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Abstract: This study aimed to determine the optimal indole-3-acetic acid (IAA) concentration in a
nutrient solution to increase the bioactive compounds while enhancing the plant growth of A. rugosa
grown hydroponically. Twenty-eight-day-old plants were transplanted in a plant factory for 32 days.
The plants were subjected to various IAA concentrations (10−11, 10−9, 10−7, and 10−5 M) from 8 days
after transplanting, and the control treatment (without IAA). Shoot and root fresh weights were
effectively improved under 10−7 and 10−9 IAA treatments. Leaf gas exchange parameters were
increased under 10−7 and 10−9 IAA treatments. Four of the IAA treatments, except 10−11 IAA
treatment, significantly increased the rosmarinic acid (RA) concentration, as well as the tilianin
concentration was significantly increased at all IAA treatments, compared with that of the control.
Especially, the tilianin concentration of the 10−11 IAA treatment was significantly (1.8 times) higher
than that of the control. The IAA treatments at 10−5 and 10−7 significantly raised the acacetin
concentrations (1.6- and 1.7-times, respectively) compared to those of the control. These results
suggested that 10−7 concentration of IAA in a nutrient solution was effective for enhancing plant
growth and increasing bioactive compounds in A. rugosa, which offers an effective strategy for
increasing phytochemical production in a plant factory.
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1. Introduction

The requirement for medicinal plants on a global scale such as Agastache rugosa is increasing [1,2].
A. rugosa (Lamiaceae family) is a popular herbaceous plant, and its leaves have been largely used as
food flavor in daily cuisines. All parts of this plant are used as traditional pharmaceuticals to treat
different disorders in various civilizations’ medical systems [3]. A. rugosa is rich in phytochemicals such
as chlorogenic, ferulic, caffeic, and rosmarinic acid (RA), as well as flavone glycosides, sesquiterpenes,
tilianin, diterpenes, acacetin, and triterpene [4–6]. Furthermore, the previous reports indicated that
rosmarinic acid, tilianin, and acacetin are the main active compounds of A. rugosa [5,7]. They are
famous for their pharmacological activities such as anti-allergic, antioxidant, anti-microbial, anti-tumor,
anti-depression, anti-cancer, anti-viral, antioxidant activities, and anti-asthmatic [3,8–12]. The quality
of these herb plants enables assessment of their concentrations of secondary metabolic compounds [13].
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Food production with high quality and productivity can be achieved by growing in a plant factory,
which is one way to satisfy very specific requirements for plant growth and secondary metabolite
accumulation [14]. Various external factors such as the light, temperature, electrical conductivity,
root temperature, and hormones affect the accumulation of bioactive compounds in A. rugosa [15–18].
Furthermore, plant hormones such as indole-3-butyric acid (IBA), 1-naphtha-leneacetic acid (NAA),
indole-3-acetic acid (IAA), and phenylacetic acid (PAA) play an essential role not only in the growth
but also in the accumulation of antioxidant enzymes and bioactive compounds in plants [19,20]. Plant
hormones can change the activity of antioxidant enzymes and the antioxidant synthesis, and some of
these enzymes are related to phytohormone synthesis [21]. For example, the activity of antioxidant
enzymes was increased by auxin to adjust reactive oxygen species levels, which may be related to the
activation of embryo/organogenesis [21]. The growth and amounts of bioactive contents in plants rely
on the concentrations of hormones [22]. IAA is an important auxin that has a strong influence on the
growth and development of Acutodesmus obliquus and IAA-enhanced cell proliferation and antioxidant
properties in plants [23]. Rutin and protein contents of the white mulberry tree were increased by
increasing the IAA concentration into the incubation medium [22]. The ajmalicine concentration in the
shoot of Catharanthus roseus was increased under high IAA concentration (11.42 µM) [24]. The highest
monosaccharide content (73%) in Chlorella vulgaris was obtained under 0.1 µM IAA concentration
compared with the control [20]. These results showed that it is possible to improve the nutritional
quality in terms of phytochemicals in plants by controlling the IAA concentration levels. Thus,
the application of IAA could be a beneficial tool for increasing the bioactive compounds in A. rugosa
for fresh consumption or functional ingredients for nutraceutical food.

To date, several studies have examined the effects of IAA concentration on the accumulation of
bioactive compounds in plants; however, most were performed in vitro cultivation [22,24]. No report
has shown whether the IAA dissolved in nutrient solution stimulates bioactive compounds in
A. rugosa grown under a deep flow technique system in a plant factory with artificial light. Therefore,
this study aimed to evaluate the effects of IAA concentration levels in Hoagland’s nutrient solution
on the chlorophyll content, leaf gas exchange parameters, growth, and accumulation of bioactive
compounds in A. rugosa grown in a closed plant factory and to try to determine the optimal IAA
concentration treatment to raise the tilianin, RA, and acacetin concentrations with advantageous effects
on plant growth.

2. Materials and Methods

2.1. Plant Materials and Seedling Conditions

A. rugosa (Danong Seed Co., Ltd., Seoul, Korea) seeds were sown according to the method
described in Lam et al. (2020) [18]. Germinated seeds were grown for 4 weeks in a closed plant
factory with environmental control of air temperature at 22/18 ◦C (light/dark), a relative humidity
of 60–80%, photoperiod period of 16 h per day, and photosynthetic photon flux density (PPFD) of
180 ± 10 µmol·m−2

·s−1 irradiated by fluorescent lamps (TL5 14W/865 Philips, Amsterdam, Netherlands)
for 28 days. The seedlings were watered by the Hoagland solution from 15 days after sowing [18,25].
The pH and electrical conductivity (EC) values of the nutrient solution (NS) were controlled to around
6.0 and 1.1 dS·m−1, respectively.

2.2. Auxin Experiment and Growth Conditions

At 28 days after sowing, eighteen A. rugosa young plants at the four leaves stage were transferred
into a deep flow technique system (1.0 × 1.29 × 0.11 m; W × L ×H) in a plant factory (Figure 1) and
subjected to PPFD of 200 ± 10 µmol·m−2

·s−1 with a photoperiod of 14 h for 32 days, using light-emitting
diode lamps (TL5 14W/865 Philips, Amsterdam, Netherlands). The average air temperature and relative
humidity of the plant factory were maintained at 22 ± 3 ◦C and 70 ± 10%, respectively. Hoagland
nutrient solution with the EC of 2.0 dS.m−1 and pH value around 6.0 was provided for all A. rugosa
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plants during the experiment period. Eight days after transplanting, plants were treated with four
different concentrations of IAA (10−11, 10−9, 10−7, and 10−5 M; 0.00000000175, 0.000000175, 0.0000175,
0.00175 g·L−1, respectively) while control plants were treated with similar volume without IAA
concentration. Indole-3-acetic acid (IAA) stock solution was prepared according to the manufacturer’s
instructions (Gold Biotechnology, St. Louis, MO, USA). Briefly, 0.14 g of indole-3-acetic acid powder
was dissolved in 1.5 mL of ethanol (EtOH) and diluted to 100 mL with deionized water. The nutrient
solution reservoir had a volume of 80 L. Both nutrient reservoir containing IAA and the grow trays
were covered by the silver paper to protect IAA from degradation. This experiment was repeated twice
with the same experimental unit (a hydroponic culture system) at the same location under the same
environmental conditions.
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Figure 1. A deep flow technique (DFT) system in a plant factory. The plants were cultivated on a
styrofoam board and placed on the surface of the nutrient solution with dissolved indole-3-acetic
acidand the control treatment (without dissolved IAA).

2.3. Measurement of Growth Parameters

All plants for the IAA experiment were harvested at 32 days after transplanting and 8 plants were
used for measuring all plant growth parameters per each replication. The number of leaves, which
are longer than 1 cm and broader than 1 cm were counted. Leaf area was measured using a Li-3100
leaf area meter (LiCor, Lincoln, NE, USA). A tape measure was used to record leaf width and length,
and stem and root lengths. The fresh weights of shoots and roots were separately determined using a
micro weighing scale (CAS MW-II, CAS Co., Ltd., East Rutherford, NJ, USA). The fresh shoots and
roots were dried at 70 ◦C in a drying oven (HB-502M, Hanback Sci, Suwon, Korea) for seven days to
determine shoot and root dry weights.

2.4. Chlorophyll Fluorescence (Fv/Fm) and Relative Chlorophyll Values

The ratio of variable to maximum fluorescence (Fv/Fm) and relative chlorophyll values were
measured by a portable fluorometer (Fluorpen Pen FP 100, Photon System Instruments Ltd., Drasov,
Czech Republic) and a portable chlorophyll meter (502, Minolta Camera Co., Ltd., Tokyo, Japan),
respectively. Chlorophyll fluorescence (Fv/Fm) and the relative chlorophyll values were measured
using 3 and 8 plants (n = 3 and n = 8) in each replication at 32 days after transplanting, respectively.
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2.5. Measurement of Leaf Gas Exchange Parameters

A portable photosynthesis system LI-6400 (IRGA, Licor. Inc. Nebraska, NE, USA) was used to
determine the transpiration rate (Tr), net photosynthetic rate (Pn), intercellular CO2 concentration
(Ci), and stomatal conductance (gs) at 31 days after transplanting on the third leaf from the plant
apex. The airflow rate, block temperature, and CO2 concentration were set at 500 cm3

·s−1, 25 ◦C,
and 400 µmol·mol−1, respectively. These parameters were measured on five plants per each replication
and for each IAA treatment. Plants used for measuring chlorophyll fluorescence (Fv/Fm), relative
chlorophyll values, and leaf gas exchange parameters belonged to the list of eight plants that were
used to measure plant growth parameters. All samples were selected by the randomization method.

2.6. Analysis of Acacetin, Tilianin, and Rosmarinic Acid (RA) Concentrations and Contents

The acacetin, tilianin, and RA of A. rugosa were analyzed according to the literatures [5,18] with
modifications. Roots, stems, leaves, and flowers of three plant samples per replication from each
IAA treatment group were placed in liquid nitrogen immediately after harvest and stored at −70 ◦C
in a deep freezer and then put into a dry freezer. Materials for analysis were obtained from three
randomly selected plants (n = 3). After the dried A. rugosa samples of root, stem, leaf, and flower were
ground to a fine powder and filtered by a sieve, a 100 mg sample was accurately weighed and placed
in a 2.0 mL tube, to which 80% (v/v) methanol (1.5 mL) was added and blended by a vortex, with
sonication being conducted for 60 min. The mixed solution was centrifuged for 10 min at 13,000× g by a
microcentrifuge (R17 Plus, Hanil Scientific Co., Ltd., Gimpo, Korea). Then the supernatant was filtered
by a 0.45 µm filter for high-performance liquid chromatography (HPLC) analysis. The HPLC conditions
for A. rugosa were C18 column (250 mm× 4.6 mm, 5µm; RS tech, Daejeon, Korea); flow rate, one mL/min;
temperature, 30 ◦C; run time, 60 min; detector wavelength, 275 nm; mobile phase, 100% methanol
and 0.20% (v/v) acetic acid; and injection volume, 20 µL. The tilianin, RA, and acacetin analytical
standards were purchased from (Sigma-Aldrich, Co., Ltd., Seoul, Korea). HPLC was performed by
reversed-phase HPLC-ultraviolet analysis (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA)
to determine the acacetin, RA, and tilianin concentrations, which were expressed as milligrams of
acacetin, tilianin, and RA concentrations equivalent per gram of each plant organ dry weight (mg·g−1

DW) [17]. Whole plant concentration (mg·g−1 plant DW) means the total of tilianin, acacetin, and RA
concentrations of all plant organs. The RA, acacetin, and tilianin contents in stems, roots, leaves, and
flowers (mg/plant organs DW) mean the RA, acacetin, and tilianin concentrations in the plant organs
(mg·g−1 DW) multiplied by plant organs DW (g). The RA, acacetin, and tilianin contents in the whole
plant (mg/plant DW) mean the RA, acacetin, and tilianin concentrations (mg·g−1 plant DW) multiplied
by whole plant DW (g).

2.7. Statistical Analysis

The IAA experiment was repeated twice by a completely randomized design. Statistical analysis
was performed by SPSS 20.0 software program (SPSS 20, SPSS Inc., Chicago, IL, USA). An analysis of
variance (ANOVA) was conducted. The significant differences among the means of IAA treatments
were determined by Tukey’s multiple range test at 5%. SigmaPlot 10 (Systat Software Inc., San Jose,
CA, USA) was used to build the graphs.

3. Results

3.1. Plant Growth Parameters

At 32 days after transplanting, leaf length and width, the number of leaves, shoot and root fresh
weights, and root dry weight differed significantly according to the IAA concentrations and from
that of the control (Table 1). Of the four IAA treatments, 10−11 M induced the maximum leaf length
and width, which was significantly higher (1.05- and 1.13-times, respectively) than that of the control.
In contrast, 10−11 M IAA treatment showed the fewest leaves compared to the other IAA treatments
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and the control. The leaf area, stem and root lengths, and shoot dry weight did not differ significantly
with IAA treatments and the control. The 10−5 M IAA treatment tended to inhibit root fresh weight,
shoot and root dry weights, although no significant difference was observed compared with the control.
Plants under 10−11 M IAA treatments did not exhibit improved shoot and root fresh weights compared
with the control, whereas 10−7 and 10−9 M IAA treatments improved shoot and root fresh weights
compared with the control. There was no significant difference in some growth parameters between
IAA treatments and the control.

3.2. Relative Chlorophyll Value, Chlorophyll Fluorescence (Fv/Fm), and Leaf Gas Exchange Parameters

There was no significant difference in relative chlorophyll and Fv/Fm ratio values between IAA
treatments and the control (Figure 2A,B). The net photosynthesis rate of A. rugosa treated with 10−7 and
10−9 M IAA concentration was significantly higher than that of the control and other IAA treatments,
and the 10−5 M IAA concentration treatment showed the lowest net photosynthesis rate among
all treatments (Figure 3A). This trend was observed in the stomatal conductance (gs) (Figure 2B),
intercellular CO2 concentration (Ci) (Figure 3C), and transpiration rate (Tr) (Figure 3D), which were
significantly increased under 10−7 and 10−9 M IAA treatments compared with the other IAA treatments
and the control.
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Table 1. Plant growth parameters of Agastache rugosa subjected to the control (without IAA) and four IAA treatments.

IAA Concentration w

(M)
Leaf Length

(cm)
Leaf Width

(cm)
Number of

Leaves
Leaf Area

(cm2)
Stem

Length (cm)
Root Length

(cm)
Fresh Weight (g/plant) Dry Weight (g/plant)

Shoot Root Shoot Root

Control 9.09bc 7.54c 78.50ab 860.25 41.86 54.85 25.56bc 15.69ab 3.12 0.80ab
10−11 9.51a 8.52a 76.50b 845.56 41.19 50.74 25.74abc 14.98ab 3.01 0.78ab
10−9 9.45ab 8.10b 84.87a 893.53 40.46 55.34 28.65a 16.69a 3.14 0.81a
10−7 9.06bc 8.06b 85.50a 925.99 41.61 57.49 28.38ab 16.76a 3.15 0.81a
10−5 8.74c 7.91b 78.25ab 858.28 40.97 50.91 25.09c 14.70b 2.95 0.75b

Significance z *** *** ** NS NS NS ** ** NS **
L y * *** NS NS NS NS NS NS NS NS
Q x *** *** NS NS NS NS NS NS NS NS

w IAA concentration treatments. Data are the mean of eight separate plants (n = 8). Different letters (a–c) indicate significant differences among treatments at the level of 5% according to
Tukey’s test. NS: Not significant (p > 0.05), z significant at * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. y L: linear, x Q: quadratic in regression analysis.
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Figure 3. Net photosynthetic rate (Pn) (A), stomatal conductance (gs) (B), intercellular CO2 concentration
(Ci) (C), and transpiration rate (Tr) (D) of A. rugosa subjected to the control (without IAA) and four IAA
treatments. Different letters (a–c) indicate significant differences among treatments at p ≤ 0.05 (n = 5).

3.3. Acacetin, Rosmarinic Acid (RA), and Tilianin Concentrations and Contents

The tilianin, RA, and acacetin concentrations were separately analyzed in the leaves, roots, flowers,
and stems of the A. rugosa plants treated with different IAA concentrations and they showed significant
differences (Table 2). Among the IAA treatments, RA concentrations in leaves at 10−9 M and in stem at
10−7 M were the highest amount compared with other treatments, which were significantly higher
(1.7 and 1.4 times, respectively) than that of the control. However, the RA concentration in flowers
was lower under 10−7 and 10−9 M IAA concentrations compared with the control and other IAA
treatments. Furthermore, the 10−5 M IAA treatment showed the highest RA concentration in roots,
which was 1.6 times higher than the control (Table 2). Table 3 shows that the RA content in leaves and
stems exposed to 10−9 and 10−7 M IAA was significantly increased by 1.7- and 1.4-times, respectively,
compared to that of the control. There was no significant difference in RA contents in the flowers at
p > 0.05 (p = 0.077) between four IAA treatments and the control; however, RA contents in roots was
the highest amount at the treatment of 10−5 M IAA compared to the control and other IAA treatments
(Table 3).

Tilianin concentration was significantly increased up to 1.6-time (in leaves) and 1.8-time (in stems)
at 10−11 M IAA, respectively, compared with the control. Most notably, all IAA treatments had
a significantly higher tilianin concentration in leaves and stems than that of the control. Tilianin
concentration in flowers exhibited a similar trend: Plants exposed to IAA treatments exhibited
significantly increased tilianin concentrations compared to those of the control. The roots under 10−5 M
IAA treatment reached their highest levels of tilianin concentration, which was significantly (2.2 times)
higher than that of the control (Table 2). Table 3 shows that tilianin content in leaves, stems, and roots
exhibited a tendency similar to the results reported for tilianin concentration. Tilianin content in leaves
and stems was the highest at 10−11 M IAA, and in roots at 10−5 M IAA compared to the control and
other treatments. Especially, the flower’s tilianin contents in all IAA treatments were higher than
the control.
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Table 2. Rosmarinic acid (RA), tilianin, and acacetin concentrations (mg·g−1 DW) in flowers, leaves, roots, and stems of A. rugosa subjected to the control (without IAA)
and four IAA treatments.

IAA Concentration w

(M)

RA Concentration in Plant Organs
(mg·g−1 DW)

Tilianin Concentration in Plant Organs
(mg·g−1 DW)

Acacetin Concentration in Plant Organs
(mg·g−1 DW)

Leaves Flowers Stems Roots Leaves Flowers Stems Roots Leaves Flowers Stems Roots

Control 3.718d 6.163a 6.379bc 19.153b 1.480c 2.919b 0.931d 0.033c ND 0.064b ND ND
10−11 4.604c 5.304ab 5.495d 10.348c 2.311a 5.781a 1.715a 0.034c ND 0.059b ND ND
10−9 6.392a 5.076b 6.809b 24.307ab 1.908b 5.011a 1.150c 0.038c ND 0.033c ND ND
10−7 5.919b 4.905b 9.075a 23.218b 1.706b 4.817a 1.209bc 0.055b ND 0.110a ND ND
10−5 6.041b 5.606ab 6.068cd 29.925a 1.744b 4.399a 1.345b 0.074a ND 0.104a ND ND

Significance z *** ** *** ** *** ** *** *** ND *** ND ND
L y NS ** NS NS *** *** *** NS ND NS ND ND
Q x *** ** NS *** *** *** ** *** ND * ND ND

w IAA concentration treatments. Data are the mean of three separate plants (n = 3). Different letters (a-d) indicate significant differences among treatments at the level of 5% according to
Tukey’s test. NS: Not significant (p > 0.05), z significant at * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. y L: linear, x Q: quadratic in regression analysis. ND: not detected; DW: dry weight.

Table 3. Rosmarinic acid (RA), tilianin, and acacetin contents (mg/plant organs DW) in stems, leaves, roots, and flowers of A. rugosa subjected to the control (without
IAA) and four IAA treatments.

IAA Concentration w

(M)

RA Content in Plant Organs
(mg/plant organs DW)

Tilianin Content in Plant Organs
(mg/plant organs DW)

Acacetin Content in Plant Organs
(mg/plant organs DW)

Leaves Flowers Stems Roots Leaves Flowers Stems Roots Leaves Flowers Stems Roots

Control 7.325d 1.309a 5.763c 15.429b 2.915c 0.601b 0.841c 0.027c ND 0.014b ND ND
10−11 8.670c 1.061b 4.962d 8.139c 4.353a 1.156a 1.549a 0.026c ND 0.012b ND ND
10−9 12.231a 1.083ab 6.582b 20.101ab 3.651b 1.068a 1.112b 0.031c ND 0.007c ND ND
10−7 11.719b 1.030b 8.228a 19.119ab 3.378b 1.011a 1.096b 0.045b ND 0.023a ND ND
10−5 11.559b 1.156ab 5.099d 22.745a 3.337bc 0.909ab 1.131b 0.056a ND 0.021a ND ND

Significance z *** NS *** *** *** ** *** *** ND *** ND ND
L y NS ** NS NS *** *** *** NS ND NS ND ND
Q x *** ** NS *** *** *** *** *** ND * ND ND

w IAA concentration treatments. Data are the mean of three separate plants (n = 3). Different letters (a–d) indicate significant differences among treatments at the level of 5% according to
Tukey’s test. NS: Not significant (p > 0.05), z significant at * p ≤ 0.05, ** p ≤ 0.01, and *** p ≤ 0.001. y L: linear, x Q: quadratic in regression analysis. ND: not detected; DW: dry weight.
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Acacetin concentration in flowers was significantly higher in 10−5 and 10−7 M IAA treatments
compared with the control and other IAA treatments (Table 2). The acacetin concentration in stems was
detected a minimal amount in 10−5, 10−7, and 10−9 M IAA treatments (data not shown). The acacetin
concentration was undetectable in roots and leaves. The acacetin content in flowers showed a similar
trend to the results reported for acacetin concentration, which was significantly higher under 10−5 and
10−7 M IAA treatments compared with the control and other IAA treatments (Table 3). In addition,
the RA concentration was the highest in the roots and the tilianin concentration was the highest in the
flowers. The RA concentration was greater than the acacetin and tilianin concentrations in A. rugosa
(Table 2 and Figure 4).
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Figure 4. Rosmarinic acid (A,B), tilianin (C,D), and acacetin (E,F) concentrations and contents in the
whole plant of A. rugosa subjected to the control (without IAA) and four IAA treatments. Different
letters (a–c) indicate significant differences among treatments at p ≤ 0.05 (n = 3).

Three of the four IAA treatments, except 10−11 M, significantly increased the RA concentration per
plant compared with that of the control. The RA concentration per plant was the significantly lowest
under 10−11 M IAA treatment (Figure 4A). The RA content per plant also showed a similar trend to RA
concentration (Figure 4B). All four IAA treatments significantly increased the tilianin concentration of
A. rugosa compared with that of the control. Especially, 10−11 M maximized the tilianin concentration
per plant, which was significantly (1.8 times) higher than that in the control (Figure 4C). The tilianin
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content per plant in response to IAA concentrations followed the same trend as that for the tilianin
concentration (Figure 4D). The 10−5 and 10−7 M IAA treatments induced significantly higher acacetin
concentration (1.6- and 1.7-time, respectively) than that of the control (Figure 4E). A similar trend was
observed for acacetin content (Figure 4F).

4. Discussion

4.1. Plant Growth Parameters

To understand the suitability of IAA concentration for A. rugosa growth, we investigated the
growth parameters of plants grown under IAA dissolved in Hoagland nutrient solution compared to
the control (without IAA). There was no significant difference in some growth parameters between
IAA treatments and the control. However, shoot fresh weight under 10−9 M IAA treatment was
significantly higher than that of the control. Treatments at 10−7 and 10−9 M IAA tended to increase
the leaf number and leaf area compared with other IAA treatments and the control. IAA’s primary
efficiency was to stimulate the development of stems and roots, lateral root production, and root
elongation by extending the new cells in the meristem [26]. The growth-stimulating phytohormone
auxin is known to cause root growth by increasing cell division and cell extension [27]. The lateral root
density per plant of Trichoderma virens was doubled under IAA treatment compared with that of the
control (without IAA) [28].

In contrast, the IAA concentration at 10 µM reduced shoot and root growth of chickpea after
10 days of treatment [29]. The influence of IAA has been determined based on the concentration,
with low and high IAA concentrations increasing and restricting plant growth, respectively [20,29].
For example, root and shoot growth of sunflower plants grown under a hydroponic system was
effectively enhanced under 10−10 M IAA concentration [30]. The number of cells in Chlorella vulgaris
was the highest under an IAA concentration of 0.1 µM [20]. A higher concentration of IAA at 10.0 µM
restricted the seedling’s growth of chickpea when compared with lower IAA concentration at 0.5
and 1.0 µM IAA [29]. Shoot and root growth of sunflower were effectively increased in 10−10 M IAA
concentration [30]. The IAA concentration in nutrient solution at 10−6 M reduced K and Mg contents
and increased Ca in leaves, but increased N, P, K Ca, Fe, Cu, Zn, and Mn contents in the roots of
pepper plants, probably due to the increase of plasmalemma H+ pump activity in the cells [31]. Plant
height, the number of leaves, leaf dry weight, root and stem dry weights, and leaf water content
were increased under 10−6 M IAA concentration compared with those of the control (without IAA).
The same patterns were observed for l-tryptophan and indole treatments [31]. This is in agreement
with our results that the number of leaves, leaf area, shoot fresh and dry weights of A. rugosa were
increased at medium IAA concentration (10−7 and 10−9 M), and leaf length and width were increased
at low IAA concentration (10−11 M) compared to the control and other IAA treatments; however, high
IAA concentration (10−5 M) tended to reduce plant growth, probably ion imbalance occurred at high
IAA concentration. Use of 10−10 M IAA decreased the toxic influences of Pb and Zn on the root and
shoot growth [30]. Therefore, the optimum IAA concentration for growth depends on the kind of
plants and cultivation methods.

4.2. Chlorophyll Fluorescence (Fv/Fm), Relative Chlorophyll Value, and Leaf Gas Exchange Parameters

This study has demonstrated that the relative chlorophyll values at 10−7 and 10−9 M IAA treatments
were higher than those at the other IAA treatments and the control, but not significantly. There was no
significant difference in Fv/Fm ratio between IAA treatments and the control. However, plants cultivated
in-vitro method exhibited stimulated levels of chlorophyll synthesis at high IAA concentrations.
For example, the chlorophyll synthesis in Scenedesmus quadricauda and Chlorella pyrenoidosa was
strongly enhanced at high IAA concentrations (40 and 60 mg·L−1, respectively) [32]. In contrast,
IAA concentration at 0.1 µM exerted a positive effect on chlorophyll in chlorella vulgaris after 48 h of
cultivation [20], whereas 1 µM IAA treatment did not influence chlorophyll synthesis in Arabidopsis [33].
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All leaf gas exchange parameters were higher at 10−7 and 10−9 M IAA treatments compared
with the control and other IAA treatments. The optimal IAA positively affected plant growth by
extending leaves and raising the photosynthetic rate of plants, and it also induced the translocation of
carbohydrates in the synthesis process. [34]. Similarly, auxin concentration at 100 mg·L−1 stimulated
and thus increased the photosynthetic rate and stomatal conductance in mustard [34]. Auxins (IAA,
IBA, and NAA) had a positive influence on photosynthesis [32], probably because auxin enhances
nutrient uptake such as N, P, and K [31]. The IAA solution augments the rate of CO2 assimilation and
photosynthesis rate in leaves [35]. In this study, the optimal IAA concentrations at 10−7 and 10−9 M
increased leaf gas exchange parameters.

4.3. Rosmarinic Acid (RA), Tilianin, and Acacetin Concentrations and Contents

The RA concentration per plant was significantly higher under almost all IAA treatments except
10−11 M IAA treatment compared with that of the control (Figure 4A). In addition, all IAA treatments
significantly increased the concentration of tilianin in A. rugosa compared to the control, and 10−11 M
IAA treatment showed the highest value of tilianin compared to the control and other IAA treatments
(Figure 4C). The 10−5 and 10−7 M IAA treatments showed significantly higher acacetin concentration
than the control and other IAA treatments. A similar trend was observed for RA, tilianin, and acacetin
contents in A. rugosa (Figure 4B,D,F). Because auxins (IAA and IBA) increased the activities of CAT,
SOD, and APX [20], the increase in SOD activity can be used to adjust H2O2 production [36]. Auxin
enhanced antioxidant activity to control reactive oxygen species levels, which may correlate to the
activity of embryo/organogenesis [21]. IAA enhances the antioxidant enzyme activities such as SOD,
CAT, and peroxidases in Helianthus annuus L [37]. Glutathione and ascorbate in Chlorella vulgaris were
increased under the IAA treatment compared with the control (without IAA) [20].

The contents of total phenol and flavonoid in the white mulberry tree were increased under
the different concentrations of auxins such as IBA, IAA, and NAA [38]. The phenolic compound
and flavonoid in gherkin pickles (Cucumis anguria L.) were improved by using IBA [39]. Protein
and rutin contents in the white mulberry tree were increased by raising the IAA concentration [22].
Auxin increased the production of secondary metabolites and antioxidant activities in Aloe arborescens
Mill [10]. In addition, IAA stress may lead to ion imbalance [31], which increased antioxidant enzymes
and bioactive compounds in plants [25,40]. In this study, IAA treatments from 10−5 to 10−9 M
significantly increased RA, 10−9 to 10−11 M significantly increased tilianin, and A. rugosa’s acacetin
concentration from 10−5 to 10−7 M significantly increased compared to the control and other IAA
treatments. Furthermore, the RA concentration was greater than tilianin and acacetin concentrations
in the overall plant. Similar results were reported by Tuan et al. (2012) [5], who reported that RA
concentration, which was higher than the acacetin and tilianin concentrations in A. rugosa. The same
results were found by Lee et al. (2008) [4], who reported that RA was a main phenolic compound and
concentrated in hairy roots of A. rugosa. In our study, acacetin and tilianin were mostly concentrated in
flowers of A. rugosa while acacetin was undetectable in leaves, roots, and stems. Similar results were
found by Tuan et al. (2012) [5] who reported that acacetin and tilianin were mainly extracted from the
flowers of A. rugosa while acacetin was detected with very low amount in leaves (0.06 µg·g−1) and
undetectable in stems and roots.

These results showed that auxin dissolved in the nutrient solution could increase bioactive
compounds in plants, but they mainly depend on plant species and auxin concentration levels.
No report is presently available on the influence of IAA concentrations on the accumulation of bioactive
compounds in A. rugosa. Our present results indicate that RA, tilianin, and acacetin concentrations
were increased at 10−9; 10−7; 10−5, 10−11;10−9; 10−7; 10−5, and 10−7; 10−5 IAA treatments, respectively,
compared with those of the control. However, the IAA concentration at 10−7 M significantly increased
RA, acacetin, and tilianin contents (Figure 4 B,D,F), net photosynthesis rate, and shoot fresh weight of
A. rugosa compared with those of the control and other IAA treatments (Table 1 and Figure 3). IAA
treatment at 10−11 M reduced RA and acacetin content, and net photosynthesis rate, at 10−9 M reduced
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acacetin content, and at 10−5 M decreased tilianin content and shoot fresh weight compared with the
other IAA treatments.

5. Conclusions

IAA dissolved in the nutrient solution improved several growth parameters and increased the
production of bioactive compounds in A. rugosa while these effects were most pronounced at 10−7 M
IAA treatment. The results showed that IAA treatment at optimized concentration is most beneficial for
enhancing plant growth and bioactive compound production in A. rugosa. Therefore, these results could
be applied to optimize plant growth and bioactive compounds of A. rugosa in a plant factory. The IAA
dissolved in the nutrient solution for herb plants in a plant factory can be used to produce ingredients
for extractable nutraceutical in the drug industry and thereby enhance the healthy properties.
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