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Abbreviations chapter 1

13-HPOT 13-hydroperoxylinoleic acid
AOC allene oxide cyclase

AOS allene oxide synthase

APX ascorbate peroxidase

As arsenic

BPS benzophenone synthase

Cd cadmium

CHIT chitosan

CHS chalcone synthase

COS chitosan oligosaccharides

ET ethylene

ETC electron transport chains

ETI effector-triggered immunity

ETS effector-triggered susceptibility
GR glutathione reductase

HPLC high performance liquid chromatography
HR hypersensitive response

IAA indole acetic acid

IBA indole butyric acid

ICS isochorismate synthase

ISR induced systemic resistance

JA jasmonate

JMT JA carboxyl methyltransferase
LOX lipoxygenases

MAMP microbial-associated molecular pattern
MAO monoamine oxidase

MAPK mitogen-activated protein kinases
MeJA methyl jasmonate

MeSA methy| salicylate

NO nitric oxide



OPR
PAL
PAMP
PCD
Pls

PR
PRR
PTI
ROS
SA
SAG
SAGT
SAMT
SAPB2
SAR
SOD

12-oxo-phytodienoic acid reductase
phenylalanine ammonia lyase
pathogen-associated molecular
programmed cell death
proteinase inhibitors
pathogenesis-related proteins
pattern recognition receptors
PAMP-triggered immunity
reactive oxygen species
salicylic acid

SA O-B-glucoside

SA glucosyltransferase

SA methyl transferase

MeSA methyl esterase
systemic acquired resistance

superoxide dismutases



1. Introduction

1.1 Hypericum perforatum

The genus Hypericum, the most numerous of the nine genera of Hypericaceae family
(Stevens 2007; APG 111 2009), includes almost 470 species of herbs, shrubs and small trees.
It is distributed in Eurasia (>230 species), North and South America (c. 40 and >130 species
respectively), Southeast Asia (c. 47) and Africa (c. 40 species). Typical habitats are rocky,
sometimes calcareous, and dry to moist grasslands or acidic fens and shallow swamps. In
the tropics it is generally confined to high elevation habitats (Robson 2003).

The most studied species of the genus is Hypericum perforatum, a medicinal plant used since
antiquity with a broad range of pharmacological activities.

H. perforatum is commonly known as St. John’s wort because of its blooming period which
occurs at the end of June (June 24" is St. John’s day). Christians believed that H. perforatum
kept evil spirits away, for this reason on St. John’s day they used to burn plants to purify the
air and ensure good crop harvest, indeed the origin of the genus name “Hypericum” comes
from Greek words hyper (over) and eikon (image, in the sense of ghost) because people
believed in its exorcistical properties. The specific name “perforatum” refers to leaves that
seem to be perforated due to the presence of secretory structures.

H. perforatum (Fig.1) is a completely glabrous herbaceous plant species, characterized by
an erect stem, 30 to 100 cm long and branched in the upper section; the leaves (Fig. 1B) are
yellow-green in color, opposite, shortly petiolate; yellow flowers (Fig. 1A) are numerous,
forming a broadly paniculate, almost corymbose, inflorescence with numerous stamens free
or into three bundles at the base. The ovary is superior and ovoidal with three widely
divergent styles, flowers have five sepals and five petals with dark glands along the margins;
the fruit (Fig. 1C) is a small septate capsule; seeds (Fig. 1D) are 1 mm long cylindric, brown,
with a pitted or finely patterned surface (Bombardelli and Morazzoni 1995).

An anatomical characteristic of H. perforatum is the presence of two types of secretory
structures on stems, leaves and flowers: translucent glands (Fig. 1B, E), which are colorless
and accumulate hyperforin and essential oils, are localized all over the leaf lamina; dark
glands (Fig. 1B, F), which are dark red and produce hypericin and its derivatives, are

distributed on stems, leaves, flowers and anthers.



Fig. 1 Hypericum perforatum. A) Flowers with numerous stamens; B) leaves showing dark and

translucent glands; C) fruits, capsules; D) seeds; E) translucent glands; F) dark gland.



1.2 Traditional use, pharmacological activity and clinical properties of H.

perforatum

The properties of H. perforatum have been known for centuries and its use in folk medicine
has an ancient tradition. The Europeans have used it in order to treat a broad number of
diseases, like anxiety, colds, depression, flue, hemorrhoids, womb muscle contractions
during menstruation, skin irritations or infections, burns and wounds (Saddige et al. 2010
and literature cited therein). The oldest references about the use of H. perforatum come from
the Greek botanist of the I century a.C., Dioscorides, the Roman student of the | century
a.C., Plenius, and the Greek physician and father of medicine of the V century b.C.,
Hippocrates. In the XI1I century, Templars were the first to discover that H. perforatum was
very useful for improving the mood of warriors forced to bed for months.

In last decades, H. perforatum has been studied primarily for the antidepressant activity of
its extracts which have been widely sold in health food stores and pharmacies in Europe and
the USA for the treatment of depression (Lecrubier et al. 2002; Kasper et al. 2006). Clinical
studies found H. perforatum extracts to be efficacious in the treatment of mild to moderate
depression (Kasper et al. 2010; Chen et al. 2011; Ng et al. 2017). The effectiveness of H.
perforatum extracts has been also demonstrated in the treatment of somatoform disorders
(Volz et al. 2002; Muiller et al. 2004), obsessive-compulsive disorder (Kobac et al. 2005),
anxiety (Singewald et al. 2004) and seasonal affective disorder (Wheatley 1999; Pjrek et al.
2005). Moreover, studies about other H. perforatum extracts properties have been conducted,
including anti-Alzheimer (Hofrichter et al. 2016) wound-healing (Rao et al. 1991; Oztiirk et
al. 2007), anti-inflammatory (Kumar et al. 2001), antibacterial (Conforti et al. 2005),
antifungal (Milosevic et al. 2007), and antiviral activities (Richer and Davies 1995).

1.3 Phytochemical content of aerial organs

The phytochemical content of leaves and flowers of H. perforatum has been deeply
investigated because secondary metabolites with anti-depressant activity are produced and
accumulate in the aerial organs of the plant (Mennini and Gobbi 2004). Hypericum
preparations rich in bioactive secondary metabolites are obtained through hydroalcoholic
extraction of the flowering tops and leaves; these are exploited above all for the treatment of

depressive states, neurovegetative disorders and anxiety (Par 1.2).



Hypericins (naphthodianthrones) (Fig. 2A) and hyperforins (phloroglucinols) (Fig. 2B) are
considered the main bioactive constituents of the aerial organs of H. perforatum, they are
produced in black globules and translucent glands, respectively (Fig. 1E-F); hypericin was
initially described as a monoamine oxidase (MAO) inhibitor (Suzuki et al. 1984), but later
studies indicated that this effect was not clinically significant (Mennini and Gobbi 2004 and
literature cited therein). In last decade the anti-depressant activity of hyperforin has been
investigated, neglected at the beginning because of its instability in most organic solvents
and fast air oxidation (Medina et al. 2002 and literature cited therein; Isacchi et al. 2007).

However, in addition to naphtodianthrones and phloroglucinols, several molecules have
been characterized such as essential oils and volatile compounds (hydrocarbons,
monoterpenes, sesquiterpenes) (Nahrstedt and Butterweck 1997; Crockett et al. 2010),
flavonoids (flavonols, flavones, glycosides, biflavonoids, catechins), tannins and other
phenols (caffeic, chlorogenic, p-coumaric, ferulic, p-hydroxybenzoic and vanillic acids)

(Barnes et al. 2010 and literature cited therein).
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Fig. 2 Main bioactive secondary metabolites accumulated in H. perforatum shoots. Chemical

structure of: A) hypericin and pseudohypericin; B) hyperforin and adhyperforin (Barnes et al. 2010).

1.4 Phytochemical content of roots

Although many therapeutic properties of aerial organ metabolites are known, little
information is available on the chemical composition and biological activities of H.

perforatum root extracts (Tocci et al. 2013; Simonetti et al. 2016).



The phytochemical content of St. John’s wort root includes compounds also found in shoots
such as phenolic acids (e.g. chlorogenic acid) and flavonoids (aglycon or glucoside flavonols
like quercetin or hyperoside, respectively) (Cui et al. 2011) (Fig. 3A-C), but also xanthones,
which are compounds specifically biosynthesized and accumulated in roots (Crockett et al.
2011).

HO CO,H

HO" ™" 0
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Fig. 3 Main polyphenols accumulated in H. perforatum. Chemical structures of: A) chlorogenic

acid; B) of quercetin and C) hyperoside.

1.5 Structure and chemical properties of xanthones

Xanthones, from Greek “Eov00¢” (xanthos) which means “yellow”, are phenolic compounds
with a limited distribution in plant kingdom. Xanthone (9H-xanthen-9-one) (Fig. 4) is the
central core to which substituents are added to form different xanthones usually found as
aglycones, O-glycosides and C-glycosides. They are produced mainly by plants, but also by
some lichens, fungi and bacteria (Masters e Brase, 2012). Xanthones are typical secondary
metabolites of plants belonging to the Hypericaceae family in particular of Hypericum
species, but they are also synthesized in species belonging to Gentianaceae, Moraceae and

Polygalaceae families (Negi et al. 2013).
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Fig. 4 Chemical structure of xanthone.

1.5.1 Xanthone biosynthesis

Exodermis and endodermis are the sites of xanthone biosynthesis in H. perforatum roots
(Tocci et al. 2018); they are synthesized through the phenylpropanoid pathway which has
different branches leading to many different compounds including simple phenylpropanoids,
flavonoids, lignin and others (Demirkiran 2007).

Key enzymes regulate this pathway moving the metabolism depending on plant’s needs. The
phenylpropanoid pathway originates from phenylalanine, which is deaminated by
phenylalanine ammonia lyase (PAL). This is one of the well-studied and characterized
enzyme of plant secondary metabolism, it catalyzes the reaction which links primary
metabolism (shikimate pathway) to secondary metabolism: phenylalanine deamination to
trans-cinnamic acid (Fig. 5) with release of nitrogen in the form of ammonia. The
biosynthetic pathway divides in two branches from trans-cinnamic acid to give xanthones
or flavonoids. p-coumaroyl-CoA and malonyl-CoA are produced from trans-cinnamic acid
and two enzymes act on these compounds respectively: chalcone synthase (CHS) and
benzophenone synthase (BPS) (Liu et al. 2003; Vogt 2010).

CHS in presence of one molecule of p-coumaroyl-CoA and three of malonyl-CoA catalyzes
consecutive decarboxylations and condensations leading to chalcone, the flavonoid
precursor from which tannins, flavones, isoflavones, flavonols and anthocyanins are
synthesized.

BPS, a transferase, in presence of one molecule of benzoyl-CoA and three of malonyl-CoA

catalyses the reaction which leads to benzophenone, the precursor of xanthones.
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Fig. 5 Phenylpropanoid pathway. Branches leading to xanthone and flavonoid synthesis. PAL.:
phenylalanine ammonia lyase; CHS: chalcone synthase; BPS: benzophenone synthase (Liu et al.
2003).

1.5.2 Biological activities of xanthones in plants

Phenolic compounds are known to be molecules involved in protecting plants against
microbial attacks (Ahuja et al. 2015); in vitro studies have shown that xanthones, as observed
for other polyphenols, are constitutively biosynthesized, although their content may
significantly increase in response to pathogenic attack (phytoalexins). An increase in

xanthone accumulation in cell cultures of many plant species subjected to elicitor treatments



has been observed: Centaurium erythraea elicited with yeast extract and methyl jasmonate
(MeJa) (Beerhues and Berger 1995); H. perforatum elicited with Colletotrichum
gloeosporioides cell wall extracts, Agrobaterium tumefaciens, Mela, salicylic acid (SA) and
chitosan (CHIT) (Conceicao et al. 2006; Franklin et al. 2009; Tocci et al. 2010). Franklin
and colleagues (2009) proposed a double role of xanthones in the defense response as
antioxidant and antimicrobial compounds: in vivo xanthones on one hand constitute a
powerful antioxidant system to protect the host cells from reactive oxygen species (ROS)
and on the other hand have also the potential to act as phytoalexins against pathogenic
microorganisms (Fig. 6).

In the last decades the inducible role of xanthones has been also investigated in organ
cultures (Ishimaru et al. 1990; Vinterhalter et al. 2008; Tocci et al. 2011, 2012; Valletta et
al. 2016). In vitro cultures of H. perforatum roots elicited with chitosan or chitosan
oligosaccharides (which mimic a fungal attack) synthesized xanthones significantly
increasing the concentration compared to non-treated samples (Tocci et al.2010, 2011;
Brasili et al. 2014; Badiali et al. 2018).

Pathogen
%o
§ ‘ defense
Plant cell » %‘
response .
phytoalexin/s ‘

£

o
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o

synthase 8

‘ antioxidants
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Fig. 6 Hypothetical role of xanthones in the plant pathogen-interaction. In the model proposed
by Franklin et al. (2009) xanthones play dual function in plant cells during biotic stress: (1) as

antioxidants to protect the cells from oxidative damage and (2) as phytoalexins to impair the pathogen

growth (modified from Franklin et al. 2009).
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1.5.3 Pharmacological activities of xanthones

The interest in studying xanthone pharmacological activity had its beginning in ‘60s when
diuretic and cardiotonic effect of mangiferin, a compound belonging to this class, was
demonstrated (Finnegan et al. 1968 and literature cited therein). Following studies led to the
discovery that xanthones can reverse various types of tumor (Abe et al. 2003; Chen et al.
2004; Su et al. 2011; Ndfez et al. 2016) and that they have antimutagenic and antiangiogenic
activities (Mackeen et al. 2000; Pinto et al. 2003; Almanza et al. 2011; NuUfez et al. 2016).
Xanthones have also anti-inflammatory properties (Chung et al. 2002; Park et al. 2006; Chen
et al. 2008), antioxidant activity (Panda et al. 2013), they are effective in the treatment of
cardiovascular diseases (Ishiguro et al. 2002) and have an enzyme inhibitory activity against
mono amine oxidase (MAO) enzyme which plays an important role in the regulation of some
neurologically active amines (Ohishi et al, 2000; Gnerre et al. 2001; Urbain et al. 2008); the
inhibitors of MAO are useful in the therapy of several neurodegenerative conditions,
including Parkinson's disease and Alzheimer's disease, psychosis, depression and
schizophrenia (Laban and Saadabadi 2019 and literature cited therein; Wang et al. 2019).

In the last decades antifungal, antibacterial and antiviral activities against human pathogens
have attracted the attention of scientists because of the onset of resistance of pathogens to
conventional antibiotics and antifungals (De Vita et al 2012). Xanthones, in particular
prenylated and oxygenated xanthones, showed a significant antimicrobial activity against
microorganisms pathogenic to humans (Fotie and Bohle, 2006; Tocci et al. 2011, 2012,
2013; Simonetti et al. 2016; Badiali et al. 2018) and plants (Cortez et al. 1998; Crockett et
al. 2011).

1.6 Plant defense responses

Plants are sessile organisms in environments inhabited by living beings potentially
dangerous to them (pathogens or phytophages) (biotic stress); moreover, they are subjected
to stress caused by non-living factors depending on climate conditions (abiotic stress). For
these reasons they had to evolve specific mechanisms to detect and consequently act against
complex stress combinations, minimizing damage while conserving resources for growth

and reproduction.
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Plants have evolved different ways to perceive external attacks. As shown in Fig. 7, the
recognition of microbial- or pathogen-associated molecular pattern (MAMP or PAMP)
perceived by host encoded pattern recognition receptors (PRRs) leads to the PAMP-triggered
immunity (PTI, called basal resistance). Successful pathogens secrete pathogen-encoded
effector proteins which suppress PTI leading to the effector-triggered susceptibility (ETS),
these factors are in turn recognized by plant resistance (R) proteins leading to the effector-
triggered immunity (ETI). Natural selection drives pathogens to avoid ETI diversifying or

acquiring new effectors.

PTI ETS ETI ETS ETI

@ ©
Pathogen ° . .. @
effectors "
Pathogen
effectors | Avr-R

Fig. 7 “Zig-zag” model for plant immune system (Jones and Dangl 2006).

The typical manifestation of ETI, mostly against biotrophic pathogens and viruses
(Glazebrook et al. 2005) is hypersensitive response (HR) (Chisholm et al. 2006; Bari et al.
2009). The latter consist in the developing of necrotic lesions at the pathogen entry site to
prevent the invasion into plant tissues and to deprive the pathogen of nutrients. ETI usually
causes the accumulation of reactive oxygen species (ROS) and nitric oxide (NO), and the
activation of defense-related genes including those encoding pathogenesis-related (PR)
proteins (Dempsey et al. 1999). lon fluxes (in: Ca®* and H*; out: K* and CI) occur in cells
next to the invasion site causing the production of toxic compounds formed by molecular
oxygen reduction, such as superoxide anion (O2), hydrogen peroxide (H20>), and hydroxyl
radical (OHe); these reactive species start radical chain reactions involving a wide variety of

organic substances leading to lipid peroxidation, enzymatic inactivation and nucleic acid
12



degradation (Lamb and Dixon 1997), contributing to apoptosis and acting directly against
the pathogen. Moreover, ROS are involved in cell wall fortification causing proline-rich
protein modification (Bradley et al. 1992), this adds to lignification and callose apposition
to create a barrier against the invader. At the same time NO is produced. Both NO and ROS
can act also as signaling molecules (although their long-distance action is unlikely). They
appear to function in a positive feedback loop with SA and their production is necessary for
HR activation (Fig. 8). NO induce SA accumulation and SA is required in NO defense
signaling. H>O: increases following a pathogen attack and activates SA synthesis; SA then
cooperates with ROS generated during the second phase of the oxidative burst potentiating
cell death and genes involved in plant defense. SA also induces an increase in H20:
production, which in turn activates the synthesis of more SA and programmed cell death
(PCD) in a self-amplifying loop which regulates defense responses (Dempsey et al. 1999;
Durner et al. 1997; Overmyer et al. 2003).

The phytohormone SA has a prominent role in HR (Par. 1.7.1.4) activating non-expressor of
PR genes 1 (NPR1) which in turn activates PR proteins; moreover, SA is also necessary for
systemic acquired resistance (SAR) induction, probably acting via its volatile methyl ester
methyl salicylate (MeSA) (Park et al 2007). Among PR proteins hydrolytic enzymes are the
principal group, they attack the pathogen cell wall and degrade it. At last, phytoalexins are
produced, secondary metabolites with a high toxicity against pathogens. A few hours to
several days after HR, also in distant portions of the plant PR gene expression levels increase
leading to the development of SAR, a long-term resistance to infection by a broad diversity

of pathogens.
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Fig. 8 Plant response against pathogen infection. SA: salicylic acid; ROS: reactive oxygen species;
NO: nitric oxide; MeSA: methyl salicylate; PCD: programmed cell death; PR proteins: pathogen
related proteins; HR: hypersensitive response; SAR: systemic acquired resistance.

Response against herbivore insects and necrotrophic pathogens involves other signalling
molecules. The principal signalling pathway involved in plant defense responses against
pests is the octadecanoid pathway which produces the phytohormones jasmonic acid (JA),
methyl jasmonate (MeJA) and derivatives (Par. 1.7.1.3). This pathway is activated by pest
oral secretions (Halitschke et al. 2001) and mechanical wounding stress leading to the release
of systemin, a signal peptide of 18 amino acids which is cleaved from the C-terminal region
of a 200-amino acid precursor protein called prosystemin; it induces a signal cascade leading
to the activation of octadecanoid pathway for JA production which in turn causes the
expression and the accumulation of defensive proteinase inhibitors (Pls), which play a
defensive role by inhibiting the activity of digestive enzymes in the guts of insects (Sun et
al. 2011) and induces the production of phytoalexins both locally and systemically.

Jasmonates, synergistically with ethylene (ET), are also involved in induced systemic
resistance (ISR) activated by non-pathogenic microorganisms; this response alerts the plant
and causes the establishment of an advanced state of preparation against pathogenic attacks

14



(priming for enhanced defense). This type of systemic defense does not include the
production of SA or PR proteins (Hase et al. 2008; De Vleesschauwer et al. 2008; Segarra
et al. 2009) (Fig. 9). The defense regulatory protein NPR1 is an important regulator in SA-
dependent SAR and acts also in JA/ET-dependent ISR (Dong 2004; Pieterse and Van Loon
2004; Leon-Reyes et al. 2009) but its activation does not induce the expression of SA-
responsive PR-genes. This suggests that NPR1 plays a key role in regulating and connecting
different induced defense pathways (Dong 2004; Pieterse et al. 2009) via some factors
(WRKY and MAPKSs — mitogen activated protein kinase) involved in mediating the
bidirectional antagonism between SA- and JA-mediated signaling (Li et al. 2004, 2006;
Brodersen et al. 2006; Qiu et al. 2008) although synergism between these pathways has been
observed (Mur et al. 2006).

Systemic acquired
resistance

Induced systemic
resistance

ED Priming for ~ <.

JA/ET defenses S::-

¥

] \

Fig. 9 Systemically induced immune responses (Pieterse et al. 2009).
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1.7 Induction of responses in plant cultures: advantages of in vitro

systems and elicitation techniques

The major source of bioactive compounds for medicine, food additives, pigments,
insecticides, cosmetics, and fine chemicals has historically been the plant kingdom.
However, the extraction of bioactive compounds directly from plants is often not efficient,
the extract may contain only very small quantities, or its composition may vary with the
season or the environment. Often the biosynthesis of some compounds is activated in
specific stages of development or in response to stress, specific environmental conditions
and nutrients availability. Also, the characteristics of the producer organism may limit the
availability of the molecules of interest: the plant could be rare, could have a slow or a
difficult growth, or could be a protected species (Verpoorte et al. 2002). To obtain
qualitatively and quantitatively standardized extracts, plant biotechnology can represent a
valuable alternative. This technology is advantageous compared to the conventional
agricultural production because it is independent of geographical and seasonal variations and
various environmental factors; it offers a defined production system; it allows to obtain a
rapid production and an efficient recovery; it allows to use plants as biotransformers for the
production of novel compounds from cheap precursors.

For these reasons, in the last decades many studies have focused on plant cell cultures as a
possible method to produce plant secondary metabolites of commercial interest (Buitelaar
and Tramper 1992; Lipsky 1992; Verpoorte et al. 1993, 1998; Su 1995). Many authors
demonstrated that in undifferentiated calli and suspended cells of H. perforatum xanthones
are the main secondary products accumulated (Dias et al. 1999; Dias et al. 2001; Pasqua et
al. 2005; Conceicao et al. 2006; Mulinacci et al. 2008). However, for many of the desired
compounds, the production from cell cultures is too low, not exploitable for applicative
purposes. This is usually because some compounds require tissue differentiation to be
correctly synthesized.

To increase the production of secondary metabolites (including xanthones) elicitors can be
used. The elicitation is a technique commonly used in plant biotechnology to enhance
secondary metabolite production (Zhao et al. 2005; Namdeo 2007).

Elicitation techniques have been applied to suspended cell cultures of H. perforatum
(literature cited in Par. 1.5.2) and the xanthone biosynthesis was significantly stimulated but
it was insufficient for a large-scale production. The use of elicitors on organ cultures allowed

to obtain the highest xanthone production, the adventitious root cultures of H. perforatum
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demonstrated to be a promising reliable way for production of pharmaceutically and

nutraceutically important metabolites (literature cited in Par. 1.5.2).

1.7.1 Biotic stress

Biotic stress is stress caused by a living organism to another; plants are continuously exposed
to biotic stress factors such as the attack by fungi, bacteria, viruses, nematodes and
herbivores. Nonetheless, disease takes place only if the pathogen overcomes the diverse
defense strategies that plants put in place against the invader. After the attack, plants activate
signaling pathways to organize a response against pest, the response culminates in the
production of secondary metabolites (Par. 1.6). The involved signal molecules can be used
in plant biotechnology as elicitors to mimic the attack and consequently induce the

biosynthesis of secondary metabolites of interest or to investigate plant responses.

1.7.1.1 Chitin and chitosan

Chitin is a linear polysaccharide composed by N-acetyl-D-glucosamine repeat units linked
by p-(1 — 4) glycosidic bonds (Fig. 10A). It is the principal component of the exoskeleton
of arthropods and fungal cell wall, and the second-most abundant polysaccharide on earth
following plant cellulose. Plants do not contain chitin but possess enzymes to degrade it
(chitinases), probably because of the coevolution with their fungal pathogens (Passarinho
and de Vries 2002). Chitinases act both directly on fungi degrading their cell wall, and
indirectly generating chitin fragments that are recognized as stress signals by plant cells
(Boller 1995). Unfortunately, chitin has limited utility for human applications due to its low
solubility.

Chitosan is obtained from a partial deacetylation of chitin (Fig. 10B) so it is an
heteropolymer composed by N-acetyl-D-glucosamine and D-glucosamine, whose relative
amount may vary resulting in different degrees of deacetylation, molecular weights,
viscosities etc. (Raafat and Sahl 2009 and literature cited therein). Chitosan is more soluble
than chitin, is biodegradable, atoxic and non-allergenic (Raafat and Sahl 2009 and literature
cited therein). Among chitosan biological activities there are antimicrobial (Rebea et al.

2003; Eaton et al. 2008), antioxidant (Yen et al. 2008), and hypocholesterolemic activity
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(Xia et al. 2011 and literature cited therein). Moreover, chitosan promotes plant growth
(Chibu et al. 2000) and it was reported to induce plant defense responses via raising of
cytosolic Ca?*, activation of mitogen-activated protein kinases (MAPK), callose apposition,
generation of ROS, hypersensitive response (HR), synthesis of abscisic acid (ABA),
jasmonate, pathogenesis related proteins (PR) (Iriti and Faoro 2009 and literature cited
therein) and phytoalexins (Fan et al. 2010; Sivanandhan et al. 2012; Sathiyabama et al. 2016)
including xanthones in various species (Tocci et al. 2010; Krsti¢-Milosevic et al. 2017).
Despite many advantages, it has been reported that the use of chitosan at high concentrations
(necessary for massive industrial production of secondary metabolites) has also
inconveniences including the inhibitory effect on biomass growth in vitro and the
irreversible morpho-anatomical alterations which make elicited biomass in vitro no longer
usable for further production cycles (Brasili et al. 2014). Moreover, chitosan is insoluble in
neutral water and other organic solvents, for this reason it is solubilized in water acidulated
with acetic acid. This makes its use difficult in food and biomedical applications. Moreover,
its use in basic research is also limited, at least in H. perforatum, as it has been recently
demonstrated that acetic acid acts as an elicitor exerting itself a chitosan-like effect on
xanthone biosynthesis (Valletta et al. 2016).
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Fig. 10 Chemical structure of chitin (A) and chitosan (B).
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1.7.1.2 Chitosan oligosaccharides

Chitosan oligosaccharides (COS) are obtained through chemical or enzymatic hydrolysis
from chitosan and their use has recently increased. Unlike chitosan, COS are soluble in
aqueous solutions in all proportions, due to the short chain length and to the free amino
groups in D-glucosamine units (Jeon et al. 2000). Moreover, they are biodegradable,
biocompatible, atoxic and have a low viscosity. These characteristics attracted researchers’
attention for being promising oligosaccharides that have potentials in agriculture and in
cosmetic, pharmaceutical and food industry. Several biological activities of COS have been
demonstrated in recent years, including antimicrobial (Jeon and Kim 2000 and literature
cited therein; Jeon et al. 2001; Choi et al. 2001), antitumoral (Nam et al. 1999; Jeon and Kim
2002; Nam et al. 2007; Shen et al. 2009), antioxidant (Xing et al. 2005), hypocholesterolemic
(Kim et al. 2005), hypoglycemic (Miura et al. 1995), anti-Alzheimer's (Yoon et al. 2009)
and accelerating calcium absorption (Jung et al. 2006). Moreover, COS have proven to
promote plant growth, improving the capacity of plants against salt and drought stress
(Dzung et al. 2011; Chatelain et al. 2014; Zou et al. 2015) and to be effective elicitors of
innate immunity against diseases of plants such as tobacco, rice, grape and other (Agrawal
et al. 2002; Eikemo et al. 2003; Cabrera et al. 2006; Chen et al. 2009). Studies on their use
as biopesticides have been conducted, indeed they have a powerful protective effect on
various species of plants of economic interest (Yin et al. 2010; Zhao et al 2007). They are
an effective post-harvest treatment for inhibiting diseases, which affect many fruits such as
citrus fruits, tomato, pear, apple and peach (Chien et al. 2007; Badawy and Rebea 2009;
Meng et al 2010; Yang et al 2010, 2012; Yan et al. 2011). It was also demonstrated that a
pre-harvest administration of COS determines a higher post-harvest resistance to pathogens
(Yan et al. 2012; Ma et al. 2013). Their biological activity strictly depends on its chemical
and physical properties such as viscosity, polymerization degree and deacetylation degree
(Cabrera et al. 2006 and literature cited therein; Zou et al. 2015).

1.7.1.3 Methyl jasmonate

Methyl jasmonate (MeJA) is a volatile compound which plays a long-distance signaling role
in many cellular responses such as plant-environment, plant-herbivore and plant-plant

interactions. In addition, MeJA and its precursor jasmonic acid (JA) are involved in many
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developmental processes such as seed germination, root growth, stomatal closure, fruit
maturation, leaf movement, leaf senescence, tuber formation and trichome formation
(Creelman and Mulpuri 2002; Wasternack and Hause 2002; Wasternack 2014) (Fig. 11).
Jasmonates (JA, MeJA and derivatives) are also involved in defense responses to biotic
stress such as injury, wound caused by pests (Browse and Howe 2008), pathogen attack
(Glazebrook 2005) and abiotic stress such as high salinity (Qiu et al. 2014), drought
(Savchenko et al. 2014), cold (Du et al. 2013; Hu et al. 2013) and heat (Clarke et al. 2009).
In stressed plants MeJA enhances protease inhibitors production against herbivores; these
inhibitors cause the sensing of bad taste in pests and in some cases even cannibalistic
tendencies. MeJA is also responsible for the production of phytoalexins, which act as
antimicrobial agents. Moreover, a MeJA release to the atmosphere through stomata is
recognized by nearby plants which activate defense responses (Farmer et al. 1990; Karban
et al. 2000; Baldwin et al. 2006).

A B

o] OH Ol

Fig. 10 Chemical structure of A) jasmonic acid and B) methyl jasmonate. JMT: JA carboxyl

OCH,

methyltransferase (Yang et al. 2006).

In plants MeJA is synthesized through the octadecanoid pathway (Fig. 11): external stimuli
via the release of systemin cleaved from the C-terminal region of prosystemin, activate a
phospholipase which releases a-linoleic acid from lipids of the chloroplast membrane. a-
linoleic acid is oxygenated by specific lipoxygenases (LOX) to 13-hydroperoxylinoleic acid
(13-HPOT), which is converted in 12,13-epoxyoctadecatrienoic acid by allene oxide
synthase (AOS). On the latter compound acts allene oxide cyclase (AOC) to form 12-oxo-
phytodienoic acid. This intermediate is then processed in peroxisomes through one reduction
made by 12-oxo-phytodienoic acid reductase (OPR) and three B-oxidation cycles which
form JA. The conjugation with isoleucine is required for its activation (JA-lle). Free-acid JA
might not be able to move across the cellular membrane because of its acidic characteristics
so JA is catabolized by JA carboxyl methyltransferase (JMT) to MeJA (Yang et al. 2006;

Browse et al. 2009 and literature cited therein) (Fig. 10).
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Because of its role as signal molecule involved in defense responses, MeJA has been studied
as elicitor in in vitro cultures of various plant species such as Vitis vinifera (Repka et al.
2004), Rubus sp. (Wang et al. 2008), Mentha piperita (Krzyzanowska et al. 2012) and H.
perforatum (Wang et al. 2015).
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Fig. 11 Octadecanoid pathway for jasmonic acid (JA) biosynthesis (Zhai et al. 2017).

Two additional B-oxidation cycles

1.7.1.4 Salicylic acid

For two centuries, salicylic acid (SA) has been studied for its medicinal use in humans.
Contrarily, its regulatory functions in plants as phytohormone have only been investigated
in the last 30 years.

SA influences various processes in plant development and growth such as seed germination,
cell growth, respiration, stomatal closure, senescence-associated gene expression, responses
to abiotic stresses, and basal thermotolerance (Rate et al. 1999; Morris et al. 2000; Metwally

et al. 2003; Clarke et al. 2004; Norman et al. 2004; Rajou et al. 2006; Clarke et al. 2009; and
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literature cited therein). SA in plants is produced via two distinct pathways that require
chorismate. This primary metabolite can be converted into SA via L-phenylalanine,
involving a series of enzymatic reactions initially catalyzed by phenylalanine ammonia lyase
(PAL) (Verberne et al. 1999). Chorismate can also be converted into SA via isochorismate
in a two-step process involving isochorismate synthase (ICS) and isochorismate pyruvate
lyase (IPL), well known in bacteria, but whose existence in plants is supported by various
papers (Verberne et al. 2000; Wildermuth et al. 2001; Strawn et al. 2007). Genes regulated
by SA can be divided into two classes: early-responsive genes, induced within 30 minutes
of SA treatment, and genes induced later, including NPR1, a master regulator of the SA-
mediated induction of PR genes. Most of the SA produced in planta is converted into SA O-
B-glucoside (SAG) by a pathogen-inducible SA glucosyltransferase (SAGT). MeSA and/or
its glucosylated derivative MeSAG also accumulates to relatively high levels in vivo. MeSA,
obtained from SA by salicylic acid methyl transferase (SAMT) (Fig. 12), is probably
involved in signal translocation to distal portions of the plant and then it is hydrolyzed by
MeSA methyl esterase (SAPB2) to SA, activating the defense genes (Park et al 2007).

Treatments with exogenous SA have been investigated in in vitro cultures of diverse plant
species enhancing plant resistance against both biotic and abiotic stress (Németh et al. 2002;
Ali et al. 2006; Hussain et al. 2008; Popova et al. 2009; Sivanandhan et al. 2012; Gadzovska

et al. 2013) making SA a cheap elicitor of plant defense responses.
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Fig. 12 Chemical structure of A) salicylic acid and B) methyl salicylate. SAMT: salicylic acid
methy| transferase (Yang et al. 2006).

1.7.1.5 Hydrogen peroxide

Hydrogen peroxide (H20>) is a ROS whose production can be either enzymatic or non-
enzymatic. There are numerous ways of H.O> production in plant cells, such as

photorespiration, electron transport chains (ETC), and redox reactions (Mittler 2002); in case
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of high rates of production it is normally balanced by very efficient antioxidant systems
which consist of both non-enzymatic and enzymatic. H>O> scavengers include the enzymes
catalase (CAT) (Willekens et al. 1997), peroxidase (POX) (Fan and Huang 2012), ascorbate
peroxidase (APX) and glutathione reductase (GR) (Jahan and Anis 2014) (Fig. 13).

H>0> has been considered mainly as a toxic cellular metabolite for decades; however, it is
now clear that it acts also as a signaling molecule which may move between cells through
aquaporin channels. H2O2 plays important roles in plant developmental and physiological
processes including seed germination (Barba-Espin et al. 2011), PCD (Cheng et al. 2015;
Vavilala et al. 2015), senescence (Liao et al. 2012), flowering (Liu et al. 2013), root system
development (Liao et al. 2009; Ma et al. 2014; Hernandez-Barrera et al. 2015), stomatal
aperture regulation (Ge et al. 2015). This suggests that H2O> is involved in cellular signaling
transduction pathways and gene expression modulations in plants.

H->0:> is produced also through several enzymes including cell wall peroxidases (Francoz et
al. 2015), oxalate oxidase (Hu et al. 2003), amine oxidases and flavin-containing enzymes
(Cona et al. 2006). Moreover, nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases on the plasma membrane also increase H20- level through generating O2", which
in turn is converted to H,O> and OHe by superoxide dismutases (SOD) (Grivennikova and
Vinogradov 2013; Brewer et al. 2015).
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Fig. 13 Hydrogen peroxide (H»O,) production and removal in plant cells (Niu and Liao 2016).
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An oxidative burst with rapid H20- synthesis and its release into the apoplast, is induced by
biotic stress such as pathogens, elicitors and wounding or abiotic stress including drought
(Ashraf et al. 2015), low and high temperatures (Orabi et al. 2015; Wu et al. 2015), salinity
(Mohamed et al. 2015), ultra-violet light (He et al. 2013), ozone (Oksanen et al. 2004) and
heavy metals (Wen et al. 2013), causing rapid responses in plant cells.

1.7.2 Abiotic stress

Abiotic stress is stress caused by non-living factors such as drought (Chaves and Oliveira
2004), salinity (Sahi et al. 2006; Munns and Tester 2008), heat (Scharf et al. 2012), cold
(Chinnusamy et al. 2007), freezing (Sakai and Larcher 2012), nutrient (Hirel et al. 2007),
high light intensity (Rossel et al. 2002), ozone (O3z) (Welfare et al. 2002) and anaerobic
stresses (Agarwal and Grover 2006) (Wang et al. 2003; Nakashima et al. 2014). Abiotic
stresses represent the primary cause of crop loss worldwide with reductions in production of
more than 50% (Alcézar et al. 2006; Hussain et al. 2011) and probably these stresses will
become more intense because of the expected climate change. Abiotic stresses can be used
as plant defense stimulators to produce molecules of interest or to investigate plant responses

pathways.

1.7.2.1 Toxic metals

Pollution with toxic metals is a phenomenon that is constantly increasing since it is closely
connected to the anthropization process and to the exponential increase of human population.
Alarming data show that in China 2.9% of the soils for agricultural use (corresponding to
about 4 million hectares) is heavily contaminated by the presence of heavy metals (Su 2014),
while in Europe 58% are characterized by quantities of toxic metals above the threshold
values recommended and applied by UNEP (Toth et al. 2016). The presence of toxic metals
in the soil and their absorption by plants, can give rise to phenomena of food chain
contamination, with repercussions either on animal and human health.

Heavy metal phytotoxicity may alter numerous physiological processes such as enzyme

activity, metabolism of essential elements (Dong et al. 2006), and membrane integrity
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(Gadallah 1999). Moreover, heavy metals enhance the production of reactive oxygen species
(ROS) leading to oxidative stress.

Plants activate several defense mechanisms which control uptake, accumulation and
translocation of heavy metals and detoxify them; furthermore, antioxidant systems which
counteracts oxidative stress are activated (Srivastava et al. 2004). Although these plant
mechanisms, heavy metals are often found in shoots, leaves, flowers, or, worse, seeds and
fruits (Muchuweti et al. 2006; Unterbrunner et al. 2007; Shaheen et al. 2016). One common
strategy is preventing the entrance of heavy metals into root cells by trapping them in the
apoplast by detoxifying them via chelate complex formation (Watanabe and Osaki 2002) or
to anionic groups of cell walls (Dalla Vecchia et al. 2005; Rascio et al. 2008). Most of the
heavy metal amount that enters the plant is then kept in root cells, where it is detoxified by
complexation with amino acids, organic acids or metal-binding peptides (e.g.
phytochelatins) and/or sequestered into vacuoles (Salt and Rauser 1995; Piechalak et al.
2002). These trapping strategies protect the leaf tissues from damage.

The effects of high concentrations of heavy metals on plants are various and different
depending on the pollutant, they include the reduction in photosynthesis, water and nutrient
uptake, chlorosis, growth inhibition, browning of root tips, and death (Yadav 2010 and
literature cited therein). Roots, being in direct contact with soils, are the most and first
affected organ which show alterations both in their normal hormonal metabolism and in the
development and morpho-anatomical differentiation, with damage that affects the growth of
the entire plant.

In Arabidopsis thaliana and Oryza sativa it has been shown that both cadmium (Cd) and
arsenic (As), respectively metal and half-metal toxic elements, frequently present in polluted
soils, express their toxicity by altering both biosynthesis and transport of auxins,
fundamental phytohormones for plant organogenesis (Ronzan et al. 2018; Fattorini et al.
2017). The correct distribution, carried out both through transport and conversion of the
specific indole-3-butyric acid precursor (IBA) into its chemically active form indol-3-acetic
acid (IAA), is required in various processes such as the genesis, development and
maintenance over time of a functional root system (Strader et al. 2010). Moreover, effects
of Cd on secondary metabolism were demonstrated in several species such as Catharanthus
roseus (Zheng and Wu 2004), Phyllanthus amarus (Rai et al. 2005), Brassica juncea
(Ahmad et al. 2016); otherwise, little is known about As effect on secondary metabolism.
Many species that survive in soils characterized by high heavy metal concentrations behave
as “excluders”, they retain and detoxify most of the heavy metals in the root tissues, with a

minimized translocation to the leaves (Hall 2002). Otherwise, the term “hyperaccumulator”
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is used for plants which actively accumulate large amounts of one or more heavy metals
from the soil and which translocate and accumulate them in aerial organs at concentrations
hundreds-fold higher than non-hyperaccumulating species. These plants show no symptoms
of phytotoxicity (Reeves 2006 and literature cited therein), and due to this, they could be
more dangerous for human health especially in case of crops and medicinal plants. Among
hyperaccumulating plants, there are species of numerous families such as Brassicaceae,
Poaceae, Asteraceae, Fabaceae (Reeves et al 2006 and literature cited therein) and

Hypericaceae including H. perforatum (Pavlova et al. 2015).

1.8 Research objectives

This work aims to elucidate the effect of biotic and abiotic stress on H. perforatum roots,
administering chitosan oligosaccharides (COS), methyl jasmonate (MeJA), salicylic acid
(SA), hydrogen peroxide (H20.), cadmium (Cd) and arsenic (As). This project has both
applicative and basic purposes: biotic elicitors may be used in order to stimulate secondary
bioactive metabolite biosynthesis for drug production and to elucidate the influence of
shoot/root interaction on elicitor perception in H. perforatum. Moreover, the treatment with
toxic metals could help in understanding the processes that occurs when H. perforatum

grows on polluted soils.

References

Abe F, Nagafuji S, Okabe H, Higo H, Akahane H (2003). Trypanocidal constituents in plants
2. Xanthones from the stem bark of Garcinia subelliptica. Biol Pharm Bull. 26(12):1730-
1733

Agarwal S, Grover A (2006). Molecular biology, biotechnology and genomics of flooding-

associated low O; stress response in plants. Crit Rev Plant Sci. 25(1):1-21

Agrawal GK, Rakwal R, Tamogami S, Yonekura M, Kubo A, Saji H (2002). Chitosan
activates defense/stress response(s) in the leaves of Oryza sativa seedlings. Plant Physiol
Biochem. 40(12):1061-1069

26



Ahmad P, Allah EA, Hashem A, Sarwat M, Gucel S (2016). Exogenous application of
selenium mitigates cadmium toxicity in Brassica juncea L. (Czern & Cross) by up-regulating
antioxidative system and secondary metabolites. J Plant Growth Regul. 35(4):936-950

Ahuja I, Kissen, R, Bones AM (2012). Phytoalexins in defense against pathogens. Trends
Plant Sci. 17(2):73-90

Alcazar R, Marco F, Cuevas JC, Patron M, Ferrando A, Carrasco P, Tiburcio AF, Altabella
T (2006). Involvement of polyamines in plant response to abiotic stress. Biotechnol Lett.
28(23):1867-1876

Ali MB, Yu KW, Hahn EJ, Paek KY (2006). Methyl jasmonate and salicylic acid elicitation
induces ginsenosides accumulation, enzymatic and non-enzymatic antioxidant in suspension

culture Panax ginseng roots in bioreactors. Plant Cell Rep. 25(6):613-620

Almanza GR, Quispe R, Mollinedo P, Rodrigo G, Fukushima O, Villagomez R, Akesson B,
Sterner O (2011). Antioxidant and antimutagenic polyisoprenylated benzophenones and
xanthones from Rheedia acuminata. Nat Prod Commun. 6(9):1934578X1100600916

Angiosperm Phylogeny Group (2009). An update of the Angiosperm Phylogeny Group
classification for the orders and families of flowering plants: APG I11. Bot J Linn Soc. 161(2):
105-121

Ashraf MA, Rasheed R, Hussain I, Igbal M, Haider MZ, Parveen S, Sajid MA (2015).
Hydrogen peroxide modulates antioxidant system and nutrient relation in maize (Zea mays
L.) under water-deficit conditions. Arch Agron Soil Sci. 61(4):507-523

Badawy MEI, Rabea EI (2009). Potential of the biopolymer chitosan with different
molecular weights to control postharvest gray mold of tomato fruit. Postharvest Biol
Technol. 51(1):110-117

Badiali C, De Angelis G, Simonetti G, Brasili E, de Castro Tobaruela E, Purgatto E, Yin H,
Valletta A, Pasqua G (2018). Chitosan oligosaccharides affect xanthone and VOC

27



biosynthesis in Hypericum perforatum root cultures and enhance the antifungal activity of
root extracts. Plant Cell Rep. 37(11):1471-1484

Baldwin IT, Halitschke R, Paschold A, von Dahl CC, Preston CA (2006). Volatile signaling
in plant-plant interactions: “talking trees” in the genomics era. Science. 311(5762):812-815

Barber MS, Bertram RE, Ride JP (1989). Chitin oligosaccharides elicit lignification in
wounded wheat leaves. Physiol Mol Plant Pathol. 34(1):3-12

Barba-Espin G, Diaz-Vivancos P, Job D, Belghazi M, Job C, Hernandez JA (2011).
Understanding the role of H202 during pea seed germination: a combined proteomic and
hormone profiling approach. Plant Cell Environ. 34(11):1907-1919

Bari R, Jones JD (2009). Role of plant hormones in plant defence responses. Plant Mol Biol.
69(4):473-488

Barnes J, Anderson LA, Phillipson JD (2001). St John's wort (Hypericum perforatum L.): a
review of its chemistry, pharmacology and clinical properties. J Pharm Pharmacol.
53(5):583-600

Beerhues L, Berger U (1995). Differential accumulation of xanthones in methyl-jasmonate
and yeast-extract treated cell cultures of Centaurium erythraea and Centaurium littorale.
Planta. 197(4):608-612

Boller T (1995). Chemoperception of microbial signals in plant cells. Annu Rev Plant
Physiol Plant Mol Biol. 46(1):189-214

Bombardelli E and Morazzoni P (1995). Hypericum perforatum. Fitoterapia 66: 43-68

Bradley DJ, Kjellboom P, Lamb CJ (1992). Elicitor-and wound-induced oxidative cross-
linking of a proline-rich plant cell wall protein: a novel, rapid defense response. Cell.
70(1):21-30

Brasili E, Pratico G, Marini F, Valletta A, Capuani G, Sciubba F, Miccheli A, Pasqua G

(2014). A non-targeted metabolomics approach to evaluate the effects of biomass growth
28



and chitosan elicitation on primary and secondary metabolism of Hypericum perforatum in
vitro roots. Metabolomics. 10(6):1186-1196

Brewer TF, Garcia FJ, Onak CS, Carroll KS, Chang CJ (2015). Chemical approaches to
discovery and study of sources and targets of hydrogen peroxide redox signaling through
NAPDH oxidase proteins. Annu Rev Biochem. 84:765-790

Brodersen P, Petersen M et al (2006) Arabidopsis MAP kinase 4 regulates salicylic acid-
and jasmonic acid/ethylene-dependent responses via EDS1 and PADA4. Plant J. 47(4):532-
546

Browse J (2009). Jasmonate passes muster: a receptor and targets for the defense hormone.
Annu Rev Plant Biol. 60:183-205

Browse J, Howe GA (2008). New weapons and a rapid response against insect attack. Plant
Physiol. 146(3):832-838

Buitelaar RM, Tramper J (1992). Strategies to improve the production of secondary
metabolites with plant cell cultures: a literature review. J Biotech. 23(2):111-141

Cabrera JC, Messiaen J, Cambier P, Van Cutsem P (2006). Size, acetylation and
concentration of chitooligosaccharide elicitors determine the switch from defence involving
PAL activation to cell death and water peroxide production in Arabidopsis cell suspensions.
Physiol Plant. 127(1):44-56

Chatelain PG, Pintado ME, Vasconcelos MW (2014). Evaluation of chitooligosaccharide
application on mineral accumulation and plant growth in Phaseolus vulgaris. Plant Sci.
215:134-140

Chaves MM, Oliveira MM (2004). Mechanisms underlying plant resilience to water deficits:
prospects for water-saving agriculture. J Exp Bot. 55(407):2365-2384

Chen JJ, Chen IS, Duh CY (2004). Cytotoxic xanthones and biphenyls from the root of
Garcinia linii. Planta Med. 70(12):1195-1200

29



Chen LG, Yang LL, Wang CC (2008). Anti-inflammatory activity of mangostins from
Garcinia mangostana. Food Chem Toxicol. 46(2):688-693

Chen XW, Serag ES, Sneed KB, Liang J, Chew H, Pan SY, Zhou SF (2011). Clinical herbal
interactions with conventional drugs: from molecules to maladies. Curr Med Chem.
18(31):4836-4850

Chen Y, Zhan Y, Zhao X, Guo P, An H, Du Y, Han Y, Liu H, Zhang Y (2009). Functions
of oligochitosan induced protein kinase in tobacco mosaic virus resistancenand pathogenesis
related proteins in tobacco. Plant Physiol Biochem. 47(8): 724-731

Cheng XX, Yu M, Zhang N, Zhou ZQ, Xu QT, Mei FZ, Qu LH (2015). Reactive oxygen
species regulate programmed cell death progress of endosperm in winter wheat (Triticum

aestivum L.) under waterlogging. Protoplasma. 253(2):311-327

Chibu H, Shibayama H (2000). Effects of chitosan application on the growth of several
crops. Chitin chitosan in life science, Kodansha Scientific LTD, Tokyo. 5(3):182

Chien PJ, Sheu F, Lin HR (2007). Coating citrus (Murcott tangor) fruit with low molecular
weight chitosan increases postharvest quality and shelf life. Food Chem. 100(3):1160-1164

Chinnusamy V, Zhu J, Zhu JK (2007). Cold stress regulation of gene expression in plants.
Trends Plant Sci. 12(10):444-451

Chisholm ST, Coaker G, Day B, Staskawicz BJ (2006). Host-microbe interactions: shaping
the evolution of the plant immune response. Cell. 124(4):803-814

Choi BK, Kim KY, Yoo YJ, Oh SJ, Choi JH, Kim CY (2001). In vitro antimicrobial activity
of a chitooligosaccharide mixture against Actinobacillus actinomycetemcomitans and
Streptococcus mutans. Int J Antimicrob Agent. 18(6):553-557

Chung MI, Weng JR, Wang JP, Teng CM, Lin CN (2002). Antiplatelet and anti-
inflammatory constituents and new oxygenated xanthones from Hypericum geminiflorum.
Planta Med. 68(01):25-29

30



Clarke SM, Cristescu SM, Miersch O, Harren FJ, Wasternack C, Mur LA (2009). Jasmonates
act with salicylic acid to confer basal thermotolerance in Arabidopsis thaliana. New Phytol.
182(1)175-187

Clarke SM, Mur LAJ, Wood JE, Scott IM (2004). Salicylic acid dependent signaling
promotes basal thermotolerance but is not essential for acquired thermotolerance in
Arabidopsis thaliana. Plant J. 38(3):432-47

Cona A, Rea G, Botta M, Corelli F, Federico R, Angelini R (2006). Flavin-containing
polyamine oxidase is a hydrogen peroxide source in the oxidative response to the protein
phosphatase inhibitor cantharidin in Zea mays L. J Exp Bot. 57(10):2277-2289

Conceicdo LFR, Ferreres F, Tavares RM, Dias ACP (2006). Induction of phenolic
compounds in Hypericum perforatum L. cells by Colletotrichum gloeosporioides elicitation.
Phytochem. 67(2):149-155

Conforti F, Statti GA, Tundis R, Bianchi A, Agrimonti C, Sacchetti G, Andreotti E,
Menichini F, Poli F (2005). Comparative chemical composition and variability of biological
activity of methanolic extracts from Hypericum perforatum L. Nat Prod Res. 19(3):295-303

Cortez DG, Young MCM, Marston A, Wolfender JL, Hostettmann K (1998). Xanthones,
triterpenes and a biphenyl from Kielmeyera coriacea. Phytochem. 47(7):1367-1374

Creelman RA, Mulpuri R (2002). The oxylipin pathway in Arabidopsis. The Arabidopsis

Book/American Society of Plant Biologists. 1

Crockett SL (2010). Essential oil and volatile components of the genus Hypericum
(Hypericaceae). Nat Prod Commun. 5(9):1493

Crockett SL, Poller B, Tabanca N, Pferschy-Wenzig EM, Kunert O, Wedge DE, Bucar F

(2011). Bioactive xanthones from the roots of Hypericum perforatum (common St John's
wort). J Sci Food Agric. 91(3):428-434

31



Cui XH, Murthy HN, Jin Y X, Yim YH, Kim JY Paek KY (2011). Production of adventitious
root biomass and secondary metabolites of Hypericum perforatum L. in a balloon type airlift
reactor. Bioresour Technol. 102(21):10072-10079

Dalla Vecchia F, La Rocca N, Moro I, De Faveri S, Andreoli C, Rascio N (2005).
Morphogenetic, ultrastructural and physiological damages suffered by submerged leaves of
Elodea canadensis exposed to cadmium. Plant Sci. 168(2):329-338

Demirkiran O (2007). Xanthones in Hypericum: synthesis and biological activities. Springer,

Berlin, Heidelberg. In Bioactive Heterocycles Il pp.139-178

De Vita D, Scipione L, Tortorella S, Mellini P, Di Rienzo B, Simonetti G, D’Auria FD,
Panella S, Cirilli R, Di Santo R, Palamara AT (2012). Synthesis and antifungal activity of a
new series of 2-(1H-imidazol-1-yl)-1-phenylethanol derivatives. Eur J Med Chem. 49: 334—
342

De Vleesschauwer D, Djavaheri M, Bakker PAHM, Hofte M (2008). Pseudomonas
fluorescens WCS374r- induced systemic resistance in rice against Magnaporthe oryzae is
based on pseudobactin-mediated priming for a salicylic acid-repressible multifaceted
defense response. Plant Physiol. 148(4):1996-2012

Dempsey DA, Shah J, Klessig DF (1999). Salicylic acid and disease resistance in plants.
Crit Rev Plant Sci. 18(4):547-75

Dias ACP, Seabra RM, Andrade PB, Fernandes-Ferreira M (1999). The development and
evaluation of an HPLC-DAD method for the analysis of the phenolic fractions from in vivo
and in vitro biomass of Hypericum species. J Lig Chromatogr Relat Technol. 22(2):215-227

Dias ACP, Seabra RM, Andrade PB, Ferreres F, Ferreira MF (2001). Xanthone production
in calli and suspended cells of Hypericum perforatum. J Plant Physiol. 158(7):821-827

Dong HP, Peng J, Bao Z, Meng X, Bonasera JM, Chen G, Beer SV, Dong H (2004).
Downstream divergence of the ethylene signaling pathway for harpin-stimulated
Arabidopsis growth and insect defense. Plant Physiol. 136(3):3628-3638

32



Dong J, Wu F, Zhang G (2006). Influence of cadmium on antioxidant capacity and four
microelement concentrations in tomato seedlings (Lycopersicon esculentum). Chemosphere.
64(10):1659-1666

Du H, Liu H, Xiong L (2013). Endogenous auxin and jasmonic acid levels are differentially

modulated by abiotic stresses in rice. Front Plant Sci. 4:397

Durner J, Shah J, Klessig DF (1997). Salicylic acid and disease resistance in plants. Trends
Plant Sci. 2(7):266-74

Dzung NA, Khanh VTP, Dzung TT (2011). Research on impact of chitosan oligomers on
biophysical characteristics, growth, development and drought resistance of coffee. Carbohyd
Polym. 84(2):751-755

Eaton P, Fernandes JC, Pereira E, Pintado ME, Malcata FX (2008). Atomic force
microscopy study of the antibacterial effects of chitosans on Escherichia coli and

Staphylococcus aureus. Ultramicroscopy. 108(10):1128-1134

Eikemo H, Stensvand A, Tronsmo A M (2003). Induced resistance as a possible means to

control diseases of strawberry caused by Phytophthora spp. Plant Dis. 87(4):345-350

Fan G, Li X, Wang X, Zhai Q, Zhan Y (2010). Chitosan activates defense responses and
triterpenoid production in cell suspension cultures of Betula platyphylla Suk. Afr J
Biotechnol. 9(19):2816-2820

Fan'Y and Huang Y (2012). The effective peroxidase-like activity of chitosan-functionalized
CoFe204 nanoparticles for chemiluminescence sensing of hydrogen peroxide and glucose.
Analyst. 137(5):1225-1231

Farmer EE, Ryan CA (1990). Interplant communication: airborne methyl jasmonate induces
synthesis of proteinase inhibitors in plant leaves. Proc Natl Acad Sci. 87(19):7713-7716

Fattorini L, Ronzan M, Piacentini D, Della Rovere F, De Virgilio C, Sofo A, Altamura MM,
Falasca G (2017). Cadmium and arsenic affect quiescent centre formation and maintenance

33



in Arabidopsis thaliana post-embryonic roots disrupting auxin biosynthesis and transport.
Environ Exp Bot. 144:37-48

Felix G, Baureithel K, Boller T (1998). Desensitization of the perception system for chitin
fragments in tomato cells. Plant Physiol. 117(2):643-650

Felix G, Regenass M, Boller T (1993). Specific perception of subnanomolar concentrations
of chitin fragments by tomato cells: induction of extracellular alkalinization, changes in

protein phosphorylation, and establishment of a refractory state. Plant J. 4(2):307-316

Finnegan RA, Stephani RA, Ganguli G, Ganguly SN, Bhattacharya AK, (1968). Occurrence
of mangiferin in Hiptage madablota Geartn. J Pharm Sci. 57(6): 1039 1040

Fotie J, Bohle DS (2006). Pharmacological and biological activities of xanthones. Anti-
Infective Agents Med Chem. 5(1):15-31

Francoz E, Ranocha P, Nguyen-Kim H, Jamet E, Burlat V, Dunand C (2015). Roles of cell
wall peroxidases in plant development. Phytochemistry. 112:15-21

Franklin G, Conceicdo LF, Kombrink E, Dias AC (2009). Xanthone biosynthesis in
Hypericum perforatum cells provides antioxidant and antimicrobial protection upon biotic
stress. Phytochemistry. 70(1):60-68

Gadallah MAA (1999) Effects of proline and glycine betaine on Vicia faba responses to salt
stress. Biol Plant. 42(2):249-257

Gadzovska S, Maury S, Delaunay A, Spasenoski M, Hagege D, Courtois D, Joseph C (2013).
The influence of salicylic acid elicitation of shoots, callus, and cell suspension cultures on
production of naphtodianthrones and phenylpropanoids in Hypericum perforatum L. Plant
Cell Tiss Org. 113(1):25-39

Ge XM, Cai HL, Lei X, Zou X, Yue M, He JM (2015). Heterotrimeric G protein mediates
ethylene-induced stomatal closure via hydrogen peroxide synthesis in Arabidopsis. Plant J.
82(1):138-150

34



Glazebrook J (2005). Contrasting mechanisms of defense against biotrophic and

necrotrophic pathogens. Annu Rev Phytopathol. 43:205-27

Gnerre C, von Poser GL, Ferraz A, Viana A, Testa B, Rates SM (2001). Monoamine oxidase
inhibitory activity of some Hypericum species native to South Brazil. J Pharm Pharmacol.
53(9):1273-1279

Grivennikova VG, Vinogradov AD (2013). Partitioning of superoxide and hydrogen
peroxide production by mitochondrial respiratory complex 1. Biochim Biophys Acta
Bioenerg. 1827(3):446-454

Halitschke R, Schittko U, Hermsmeier D, Baldwin IT (2001). Molecular interactions
between the specialist herbivore Manduca sexta (Lepidoptera, Sphingidae) and its natural
host Nicotiana attenuata: Il. Accumulation of plant mRNAs responding to insect-derived
cues. Plant Physiol. 125(2):701-710

Hall JL (2002). Cellular mechanisms for heavy metal detoxification and tolerance
J Exp Bot. 53(366):1-11

Hase S, Takahashi S, Takenaka S, Nakaho K, Arie T, Seo S, Ohashi Y, Takahashi H (2008).
Involvement of jasmonic acid signalling in bacterial wilt disease resistance induced by
biocontrol agent Pythium oligandrum in tomato. Plant Pathol. 57(5):870-876

He JM, Ma XG, Zhang Y, Sun TF, Xu FF, Chen YP, Liu X, Yue M (2013). Role and
interrelationship of Ga protein, hydrogen peroxide, and nitric oxide in ultraviolet B-induced

stomatal closure in Arabidopsis leaves. Plant Physiol. 161(3):1570-1583

Hernandez-Barrera A, Velarde-Buendia A, Zepeda I, Sanchez F, Quinto C, Sanchez-Lopez,
R, Cheung AY, Wu HM, Cardenas L (2015). Hyper, a hydrogen peroxide sensor, indicates
the sensitivity of the Arabidopsis root elongation zone to aluminum treatment. Sensors
15(1):855-867

Hirel B, Le Gouis J, Ney B, Gallais A (2007). The challenge of improving nitrogen use
efficiency in crop plants: towards a more central role for genetic variability and quantitative

genetics within integrated approaches. J Exp Bot. 58(9): 2369-2387
35



Hofrichter J, Krohn M, Schumacher T, Lange C, Feistel B, Walbroel B, Pahnke J (2016).
Sideritis spp. extracts enhance memory and learning in Alzheimer’s B-amyloidosis mouse
models and aged C57BI/6 mice. J Alzheimers Dis. 53(3):967-980

Hu X, Bidney DL, Yalpani N, Duvick JP, Crasta O, Folkerts O, Lu G (2003). Overexpression
of a gene encoding hydrogen peroxide-generating oxalate oxidase evokes defense responses
in sunflower. Plant Physiol. 133(1):170-181

Hu Y, Jiang L, Wang F, Yu D (2013). Jasmonate regulates the inducer of cbf expression-C-
repeat binding factor/DRE binding factorl cascade and freezing tolerance in Arabidopsis.
Plant Cell. 25(8): 2907-2924

Hussain M, Malik MA, Farooq M, Ashraf MY, Cheema MA (2008). Improving drought
tolerance by exogenous application of glycinebetaine and salicylic acid in sunflower. J
Agron Crop Sci. 194(3):193-199

Hussain SS, Kayani MA, Amjad M (2011). Transcription factors as tools to engineer
enhanced drought stress tolerance in plants. Biotechnol Progr. 27(2):297-306

Iritri M, Faoro F (2009). Chitosan as a MAMP, searching for a PRR. Plant Signal Behav.
4(1):66-68

Isacchi B, Bergonzi MC, Carnevali F, Van der Esch SA, Vincieri FF, Bilia AR (2007).
Analysis and stability of the constituents of St. John's wort oils prepared with different
methods. J Pharm Biomed Anal. 45(5):756-761

Ishiguro K, Nagata S, Oku H, Yamaki M (2002). Bisxanthones from Hypericum japonicum:
inhibitors of PAF-induced hypotension. Planta Med. 68(03): 258-261

Ishimaru K, Sudo H, Satake M, Matsunaga Y, Hasegawa Y, Takemoto S, Shimomura K

(1990). Amarogentin, amaroswerin and four xanthones from hairy root cultures of Swertia
japonica. Phytochemistry. 29(5):1563-1565

36



Jahan AA and Anis M (2014). Changes in antioxidative enzymatic responses during
acclimatization of in vitro raised plantlets of Cardiospermum halicacabum L. against
oxidative stress. J Plant Physiol Pathol. 4(2)

Jeon YJ, Kim SK (2000). Production of Chitooligosaccharides using ultrafiltration
membrane reactor and their antibacterial activity. Carbohyd Polym. 41(2):133-141

Jeon YJ, Kim SK (2002). Antitumor activity of chitosan oligosaccharides produced in an

ultrafiltration membrane reactor system. J Microbiol Biotechn. 11(3):281-286

Jeon YJ, Park PJ, Kim SK (2001). Antimicrobial effect of chitooligosaccharides produced
by bioreactor. Carbohyd Polym. 44(1):71-76

Jeon YJ, Shahidi F, Kim SK (2000). Preparation of chitin and chitosan oligomers and their
applications in physiological functional foods. Food Rev Int. 16(2):159-176

Jones JD, Dangl, JL (2006). The plant immune system. Nature. 444(7117):323-329

Jung WK, Moon SH, Kim SK (2006). Effect of chitooligosaccharides on calcium
bioavailability and bone strength in ovariectomized rats. Life Sci. 78(9):970-976

Karban R, Baldwin IT, Baxter KJ, Laue G, Felton GW (2000). Communication between
plants: induced resistance in wild tobacco plants following clipping of neighboring
sagebrush. Oecologia. 125(1):66-71

Kasper S, Anghelescu IG, Szegedi A, Dienel A, Kieser M (2006). Superior efficacy of St
John's wort extract WS® 5570 compared to placebo in patients with major depression: a
randomized, double-blind, placebo-controlled, multi-center trial [ISRCTN77277298]. BMC
Med. 4(1):14

Kasper S, Caraci F, Forti B, Drago F, Aguglia E (2010). Efficacy and tolerability of

Hypericum extract for the treatment of mild to moderate depression. Eur
Neuropsychopharm. 20(11):747-765

37



Khan W, Prithiviraj B, Smith DL (2003). Chitosan and chitin oligomers increase
phenylalanine ammonia-lyase and tyrosine ammonia-lyase activities in soybean leaves. J
Plant Physiol. 160(8):859-863

Kim KN, Joo ES, Kim KI, Kim SK, Yang HP, Jeon YJ (2005). Effect of chitosan
oligosaccharides on cholesterol level and antioxidant enzyme activities in

hypercholesterolemic rat. Korean J. Food Nutr. 34(1):36-41

Kobak KA, Taylor LVH, Bystritsky A, Kohlenberg CJ, Greist JH, Tucker P, Warner G,
Futterer R, Vapnik T (2005). St John's wort versus placebo in obsessive-compulsive
disorder: results from a double-blind study. Int Clin Psychopharmacol. 20(6):299-304

Krsti¢-Milosevi¢ D, Jankovi¢ T, Uzelac B, Vinterhalter D, Vinterhalter B (2017). Effect of
elicitors on xanthone accumulation and biomass production in hairy root cultures of
Gentiana dinarica. Plant Cell Tiss Org (PCTOC). 130(3):631-640

Krzyzanowska J, Czubacka A, Pecio L, Przybys M, Doroszewska T, Stochmal A, Oleszek,
W (2012). The effects of jasmonic acid and methyl jasmonate on rosmarinic acid production
in Menthaxpiperita cell suspension cultures. Plant Cell Tiss Org (PCTOC). 108(1):73-81

Kumar V, Singh PN, Muruganandam AV, Bhattacharya SK (2000). Hypericum perforatum:
nature’s mode stabilizer. Indian J Exp Biol. 38(11):1077-1085

Laban TS, Saadabadi A (2019). Monoamine Oxidase Inhibitors (MAOI). In StatPearls
[Internet]. StatPearls Publishing

Lamb C, Dixon RA (1997). The oxidative burst in plant disease resistance. Annu Rev Plant
Biol. 48(1):251-275

Lecrubier Y, Clerc G, Didi R, Kieser M (2002). Efficacy of St. John’s wort extract WS 5570
in major depression: a double-blind, placebo-controlled trial. Am J Psychiat. 159(8):1361-
1366

Leon-Reyes A, Spoel SH, De Lange ES, Abe H, Kobayashi M, Tsuda S, Millenaar FF,

Welschen RAM, Ritsema T, Pieterse CM (2009). Ethylene modulates the role of
38



NONEXPRESSOR OF PATHOGENESIS-RELATED GENESL1 in cross talk between
salicylate and jasmonate signaling. Plant Physiol. 149(4):1797-1809

Li J, Brader G, Kariola T, Palva ET (2006). WRKY 70 modulates the selection of signaling
pathways in plant defence. Plant J. 46(3):477-491

Li J, Brader G, Palva ET (2004). The WRKY70 transcription factor: a node of convergence
for jasmonate-mediated and salicylate-mediated signals in plant defence. Plant Cell.
16(2):319-331

Liao WB, Xiao HL, Zhang ML (2009). Role and relationship of nitric oxide and hydrogen
peroxide in adventitious root development of marigold. Acta Physiol Plant. 31(6):1279-1289

Liao WB, Zhang ML, Huang GB, Yu JH (2012). Hydrogen peroxide in the vase solution
increases vase life and keeping quality of cut Oriental x Trumpet hybrid lily ‘Manissa’. Sci

Horticult. 139:32-38

Lin W, Hu X, Zhang W, Rogers WJ, Cai W (2005). Hydrogen peroxide mediates defence
responses induced by chitosans of different molecular weights in rice. J Plant Physiol.
162(8):937-944

Lipsky AK (1992). Problems of optimisation of plant cell culture processes. J Biotech. 26(1):
83-97

Liu B, Falkenstein-Paul H, Schmidt W, Beerhues L (2003). Benzophenone synthase and
chalcone synthase from Hypericum androsaemum cell cultures: cDNA cloning, functional
expression, and site-directed mutagenesis of two polyketide synthases. Plant J. 34(6):847-
855

Liu J, Macarisin D, Wisniewski M, Sui Y, By S, Norelli J, Hershkovitz V (2013). Production

of hydrogen peroxide and expression of ros-generating genes in peach flower petals in

response to host and non-host fungal pathogens. Plant Pathol. 62(4):820-828

39



Ma F, Wang LJ, Li JL, Samma MK, Xie YJ, Wang R, Wang J, Zhang J, Shen W (2014).
Interaction between HY1 and H20; in auxin-induced lateral root formation in Arabidopsis.
Plant Mol Biol. 85(1-2):49-61

Ma Z, Yang L, Yan H, Kennedy JF, Meng X (2013). Chitosan and oligochitosan enhance
the resistance of peach fruit to brown rot. Carbohyd Polym. 94(1):272-277

Mackeen MM, Ali AM, Lajis NH, Kawazu K, Hassan Z, Amran M, Habsah M, Mooi LY,
Mohamed SM (2000). Antimicrobial, antioxidant, antitumourpromoting and cytotoxic
activities of different plant part extracts of Garcinia atroviridis griff. ex T. anders. J
Ethnopharmacol. 72(3): 395-402

Masters KS, Briase S (2012). Xanthones from fungi, lichens, and bacteria: the natural
products and their synthesis. Chem Rev. 112(7):3717-3776

Medina MA, Martinez-Poveda B, Amores-Sanchez MI, Quesada AR (2006). Hyperforin:

more than an antidepressant bioactive compound? Life Sci. 79(2):105-111

Meng X, Yang L, Kennedy JF, Tian S (2010). Effects of chitosan and oligochitosan on
growth of two fungal pathogens and physiological properties in pear fruit. Carbohydr.
Polym. 81(1):70-75

Mennini T, Gobbi M (2004). The antidepressant mechanism of Hypericum perforatum. Life
Sci. 75(9):1021-1027

Metwally A, Finkemeier I, Georgi M, Dietz KJ (2003). Salicylic acid alleviates the cadmium
toxicity in barley seedlings. Plant Physiol. 132(1):272-281

Milosevic T, Solujic S, Sukdolak S (2007). In vitro study of ethanolic extract of Hypericum
perforatum L. on growth and sporulation of some bacteria and fungi. Turk J Biol. 31(4):237-
241

Mittler R (2002). Oxidative stress, antioxidants and stress tolerance. Trends Plant Sci.
7(9):405-410

40



Miura T, Usami M, Tsuura Y, Ishida H, Seino Y (1995). Hypoglycemic and hypolipidemic
effects of chitosan in normal and neonatal streptozotocin-induced diabetic mice. Biol Pharm
Bull. 18:1623-1625

Mohamed HE, Hemeida AE, Mohamed AG (2015). Role of hydrogen peroxide pretreatment
on developing antioxidant capacity in the leaves of tomato plant (Lycopersicon esculentum)
grown under saline stress. Int J Adv Res. 3:878-879

Morris K, Mackerness SAH, Page T, John CF, Murphy AM, Carr JP, Buchanan-Wollaston,
V (2000). Salicylic acid has a role in regulating gene expression during leaf senescence.
Plant J. 23(5):677-85

Mulinacci N, Giaccherini C, Santamaria AR, Caniato R, Ferrari F, Valletta A, Vincieri FF,
Pasqua G (2008). Anthocyanins and xanthones in the calli and regenerated shoots of
Hypericum perforatum var. angustifolium (sin. Fro“hlich) Borkh. Plant Physiol Biochem.
46(4):414-420

Muchuweti M, Birkett JW, Chinyanga E, Zvauya R, Scrimshaw MD, Lester JN (2006).
Heavy metal content of vegetables irrigated with mixtures of wastewater and sewage sludge

in Zimbabwe: implications for human health. Agr Ecosyst Environ. 112(1):41-48

Mdiller T, Mannel M, Murck H, Rahlfs VW (2004). Treatment of somatoform disorders with
St. John's wort: a randomized, double-blind and placebo-controlled trial. Psychosom Med.
66(4):538-547

Munns R, Tester M (2008). Mechanisms of salinity tolerance. Annu Rev Plant Biol. 59:651-
681

Mur LAJ, Kenton P, Atzorn R, Miersch O, Wasternack C (2006). The outcomes of
concentration-specific interactions between salicylate and jasmonate signaling include
synergy, antagonism, and oxidative stress leading to cell death. Plant Physiol. 140(1):249-
62

Nahrstedt A, Butterweck V (1997). Biologically active and other chemical constituents of

the herb of Hypericum perforatum L. Pharmacopsychiatry. 30(52):129-134
41



Nakashima K, Yamaguchi-Shinozaki K, Shinozaki K (2014). The transcriptional regulatory
network in the drought response and its crosstalk in abiotic stress responses including
drought, cold, and heat. Front Plant Sci. 5:170

Nam KS, Kim MK, Shon YH (2007). Inhibition of proinflammatory cytokine-induced
invasiveness of HT-29 cells by chitosan oligosaccharide. J Microbiol Biotechnol.
17(12):2042-2045

Ng QX, Venkatanarayanan N, Ho CYX (2017). Clinical use of Hypericum perforatum (St
John's wort) in depression: a meta-analysis. J Affective Disord. 210:211-221

Kim SK, Nam MY, Nam KS (2000). Inhibitory effect of chitosan oligosaccharides on the
growth of tumor cells. In Proceedings of the Korean Society of Fisheries Technology
Conference, The Korean Society of Fisheries and Ocean Technology. 416-417

Namdeo AG (2007). Plant cell elicitation for production of secondary metabolites: a review.
Pharmacogn Rev. 1(1):69-79

Negi JS, Bisht VK, Singh P, Rawat MSM, Joshi GP (2013). Naturally occurring xanthones:
chemistry and biology. J Appl Chem. 2013

Németh M, Janda T, Horvéth E, Paldi E, Szalai G (2002). Exogenous salicylic acid increases

polyamine content but may decrease drought tolerance in maize. Plant Sci. 162(4):569-574

Niu L, Liao W (2016). Hydrogen peroxide signaling in plant development and abiotic
responses: crosstalk with nitric oxide and calcium. Front Plant Sci. 7:230

Norman C, Howell KA, Millar AH, Whelan JM, Day DA (2004). Salicylic acid is an
uncoupler and inhibitor of mitochondrial electron transport. Plant Physiol. 134(1):492-501

Nufiez Selles AJ, Daglia M, Rastrelli L (2016). The potential role of mangiferin in cancer
treatment through its immunomodulatory, anti-angiogenic, apoptopic, and gene regulatory
effects. Biofactors. 42(5):475-491

42



Ohishi N, Suzuki T, Ogasawara T, Yagi K (2000). Xanthone derivatives as inhibitors for
monoamine oxidase. J Mol Catal B Enzym. 10(1-3):291-294

Oksanen E, Haikio E, Sober J, Karnosky DF (2004). Ozone-induced H,O, accumulation in
field-grown aspen and birch is linked to foliar ultrastructure and peroxisomal activity. New
Phytol. 161(3):791-799

Orabi SA, Dawood MG, Salman SR (2015). Comparative study between the physiological
role of hydrogen peroxide and salicylic acid in alleviating the harmful effect of low

temperature on tomato plants grown under sand-ponic culture. Sci Agric. 9(1):49-59

Overmyer K, Brosché M, Kangasjarvi J (2003). Reactive oxygen species and hormonal
control of cell death. Trends Plant Sci. 8(7):335-42

Oztirk N, Korkmaz S, Oztirk Y (2007). Wound-healing activity of St. John's Wort
(Hypericum perforatum L.) on chicken embryonic fibroblasts. J Ethnopharmacol.
111(1):33-39

Panda SS, Chand M, Sakhuja R, Jain SC (2013). Xanthones as potential antioxidants. Curr
Med Chem. 20(36):4481-4507

Park SW, Kaimoyo E, Kumar D, Mosher S, Klessig DF (2007). Methyl salicylate is a critical
mobile signal for plant systemic acquired resistance. Science. 318(5847):113-116

Park KH, Park YD, Han JM, Im KR, Lee BW, Jeong 1Y, Jeong TS, Lee WS (2006). Anti-
atherosclerotic and anti-inflammatory activities of catecholic xanthones and flavonoids
isolated from Cudrania tricuspidata. Bioorg Med Chem Lett. 16(21):5580-5583

Pasqua G, Monacelli B, Valletta A, Santamaria AR, Fiorillo F (2005). Synthesis and/or
accumulation of bioactive molecules in the in vivo and in vitro root. Plant Biosyst.
139(2)180-188

Passarinho PA, de Vries SC (2002). Arabidopsis chitinases: a genomic survey. The
Arabidopsis book/American Society of Plant Biologists, 1

43



Pavlova D, Karadjova I, Krasteva | (2015). Essential and toxic element concentrations in
Hypericum perforatum. Aust J Bot. 63(2):152-158

Piechalak A, Tomaszewska B, Baralkiewicz D, Malecka A (2002). Accumulation and

detoxification of lead ions in legumes. Phytochemistry. 60(2):153-162

Pieterse CM, Leon-Reyes A, Van der Ent S, Van Wees SC (2009). Networking by small-

molecule hormones in plant immunity. Nat Chem Biol. 5(5):308-316

Pieterse CM, Van Loon LC (2004). NPR1: the spider in the web of induced resistance
signaling pathways. Curr Opin Plant Biol. 7(4):456-464

Pinto MMM, Sousa ME, Nascimento MSJ (2005). Xanthone derivatives: new insights in
biological activities. Curr Med Chem. 12(21):2517-2538

Pjrek E, Winkler D, Kasper S (2005). Pharmacotherapy of seasonal affective disorder. CNS
spectr. 10(8):664-669

Popova LP, Maslenkova LT, Yordanova RY, Ivanova AP, Krantev AP, Szalai G, Janda T
(2009). Exogenous treatment with salicylic acid attenuates cadmium toxicity in pea
seedlings. Plant Physiol Biochem. 47(3):224-231

Qiu JL, Fiil BK, Petersen K, Nielsen HB, Botanga CJ, Thorgrimsen S, Palma K, Suarez-
Rodriguez MC, Sandbech-Clausen S, Lichota J, Brodersen P, Grasser KD, Mattsson O,
Glazebrook J, Mundy J, Petersen M (2008). Arabidopsis MAP kinase 4 regulates gene
expression through transcription factor release in the nucleus. EMBO J. 27:2214-2221

Qiu Z, Guo J, Zhu A, Zhang L, Zhang M (2014). Exogenous jasmonic acid can enhance

tolerance of wheat seedlings to salt stress. Ecotoxicol Environ Saf. 104:202-208

Raafat D, Sahl HG (2009). Chitosan and its antimicrobial potential-a critical literature
survey. Microb Biotechnol. 2(2):186-201

Rabea El, Badawy MET, Stevens CV, Smagghe G, Steurbaut W (2003). Chitosan as

antimicrobial agent: applications and mode of action. Biomacromolecules. 4(6):1457-1465
44



Rai V, Khatoon S, Bisht SS, Mehrotra S (2005). Effect of cadmium on growth,
ultramorphology of leaf and secondary metabolites of Phyllanthus amarus Schum. and
Thonn. Chemosphere. 61(11):1644-1650

Rajou L, Belghazi M, Huguet R, Robin C, Moreau A, Job C, Job D (2006). Proteomic
investigation of the effect of salicylic acid on Arabidopsis seed germination and

establishment of early defense mechanisms. Plant Physiol. 141(3):910-23

Rao SG, Udupa AL, Rao G, Rao PGM, Kulkarni DR (1991). Wound healing activity of
Calendula officinalis and Hypericum: two homeopathic drugs promoting wound healing in
rats. Fitoterapia 62:508-510

Rascio N, Dalla Vecchia F, La Rocca N, Barbato R, Pagliano C, Raviolo M, Gonnelli C,
Gabbrielli R (2008). Metal accumulation and damage in rice (cv. Vialone nano) seedlings

exposed to cadmium. Environ Exper Bot. 62(3):267-278

Rate DN, Cuenca JV, Bowman GR, Guttman DS, Greenberg JT (1999). The gain-of-
function Arabidopsis acd6 mutant reveals novel regulation and function of the salicylic acid
signaling pathway in controlling cell death, defenses, and cell growth. Plant Cell.
11(9):1695-708

Reeves RD (2006). Hyperaccumulation of trace elements by plants. J.L. Morel, G.
Echevarria, N. Goncharova (Eds.), Phytoremediation of Metal-Contaminated Soils, NATO

Science Series: 1V: Earth and Environmental Sciences, Springer, NY. 1-25

Repka V, Fischerova I, Silharova K (2004). Methyl jasmonate is a potent elicitor of multiple
defense responses in grapevine leaves and cell-suspension cultures. Biol Plant. 48(2):273-
283

Richer A, Davies DE (1995). Effects of anthralin and hypericin on growth factor signaling
and cell proliferation in vitro. Biochem Pharmacol. 50(12):2039-2045

Robson NKB (2003). Hypericum botany. In: Ernst, E. (Ed.), Hypericum — The Genus

Hypericum. Taylor and Francis, London, New York, 1-22
45



Ronzan M, Piacentini D, Fattorini L, Della Rovere F, Eiche E, Riemann M, Altamura MM,
Falasca G (2018). Cadmium and arsenic affect root development in Oryza sativa L.

negatively interacting with auxin. Environ Exp Bot. 151:64-75

Rossel JB, Wilson IW, Pogson BJ (2002). Global changes in gene expression in response to
high light in Arabidopsis. Plant Physiol. 130(3):1109-1120

Saddige Z, Naeem I, Maimoona A (2010). A review of the antibacterial activity of
Hypericum perforatum L. J Ethnopharmacol. 131(3):511-521

Sahi C, Singh A, Kumar K, Blumwald E, Grover A (2006). Salt stress response in rice:
genetics, molecular biology, and comparative genomics. Funct Integr Genomic. 6(4):263-
284

Sakai A, Larcher W (2012). Frost survival of plants: responses and adaptation to freezing

stress. Springer Science & Business Media. Vol. 62

Salt DE, Rauser WE (1995). MgATP-dependent transport of phytochelatins across the
tonoplast of oat roots. Plant Physiol. 107(4):1293-1301

Sathiyabama M, Bernstein N, Anusuya S (2016). Chitosan elicitation for increased curcumin
production and stimulation of defence response in turmeric (Curcuma longa L.). Ind Crop
Prod. 89:87-94

Savchenko T, Kolla VA, Wang CQ, Nasafi Z, Hicks DR, Phadungchob B, Chehab WE,
Brandizzi F, Froehlich J, Dehesh K (2014). Functional convergence of oxylipin and abscisic
acid pathways controls stomatal closure in response to drought. Plant Physiol. 164(3):1151-
1160

Scharf KD, Berberich T, Ebersberger I, Nover L (2012). The plant heat stress transcription

factor (Hsf) family: structure, function and evolution. Biochim Biophys Acta. 1819(2):104-
119

46



Segarra G, Van der Ent S, Trillas I, Pieterse CMJ (2009). MYB72, a node of convergence in
induced systemic resistance triggered by a fungal and a bacterial beneficial microbe. Plant
Biol. 11(1):90-96

Shaheen N, Irfan NM, Khan IN, Islam S, Islam MS, Ahmed MK (2016). Presence of heavy
metals in fruits and vegetables: health risk implications in Bangladesh. Chemosphere.
152:431-438

Shen KT, Chen MH, Chan HY, Jeng JH, Wang YJ (2009). Inhibitory effects of
chitooligosaccharides on tumor growth and metastasis. Food Chem Toxicol. 47(8):1864-
1871

Simonetti G, Tocci N, Valletta A, Brasili E, D'Auria FD, Idoux A, Pasqua G (2016). In vitro
antifungal activity of extracts obtained from Hypericum perforatum adventitious roots
cultured in a mist bioreactor against planktonic cells and biofilm of Malassezia furfur. Nat
Prod Res. 30(5):544-550

Singewald N, Sinner C, Hetzenauer A, Sartori SB, Murck H (2004). Magnesium-deficient
diet alters depression-and anxiety-related behavior in mice - influence of desipramine and

Hypericum perforatum extract. Neuropharmacology. 47(8):1189-1197

Sivanandhan G, Arun M, Mayavan S, Rajesh M, Mariashibu TS, Manickavasagam M,
Selvaraj N, Ganapathi A (2012). Chitosan enhances withanolides production in adventitious
root cultures of Withania somnifera (L.) Dunal. Ind Crop Prod. 37(1):124-129

Sivanandhan G, Arun M, Mayavan S, Rajesh M, Jeyaraj M, Dev GK, Manickavasagam M,
Selvaraj N, Ganapathi A (2012). Optimization of elicitation conditions with methyl
jasmonate and salicylic acid to improve the productivity of withanolides in the adventitious
root culture of Withania somnifera (L.) Dunal. Appl Biochem Biotechnol. 168(3):681-696

Sordat-Diserens I, Rogers C, Sordat B, Hostettmann K (1992). Prenylated xanthones from
Garcinia livingstonei. Phytochemistry. 31(1):313-316

47



Srivastava S, Tripathi RD, Dwivedi UN (2004). Synthesis of phytochelatins and modulation
of antioxidants in response to cadmium stress in Cuscuta reflexa-an angiospermic parasite.
J Plant Physiol. 161(6):665

Stevens PF (2007). Hypericaceae. In: Kubitzki, K. (Ed.), The Families and Genera of
Vascular Plants. Springer Verlag, Berlin, Heidelberg. 194-2018

Strader LC, Culler AH, Cohen JD, Bartel B (2010). Conversion of endogenous indole-3-
butyric acid to indole-3-acetic acid drives cell expansion in Arabidopsis seedlings. Plant
Physiol. 153(4):1577-1586

Strawn MA, Marr SK, Inoue K, Inada N, Zubieta C, Wildermuth, MC (2007). Arabidopsis
isochorismate synthase functional in pathogen-induced salicylate biosynthesis exhibits

properties consistent with a role in diverse stress responses. J Biol Chem. 282(8):5919-5933

Su C (2014). A review on heavy metal contamination in the soil worldwide: Situation,

impact and remediation techniques. Environ Skep Crit. 3(2):24

Su QG, Liu Y, Cai YC, Sun YL, Wang B, Xian LJ (2011). Anti-tumour effects of xanthone

derivatives and the possible mechanisms of action. Invest New Drug. 29(6):1230-1240

Su W (1995). Bioprocessing technology for plant cell suspension cultures. App Biochem
Biotech. 50(2):189-203

Sun JQ, Jiang HL, Li CY (2011). Systemin/jasmonate-mediated systemic defense signaling
in tomato. Mol Plant. 4(4):607-615

Suzuki O, Katsumata Y, Oya M, Bladt S, Wagner H (1984). Inhibition of monoamine
oxidase by hypericin. Planta Med. 50(3):272-274

Tocci N, D’Auria FD, Simonetti G, Panella S, Palamara AT, Pasqua G (2012) A three-step

culture system to increase the xanthone production and antifungal activity of Hypericum

perforatum subsp. angustifolium in vitro roots. Plant Physiol Biochem. 57:54-58

48



Tocci N, Ferrari F, Santamaria AR, Valletta A, Rovardi I, Pasqua G (2010). Chitosan
enhances xanthone production in Hypericum perforatum subsp. angustifolium cell cultures.
Nat Prod Res. 24(3):286-293

Tocci N, Gaid M, Kaftan F, Belkheir AK, Belhadj I, Liu B, Svato§ A, Hiansch R, Pasqua G,
Beerhues, L (2018). Exodermis and endodermis are the sites of xanthone biosynthesis in
Hypericum perforatum roots. New Phytol. 217(3):1099-1112

Tocci N, Simonetti G, D’Auria FD, Panella S, Palamara AT, Valletta A, Pasqua G (2011).
Root cultures of Hypericum perforatum subsp. angustifolium elicited with chitosan and
production of xanthone-rich extracts with antifungal activity. Appl Microbiol Biotechnol.
91(4):977-987

Tocci N, Simonetti G, D’Auria FD, Penella A, Palamara AT, Ferrari F, Pasqua G (2013).
Chemical composition and antifungal activity of Hypericum perforatum subsp.
angustifolium roots from wild plants and plants grown under controlled conditions. Plant
Biosyst. 147(3):557-562

To6th G, Hermann T, Da Silva MR, Montanarella L (2016). Heavy metals in agricultural soils

of the European Union with implications for food safety. Environ Int. 88:299-309

Unterbrunner R, Puschenreiter M, Sommer P, Wieshammer G, Tlusto$ P, Zupan M, Wenzel
WW (2007). Heavy metal accumulation in trees growing on contaminated sites in Central
Europe. Environ Pollut. 148(1):107-114

Urbain A, Marston A, Grilo LS, Bravo J, Purev O, Purevsuren B, Batsuren D, Reist M,
Carrupt PA, Hostettmann K (2008). Xanthones from Gentianella amarella ssp. acuta with
acetylcholinesterase and monoamine oxidase inhibitory activities. J Nat Prod. 71(5):895-
897

Valletta A, De Angelis G, Badiali C, Brasili E, Miccheli A, Di Cocco ME, Pasqua G (2016)

Acetic acid acts as an elicitor exerting a chitosan-like effect on xanthone biosynthesis in
Hypericum perforatum L. root cultures. Plant Cell Rep. 35(5):1009-1020

49



Vavilala SL, Gawde KK, Sinha M, D'Souza JS (2015). Programmed cell death is induced
by hydrogen peroxide but not by excessive ionic stress of sodium chloride in the unicellular
green alga Chlamydomonas reinhardtii. Eur J Phycol. 50(4):422-438

Verberne MC, Budi Muljono AB, Verpoorte R (1999). Salicylic acid biosynthesis. In
Biochemistry and Molecular Biology of Plant Hormones, vol 33. Edited by Libbenga K, Hall
M, Hooykaas PJJ. London: Elsevier. 295-312

Verberne MC, Verpoorte R, Bol JF, Mercado-Blanco J, Linthorst HIM (2000).
Overproduction of salicylic acid in plants by bacterial transgenes enhances pathogen
resistance. Nat Biotechnol. 18(7):779-783

Verpoorte R (1998). Exploration of nature's chemodiversity: the role of secondary

metabolites as leads in drug development. Drug Discov Today. 3(5):232-238

Verpoorte R, Memelink J (2002). Engineering secondary metabolite production in plants.
Curr Opin Biotechnol. 13(2):181-187

Verpoorte R, van der Heijden R, Schripsema J, Hoge JHC, Ten Hoopen HJG (1993). Plant
Cell Biotechnology for the Production of Alkaloids: Present Status and Prospects. J Nat
Prod. 56(2):186-206

Vinterhalter B, Jankovic T, Sovikin L, Nikolic R, Vinterhalter D (2008). Propagation and
xanthone content of Gentianella austiaca shoot cultures. Plant Cell Tiss Org Cult.
94(3):329-335

Vogt T (2010). Phenylpropanoid Biosynthesis. Mol Plant. 3(1):2-20

Volz HP, Murck H, Kasper S, Méller HJ (2002). St John’s wort extract (LI 160) in
somatoform disorders: results of a placebo-controlled trial. Psychopharmacology.
164(3):294-300

Wang J, Qian J, Yao L, Lu Y (2015). Enhanced production of flavonoids by methyl
jasmonate elicitation in cell suspension culture of Hypericum perforatum. Bioresour
Bioprocess. 2(1):5

50



Wang K, Yu L, Shi J, Liu W, Sang Z (2019). Multifunctional indanone—chalcone hybrid
compounds with anti-p-amyloid (Ap) aggregation, monoamine oxidase B (MAO-B)

inhibition and neuroprotective properties against Alzheimer’s disease. Med Chem Res. 1-11

Wang SY, Bowman L, Ding M (2008). Methyl jasmonate enhances antioxidant activity and
flavonoid content in blackberries (Rubus sp.) and promotes antiproliferation of human
cancer cells. Food Chem. 107(3):1261-1269

Wang WX, Vinocur B, Altman A (2003). Plant responses to drought, salinity and extreme
temperatures: towards genetic engineering for stress tolerance. Planta. 218(1):1-14

Wasternack C (2014). Action of jasmonates in plant stress responses and development —
applied aspects. Biotechnol Adv. 32(1):31-39

Wasternack C, Hause B (2002). Jasmonates and octadecanoids: signals in plant stress

responses and development. Prog Nucleic Acid Res Mol Biol. 72:165-221

Watanabe T, Osaki M (2002). Mechanism of adaptation to high aluminium condition in
native plant species growing in acid soils: a review. Commun Soil Sci Plant Anal. 33(7-
8):1247-1260

Welfare K, Yeo AR, Flowers TJ (2002). Effects of salinity and ozone, individually and in
combination, on the growth and ion contents of two chickpea (Cicer arietinum L.) varieties.
Environ Pollut. 120(2):397-403

Wen JF, Gong M, Liu Y, Hu JL, Deng MH (2013). Effect of hydrogen peroxide on growth
and activity of some enzymes involved in proline metabolism of sweet corn seedlings under
copper stress. Sci Horticult. 164:366-371

Wheatley D (1999). Hypericum in seasonal affective disorder (SAD). Curr Med Res Opin.
15(1):33-37

Wildermuth MC, Dewdney J, Wu G, Ausubel FM (2001). Isochorismate synthase is required

to synthesize salicylic acid for plant defense. Nature. 414(6863):562-565
51



Willekens H, Chamnongpol S, Davey M, Schraudner M, Langebartels C, Van Montagu M,
Inzé D, Van Camp W (1997). Catalase is a sink for H2O. and is indispensable for stress
defence in C3 plants. EMBO J. 16(16)4806-4816

Wu D, Chu HY, Jia LX, Chen KM, Zhao LQ (2015). A feedback inhibition between nitric
oxide and hydrogen peroxide in the heat shock pathway in arabidopsis seedlings. Plant
Growth Regul. 75(2):503-509

Xia W, Liu P, Zhang J, Chen J (2011). Biological activities of chitosan and
chitooligosaccharides. Food Hydrocoll. 25(2):170-179

Xing R, Liu S, Guo Z, Yu H, Wang P, Li C, Li Z, Li P (2005). Relevance of molecular
weight of chitosan and its derivatives and their antioxidant activities in vitro. Bioorg Med
Chem. 13(5):1573-1577

Yadav SK (2010). Heavy metals toxicity in plants: an overview on the role of glutathione

and phytochelatins in heavy metal stress tolerance of plants. S Afr J Bot. 76(2):167-179

Yan J, LiJ, Zhao H, Chen N, Cao J, Jiang W (2011). Effects of oligochitosan on postharvest
Alternaria rot, storage quality, and defense responses in Chinese jujube (Zizyphus jujube
Mill. cv. Dongzao) fruit. J Food Protect. 74(5):783-788

Yang LY, Zhang JL, Bassett C L, Meng XH (2012). Difference between chitosan and
oligochitosan in growth of Monilinia fructicola and control of brown rot in peach fruit. LWT
— Food Sci Technol. 46(1):254-259

Yang LY, Zhao P, Wang L, Filippus I, Meng XH (2010). Synergistic effect of oligochitosan

and silicon on inhibition of Monilinia fructicola infections. J Sci Food Agric. 90(4):630-634
Yang Y, Varbanova M, Ross J, Wang G, Cortes D, Fridman E, Shulaev V, Noel JP,

Pichersky E (2006). Methylation and demethylation of plant signaling molecules. Recent
Adv Phytochem. 40:253-270

52



Yen MT, Yang JH, Mau JL (2008). Antioxidant properties of chitosan from crab shells.
Carbohydr Polym. 74(4):840-844

Yin H, Zhao X, Du Y (2010). Oligochitosan: a plant diseases vaccine—a review. Carbohydr
Polym. 82(1):1-8

Yoon NY, Ngo DN, Kim SK (2009). Acetylcholinesterase inhibitory of novel
chitooligosaccharide derivatives. Carbohydr Polym. 78(4):869-872

Zhai Q, Yan C, Li L, Xie D, Li C (2017). Jasmonates. Hormone Metabolism and Signaling
in Plants. 7:243-272

Zhang Y, Lin Q (2010). Effect of chitooligosaccharides plant growth regulators on the
growth and secondary metabolites of Salvia miltiorrhiza Bge. Med Plant. 1(10):7-9

Zhao J, Davis LC, Verpoorte R (2005). Elicitor signal transduction leading to production of
plant secondary metabolites. Biotechnol Adv. 23(4):283-333

Zhao XM, She XP, Yu W, Liang XM, Du YG (2007). Effects of oligochitosans on tobacco
cells and role of endogenous nitric oxide burst in the resistance of tobacco to tobacco mosaic
virus. J Plant Pathol. 89(1):55-65

Zheng Z, Wu M (2004). Cadmium treatment enhances the production of alkaloid secondary
metabolites in Catharanthus roseus. Plant Sci. 166(2):507-514

Zou P, Li K, Liu S, Xing R, Qin Y, Yu H, Zhou M, Li P (2015). Effect of

chitooligosaccharides with different degrees of acetylation on wheat seedlings under salt
stress. Carbohydr Polym. 126:62-69

53



CHIT
COS
DVB/ CAR/PDMS
DW
FDA
FW
GC-MS
Gl
HPLC
IBA
SPME
VIP
VOCs

Abbreviations chapter 2

chitosan

chitosan oligosaccharides
divinylbenzene/carboxen/polydimethylsiloxane
dry weight

fluorescein diacetate

fresh weight

chromatograph mass spectrometer
growth index

high performance liquid chromatography
indole butyric acid

solidphase- micro-extraction

variable importance in the projection

volatile organic compounds

54



2.Chitosan oligosaccharides affect xanthone and VOC
biosynthesis in Hypericum perforatum root cultures and

enhance the antifungal activity of root extracts

Camilla Badiali! - Giulia De Angelis! - Giovanna Simonetti? - Elisa Brasilil® - Eric de
Castro Tobaruela® - Eduardo Purgatto® - Heng Yin* - Alessio Valletta! - Gabriella Pasqua®

! Department of Environmental Biology, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185
Rome, Italy

2 Department of Public Health and Infectious Diseases, Sapienza University of Rome, Piazzale Aldo
Moro 5, 00185 Rome, Italy

% Department of Food Sciences and Experimental Nutrition/FORC-Food Research Center, University
of Sao Paulo, Av. Prof. Lineu Prestes 580, Sdo Paulo 05508-000, Brazil

4 Liaoning Provincial Key Laboratory of Carbohydrates, Dalian Institute of Chemical Physics,

Chinese Academy of Sciences, Dalian 116023, People’s Republic of China
C. Badiali and G. De Angelis equally contributed to this work.

Paper published in Plant Cell Reports
DOI 10.1007/s00299-018-2317-2
Received: 12 April 2018 / Accepted: 19 June 2018

Abstract

Key message Water-soluble chitosan oligosaccharides (COS) affect xanthone and
volatile organic compound content, as well as antifungal activity against human
pathogenic fungi of extracts obtained from Hypericum perforatum root cultures.
Several studies have demonstrated the elicitor power of chitosan on xanthone biosynthesis
in root cultures of H. perforatum. One of the major limitations to the use of chitosan, both
for basic and applied research, is the need to use acidified water for solubilization. To
overcome this problem, the elicitor effect of water-soluble COS on the biosynthesis of both
xanthones and volatile organic compounds (VOCSs) was evaluated in the present study. The
analysis of xanthones and VOCs was performed by HPLC and GC-MS headspace analysis.
The obtained results showed that COS are very effective in enhancing xanthone biosynthesis.

With 400 mg L™t COS, a xanthone content of about 30 mg g* DW was obtained. The
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antifungal activity of extracts obtained with 400 mg L' COS was the highest, with MICso
of 32 ug mL! against Candida albicans and 32-64 ug mL! against dermatophytes,
depending on the microorganism. Histochemical investigations suggested the accumulation
of isoprenoids in the secretory ducts of H. perforatum roots. The presence of monoterpenes
and sesquiterpenes was confirmed by the headspace analysis. Other volatile hydrocarbons
have been identified. The biosynthesis of most VOCs showed significant changes in

response to COS, suggesting their involvement in plant-fungus interactions.

Keywords Hypericum perforatum - Root cultures - Chitooligosaccharides - Xanthones -

Volatile organic compounds

Introduction

Hypericum perforatum L. (Hypericaceae), popularly known as St. John’s wort, has been one
of the most investigated medicinal plants during the past two decades (Wolfle et al. 2014).
The interest of scientific community towards H. perforatum mainly resides in its
antidepressant activity (Russo et al. 2014), although it is being studied for a broad range of
other biological activities (Marrelli et al. 2016).

Research on St. John’s wort has focused primarily on metabolites accumulated in the aerial
part of the plant, such as hypericins (naphthodianthrones) and hyperforins (phloroglucinols),
that are believed to be responsible for the antidepressant activity (Russo et al. 2014). A large
number of volatile organic compounds (VOCs) such as monoterpenes and sesquiterpenes
with antibacterial and antifungal activities have also been detected in the shoot organs of
wild plants and in in vitro shoot cultures of H. perforatum (Schwob et al. 2004; Pintore et
al. 2005; Maggi et al. 2010; Guedes 2009). The root has not been recognized as a valuable
source of bioactive compounds of pharmacological interest until last years, when several
studies revealed the presence of bioactive polyphenols in the root of the plant and in in vitro
regenerated roots (Bertoli et al. 2008; Cui et al. 2010a, b, ¢, 2011; Tocci et al. 2011, 2012,
20133, b; Tusevski et al. 2013; Brasili et al. 2014; Zubrick et al. 2015; Simonetti et al. 2016;
Valletta et al. 2016).

We have demonstrated that in vitro root cultures of St. John’s wort produce xanthones at
higher levels than the root of the plant (Tocci et al. 2011, 2012, 2013a; Simonetti et al. 2016;
Valletta et al. 2016). Xanthones are a large and diverse group of non-flavonoid polyphenols
produced by certain plants, fungi, lichens and bacteria (El-Seedi et al. 2009; Masters and

Brése 2012). These metabolites arouse great interest in the research community because of
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their numerous pharmacological properties (for a review, see Negi et al. 2013). Xanthone
rich extracts obtained from H. perforatum in vitro root cultures exhibited antifungal activity
against several common human pathogenic fungi, such as Candida spp., Cryptococcus
neoformans, dermatophytes and Malassezia furfur (Tocci et al. 2011, 2012, 2013a; Zubricka
et al. 2015; Simonetti et al. 2016). In a recent study it has been demonstrated that root
endodermis and exodermis are the cellular sites of xanthone biosynthesis in H. perforatum
in vitro cultured roots (Tocci et al. 2018).

Chitosan (CHIT) is a natural non-toxic biopolymer, composed of randomly distributed -
(1— 4)-linked d-glucosamine (deacetylated unit) and N-acetyl-d-glucosamine (acetylated
unit), produced by the partial deacetylation of chitin, a major component of arthropod
exoskeleton and fungal cell wall. Among elicitors, CHIT is one of the most commonly used
to increase the biosynthesis of plant secondary metabolites of pharmacological interest.
Several studies have shown the high effectiveness of CHIT in enhancing xanthone
production in H. perforatum root cultures (Tocci et al. 2011, 2012, 2013a; Brasili et al. 2014,
Simonetti et al. 2016); however, no studies on the impact of this elicitor on the production
of VOCs are currently available.

Chitosan is poorly soluble in neutral water as well as in most organic solvents; therefore, it
iscommonly dissolved in water acidified with acetic acid, which greatly limits its application
(Kim and Rajapakse 2005). In this regard, we have recently found that short-chain
monocarboxylic acids, as acetic acid, could alter the xanthone profile, masking the effect of
CHIT (Valletta et al. 2016). This problem could be overcome using water-soluble CHIT
derivatives, also known as chitosan oligosaccharides or chitooligosaccharides (COS), which
can be obtained by enzymatic and/or chemical hydrolysis of CHIT (Kim and Rajapakse
2005; Yin et al. 2010).

COS have been commercialized as low-calorie bulking agents since the 1980s and, more
recently, they have gained interest in different fields, including food, agriculture, and
medicine-related industries. As regards their application in the agri-food sector, most of the
available studies focus on the administration of COS in vivo, in the field or in post-harvest,
to fight microorganisms responsible for plant diseases, as well as for biodeterioration and
mycotoxin contamination of food (Yin et al. 2010 and literature cited therein).

To date, only a few studies are available on the use of COS as elicitors to enhance the
production of phytochemicals in plant in vitro cultures, and most of them have been
performed on cell cultures (Cabrera et al. 2006; Wang et al. 2008). To the best of our

knowledge, no studies have been published on in vitro root cultures.
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The main objective of this study was to evaluate the elicitor power of COS on the
biosynthesis of xanthones and VOC:s in root cultures of H. perforatum. HPLC was used for
the identification and quantification of six different xanthones, while GC-MS headspace
analysis was adopted to determine the VOC profile. To compare the effect of COS with that
of CHIT, COS were initially administered to the root cultures by following the same
experimental design used in the previous studies for CHIT elicitation; subsequently, time-
and concentration-dependent effects of COS on xanthone biosynthesis was investigated. The
methanol extracts obtained from control and elicited roots were tested for their antifungal
activity against human pathogens i.e. Candida albicans, Trichophyton mentagrophytes, and

Microsporum gypseum.

Materials and methods

Plant material and root cultures

In vitro-regenerated roots of H. perforatum were obtained as previously described by
Valletta et al. (2016). Liquid cultures were established as described by Valletta et al. (2016)
with slight modifications. Briefly, 0.250 g fresh weight (FW) of roots was inoculated in 100
mL flasks containing 50 mL half-strength MS basal salts and vitamins (Murashige and
Skoog 1962), supplemented with 1 mg L™t IBA and 1.5% (w/v) sucrose. The MS medium
and sucrose were purchased from Duchefa (Haarlem, The Netherlands), while the growth
regulators were obtained from Sigma-Aldrich (Milan, Italy). The cultures were shaken at

100 rpm at 26 £+ 1 °C and maintained in continuous darkness.

Chitosan oligosaccharides (COS) preparation and identification

Chitosan (molecular weight 300-500 kDa, minimum 95% deacetylated) was purchased from
Jinan Haidebei Marine Bioengineering Co., Ltd. (Shandong, China). COS with a degree of
polymerization (DP) of 2-10 were prepared through enzymatic hydrolysis of CHIT
according to Zhang et al. (1999). In brief, chitosan was dissolved in 2% acetic acid. Enzyme
mixture in 0.05 mol L acetate buffer was added and the mixture was incubated for 30 min
at 40 °C. The hydrolyzates were filtered on a hollow-fiber membrane. These crude COS
were added to ethanol and the mixture was stirred, thus forming a supersaturated solution,
and stored at 4 °C overnight. The insoluble precipitate was removed using filter paper. The
received COS solution was vacuum dried to obtain COS powder. The degree of

polymerization (DP) of the obtained COS was analyzed using hydrophilic interaction liquid
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chromatography combined with CAD detector. The DP of the COS was from 2 to 10, the
mean molecular weight was around 1 kDa, and the acetylation was less than 5%.

Elicitation

Elicitation with COS

The roots were elicited using COS dissolved in deionized water. Different COS
concentrations (50-400 mg L 1) were applied to the root cultures. The stock solutions were
prepared with COS concentrations ranging from 10 to 80 g L to add 250 pL to each flask.
Elicitation was always carried out on day 8 of culture. The stock solutions were sterilized
with a 0.2 pm syringe filter before being added to the liquid culture medium. Control samples
were added with 250 pL deionized sterile water. Three different elicitation protocols were

carried out, as described below and in Fig. 1.

Time-dependent xanthone biosynthesis. To investigate the xanthone biosynthesis in
response to COS elicitation over time, the roots were elicited with 200 mg L™! COS. Root
samples were harvested by vacuum filtration on days 5, 10, 15, 20, and 25 post-elicitation,

corresponding to days 13, 18, 23, 28, and 33 of culture (Fig. 1a).

Concentration-dependent xanthone biosynthesis. To determine the optimal elicitor
concentration, the roots were elicited with 50, 100, 200, and 400 mg L™ COS, and then
harvested by vacuum filtration on day 25 post-elicitation, corresponding to day 33 of culture
(Fig. 1b).
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Fig. 1 Diagram representing protocols used to elicit H. perforatum root cultures

Concentration-dependent VOC biosynthesis. To investigate the effect of different COS
concentrations on the volatile compounds profile, the roots were elicited with 200 and 400

mg Lt COS. Root samples were harvested on day 15 after the elicitation (Fig. 1c).

Determination of root biomass

Growth curve of the H. perforatum roots, elicited with different COS concentrations (200 or
400 mg L) and not elicited, was determined gravimetrically by measuring dry weight
increases on days 5, 10, 15, 20, and 25 after the elicitation. The initial weight of all samples
was 0.250 g FW of roots. The growth index (GI) was calculated as follows:

GI = Final weight — initial weight.

Xanthone quantification

The roots were dried in an oven at 70 °C until a constant weight was obtained; then, they
were powdered with pestle and mortar and extracted three times (each 24 h) with methanol
at room temperature. The ratio root dry biomass/methanol was 100/5 (mg:mL). The extracts
were dried with a rotavapor (Buchi, Milan, Italy) at 35 °C and redissolved in HPLC-grade
methanol (Carlo Erba, Milan, Italy) at the ratio initial biomass DW/methanol of 100/1
(mg:mL). The extracts were analyzed by high-performance liquid chromatography (HPLC),
as described by Tocci et al. (2013a) and Valletta et al. (2016). Different xanthones were
identified and quantified: (1) mangiferin; (2) 1,3,6,7-tetrahydroxyxanthone; (3) 1,3,5,6-
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tetrahydroxyxanthone; (4) kielcorin; (5) cadensin G; (6) 1,7-dihydroxyxanthone; (7)

toxiloxanthone, (8) paxanthone; and (9) 5-O-methyl-2-deprenylrheediaxanthone.

Histochemical detection of isoprenoids

Fresh sections (thickness = 30 um) of control roots and roots treated with 50, 100, 200, 400,
and 800 mg L™t COS and collected on day 18 of culture (corresponding to day 10 post-
elicitation) (Fig. la), and were obtained by microtome (Vibratome Series 1000). The
histochemical test with Nadi reagent was performed as previously reported by Monacelli et
al. (2005).

Viability test

To assess the cytotoxicity of COS, a viability test with fluorescein diacetate (FDA) was
carried out as previously reported by Santamaria et al. (2011) on H. perforatum cultured
roots treated with 50, 100, 200, 400, and 800 mg L~ COS on day 8 and collected on day 33
of culture. Non-treated roots were used as positive control and roots killed with liquid
nitrogen were used as negative control. Roots were analyzed with a Zeiss microscope
(Axioscop 2 Plus) fitted with a digital camera (Zeiss AxioCam MRc5) and a blue filter
(Aexcitation 386 nm; Aemission 490 nm). Roots that emitted a green fluorescence under blue light

were considered viable.

Analysis of volatile organic compounds (VOCs)

The VOCs of roots treated with 200 or 400 mg L™t COS and harvested on day 15 of culture
were determined by solidphase- micro-extraction (SPME) that consists in catching the VOCs
contained in the headspace above a sample in an SPME vial with a fiber coated with adapted
stationary phases and inject them into a gas chromatograph mass spectrometer (GC-MS)

with posterior data analyses.

SPME procedure

A divinylbenzene/carboxen/polydimethylsiloxane (DVB/ CAR/PDMS, 50 um) fiber with
manual holder from Supelco (Bellefonte, PA, USA) was used for the extraction of volatile
compounds. The SPME fiber was preconditioned before the analyses, according to the
instructions of the manufacturer.

The samples were ground using pestle and mortar under liquid nitrogen. A total of 3 g of

roots was homogenized with 30% sodium chloride solution (Merck) and placed (10 g) into
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a headspace vial sealed with a septum. The samples were kept under agitation with a
magnetic stir bar and heated to 40 °C. The headspace equilibrium time was 30 min. VVolatiles
were extracted by exposing the SPME fiber to the headspace of the sample vial that was
maintained at 40 °C for 60 min. For thermal adsorption, the SPME fiber was immediately

inserted into the GC-MS injector and held for 2 min at 250 °C in splitless mode.

GC-MS conditions

Chromatographic analysis was performed in a Hewlett- Packard 6890 (Agilent Technologies
Inc., Santa Clara, USA) GC-MS.

The injector temperature was 200 °C. Components were then separated using a capillary
column Supelcowax 10 (30 m x 0.25 mm x 0.25 um) and the oven temperature was
programmed to ramp from 40 to 150 °C at 2 °C min~* and hold for 5 min. Helium was used
as a carrier gas with a constant column flow rate of 1 mL min~*. The mass detector operated
in electron impact (El)-mode at 70 eV in a range of 15-210 amu. Volatile compounds were
identified by comparison with the NIST database (NIST11, version 2.0, Gaithersburg, USA)
and then confirmed with the Kovats retention indexes (RI). Further identification was carried
out by calculating non-isothermal retention indices. The RI values were obtained by injecting
saturated n-alkane standard solution (C7-C30 1,000 pg mL ™ in hexane, Supelco, Belgium)
under the same chromatographic conditions and compared with those described in the
literature determined under the same conditions for matching the compounds. The mass
spectra data of all volatiles were also confirmed by comparison with the spectral data

available at the MassBank of North America (MoNA—http://mona.fiehn lab.ucdav is.edu/).

Antifungal susceptibility testing

The evaluation of the antifungal activity was carried out on C. albicans ATCC 10231 coming
from American-Type Culture Collection (ATCC, Manassas, VA, USA), T. mentagrophytes
DSM 4870, and M. gypseum DSM 3824 coming from German Collection of Microorganisms
(DSMZ, Braunschweig, Germany). To evaluate the minimal inhibitory concentration (MIC),
the susceptibility in vitro assay was performed on C. albicans according to standardized
methods for yeast using the broth microdilution method (CLSI M27-A3 2008b; CLSI 2012)
and on dermatophytes according to standardized methods for filamentous fungi (CLSI M38-
A2 2008a). Dermatophytes were grown on potato dextrose agar (Sigma-Aldrich, St. Louis,
MO, USA) at 28-30 °C until good conidial growth was present. The conidia suspension was
prepared at the final concentration of 1 x 103 to 3 x 103 CFU mL ! (CLSI M38-A2 2008a).

C. albicans was grown on Sabouraud dextrose agar at 35 °C for 24 h. The final concentration
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of the inoculum was 0.5 x 103-2.5 x 103 CFU mL. The in vitro antifungal susceptibility
was evaluated using extracts. The concentration of extracts ranged from 512 to 0.5 pg mL ™,
The MICso was the lowest concentration of extracts or reference drugs that caused > 50%
growth inhibition and the MICi00 was the lowest concentration that inhibited 100% of

growth. Results were expressed as median of three experiments performed in duplicate.

Statistical analysis

All measurements were made at least in triplicate and the results were expressed as means +
SD. Statistical analysis was carried out using SigmaPlot 13.0. Two-way analysis of variance
(ANOVA), followed by Holm-Sidak tests, was applied to test differences between groups.
Statistical significance of the results was also evaluated, also by paired Student’s t test, and
differences with a p value < 0.05 were considered significant. A total of six biological
replicates of samples for each treatment were analyzed by GC-MS. Volatile organic data set
was imported into Metaboanalyst 3.0 (http://www.metaboanal yst.ca) for multivariate
statistical analysis. All imported data were Pareto-scaled. A principal component analysis
(PCA) was conducted on GC-MS data to discern inherent similarities in volatiles profiles.
Next, a PLS-DA model was used to maximize covariance between the measured data
(concentrations in GC-MS spectra, X matrix) and the response variable (predictive
classifications, Y matrix). The variable importance in the projection (VIP) plot was then
used to identify which volatile compound contributes most to clustering or trends observed

in the data.

Results

Elicitation with COS

Root biomass growth

The increase in root biomass growth was monitored on days 0 and 8 of culture and every 5
days after elicitation with different COS concentrations (Fig. 2). During the first 8 days, a
doubling of root biomass was observed in all analyzed roots. In control roots, the exponential
growth phase began on day 8 and continued until day 18; a decrease in biomass growth was
observed from day 18 to day 23 (non-significant differences); starting from day 23 to day
28, a plateau was recorded (non-significant differences); another exponential growth phase
took place from day 28; and the elicitation on day 8 causes a remarkable decrease of growth
in treated roots. The main difference between roots elicited with 200 and 400 mg L™* took
place at day 33, after which, the roots treated with the lower COS concentration slowly

started to grow again.
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Fig. 2 Growth curves of H. perforatum root cultures elicited with 200 and 400 mg L™* COS. Control
roots (black dashed line); treated roots with 200 mg L™ COS (black line); treated roots with 400 mg
L™t COS (grey line). Mean values were based on three replicates from two separate experiments.
Bars represent standard deviations of the means. Different letters represent significant differences
between samples (p < 0.05); asterisk represents significant differences between samples compared
with control at the same day of culture; black up-pointing triangle represents significant differences

between samples compared with 400 mg L™t COS at the same day of culture

Time-dependent xanthone biosynthesis

The HPLC analysis showed that the addition of 200 mg L™ COS to H. perforatum root
cultures significantly enhances xanthone biosynthesis. All extracts obtained from COS-
elicited roots and collected at different times post-elicitation (days 5, 10, 15, 20, and 25)
(Fig. 1a) showed a significant increase in total xanthones compared to their respective
controls (Fig. 3). In the control roots, total xanthone content increased with an increasing
culture time from about 3.42 to 7.87 mg g * DW. In COS-elicited roots, the highest xanthone
levels were observed after a short time (day 5) and after a long-time (day 25) post-elicitation,
with 13.25 e 14.31 mg g~* DW of total xanthones, respectively. On days 10, 15, and 20,
xanthone content remained almost constant with an average value of about 9.8 mg g™t DW.
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The levels of individual xanthones were measured at all experimental times (supplementary
material), and in Fig. 4, the data acquired at times of maximum production (days 5 and 25)
are shown. On day 5 (Fig. 4a), all the analyzed xanthones were present in control roots, with
the exception of kielcorin (Kiel) and 1,7-dihydroxyxanthone (Dihydroxy). Mangiferin
(Mang) and toxyloxanthone (Toxy) were accumulated at relatively low levels (0.22-0.18 mg
g ! DW). Other xanthones were accumulated at levels ranging from 0.55 for paxanthone
(Pax) to 1.02 mg g DW for 5-O-methyl-2-deprenylrheediaxanthone (Rheedia). The levels
of all xanthones significantly increased in response to COS elicitation, with the exception of
mangiferin (Mang) and cadensin G (Cad). The highest increases were observed for
tetrahydroxixanthones (Tetra), Toxy, Pax, and Rheedia (4.6-, 17.0-, 5.6-, and 2.8-fold
increase, respectively). On day 25 (Fig. 4b), all analyzed xanthones were detected in control
roots, with the exception of Kiel and Dihydroxy. Mang, Tetra, and Cad were accumulated at
relatively low levels (0.31, 0.29, and 0.51 mg g ! DW). Toxy, Pax, and Rheedia were
accumulated at higher levels (1.02, 1.04, and 4.7 mg g DW).

In response to COS, the levels of all analyzed xanthones increased, with the exception of the
Mang, the level of which decreased significantly. These increases were statistically
significant for Tetra, Cad, Pax, and Rheedia (3.8-, 0.22-, 4.2-, and 1.3-fold increase,
respectively).

f
16 - d 14.31
— 13.25
g 14 i | I
w12 - e e e
o 9.97 9.82 9.74
g 10 4 c
S 7.87
©
5 8 1
S b b
£ & .
g a a 4.41 4.53
g 4| 342 3.34
=
‘x“ 2 _ .
0 T T T T 1
5 10 15 20 25
Time (days)
B Control @ Elicited with COS

65



Fig. 3 Time-dependent xanthone production in H. perforatum root cultures in response to elicitation
with 200 mg L™t COS. The numbers next to the bars represent the exact concentration of total
xanthones (mg gt DW). The data shown are mean of three replicates from two separate experiments.
Bars represent standard deviations of the means. Different letters represent significant differences

between samples (p < 0.05)
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Fig. 4 Xanthone production in H. perforatum root cultures on days 5 (a) and 25 (b) after elicitation
with 200 mg L™t COS. The numbers next to the bars represent the concentration of xanthones (mg
g 1 DW). The data shown are mean of three replicates from two separate experiments. Bars represent
standard deviations of the means. Asterisks indicate statistically significant differences (p < 0.05)
between COS-elicited roots and control roots. Mang mangiferin, Tetra 1,3,5,6-tetrahydroxyxanthone
and 1,3,6,7-tetrahydroxyxanthone, Cad cadensin G, Toxy toxyloxanthone, Pax paxanthone, Rheedia

5-0O-methyl-2-deprenylrheediaxanthone

Concentration-dependent xanthone biosynthesis

COS at different concentrations were tested on H. perforatum root cultures. Chemical
analyses were performed on roots collected on day 25 post-elicitation, which gave the best
results in the previous experiments. The roots treated with 400 mg L™* COS were the most
productive in term of total xanthones (Fig. 5), the content of which was about 12 times higher
than in control roots (30.8 and 2.5 mg g~ DW, respectively). At higher concentrations, the
xanthone content significantly decreased (data not shown) and the roots showed symptoms
of necrosis (Fig. 8). In the roots elicited with 400 mg L™ COS, all analyzed xanthones were
produced at much higher levels than roots treated with lower COS concentrations, with the
exception of Mang (Fig. 6).

The highest levels of Mang were detected in roots treated with 50 e 100 mg L™t COS (1.95-
1.71 mg g DW). As regards Tetra, Cad, Pax, and Rheedia levels in elicited roots, it was
15.4-, 23.4-, 41.3-, and 15.4-fold higher than in control roots. Toxy was not detected in
untreated roots, while it was produced at relatively high levels (7.06 mg g™t DW) in roots
treated with 400 mg L™t COS.
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Fig. 5 Total xanthone content in H. perforatum root cultures not subjected to COS elicitation
(control) or elicited with different COS concentrations. The numbers next to the bars represent the
exact xanthone content (mg g~* DW). Each value is the mean of three independent determinations +
SD. Different letters represent significant differences between samples (p < 0.05)
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indicate that the differences between COS-elicited roots and the corresponding control roots are
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statistically significant (p < 0.05). Mang mangiferin, Tetra 1,3,5,6-tetrahydroxyxanthone and 1,3,6,7-
tetrahydroxyxanthone, Cad cadensin G, Toxy toxyloxanthone, Pax paxanthone, Rheedia 5-O-

methyl-2-deprenylrheediaxanthone, N.d. non-detected

Histochemical detection of isoprenoids

The treatment with Nadi reagent revealed secretory ducts in both control and COS-treated
roots, each delimited by four secretory cells (Fig. 7). Both the secretory cells and the lumen
of the ducts reacted positively with Nadi reagent, which revealed the presence of isoprenoid
compounds. As regards the signal intensity, no differences were observed between control

roots and roots treated with different concentrations of COS (Fig. S1).

Fig. 7 In vitro roots of H. perforatum elicited with 200 mg L™* COS, treated with Nadi reagent and
observed under bright field. Intact root at different magnifications (A, B); root cross section (C);
detail of the root section in which two close secretory ducts are visible (D). Er root epidermis, C
cortex, En endodermis, P pericycle, V¢ vascular cylinder. Bars represent 500 (A), 200 (B), 100 (C)
and 25 pum (D)

Viability test

H. perforatum cultured roots subjected to COS concentrations < 200 mg L™* (Fig. 8A)
showed a macroscopic appearance similar to non-treated roots (Fig. 8b, c). Symptoms of
suffering in the form of tissue darkening and morphological alterations were observed in
roots treated with COS concentrations > 200 mg L™ (Fig. 8D-F). The viability of non-treated
roots and roots elicited with COS concentrations ranging from 50 to 800 mg L! was
investigated through FDA-viability test. The cells of non-treated roots and roots treated with
50-800 mg L™t COS emitted a green fluorescence when observed with a microscope under

blue light (Fig. 8H-M). No fluorescent signal has been observed in roots treated with liquid
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nitrogen (Fig. 8N). These results indicate that COS does not cause cell death at the tested

concentrations.

Fig. 8 Fluorescein diacetate (FDA) viability test on H. perforatum roots collected on day 33 of culture

(corresponding to day 25 post-elicitation). Macroscopic appearance of non-treated roots (A) and
roots subjected to different COS concentrations (B-F). Roots observed through epifluorescent
microscopy under blue light to reveal the green signal generated by FDA (H-N). Positive control (Pc)
represented by non-treated roots (A, H) and negative control (Nc) represented by roots killed with

liquid nitrogen (G, N). Bars represent 300 pm

Antifungal activity of extracts obtained from H. perforatum cultured roots elicited with
COS

The antifungal activity of extracts obtained from H. perforatum cultured roots elicited with
different COS concentrations and collected on different days post-elicitation has been
evaluated against C. albicans, T. mentagrophytes and M. gypseum. As regards MICso and
MIC100 of C. albicans and MICso of M. gypseum, the best activity was exhibited by extracts
of roots collected on days 20 and 25 post-elicitation (32, 64, and 16 pg mL ™2, respectively).
As regards MIC100 of M. gypseum, the best activity was exhibited by extracts of roots
collected on days 15 and 20 post-elicitation (32 ug mL™1). Antifungal tests performed against
T. mentagrophytes with extracts obtained from roots collected at different experimental
times, yielded similar MIC values (MICso 16 pg mL™; MICiq0 32 pg mL ™) (Tables 1 and
S1).

Moreover, the antifungal activity increased by increasing the COS concentration (Tables 2

and S2). COS did not show any antifungal activity on the investigated fungal strains.
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Table 1. Antifungal activity of methanol extracts of H. perforatum root cultures collected at different
days after elicitation with 200 mg L' COS against Candida albicans, Trichophyton mentagrophytes

and Microsporum gypseum.

Extracts C. albicans ATCC 10231 T. mentagrophytes DSM 4870 M. gypseum DSM 3824
MICso MICio0 MICso MICio0 MICso MICio0

(ng mL7) (ng mL™) (ng mL™) (ng mL™) (ng mL™") (ng mL™)

Control day 5 256 256 64 128 128 256

EL day 5 64 (*a) 256 (a) 16 (*a) 32 (*a) 32 (*a) 64 (*a)
EL day 10 64 (*a) 128 (*b) 16 (*a) 32 (*a) 32 (*a) 64 (*a)
EL day 15 32 (*b) 128 (*hc) 16 (*a) 32 (*a) 32 (*a) 32 (*b)
EL day 20 32 (*h) 64 (*c) 16 (*a) 32 (*a) 16 (*b) 32 (*h)
EL day 25 32 (*b) 64 (*cd) 16 (*a) 32 (*a) 16 (*b) 64 (*a)
Fluconazole 2 (*c) 64 (*d) 16 (*a) 32 (*a) 16 (*b) 32 (*b)

MICso and MICig are the lowest concentration of extracts or reference drugs that caused growth
inhibition > 50% and 100%, respectively. Results are expressed as median of three experiments
performed in duplicate. Asterisks represent significant differences (p < 0.05) between MIC values
obtained with extracts from COS-elicited roots (EL) and from non-treated roots (control). Different

letters represent significant differences (p < 0.05) between MIC values reported in each column.

Table 2. Antifungal activity of methanol extracts of H. perforatum root cultures elicited with COS
at different concentrations and collected at day 25 post-elicitation against Candida albicans,
Trichophyton mentagrophytes and Microsporum gypseum.

Extracts C. albicans ATCC 10231 T. mentagrophtyes DSM 4870 M. gypseum DSM 3824
MICso MICioo MICso MICioo MICso MICio00
(ng mL™") (ngmL™") (ng mL™") (ngmL™") (ngmL™) (ng mL™")
Control 256 512 128 512 128 256
EL (50
256 (a) 512 (a) 128 (a) 256 (*a) 128 (a) 256 (a)
mg L")
EL (100
64 (*b) 256 (*b) 64 (*b) 256 (*a) 64 (*b) 128 (*b)
mg L™)
EL (200
32 (*c) 128 (*c) 64 (*b) 128 (*b) 64 (*b) 128 (*b)
mg L)
EL (400
32 (*c) 128 (*c) 64 (*b) 64 (*c) 32 (*b) 64 (*b)
mg L)
Fluconazole 2 (*d) 64 (*d) 16 (*c) 32 (*d) 16 (*c) 32 (*c)

MICso and MICig are the lowest concentration of extracts or reference drugs that caused growth

inhibition > 50% and 100%, respectively. Results are expressed as median of three experiments
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performed in duplicate. Asterisks represent significant differences (p < 0.05) between MIC values
obtained with extracts from COS-elicited roots (EL) and from non-treated roots (control). Different

letters represent significant differences (p < 0.05) between MIC values reported in each column.

Concentration-dependent volatile organic compounds (VOCSs) biosynthesis

As shown in Table S3, VOCs were identified and listed according to their biosynthetic
origin. A total of 43 volatile compounds were identified, including fatty acid derived
volatiles, phenylpropanoid/benzenoid compounds, acyclic, monocyclic and bicyclic
monoterpenes, and sesquiterpenes. The values of relative peak areas (median normalized)
obtained by SPME-GC-MS for each compound constitute an estimate and do not reflect the
actual value of volatile compounds in root samples, but are merely a parameter to compare
the effect of different COS concentrations on the volatile profile of H. perforatum roots.
Primarily, a PCA was applied to explore the volatile data set and to highlight the differences.
The first two principal components (PC1 and PC2) explained 44.1% of total variability
among the samples and showed a separation between root samples (Fig. S2). PC1 separated
200 mg L™ COS-treated roots from 400 mg L~ COS-treated and control roots due to their
characteristic volatile profile. Interestingly, roots treated with 400 mg L™ of COS and
control roots were not distinguished by PC1.

Next, PLS-DA was applied to minimize the possible contribution of intergroup variability
and to improve the separation between the samples. The PLS-DA score plot (R2Y = 0.89,
Q2 = 0.80) showed a clear differentiation between control, the roots treated with COS 200
and 400 mg L™* (Fig. 9).

According to the results obtained by PLS-DA, 15 volatile organic compounds were
statistically significant as showed by VIP values (VIP > 1.0) in Table 3. Samples treated
with COS 200 mg L presented a characteristic volatile profile containing sesquiterpenes
such as seychellene, cis-p- farnesene and (+)-a-chamigrene that were not identified in CTRL
and COS 400 mg L treated roots. Estimations of VOCs content in the roots indicated that
only two sesquiterpenes (+)-6-cadinene and (+)-epi-bicyclo-sesquiphellandrene increased
after elicitation with the increasing COS concentration.

Interestingly, the majority of VOCs decreased or increased after elicitation with COS 200
mg L™! and then returned to similar levels as CTRL roots. In particular, a-copaene, a-
patchoulene, and cadina-3,5-diene increased after COS 200 mg L and decreased after COS
400 mg L* treatment, while myrtenal, myrtanol, and limonene decreased after COS 200 mg
L and increased after COS 400 mg L! treatment. (—)-Zingiberene and 1,2,4-
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trimethylbenzene were not detected after COS 200 mg L treatment, but a decrease of them

was observed after COS 400 mg L ! compared to CTRL roots.

Conversely, naphthalene and a-terpineol were reduced after elicitation with COS 200 mg
L, but were not detected after elicitation with COS 400 mg L 2.

Scores plot

Component 2 (9.9%)

A 200€0S
+ 4a00cos
E X CTRL

.............

___________

mg L) and in green (400 mg L ™).

Table 3 Volatile organic compounds statistically significant after COS treatment

Component 1 (28.8%)
Fig. 9 PLS-DA score plot of the H. perforatum roots analyzed by SPME-GC-MS methodology.

Control samples (CTRL) are represented in blue; COS-treated samples are represented in red (200

Compounds Control 200mgL*COS 400mgL*COS VIP
Seychellene - 18.29+7.31 - 2.01
Naphthalene 3.16 £2.26 3.13+1.94 - 1.99
(—)-Zingiberene 2.42 +0.62 - 1.53+0.27 1.87
a-Terpineol 2.21+£1.69 0.42 £0.06 - 1.73
Cis-B-farnesene - 2.87+1.12 - 1.67
a-Copaene 8.70 £0.05 11.59 £ 3.65 9.37+£2.98 1.64
1,2,4-Trimethylbenzene 0.33+£0.19 - 0.21 £0.07 1.52
(+)-a-Chamigrene - 0.45+0.30 - 1.25
Myrtenal 4.31+3.92 0.66 £0.21 0.97 £0.36 1.20
Limonene 0.46 £ 0.25 0.15£0.02 0.38+0.11 1.19
a-Patchoulene 2.77+£0.32 3.87+1.12 2.11+0.78 1.19
(+)-6-Cadinene 0.54 £0.03 1.30+£0.51 2.06 £ 0.66 1.17
Myrtanol 6.64 +4.38 1.29+0.26 4.64+1.79 1.05
(+)-Epi-bicyclo-sesquiphellandrene  1.03 £ 0.09 1.51+£0.53 2.10x2.22 1.00
Cadina-3,5-diene 1.29+£0.16 1.79 £ 0.59 1.34£0.32 1.00

All the values are the mean of three independent analyses + SD VIP variable importance in the

projection
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Discussion

Several studies have demonstrated the elicitor effect of CHIT on plant cells (Vasconsuelo et
al. 2003; Fan et al. 2010) and organ cultures (Putalun et al. 2007; Sivanandhan et al. 2012).
A limitation to the use of CHIT in in vitro cultures, as well as in field and in post-harvest, is
the poor solubility in neutral water and organic solvents, which makes it necessary to use
acidified water for solubilization. In most of the elicitation studies, CHIT is dissolved in
acetic acid-water solutions. However, we recently demonstrated that monocarboxylic acids
could affect the xanthone profile of H. perforatum in vitro-cultured roots and this makes it
difficult to discriminate the effect of CHIT to that of solvent (Valletta et al. 2016). For this
reason, we evaluated the effect of water-soluble derivatives of CHIT, named
chitooligosaccharides (COS), obtained through enzymatic digestion of CHIT in this study.
At present, only few studies are available on the impact of COS on secondary metabolite
production in plant cell cultures (Linden and Phisalaphong 2000), and to the best of our
knowledge, no studies have been performed on root cultures.

In this context, an issue we addressed in the present study was whether COS have an elicitor
power comparable to that of CHIT on xanthone biosynthesis in H. perforatum root cultures.
This is not a trivial query, since it is well known that the effect of CHITs on plant cells is
strongly affected by their structural properties, e.g., molecular weight and degree of
acetylation (Iriti and Faoro 2009 and literature therein reported). In a previous study we
tested different CHITs on H. perforatum root cultures and we found significant differences
in the elicitor power related to different molecular structures (Tocci et al. 2013a). To
compare the effect of COS with those of CHIT, the first elicitation experiment (Fig. 1a) was
conducted by treating the roots with the same concentration of COS that was used in previous
studies on CHIT elicitation (Tocci et al. 2011, 2013a; Brasili et al. 2014, 2016). By recording
the xanthone content over time, two accumulation peaks were detected (Fig. 3), the first one
at an early stage and the second one at a later stage, i.e., on days 5 and 25 post-elicitation.
Brasili et al. (2014, 2016) investigated the combined effect of CHIT and overcrowding stress
on both primary and secondary metabolism in H. perforatum root cultures and through an
NMR-based metabolomics approach and ANOVA simultaneous component analysis
(ASCA), they demonstrated that early responses are mainly caused by the elicitor, while the
late responses are generated by the combined effect of the elicitor and the overcrowding
stress due to the high root biomass growth in a confined environment. The impact of
overcrowding stress clearly emerges by the observation of control roots, the xanthonic

content of which progressively increases with culture duration (Fig. 3). The early response
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leads to neosynthesis of almost all the analyzed xanthones, while in the xanthone profile
corresponding to the late response, the dominant compound is paxanthone. In future
applications of H. perforatum root cultures for the biotechnological production of xanthones,
the choice of collecting the roots at a short- or long-time post-elicitation will have to be made
on the basis of the molecules of interest.

In the second experiment (Fig. 1b), the effect of different COS concentrations on the
xanthone content was investigated. The best results in terms of the total xanthone content
were obtained with the highest COS concentration tested in this study (400 mg L™Y). This
concentration is much higher than those used in most CHIT elicitation experiments, both on
cell (Wiktorowska et al. 2010; Chakraborty et al. 2009; Ferri et al. 2009) and root cultures
(Udomsuk et al. 2011; Sivanandhan et al. 2012; Shinde et al. 2009; Putalun et al. 2007).
With 400 mg L™ COS, the xanthone content reached very high levels (over 30 mg g* DW),
which has never been obtained with CHIT in the previous studies (Tocci et al. 2011, 2012,
2013a; Brasili et al. 2014; Simonetti et al. 2016). It should be emphasized that FDA test
showed that these COS concentrations, while causing visible symptoms of suffering to roots
(Fig. 8), do not cause death, as opposed to CHIT, which even at lower concentrations cause
PCD or necrosis in plant cells (Zuppini et al. 2004; Iriti et al. 2006) and in H. perforatum
cultured roots (personal observation). Cytotoxicity of CHIT represents a limitation for
biotechnological purposes, due to the dramatic morpho-anatomical alterations caused by this
elicitor (Brasili et al. 2016) which make in vitro-cultured cells and organs non-reusable for
subsequent production cycles. From the analysis of the individual xanthones, it appears that
the administration of 400 mg L™! COS stimulates the biosynthesis of all the analyzed
xanthones, except mangiferin.

The effect of COS on H. perforatum cultured roots has been also investigated in terms of
volatile organic compound (VOC) biosynthesis. In a previous study, we observed a
remarkable increase in dimethylallyl-pyrophosphate (DMAPP) levels in H. perforatum
CHIT-treated roots (Brasili et al. 2014). Since the 'H-NMR analysis failed to reveal the
presence of terpenoids, we performed both histochemical and headspace VOCs analysis of
H. perforatum roots in this study, with the aim to investigate the presence of isoprenoids in
root biomass after COS elicitation.

First, the histochemical analysis with Nadi reagent suggested the presence of isoprenoid
compounds localized in secretory ducts of both control and treated roots. The presence of
essential oils in secretory ducts was previously demonstrated only in the aerial parts of H.
perforatum, including sepals, petals, stamens, leaf, and stem, but never in roots (Ciccarelli

et al. 2001). Second, the GC-MS headspace analysis confirmed the presence of a wide
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spectrum of isoprenoids in cultured roots. The lack of isoprenoids in the extracts previously
analyzed by 1H-NMR (Brasili et al. 2014) was probably due to their volatilization during
the Bligh-Dyer extraction, as the identified isoprenoids (mono- and sesqui-terpenes) have a
low molecular weight corresponding to a high volatility.

It is well-documented that roots are able to synthesize and release VOCs in the rhizosphere,
where act as key mediators in belowground biotic interactions (Delory et al. 2016). In this
scenario, VOCs can have negative (phytotoxins, autoinhibition, and development of
associations with parasitic plants) or positive effects (resistance to herbivores and root
detection) on neighbouring plants, but also can affect plant growth directly (phytotoxin
biosynthesis) or indirectly (alteration of soil chemistry, microbial populations, and nutrient
availability) (Weston et al. 2012; Zeng 2014). The majority of the studies published so far
focus on root VOC biosynthesis by three major plant models as Zea mays, Citrus spp., and
Brassica spp. in response to nematodes and parasites (Delory et al. 2016). To our knowledge,
it is the first study that deals with the biosynthesis of VOCs by H. perforatum roots in
response to COS elicitation. The obtained results suggest that VOCs play a key role in
mediating the interactions between H. perforatum root and soil organisms, especially fungi,
since their biosynthesis resulted affected by COS, which are fungal elicitors.

As reported in our previous studies, xanthone-rich crude extracts obtained from H.
perforatum in vitro-cultured roots elicited with CHIT exhibit a high antifungal activity
(Tocci et al. 2011, 2012, 2013; Simonetti et al. 2016). In the present study, we observed that
elicitation with 200 mg L™ COS leads to a total xanthone content comparable to that
obtained using CHIT at the same concentration; however, a higher antifungal activity was
observed compared to the previous results. These results suggest that the extracts contain
other metabolites with antifungal activity induced by COS, which may act additively or
synergistically with xanthones. An antifungal activity of certain VOCs such as
monoterpenes, monoterpenes hydrocarbons, sesquiterpenes, and diterpenes was previously
demonstrated in other plant species (Badawy et al. 2017; Fraternale et al. 2016) and against
other fungi such as Fusarium verticillioides, the major producer of mycotoxin in

contaminated aliments (Dambolena et al. 2008).

Conclusions
For the first time in the present study, the elicitor effect of COS was tested on St. John’s wort
in vitro root cultures. The obtained results showed that COS are very effective elicitors, more
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powerful of CHIT in stimulating the biosynthesis of xanthones in H. perforatum root
cultures. They also showed a lower phytotoxicity that allows its usage at high concentrations.
In addition to enhancing xanthone biosynthesis, COS caused significant changes in the
production of VOCs. The obtained results suggest that xanthones and VOCs are involved in

regulating the relationships between root and edaphic microorganisms, especially fungi.
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Supplementary

Fig. S1 In vitro roots of H. perforatum treated with Nadi reagent and observed under bright field.
Control root (A) and roots elicited with 50 (B), 100 (C), 200 (D), 400 (E) and 800 (F) mg L™ COS.
Bars represent 200 pum.
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CHIT
COS
DW
FW
HPLC
IBA
MeJA
ROS
SA

Abbreviations chapter 3

chitosan

chitosan oligosaccharides

dry weight

fresh weight

high performance liquid chromatography
indole butyric acid

methyl jasmonate

reactive oxygen species

salicylic acid
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3. Response of Hypericum perforatum root cultures and in vitro-
grown plantlets to chitosan oligosaccharides (CQOS),
methyljasmonate (MeJA), salicylic acid (SA) and hydrogen
peroxide (H202)

Badiali C - Brasili E - lozia LM - Petruccelli V - Caparra MV - Di Giovenale A - Pasqua
G - Valletta A

Department of Environmental Biology, Sapienza University of Rome, Piazzale Aldo Moro 5, 00185
Rome, Italy

Introduction

Being sessile and relatively immobile organisms, plants are unable to simply escape adverse
environmental conditions. These organisms had to evolve around life’s adversities instead,
setting up reliable stress sensing mechanisms and adequate threat-specific responses, such
as the synthesis of defensive secondary metabolites (Mazid et al. 2011).

Plants are sensible to both abiotic and biotic stress. The perception of a potential pathogen
can involve signal molecules which can either be exogenous or endogenous (Namdeo et al.
2007; Petrov et al. 2012). A plant can perceive the attack of a fungus through sensing a broad
range of molecules of fungal origin (lipids, proteins, nucleic acids, polysaccharides) called
MAMPs (microbe-associated molecular patterns). Chitin derivatives coming from fungal
cell walls activate plant responses. On the other hand, oligosaccharides generated by the
fungal-mediated lysis of plant cell wall polysaccharides can also signal the pathogen’s
presence to the plant (Namdeo et al. 2007; Gadzovska Simic et al. 2014, 2015).

Molecules capable of inducing defense responses are known as “elicitors” (Namdeo et al.
2007). The discovery of the biological role of these molecules has had a high impact on both
basic and applied research. Regarding biotechnological applications, elicitors can be
exploited to induce or enhance the neosynthesis of secondary metabolites of human interest
from cell and organ cultures (Namdeo et al. 2007; Gadzovska Simic et al. 2014).

After the stimulus is perceived, it needs to be transduced and amplified in order to influence
gene expression and thus stimulate an array of responses, including the biosynthesis of
defenses secondary metabolites. Different signalling molecules are involved in biotic stress
responses such as oxygen peroxide (H20.), salicylic acid (SA) and jasmonates (JAS)
(Namdeo et al. 2007; Petrov et al. 2012; Yan et al. 2014; Goossens et al. 2016). SA and JAs
are involved in distinct pathways (Bennett et al. 1994; Yan et al. 2014; Goossens et al. 2016).

Systemic acquired resistance (SAR), which is due to biotrophic and virus infection, is
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associated with SA accumulation and the upregulation of genes encoding for pathogenesis-
related (PR) proteins. In contrast, induced systemic response (ISR), which is due to
necrotrophic infection and pest attack, is dependent on JA and ethylene (ET) pathways and
is not associated with PR gene expression. Otherwise, H202 plays a key role in the early
stages of most stress-related routes, concurrently oxidizing the pathogen during the early
response oxidative burst, acting as a signaling molecule activating genes involved in defense
responses and reinforcing the plant cell wall (Apostol et al. 1989; Petrov et al. 2012).
Recent studies mainly focused on biosynthesis, transport and accumulation of defensive
secondary metabolites in Solanaceae. They showed complex interactions between different
organs of the plants (De Luca et al. 2000). Interestingly, certain metabolites such as nicotine
have been proven to be induced at the leaf, produced at the root and then transported and
accumulated in the leaves (Erb et al. 2009 and literature cited therein). The root / bud
interactions implicated in the biosynthesis of secondary metabolites in response to
environmental stimuli is a field of study of great interest and still largely unexplored. Among
medicinal species St. John’s wort (Hypericum perforatum L.) is one of the most studied,
mainly because it produces bioactive metabolites of pharmaceutical interest that accumulate
in its shoots (naphthodianthrones and phloroglucinols) (Gadzovska Simic et al. 2014).
Recently, interest has also aimed at xanthones, secondary metabolites that proved to possess
several interesting medicinal properties (Pinto et al. 2005). H. perforatum xanthones, which
specifically accumulate in the root, showed a remarkable antifungal activity against certain
human fungal pathogens, such as Cryptococcus neoformans (Tocci et al. 2011), Malassezia
furfur (Simonetti et al. 2015), Candida albicans, Trichophyton mentagrophytes, and
Microsporum gypseum (Badiali et al. 2018). The antimicrobial activity of xanthones from
H. perforatum suggest their involvement in plant’s defense mechanisms (Tocci et al. 2013a-
b; Badiali et al. 2018).

Recent studies have also shown that xanthone production in root cultures of St. John’s wort
can be induced or amplified by fungal elicitors such as chitosan (Brasili et al. 2016; Badiali
et al. 2018). Conversely, the effects of other molecules known to act as elicitors in other
species (SA, JA and H202) have not been thoroughly investigated yet.

In this context, H. perforatum root cultures and seedlings obtained in vitro were employed
as a model system to study the interaction between roots and shoots in the biosynthesis of
bioactive secondary metabolites. Xanthone and hypericin content was investigated in roots

and shoots respectively.
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Materials and methods

Root cultures

Adventitious roots of H. perforatum were obtained as previously described in Valletta et al.
(2016). Liquid root cultures were established inoculating 0.250 g fresh weight (FW) of roots
in 100 mL flasks containing 50 mL half-strength MS basal salts and vitamins medium
(Murashige and Skoog 1962) supplemented with 1 mg L™ Indole-3-butyric acid (IBA) and
15 g L* sucrose. Flasks were shaken at 100 rpm at 26 + 1 °C and maintained in continuous
dark until harvest. MS medium and sucrose were purchased from Duchefa Biochemie
(Haarlem, The Netherlands) and IBA from Sigma-Aldrich (Milan, Italy).

Source, preparation and in vitro germination of seeds

H. perforatum capsules were harvested in June 2016 and 2017 from the same population
located in Marcigliana Natural Park (Rome). They were dried at room temperature and the
seeds were collected and stored at room temperature until use. Before the sowing under in
vitro conditions, seeds were enclosed in bags of filtration tissue and soaked in distilled water
for 3 hours at room temperature. Then, they were sterilized in 70% ethanol for 3 min, rinsed
in distilled water and sterilized again in commercial sodium 15% hypochlorite (active
chlorine 4.9%) containing 0.1% Tween (Sigma-Aldrich, Milan, Italy) for 20 min. At the end
three rinses with sterile water were performed. After the sterilization, seeds were inoculated
in 100 mL flasks containing 50 mL half-strength MS basal salts and vitamins medium
supplemented with 15 g L™ sucrose. Flasks were shaken at 100 rpm at 26 + 1 °C and
maintained in 16/8 hours light/dark condition; plantlets where subcultured every 20 days
until a sufficient amount of biomass was obtained. Liquid plantlet cultures for the experiment
were established inoculating 2 g FW of biomass (roots and shoots) and cultured in the same

medium and conditions described above.

Priming and elicitation protocols

Root and plantlet cultures were primed with methyl jasmonate (MeJA) (Sigma-Aldrich,
Milan, Italy), salicylic acid (SA) or H20. on day 7 of culture using a final concentration of
100 puM, 25 uM and 100 mM, respectively. A 4.5 mg L stock solution of MeJA and a 1.7
g L stock solution of SA were prepared to add 250 uL to each flask. A 30% commercial
solution of H,O> was used to obtain a final concentration of 100 mM. Roots and plantlets
were elicited on day 8 of culture with 400 and 200 mg L™ chitosan oligosaccharides (COS)

obtained as described in Badiali et al. (2018) and dissolved in deionized water. In the
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experiments on the combined effect of H.O. and COS, the latter were used at a concentration
of 200 mg L. Regarding H20, experiment, the final COS concentration used for both root
cultures and plant roots was 200 mg L. An 80 g L™ stock solution was prepared to add 250
uL to each flask (Fig. 1). The stock solutions were sterilized with a 0.2 um syringe filter
before addition to the liquid culture medium. Control samples were added with 250 pL of
deionized sterile water. Control and roots treated with COS, MeJA and SA were collected
25 days after the elicitation with COS (day 33 of culture). Control and roots treated with
COS and H20> were collected 7 days after COS elicitation (day 15 of culture) as well as
control and plantlets treated with COS, MeJA, SA and H20..

Inoculation Priming Elicitation Sample collection
0.250 g FW roots in 50 mL [MelA] 100 puM [COS] 200 or COS, MelA, SA
MS medium (IBA 1 mg L% [SA] 25 pM 400 mg L -
[H,0,] 100 mM Sample collection
22 | COs, H,0,
| VR
Al 1 7 /1
Time (days) 0 7 8 15 33
| | .
B 1
Inoculation Elicitation Sample collection
2 g FW plantletsin 50 mL [COS] 200 mg Lt COS, MelA, SA
MS medium

Fig. 1 Diagram representing the elicitation protocols. A) Root elicitation protocol and B) plantlets

elicitation protocol.

Xanthone quantification

The roots were dried in an oven at 70 °C for 48 hours and then powdered with pestle and
mortar. Three consecutive extractions were performed (each 24 h) with methanol at a ratio
biomass/solvent of 100:5 (mg/mL). The extracts were dried with a rotary evaporator (Buchi,
Milan, Italy) at 35 °C and re-dissolved in HPLC-grade methanol (Carlo Erba, Milan, Italy)
at the ratio initial biomass/solvent of 100:1 (mg/mL). The extracts were analyzed by high-
performance liquid chromatography (HPLC), as described by Tocci et al. (2013a) and
Valletta et al. (2016). Following xanthones were identified and quantified: mangiferin;

1,3,6,7-tetrahydroxyxanthone;  1,3,5,6-tetrahydroxyxanthone;  cadensin G; 1,7-

90



dihydroxyxanthone; toxyloxanthone; paxanthone and 5-O-methyl-2-

deprenylrheediaxanthone.

Statistical analysis

A total of 3 biological replicates of samples for each treatment were analyzed by HPLC. All
measurements were made at least in triplicate and the results were expressed as means + SD.
Statistical analysis was carried out using SigmaPlot 13.0. One-way analysis of variance
(ANOVA), followed by Holm-Sidak test, was applied to test differences between groups.
Statistical significance of the results was also evaluated by paired Student’s t test, and

differences with a p value < 0.05 were considered significant.

Results

Elicitation of root cultures with COS, MeJA, SA or H202 used alone or in combination
COS, MeJA, SA and H20> were used to treat root cultures of H. perforatum. HPLC analysis
performed on roots collected on day 33 of culture showed that the elicitation with COS
significantly enhances xanthone production in terms of total xanthones compared with the
control (27.5 and 6.2 mg g* DW, respectively). COS treatment also induced the highest
increase compared with MeJA and SA both used alone or in combination with COS (Fig. 2).
Among treatments, COS used alone caused the highest increase in xanthone production
(+343% in comparison with control). MeJA and SA used alone caused significant but very
low increases in xanthone biosynthesis (+27 and +18% in comparison with control,
respectively) and when used in combination with COS they seem to largely reduce the COS
effect (+87 and + 37% in comparison with control, and -58 and -46% in comparison with
COS-treated, respectively). In the roots elicited with COS, all analyzed xanthones were
produced at much higher levels than roots treated with MeJA or SA, except for Mang and
Dihydroxy. The highest amounts of Mang were detected in control roots and in samples
treated with MeJA and SA used alone. The highest production of Rheedia was detected in
samples treated with SA used in combination with COS. Toxy was detected in each sample
except for SA+COS treated ones. Dihydroxy was detected only in samples treated with
MeJA used in combination with COS only (Fig. 3).
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Fig. 2 Total xanthone concentration in root cultures of H. perforatum not subjected to priming and
elicitation (control) or treated with COS, MeJA or SA used alone or in combination. The eliciting
concentrations used are the same for both single and combined administration. The numbers next to
the bars represent the exact xanthone content (mg g DW). Results are means (+SD) of three
independent biological replicates. Different letters represent significant differences between samples
(p<0.05).
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Fig. 3 Xanthone content in H. perforatum root cultures not subjected to priming and elicitation
(control) or treated with COS, MeJA or SA used alone or in combination. The eliciting concentrations

used are the same for both single and combined administration. The numbers next to the bars
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represent the exact xanthone content (mg g* DW). Results are means (+SD) of three independent
biological replicates. Asterisks indicate that the differences between roots and control roots are
statistically significant (p<0.05). Mang: mangiferin; Tetra: 1,3,5,6-tetrahydroxyxanthone and
1,3,6,7-tetrahydroxyxanthone; Cad: cadensin G; Dihydroxy: 1,7-dihydroxyxanthone; Toxy:
toxyloxanthone; Pax: paxanthone; Rheedia: 5-O-methyl-2-deprenylrheediaxanthone; N.d.: non-
detected.

In H.0>-COS experiment, H.O> used alone showed a significantly lower effect in eliciting
xanthone production compared to COS (2.5 and 3.2 mg g DW, respectively). However,
when used in combination the effect on xanthone production was higher than those of COS
and H20; used alone (5.0 mg g* DW) (Fig. 4). In the roots elicited with COS, all analyzed
xanthones were produced at much higher levels than roots treated with H20, and control
roots. H2O, used alone induced a higher production of Mang and Pax compared with control
samples. The highest amounts of Mang were detected in samples treated with H20> used
alone and in roots treated with H>O, and COS used in combination (1.44 and 1.37 mg g
DW, respectively). The highest production of all xanthones was detected in samples treated
with H202 used in combination with COS except for Rheedia which was higher in COS
treated roots (0.47 mg g™t DW).

6.0 -
5.0

5.0 A

4.0 A
3.2

2.5

1.9
20 A

Concentration (mg g'! DW)

1.0 4

0.0

Control 400 mg L' COS 100 mM H,0, 100 mM H,0, +
400 mg L't COS

Fig 4. Total xanthone concentration in root cultures of H. perforatum not subjected to priming and
elicitation (control) or treated with COS or H;O: used alone or in combination. The eliciting
concentrations used are the same for both single and combined administration. The numbers next to
the bars represent the exact xanthone content (mg g* DW). Results are means (+SD) of three
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independent biological replicates. Different letters represent significant differences between samples
(p<0.05).
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0.00 -

Toxy Pax Rheedia

Fig. 5 Xanthone content in H. perforatum root cultures not subjected to priming and elicitation
(control) or treated with COS or H,0, used alone or in combination. The eliciting concentrations
used are the same for both single and combined administration. The numbers next to the bars
represent the exact xanthone content (mg g* DW). Results are means (£SD) of three independent
biological replicates. Asterisks indicate that the differences between elicited roots and the
corresponding control roots are statistically significant (p <0.05). Mang mangiferin; Tetra 1,3,5,6-
tetrahydroxyxanthone and 1,3,6,7-tetrahydroxyxanthone; Cad cadensin G; Dihydroxy 1,7-
dihydroxyxanthone; Toxy toxyloxanthone; Pax paxanthone; Rheedia 5-O-methyl-2-

deprenylrheediaxanthone; N.d. non-detected.

Elicitation of in vitro-grown plantlets with COS, MeJA, SA or H20: used alone or in
combination

COS, MelJA, SA and H202 were used to treat H. perforatum in vitro-grown plantlets.
Chemical analysis was performed on roots collected on day 15 of culture. HPLC analysis
showed that MeJA elicitation significantly enhanced xanthone production in terms of total
xanthones compared with the control (3.3 and 1.7 mg g** DW, respectively) and induced the
highest increase compared with COS and SA used alone or in combination with COS (Fig.

6). In the roots elicited with MeJA used alone, all analyzed xanthones were produced at
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higher levels than roots treated with COS or SA, except for Toxy and Pax. The highest
amount of Toxy was detected in samples treated with MeJA used in combination with COS.
The highest production of Pax was detected in samples treated with MeJA used in
combination with COS. Tetra was detected in each sample except for the ones treated with
SA. Dihydroxy was detected in samples treated with MeJA used in combination with COS
only (Fig. 7).
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Fig. 6 Total xanthone concentration in roots of in vitro-grown plantlets of H. perforatum not
subjected to priming or elicitation (control) or treated with COS, MeJA or SA. The eliciting
concentrations used are the same for both single and combined administration. The numbers next to
the bars represent the exact xanthone content (mg g* DW). Results are means (+SD) of three
independent biological replicates. Different letters represent significant differences between samples
(p<0.05).
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Fig. 7 Xanthone content in roots of in vitro-grown plantlets of H. perforatum not subjected to priming
or elicitation (control) or treated with COS, MeJA or SA used alone or in combination. The eliciting
concentrations used are the same for both single and combined administration. The numbers next to
the bars represent the exact xanthone content (mg g DW). Results are means (+SD) of three
independent biological replicates. Asterisks indicate that the differences between elicited roots and
the corresponding control roots are statistically significant (p <0.05). Mang mangiferin; Tetra
1,3,5,6-tetrahydroxyxanthone and 1,3,6,7-tetrahydroxyxanthone; Cad cadensin G; Dihydroxy 1,7-
dihydroxyxanthone; Toxy toxyloxanthone; Pax paxanthone; Rheedia 5-O-methyl-2-
deprenylrheediaxanthone.

The diagram in Fig. 8 shows the hypothetical interactions between rott and shoot in the

perception of the elicitor.
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Fig. 8 Putative interaction between shoot and root in elicitor perception. The presence of the shoot

seems to be necessary for MeJA perception, causing then xanthone production in the roots in a cross-
talk between the shoot and the root.

The treatment with H>O. enhanced COS eliciting effect when they were used in
combination, causing a significant increase in xanthone content compared to control (2.22
and 1.77 mg g* DW, respectively) (Fig. 9). When used alone, H20> caused a significant

decrease compared to control (1.31 and 1.77 mg g-1 DW, respectively). In the roots elicited
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with H>O> used in combination with COS, Mang, Cad, Pax and Biyou were produced at
higher levels than in roots treated with COS or H.O> alone. Toxy production was the lowest
in COS+H>0, samples. Kielc was detected in each sample, although at low levels, except
for those treated with COS+H,0; (Fig. 10).
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Fig. 9 Total xanthone concentration in roots of in vitro-grown plantlets of H. perforatum not
subjected to priming and elicitation (control) or treated with COS or H,O, used alone or in
combination. The eliciting concentrations used are the same for both single and combined
administration. The numbers next to the bars represent the exact xanthone content (mg g* DW).

Results are means (£SD) of three independent biological replicates. Different letters represent

significant differences between samples (p < 0.05).
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Fig. 10 Xanthone content in roots of in vitro-grown plantlets of H. perforatum not subjected to
priming and elicitation (control) or treated with COS or HO; used alone or in combination. The
eliciting concentrations used are the same for both single and combined administration. The numbers
next to the bars represent the exact xanthone content (mg g * DW). Results are means (£SD) of three
independent biological replicates. Asterisks indicate that the differences between elicited roots and
the corresponding control roots are statistically significant (p <0.05). Mang mangiferin; Cad
cadensin G; Dihydroxy 1,7-dihydroxyxanthone; Toxy toxyloxanthone; Pax paxanthone; Rheedia 5-

O-methyl-2-deprenylrheediaxanthone.

Discussion

H. perforatum is a medicinal plant spread and cultivated all over the world. Its use in
medicine has an antique tradition and nowadays it is mainly used as remedy against
depression, anxiety and neurovegetative disorders (Gadzovska Simic et al. 2014). Clinical
studies have demonstrated that the bioactive secondary metabolites mainly responsible for
the antidepressant activity of H. perforatum are naphthodianthrones (hypericins) and
phloroglucinols (hyperforins), which are specifically biosynthesised and accumulated in the
aerial organs of the plant (Gadzovska Simic et al. 2014; Russo et al. 2014). It has been
proposed that the antidepressant activity of these metabolites is due to their ability to inhibit
the reuptake of some neurotransmitters, including serotonin, dopamine, glutamate,
noradrenalin and GABA (Tian et al. 2014). Although the research has mainly focused on
these compounds (Kasper et al. 2010), in recent years attention has also been paid to other

bioactive metabolites such as volatile compounds including essential oils, flavonoids,
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tannins, xanthones and other phenylpropanoids. We recently demonstrated a remarkable
antifungal activity of xanthones against several human pathogenic fungi (Tocci et al. 2011,
2013a-b; Simonetti et al. 2016). This finding is particularly interesting in the context of the
increasing demand for new antifungals due to the alarming emergence of drug resistance
caused by the intensive use of the conventional antifungals as azoles (Price et al. 2015).
This work had both application and basic purposes. The first objective was to investigate the
effect of various biotic elicitors (COS, MeJA, SA and H20;) in order to increase the
production of xanthone in H. perforatum. The second objective was to elucidate the
influence of shoot/root interaction on elicitor perception already reported in other species
but not observed in Hypericum spp. yet (Erb et al 2009 and literature cited therein). The
tested elicitors and their concentration have been chosen due to their involvement in plant
stress responses and to their established effect as elicitors on a number of plant species (Leon
et al 1995; Shin and Schachtman 2004; Gadzovska et al. 2013; Wang et al. 2015; Badiali et
al. 2018).

Results showed that COS were the most effective in stimulating xanthone production in root
cultures of H. perforatum compared to other biotic elicitors tested in this work. The best
results were obtained with 400 mg L-1 COS, which caused a 343% increase over the control,
lower but significant increase were induced by MeJA, SA and H20- used alone. When used
in combination on root cultures these elicitors behaved differently. Both MeJA and SA
reduced the COS effect, probably due to the activation of other metabolic pathways or due
to a higher response. Correspondingly, also a more extended oxidative burst could be
associated with a higher consumption of xanthones. Franklin and co-workers (2009) showed
that in H. perforatum xanthones could act as antioxidants against reactive oxygen species
generated during the first steps of plant defense responses (Fig. 2). The treatment with H20:
enhanced the effect COS, inducing an increase in the xanthone concentration. This shows an
additive effect, which was determined by the highest xanthone levels, and determining the
highest xanthone biosynthesis obtained in this experiment. H.O2 exogenously administered
in combination with COS, may induce in the cell a higher xanthone production (compared
to COS alone) to counteract the negative effects of both endogenous (induced by COS) and
exogenous (administered H202) ROS. It should be stressed that H>O> was administred at a
concentration (100 mM) remarkably higher compared to the physiological levels (from 0.07
to 130 umol gt FW) (Cheesman 2006 and literature cited therein). Non-physiological high
concentrations of H202 have been previously used to induce defense responses (Ledn et al
1995). When used alone it induced a low but significant increase in xanthone production

(Fig. 4).
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In the first experiment, the analysis of the individual xanthones showed that COS
administration stimulated the highest biosynthesis of all analyzed xanthones except for
Mang, Dihydroxy (obtained in MeJA+COS-elicited cultures only) and Rheedia (Fig. 3). In
the second experiment, H2O.+COS-treated samples showed the largest increase of all
analyzed xanthones except for Mang and Rheedia (Fig. 5).

In regard to the in vitro experiments with plantlets, MeJA showed to be effective in eliciting
the xanthone production in plant roots. Contrarily to its effect on root cultures, xanthone
content was +99% compared to control. The presence of the shoot seems to be necessary for
MeJA perception, causing then xanthone production in the roots in a cross-talk between the
shoot and the root. Little information is available about the organ responsible for MeJA
perception although, being a volatile molecule, involved in organ-to-organ and plant-to-plant
signaling, it has been hypothesized that aerial organs are the main sites of perception (Erb et
al. 2009 and literature cited therein). It was also argued that after perception in aerial organs,
the signal is transferred to other plant districts including the root, where the defense response
is activated. Another model considers a positive feedback loop of jasmonates (Sasaki et al.
2001; Wasternack and Hause 2013): the hypothesis is that both shoots and roots can perceive
jasmonates but shoots only are able to amplify the signal needed for a defense response; this
could explain why root cultures did not respond to MeJA elicitation.

MeJA was the most effective elicitor to induce xanthone biosynthesis in the root of in vitro
plants, while COS have proved the least effective causing even a compared to control (-
88%). When used in combination, COS and MeJA appeared to be antagonists also in plant
roots. Interestingly, comparing MeJA+COS effect in root cultures and in in vitro-grown, a
specular behaviour has been observed: in root cultures the most effective elicitors were COS,
and their effect was lowered by MeJA, while in plants the best elicitor was MeJA, whose
effectiveness was reduced by COS. A simplified diagram of the putative shoot-root
interaction in elicitor perception and xanthone biosynthesis induction is proposed in Fig. 8.
SA used alone induced a non-significant increase in xanthone production. Xanthone
production obtained with SA+COS was significantly lower than that obtained wits SA alone
(Fig. 6), differently to what observed in root cultures, but showing again an antagonistic
effect. From individual xanthone analysis, MeJA resulted as the most effective elicitor in
stimulating the biosynthesis of all xanthones except for Toxy and Pax (Fig. 7). Results of
H20- treatment on plant roots showed that when used alone it caused a significant decrease
in the xanthone biosynthesis. When used in combination with COS they had an additive
effect (Fig. 9) as showed in experiments on root cultures (Fig.4). From individual xanthone

analysis H20.+CQOS samples resulted as the most effective treatment in stimulating Mang,
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Cad, Pax and Biyou biosynthesis (Fig. 10). The obtained results seem to show the strongest
response to COS in root cultures and to the other tested elicitors in plant roots. H>O. showed

a similar behaviour either in root cultures and plant roots.

Conclusions

In the present study, the effect of four biotic elicitors was evaluated on St. John’s wort root
cultures and in vitro-grown plants. The results showed that COS are the most effective
elicitors in stimulating the biosynthesis of xanthones in H. perforatum root cultures while
MeJA is the most effective in stimulating the biosynthesis of xanthones in roots of in vitro-
grown plants. This work gives interesting hints for further investigations on plant
physiology, and its results are in addition to only few others available on the interaction
between plant organs. The road ahead is still long to clarify the signaling mechanisms
underlying these interactions. to clarify the signaling mechanisms underlying these

interactions.
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fresh weight
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indole acetic acid
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4.Effect of cadmium and arsenic on xanthone production in

Hypericum perforatum root cultures

Introduction

The rapid growth of the world population and the intensification of anthropogenic activities
has led to an increase in environmental contamination with a wide range of chemicals.
Particularly worrying is the contamination by toxic metals, which can be absorbed by plants
and then spread through trophic networks, with negative repercussions on both animal and
human health.

In China 2.9% of the agricultural land (corresponding to about 4 million hectares) was found
to be highly contaminated by heavy metals (Su 2014). Soil contamination is also widespread
in Europe, covering 58% of the cultivated land, with concentration values of toxic metals
above the thresholds recommended and applied by UNEP (Toth et al. 2016). Although plants
activate several defense mechanisms which control uptake, accumulation and translocation
of heavy metals in order to detoxify them (Srivastava et al. 2004), heavy metals are often
found in shoots, leaves, flowers, or, worse, seeds and fruits (Muchuweti et al. 2006;
Unterbrunner et al. 2007; Shaheen et al. 2016). One common strategy is preventing the
entrance of heavy metals into root cells by trapping them in the apoplast by detoxifying them
via chelate complex formation (Watanabe and Osaki 2002) or to anionic groups of cell walls
(Dalla Vecchia et al. 2005; Rascio et al. 2008). Most of the heavy metal amount that enters
the plant is then kept in root cells, where it is detoxified by complexation with amino acids,
organic acids or metal-binding peptides (e.g. phytochelatins) and/or sequestered into
vacuoles (Salt and Rauser 1995; Piechalak et al. 2002). These trapping strategies protect the
leaf tissues from damage.

High toxic metal concentrations cause various and different effects on plants both
physiological and morpho-anatomical. They interfere with enzyme activity, metabolism of
essential elements (Dong et al. 2006), and membrane integrity (Gadallah 1999); reduce
photosynthesis, water and nutrient uptake; cause chlorosis, growth inhibition, browning of
root tips, and death (Yadav 2010 and literature cited therein). Roots, being in direct contact
with soils, are the most and first affected organ which show alterations both in their normal
hormonal metabolism and in the development and morpho-anatomical differentiation, with
damage that affects the growth of the entire plant.

In Arabidopsis thaliana and Oryza sativa it has been shown that both cadmium (Cd) and

arsenic (As), toxic elements frequently present in polluted soils, express their toxicity by
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altering both biosynthesis and transport of auxins, fundamental phytohormones for plant
organogenesis (Ronzan et al. 2018; Fattorini et al. 2017). The correct distribution, carried
out both through transport and conversion of the specific indole-3-butyric acid precursor
(IBA) into its chemically active form indol-3-acetic acid (IAA), is required in various
processes such as the genesis, development and maintenance over time of a functional root
system (Strader et al. 2010). Moreover, effects of Cd on secondary metabolism were
demonstrated in several species such as Catharanthus roseus (Zheng and Wu 2004),
Phyllanthus amarus (Rai et al. 2005), Brassica juncea (Ahmad et al. 2016). To date, little is
known about the impact of As on plant secondary metabolism.

Many species that survive in soils characterized by high heavy metal concentrations behave
as “excluders”, they retain and detoxify most of the heavy metals in the root tissues, with a
minimized translocation to the leaves (Hall 2002). Otherwise, the term “hyperaccumulator”
is used for plants which actively accumulate large amounts of one or more heavy metals
from the soil and which translocate and accumulate them in aerial organs at concentrations
hundreds-fold higher than non-hyperaccumulating species. These plants show no symptoms
of phytotoxicity (Reeves 2006 and literature cited therein), and due to this, they could be
more dangerous for human health especially in case of crops and medicinal plants. Among
hyperaccumulating plants, there are species of numerous families such as Brassicaceae,
Poaceae, Asteraceae, Fabaceae (Reeves et al 2006 and literature cited therein) and

Hypericaceae including H. perforatum (Pavlova et al. 2015).

Materials and methods

Root cultures

Adventitious roots of H. perforatum were obtained as described in Valletta et al. (2016).
Liquid root cultures were established inoculating 0.250 g fresh weight (FW) of roots in 100
mL flasks containing 50 mL half-strength MS basal salts and vitamins medium (Murashige
and Skoog 1962) (Duchefa Biochemie, Haarlem, The Netherlands) supplemented with 15 g
L sucrose (Duchefa Biochemie). Flasks were shaken at 100 rpm at 26 + 1 °C and

maintained in continuous dark until harvest.

Treatment with Cd and As
Root cultures were treated with cadmium (Cd) and arsenic (As) on day 8 of culture using a
final concentration of 50, 100 and 200 uM (Fig. 1). The stock solutions were sterilized with

a 0.2 um syringe filter before being added to the liquid culture medium. Control samples
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were added with 500 pL of deionized sterile water (the same volume as treatment solution).

Control and roots treated with toxic metals were collected 7 days after the treatment (day 15

of culture).
Inoculation Treatment Sample collection
0.250 g FW roots in 50 mL [Cd] 50; 100; 200 uM
MS medium [As] 50; 100; 200 pM
Time (days) >

0 7 15

Fig. 1 Diagram representing the protocol of heavy metal treatment experiment.

Xanthone quantification

The root samples were dried at 70 °C for 48 hours and then powdered. Three consecutive
extractions were carried out, one every 24 h, with methanol 100% (100 mg of dried root
biomass in 5 mL). The raw extracts were dried with a rotary evaporator (Buchi, Milan, Italy)
at 35 °C and re-dissolved in HPLC-grade methanol (Carlo Erba, Milan, Italy) (100 mg initial
biomass in 1 mL). The chemical analyses were performed by high-performance liquid
chromatography (HPLC), as described by Tocci et al. (2013) and Valletta et al. (2016). Eight
xanthones were identified and quantified: mangiferin; 1,3,6,7-tetrahydroxyxanthone;
1,3,5,6-tetrahydroxyxanthone; kielcorin; cadensin G; toxyloxanthone; paxanthone; 5-O-
methyl-2-deprenylrheediaxanthone and biyouxanthone.

Statistical analysis

Three biological replicates for each treatment were analyzed by HPLC. All measurements
were made at least in triplicate and the results were expressed as means + SD. Statistical
analysis was carried out using SigmaPlot 13.0. One-way analysis of variance (ANOVA),
followed by Holm-Sidak test, was applied to test differences between groups. Statistical
significance of the results was also evaluated by paired Student’s t test, and differences with

a p value < 0.05 were considered significant.
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Results

Administration of different Cd and As concentrations to root cultures

Cd and As were used to treat root cultures of H. perforatum. HPLC analysis performed on
roots collected on day 15 of culture showed that all Cd treatments (50, 100 and 200 uM)
induced a decrease in the xanthone content compared to control (1.67, 1.40, 1.25 versus 1.75
mg g DW, respectively) (Fig. 2). Samples treated with 50 uM Cd differences in xanthone
content were no significant, while significant differences were caused by 100 and 200 uM
Cd. Only the highest concentration of As (200 uM) caused a significant increase in xanthone
production (+46% in comparison with control), while lower concentrations (50 and 100 mM)
did not cause significant effects (Fig. 2). Significant decreases in xanthone content were
caused by 100 and 200 mM Cd (-20 and -29%, respectively). In the roots treated with Cd,
all analyzed xanthones were produced at equal or lower levels than non-treated roots except
for Biyou in samples treated with Cd 50 uM. The differences between non-treated and
treated samples as regards Mang production were non-significant in each sample. Tetra was
detected in each sample except for As 100 uM. Kielc was detected in control, As 100 uM
and As 200 uM samples. The highest production of Rheedia was detected in control samples
only. (Fig. 3).
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Fig. 2 Total xanthone concentration in root cultures of H. perforatum not subjected to any treatment

(control) or treated with Cd or As. The numbers next to the bars represent the exact xanthone content
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(mg g* DW). Results are means (£SD) of three independent biological replicates. Different letters

represent significant differences between samples (p <0.05).
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Fig. 3 Xanthone content in H. perforatum root cultures not subjected to any treatment (control) or
treated with Cd or As. The numbers next to the bars represent the exact xanthone content (mg g*
DW). Results are means (xSD) of three independent biological replicates. Asterisks indicate that the
differences between roots and control roots are statistically significant (p <0.05). Mang: mangiferin;
Tetra: 1,3,5,6-tetrahydroxyxanthone and 1,3,6,7-tetrahydroxyxanthone; Kielc: kielcorin; Cad:
cadensin  G; Toxy: toxyloxanthone; Pax: paxanthone; Rheedia: 5-O-methyl-2-

deprenylrheediaxanthone; Biyou: biyouxanthone; N.d.: non-detected.

Discussion

The increasing presence of toxic metals and metalloids in the soil due to pollution caused by
anthropogenic factors and their consequent absorption by plants, can lead to food chain
contamination and to potential poisoning of animals and humans (Su 2014). In Arabidopsis
thaliana and Oryza sativa it has been shown that both cadmium (Cd) and arsenic (As) alter
both biosynthesis and transport of auxins (Ronzan et al. 2018; Fattorini et al. 2017). The
impact of Cd on secondary metabolism was demonstrated in several species (Zheng and Wu
2004; Rai et al. 2005; Ahmad et al. 2016), while little information is available regarding the
relationship between Cd and plant secondary metabolism. Several papers are available on

the effect of various toxic metals on Hypericum perforatum. It was reported the
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accumulation of toxic metals in St. John’s wort aerial organs such as chromium, iron, nickel,
copper, lead, manganese and zinc (often in very high amounts) and their effect on several
parameters such as growth and secondary metabolite production (Murch et al. 2003; Ayan
et al. 2006; Obratov-Petkovi¢ et al. 2008) and the Cd hyperaccumulation (Radanovic et al.
2002; Pavlova et al. 2015).

The purpose of this work was to study the effect of Cd and As on root cultures of H.
perforatum in terms of xanthone biosynthesis and auxin metabolism to evaluate the root
response to toxic metals.

The results obtained showed that xanthone levels were significantly increased in response to
200 mM As. This result emphasizes the non-specificity of plant stress responses compared
to animals. Either biotic and abiotic stress can cause the same effect since the first step of
both involves ROS production. The studies about growth and morphological alteration of
the entire plant should be conducted since was established that As alter these parameters in
other species (Rahman et al. 2007; Mokgalaka-Matlala et al. 2008). Contrarily, Cd induced
a decrease in xanthone content compared to control (Fig. 2). This result could be read as a
consequence of the fact that H. perforatum is an hyperaccumulator of Cd (as already reported
by Pavlova et al. 2015). It could show lower suffering signs and responses, and a higher
resistance to Cd toxicity; although a lower concentration than control suggest a xanthone
consumption, probably due to their scavenging effect.

Conclusions

In the present study, the effect of cadmium (Cd) and arsenic (As) was evaluated on St. John’s
wort root cultures. The results showed that As had a significant effect in stimulating the
biosynthesis of xanthones while samples treated with Cd showed a decrement in xanthone

production compared to control.
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5. Conclusions

In the present work the effect of biotic and abiotic stress on Hypericum perforatum roots was
evaluated, administering chitosan oligosaccharides (COS), methyl jasmonate (MeJA),
salicylic acid (SA), hydrogen peroxide (H202), cadmium (Cd) and arsenic (As). This project

had both applicative and basic purposes: biotic elicitors may be used in order to stimulate
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secondary bioactive metabolite biosynthesis for drug production and to elucidate the
influence of shoot/root interaction on elicitor perception in H. perforatum; the treatment with
toxic metals could help in understanding the processes that occurs when H. perforatum
grows on polluted soils.

Regarding biotic elicitors, COS allow to discriminate the effect of the elicitor from those of
the solvent, being soluble in neutral water, so they are more useful elicitors for basic research
than chitosan that requires acidulated water to be solved; they are effective elicitors in
enhancing xanthone production in root cultures, with a lower cytotoxic effect on plant cells
(than chitosan); xanthone production increased with increasing COS concentration with a
maximum production in samples treated with 400 mg L* COS. Moreover, extracts obtained
from COS-elicited roots showed a high antifungal activity against Candida albicans and
dermatophytes, and the antifungal activity increased with increasing xanthone concentration.
COS affected also VOCs biosynthesis in H. perforatum root cultures. Regarding other biotic
elicitors, MeJA was the most effective elicitor in inducing xanthone biosynthesis in plant
roots, while it had no effect on root cultures, the presence of the shoot seems to be necessary
for MeJA perception. When used in combination, COS — MeJA and COS — SA appeared to
be antagonists in inducing xanthone biosynthesis both in root cultures and plant roots.
Contrarily, H-O2 enhanced COS effect, showing an additive activity both in root cultures
and plant roots.

The experiments with toxic metals showed that the treatment with As significantly enhance
xanthone production, contrarily, Cd induced a decrease in xanthone content compared to
control, probably because H. perforatum is a Cd hyperaccumulator as reported in literature.
Bioreactor cultivation tests of H. perforatum roots will be necessary in the future in order to
obtain a massive xanthone production for pharmaceutical use. Regarding toxic metals,
further morphoanatomical, histochemical and biochemical investigations are required to
clarify their effect on H. perforatum physiology; in the last six months a collaboration with
Leibniz Institute of Plant Biochemistry (Halle, Germany) has started in order to evaluate the

effect toxic metals on the whole spectrum of endogenous phytohormones.
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