the other growth traits were significantly increased by the
blue LED treatment than the other light treatments (Table 1).
Interestingly, shoot length in the red LED treatment increased

Table 1. Growth traits measured after 4 weeks of light treatments of R. glutinosa cultured in vitro.

Shoot length Length of the No. of Leaf traits Fresh weight Dry weight
Treatment longest root
(cm) (cm) roots Number Length (cm) ©) (mg)
White FL 27 + 03 b° 109 +17b 83+05b 40x07b 23+02b 0.2 + 0.0 bc 200 £ 0.0 b
Blue LED 26 £+ 05b 129+ 07a 120+07a 58+05a 31x01a 04 + 00 a 50.0 £ 0.0 a
Red LED 33 +06 a 75+ 03c 65+05¢c 43+x05b 17+01c 03+00b 300 £ 00b
F_test * *kk *kk *k *kk * *

Data are the mean + SE from three replicates.

ZMsg*Q separation within columns by Duncan’s multiple range test at p = 0.05.
" Nonsignificant or significant at p < 0.05, 0.01, and 0.001, respectively.
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Fig. 1. In vitro R. glutinosa cultures under the different light
treatments for 4 weeks: A, white FL; B, blue LED; and C, red
LED.

by 27.0 and 22.2% than in the blue LED and white FL
treatment, respectively. Previous report by Hahn et al. (2000)
on the effect of LED lights on R. glutinosa in vitro cultures
also reported the increase in shoot length by red LED.
Enhancement of stem elongation by red light has been widely
reported in several plants such as sweet potato, chrysan-
themum, and strawberry (Kim et al., 2004; Nhut et al., 2003;
Sivakumar et al., 2006). According to Toyomasu et al. (1993),
red light is capable to induce the endogenous gibberellins
(GA) in the plant which is an important plant growth regulator
involved in cell elongation and root inhibition. Furthermore,
the enhancement of the GA level directly stimulated the mitosis
in both apical and sub-apical meristems (Arney and Mitchell,
1969). Though not studied in this experiment, the red LED
could have triggered the endogenous GA level.

Even though the red LED treatment favored the shoot
elongation, the root induction was inhibited, whereas the
blue LED treatment highly induced the root growth. In detail,
the blue LED treatment promoted the root length by 72.0
and 18.3%, and number of roots by 84.6 and 44.5% than the
red LED and white FL treatments, respectively. This is the
first report documenting the effect of spectral quality on the
root traits of R. glutinosa cultured in vitro. Similarly, Canamero
et al. (2006) reported the reduction of root growth upon blue
light receptor (cryptochrome)-mutation in Arabidopsis seedling,
whereas the overexpression of cryptochrome showed sig-
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Fig. 2. Effect of light treatment on total chlorophyll content of R.
glutinosa. Data are the mean + SE from three replicates. Different
letters in one measurement indicate statistically significant
difference at p < 0.05 by Duncan multiple range test.

nificantly increased root growth than the control. Additionally,
the lesser root growth observed in the red LED treatment
was supported by the inhibitory activity of red light receptors
(phytochromes A and B) on root elongation in comparison
to dark grown seedlings (Correll and Kiss, 2005). The mech-
anism or pathways such as photoreceptors, auxin signaling
and light piping, could have involved in the root induction
(Canamero et al., 2006; Sun et al., 2005). In concordance
with our results the application of blue light enhanced the
rooting in Triticum aestivum (Dong et al., 2014).

In contrast with other treatments, the blue LED treatment
improved the leaf traits such as number of leaves by 43.8
and 34.8% and leaf length by 34.5 and 86.8% respectively
than white FL and red LED treatments. Generally, leaves
perceive the light signals, especially blue and red, readily
from the environment via photoreceptors and the modulation
in the spectral quality affects the leaf characteristics (Kim et
al., 2004; Park et al., 2012). In our experiment, the blue
LED promoted the number of leaves more than the red LED
and white FL. The increase in leaf traits allows the leaf to
absorb more light which directly influences the photosynthesis
for enhanced growth and development of the plant (Nishimura
et al., 2009). According to Muneer et al. (2014), the blue LED
promoted the photosynthesis of lettuce plants grown under
controlled environment by promoting the photosystem-related
proteins. Similarly, the LED treatments greatly influenced the
chlorophyll synthesis in R. glutinosa in this study. However,
the chlorophyll synthesis was markedly increased in the red
LED, followed by the blue LED treatment (Fig. 2). In general,
light is a primary factor important for the chlorophyll
synthesis. The plant pigment synthesis is controlled by different
photoreceptors that absorb light at different wavelengths
(Stuefer and Huber, 1998). Similar to our result, Dong et al.
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Fig. 3. Effect of light treatment on phytochemical contents of leaf and root extracts of R. glutinosa: A, total phenol content; and B,
total flavonoid content. Data are the mean + SE from three replicates. Different letters in one measurement indicate statistically significant

difference at p < 0.05 by Duncan multiple range test.

(2014) demonstrated the increase in chlorophyll content by
red light exposure. Furthermore, biomass of R. glutinosa
treated with the blue LED significantly increased i.e., fresh
weight by 91.3% than the white FL and 57.1% than the red
LED (Table 1). In a similar fashion with fresh weight, dry
weight in the blue LED increased by 150 and 66.0% than
the control and the red LED treatment, respectively. Con-
cordantly, Wheeler et al. (1991) also suggested the effec-
tiveness of the blue and red light sources for healthy plant
growth. The improvement of fresh and dry weights by the
blue or red LED treatment alone or in combination was
reported in Oncidium (Mengxi et al., 2011). Overall our
growth traits results suggest that the blue LED can be in-
corporated during the in vitro growth for improved plant
production.

In the present study, spectral qualities not only affected
the plant growth but also augmented the phytochemicals
having both defense and potential pharmaceutical values
such as total phenol and total flavonoid in both leaf and root
tissues (Fig. 3). The greatest total phenol contents were
observed in the leaf extracts of R. glutinosa in the blue LED
treatment (35 + 0.05 pg GAE/mg) (Fig. 3A). Interestingly,
the blue LED significantly increased the total phenol contents
of the leaf extracts by 39.3% than the white FL and 17.7%
than the red LED treatment. However, neither the blue nor
the red LED treatment led to significant enhancement of
total phenol in the root extracts. In general, the occurrences
of higher phenolic contents enhance the antioxidant property
of the plant because, phenols possess ideal structural properties
for scavenging free radicals and thus it prevents from oxidative
damages (Reddy et al., 2012). On the other hand, the total
flavonoid contents were enhanced by the red LED treatment
(Fig. 3B). In detail, the red LED treatment increased the
total flavonoid contents of the leaf extract by 33.6 and
21.83% and root extracts by 61.7 and 23.1%, respectively,
than the white FL and blue LED treatments. Similar to our

results, the ability of the red light to induce the production
of flavonoid (quercetin) complexes in Pisum sativum either
by phytochrome-mediated or stress-mediated activation of
flavonoid synthesis has been reported by Bottomley et al.
(1966). Flavonoids are also known to play an important
roles against light-induced damages (Jaakola et al., 2004),
perhaps the same happened to induce the flavonoid accu-
mulation in R. glutinosa cultured in vitro in the LED
treatments in this study.

Furthermore, the antioxidant capacity of the root and leaf
extracts of R. glutinosa grown under different light qualities
were determined and confirmed by several assays. Firstly,
the ability of the extracts to reduce the molybdate from Mo
(IV) to Mo (V) was assessed by the phosphomolybdenum
assay. The greatest total antioxidant capacity of the leaf and
root extracts was observed in the blue LED treatment, followed
by the red LED treatment (Fig. 4A), which might be due to
the higher content of total phenol in the blue LED and red
LED treatment. These results were concordant with the previous
report, demonstrating the presences of highest total antioxidant
capacity in R. glutinosa leaf extracts (Piatczak et al., 2014).

Secondly, in a reducing power assay, the reduction of po-
tassium ferric cyanide, expressed in ascorbic acid equivalents,
significantly increased upon the addition of the tissue extracts.
The higher values were observed in the root extracts than in
leaf extracts, especially in the red LED, followed by the blue
LED treatment (Fig. 4B). This particular assay is considered
as one of the robust methods for the determination of the
presence of a wide range of antioxidants in plant extracts
(Moein et al., 2008). In accordance to our results, Jeong et
al. (2013) documented the highest reducing power potential
in the root extract of R. glutinosa. The enhanced reducing
power of the roots might be possibly due to the presence of
several important iridoid glycosides (Chung et al., 2006).
Furthermore, the occurrence of higher content of flavonoid
was also responsible for the increased reducing power activity
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in the root extracts in the red LED treatment. Thus, it can be
clearly noted that the increase in total phenol and flavonoid
contents by the LED treatments has a strong positive correlation
with the enhancement of antioxidant capacity (Table 2).
Moreover, the antioxidant activity assessment by DPPH
radical scavenging also revealed the greater DPPH scavenging
ability of the root extracts compared to leaf extracts (Fig. 4C).
Among the light treatments the highest amount of DPPH
radicals was scavenged by the blue LED-treated root extract
which was followed by the red LED treatment. Apparently,
the occurrence of higher contents of phytochemicals in the
blue and red LED treatments positively affected the DPPH
radical scavenging activity of the root extract. The variation
in the antioxidant capacity and radical scavenging potential
of the leaf and root extracts upon light treatments could be
attributed to the differential accumulations of an individual
secondary metabolite in the tissues as well as the nature of
the assay. However, in all antioxidant activity assays the
least amount of antioxidant activity was displayed in the
white FL treatment. In concordance with Samuoliene et al.
(2012), the immense rise on the protective bioactive com-
pounds upon the LED treatments led to the significant
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improvement of antioxidant property and free radical scavenging
potential of R. glutinosa.

Furthermore, the modulation of light quality significantly
enhanced the activities of antioxidant enzymes (Fig. 5). In
general the increase in ROS production triggers the activities
of antioxidant enzymes to prevent the cell damage due to
oxidative stress. The activity of SOD increased in both the
leaf and root extracts upon the blue LED treatment (Fig.
5A). According to Dewir et al. (2006), the SOD, commonly
called as metalloenzymes, acts as the first line of defense
against the oxidative stress and dismutase the highly reactive
superoxide radical into hydrogen peroxide and oxygen molecules.
Similarly the GPX activity also increased in the blue LED-
treated leaf and root extracts (Fig. 5B). The increased activity
of the GPX could be associated with the increased lipid
peroxidation level (Shah et al., 2001), whereas higher APX
activity was noted in the leaf extracts in the blue LED
treatment compared to root extract (Fig. 5C). Generally, the
APX is predominantly required to scavenge the harmful
H>0» produced in the chloroplast. It also acts as an indis-
pensable component of the ascorbate-glutathione cycle to
scavenge the harmful H,O» by utilizing the reducing power
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Table 2. Pearson correlation coefficients of phytochemicals and antioxidant property of R. glutinosa.

Phytochemicals and total

Correlation coefficient of total Correlation coefficient of reducing

Tissue  Light treatment antioxidant capacity antioxidant capacity (rz) power property (r2)
Leaf White FL Total phenol 0.92¢ 0.98**
Total flavonoid 0.95* 0.99*
Total antioxidant capacity - 0.98**
Blue LED Total phenol 0.98** 0.89**
Total flavonoid 0.87* 0.70
Total antioxidant capacity - 0.96**
Red LED Total phenol 0.98** 1.00**
Total flavonoid 0.92¢ 0.84*
Total antioxidant capacity - 0.98**
Root White FL Total phenol 0.78 0.84*
Total flavonoid 0.84* 0.78
Total antioxidant capacity - 1.00**
Blue LED Total phenol 0.96** 0.99**
Total flavonoid 0.97** 0.98**
Total antioxidant capacity - 0.99**
Red LED Total phenol 0.99** 0.99**
Total flavonoid 0.98** 0.99**
Total antioxidant capacity - 0.97*

***Correlation significant at p < 0.05 and 0.01, respectively.

property of ascorbic acid (Nakano and Asada, 1981). Sub-
sequently the CAT enzyme, a universal oxido-reductase, was
enhanced by the blue LED treatment in both the leaf and
root extracts (Fig. SD). The CAT readily scavenges the excess
ROS by the reduction of H,O, to water and molecular oxygen
(Lin and Kao, 2000). Moreover, the PAL activity increased
upon either blue or red LED illumination in the leaf and root
extracts (Fig. 5SE). The PAL catalyzes the most important
step in the phenylpropanoid pathway by which the
polyphenolic compounds are synthesized. Interestingly, the
transcriptional regulation of the PAL can be activated by
light and consequently induce the phenol synthesis (Zhan et
al., 2012). The PAL activity can be attributed to the augmen-
tation of the phytochemicals in the LED treatments. Similarly,
Xu and Davey (1983) noted the increase in PAL activity
along with other intermediates in the phenylpropanoid
pathway upon blue light irradiation onto strawberry fruits.
In concordance with our results, the enhanced antioxidant
enzyme activities by the LED treatments were also observed
in Oncidium by Mengxi et al. (2011). However, none of the
antioxidant enzyme activities were elevated by the control
white FL. Hence, the LED light sources can be employed
during the micropropagation process to enrich the antioxidant
activity of R. glutinosa. In addition the greatest total protein
contents were observed upon the LED treatment especially
on the blue LED treatment (Fig. 5F). The improvement of
protein synthesis and enzyme activity can be triggered by

the LED treatments than white FL treatment (Mengxi et al.,
2011). In the future the possible molecular regulations of
antioxidant enzymes by the blue and red LEDs need to be
studied in depth. Consequently, our results suggest that the
blue or red LED treatments have the capacity to enhance the
antioxidant defense mechanism and to elicit the accumulation
of potential secondary metabolites in R. glutinosa cultured
in vitro.

In conclusion, we have demonstrated the influence of the
blue and/or red LEDs on the growth traits, accumulation of
secondary metabolites, antioxidant potentials, and antioxidant
enzyme activities of R. glutinosa grown under an in vitro
condition. Our results suggest the blue or red LEDs are the
most appealing light sources for the in vitro propagation of
R. glutinosa. 1t is worth to note that influence of the LEDs
on metabolites and antioxidant capacity improves the ROS
scavenging ability of R. glutinosa, as an important medicinal
plant will be a major breakthrough on pharmaceutical
applications.
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Fig. 5. Effect of light treatment on antioxidant enzyme activity and total protein content of the leaf and root extracts of R. glutinosa:
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ammonia lyase (PAL), and F, total protein content. Data are the mean + SE from three replicates. Different letters in one measurement
indicate statistically significant difference at p < 0.05 by Duncan multiple range test.

Plus Program, the Ministry of Education, Korea. The authors
are thankful Dr. Yoo Gyeong Park for statistical assistance.

Literature Cited

Armey, S.E. and D.L Mitchell. 1969. The effect of abscisic acid on
stem elongation and correlative inhibition. New Phytol. 68:1001-
1015.

Armon, D.I. 1949. Copper enzymes in isolated chloroplast. Polyphenol
oxidase in Beta vulgaris. Plant Physiol. 24:1-15.

Blios, M.S. 1958. Antioxidant determinations by the use of a stable
free radical. Nature 26:1199-1200.

Bottomley, W., H. Smith, and A.W. Galston. 1966. Flavonoid
complexes in Pisum sativum. 1II. The effect of light on the synthesis

@ Springer

of kaempferol and quercetin complexes. Phytochemistry 5:117-123.

Bradford, M.M. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 72:248-254.

Cakmak, 1. and H. Marschner. 1992. Magnesium deficiency and high
light intensity enhance activities of superoxide dismutase, ascorbate
peroxidase, and glutathione reductase in bean leaves. Plant Physiol.
98:1222-1227.

Canamero, R.C., N. Bakrim, J.P. Bouly, A. Garay, E.E Dudkin, Y.
Habricot, and M. Ahmad. 2006. Cryptochrome photoreceptors cryl
and cry2 antagonistically regulate primary root elongation in
Arabidopsis thaliana. Planta 224:995-1003.

Chung, LM., J.J. Kim, J.D. Lim, C.Y. Yu, S.H. Kim, and S.J. Hahn.
2006. Comparison of resveratrol, SOD activity, phenolic compounds
and free amino acids in Rehmannia glutinosa under temperature



Hort. Environ. Biotechnol.

and water stress. Environ. Expt. Bot. 56:44-53.

Correll, MJ. and J.Z. Kiss. 2005. The roles of phytochromes in elongation
and gravitropism of roots. Plant Cell Physiol. 46:317-323.

Dewir, Y.H., D. Chakrabarty, M.B. Ali, E.J. Hahn, and K.Y. Pack.
2006. Lipid peroxidation and antioxidant enzyme activities of
Euphorbia millii hyperhydric shoots. Environ. Expt. Bot. 58:93-99.

Dong, C., Y. Fu, G. Liu, and H. Liu. 2014. Growth, photosynthetic
characteristics, antioxidant capacity and biomass yield and quality
of wheat (Triticum aestivum L.) exposed to LED light sources
with different spectra combinations. J. Agro. Crop Sci. 200:219-230.

Giannopolitis, C.N. and S.K. Ries. 1977. Superoxide dismutases. Plant
Physiol. 59:309-314.

Gracia-Perez, E., J.A. Gutierrez-Uribe, and S. Gracia-Lara. 2012.
Luteolin content and antioxidant activity in micropropagated plants
of Poliomintha glabrescens (Gray). Plant Cell Tiss. Organ Cult.
108:521-527.

Hahn, EJ., T. Kozai, and K'Y. Paek. 2000. Blue and red light-emitting
diodes with or without sucrose and ventilation affect in vitro growth
of Rehmannia glutinosa plantlets. J. Plant Biol. 43:247-250.

Jaakola, L., K. Maatta-Riihinen, S. Karenlampi, and A. Hohtola. 2004.
Activation of flavonoid biosynthesis by solar radiation in bilberry
(Vaccinium myrtillus L.) leaves. Planta 218:721-728.

Jeong, H.J., J.S. Kim, T.K. Hyun, J. Yang, H.H. Kang, J.C. Cho,
HM. Yeom, and M.J. Kim. 2013. In vitro antioxidant and antidiabetic
activities of Rehmannia glutinosa tuberous root extracts. Sci. Asia
39:605-609.

Johkan, M., K. Shoji, F. Goto, S. Hashida, and T. Yoshihara. 2010.
Blue light-emitting diode light irradiation of seedlings improves
seedling quality and growth after transplanting in red leaf lettuce.
HortScience 45:1809-1814.

Kim, S.J., E.J. Hahn, and J.W. Heo. 2004. Effects of LEDs on net
photosynthetic rate, growth and leaf stomata of chrysanthemum
plantlets in vitro. Sci. Hort. 101:143-151.

Kinsella, J.E., E. Frankel, B. German, and J. Kanner. 1993. Possible
mechanisms for the protective role of antioxidants in wine and
plant foods. Food Technol. 47:85-89.

Kozai, T., C. Kubota, and B.R. Jeong. 1997. Environmental control
for the large-scale production of plants through in vitro techniques.
Plant Cell Tiss Organ Cult. 51:49-56.

Kumaran, A. and R.J. Karunakaran. 2007. In vitro antioxidant activities
of methanol extracts of five Phyllanthus species from India. LWT-
Food Sci. Technol. 40:344-352.

Lin, C.C. and C.H. Kao. 2000. Effect of NaCl stress in H,O,
metabolism in rice leaves. J. Plant Growth Regul. 30:151-155.

Machlin, L.J. and A. Bendich. 1987. Free radical tissue damage:
Protective role of antioxidant nutrients. FASEB J. 1:441-445.

Mengxi, L., X. Zhigang, Y. Yang, and F. Yijie. 2011. Effects of
different spectral lights on Oncidium PLBs induction, proliferation,
and plant regeneration. Plant Cell Tiss. Organ Cult. 106:1-10.

Moein, M.R., S. Moein, and S. Ahmadizadeh. 2008. Radical scavenging
and reducing power of Salvia mirzayanii subfractions. Molecules
13:2804-2813.

Muneer, S., E.J. Kim, S.P. Jeong, and H.L. Jeong. 2014. Influence
of green, red and blue light emitting diodes on multiprotein complex
proteins and photosynthetic activity under different light intensities
in lettuce leaves (Lactuca sativa L.). Int. J. Mol. Sci. 15:4657-4670.

Murashige, T. and F. Skoog. 1962. A revised medium of rapid growth
and bioassay with tobacco tissue cultures. Physiol. Plant. 15:473-497.

56(1):105-113. 2015. 113

Nakano, Y. and K. Asada. 1981. Hydrogen peroxide is scavenged
by ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell
Physiol. 22:867-880.

Nhut, D.T., T. Takamura, and H. Watanabe. 2003. Responses of
strawberry plantlets cultured in vitro under superbright red and
blue light emitting diodes (LEDs). Plant Cell Tiss. Organ Cult.
73:43-52.

Nishimura, T., K. Ohyama, E. Goto, and N. Inagaki. 2009. Concentration
of perillaldehyde, limonene, and anthocyanin of Perilla plants as
affected by light quality under controlled environments. Sci. Hort.
122:134-137.

Park, S.U., Y.K. Kim, and S.Y. Lee. 2009. Improved in vitro plant
regeneration and micropropagation of Rehmannia glutinosa L. J.
Med. Plants Res. 3:31-34.

Park, Y.G., J.E. Park, S.J. Hwang, and B.R. Jeong. 2012. Light source
and CO, concentration affect growth and anthocyanin content of
lettuce under controlled environment. Hort. Environ. Biotechnol.
53:460-466.

Piatczak, E., I. Grzegorczyk-Karolak, and H. Wysokinska. 2014.
Micropropagation of Rehmannia glutinosa Libosch.: Production of
phenolics and flavonoids and evaluation of antioxidant activity.
Acta Physiol. Plant. 36:1693-1702.

Reddy, N.S., S. Navanesan, S.K. Sinniah, N.A. Wahab, and K.S. Sim.
2012. Phenolic content, antioxidant effect and cytotoxic activity
of Leea indica leaves. BMC Comp. Alter. Med. 12:128-134.

Samuoliene, G., R. Sirtautas, A. Brazaityte, and P. Duchovskis. 2012.
LED lighting and seasonality effects antioxidant properties of baby
leaf lettuce. Food Chem. 134:1494-1499.

Shah, K., R.G. Kumar, S. Verma, and R.S. Dubey. 2001. Effect of
cadmium on lipid peroxidation, superoxide anion generation and
activities of antioxidant enzymes in growing rice seedlings. Plant
Sci. 161:1135-1144.

Sivakumar, G., J.W. Heo, T. Kozai, and K.Y. Peak. 2006. Effect
of continuous or intermittent radiation on sweet potato plantlets
in vitro. J. Hort. Sci. Biotechnol. 81:546-548.

Stuefer, J.F. and H. Huber. 1998. Differential effects of light quantity
and spectral light quality on growth, morphology and development
of two stoloniferous Potentilla species. Oecologia 117:1-8.

Sun, Q., K. Yoda, and H. Suzuki. 2005. Internal axial light conduction
in the stems and roots of herbaceous plants. J. Expt. Bot. 56:
191-203.

Toyomasu, T., H. Tsuji, H. Yamane, M. Nakayama, I. Yamaguchi,
N. Murofushi, N. Takahashi, and Y. Inoue. 1993. Light effects
on endogenous levels of gibberellins in photoblastic lettuce seeds.
J. Plant Growth Regul. 12:85-90.

Wheeler, RM., C.L. Mackowiak, and J.C. Sager. 1991. Soybean stem
growth under high-pressure sodium with supplemental blue lighting.
Agron. J. 83:903-906.

Xu, X.H. and M.R. Davey. 1983. Shoot regeneration from mesophyll
protoplasts and leaf explants of Rehmannia glutinosa. Plant Cell
Rep. 2:55-57.

Zhan, L., Y. Li, J. Hu, L. Pang, and H. Fan. 2012. Browning inhibition
and quality preservation of fresh-cut romaine lettuce exposed to
high intensity light. Innov. Food Sci. Emerg. Technol. 14:70-76.

Zhang, R.X., M.X. Li, and Z.P. Jia. 2008. Rehmannia glutinosa:
Review of botany, chemistry and pharmacology. J. Ethnopharm.
117:199-214.

@ Springer



