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Abstract Hypericum perforatum cell suspensions were
evaluated for their growth, phenylpropanoid and naphto-
dianthrone productions, and antioxidant activity after
treatments with fungal elicitors Fusarium oxysporum,
Phoma exigua and Botrytis cinerea. Elicited cells displayed
a reduced biomass production, a rapid stimulation of sec-
ondary metabolites production and a modification of cell
redox state compared to control. Cells responded strongly
towards the applied elicitors through the enhanced pro-
duction of naphtodianthrones. Hypericin and pseudohy-
pericin production was significantly increased (up to
fourfold) in the early growth phase and remained stable all
along the post-elicitation period. Significant increase in
contents of total phenolics, total flavonoids and total an-
thocyanins was observed during the entire period of culti-
vation, while total flavanols were enhanced at the end of
post-elicitation. The enzymatic activities of phenylalanine
ammonia lyase and chalcone isomerase were remarkably
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elevated in elicited cells confirming a strong activation of
phenylpropanoid/flavonoid pathways. The fingerprint pro-
file of Fourier transform infrared spectroscopy spectra from
the cell walls showed a little variation in lignin accumu-
lation between elicited and control samples. With regards
to the antioxidant state, an early up-regulation of per-
oxidase activity was observed in elicited cells, whereas
non-enzymatic properties and catalase activity were en-
hanced at the end of post-elicitation. These findings suggest
the involvement of an efficient antioxidant defense system
in the adaptive response of cells to fungal elicitation. Al-
together, these results indicated that H. perforatum elicited
cells represent a promising experimental system for scale-
up production of naphtodianthrones for medicinal uses.
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Abbreviations

CAT Catalase

CHI Chalcone isomerase

FTIR Fourier transform infrared spectroscopy
HYP Hypericin

JA Jasmonic acid

NEAOP Non-enzymatic antioxidant properties
PAL Phenylalanine ammonia lyase

PHYP Pseudohypericin

POD Peroxidase

ROS Reactive oxygen species

SA Salicylic acid

TA Total anthocyanins

TFL Total flavanols

TF Total flavonoids

TP Total phenolics
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Introduction

Hypericum perforatum L., commonly known as St. John’s
wort is one of the best-studied medicinal plants with well-
characterised bioactive constituents. Hypericum extracts
contain naphtodianthrones, acyl-phloroglucinols, flavonoids
and xanthones with a wide range of pharmacological at-
tributes that are associated with anti-inflammatory, hepato-
protective, antiviral, antimicrobial, antioxidant, antitumoral
and wound-healing activity (Nahrstedt and Butterweck
2010). The most significant use of Hypericum pharmaceu-
tical preparations comprises symptomatic treatment of mild-
to-moderate depression and recently good perspectives
emerged also in the field of major depression (Solomon et al.
2013). H. perforatum has become one of the leading plant-
based dietary supplements worldwide and phytopharma-
ceutical industry is currently supplied by field grown or
cultivated plant materials (Murch and Saxena 2006).
Hypericins (HYPs) remain the popular marker compounds
for routine standardization of the herbal products because of
hyperforins instability in the presence of oxygen and light
(Nahrstedt and Butterweck 2010). The qualitative and
quantitative variations of HYPs are greatly influenced by
genetic, physiological, metabolic and environmental condi-
tions (KoSuth et al. 2003; Kirakosyan et al. 2004). Therefore,
a search for alternative techniques for cultivation of H.
perforatum under standardized laboratory conditions will
provide development of pharmaceutical preparations with
relatively stable naphtodianthrone contents.

Plant cell, tissue and organ culture has been recognized
as a promising technology for commercial production of
secondary metabolites when natural resources are limited,
de novo synthesis is complex or the product has a high
commercial value. Furthermore, the deliberate stimulation
of defined compounds within carefully regulated in vitro
cultures provides an excellent form for in-depth investi-
gation of metabolic pathways under highly controlled mi-
cro-environmental conditions (Karuppusamy 2009).
Though plant cell cultures could be a potential source of
valuable pharmaceuticals, the industrial application of
plant cell cultures has been met with limited success and
only several high-value natural products such as shikonin,
paclitaxel, resveratrol, artemisinin, ginsenosides and aj-
malicin have been commercialized (Yue et al. 2014).
However, commercial success of this technology is still
limited due to low content of desired metabolite, recalci-
trant nature and slow growth rate, genotypic variations,
chemical instability and uneconomical downstream pro-
cessing. Numerous strategies have been developed to im-
prove the productivity of plant cell cultures, such as
medium optimization, elicitation, precursor feeding, im-
mobilization, in situ product removal, genetic
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transformation and bioreactor engineering (Murthy et al.
2014). Elicitation is an attractive strategy employed to in-
duce or enhance secondary metabolite production due to
addition of trace amounts of elicitors in plant in vitro
culture systems. Elicitor may be defined as a substance
which, when introduced in small concentrations to a living
cell system, initiates or improves the biosynthesis of
specific compounds (Namdeo 2007). In many cases, plant
cell culture productivity can be enhanced using abiotic and
biotic elicitors. Abiotic elicitors are predominantly inor-
ganic salts and physical factors such as ultraviolet light,
detergents and metal ions. Numerous biological prepara-
tions such as yeast extract, bacterial cell wall components
and fungal mycelia extracts are often used as biotic elici-
tors (Namdeo 2007).

Several studies have been carried out to investigate the
effects of different elicitors on the accumulation of sec-
ondary metabolites in Hypericum in vitro cultures. We
have previously studied the overproduction of phenyl-
propanoids and naphtodianthrones in H. perforatum cul-
tures upon treatments with phytohormones (Gadzovska
et al. 2005), signal molecules jasmonic acid (JA) and sal-
icylic acid (SA), (Gadzovska et al. 2007, 2013), fungal
elicitor Aspergillus flavus (Gadzovska-Simic et al. 2012)
and polysaccharides (Gadzovska Simic et al. 2014). Var-
ious H. perforatum in vitro cultures have also been tested
for their ability to produce naphtodianthrones, acyl-
phloroglucinols, flavonoids and xanthones upon treatment
with mannan, B-1,3-glucan, pectin, JA, methyl jasmonate,
SA, fungal elicitors Phytophthora cinnamoni and Col-
letotrichum gloeosporioides, as well with bacterial elicitors
Agrobacterium tumefaciens and A. rhizogenes (Kirakosyan
et al. 2000; Sirvent and Gibson 2002; Walker et al. 2002;
Tusevski et al. 2014).

The use of pathogenic and non-pathogenic fungal
preparations as elicitors has become one of the most ef-
fective strategies to induce phenylpropanoid/flavonoid
biosynthetic pathways in plant cells (Dixon et al. 2002;
Lattanzio et al. 2006). Necrotrophic pathogens such as
Botrytis sp. usually kill the host cells often through se-
cretion of toxins before deriving nutrients from them
(Glazebrook 2005). On the other hand, biotrophic patho-
gens Fusarium sp. or Phoma sp. try to avoid killing the
host cells, and derive their nutritional benefits from ex-
tensive contact with them and by altering the host meta-
bolism and secretion systems (Leonard and Bushnell 2004;
Boerema et al. 2004). An early defense reaction of the plant
cell attacked by fungal pathogen includes rapid and tran-
sient production of reactive oxygen species (ROS). Plant
cells are usually protected against the detrimental effects of
ROS by a complex of non-enzymatic and enzymatic an-
tioxidant systems (Gill and Tuteja 2010). It has been
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demonstrated that the PAL enzyme which catalyses the
entry of L-phenylalanine into the phenylpropanoid pathway
has reputedly a crucial role in the synthesis of antioxidant/
defense-related compounds (Dixon et al. 2002). In this
view, Hano et al. (2006) demonstrated that mycelia extracts
from the above mentioned fungi induced partitioning of the
phenylpropanoid pathway and a rapid stimulation of the
monolignol pathway in Linum usitatissimum cultured cells.
Lignin deposition leading to the reinforcement of cell walls
has been induced in response to microbial attack, thereby
acting as a physical barrier against pathogen invasion
(Dixon et al. 2002). Further insights into plant-fungal in-
teractions would be desirable to better understand the co-
ordination of phenylpropanoid/flavonoid pathway with
naphtodianthrones in H. perforatum cells.

In this study, H. perforatum cell suspensions were treated
with fungal mycelia extracts from three types of fungi:
Fusarium oxysporum f.sp. lini (non pathogenic), Phoma
exigua (pathogenic non necrotrophic) and Botrytis cinerea
(pathogenic necrotrophic). Investigations have been focused
on the effects of elicitor treatments on: (1) cell biomass
production and viability, (2) production of phenylpropanoids
(phenolics, flavonoids, flavanols and anthocyanins) and
naphtodianthrones [HYP and pseudohypericin (PHYP)], (3)
enzyme activities of phenylalanine ammonia lyase (PAL)
and chalcone isomerase (CHI), (4) antioxidant state esti-
mated by non-enzymatic properties (NEAOP) and enzy-
matic activities of peroxidase (POD) and catalase (CAT),
and (5) lignin accumulation in cell walls.

Materials and methods
Plant material

Seeds from H. perforatum were collected from wild plants
growing in a natural population in the National Park
Pelister at about 1394 m asl. Voucher specimen number
(060231) of H. perforatum is deposited in the Herbarium at
the Faculty of Natural Sciences and Mathematics,
University “Ss. Cyril and Methodius”-Skopje, Republic of
Macedonia. As for a previous study (Gadzovska et al.
2005), seeds were washed with 70 % ethanol for 30 s,
surface sterilized with 1 % NaOCI] for 15 min, rinsed 3
times in sterile deionized water and cultured on MS macro
and oligoelements (Murashige and Skoog 1962), Bs vi-
tamin solution (Gamborg et al. 1968), supplemented with
3 % sucrose and solidified with 0.7 % agar. No growth
regulator was added. The medium was adjusted to pH 5.8
before autoclaving (20 min at 120 °C). In vitro cultures
were maintained in a growth chamber at 25 £ 1 °C under a
photoperiod of 16 h light, irradiance at 50 pmol m* s~
and 50-60 % relative humidity.

Cell suspension cultures

The first pair of leaves were excised from 2-weeks old
in vitro germinated seedlings and used as explants to
establish callus cultures. They were cultured in Petri dishes
on MS/Bs medium supplemented with 1.0 mg L™' 2.4-
dichlorophenoxyacetic acid (2,4-D) and 1.0 mg L™' N°-
benzyladenine (BA), 3 % sucrose and 0.7 % agar. Sub-
cultures of calli (1.5-2 g) were carried out every 14 days.
Cell suspensions were established from callus cultures after
two subcultures. For this, green calli (1.5-2 g) were
inoculated in 250 mL Erlenmeyer flasks containing
100 mL liquid MS/Bs medium, supplemented with 1.0 mg
L™'24D, 1.0 mg L~! BA and 3 % sucrose. The cultures
were maintained on a rotary shaker at 100 rpm in the
growth chamber. After 2 weeks, the cells released from
calli were transferred in 4 volumes of fresh liquid medium
and subcultured every 2 weeks.

Elicitor preparation and treatments

Fungal mycelia extracts were prepared according to Hano
et al. (2006). Briefly, fungal mycelia were maintained on
malt agar medium containing MS macroelements, MW vi-
tamin mixture (Morel and Wetmore 1951), malt extract
20 g L_l), yeast extract (1 g L_l), and glucose (2 g L_l).
For elicitor preparation, mycelia were subcultured on MS
macro and oligoelements, MW vitamin solution, 3.5 mM
morpholinoethane sulfonic acid (MES), sucrose (10 g Lfl),
and glutamine (250 mg L™"). The medium was adjusted to
pH 5.5 before autoclaving (20 min at 120 °C). One-week-
old mycelia were rinsed and re-suspended with sterile dis-
tilled water to a final concentration of 50 mg mL ™" of fungal
mycelium, blended in an Ultra Turrax at full speed for 5 min
and then autoclaved for 10 min at 120 °C. Total sugar
content of the elicitor preparations was
2.70 + 0.3 mg mL~" and no protein were found. One of
these fungal elicitors was obtained from a specific flax
pathogen: F. oxysporum f.sp. lini, and the others from broad
spectrum pathogens: Botrytis cinerea and Phoma exigua.
Treatments of H. perforatum cell suspensions with
50 mg mL~' fungal mycelia extracts were performed
7 days after subculture when cells were in log phase of
growth. Cell suspensions cultivated on MS/Bs medium
without elicitors were used as a control. After treatment, cell
suspensions were photographed with numeric camera cou-
pled to a photonic microscope Olympus BH-2. Cell viability
was determined by vital staining with methylene blue as
described by Laroche and Gervais (2003). The percentage of
dead cells stained with methylene blue was determined and
related to cell viability. Treated cell suspensions were then
harvested by vacuum filtration on days 1, 4, 7, 14, and 21 of
post-elicitation, weighted for growth analysis, frozen in
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liquid nitrogen or lyophilized and stored at —80 °C, until
analysis.

Extraction and quantification of secondary
metabolites

Phenolic compounds extraction and quantification were
performed as previously reported (Gadzovska et al. 2007,
2013). Briefly, phenolic compounds were extracted from
freeze-dried lyophilized and powdered plant material
(0.2 g) with 80 % (v/v) methanol in ultrasonic bath for
30 min at 4 °C.

Total phenolic (TP) contents were determined when
methanolic extract were mixed with Folin—Ciocalteau
reagent (Carlo Erba Reagenti, Rodano, Italy) and 0.7 M
Na,COj; (Singleton and Rossi 1965). Samples were incu-
bated for 5 min at 50 °C and then cooled for 5 min at room
temperature. Absorbance was measured spectrophotomet-
rically at 765 nm. The concentration of TP was calculated
using gallic acid as a standard. The results were expressed
as milligrams of gallic acid equivalents (GAE) per gram of
dry mass (mg GAE g~' DM).

Total flavonoid (TF) contents were determined by using a
method described by Makris et al. (2007). An aliquot of ap-
propriately diluted (1:10-1:100, v/v) extract was mixed with
5 % NaNO, and allowed to react for 5 min. Following this,
10 % AICl; was added and the mixture stood for further
5 min. Finally, to the reaction mixture 1 M NaOH and dis-
tilled water were added. Absorbance was measured spec-
trophotometrically at 510 nm. The concentration of TF was
calculated from a calibration curve using catechin as a stan-
dard. The results were expressed as milligrams of catechin
equivalents (CE) per gram of dry mass (mg CE g~ ' DM).

Total flavanol (TFL) contents were determined in
methanolic extracts with 4-(dimethylamino)-cinnamaldehyde
(DMACA) reagent (Li et al. 1996). The DMACA reagent was
added to the diluted (1:10-1:100, v/v) extracts. The samples
were incubated for 10 min. at room temperature and ab-
sorbance was measured at 640 nm. The concentration of TFL
was calculated using catechin as a standard. The results were
expressed as milligrams of catechin equivalents (CE) per
gram of dry mass (mg CE g~' DM).

Total anthocyanin (TA) determination was performed as
described by Giusti et al. (1999). Anthocyanins were ex-
tracted from freeze-dried lyophilized and powdered plant
material with 1 % HCI/CH;0H (15/85, v/v), ultrasonicated
for 60 min at 4 °C and than centrifugated at 13,000 rpm for
30 min. The absorbance of supernatant was measured at
530 nm. The concentration of TA was calculated using the
molar extinction coefficient of cyanidin-3-glucoside
(€530 = 34,300 M~ cm™"). The results were expressed as
milligrams of cyanidin-3-glucoside equivalents (CyGE) per
gram of dry mass (mg CyGE g~' DM).
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Non-enzymatic antioxidant properties (NEAOP)
assay by p-carotene bleaching method

The NEAOP of methanolic extracts were estimated by using
linoleic acid-B-carotene oxidation method adapted from
Marron et al. (2002). A linoleic acid-B-carotene emulsion
was prepared by mixing 10 mg of linoleic acid with 750 pL.
of 0.2mgmL™" chloroformic B-carotene solution and
100 mg of Tween 40  (polyoxyethylenesorbitan
monopalmitate). Chloroform was evaporated under nitrogen
flow for 10 min. The resulting mixture was adjusted to
25 mL with distilled water and shaken for 10 s. The reaction
mixture was prepared as follows: 10 pL extract were ad-
justed with 15 pLL 80 % (v/v) CH30H and 225 pL of li-
noleic acid-P-carotene emulsion was added. The mixture
was heated to 50 °C. The control consisted of 25 puL 80 %
(v/v) CH30H and 225 pL of linoleic acid-p-carotene
emulsion. Absorbance was measured at 470 nm every
15 min for 45 min. Results were computed as the ratio of -
carotene protection of the extract to the control (80 %
CH;0H). NEAOP was calculated using the following for-
mula: NEAOP = ((B — A)/B) x 100, where A is variation
of absorbance of samples between 0 and 45 min; B is var-
iation of absorbance of control between 0 and 45 min.

Enzyme extraction and assays

The extraction procedure for determination of antioxidant
enzyme assays was based on the method as previously
described by Gadzovska et al. (2007). The enzyme extract
was prepared by homogenizing 1 g of frozen sample in
2 mL 0.1 M KH,PO4/K,HPO, buffer at pH 8.0, containing
2 mM ethylenediamine tetra-acetic acid (EDTA), 1.4 mM
B-mercaptoethanol and 1 % (w/v) polyvinylpyrrolidone
(PVP). The homogenate was centrifuged at 13,000 rpm for
20 min at 4 °C. The supernatant was collected for deter-
mination of protein content and enzyme assays. Protein
contents in enzyme extracts were performed with a Bio-
Rad Protein Assay Reagent (Bradford 1976) using bovine
serum albumin as a standard.

POD assay was based on a method described by Gon-
zales et al. (1999). The reaction mixture contained 0.1 M
NaH,PO,/Na,HPO, buffer (pH 6.0), 20 mM guaiacol so-
lution and 0.1 % (v/v) H,O, and diluted enzyme extract
(1:10). The absorbance was monitored in 40 s for a period
of 1 min and 20 s at 420 nm. The rate of change in ab-
sorbance per minute was used to quantify POD activity
using the molar extinction coefficient of the oxidized pro-
duct tetraguaiacol €459 = 6400 M~ ecm™'. POD specific
activity was determined as the increase in absorbance and
expressed in nkat mg~! proteins.

CAT assay was based on a method described by Fu and
Huang (2001). The reaction mixture contained 60 mM
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KH,PO4/K,HPO,, 30 % (v/v) H,O, and diluted enzyme
extract (1:10). The decomposition of H,O, was measured
as the decrease in absorbance at 240 nm. Absorbance was
monitored in 60 s for a period of 10 min. The rate of
change in absorbance per minute was used to quantify CAT
activity using the molar extinction coefficient of H,0O,
(€240 = 43.6 Mt cm_l). CAT activity was expressed in
nkat mg~" proteins.

PAL assay was determined according to Gadzovska
et al. (2007, 2013). The reaction mixture contained 2 %
(w/v) solution of L-phenylalanine in 50 mM Tris—HCI at
pH 8.8 and enzyme extract. Enzyme assay mixtures were
incubated at 40 °C for 60 min. PAL activity was deter-
mined by measuring the rate of formation of trans-cin-
namic acid as increase in absorbance at 290 nm. Molar
extinction coefficient of cinnamate was &y99 =
19,600 M~' cm™'. The PAL activity was expressed in
pkat mg~" proteins.

CHI enzyme assay was based on the method described
by Gadzovska et al. (2007, 2013). CHI was assayed in
60 mM KH,PO,/K,HPO, buffer at pH 8.0, containing
50 mM KCN to inhibit POD activity. Reaction was initi-
ated by mixing enzyme extract and 2'4,4',6-tetrahy-
droxychalcone. Enzyme assay mixture was incubated at
30 °C for 45 min. The kinetics of the reaction was mon-
itored by measuring the decrease in absorbance at 400 nm.
Molar extinction coefficient of 2'4,4’,6-tetrahydroxychal-
cone was g4099 = 33,113 M~ em™!. The CHI activity was
expressed in pkat mg~' proteins.

High performance liquid chromatography
and electrospray ionization mass spectrometry
(HPLC/ESI-MS) analysis of naphtodianthrones

HYP and PHYP extractions were performed as described
by Gadzovska et al. (2005). A Shimadzu LC-6A liquid
chromatograph equipped with a fluorescence detector
Shimadzu RF-535 (Aexe = 236 nm and A, = 592 nm)
was used for end-point detection. HPLC analyses were
carried out at 25 °C on a Hypersil reversed-phase C;g
column (150 x 4.6 mm, 5 pum, Interchim, France). Mobile
phase A was triethylammonium acetate buffer (0.01 M) at
pH 7.0 and phase B was mixture of methanol and ace-
tonitrile (5:4, v/v). The analyses followed linear gradient
program with a flow rate of 1.5 mL min~' with 20 pL
injected volume. Linear gradient combinations were started
with 60 % B (0-3 min), 92 % B (4-9 min), and 100 % B
(10 min). Total run time was 10 min. Standard solutions of
HYP (0-100 pg ml~") were prepared from pure commer-
cially available standard (Sigma, France). The PHYP was
isolated from plant extracts and purified onto semi pre-
parative Nucleosil Cig column (250 x 10 mm, 5 pm, In-
terchim, France). Standard solutions of PHYP were

prepared in concentration range of 0—100 pg ml~'. Chro-
matograms were performed at 590 nm. All reagents were
HPLC grade from Merck (Germany).

As previously described by Gadzovska et al. (2005),
mass spectra of naphtodianthrones were acquired using a
LCQ Deca mass spectrometer, equipped with an atmo-
spheric pressure chemical ionization source (Thermo-Fin-
nigan). The instrument was operated in the negative ion
mode, scanning from m/z 150-600. Operating conditions
were: sheath gas, 65 psi; auxiliary gas (nitrogen), 10 psi;
ESI needle voltage, 4.5 kV; capillary temperature, 250 °C;
capillary voltage, —12 V. For multiple MS (MS?) spectra
of selected precursor ions, the activation energy was 53 %
for HYP and 50 % for PHYP. Compounds were introduced
to the fused silica-lined ESI needle by syringe pump at
5 uL min~' flow rates. Data acquisition and processing
were performed with Xcalibur software (version 1.2).

FTIR (Fourier Transform Infrared) spectroscopy

FTIR spectra were recorded between 4000 and 400 cm ™'
at 4 cm™ ! resolution on a Nicolet spectrophotometer using
KBr discs containing 1 % of the dry samples and corrected
for the KBr background. The window between 800 and
2000 cm ™' which show information of polysaccharides,
lignin and protein was selected to compare cell wall
modifications between control and elicited samples. For
each sample, 16 spectra were averaged following baseline-

correction and normalization at 1050 cm™".

Statistical analyses

The experiments were independently repeated twice under
the same conditions and all analyses were performed in
triplicate. Error bars of graphs show the standard error of
mean value (£SE). The statistical analyses were performed
with the SPSS statistical software program (SPSS version
11.0.1 PC, USA, IL). Means were expressed with their
standard error and compared by one-way ANOVA (GML
procedure). All statistical tests were considered significant
at p < 0.05.

Results

Biomass production of H. perforatum cell
suspensions

The influence of three fungal mycelia extracts (Fusarium,
Phoma and Botrytis) on cell viability and fresh biomass
production of H. perforatum cell suspensions was
evaluated (Fig. la—c). Outgoing results showed that long
term treatment (after day 14) with fungal elicitors caused
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browning and aggregation in elicited cells. Though all
tested mycelia extracts caused the greenish cell culture into
brown ones, the intensity of brown coloration slightly
varied depending on the fungal species (Fig. 1a). All eli-
citors used had similar effects on H. perforatum cell via-
bility tested by vital staining (Fig. 1b). Cell viability in all
elicited cultures was decreased compared with the un-
treated controls. The effect of treatment with Botrytis on
cell viability (84.17 £ 5.14 %) was minor compared with
that of Fusarium (75.55 £4.02 %) and Phoma
(77.83 £ 8.25 %). Fresh weight of elicited cells was al-
ways below or equal to control values, all along the culture
duration (Fig. 1c). Biomass production of elicited cells was
not significantly different compared to control till day 7 of
post-elicitation. From day 14 to day 21, it was clear that
fresh biomass production in elicited cells was notably
lower for about 20-33 % compared to control cells. In
addition, cells elicited with Fusarium and Phoma exhibited
almost identical kinetics in cell growth inhibition.

Phenylpropanoid and naphtodianthrone
productions of H. perforatum cell suspensions

The production of phenylpropanoids (TP, TF, TFL, TA)
and naphtodianthrones (HYP and PHYP) in H. perforatum
cell cultures were examined according to the type of eli-
citor and post-elicitation period. The effect of fungal
mycelia extracts on TP accumulation in cell suspensions is
indicated in Fig. 2a. Elicited cells produced significantly
increased TP contents from day 4 to day 21 compared to
control cells. The production of TP increased more rapidly
upon Fusarium elicitation at day 4 (3.5-fold) and remained
stable for a longer period of elicitation. Cells elicited with
Phoma and Botrytis showed a markedly higher accumula-
tion of TP at day 7 and 14 (from 2.5 to threefold, respec-
tively) compared to corresponding controls. The TP
contents in all treated cells stay elevated up to 2.5-fold at
the end of post-elicitation (day 21). The production of TF
in elicited cells was significantly increased from day 4 to
day 21 compared to control (Fig. 2b). Fusarium extract
remarkably enhanced TF production at day 7 (ninefold)
compared to control cells. With regards to Phoma and
Botrytis elicitation, notably increased TF amounts (about
fivefold) were observed at day 7 and 14, respectively,
compared to corresponding controls. Elicited cell suspen-
sions exhibited similar response in enhancement of TF
content (about 2.5-fold) at day 21. The TFL content in
elicited cells was not largely changed during the first
7 days of treatment and began to increase from day 14 of
post-elicitation (Fig. 2c). Elicited cell suspensions showed
significantly higher TFL contents at day 14 and 21 (from
6.5 to eightfold, respectively) compared to control. All
applied elicitors gave a similar trend in TFL production
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over the same culture period. The amount of TA in elicited
cells was linearly increased from the beginning until the
end of the culture period (Fig. 2d). In all the corresponding
treated samples, an increase of TA contents was observed
from day 1 of post-elicitation (up to 3.5-fold), reaching a
maximum at day 7 (about fivefold) and remained stable up
to day 21. Outgoing results showed that fungal mycelia
caused elicitation of phenylpropanoid production (TP, TF
and TA) during the entire cultivation period, while TFL
amounts were enhanced at the end of post-elicitation.
Among the tested fungal elicitors, Fusarium possesses
greater stimulating action on phenylpropanoid production,
while Phoma and Botrytis showed a weaker -elicitor
activity.

H. perforatum cell suspensions were found to respond
strongly and rapidly towards the applied fungal elicitors
through the enhanced synthesis of both naphtodianthrones,
HYP (Fig. 2e) and PHYP (Fig. 2f). The HYP and PHYP
production in elicited cells was significantly increased
(from three to fourfold) compared to corresponding con-
trols all along the post-elicitation period. Present results
indicate that fungal elicitors showed a similar stimulating
activity on naphtodianthrone production in cell cultures. In
addition, the production of both naphtodianthrones (HYP
and PHYP) was positively correlated with all estimated
phenylpropanoids (Table 1).

The activities of two key enzymes of the phenyl-
propanoid/flavonoid pathways, PAL and CHI were mon-
itored to estimate general channelling in the different
metabolic pathways in H. perforatum cells upon fungal
elicitation. The activities of PAL (Fig. 2g) and CHI
(Fig. 2h) were strongly induced in all elicited cells but at
distinct levels depending on type of elicitor and culture
period. In cell suspensions, PAL activity was enhanced
upon treatment with fungal elicitors, particularly in those
elicited with Fusarium mycelia extracts. The PAL activity
in Fusarium elicited cells peaked at day 1, the value of
which was about 24-fold that of the control. Afterwards,
PAL activity was gradually decreased but remained sig-
nificantly higher till the end of the experiment (about
threefold) compared to control. Mycelia extracts of Phoma
and Botrytis markedly induced PAL activity in cells at day
14 (from 15- to 17.5-fold, respectively) compared to cor-
responding controls. With regards to CHI enzyme, en-
hanced activity for Fusarium elicited cells was observed
during the entire post-elicitation period. Phoma and
Botrytis stimulated the CHI activity in cell suspensions
from day 4 to day 21 of culture. It is worth noting that all
tested fungal elicitors markedly stimulated CHI activity
(about 26-fold) at the end of the experiment in comparison
to control samples. In addition, PAL and CHI activities in
elicited cells showed remarkably positive correlations with
phenylpropanoid and naphtodianthrone productions
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Fig. 1 a Morphology of Hypericum perforatum cell suspensions at day 14. b Cell staining with methylene blue. ¢ Biomass production

(Table 1). Simultaneous induction of PAL and CHI ac-
tivities in H. perforatum elicited cells as observed in our
study indicated that fungal mycelia extracts could be pro-
posed as efficient elicitors of phenylpropanoid and naph-
todianthrone biosynthesis.

Antioxidant activity of H. perforatum cell
suspensions

The experiments have been undertaken to analyze the in-
fluence of fungal mycelia extracts on NEAOP and enzy-
matic activity of POD and CAT in cell suspensions. The
NEAOP in elicited cells was not largely changed during the
first 7 days and began to increase after day 14 of post-
elicitation period (Fig. 3a). Elicited cells showed from
2.5- to fourfold increase in NEAOP at day 14 of post-
elicitation compared to control. It is worth noting that
Fusarium was shown as superior elicitor of NEAOP in
treated cells than other fungal elicitors (Phoma and
Botrytis). The activities of antioxidant enzymes POD and
CAT in H. perforatum cell suspensions are shown in
Fig. 3b, c, respectively. A strong and rapid increase in POD
activity of elicited cells until day 7 of post-elicitation was
noticed. At the beginning of the experiment, similar pattern
in elevation of POD activity was observed in cells elicited
with Fusarium and Phoma (about twofold), while Botrytis
treated cells showed 1.6-fold higher enzyme activity
compared to control cells. Among the tested fungi, Phoma
exhibited higher stimulatory effect on POD activity com-
pared to other elicitor used, particularly at day 4 and 7. The
CAT activity in elicited cells was not significantly changed
during the first 7 days of post-elicitation and began to in-
crease thereafter (up to twofold) compared to control cells.

Statistical analysis demonstrated that NEAOP was in
significant positive correlation with phenylpropanoid and
naphtodianthrone productions. On the other hand, NEAOP
was negatively correlated with the activities of antioxidant
enzymes POD and CAT, while both antioxidant enzymes

were in significant positive correlation (Table 1). Taken
together, these results showed that fungal elicitors medi-
ated certain type of defense responses in H. perforatum
cultures evidenced by substantial modification of the cell
redox system.

Cell wall modifications of H. perforatum cell
suspensions

In order to extend the characterisation of elicitor-induced
cell wall modifications, we analysed the cell suspensions
by FTIR spectroscopy. Overall, the fingerprint profile of
FTIR spectra from the alkali-treated walls of untreated H.
perforatum cell suspensions and the corresponding elicited
samples showed little variations (Fig. 4a). The spectra
showed the pre-eminence of bands in the 1200-1000
wavelength regions which are characteristic for polysac-
charides (as the bands centered at 1150 and 1100 cm ™! for
C—O-C vibration and C-C stretching in cellulose or pec-
tins). Other peaks can be assigned to C—H deformation in
polysaccharides (1425 cm™') and non-conjugated C=O
groups (1750 cm_l), (Pandey and Pitman 2003; Alonso-
Simon et al. 2004). The most important band at 1650 cm™"
can be assigned to conjugated aldehyde or ketone and/or
the carbonyl groups of amide II (proteins). However, the
accompanying amide N—H stretch at 1540 cm ™' suggested
that the broad absorbance at 1650~' c¢cm was mostly
indicative of proteins (Stewart et al. 1994). Additionally,
the lack of clear-cut peak or shoulder at 1600 and
1510 cm™! suggested that lignin was a minor component
of the alkali-treated cell walls. Nevertheless, difference
spectra between elicited and control samples (Fig. 4b)
showed distinct profiles for each treatment. They revealed
that the most pronounced variations were related to the
protein bands which were slightly more intensive in the
alkali-treated walls of elicited cells. In the case of cell walls
isolated from Fusarium elicited samples, higher signals at
1650 and 1540 cm™' were clearly distinguished. In
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«Fig. 2 Production of phenylpropanoids and naphtodianthrones in
Hypericum perforatum cell suspensions. a Total phenolics (TP).
b Total flavonoids (TF). ¢ Total flavanols (TFL). d Total antho-
cyanins (TA). e Hypericin (HYP). f Pseudohypericin (PHYP).
g Phenylalanine ammonia lyase activity (PAL). h Chalcone isomerase
activity (CHI). GAE gallic acid equivalents, CE catechin equivalents,
CyGE cyanidin-3-glucoside equivalents, DM dry mass. Asterisk
denoted values indicate significant differences between control and
elicited cells (p < 0.05)

addition, difference spectra (Fig. 4b) highlighted a sig-
nificant peak at 1450 cm™' and a broad one at
1220-1270 cm ™" which have been respectively reported as
indicative of lignin aromatic ring and guaiacyl ring (Faix
1991). Therefore, even if lignin appeared as a minor
component of fungal elicited cell-walls, the contribution of
this polymer might require further investigations to confirm
data from FTIR analysis.

Discussion

Biomass production of H. perforatum cell
suspensions

It has been reported that the effect of elicitors on cell
growth is dependent on the type of elicitor, concentrations
used and the cell growth stage when the elicitor is applied
(Namdeo 2007). Present results showed that exogenously
applied fungal mycelia extracts negatively affected cell
viability and fresh biomass production of H. perforatum
cell cultures. Such a result has already been reported when
H. perforatum cell suspensions have been elicited with JA,

SA and fungal mycelia from A. flavus (Gadzovska et al.
2007, 2013; Gadzovska-Simic et al. 2012). On the other
side, JA significantly stimulated biomass production of H.
perforatum cells (Walker et al. 2002), while treatments
with SA, P. cinnamoni and Agrobacterium failed to show
any stimulatory effect on cell growth (Walker et al. 2002;
Tusevski et al. 2014). These findings indicated that the
response of H. perforatum cells to a particular elicitor may
vary between different cell lines and culture conditions.
The suppression of cell growth and viability upon elicita-
tion has been suggested to be caused by the diversion of
metabolic flux, i.e. the activation of secondary metabolism
over primary metabolism (Sivakumar and Paek 2005).
Even that growth of elicited cells is often negatively cor-
related with secondary metabolite production, results pre-
sented here clearly demonstrated that fungal mycelia
extracts could be used as effective elicitors for obtaining
valuable bioactive compounds from H. perforatum cells.

Phenylpropanoid and naphtodianthrone
productions of H. perforatum cell suspensions

Fungal mycelia extracts from Fusarium, Phoma and Botrytis
induced a strong accumulation of phenylpropanoids and
naphtodianthrones in H. perforatum elicited cells. Fusarium
was shown as superior elicitor in stimulation of TP and TF
production, while all tested fungal elicitors gave a similar
response with respect to TFL and TA accumulation.
Phenylpropanoid production in H. perforatum cell suspen-
sions has also been stimulated using JA, SA, A. flavus and
Agrobacterium as elicitors (Gadzovska et al. 2007, 2013;
Gadzovska-Simic et al. 2012; Tusevski et al. 2014). The

Table 1 Correlation analysis between secondary metabolite productions and antioxidant activities of Hypericum perforatum cell suspensions

(n = 20 samples)

r TP TF TFL TA HYP PHYP PAL CHI NEAOP POD
TF 0.8807%*

TFL 0.785***  0.516%*

TA 0.894%#*  (.755%** 0.835%%*

HYP 0.651%**  0.725%** 0.446* 0.819%%*

PHYP 0.637%**  (.708*** 0.456* 0.805%**  0.991***

PAL 0.404* 0.520%* 0.378* 0.455% 0.472% 0.460*

CHI 0.779%**  0.574%* 0.822%** 0.782%**  (0.527** 0.534* 0.450%*

NEAOP 0.823***  (.536%* 0.876%** 0.819%**  (0.470* 0.486** NS 0.788%%*

POD —-0.416%* NS —0.718%*%*%  —0.361* NS NS NS —0.475% —0.634#%*

CAT —0.473** NS —0.567** —0.331* NS NS NS —0.355* —0.619%** (. 75]%**

r Pearson’s coefficient, TP Total phenolics, TF Total flavonoids, TFL Total flavanols, TA Total anthocyanins, HYP Hypericin, PHYP Pseu-
dohypericin, PAL Phenylalanine ammonia lyase, CHI Chalcone isomerase, NEAOP Non-enzymatic antioxidant properties, POD Peroxidase,

CAT Catalase

Levels of significance are: * p < 0.05, ** p < 0.01 and *** p < 0.001. NS indicates non-significant values
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Fig. 3 Antioxidant activities in Hypericum perforatum cell suspen-
sions. a Non-enzymatic antioxidant properties (NEAOP).
b Peroxidase activity (POD). ¢ Catalase activity (CAT). Asterisk
denoted values indicate significant differences between control and
elicited cells (p < 0.05)

elevation of TP and flavonoid compounds in H. polyanthe-
mum acclimatized plants upon elicitation with fungus No-
muraea rileyi suggested that these bioactive compounds are
inducible part of plant defense response (Meirelles et al.
2013). Therefore, the increase in phenylpropanoid production
could be due to the activation of defense pathway of plant
cells by extracellular products released from the fungal
mycelia. The specific and diverse effects of fungal elicitors, as
observed in this study, are most likely to be implicated with
unique modes of recognition upon interactions with fungi and
the complexity of elicitor signal transduction, resulting in
plant defense response (Berrocal-Lobo and Molina 2008).

@ Springer

Though phenylpropanoid production has been investi-
gated in H. perforatum elicited cells, there is still an in-
creased demand for further research on naphtodianthrones
as major pharmacologically active compounds. Present
results suggested that fungal elicitors stimulated HYP and
PHYP production during the entire post-elicitation period.
The production of HYPs in H. perforatum cultures has also
been stimulated upon treatments with fungal elicitors such
as P. cinnamoni, C. gloeosporioides and A. flavus (Walker
et al. 2002; Sirvent and Gibson 2002; Gadzovska-Simic
et al. 2012). The levels of HYPs presented in H. perforatum
plant tissues as a response to C. gloeosporioides invasion
have been directly toxic to the fungus and caused inhibition
of mycelia growth in vitro (Sirvent and Gibson 2002).
Also, fungal spores from P. capsici and Diploceras hy-
pericinum were found to be able to elicit an increase in
HYP biosynthesis in greenhouse-grown H. perforatum and
H. pruinatum (Cirak et al. 2005). Therefore, it could be
assumed that fungal elicitors mimic stress conditions and
the enhancement in HYP and PHYP levels appear to have a
potential role in defense strategy of Hypericum cells.

The present study showed that fungal elicitors
stimulated PAL and CHI activities, but Fusarium mycelia
extract was the most potent for the enzyme activation. This
rapid PAL activation could be associated with the presence
of various Fusarium cell wall active compounds such as
proteins, glycoproteins, lipids and free oligosaccharides
that trigger early plant defense reactions (de Ascensao and
Dubery 2003). These findings are supported by the incre-
ment of PAL activity in different Fusarium elicited cell
cultures (Yuan et al. 2002; Nita-Lazar et al. 2004). Even
that PAL is the key regulatory enzyme leading to the for-
mation of a wide range of phenylpropanoid metabolites
(Dixon et al. 2002), the activity of CHI is essential for the
biosynthesis of flavonoids (Ververidis et al. 2007). The
increase in CHI activity associated with flavonoid accu-
mulation in cucumber plants upon elicitation with fungal
pathogen Sphaeroteca fuliginea highlighted the implication
of these phenolic compounds in plant defense system
(Fofana et al. 2002). Moreover, the coordinated induction
of PAL and CHI has already been reported in our previous
studies for H. perforatum cells, calli and shoots elicited
with JA and SA (Gadzovska et al. 2007, 2013). It was
demonstrated about twofold increase PAL and CHI ac-
tivities in shoots and calli, while enzyme activities in cells
were remarkably higher (from 50 to 60-fold) upon treat-
ments with SA. For these data, the most efficiency could
only result either, in a better exposition of cells to exoge-
nously applied elicitors into the liquid medium, or in
possible difficulties in penetration of elicitor components
into shoots cultivated on solid medium. Therefore, the fa-
cilitated penetration of fungal elicitors in cells in suspen-
sion could efficiently trigger PAL and CHI activities. If
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Fig. 4 Effect of fungal mycelia extracts on cell wall modification in Hypericum perforatum cell suspensions. a Fourier Transform Infrared
(FTIR) spectra. b Difference spectrum between control and fungal elicited cells

such a consequence existed in fungal elicited cells, it could
be possible that the changes in phenolic levels would
consist in a response to the enzymatic modifications.

The PAL as the entrypoint enzyme into phenylpropanoid
metabolism regulates the production of the monomers nec-
essary for lignin biosynthesis and other phenolic compounds
in plant cells. Induced lignification is one of the several plant
responses to microbial attack or elicitation (Lattanzio et al.
2006). Defense lignin is known to create a physical barrier
thereby limiting pathogen invasion in the plant tissue and this
polymer being highly resistant to enzymatic degradation by
microorganisms. Since it is generally difficult to quantify
lignin in weakly-lignified cells, we decided to investigate any
potential modification in lignin accumulation by using FTIR
analysis. The analysis of cell wall modifications by FTIR
showed that necrotrophic pathogen Botrytis or biotrophic
pathogens Fusarium and Phoma gave similar responses in cell
suspensions. Present results demonstrated that fungal mycelia
extracts did not notably affect lignin accumulation in elicited
cell walls. In contrast, Fusarium treated flax cells showed that
lignin accumulation in cell walls correlated with an increase in
PAL activity (Hano et al. 2006). Similarly, Zhao et al. (2005)
reported that fungal elicitors stimulated the phenylpropanoid
pathway leading to accumulation of lignin which is required
for cell wall reinforcement against pathogen invasion. The
discrepancies with our results could possibly be explained by
an activation of alternative naphtodianthrone pathway rather
than lignin biosynthesis through phenylpropanoid pathway
which is associated with induced PAL activity in H. perfo-
ratum fungal elicited cells.

Antioxidant activity of H. perforatum cell
suspensions

In fungal-host interaction, plant cells produced a certain
amount of ROS via an oxidative burst that may affect not

only the invading pathogen, but also the host cells them-
selves, unless the host cells have a high antioxidant capacity
(Nowogorska and Patykowski 2015). The cooperative
functioning of enzymatic and non-enzymatic antioxidants
plays an important role in ROS scavenging and maintaining
the physiological redox status of plant cells (Gill and Tuteja
2010). When the antioxidant activity of H. perforatum cell
suspensions was evaluated in response to fungal elicitation,
the results consistently indicated an early up-regulation of
POD activity, while NEAOP and CAT activity were en-
hanced at the end of post-elicitation. Comparison of an-
tioxidant enzyme activities showed that the lower response
of CAT activity to fungal treatments in the early phase of
post-elicitation maybe compensated by the increased POD
activity. These results suggested that CAT activity may be
essential for the protection of fungal elicited cells during the
long-term treatment. These enzymes acting concurrently to
remove H,0O, in elicited cells and POD rather than CAT
participated in the early protection of cells against fungal-
mediated ROS production. These results are in good
agreement with previous studies reporting an increase in
plant antioxidant enzymes under fungal attack (Polkowska-
Kowalczyk et al. 2007; Nowogorska and Patykowski 2015).

A significant correlation between enhanced NEAOP and
phenylpropanoid/flavonoid accumulation in fungal elicited
cells was found, indicating the potential role of phenolic
compounds as antioxidants. The naphtodianthrone (HYP
and PHYP) productions and NEAOP also correlated sig-
nificantly, but to a lower extent compared with phenyl-
propanoid production. Even if antioxidant activities from
H. perforatum extracts are usually derived from polyphe-
nolic compounds (Silva et al. 2005), these effects do not
always correlate with the presence of naphtodianthrones. It
was shown that HYP which has six hydroxyl groups
demonstrate lower antioxidant activity, probably due to its
hydrophobicity (Conforti et al. 2002). The contribution of
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naphtodianthrones to NEAOP was expected because -
carotene bleaching assay used in this study is suitable for
estimation of hydrophobic antioxidants (Kulisic et al.
2004). Therefore, the accumulation of phenolic compounds
within the elicited cells indicates an attempt to maintain the
cellular redox homeostasis in order to minimize the con-
sequences of biotic stress. This study clearly demonstrated
that H. perforatum defense system was triggered by the
phenylpropanoid/naphtodianthrone-mediated elevation of
NEAORP in fungal elicited cells.

Effects of fungal elicitors on the secondary
metabolism channelling

Phenylpropanoid biosynthetic pathways are among the
most frequently observed metabolic activities that are in-
duced upon infection of plants with pathogens or treatment
of plant tissue or cultured cells with different elicitors. The
strong and rapidly stimulating effect of fungal elicitors on
plant secondary metabolite accumulation attracts consid-
erable attentions and research efforts (de Ascensao and
Dubery 2003; Li et al. 2014). In the present study, an in-
crease in phenylpropanoid and naphtodianthrone produc-
tions with simultaneous elevation of PAL and CHI
activities indicated that fungal elicitation is an effective
strategy for enhancement of various groups of phenolic
compounds. Concerning naphtodianthrone biosynthesis, it
proceeds via a polyketide pathway in which a polyketide
synthases (HpKS1 and HpKS?2) intervenes (Karppinen and
Hohtola 2008). However, the final stages of HYP biosyn-
thesis have been suggested to be conducted by a phenolic
coupling protein HYP-1 (Bais et al. 2003). In our previous
study, we found that SA did not influence the Hyp-1
mRNA accumulation in H. perforatum cells (Gadzovska
et al. 2013). As basic structural unit of HYP is emodin
anthrone, the search for possible bysinthetic routes for
antraquinone synthesis revealed the existence of an alter-
native pathway, through chorismate/o-succinylbenzoic acid
pathway (Pillai and Nair 2014). Therefore, we can consider
that stimulated PAL activity upon fungal elicitation might
trigger the defense responses of H. perforatum cell sus-
pensions through activation of synthetic pathway of
naphtodianthrones.

Many investigations have been conducted to establish and
to enhance HYP and PHYP production using different H.
perforatum in vitro culture systems (Kirakosyan et al. 2000;
Walker et al. 2002; Sirvent and Gibson 2002; Tusevski et al.
2014). Results from our previous studies (Gadzovska et al.
2005, 2007, 2013) showed that naphtodianthrone production
(HYP and PHYP) of regenerated plantlets reached
150-500 pug g~' DW, which was higher than that of in vitro
shoots (200400 pg g~' DW), calli (135-200 pg g~' DW)
and cell suspension cultures (20-50 pug g~' DW).The HYP
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and PHYP accumulation in plantlets and shoots was related
to leaf morphogenesis and apparition of dark oil glands,
while calli and cells cultivated on hormonal supplemented
medium were able to acquire certain degree of differen-
tiation and capability for naphtodianthrone production
(Gadzovska et al. 2005, 2013). Present results showed that
all three types of fungal elicitors had more universal effects
on stimulated production of naphtodianthrones (HYP and
PHYP) in H. perforatum cell suspensions, as previously
reported for elicitation with JA and SA (Gadzovska et al.
2007, 2013). On the other side, Walker et al. (2002)
demonstrated that JA enhanced HYP production in H. per-
foratum cell cultures, while SA and fungal elicitor P. cin-
namoni failed to show any stimulatory effects. These results
indicate that plant cell response to a particular elicitor might
vary between different cell lines and culture conditions. It
has been well documented that the elicitor-induced sec-
ondary metabolite production is mediated by endogenous
signalling pathways involving signal molecules such as ni-
tric oxid, JA, SA and H,0,. In this view, fungal elicitors
induced HYP production in H. perforatum cells through a
JA dependent signalling pathway (Xu et al. 2005) or
NADPH oxidase-mediated H,O, signalling pathway (Xu
et al. 2011). It is still unclear whether elicitors acted on the
same or distinct signalling pathways and further research is
needed to better understand the effects of various elicitors on
secondary metabolites partitioning in H. perforatum cell
suspensions. The system described here represents a
promising approach for studying the biosynthetic pathways
of plant secondary metabolites within a short cultivation
time. Thus, we proposed that secondary metabolite pro-
duction in H. perforatum cell suspensions can be partially
modified by fungal elicitation and well controlled cultures
could be used as a source for rapid and increased production
of naphtodianthrones as major pharmacologically active
compounds.

Conclusions

In summary, the present work showed that fungal mycelia
extracts from F. oxysporum ssp lini, Phoma exigua and
Botrytis cinerea are efficient elicitors for enhancement of
secondary metabolite production in H. perforatum cell
suspensions. A strong accumulation of phenylpropanoids
and flavonoids was related to markedly higher activities of
PAL and CHI in fungal elicited cells. Moreover, H. per-
foratum elicited cells synthesized and stored significant
quantities of naphtodianthrones (HYP and PHYP) indi-
cating that these compounds represent a main part of de-
fense strategy triggered by fungal elicitors. Antioxidant
activity in fungal elicited cells remains significantly
elevated throughout the post-elicitation period, suggesting
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a modification in the accumulation of phenolic compounds
that exhibit high antioxidant properties. The investigation
of inter-relationship between phenylpropanoid and naph-
todianthrone productions with antioxidant activity will be a
promising field to understand and elucidate possible
mechanisms for utilization of Hypericum cells as sources
of bioactive compounds in food and pharmaceutical in-
dustry. Regarding the commercialization of plant cell cul-
ture processes, different strategies to increase biosynthesis
of secondary metabolites and to alter the product spectrum
have to be investigated. We believe that only continuation
and increase of efforts in this field will lead to controllable
and successful biotechnological production of valuable
phenylpropanoids and naphtodianthrones, and as yet un-
known plant bioactive compounds.
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