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Research Article

Influence of nano-zinc oxide on tropane
alkaloid production, h6h gene transcription
and antioxidant enzyme activity in
Hyoscyamus reticulatus L. hairy roots

The use of nanotechnology and biotechnology to improve the production of plant
bioactive compounds is growing. Hyoscyamus reticulatus L. is a major source of
tropane alkaloids with a wide therapeutic use, including treatment of Parkinson’s
disease and to calm schizoid patients. In the present study, hairy roots were ob-
tained from two-week-old cotyledon explants of H. reticulatus L. using the A7
strain of Agrobacterium rhizogenes. The effects of different concentrations of the
signaling molecule nano-zinc oxide (ZnO) (0, 50, 100 and 200 mg/L), with three
exposure times (24, 48 and 72 h), on the growth rate, antioxidant enzyme ac-
tivity, total phenol contents (TPC), tropane alkaloid contents and hyoscyamine-
6-beta-hydroxylase (h6h) gene expression levels were investigated. Growth curve
analysis revealed a decrease in fresh and dry weight of ZnO-treated hairy roots
compared to the control. ANOVA results showed that the antioxidant activity of
the enzymes catalase, guaiacol peroxidase and ascorbate peroxidase was significantly
higher in the ZnO-treated hairy roots than in the control, as was the TPC. The
highest levels of hyoscyamine (37%) and scopolamine (37.63%) were obtained in
hairy roots treated with 100 mg/L of ZnO after 48 and 72 h, respectively. Semi-
quantitative RT-PCR analysis revealed the highest h6h gene expression was in hairy
roots treated with 100 mg/L of ZnO after 24 h. It can be concluded that ZnO
is as an effective elicitor of tropane alkaloids such as hyoscyamine and scopo-
lamine due to its enhancing effect on expression levels of the biosynthetic h6h
gene.
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pressure to feed growing populations and climate change.
There is therefore an urgent need to find alternative means

There is a growing demand for plant secondary metabolites for
various applications, including pharmaceutical and cosmetic,
and as additives and preservatives in the food industry. However,
the cultivation of plants per hectare for bioactive compound
production has dropped significantly worldwide, because of
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of production [1], especially because the chemical synthesis
of these valuable metabolites is often complex and their
production levels in nature are low. According to the United
Nations Comtrade Statistics, the estimated size of the global
market for bioactive compounds in 2013 was US $26 billion,
increasing by 8.1% over the past five years. The market for
herbal dietary supplements in the United States has reached
an estimated total of $6.4 billion, increasing by 6.85% in 2014
compared with the previous year (www.portal.nifa.usda.gov).
Hyoscyamine and scopolamine, the main tropane alkaloids
produced in Hyoscyamus reticulatus L., which act as inhibitors
of the parasympathetic nerve system [2], have been targeted in
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biotechnological systems to increase yields and reduce produc-
tion costs. Approaches to improve plant metabolite production
include cell or organ in vitro cultures, genetic engineering and
the use of biotic and abiotic elicitors, which can enhance yields
and secretion to the media [3]. Hairy root cultures as a potential
source of valuable secondary metabolites have been established
by different strains of A. rhizogenes [4,5].

Nanotechnology, or atom and molecular technology, is an
emerging technology of this century. Research on nanoparticles
has attracted considerable interest, with potential applications in
many fields. Although there is concern about their side effects on
the environment, these can be minimized by limiting the concen-
tration of nanoparticle solutions. Recent studies have shown that
nanoparticle applications can significantly affect plant physiol-
ogy and gene expression in plant cell or organ cultures, although
their impact on metabolite production is still ambiguous. The
easy penetration of ultra-fine nanoparticles into the plant cell
wall and vacuoles disturbs metabolic activity. A few studies on the
production of secondary metabolites in response to nanoparticle
treatment have provided insights into the exploitation of these
submicron-size particles as a new class of elicitor. For instance,
the artemisinin content was increased in a hairy root culture of
Artemisia annua upon treatment with silver nanoparticles [6]. In
Glycyrrhiza glabra, nanoparticles of zinc oxide and copper oxide
increased the content of glycyrrhizin, total phenols, flavonoids,
anthocyanin and proline in comparison to the control [7]. In H.
reticulatus, the highest hyoscyamine and scopolamine produc-
tion (an increase of about five-fold compared to the control) was
achieved with 900 and 450 mg/L FeNPs at 24 and 48 h of exposure
time, respectively [8]. The application of silver nanoparticles in
Calendula officinalis resulted in a decrease in the anthocyanin
and flavonoid contents and an increase in carotenoids and
saponins [9]. Treatment of Trigonella foenum-graecum L.
seedlings with biosynthesized silver nanoparticles (Ag-NPs) was
found to have a significant impact on growth parameters such as
leaf number, root and shoot length, and wet weight. HPLC-based
analysis revealed that Ag-NP-treated seedlings had an increased
production of diosgenin (214.06 + 17.07 ug/mL) [10]. Multi-
walled carbon nanotubes stimulated the biosynthesis of
secondary metabolites and the antioxidant capacity of the
medicinal plant Satureja khuzestanica grown in vitro [11]. In
H. perforatum cell suspension cultures, zinc and iron nano-
oxides stimulated hypericin and hyperforin production at low
concentrations [13]. However, no reports are available on the
use of nano-zinc oxide as an elicitor in H. reticulatus hairy root
cultures.

In the context of a continuously growing market for
tropane alkaloids, especially scopolamine, and the need for an
improvement in current production techniques, in this study
we explored the effect of ZnO on tropane alkaloid yield and h6h
gene expression in H. reticulatus L. hairy roots.

2 Materials and methods
2.1 Place of research

Hyoscyamus reticulatus L. cultivation experiments and mor-
phological and biochemical analysis were performed at
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the Horticultural Sciences Laboratory of Urmia University.
Phytochemical analysis of tropane alkaloids and molecular
studies were carried out at the Institute Center for Research on
Biotechnology of Urmia University.

2.2 Plant materials

H. reticulatus L. seeds were obtained from Pakan Bazr Company
(Esfahan, Iran) and identified by Dr. Heidari (expert in medicinal
plants) in an agriculture research center in west Azarbaijan, Iran.
They were surface-sterilized in 70% (v/v) ethanol for one min
and in 50% (v/v) NaOCI for 10 min, and then washed three
times with sterile distilled water. The seeds were then cultivated
in MS medium (Murashige and Skoog) [14] supplemented with
3% (w/v) sucrose, 7 g/L agar (Duchefa, the Netherlands) and
0.1 g/L myo-inositol. The pH was adjusted to 5.8 before adding
agar. The culture medium was autoclaved at 121°C for 20 min.
Cultures were kept in artificial light (fluorescent tube giving light
intensity of 3500 Lux) for 16 h followed by 8 h in the dark at
25°C.

2.3 Preparation of A. rhizogenes strain and hairy root
induction

A. rhizogenes A7 strain was grown on solid LB medium [15]
supplemented with 50 mg/L rifampicin and incubated at 28°C
for 48 h. One-week-old cotyledons from in vitro H. reticula-
tus L. seedlings were used for infection. Acetosyringone was
not used in any of the infection experiments. The infected
cotyledon explants were placed on the MS medium under sim-
ilar culture conditions. After 2 days, cotyledon explants were
placed on MS medium supplemented with 200 mg/L filter-
sterilized cefotaxime. After 10 days, the hairy roots were in-
duced at the wound sites and sub-cultured every 10 days. Hairy
roots at every stage of the sub-culture were cultured on fresh
MS medium with reduced concentrations of cefotaxime (100—
50 mg/L) until the bacteria were completely eradicated. The
cultures were then transferred to 250 mL Erlenmeyer flasks con-
taining 30 mL hormone-free liquid MS media, grown at 25°C
on a rotary shaker (120 rpm) in the dark and sub-cultured every
10 days.

2.4 Polymerase chain reaction analysis

The presence of the A. rhizogenes rol B gene in H. reticulatushairy
roots was evaluated through polymerase chain reaction (PCR).
PCR amplification was performed on DNA isolated from hairy
roots and untransformed roots using the specific primers

Forward 5'-ATGGATCCCAAATTGCTATTCCCCCACGA-3’

Reverse 5'-TTAGGCTTCTTTCATTCGGTTTACTGCAGC-
3/

The PCR was performed under the following conditions:
94°C for 5 min, 35 cycles of three steps including denatura-
tion at 94°C for 50 s, annealing at 60°C for 1 min, and extension
at 72°C for 1 min and 10 s, and 72°C for 10 min for the final
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extension using a thermocycler. Based on the primer sequence
used, the amplicon fragment size of rolB gene was around 780
bp. The amplicons were analyzed by electrophoresis on 1% (w/v)
agarose gel with a 1 kb DNA marker.

2.5 Elicitation experiments

As there are few studies of the effects of nano materials on sec-
ondary metabolite production, finding optimum concentrations
of nano elicitors is not straightforward. The concentrations in
this study were selected based on our previous experience [8] and
a review of the few published papers in this field. The ZnO used
in this research, in the size of 30-50 nm, was prepared by Jahan
Sany Toos Nano Materials. To obtain different concentrations
of ZnO (0, 50, 100, 200 mg/L), a 1000 mg/L stock solution was
prepared. The fastest growing hairy root line was used in the elic-
itation experiments, and the optimum time (day 21) for adding
the elicitor was selected based on the growth curve (Fig. 1). All
ZnO concentrations were applied with three exposure times (24,
48, and 72 h). For the elicitation 2 g hairy roots (fresh weight)
in 250 mL Erlenmeyer flasks containing 10 mL MS basal media
was used.

2.6 Extraction and GC-MS analysis of tropane
alkaloids

Tropane alkaloids were extracted from the hairy roots by the
method of Kamada et al. [16]. Five hundred milligrams of pow-
dered plant material from the hairy roots was homogenized
in CHCl;, MeOH and NH,OH (25%) (15:5:1), sonicated for
30 min and kept at room temperature for 1 h in darkness. The
homogenate was filtered through a paper filter and washed twice
with I mL of CHCl;. Then, the solvent was evaporated and dried
in a rotary evaporator. 5 mL of CHCl; and 2 mL of 1 N H,SO,
were added and mixed thoroughly. The CHCI; fraction was re-
moved and the solvent was adjusted to pH 10 with 28% NH,OH
on ice. Alkaloids were extracted once with 2 mL, and twice with
1 mL of CHCI;. After the addition of anhydrous Na,SO,, the
solvent was filtered through filter paper and the residue was
washed with 1 mL of CHCl;. Finally, the powder was dissolved
in 500 ul MeOH following evaporation. The obtained extract
was analyzed by Gas Chromatography-Mass spectrometry using
the method of Gharari et al. [17]. GC analysis was carried out
on a Hewlett-Packard (HP, Palo Alto, CA, USA) HP 7890A GC
equipped with a split/splitless injector and 5975C mass selective
detector system. Chromatographic separation was carried out in
a HP-5 capillary column (30 m x 0.25 mm, 0.25 pum in film
thickness). The MS was operated in the EI mode (70 eV). The
GC-MS interface, ion source, and quadrupole temperatures were
setat 280, 230, and 150°C, respectively. The injector temperature
was set at 270°C. For GC analysis, the column temperature pro-
gram started at 60°C for 3 min, increased by 5°C/min to 250°C,
and was held for 10 min. Helium (99.999%) was used as the
carrier gas. The GC analysis was performed with 1 xL injection
volume without any derivatization and in full scan mode. There
is no calibration curve and identification of spectra was carried
out by comparing mass spectra fragmentation with those stored
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in the Wiley 7n version. Peak area normalization was used to
determine the composition percentage.

2.7 Preparation of enzyme extracts

The 0.5 g roots were ground in 2.5 mL extraction buffer (50 mM
Tris-HCI (pH 7.5) for 5 min using a pestle and mortar on ice,
followed by centrifugation at 12 000 rpm and 4°C for 20 min. The
supernatant was used as the crude extract to assay antioxidant
enzyme activity.

2.8 Enzyme assay

Catalase (CAT) (EC 1.11.1.6) activity was assayed by measuring
the consumption of H,O, at 240 nm [18]. The reaction mixture
contained 2.5 mM of 50 mM potassium phosphate buffer
(pH = 7) and 20 uL of 3% hydrogen peroxide and 20 uL en-
zyme extract. Guaiacol peroxidase (GPX) (EC 1.11.1.7) activity
was determined by measuring increases in absorbance at 470 nm
due to the oxidation of guaiacol [19]. The reaction mixture con-
tained 25 uL of enzyme extract, 2.777 uL of 50 mM potassium
phosphate buffer with a pH of 7, 100 uL of hydrogen peroxide
1%, and 100 L of guaiacol 4%. Ascorbate peroxidase (APX) (EC
1.11.1.11) activity was determined by measuring the reduction
in absorbance at 290 nm due to the oxidation of ascorbate [20].
The reaction mixture contained 2 mL of 50 mM potassium
phosphate buffer (pH = 7), 0.2 mL of 50 uM ascorbate, 0.1 mL
enzyme extract and 0.2 mL of 3% hydrogen peroxide

2.9 Determination of total phenol content (TPC)

The method of Hajimahdipour et al. [21] was used, and the
absorbance was measured at 760 nm. First, 500 mg of hairy
roots was placed in the cold mold. Then, 10 mL of 80% methanol
was added and completely washed down. After centrifuging for
15 min at about 10 000 rpm at 4°C, 50 uL of plant extract was
mixed with 10% folin (1200 pL) in a glass tube. After 5 min,
960 L of 7.5% sodium carbonate was added. Finally, 180 uL
of distilled water was added and the glass tube was placed in the
dark for 40 to 30 min.

2.10 Analysis of the h6h gene expression

2.10.1 Storing the gene sequence in databases and
primer design

The h6h gene plays a key role in the biosynthesis of tropane
alkaloids in H. reticulatus L. The specific primer of the h6h gene
was designed based on the gene coding sequence in the NCBI
database. Fast PCR software was used to design the primers.
The specific primer sequences used for gene expression analysis
were:

h6h F: TGGCTACTTTTGTGTCGAACTGG

h6h R: CTTGGGTCTGGGCATGGTG

18S F: ATGATAACTCGACGGATCGC

185 R: CTTGGATGTGGTAGCCGTTT

75



Engineering
in Life Sciences
www.els-journal.com

14

12

Growh rate (gr)

Eng. Life Sci. 2019, 19, 73-89

11.67 11.87

Time (day)

Figure 1. Growth curve of Hyoscyamus reticulatus hairy roots grown in liquid MS media fortified with 3 or 1% sucrose on a shaker (120 rpm)

for 35 days.

2.10.2 RNA extraction

RNA extraction from hairy root samples was performed using
the RNAX-Plus extraction kit (Cinaclon Co., Iran) according to
the manufacturer’s instructions.

2.10.3 c¢DNA synthesis

The First Strand cDNA Synthesis kit (Cinaclon Co., Iran) was
used for the synthesis of cDNA according to the manufacturer’s
instructions. The cDNA was amplified using the 18s-rRNA gene
primers in the PCR process with a final volume of 20 L. To carry
out the PCR reaction from 12.5 uL PCR Master Mix (Pishgaman
Co. Iran), 0.5 uL of each primer and 2 uL of cDNA were used.
The initial denaturation temperature for the 18s-rRNA gene was
94°C for 5 min, followed by 35 cycles of three steps: denaturation
at 94°C for 30 s, annealing at 60°C for 30 s, and 72°C for 40 s,
and for the final extension 72°C for 5 min using a thermocycler.
To conduct the PCR reaction from 12.5 uL PCR Master Mix
(Pishgaman Co. Iran), 0.5 uL of each return primer, 2 uL of
diluted cDNA (1:50) and 4.5 uL of DNA-free water were used.
The temperatures used for the h6h gene were 94°C for 5 min, fol-
lowed by 35 cycles of three steps: denaturation at 94°C for 1 min,
annealing at 66°C for 1/55 min and 72°C for 1/40 min, and for
the final extension 72°C for 10 min using a thermocycler. Am-
plification products were separated by electrophoresis on 0.8%
agarose gel. To test the h6h gene amplification accuracy, nega-
tive control reactions (-RT) and a no-template negative control
(NTC) were used.

2.11 Statistical analysis

The experiment was conducted as a completely randomized de-
sign with three replicates. Analysis of variance (ANOVA) of the
results was performed using one-way ANOVA. The means were
compared using Duncan’s multiple range test at 99% confidence
level (p < 0.01) using SAS 9.1 software. PIXCAVATOR 6.0 soft-
ware was also used to analyze RT-PCR results and find correla-
tions between gene expression analysis and the phytochemical
analysis.
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Figure 2. Confirmation of transgenic hairy roots using rol-B spe-
cific primers by PCR reaction. 0.8% agarose gel electrophore-
sis of PCR- amplified products; Lane M: Marker (1 kbp), Lane
C+: Agrobacterium A7 Strain as positive control, Lane R, Non-
transgenic Hyoscyamus reticulatus roots as negative control, Lane
C' and C2, water as negative control.

3  Results
3.1 PCR analysis

The presence of the rol B gene in the genomic DNA of putative
transgenic roots was confirmed by PCR using specific primers
yielding fragments of 780 bp. No amplification was observed
in the control roots. All transformed hairy roots showed the
presence of 780 bp rol B product amplicons (Fig. 2).

3.2 Effects of ZnO on hairy root growth

The effects of the ZnO concentration and treatment duration on
the growth of H. reticulatushairy roots were significant (Table 1).
Mean comparisons indicate that the highest hairy root fresh
weight (11.03 g) was obtained after 24 h exposure to 100 mg/L

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Variance analysis of the effect of concentrations and
exposure times of ZnO on the growth of Hyoscyamus reticulatus
hairy roots

Means of squares (MS)

Treatments df Fresh weight (g) Dry weight (g)
Elicitor concentration (a) 3 2.88* 0.14**
Treatment time (b) 2 2.28%* 0.057**
Reaction (a x b) 6 2.28* 0.002"s

Error 24 0.762 0.002
Coefficient of variation (%) 9.12 9.849

™ non-significant
* significant at p < 0.05
** significant at p < 0.01

of ZnO and the lowest (8.108 g) after 72 h exposure to 200 mg/L
of ZnO (Fig. 3C). The highest dry weight (690 +/-0.05 mg)

Eng. Life Sci. 2019, 19, 73-89

was observed in the control and the lowest (3904/-0.03 mg) in
roots treated with 200 mg/L of ZnO (Fig. 3A and B). The results
therefore show that the hairy root biomass gradually declined
with increasing elicitor concentration. The decrease in growth
indicates that at high concentrations nanoparticles are toxic to
H. reticulatus hairy roots (Fig. 4).

3.3 Effects of ZnO on antioxidant enzyme activity

The effects of ZnO concentration and treatment duration on
the free radicals hydrogen peroxide (H,O,) and super oxide
(O72) in the H. reticulatus hairy roots are presented in Table 2.
In comparison with the control, significant interaction effects
of exposure time and elicitor concentration were observed
on the activity of the CAT enzyme (p<0.05) in hairy roots,
(Fig. 5A), but not for GPX and APX, so the results for the
latter enzymes are presented separately (Fig. 5B). Maximum
CAT, GPX, and APX activity was observed in roots treated with
ZnO at 100, 200 and 100 mg protein/min at 48, 72 and 48 h
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Figure 3. The simple effects of ZnO concentration (A) and exposure time (B) on dry weight; and interaction effects of elicitor concentration
and exposure time on fresh weight (C) in Hyoscyamus reticulatus hairy roots. The same letters indicate that there is no significant difference

at the 1 and 5% probability level based on the Duncan test
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200mg

Figure 4. The effects of ZnO concentrations on hairy root growth. Control hairy roots (A), and elicited hairy roots with 200 mg/L ZnO (B).

of exposure time, respectively, and minimum activity in the
non-elicited control hairy roots at 72, 24 and 24 h, respectively
(Fig. 5C and D).

3.4 Effects of ZnO on total phenol content

Statistical analysis revealed significant differences (p < 0.01)
in the TPC of the H. reticulatus hairy root extracts treated with
various concentrations and exposure times of ZnO (Table 2). The
TPC increased significantly when hairy roots were transferred
to the media containing ZnO and continued to increase with
higher concentrations and longer exposure times, except at the
highest concentration (200 mg/L). The highest TPC (1.67 mg of
gallic acid/g fresh weight) was obtained in hairy roots elicited by
100 mg/L ZnO for 72 h, whereas the lowest TPC (0/41 mg of
gallic acid /g fresh weight) was found in the control hairy roots
at 24 h (Fig. 6).

3.5 Effects of ZnO on tropane alkaloid production

The effects of ZnO concentration and treatment duration on
the production of hyoscyamine and scopolamine are presented
in Table 3. The addition of ZnO to the culture medium in
the lag phase of hairy root growth stimulated tropane alkaloid

production (Fig. 7). The control hairy roots were able to natu-
rally produce at least 6.25% hyoscyamine. The highest amount
of hyoscyamine (37%) was obtained by treatment with 100 mg/L
ZnO for 48 h, which was 4.61-fold higher than in the control
hairy roots after the same time (8.01%) and 5.92-fold higher
than in control hairy roots at 24 h (6.25%) (Table 3 and Fig. 7A).
The highest amount of scopolamine (37.63%) was obtained by
treatment with 100 mg/L ZnO for 72 h, which was 3.2-fold higher
than in the control hairy roots (16.35%) at the same time; the
lowest amount of scopolamine (11%) was recorded in the control
hairy roots after 24 h (Fig. 7B). Other substances such as apo-
scopolamine, pyrrolidine, cyclohexanol, eucalyptol, tropigline,
hygrine were detected in the H. reticulatus hairy root cultures
(Table 4).

3.6 Effects of ZnO on h6h gene transcripts

The expression of the h6h gene, involved in the biosynthetic
pathway of hyoscyamine and scopolamine, in the H. reticulatus
hairy roots increased significantly after the addition of ZnO to
the culture media (p<0.05) (Table 3). The maximum expression
level was observed in hairy roots treated with 100 mg/L ZnO over
a period of 48 h, being up to 4.02-fold higher than in the control
hairy roots. The lowest expression was obtained in hairy roots

Table 2. Variance analysis of the effect of concentrations and exposure times of ZnO on total phenol content (TPC) and antioxidant enzyme

activity in Hyoscyamus reticulatus hairy roots

Means of squares (MS)

Treatments Df TPC CAT GPX APX
Elicitor concentration (a) 3 1.306™** 1991.96** 875.71** 1093.7**
Treatment time (b) 2 0.847** 398.91** 228.24** 142.79"
Reaction (a x b) 6 0.064* 106.73* 26.44" 28.38™
Error 24 0.0011 41.73 29.08 44.22
Coefficient of variation (%) 11.007 20.08 10.08 14.38

™ non-significant
* significant at p < 0.05
** significant at p < 0.01
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level based on the Duncan test.

Table 3. Variance analysis of the effect of concentrations and exposure times of ZnO on h6h gene expression and tropane alkaloid production

in Hyoscyamus reticulatus hairy roots

Means of squares (MS)

Treatments Df h6h Expression Hyoscyamine (%) Scopolamine (%)
Elicitor concentration (a) 3 77.75%* 748.73** 570.41**
Treatment time (b) 2 7.13* 180.09** 174.12**
Reaction (a x b) 6 5.15* 22.76* 35.50*

Error 24 1.88 8.103 13.13
Coefficient of variation (%) 17.23 16.34 16.48

™ non-significant
* significant at p < 0.05
** significant at p < 0.01
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Figure 7. The effects of ZnO concentration and exposure time on hyoscyamine (%) (A) and scopolamine (%) (B) in Hyoscyamus reticulatus
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Table 4. Effect of ZnO concentrations and exposure time on some substances detected by GC-MS in Hyoscyamus reticulatus hairy roots

Treatment Aposcopolamine Pyrrolidine Cyclohexanol Eucalyptol Tropigline Hygrine (%) Scopolamine Hyoscyamine
(%) (%) (%) (%) (%) (%) (%)
CIT1 3.27 1.28 0.32 1.64 7.3 32 11 6.25
CIT2 4.12 1.31 0.56 1.45 9 24 12.19 8.01
C1T3 6.12 1.37 0.71 1.12 4.6 42.01 16.35 11.24
C2T1 6.49 1.26 0.62 1.39 4.01 20.3 17 12.02
C2T2 6.72 1.22 0.69 1.27 6.4 17.2 24.02 19.1
C2T3 7.01 1.19 0.67 1.12 8.01 31 25.09 20.03
C3T1 7.9 1.11 0.82 1.35 7.4 39.06 23.09 24.09
C3T2 8.2 1.42 0.84 1.30 6.8 20.62 36 37
C3T3 9.1 1.58 0.89 1.22 8.2 15.07 37.63 29.04
C4T1 6.79 1.31 0.49 1.21 8.7 40.4 19.52 10
C4T2 6.92 1.47 0.38 1.12 8.401 46 21 17.02
C4T3 7.1 1.21 0.31 0.89 7.03 37.7 20.23 15

elicited with 200 mg/L ZnO after 24 h exposure time (Figs. 8 and
9).

3.7 Correlation of the scopolamine accumulation
with relative overexpression of the h6h gene
under ZnO treatment

RT-PCR analysis showed that ZnO elicitation led to the over-
expression of the h6h gene. A significant correlation was found
between scopolamine accumulation and h6h gene expression at
a probability level of 5% (Fig. 10). Normality of data was assessed
by SPSS v. 21, and the scroll plate was drawn. Both correlation
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and scatter plots show a positive linear correlation (Fig. 11).
These results therefore demonstrate that overexpression of the
h6h gene had a positive effect on the production of tropane
alkaloids, especially scopolamine.

4 Discussion

Few studies have been carried out to determine the effects of
ZnO on plants. Zinc is an essential micronutrient for organisms
and plays an important role in plant processes [22, 23], being
necessary for lipid metabolites, nucleic acid, RNA metabolism,
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stability and DNA simulation and gene expression regulation.
Zinc also plays an important role in cell proliferation [24].
It tends to form tetragonal complexes with O, N, and espe-
cially S ligands, which affects the metabolic activity. As a cat-
alyzer, zinc has an activating or building role in many plant
enzymes [25], being involved in the structure of more than
300 enzymes and the only metal present in all six classes of
enzymes [26].

The obtained results show that the growth capacity of H.
reticulatus hairy roots was negatively affected by ZnO treatment,
in agreement with the results reported by Zheng et al [27] in rice
roots. A negative effect on growth was also observed after alu-
minum oxide nanoparticle treatment, which inhibited the root
length of corn, cucumber, soybean, cabbage, and carrot [28]. In-
hibition of root growth varies greatly among plants and accord-
ing to the type and concentration of nanoparticles applied [29].
The negative impact of the ZnO treatment could be the result of
a reduced permeability of the root cell membrane, since heavy
metals interact with the sulfide groups in vacuoles, preventing
water from penetrating the plant tissues [30]. Therefore, weight

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

loss of ZnO-elicited hairy roots could be due to a loss of wa-
ter content in the roots and its effect on related physiological
processes.

Increasing the concentration of microelements is known to
significantly affect the antioxidant activity of enzymes such as
CAT, GPX and APX, which are the major scavengers of reactive
oxygen species (ROS) in plant cells and organs. The enhanced
antioxidant enzyme activity in this study was probably due to
the increase of ROS such as H,O,, as reported in studies with
Corylus avellana cell suspension cultures treated with silver nano
particles [31]. In a study on tomato seedlings, ZnO induced
oxidative stress by promoting antioxidant enzyme activities, as
salinity stress induces anti-oxidative activity [32,33]. Elevated
concentrations of ZnO (10-2000 mg/L) induced an abnormal
defense system against ROS in Fagopyrum esculentum [21].

Even under optimal conditions, many metabolic processes
produce ROS, and the production of toxic oxygen is increased
as a result of all types of environmental stresses. To scavenge
ROS, plant cells possess an antioxidant system consisting of low
molecular-weight antioxidants, such as ascorbate, ¢-tocopherol,
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Figure 11. Positive linear correlation between scopolamine accumulation and h6h gene expression.

glutathione, and carotenoids (nonenzymatic antioxidants), as
well as antioxidant enzymes such as SOD, CAT, and APX [34].
CAT is an important enzyme in the plant defense system, con-
verting H,O, to H,O and O,, and preventing the production of
ROS. Hosseini et al. [35] and Lee et al. [36] showed that the ac-
tivity of the antioxidant enzyme CAT in Zea mays increased with
higher zinc concentrations in the culture media. Similarly, CAT
activity in buckwheat herbage increased after treatments with up
to 100 mg/L ZnO [37], the same concentration that produced the
maximum CAT activity in the present study. The activity of APX
in the H. reticulatushairy roots was increased by ZnO concentra-
tions of up to 100 mg/L, but decreased at 200 mg/L. The activity
of GPX, an oxidative enzyme of phenolic compounds [38], was
significantly enhanced by ZnO elicitation, especially at 200 mg/L,
but was not affected by different exposure times (24,48 and 72 h).
Also, the application of high concentrations of ZnO is reported
to induce phytotoxicity by decreasing Zn bioavailability and ac-
cumulation and reducing ROS production [39]. These results
confirm that ZnO elicitation can stimulate ROS production in
plants. Anincrease in H, O, levels was observed in cell suspension
cultures of Scrophularia kakudensis in the initial hour after treat-
ment with biotic elicitors, methyl jasmonate, salicylic acid and
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sodium nitroprusside, which in turn activated the antioxidant
system, thereby increasing the activity of CAT and GPX [40].

The metabolism of phenolic compounds is usually due to
environmental factors or stressful conditions [41]. The TPC in
extracts of H. reticulatus hairy roots increased after elicitation
with the various ZnO concentrations and exposure times in
comparison with non-elicited hairy roots. The highest TPC was
observed in the media after treatment with 100 mg/L ZnO for
72 h. Phenolic compound production can be increased by expo-
sure to heavy metals, due to the enhanced activity of antioxidant
enzymes [42]. The few published studies on plant metabolite
production in response to nanoparticle elicitation diverge in the
effects of submicron-size particles on natural metabolites in cell
and organ cultures [7]. Bota and Deliu [43] report that nano-
copper increased the production of flavonoids in Digitalis lanata
cell suspension cultures, which is consistent with the increased
production of phenolic compounds in the current study.

In addition to producing defensive responses, elicitation can
induce the accumulation of secondary metabolites, including
tropane alkaloids [44]. Elicitation with ZnO caused an increase
in hyoscyamine and scopolamine content at all exposure times
compared to the control hairy roots, although the maximum
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Figure 12. GC-MS chromatograms of
tropane alkaloids in Hyoscyamus reticulatus
control hairy roots. 24 h (A); 48 h (B); 72 h
(©).
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Figure 13. GC-MS chromatograms of
tropane alkaloids in Hyoscyamus reticula-
tus hairy roots elicited with 50 mg/L ZnO.
24 h (A); 48 h (B); 72 h (C).
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Figure 14. GC-MS chromatograms of
tropane alkaloids in Hyoscyamus reticulatus
hairy roots elicited with 100 mg/L ZnO. 24
h (A); 48 h (B); 72 h (C).
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Figure 15. GC-MS chromatograms of
tropane alkaloids in Hyoscyamus reticulatus
hairy roots elicited with 200 mg/L ZnO. 24
h (A); 48 h (B); 72 h (C).
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level of alkaloids was detected with 100 mg/L ZnO. Mo-
harrami et al. [8] reported maximum scopolamine levels
(20.3%) in media containing FeNPs (450 mg/L) after 48 h.
Ghorbanpour et al. [45] revealed that application of nano-
sized titanium dioxide particles enhanced hyoscyamine and
scopolamine production in H. niger L. plants.

The biosynthetic pathway of tropane alkaloids is not fully un-
derstood and there are still some enzymes to be described along
this route, although the final two steps leading to the production
of scopolamine from hyoscyamine are well-defined [3, 46]. To
increase tropane alkaloid production, various techniques have
been applied, such as genetic engineering targeting key enzymes
in the biosynthetic pathway. For example, engineered Atropa bel-
ladonna L hairy roots harboring a transgenic hyoscyamine-6 8-
hydroxylase gene showed a five-fold higher scopolamine produc-
tion compared to native roots [47]. The induction of h6h gene
expression in plants is known to increase the scopolamine con-
tent [48]. Yang et al. [49] revealed that overexpression of pmtand
h6h genes in A. belladonna L. caused a huge increase (11- and 24-
fold, respectively) in hyoscyamine content in elicited hairy roots
compared to control and native roots. The physical and chemical
properties of nanoparticles, for example, their surface-to-volume
ratio, high surface reactivity, and high ability to exchange elec-
trons, can be harnessed to promote secondary metabolite pro-
duction in plant cultures [50]. In this study, the highest h6h gene
expression was observed when hairy roots were treated with
100 mg/L ZnO after 48 h, being 4.2-fold higher than in the non-
elicited hairy roots. Similarly, cobalt and zinc nanoparticles have
been shown to increase the expression of genes associated with
the artemisinin biosynthetic pathway and have been proposed as
elicitors to enhance artemisinin production [51].

Nanoparticles can also affect the nitrogen metabolism in
plants by increasing the activity of nitrate reductase and glu-
tamate dehydrogenase, and stimulate plant growth and photo-
synthesis [52,53]. By increasing nitrogen metabolism, nanopar-
ticles also increase protein levels and stimulate gene expression
in plant cells. It is therefore likely that elicitation with ZnO in-
creases the expression of H6H and PMT enzymes [49, 52]. In
a biotechnological process, the most important effect of elici-
tors is the stimulation of the expression of genes involved in
the biosynthesis of a target secondary metabolite. In this work,
it seems that ZnO enhanced the production of hyoscyamine
and scopolamine through a higher transcription of the h6h
gene. Analysis of the correlation of scopolamine accumulation
with the expression of the h6h gene under the influence of
ZnO revealed a significant relationship with a probability level
of 5%, both factors showing a similar trend throughout the
experiment.

The distribution of tropane alkaloids varies among Hyoscya-
mus species and plant parts. Scopolamine is the predominant
tropane alkaloid in H. pusillus, H. niger and H. kurdicus [53].
Tonkova [54] obtained a high content of scopolamine (46%)
and hyoscyamine (35%) in a high scopolamine-producing clone
(Hr-3) of H. reticulatus. In this study, the highest contents of
scopolamine (37.63%) and hyoscyamine (37%) were obtained
with different elicitor concentrations and exposure times
(Fig. 12-15).

The results of this study are consistent with those reported
by Vakili et al. [12] in Atropa belladonna L and Moharrami
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et al. [8] in lattice henbane. Also, the treatment of Glycyrrhiza
glabra with CuO and ZnO nanoparticles increased the content
of glycyrrhizin [7]. Silver nanoparticles have been used to pro-
mote the production of artemisinin in Artemisia annua [6] and
atropine in Datura metel [55]. Thus, the results of the current
and previous studies suggest that nano-sized elicitors could be
used to increase the target alkaloid accumulation and reduce the
costs of production systems.

5 Concluding remarks

The results of this study suggest that ZnO is absorbed by hairy
roots. The negative impact of high ZnO concentrations on the
hairy root biomass requires further research. The ZnO treatment
(100 mg/L for 48 h) of H. reticulatus hairy roots enhanced the
antioxidant activity of the CAT, APX and GPX enzymes and
improved tropane alkaloid production and accumulation. Based
on these results, ZnO seems a promising elicitor to increase the
production of target secondary metabolites in plants. Further
research is necessary to explore in more depth the effects of
nanoparticles on the production and accumulation mechanisms
of valuable metabolites in plants.

Practical application

A large number of metabolites produced by plants are not
essential for growth and development but play an impor-
tant role in plant adaptation to diverse environmental con-
ditions. These secondary metabolites show a wide range
of structures and functions, and have extensive applica-
tion in different industries, including foods, fragrance, and
pharmaceuticals. However, due to a natural low produc-
tion, high extraction costs, and the complexity of their
chemical synthesis, the demand for some of these valuable
metabolites outstrips the supply, especially those with an-
ticancer, antiviral and antibacterial properties. Plant cells
and organs used as factories can constitute alternative
production systems. Tropane alkaloids are valuable plant
metabolites used extensively in the pharmaceutical indus-
try. Hyoscyamine and scopolamine, mainly produced in
Hyoscyamus reticulatus L., are parasympathetic nerve in-
hibitors. In this study, the scopolamine content in hairy
roots treated with 100 mg/L of nano-zinc oxide was en-
hanced by 37.63% after 72 h.
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