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Abstract

Agsatache rugosa (Korean mint), belongs to the mint family and it has various medicinal properties. In addition, it

has several valuable compounds such as monoterpenes and phenylpropanoid compounds. Amongst these, two
compounds viz,, rosmarinic acid (RA), and tilianin are well-known natural compounds that have numerous pharma-
cological properties. The phenylpropanoid biosynthetic gene expression under stress conditions and the subsequent
accumulation of phenylpropanoid content has not been extensively studied in Korean mint. Here, we investigated
the effect of light-emitting diodes (LEDs) on the expression levels of phenylpropanoid biosynthetic pathway genes
and the accumulation of phenylpropanoid compounds such as RA and tilianin in A. rugosa. Real-time PCR analysis
showed that the phenylpropanoid pathway genes responded to the LED lights. The transcript levels of downstream
genes (C4H, CHS, CHI, and RAS) were comparatively higher than those of upstream genes (PAL, TAT, and HPPR). In
addition, HPLC analysis showed that the content of RA and tilianin were significantly higher in plants cultivated under
white light than those grown under red, blue, green, and orange lights. The RA and tilianin content were the highest
in the plantlets after three weeks of exposure to white light. These results suggested that white LED lights significantly
enhanced the accumulation of phenylpropanoid compounds in A. rugosa.
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Introduction

Agsatache rugosa (Lamiaceae) is a perennial herb, which
grows on slopes or roadsides in East Asian countries,
including Korea, Japan, China, and Russia (Siberia). In
Korea, the leaves of this ubiquitous herb have been gen-
erally used as a flavoring in certain traditional dishes, or
as an herbal drug for traditional treatment of cholera,
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vomiting, inflammation, and oxidative stress-induced
disorders [1-3]. This herb has also been reported to have
antifungal, antiatherogenic, antitumor, HIV integrase
inhibitory, and cytotoxic properties [4, 5]. A. rugosa con-
tains a diverse variety of secondary metabolites, includ-
ing sesquiterpenes, flavonoids, triterpenes, diterpenes,
carotenoids, and some essential oils [6—-8]. Among the
different secondary metabolites, tilianin (a flavone gly-
coside) and rosmarinic acid (RA) are considered to have
major medical properties [4, 9]. Tilianin is gaining popu-
larity among chemists and clinicians for its remarkable
biological properties. It is reported that tilianin exhib-
its antihypertensive, anti-inflammatory, vaso-relaxant,
and antiatherogenic effects [10, 11]. RA is an important
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hydroxyl cinnamic acid ester and it is found in many
medicinal plants [12]. The biosynthetic pathway of RA
in plants has been investigated extensively because of its
inevitable pharmacological, i.e., antibacterial, antiviral,
antioxidant, and anti-inflammatory properties [13-15].
In the plant kingdom, RA protects plants against unfa-
vorable conditions [12].

The proposed tilianin and RA biosynthetic path-
ways in A. rugosa are shown in Fig. 1. L-phenylalanine
is the precursor of tilianin and RA. In the general phe-
nylpropanoid pathway, phenylalanine is transformed
into 4-coumaroyl-CoA through the activity of three
enzymes such as phenylalanine ammonia-lyase (PAL),
cinnamate 4-hydroxylase (C4H), and 4-coumarate:CoA
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ligase (4CL) [16]. Secondary metabolites like flavo-
noids, stilbenes, coumarin, and lignin are synthesized
using the precursor molecule 4-coumaroyl-CoA. Chal-
cone synthase (CHS) catalyzes the condensation of
4-coumaroyl-CoA with three malonyl-CoA molecules
to generate naringenin chalcone [17]. Naringenin chal-
cone is converted into naringenin through a stereospe-
cific isomerization reaction by accelerating flavonoid
biosynthetic chalcone isomerase (CHI) [18]. In the next
step, through the activity of flavone synthase, apigenin
is synthesized from naringenin [19]. Then, apigenin
4’-O-methyltransferase moves a methyl group to api-
genin to produce acacetin [20]. Finally, glucosyltrans-
ferase change glucose to acacetin to synthesize tilianin
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Fig. 1 Proposed biosynthetic pathway of tilianin and rosmarinic acid in A. rugosa. 3’-H hydroxycinnamoyl; 3-H: hydroxycinnamoyl, 4CL
4-coumaryl-CoA ligase, A4OMT apigenin 4'-O-methyltransferase, C4H cinnamate 4-hydroxylase, CHI chalcone isomerase, CHS chalcone synthase, FS
flavone synthase, GT glucosyltransferase, HPPR hydroxyphenylpyruvate reductase, PAL phenylalanine ammonia-lyase, RAS hydroxycinnamoyl-CoA;
hydroxyphenyllactate hydroxycinnamoyl! transferase, TAT tyrosine aminotransferase
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[21]. Condensation of 4-hydroxyphenyllactic acid with
4-coumaroyl-CoA is catalyzed by hydroxycinnamoyl-
CoA:hydroxyphenyllactate hydroxycinnamoyltransferase
(RAS) to form 4-coumaroyl-4’-hydroxyphenyllactic
acid, which is further converted to RA by two successive
hydroxylation steps [22]. Two distinct cytochrome P450s,
namely 3-hydroxycinnamoyl, and 3’-hydroxycinnamoyl
are used as a catalyst for these metabolic reactions [23].

The quality and quantity of compounds found in
medicinal plants vary due to several environmental fac-
tors like temperature, duration of sunlight, rainfall, soil,
and exposure to light [24—26]. Light plays an important
role in the growth and development of plants, as well as
the regulation of gene expression and accumulation of
metabolites. Plants have various photoreceptors to per-
ceive different light waves. Phytochromes, which are red
and far-red light photoreceptors, initiate seed germina-
tion, stimulates leaf expansion, and control flowering
with other signaling pathways. Blue light photoreceptors,
such as phototropins and cryptochromes, are involved in
phototropism and opening of stomata with auxin signal-
ing. Phototropism is the growth of plants in response to
a light stimulus that helps plants absorb sunlight as much
as possible. Several studies suggest that light-emitting
diodes (LEDs) enhance the secondary metabolite accu-
mulation in plants [25, 26]. Although it is unclear why the
specific LED wavelength affects specific genes, we pre-
sume that specific light wavelength is assimilated in dif-
ferent signaling pathways to harmonize stress adaptation
response in plant growth and development.

The use of LEDs for facilitating plant growth in a con-
trolled environment has many advantages, such as vari-
ation of light intensity or quality, high energy-exchange
efficiency, longer lifetime, and low thermal energy out-
put [27-30]. To date, no studies report how various LED
wavelengths may affect the phenylpropanoid biosynthe-
sis and the relative gene transcriptional level. Here, we
investigated the influences of five different color LEDs
(red, orange, green, blue, and white) on the phenylpropa-
noid accumulation and its transcriptional variation of the
biosynthetic pathway genes, together with the variation
in accumulation of RA and tilianin content in A. rugosa
plantlets.

Materials and methods

Plant material and LED treatments

The seeds of A. rugosa were obtained from Aram seed
company (Seoul, Korea). Before germination the seeds
were surface-sterilized for 1 min with 70% (v/v) etha-
nol, followed by 4% (v/v) sodium hypochlorite solution
by adding several drops of tween 20 for 10 min and then
rinsed thrice using sterilized distilled water. The seeds
were germinated on a plastic pot containing horticultural
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soil. The pots were placed in the growth chamber under
a white fluorescent light/dark (16/8 h) photoperiod at
25 °C. The germinated seeds were transferred into a
room with controlled environmental conditions and it
was maintained at 24 °C and 18+1 °C in day and night
time, respectively, with approximately 50-70% rela-
tive humidity under five different LED light conditions.
The seedlings of A. rugosa were subjected to five differ-
ent monochromatic LEDs treatments; i.e., red (645 nm),
orange (590 nm), green (525 nm), blue (467 nm), and
white (380 nm) with 10045 pmol m~2 s~ of photosyn-
thetic photon flux density (PPFD) at the canopy level.
The emission spectra of LED light sources are given in
Additional file 1: Fig. S1. All the LED lights were pur-
chased from Sammi electronic Co. Ltd, Seoul, Korea. The
plantlets were harvested after 1, 2, and 3 weeks of LED
exposure. All the harvested samples were immediately
snap-frozen by using liquid nitrogen and then stored at
—80 °C until RNA isolation and/or high-performance
liquid chromatography (HPLC) analysis.

Total RNA extraction, cDNA synthesis, and quantitative
real-time PCR

The samples stored at —80 °C were ground finely with
liquid nitrogen by using a mortar and pestle. The extrac-
tion of total RNA was done using TRI reagent® (Molecu-
lar Research Center, Inc.). RNA integrity was measured
using the NanoVue  plus spectrophotometer (GE
Healthcare, UK) and identified by using a formaldehyde
RNA agarose gel. For first-strand cDNA synthesis, 1 pg
of total RNA was used for reverse transcription (Rever-
Tra Ace-a-® kit (Toyobo Co., Ltd, Osaka, Japan)). The
resulting products were diluted 20-fold and then used
as a template for quantitative real-time PCR (qRT-PCR)
with gene-specific primer (Table 1). qRT-PCR was per-
formed by using a 2X Real-time PCR smart mix (Solgent,
Korea) in a CFX96 real-time system (BIO-RAD Labora-
tories, USA). The thermal cycling conditions were set to
95 °C for 15 min followed by 95 °C for 155, 55 °C for 15 s
and finally at 72 °C for 20 s for 40 cycles. To quantify the
expression level of genes involved in the phenylpropa-
noid pathway, the housekeeping gene, actin was used as
an internal control.

Analysis of phenylpropanoid compounds by HPLC

For HPLC analysis samples were freeze-dried under vac-
uum for at least 48 h. Then the samples were ground into
a fine powder using mortar and pestle and the extraction
was performed using the protocol described by Thwe
et al. [31]. For phenylpropanoid analysis, 100 mg of each
sample was extracted by adding 5 mL of 100% metha-
nol and incubating for 1 h at 60 °C in a sonicator. After
centrifugation, the supernatant was filtered through a
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Table 1 Primers used to gqRT-PCR analysis

Primers Sequences (5/ to 3/) Accession  Size (bp)
no.

ArActin F GGCCGTTCTCTCACTTTATGCTA JX087435 122

ArActin R ACCTCGAAATAGCATGGGGAAGT

ArPALF  ACGGCTCCAACGGTCATAATAAT AF326116 108

ArPAL R ATCCGCTTTACCTCCTCAAGGT

ArC4HF  GTTCGAGAGTGAGAATGATCCGT AY616436 157

ArC4HR  ATAATCCTTGAACAATTGCAGCC

ArCHSF  GACCAAAGCACCTATCCCGATTA JQ314450 151

ArCHSR  TTGGGTTCTCCTTCAGGTACTCC

ArCHI F GCCTTCTCCAAAGATGGTTCTGT JQ314451 194

ArCHIR  TCTTGATTCAGTTTTGCCTCAGC

ArHPPRF  AAGGGGATTAGGGTTACCAACACA  MT268327 200

ArHPPR R~ ATTCTACCCAATCCAATGATGCC

ArTAT F AGGCTGCAGTTCCTGAAATCATT MT268329 163

ArTAT R TTCACCATGAAAGCCATTGCTCC

ArRASF GGCGAACTATCATACCCTGAG MT268328 161

ArRASR  AATCAATTTCCAGGCGTTTGCCG

0.45 um PVDF filter (Whatman, GE Healthcare, UK) and
subjected to HPLC (NS-4000, Futecs, Korea). HPLC anal-
ysis was carried out at 30 °C by using an RP-HPLC col-
umn (C18, 250 mm X 4.6 mm, 5 um, Prontosil, Bischoff,
Germany). The mobile phase was a gradient mixture of
absolute methanol (solvent A) and water containing 0.1%
(v/v) acetic acid (solvent B). The flow rate of the samples
was 1 mL/min under the following conditions: 15 min,
45% A/55% B; 5 min, 55% A/45% B; 30 min, 80% A/20%
B; 10 min, 45% A/55% B. The chromatographic detec-
tion of all phenylpropanoids was performed at 340 nm.
A corresponding standard curve was used to quantify
the phenylpropanoid content in the samples. Rosmarinic
acid authentic standard was purchased from Sigma (Cat-
alogue No.: BP1224, Sigma-Aldrich, Inc. St. Louis, USA),
and the tilianin standard was obtained from the Korea
Research Institute of Bioscience and Biotechnology
(KRIBB), Daejeon, South Korea.

Statistical analysis

All the quantitative data were statistically analyzed by
using Student’s ¢ test at a significant level of 0.05 followed
by IBM SPSS Statistics version 22.0 software (SSPS, Inc.,
Chicago, IL, USA) statistical software. All the experi-
ments were executed in triplicates and the significant
differences between treatments were assessed by the
standard deviation.
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Results

The effect of LEDs on fresh weight content

Three-week-old plantlets of A. rugose were exposed to
five different colors of LED lights (i.e., red, orange, green,
blue, and white). The fresh weight of plantlets gradually
increased with increasing exposure time (Additional
file 1: Fig. S2). Among the exposure times, the highest
fresh weight was achieved in the 3rd week in all LED
exposed plantlets when compared to the first 2 weeks. In
the 3rd week of exposure, the highest fresh weight con-
tent was obtained in the plantlets exposed to red light
followed by blue, orange, green, and white lights (Addi-
tional file 1: Fig. S2).

The effect of LEDs on phenylpropanoid biosynthetic genes
expression

To determine the genomic effects of LEDs, using qRT-
PCR analysis, we analyzed the transcript levels of phenyl-
propanoid pathway genes in A. rugosa at 1, 2, and 3 weeks
of exposure to red, orange, green, blue, and white LEDs.
The results showed that the LEDs greatly influenced the
phenylpropanoid pathway genes, however, their expres-
sion pattern differed with the color of light. The expres-
sion pattern of the downstream pathway genes (C4H,
CHS, CHI, and RAS) was higher than those of upstream
pathway genes (PAL, TAT, and HPPR). Most of the phe-
nylpropanoid pathway genes had a significantly higher
expression in the plantlets exposed to white LEDs than in
plantlets exposed to other LED irradiation.

The expression of PAL was higher after 1 week of expo-
sure when compared to two and 3 weeks. Among the
LED treatments, the highest PAL transcript was found in
orange illumination, the expression level was 2.86, 2.73,
2.11-, and 1.40-fold higher than the red, blue, green, and
white LEDs, respectively (Fig. 2). The PAL gene expres-
sion showed a much higher variation in the second week
of exposure. At this time, the PAL gene expression was
higher in the plantlets exposed to green LED, the expres-
sion level was 11.97, 9.67, 6.52, and 2.57-fold higher
than the blue, orange, white, and red LEDs, respectively.
Except for white LED exposure, the expression levels of
C4H increased sharply with increasing exposure time
to the different colors of LED lights (Fig. 2). Among the
treatments, white light resulted in the highest level of
expression at one and two weeks of exposure, whereas
after 3 weeks, the C4H expression slightly decreased. At
3 weeks, orange irradiation showed a 2.11-fold higher
expression of C4H than that of blue light exposure.
The CHS transcript levels were considerably increased
with increasing exposure time, except for the blue and
orange illumination. Among the overall exposure, white
and blue light showed the highest CHS expression at
1 and 3 weeks of exposure, whereas, blue light showed
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the decreased expression in the third week. However,
all the LED exposure the CHI gene was not significantly
expressed at 1 week of exposure. In the 2 and 3 weeks of
exposure, the expression level of CHI gradually increased
with all LEDs (Fig. 2). Similarly, the transcript levels of

TAT were significantly expressed only in white light when
compared with exposure to other LEDs. After 2 weeks
of white light exposure, the TAT gene expression was
19.24, 18.87, 10.47, and 9.88 times higher when com-
pared to green, orange, red, and blue LEDs, respectively.
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Furthermore, the expression level of HPPR showed dif-
ferent expressions between the light treatments, with
the highest transcript level found at 1, 2 and 3 weeks of
exposure to white, blue and red LEDs, respectively. In
the first week, white illumination resulted in the highest
level of expression when compared to other treatments,
whereas in the second week blue light showed 2.44 and
2.09 times higher expression of this gene when compared
to white and green light, respectively. In the third week,
plantlets exposed to red light showed 2.78 times higher
expression than in blue light. The transcript levels of RAS
also gradually rose with increasing exposure times in dif-
ferent light colors. White LEDs increased RAS expression
until the second week of exposure, and then gradually
decreased (Fig. 2). The expression of RAS in the first week
under white light was significantly higher than for the
other illuminations, the expression level was 23.99, 19.83,
17.63, and 7.51 times higher than for red, blue, orange, or
green lights, respectively. Similarly, in the second week,
the expression level of this gene was higher under white
light than other light treatments.

The effect of LEDs on rosmarinic acid and tilianin in A.
rugosa

HPLC analysis of A. rugosa plantlets after treatment with
different LED illumination revealed the presence of two
phenylpropanoid compounds: RA and tilianin. The pro-
duction of RA was influenced greatly by light treatments,
with the highest observed accumulation at 3 weeks under
white lights (Fig. 3). RA content in this treatment was
2.85, 2.72, 1.72, and 1.71 times higher than in red, blue,
green, or orange lights, respectively. In the second week
of white light exposure, the accumulation of RA was also
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three individual experimental groups was analyzed by using HPLC.
Error bars represent standard deviation values. Significant difference
are highlighted with *P<0.05 and **P<0.01. DW, dry weight
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the highest and the level was 1.84, 1.50, 1.44, and 1.33
times higher than that with green, blue, orange, and red
LEDs, respectively. The RA content obtained in white
light exposed plantlets at a different time of exposure was
13.96 (first week), 41.96 (second week), and 47.14 (third
week) mg/g dry weight. The level of RA decreased in the
third week in red, orange, and blue light exposure.

The tilianin content gradually increased with time in
plantlets under most LED exposures (Fig. 4). In most
cases, the level of tilianin was the highest at 3 weeks in the
following order of LED exposure: white, orange, green,
blue, and red. Under white illumination, the tilianin con-
tent was 1.79, 1.57, 1.32, and 1.27 times higher levels than
that in red, blue, green, and orange illumination, respec-
tively. Tilianin level markedly increased after exposure to
white light for 1, 2, and 3 weeks, with an increase of 4.58,
6.74, and 8.31 mg/g dry weight, respectively.

Discussion

LEDs have many advantages compared to existing arti-
ficial illumination light sources like metal-halide, fluo-
rescent, and high-pressure sodium lamps for the growth
of the plants especially in a controlled environment
[27, 29, 30]. In this study, we found that LED lights sig-
nificantly influenced the expression of phenylpropanoid
biosynthetic genes in A. rugosa. The transcript levels of
PAL decreased slightly with increasing time of exposure
in all types of LEDs. In contrast, in all the LED treat-
ments the transcript levels of C4H, CHI, TAT, and RAS
genes increased gradually with increasing exposure time.
Several studies have indicated that LEDs influenced the
expression of secondary metabolite biosynthetic genes in
various plants. At 2 days after exposure, the expression
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of Ft4CL, FtCHS, FtCHI, FtFLS2, and FtDFR was com-
paratively higher in Fagopyrum tataricum sprouts grown
under blue light than those cultivated under white or red
LEDs [31]. A recent study reported that wheat sprouts
exposure to red light resulted in a greater change in the
expression level of TuPAL4, Tu4CLI1, and Ta4CL5 genes
[25]. Tuan et al. [32] reported that the level of carotenoid
biosynthetic genes expression in E tataricum sprouts
was higher when grown in the presence of white light
than blue and red LEDs. Similarly, in this study result,
we found that the expression level of phenylpropanoid
pathway genes was significantly varied among the differ-
ent LEDs exposure. This indicates that different LEDs are
capable of inducing a complex change in the expression
of phenylpropanoid pathway genes in Korean mint.

Thwe et al. [31] found that catechin content in F tatari-
cum grown in red LED, significantly increased from 2 to
10 days after exposure; and the maximum catechin levels
were detected at 10 days after exposure and the content
was 9.6- and 43.1-fold higher when they are grown under
blue and white LEDs, respectively. However, the highest
rutin content (43.37 mg/g dry weight) was obtained after
a 4-day exposure in sprouts under blue irradiation [31].
Similarly, sprouts grown under fluorescent light had a
significantly higher amount of rutin than the content of
other phenolic compounds [33]. This revealed that both
LEDs and fluorescent lights can affect rutin content in
sprouts. In contrast, in F tataricum the production of
chlorogenic acid did not vary significantly when grown
under blue and white LEDs. Instead of chlorogenic acid,
blue LEDs stimulated the production of anthocyanin
[31]. Similarly, blue light enhanced the accumulation
of secondary metabolic compounds in Norway spruce
[34], lettuce [35], Chinese cabbage [36]. In tartary buck-
wheat, the phenolic compound cyanidin 3-O-glucoside
was found only in sprouts raised in blue light, and its
level did not vary during the sprouting process. After
10 days of exposure, the cyanidin 3-O-rutinoside level of
E tataricum grown under blue light was 2.8- and 10.6-
fold higher when compared to the sprouts grown under
white and red LEDs, respectively [31]. Previously it was
claimed that red light significantly enhanced the amount
of carotenoids in citrus flavedo than other lights [37, 38].
A similar result was obtained in this study, that the dif-
ferent LEDs enhance the accumulation of rosmarinic acid
and tilianin level in the Korean mint. All these reports
suggest that LEDs of different colors have a positive effect
on the accumulation of valuable secondary metabolites.
These results might help to improve the content of spe-
cific medicinal compounds in Korean mint by growing
under appropriate LED lights.

The expression of phenylpropanoid biosynthetic genes
has been reported to be correlated with flavonoid content
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in plants [39-41]. The higher expression of the meta-
bolic genes involved in phenylpropanoid biosynthetic
pathways such as ArC4H, ArPAL, and Ar4CL might be
responsible for increased accumulation of flavonoids,
such as tilianin, and its precursor acacetin, in the leaves
and flowers of A. rugosa [42]. Similarly, the lower expres-
sion of ArPAL, ArC4H, and Ar4CL might lead to trace
accumulation of acacetin and tilianin in the roots. The
expression levels of ArCHS and ArCHI were consistent
with the accumulation of tilianin and acacetin in differ-
ent organs of A. rugosa [42]. In this study, the gene (CHS
and CHI) expression and tilianin levels were gradually
increased with increasing exposure time. Therefore, this
indicates that CHS and CHI may regulate the biosynthe-
sis of acacetin and tilianin, as well as other flavonoids, in
A. rugosa.

In medicinal plants, enzymes such as PAL, C4H, and
4CL play a major role in the phenylpropanoid biosyn-
thetic pathway are important for the production of RA.
Especially, PAL is a key enzyme in the RA biosynthetic
pathway in Salvia miltiorrhiza as the alteration of RA
content directly correlates with PAL expression [43].
Moreover, the downregulation of PAL influences the
expression of C4H and 4CL and leads to a reduction
in rosmarinic acid content in S. miltiorrhiza [44]. The
expression levels of PAL and 4CL correlate with their
respective enzymatic activities and with the RA content
in Melissa officinalis [45]. Three enzymes responsible for
higher expression of the phenylpropanoid pathway genes
in the leaves (ArPAL and Ar4CL) and flowers (ArC4H)
of A. rugosa, increase the accumulation of RA. The
roots also showed a significant accumulation of RA in A.
rugosa [42], although the expression of ArPAL, ArC4H,
and Ar4CL was low. In contrast, high expression of PAL
in the roots of S. miltiorrhiza leads to a lower accumula-
tion of RA [43]. In this study, the highest phenylpropa-
noid biosynthetic pathway genes expression leads to the
relatively highest accumulation of rosamarinic acid in the
Korean mint exposed to white LED. The reason for the
increased expression of phenylpropanoid pathway genes
and its accumulation in white LED light might be due to
it can better penetrate the plant canopy when compared
to other LED light for photosynthesis [46]. From this, we
found that the biosynthesis of RA in plants is regulated
by a complex mechanism.

Overall, this study demonstrates that the enzymes
involved in the phenylpropanoid biosynthetic pathway,
and two important pharmacological compounds of this
pathway (RA and tilianin), can be modified by exposing
A. rugosa plantlets to LEDs of different colors. Among
these, white light was the most effective in inducing the
synthesis of these phenylpropanoids in A. rugosa. This
suggests that careful modulation of the light color might
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able to enhance the biomass production and compounds
necessary for medicinal purposes, however, further stud-
ies are required for a wide range of assessments of these
effects.
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