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Specialized metabolites, also known as secondary metabolites, produced by plants and
microbes possess several biological activities [1]. Among them, phytotoxins are substances
which are poisonous or toxic for plants [2]. They seem to play an important role in
plant-pathogen interactions when produced by phytopathogenic fungi or bacteria, while
plant-produced phytotoxins—including allelochemicals—seem to be involved in plant-
plant interactions [3]. These compounds belong to different classes of natural substances
and the determination of their chemical structure, or their identification, are fundamental
for understanding their function [4]. Most of these phytotoxins have shown interesting
potential applications in agriculture or medicine [5]. However, many biological activities
of these compounds have not been investigated, limiting their potential practical use.
They can serve as efficient tools to design safe biopesticides, avoiding the use of synthetic
pesticides that are able to cause long-term impact of residues in agricultural products with
a risk to human and animal health [3,6]. They can also be used for the development of new,
more effective drugs to overcome problems of antibiotic resistance being the reservoir of
new mechanisms of action [7].

This Special Issue is focused on the isolation and characterization of new bioactive
phytotoxins or on the evaluation of the biological activities of known phytotoxins to further
investigate their potential applications in different fields. This collection comprises eleven
papers with eight research articles [Contributions 1-8] and three reviews [Contributions 9-11].

Some research articles investigated the production of phytotoxins by plants as poten-
tialbiopesticides for the control of parasitic plants and fungal phytopathogens that can
cause devastating losses to crop yields in several parts of the world [Contributions 1-2].
Among them, Orobanche cumana is an obligate holoparasitic plant with strong effects in
sunflower crops, while the fungus Stemphylium vesicarium has pathogenic effects on many
hosts, especially on pear. In the first research article [Contributions 1], the authors in-
vestigated the production of specialized metabolites from the allelopathic plant Retama
raetam and their activity against S. vesicarium and O. cumana. Six compounds belonging to
isoflavones and flavones subgroups have been isolated from the R. raetam dichloromethane
extract and identified using spectroscopic and optical methods. Among them, laburnetin
and ephedroidin resulted in being the most promising metabolites for the control of these
pests [Contributions 1]. The allelopathic effects of specialized metabolites produced by
the plant Bellardia trixago on the growth of O. cumana seedlings were described in the
second research article contribution [Contributions 2]. Five iridoid glycosides were isolated
together with benzoic acid from the ethyl acetate extract of aerial green organs of this
plant by bio-guided purification. Among them, melampyroside was found to be the most
abundant constituent in the extract (44.3% w/w), as well as the most phytotoxic iridoid
on O. cumana radicle, showing a 72.6% inhibition in radicle growth. The ecotoxicological
profile of melampyroside was evaluated, providing useful information for the generation
of green bioherbicides for the control of parasitic plants [Contributions 2].

Phytotoxins produced by phytopathogenic fungi were also investigated. The third
article contribution to the Special Issue [Contributions 3] reports a comparative analysis
of secondary metabolites produced by the phytopathogenic fungus Ascochyta fabae under
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in vitro conditions and their phytotoxicity on the primary host, Vicia faba, and related
legume crops. The produced metabolites were analyzed by NMR and LC-HRMS methods,
resulting in the dereplication of seven metabolites, which varied with cultural substrates.
The phytotoxicity of the pure metabolites was assessed at different concentrations on their
primary hosts and related legumes. Among them, ascosalitoxin and benzoic acid resulted
in being the most phytotoxic, and thus are expected to play an important role in necrosis’
appearance [Contributions 3]. Fusaric acid (FA) is one of the first secondary metabolites
isolated from phytopathogenic fungi belonging to the genus Fusarium, and the fourth
article contribution [Contributions 4] provides novel insights on this matter. Specifically,
the authors evaluated the effect of different nitrogen sources, iron content, extracellular pH
and cellular signaling pathways on the production of FA siderophores by the pathogen
Fusarium oxysporum [Contributions 4].

The antiviral, anticancer, anti-inflammatory and antibiotic properties of some fungal
and plant phytotoxins were also studied. In particular, the fifth research article contribu-
tion [Contributions 5] to this Special Issue focuses on the evaluation of natural sesquiter-
penes and benzoxazinoids, along with their easily accessible derivatives, against the main
protease, RNA replicase and spike glycoprotein of SARS-CoV-2 by molecular docking
[Contributions 5]. The sixth research article contribution [Contribution 6] investigates the
activity of harzianic acid, a bioactive metabolite derived from fungi of the genus Trichoderma,
against the Gram-positive bacterium Staphylococcus aureus and its role in calcium regulation
[Contribution 6]. Naphthoquinones are a valuable source of secondary metabolites that
have been well known for their dye properties since ancient times. In the seventh research
article contribution [Contribution 7], the authors investigated the biological activity of
some naphthoquinone’s derivatives in the search of anticancer lead compounds. Their
results encourage further studies on the development of new anticancer drugs for more
directed therapies and reduced side effects with the naphthoquinone skeleton [Contribu-
tion 7]. Sesquiterpene lactones (SLs) are plant-derived metabolites with a broad spectrum
of biological effects, including anti-tumor and anti-inflammatory effects, and are thus
promising candidates for drug development. In their herein-presented work, the eighth
article contribution [Contribution 8] to this Special Issue, the authors evaluated the effects
of selected SLs (grosheimin, costunolide, and three cyclocostunolides) on primary cilia
biogenesis and stability in human retinal pigment epithelial (RPE) cells [Contribution 8].

The first review contribution [Contribution 9] provides an overview on the bioactive
metabolite production in the genus Pyrenophora (Pleosporaceae, Pleosporales). The toxic
metabolites discovered from three well-studied species (namely, P. tritici-repentis, P. teres and
P. semeniperda) are presented, along with a few reports from additional species, and their iso-
lation, structure determination, and biological activities are discussed [Contribution 9]. The
second review [Contribution 10] is focused on momilactones A and B, two labdane-related
diterpenoids, mainly identified in rice and several other Poaceae species. Their functions,
biosynthesis, induction and occurrence in plant species are reported [Contribution 10]. The
third review [Contribution 11] is related to the chemistry and biology of piperine. This
plant-derived piperamide, isolated from black pepper (Piper nigrum L.), possesses several
biological activities and potential applications in different fields. The recent progress in its
studies, mechanisms of action and structural modifications are summarized to pave the
way for future development and utilization of this compound and its derivatives as potent
drugs and pesticides [Contribution 11].

Funding: This research received no external funding.
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Abstract: To cope with the rising food demand, modern agriculture practices are based on the in-
discriminate use of agrochemicals. Although this strategy leads to a temporary solution, it also
severely damages the environment, representing a risk to human health. A sustainable alternative to
agrochemicals is the use of plant metabolites and plant-based pesticides, known to have minimal
environmental impact compared to synthetic pesticides. Retama raetam is a shrub growing in Alge-
ria’s desert areas, where it is commonly used in traditional medicine because of its antiseptic and
antipyretic properties. Furthermore, its allelopathic features can be exploited to effectively control
phytopathogens in the agricultural field. In this study, six compounds belonging to isoflavones
and flavones subgroups have been isolated from the R. raetam dichloromethane extract and iden-
tified using spectroscopic and optical methods as alpinumisoflavone, hydroxyalpinumisoflavone,
laburnetin, licoflavone C, retamasin B, and ephedroidin. Their antifungal activity was evaluated
against the fungal phytopathogen Stemphylium vesicarium using a growth inhibition bioassay on
PDA plates. Interestingly, the flavonoid laburnetin, the most active metabolite, displayed an in-
hibitory activity comparable to that exerted by the synthetic fungicide pentachloronitrobenzene, in
a ten-fold lower concentration. The allelopathic activity of R. raetam metabolites against parasitic
weeds was also investigated using two independent parasitic weed bioassays to discover potential
activities on either suicidal stimulation or radicle growth inhibition of broomrapes. In this latter
bioassay, ephedroidin strongly inhibited the growth of Orobanche cumana radicles and, therefore, can
be proposed as a natural herbicide.

Keywords: biocontrol; Retama raetam; Stemphylium vesicarium; Orobanche cumana; laburnetin; ephedroidin

Key Contribution: The inhibitory effects of six natural compounds with potential application
as biopesticides from the allelopathic plant R. raetam were evaluated in vitro against the fungal
phytopathogen Stemphylium vesicarium and on parasitic weed plants. Laburnetin emerged as the
only metabolite active against the fungus, whereas ephedroidin strongly inhibited the growth of
O. cumana radicles.

1. Introduction

Since the second half of the 20th century, the agricultural practices have been based on
the uncontrolled use of chemical pesticides, and herbicides, to cope with the rising crop
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demands of an ever-growing human population [1,2]. As a consequence of the massive use
of agrochemicals, harmful effects such as environmental pollution, human health threats,
insect resistance to pesticides, parasitoids, and pollinators loss occurred [3-5]. Therefore,
researchers are seeking alternative and eco-friendly solutions. Within this framework,
plants are receiving increasing attention as remarkable sources of bioactive substances, due
to their ability to synthesize an impressive variety of low molecular weight metabolites,
often exploited as biocontrol agents in the agricultural field [4,6-8]. Interestingly, the release
of these compounds can either be constitutive, or induced in response to a pathogenic
attack [9], and their biosynthesis is closely related to the growth stage of the plant [10].

Plant diseases represent a considerable threat to agricultural production due to phy-
topathogenic fungi [11]. One of the most relevant fungal diseases is the brown spot of
pear caused by Stemphylium vesicarium (Wallr.) E.G. Simmons, which every year leads
to important economic losses in the European pear production areas. S. vesicarium has
pathogenic effects on many other hosts, such as garlic, onion, and asparagus [12]. So far,
the most effective method to control S. vesicarium spread is the preventive application of
chemical fungicides such as dithiocarbamates or strobilurins [13].

Moreover, a large number of parasitic plants, such as broomrape (Orobanche and Pheli-
panche spp.), are adapted to infect crops in agriculture environments, depicting a serious
threat to crop productivity by inducing severe yield losses [14]. For many crops, single
methods of parasitic weed control are limited or non-existing, and thus integrated pest
management systems appear the best solution to find effective, long-lasting, widely appli-
cable, and environmentally benign methods for parasitic weed control. The identification
of plant species as sources of allelopathic molecules against the parasitic weed lifecycle
acting as either inducers of suicidal germination or inhibitors of radicle growth provide
alternative methods for their use in integrated methods of parasitic weed control [15,16].

Retama spp. are perennial and unarmed shrubs from the Fabaceae family. They
have been used traditionally for the treatment of different diseases in many parts of
the Mediterranean Basin, especially in North Africa and the Middle East. In fact, they
showed several biological activities, including antibacterial [17], anti-inflammatory [18],
antioxidant [19], anti-proliferative [20], anti-ulcer [19], anti-viral [21], and hepatoprotective
activities [22,23].

Among them, Retama raetam is mainly distributed in North Africa, including Morocco,
Algeria, Tunisia, Libya, Egypt, Asia, and certain Middle Eastern countries, and widely used
in the folk medicine, as a powder, an infusion, or decoction, to treat different diseases [10].
Within the potential applications, R. raetam has been employed to treat several disorders,
including sore throat, skin diseases, fever, and inflammation [24], and it also displayed
strong antioxidant, antimicrobial, hepatoprotective, and hypoglycemic activity [10]. Ac-
cording to most authors, R. raetam properties may be associated with its abundance in
flavonoids, isoflavonoids, and alkaloids [24], which have also been related to the inhibition
of a range of root pathogens and pests, ranging from bacteria to fungi and insects [25].
Furthermore, as reported by Chouikh et al. [26], this plant is an extraordinary source of
various phenolic compounds, which are known to possess a strong antioxidant effect on
free radicals and antibacterial effects. A recent study has shown that natural flavonoids
from R. raetam exhibit important interaction with the active site of x-glucosidase, inspiring
the development of a new drug with anti-diabetic activity [27].

Despite the numerous studies cited above, the antifungal activity against the fungal
pathogen S. vesicarium has not been investigated. Moreover, the plant studied was collected
in the Souf region located in the north-east of the Algerian Saharan desert, an extremely
arid zone of great importance among medicinal plants [28-31]. Recently, researchers have
highlighted the effectiveness of aqueous extracts of some Saharan plant species, including
R. raetam, on seed germination or seedling growth of target species [32]. This result suggests
that the plant can be a source of allelochemicals able to inhibit the radicle growth of parasitic
weeds [15].
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Thus, the main purpose of the present study was to further investigate the potential of
the crude organic extract obtained from the R. raetam aerial part as a source of biopoesti-
cides. Bioactivity-guided purification was performed using anti-fungal bioassays against
the phytopathogenic fungus S. vesicarium. This is a traditional method used in natural
product discovery that allows researchers to isolate the pure bioactive compounds from
a complex mixture, such as plants’ organic extracts [33-36]. In particular, following the
identification of a crude extract with promising biological activity, the next step is its (often
multiple) consecutive bioactivity-guided fractionation until the pure bioactive compounds
are isolated [37].

This manuscript reports the isolation of six metabolites identified by spectroscopic
and chemical methods. Their potential antifungal activity against the phytopathogen
S. vesicarium and the herbicidal activity against broomrapes (as inductors of suicidal germi-
nation and inhibitors of radicle growth), are also discussed.

2. Results and Discussion

The dried aerial parts of R. raetam were extracted as detailed in the Materials and
Methods Section. Bioactivity-guided purification was performed using anti-fungal bioas-
says against the phytopathogenic fungus S. vesicarium. The active CH,Cl, extract was
fractionated by CC, yielding 13 fractions (F1-13) with variable chemical profiles, which
were evaluated for their antifungal activity against S. vesicarium (Figure 1).
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Figure 1. Inhibitory effect of the CH,Cl, crude extract (RR) and the thirteen fractions obtained from
the preliminary purification of RR, on the mycelium of S. vesicarium, at a concentration of 2 mg/mL
(crude extract) and 250 pug/mL (fractions), respectively. The negative control was absolute methanol
(C—), and the positive control was 200 pg/mL of PCNB. The fungal growth inhibition is represented
as the percentage reduction of the fungal mycelia diameter in the treated plate compared to that in
the control plate. All experiments were performed in triplicate with three independent trials. Data
are presented as means + standard deviation (1 = 3) compared to the control. *** p < 0.0001 and
*p <0.05.

Interestingly, the activity exhibited by the fractions F2-F5 (~60%) was stronger than
that displayed by the total crude extract (~43%) and comparable to the commercial fungicide
pentachloronitrobenzene (PCNB), used as a positive control (Figure 1). These latter fractions
were further purified by combined column and TLCs (Scheme S1) to afford six pure
metabolites (1-6, Figure 2), as described in the Materials and Methods Section. The first
investigation of their 'H NMR and ESI MS spectra (Figures S1-514) showed that they are
isoflavones and flavones with different substitutions. They were identified by comparing
their '"H NMR and MS data with those reported in the literature as alpinumisoflavone
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(1) [38-40], hydroxyalpinumisoflavone (2) [41], laburnetin (3) [42], licoflavone C (4) [43],

HO. (o]
M‘ 1)
OH O O
OH

3, Laburnetin

retamasin B (5) [44], and ephedroidin (6) [41].

OH O OH O
4, Licoflavone C 5, Retamasin B 6, Ephedroidin

Figure 2. Chemical structures of specialized metabolites (1-6) isolated from Retama raetam.

The structure of alpinumisoflavone (1) was confirmed by X-ray diffractometric analysis.
An ORTEP view is reported in Figure 3. The X-ray crystal structure is reported here to
undoubtedly identify the compound 1 as alpinumisoflavone [45]. Alpinumisoflavone
consists of three nearly coplanar fused rings, and one attached out-of-plane twisted phenyl
ring. In the tricyclic ring system, a liner junction of A/B/C rings is observed. It should be
noted that compound 1 showed a different junction between the dimethylpyran ring (A)
and the chromenone moiety (B/C), with respect to the analog derrone (Figure 4) previously
isolated from R. raetam flowers [46].

OH
Figure 4. Structure of derrone, previously isolated from R. raetam.

Although compounds 2, 3, and 6 have chiral centers, their absolute configurations
were not determined so far. Due to the limited available amounts of these compounds,
a modified Mosher method [47] was applied only to compound 6 to determine the absolute
configuration of its secondary hydroxylated carbon (C-2”). When compound 6 was treated
with S-MTPA chloride, its ester derivative showed two sets of signals with an enantiomeric
ratio of 50:50, indication that 6 is an enantiomeric mixture of 2”(5)-6 and 2”(R)-6. The
same result was obtained when 6 was treated with R-MTPA chloride. An optical rotation
value of zero [a]p?® 0 (c 0.4, MeOH) was also obtained. This result was not unexpected
because a similar prenylated xantone, named (+)-graciesculenxanthone C, isolated from
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Garcinia esculenta showed an enantiomeric ratio of 60:40 when it was treated with S- and
R-MTPA chloride [48].

Thus, the six compounds (1-6) isolated from R. raetam were spot-inoculated on PDA
plates to test their antifungal activity against the fungal phytopathogen S. vesicarium.
As shown in Figure 5, only laburnetin (3) exhibited quite a strong activity when spot-
inoculated (50 pg/mL), inhibiting the growth of S. vesicarium by around 55%, confirming
the antagonistic effect displayed by the most active fractions, which inhibited S. vesicarium
mycelium’s growth by around 60% (Figure 1). Interestingly, the commercial fungicide
PCNB, used at a concentration of 0.5 mg/mL, exhibited an antagonistic effect comparable to
the one exerted by laburnetin used at a 10-fold lower concentration (50 pug/mL) (Figure 5b),
demonstrating how natural compounds could represent an effective alternative to chemicals
in the agricultural field. The other compounds instead displayed a fungal inhibition of
around 25% (1, 6), 20% (2, 4), and 17% (5) (Figure 5b). Considering the results obtained,
it is possible to ascribe to laburnetin the main role in the antagonistic effect exhibited by
R. raetam extract against the fungus S. vesicarium.

Control 1 2 3 4 5 6 8% Acetone PCNB
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Figure 5. Effects of alpinumisoflavone (1), hydroxyalpinumisoflavone (2), laburnetin (3), licoflavone C (4),
retamasin B (5), and ephedroidin (6) against S. vesicarium. The plot shows the fungal growth inhibition
exerted by the tested compounds at a concentration of 50 pug/mL. (a) Representative photos of the
biological assay for in vitro inhibition of mycelial growth of S. vesicarium. 8% Acetone and 0.5 mg/mL
PCNB were used as negative and positive controls, respectively. (b) Fungal growth inhibition reported as
the percentage of the reduction in the diameter of the fungal mycelium in the treated plate compared to
that in the control plate. *** p < 0.0001 and * p < 0.05.

The isoflavonoid laburnetin (3) has already been isolated from the Genista genus [41],
as well as from other plants, and its antimicrobial activity was demonstrated [49]. To the
best of our knowledge, here, the antifungal activity of this compound against S. vesicarium
is being reported for the first time, showing that laburnetin could be proposed as a nat-
ural antagonist for the control of this phytopathogen that infests several important culti-
vated species.

R. raetam is an allelopathic plant species collected in the Saharan ecosystem from the
Souf region in southeastern Algeria. Allelochemicals involved in plant-plant interactions
are a potential source for alternative agrochemicals to solve the negative effects caused by
synthetic herbicides. Thus, the six metabolites (1-6) were tested on two independent para-
sitic weed bioassays to discover potential activities of R. raetam metabolites on either suicidal
stimulation or radicle growth inhibition of broomrapes. First, the germination induction
effect of alpinumisoflavone, ephedroidin, hydroxyalpinoisolflavone, laburnetin, licoflavone
C, and retamasin B was tested on seeds of four parasitic weed species, Orobanche crenata,
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O. cumana, O. minor, and Phelipanche ramosa, using in vitro germination bioassays. The
synthetic germination stimulant GR24 used as a positive control induced germination
levels of 53.2% =+ 1.7%, 64.6% + 1.8%, 91.7% =+ 1.7%, and 94.2% =+ 0.4% in O. crenata,
O. cumana, O. minor, and P. ramosa, respectively. Null germination was observed when
seeds of the broomrape species were treated with the negative control (distilled water) or
with compounds 1-6. The results obtained in the germination bioassay indicate that none
of the metabolites isolated from the stem of R. raetam act as suicidal germination inducers
of the broomrape species studied. Field application of inductors of suicidal germination
of broomrape seeds in the absence of a specific host is a control strategy for obligate root
parasitic weeds. In fact, the subsequent parasitic growth after germination leads to the
death of the parasite due to nutrient starvation in the absence of host-derived nutrients [50].

In a second parasitic weed bioassay, the six purified compounds (1-6) were tested
at 100 uM as potential inhibitors of radicle growth of O. crenata, O. cumana, O. minor,
and P. ramosa. Among the compounds tested, low to negligible activity was found in all
compounds tested except for ephedroidin (6), which strongly inhibited the normal devel-
opment of O. cumana radicles in comparison with O. cumana control radicles (Figure 6A).
Ephedroidin induced a strong toxic effect, observed as darkening in the O. cumana radicle
and an average length inhibition of 80.8% =+ 1.6% in comparison with radicles control
(Figure 6B,C). Similar toxic effects on broomrape radicles were previously described for
cytochalasans [51].
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Figure 6. (A) Inhibition of broomrape radicle growth induced by alpinumisoflavone, ephedroidin,
hydroxyalpinoisolflavone, laburnetin, licoflavone C, and retamasin B, expressed as a percentage with
respect to the control GR24. (B,C) Photographs illustrating the effects of ephedroidin in radicles of
Orobanche cumana: (B) control, (C) 100 uM ephedroidin. Analysis of variance was applied to angular
transformed replicate data. For each broomrape species, bars with different letters are significantly
different according to the Tukey test (p = 0.05). Error bars represent standard error.
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Ephedroidin (6) is a flavanoid previously isolated together with laburnetin (3) from
the Genista ephedroides [41] and from R. raetam [52]. Recently, ephedroidin resulted to be the
most active in inhibiting nitric oxide synthase (iNOS) and nuclear factor kappa B (NF-«B),
as well as in decreasing oxidative stress, when compared with other flavonoids isolated
from the same source [44]. Our results demonstrated that ephedroidin strongly inhibited
the radical development of O. cumana seeds and can be proposed as a natural herbicide
against this dangerous parasitic weed.

3. Conclusions

Bio-guided purification of R. raetam CH,Cl, extract allowed us to isolate six metabo-
lites, identified by spectroscopic and chemical methods as alpinumisoflavone, hydrox-
yalpinumisoflavone, laburnetin, licoflavone C, retamasin B, and efedroidin. In particu-
lar, the isoflavonoid laburnetin showed antifungal activity against the phytopathogen
S. vesicarium 10-fold higher than that of the commercial fungicide PCNB. The flavonoid
ephedroidin exhibited a strong inhibition of broomrape seed germination, suggesting their
application as potential biopesticides against these noxious biotic stresses. Finally, the
structure of alpinumisoflavone was confirmed by X-ray diffractometric analysis, which
showed a different junction with respect to the analog derrone, previously isolated from
the R. raetam plant. These data prompted further studies aimed to formulate the active
compounds and test them in greenhouse and field trials. However, analyses on their
ecotoxicological profile are needed before the practical application as biopesticides.

4. Materials and Methods
4.1. General Experimental Procedures

AJASCO P-1010 digital polarimeter was used to measure the optical rotations. A Bruker
(Karlsruhe, Germany) spectrometer working at 400/100 MHz was used to record 'H/13C
NMR spectra in CDCl3 or CD30D, which were also used as internal standards. The
LC/MS TOF system (Agilent 6230B, HPLC 1260 Infinity) (Milan, Italy) was used to record
ESI mass spectra. Analytical and preparative Thin-Layer Chromatography (TLC) was
performed on silica gel plates (Kieselgel 60, Fys4, 0.25 and 0.5 mm, respectively) (Merck,
Darmstadt, Germany). The spots were visualized by exposure to UV light (254 nm) and/or
iodine vapors and/or by spraying first with 10% H,SO, in MeOH, and then with 5%
phosphomolybdic acid in EtOH, followed by heating at 110 °C for 10 min. Column
chromatography (CC) was performed using silica gel (Kieselgel 60, 0.063-0.200 mm) (Merck,
Darmstadt, Germany). All the solvents were supplied by Sigma-Aldrich (Milan, Italy). The
balance model used is Analytical ES 225SM-DR (Precisa, Dietikon, Switzerland).

4.2. Plant Material

Aerial parts of R. raetam were collected between December 2017 and February 2018,
corresponding to the flowering phase of the plant. This study was carried out in the Souf
region and is located in the north-east of Algerian Sahara, between 33° and 34° north
latitude, and 6° and 8° longitude. Sea level = 40 m [32]. The plant material was then
carefully rinsed with distilled water to remove dust particles and dried in the air for a few
days at room temperature; finally, it was ground in a blender.

Seeds of parasitic weeds were collected from mature plants of O. crenata infecting pea
in Spain, O. cumana infecting sunflower in Spain, O. minor infecting red clover in France,
and Phelipanche ramosa infecting oilseed rape in France. Dry parasitic seeds were separated
from capsules using winnowing combined with a sieve of 0.6 mm-mesh size and then
stored dry in the dark at room temperature until use for this work.

4.3. Fungal Strain

The phytopathogen S. vesicarium was isolated from pears showing brown spot disease
symptoms, sampled in Benevento, Campania, Italy, in 2019, as previously reported [1]. The
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strain was stored on Potato Dextrose Agar (PDA) plates in the culture collection of Agriges
s.r.l,, San Salvatore Telesino, Benevento, Italy (40.93345, 14.65799, 401 m.a.s.1.).

4.4. Extraction and Purification of Secondary Metabolites

Plant material (273.7 g) was extracted (1 x 500 mL) by H,O/MeOH (1/1, v/v), 1% NaCl,
under stirred conditions at room temperature for 24 h, the suspension was centrifuged,
and the supernatant was extracted by n-hexane (3 x 300 mL) and successively with
CH,Cl, (3 x 300 mL) and, after removing methanol under reduced pressure, with EtOAc
(8 x 200 mL). The residue (6.7 g) of CH,Cl, organic extract was purified by CC eluted
with CH,Cl,/i-PrOH (9/1, v/v), yielding thirteen homogeneous fractions (F1-F13). The
most active fractions (F2-F5, Figure 1) were further purified. In particular, the residue
(70.2 mg) of F2 was purified by CC eluted with CH,Cl,/MeOH (97/3, v/v), yielding seven
groups of homogeneous fractions (F2.1-F2.7). The residue (21.2 mg) of fraction F2.3 was fur-
ther purified by TLC eluted with CH,Cl, /MeOH (97/3, v/v), yielding alpinumisoflavone
(1, 12.9 mg). The residues of F3-F4 were combined (for a total amount of 235.6 mg) and
then purified by CC eluted with CHCl3/i-PrOH (95/5, v/v), yielding seven fractions. The
residue of the fourth fraction of the latter column were further purified by two succes-
sive steps on TLC eluted with CHCl3/MeOH (95/5, v/v) and EtOAc/n-hexane (4/6, v/v),
yielding hydroxyalpinumisoflavone (2, 3.2 mg), laburnetin (3, 1.3 mg), and licoflavone C
(4, 3.1 mg). The residue (98.2 mg) of F5 was purified by CC eluted with CH,Cl,/MeOH
(95/5, v/v), yielding four fractions. The residue of the second fraction of this latter column
was further purified by TLC eluted three times with acetone/n-hexane (4/6, v/v), yielding
four metabolites. They were identified as retamasin B (5, 3.3 mg), ephedroidin (6, 10.1 mg),
and further amounts of laburnetin (3, 1.0 mg, total of 2.3 mg) and licoflavone C (4, 1.1 mg,
total of 4.2 mg).

Alpinumisoflavone (1): 'H and '3C NMR data are in agreement with those previously
reported [38,39]. ESI MS (+) m/z: 695 [2M + Nal*, 337 [M + H]*.
Hydroxyalpinumisoflavone (2): '"H NMR data are in agreement with those previously
reported [41]. ESI MS (+) m/z: 727 [2M + Na]*, 333 [M + HJ*.

Laburnetin (3): 'H and '*C NMR data are in agreement with those previously reported [42].
ESI-MS (+), m/z: 355 [M + H]*.

Licoflavone C (4): 'H and '*C NMR data are in agreement with those previously re-
ported [43]. ESI-MS (+), m/z: 339 [M + H]*.

Retamasin B (5): 'H and '*C NMR data are in agreement with those previously reported [44].
ESI-MS (+), m/z: 727 [2M + Na]*, 353 [M + HJ*.

Ephedroidin (6): [«]p?® 0 (c 0.4, MeOH), 'H and '3C NMR data are in agreement with those
previously reported [41]. ESI-MS (+), m/z: 355 [M + H]*.

4.5. X-ray Crystal Structure Analysis of Compound 1

Single crystals of compound 1 suitable for X-ray analysis were obtained by slow
evaporation from a mixture of MeOH:H,O (9.0:1.0). X-ray diffraction data were collected
on a Bruker-Nonius KappaCCD diffractometer (Bruker-Nonius, Delft, The Netherlands)
(graphite mono-chromated MoK« radiation, A = 0.71073 A). The structure was solved
by direct methods (SIR97 program) [53] and anisotropically refined by the full-matrix
least-squares method on F2 against all independent measured reflections (SHELXL-2018/3
program) [54]. H atoms of hydroxy groups were located in different Fourier maps and
freely refined. All the other hydrogen atoms were introduced in calculated positions and
refined according to the riding model. Platon TwinRotMap check suggests 2-axis (0 0 1)
[1 0 4] twinning with basf 0.10, and refinement was performed using the HKLF5 data file.
The figure of the ORTEP view was generated using the ORTEP-3 program [55].

Crystallographic Data of 1: Co9H1605; M= 336.33; monoclinic, space group P2;/c;
a=13.774(4) A, b =5.940(3)A, c = 19.936(5) A, B = 99.673(15)°; V = 1607.9(10) A3; T =173 K;
Z =4; D, =1.389 g cm™3; y = 0.100 mm~?, F (000) = 704. Independent reflections: 9456. The
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final Ry values were 0.0569, WR, = 0.1129 (I > 2¢(I)). Goodness of fit on F? = 1.081. Largest
diff. peak and hole = 0.203 and —0.252 e/ A3,

4.6. Antifungal Assay

The extract obtained from R. raetam aerial parts was tested against the phytopathogen
S. vesicarium, as described by Yusoff et al. [56], with some modifications. The crude extract
and the following fractions were dissolved in MeOH and mixed with 5 mL of cooled PDA
to obtain a final concentration of 2 mg/mL and 250 pg/mL, respectively. The mix was then
poured into Petri dishes and left to dry. Fungal plugs (6 x 6 mm diameter) cut from the
growing edge of S. vesicarium mycelium were placed in the center of the plates and grown
for 6/7 days at 28 + 2 °C. Plates containing the fungal plugs alone were used as a control.
As a positive control, fungicidal pentachloronitrobenzene > 94% (PCNB) (Sigma-Aldrich,
Saint-Louis, MO, USA) dissolved in toluene was used. Toluene and MeOH were used as
negative controls. The in vitro antifungal bioassays of the purified metabolites, 1 laburnetin,
2 licoflavone C, 3 alpinumisoflavone, 4 hydroxyalpinumisoflavone, 5 raetamsin B, and 6
ephedroidin, were performed according to the method previously described in [57], with
some modifications. The metabolites and PCNB dissolved in 8% acetone and toluene,
respectively, were placed at the four opposite sides of each Petri dish, 1 cm away from
the fungal plug at the center of the plate, at a final concentration of 50 pug/mL. Acetone
and toluene were used as negative controls. The plates were incubated for 6/7 days at
28 + 2 °C. The percentage of inhibition of the fungal growth was calculated using the
following formula:
% = [(Rc — Ri)/Rc] x 100 (1)

where Rc is the radial growth of the test fungi in the control plates (mm), and Ri is the
radial growth of the fungi in the presence of different compounds tested (mm). The results
show the antifungal activity of different compounds analyzed by ANOVA using Tukey’s
test. The experiments were performed in triplicate.

4.7. Broomrape Assays

Allelopathic effects of alpinumisoflavone, ephedroidin, hydroxyalpinoisolflavone,
laburnetin, licoflavone C, and retamasin B were tested on broomrape suicidal germina-
tion and radicle growth in two independent bioassays conducted according to previous
protocols [51].

Seeds of four broomrape species, Orobanche crenata, Orobanche cumana, Orobanche minor,
and Phelipanche ramosa, were surface-sterilized by immersion in 0.5% (w/v) NaOCl and
0.02% (v/v) Tween 20, for 5 min, rinsed thoroughly with sterile distilled water, and dried
in a laminar airflow cabinet. First, broomrape seeds were submitted to a conditioning
period using a warm stratification, as follows. Approximately 100 seeds of each broomrape
species were placed separately on 9 mm-diameter glass fiber filter paper disks (GFFP)
(Whatman International Ltd., Maidstone, UK), moistened with 50 uL of sterile distilled
water, and placed in incubators at 23 °C for 10 days inside Parafilm-sealed Petri dishes, to
allow seed conditioning.

Then, GFFP disks containing conditioned broomrape seeds were transferred onto
a sterile sheet of filter paper and transferred to new 9 cm sterile Petri dishes. For the
assay of suicidal germination, induction stock solutions of each metabolite respectively
dissolved in methanol were individually diluted in sterile distilled water up to an equivalent
concentration of 100 uM. For the assay of radicle growth inhibition, stock solutions of each
metabolite respectively dissolved in methanol were individually diluted to 100 M using an
aqueous solution of GR24. For each assay, triplicate aliquots of each sample were applied to
GFFP discs containing conditioned broomrape seeds. Treated seeds were incubated in the
dark at 23 °C for 7 days and the percent of germination and radicle growth was determined
for each GFFP disc, as described previously [51], using a stereoscopic microscope (Leica
59i, Leica Microsystems GmbH, Wetzlar, Germany). For germination induction assays, the
germination was determined by counting the number of germinated seeds on 100 seeds for
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each GFFP disk. For the characteristic of radicle growth, the value used was the average of
10 randomly selected radicles per GFEP disc [58]. The percentage of germination induction
of each metabolite was then calculated relative to the average germination of control seeds
(seeds treated with water), and the percentage of radicle growth inhibition of each treatment
was then calculated relative to the average radicle growth of control treatment (radicles
treated with GR24) [41].

4.8. Data Analysis

Statistical analyses were performed using GraphPad Prism 8 software, and data were
expressed as the mean + SD. Differences among groups were compared by the ANOVA
test. Differences were considered statistically significant at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins14050311/s1, Scheme S1:Extraction and bioguided pu-
rification of compounds 1-6 from R. raetam aerial parts; Figure S1: 'H NMR spectrum of alpinu-
misoflavone, 1 (acetone-d6, 400 MHz); Figure S2: 13C NMR spectrum of alpinumisoflavone, 1 (acetone-
d6, 100 MHz); Figure S3: ESI MS spectrum of alpinumisoflavone, 1 recorded in positive modality;
Figure S4: 'H NMR spectrum of hydroxyalpinumisoflavone, 2 (MeOD, 500 MHz); Figure S5: ESI
MS spectrum of hydroxyalpinumisoflavone, 2 recorded in positive modality; Figure S6: H NMR
spectrum of laburnetin, 3 (MeOD, 500 MHz); Figure S7: ESI MS spectrum of laburnetin, 3 recorded
in positive modality; Figure S8: 'H NMR spectrum of licoflavone C, 4 (acetone-d6, 500 MHz);
Figure S9: ESI MS spectrum of licoflavone C, 4 recorded in positive modality; Figure S10: 'H NMR
spectrum of retamasin B, 5 (acetone-d6, 400 MHz); Figure S11: 13C NMR spectrum of retamasin B,
5 (acetone-d6, 100 MHz); Figure S12: 13C NMR spectrum of retamasin B, 5 (acetone-d6, 100 MHz);
Figure S13: "H NMR spectrum of ephedroidin, 6 (acetone-d6, 500 MHz); Figure S14: ESI MS spectrum
of ephedroidin, 6 recorded in positive modality.
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Abstract: Orobanche cumana is an obligate holoparasitic plant with noxious effects in sunflower
crops. Bellardia trixago is a facultative hemiparasitic plant that infects ruderal plants without noxious
significance in agriculture and is known to produce a wide spectrum of bioactive metabolites. The
objective of this study was to evaluate the allelopathic effects of B. trixago on the growth of O. cumana
seedlings. Three different extracts using solvents of increasing polarity (n-hexane, dichloromethane
and ethyl acetate) were prepared from the flowers, aerial green organs and roots of two populations, a
white-flowered and a yellow-flowered population of B. trixago, both collected in southern Spain. Each
extract was studied using allelopathic screenings on O. cumana which resulted in the identification of
allelopathic activity of the ethyl acetate extracts against Orobanche radicles. Five iridoid glycosides
were isolated together with benzoic acid from the ethyl acetate extract of aerial green organs by bio-
guided purification. These compounds were identified as bartsioside, melampyroside, mussaenoside,
gardoside methyl ester and aucubin. Among them, melampyroside was found to be the most
abundant constituent in the extract (44.3% w/w), as well as the most phytotoxic iridoid on O. cumana
radicle, showing a 72.6% inhibition of radicle growth. This activity of melampyroside was significantly
high when compared with the inhibitory activity of benzoic acid (25.9%), a phenolic acid with known
allelopathic activity against weeds. The ecotoxicological profile of melampyroside was evaluated
using organisms representing different trophic levels of the aquatic and terrestrial ecosystems, namely
producers (green freshwater algae Raphidocelis subcapitata and macrophyte Lepidium sativunt), consumers
(water flea Daphnia magna and nematode Caenorhabditis elegans) and decomposers (bacterium Aliivibrio
fischeri). The ecotoxicity of melampyroside differed significantly depending on the test organism showing
the highest toxicity to daphnia, nematodes and bacteria, and a lower toxicity to algae and macrophytes.
The findings of the present study may provide useful information for the generation of green alternatives
to synthetic herbicides for the control of O. cumana.

Keywords: parasitic weed; melampyroside; allelopathy; ecotoxicity; sustainable crop protection

Key Contribution: Five iridoid glycosides and benzoic acid were isolated from the ethyl acetate
extract of aerial vegetative organs from plants of a white-flowered Bellardia trixago population.
Bartsioside, melampyroside and mussaenoside were identified for the first time as inhibitors of
Orobanche cumana radicle growth. Melampyroside was found to be the most phytotoxic compound
and could be considered as a promising biocontrol agent for O. cumana considering the absence of
relevant toxic effects observed in a preliminary ecotoxicological study.
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1. Introduction

Approximately 1% of all angiosperms are parasites with the ability to infect other
plants. Some parasitic plants are facultative parasites, capable of living autotrophically but
shifting to a parasitic life form when a host is available, while others are obligated parasites
requiring the infection of another plant shortly after germination. Some parasitic plants
are hemiparasites with the ability to photosynthesize, while others are holoparasitic plants
without photosynthetic competence, relying on their host for photoassimilates. Parasitic
plants are distributed among 28 dicotyledonous families, and among them, the Oroban-
chaceae contains examples of parasitic species from all cases of host dependency [1,2].
Orobanchaceae contains facultative hemiparasitic plants, such as the non-weedy Bellardia
trixago L. (syn. Bartsia trixago L.) with a Mediterranean origin that parasitizes the roots
of ruderal species [3,4]. Orobanchaceae also contains obligate holoparasitic weeds from
Orobanche genus from which control is limited or non-existent [5].

Among Orobanche species, Orobanche cumana Wallr. is one of the most noxious biotic
stresses for sunflower crops [6]. Sunflower infection by O. cumana occurs in southern
and eastern Europe, in the Mediterranean basin and in Asia [7]. Both types of sunflower,
the oilseed type and the confectionary type, are severely affected by O. cumana [8]. The
most feasible crop protection measures against the infection of Orobanche species are the
cultivation of resistant varieties and chemical control [1,9]. However, for the specific
sunflower problem caused by O. cumana, the resistant varieties are not durable, since
their bred resistance is overcome by new races of O. cumana [10]. On the other hand,
the chemical solution to control O. cumana is the use of imidazolinone herbicides that
inhibit the enzyme acetohydroxy acid synthase [8,11]. However, the capacity to evolve
imidazolinone-resistance in weeds, and the lack of alternative chemical methods for O.
cumana threatens the sustainability of chemical control of O. cumana in sunflower [12].
Characterization of novel modes of allelopathic action against O. cumana in previously
known natural compounds is an alternative solution to provide efficacy and sustainability
in strategies for parasitic weed management [13].

B. trixago is a source of several bioactive compounds [14-17] but the screening of B.
trixago as source of herbicidal compounds has not been performed before. Different B.
trixago extracts have been screened for insecticidal activity [18,19]. Formisano et al. [19]
demonstrated variation in insecticidal activity among different parts of B. trixago plants,
with root extracts being significantly more active than extracts from aerial parts. In addition,
Barrero et al. [16] demonstrated that qualitative and quantitative differences exist in the
plant chemical composition among different populations of B. trixago. Here, we report
the isolation and identification of iridoid glycosides—bartsioside, melampyroside and
mussaenoside—with inhibitory activity on O. cumana radicle growth. Furthermore, the
ecotoxicity of melampyroside (the most phytotoxic compound isolated) was assessed
considering aquatic and terrestrial ecosystems as well as different trophic levels to reveal
its toxicity and safety to environment and human health in order to be used as potent
biocontrol agent.

2. Results and Discussion

Three different organs (flowers, aerial vegetative green organs and roots) of two B.
trixago populations (a white-flowered and yellow-flowered population) were extracted by
maceration with a hydroalcoholic solution and then employing three different solvents
of increasing polarity (n-hexane, dichloromethane and ethyl acetate) in sequential order
as described in the Materials and Methods section. The allelopathic activity of the result-
ing B. trixago extracts was analysed at 100 ug/mL using radicle growth bioassays on O.
cumana (Figure 1). The inhibition of radicle growth was significantly affected by the B.
trixago population and by the solvent used for the extraction, but not by the plant organ
(ANOVA, p =0.022, p < 0.001 and p = 0.347 respectively). Significant effects on radicle
growth inhibition were observed by the interaction of B. trixago population x plant or-
gan (ANOVA, p = 0.002), by the interaction B. trixago population x solvent used for the
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extraction (ANOVA, p < 0.007) and also by the interaction plant organ x solvent used for
the extraction (ANOVA, p < 0.009). Previously, quantitative and qualitative variations in
the chemical profiles have been reported among different populations of B. trixago [16]
and among different plant organs of B. trixago plants [19]. Formisano et al. [19] located
the insecticidal activity in the roots of one B. trixago population collected in Italy, whereas
aerial parts of plants of the same population were less active.
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Figure 1. Allelopathic effects on Orobanche cumana radicle growth induced by extracts prepared
from sequential extractions with n-hexane (A,B), dichloromethane (C,D), and ethyl acetate (E,F) of
three types of Bellardia trixago organs: flowers, aerial green organs and roots of two Bellardia trixago
populations—a white-flowered population (A,C,E) and yellow-flowered population (B,D,F). In each
figure, bars with different letters are significantly different according to the Tukey test (p = 0.05). Error
bars represent the standard error of the mean.

In both populations studied, the main inhibitory activity was obtained with the ethyl
acetate (EtOAc) extraction (Figure 1E,F). In the white-flowered population, the strongest in-
hibitory activity was found in the EtOAc extract of the aerial parts, mainly in the green veg-
etative organs followed by the EtOAc extract of the flowers (68.31 & 2.9% and 60.1 + 3.4%

18



Toxins 2022, 14, 559

inhibition, respectively, in comparison with control). In the yellow-flowered B. trixago
population, the strongest Orobanche inhibition activity was found in the EtOAc extract of
roots (inhibition average of 79.5 & 2.9%), followed by the EtOAc extracts of aerial parts of
plants, both green organs and flowers (53.5 &= 5.1% and 40.1 £ 2.5% inhibition, respectively,
in comparison with control). As a result of the allelopathic screening, a preliminary qualita-
tive evaluation of the chromatographic profiles of all EtOAc extracts was performed. This
evaluation revealed the common presence of a main compound and a common pattern of
secondary metabolites among the different populations and plant organs (data not showed).
This fact and also the larger amount of vegetative green tissues available in the laboratory
allowed the selection of EtOAc extract of green organs of the white-flowered population as
the source for the isolation and characterization of inhibitors of O. cumana radicle growth.

Thus, an amount of 189.0 g of lyophilized green organs of the white population were
extracted following the procedure described in the Materials and Methods section. The
sample yielded 1.45 g (0.77%) of EtOAc organic extract which was fractionated by differ-
ent steps of purification by column chromatography and preparative TLCs, as reported
in Scheme S1, obtaining six pure compounds which were identified as benzoic acid (1,
10.8 mg), bartsioside (2, 13.9 mg), aucubin (3, 12.4 mg), melampyroside (4, 642.3 mg), gar-
doside methyl ester (5, 2.0 mg), and mussaenoside (6, 6.1 mg) (Figure 2). The structures of
these compounds were confirmed by NMR spectroscopy and MS, and by comparison with
the data reported in the literature. Optical rotation allowed us to unequivocally identify the
stereochemistry of the compounds by comparing with the values of the natural iridoids,
which is a well-established family of natural products among which absolute stereochem-
istry was previously reported by chiroptical methods and X Ray [20,21]. Compounds
1[16] and 2-6 were previously isolated from B. trixago [17,22] and other iridoid-containing
plants [23-30].
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Figure 2. Chemical structures of benzoic acid (1), bartsioside (2), aucubin (3), melampyroside (4),
gardoside methyl ester (5), and mussaenoside (6).

The allelopathic effects of compounds 1-6 were assayed at 100 ug/mL on O. cumana
radicles (Figure 3). Compounds 3 and 5 showed no significant inhibitory activity in the
growth of O. cumana radicles in comparison with radicles treated with the control. On the
other hand, compound 4 showed the strongest inhibition of radicle growth (72.6 + 0.9%),
followed by the inhibition activity induced by compounds 2 and 6 (61.1 £+ 1.5% and
65.9 + 2.9%, respectively). This is the first time that the inhibitory activity of Orobanche
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radicle growth has been reported in compounds 2, 4 and 6. Their activity was signifi-
cantly higher than the activity of compound 1, a phenolic acid with recognized weedicide
activity [31]. Compound 1 showed low but significant inhibitory activity on O. cumana
radicle (25.9 + 0.3%), which agrees with the moderate inhibitory activity observed by a
previously study on the radicles of the legume-specific parasitic plant Orobanche crenata [32].
Compound 1 has been previously described as a growth-regulating agent, affecting plant
growth in a dose-dependent manner on different plants [33-35]. Previous reports de-
scribe formulations including 1 in a combination with other components as an herbicide or
growth-regulating agent [36-38].

Compound 4 was firstly reported as an iridoid in Melampyrum silvaticum L. [39] while
compounds 2, 3, 5 and 6 were first isolated from B. trixago [15], Aucuba japonica Thunb. [40],
Melampyrum arvense L. [28] and Mussaenda parviflora Miq. [41], respectively. In the recent
literature, it has been reported that compound 4 has anti-inflammatory activity [42], along
with other iridoids not reported herein, which linked to a study on the potential activity of
Odontites vulgaris against rheumatoid arthritis. In an even earlier study [43] including other
iridoids and compound 4, the latter was also found to be cardioactive in Wistar rats.
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Figure 3. Inhibition of Orobanche cumana radicle growth induced by benzoic acid (1), bartioside (2),
aucubin (3), melampyroside (4), gardoside methyl ester (5) and mussaenoside (6) at 100 ug/mL.
Bars with different letters are significantly different according to the Tukey test (p = 0.05). Error bars
represent the standard error of the mean.

Despite the similar chemical structures of 3 and 4, differences in their biological
activities have been reported before. Compounds 4, 1 and 3, isolated from M. arvense, were
reported to display antiprotozoal effects on different species, showing a certain degree of
species-specificity [24]. Among the most active compounds 2, 4 and 6 on O. cumana growth,
compound 4 induced some degree of phytotoxicity observed as darkening in the O. cumana
radicles (Figure 4). Compounds 3, 4 and 6 were tested for antioxidant activity in previous
reports [23,44]. Although no DPPH scavenging activity was found for these compounds,
interestingly, through a 3-carotene bleaching assay [23], compound 6 was found to be an
antioxidant, 4 a pro-oxidant (by inducing a faster than spontaneous oxidation of 3-carotene)
and 3 was inactive. The pro-oxidation effect of 4 could damage the tissue of the plant
explaining phytotoxicity; however, whether and how the pro-oxidant activity and the lack
of antioxidant activity of 3 might be related with the observed (or not) inhibition of growth
is unclear.
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Figure 4. Growth of Orobanche cumana radicles treated with melampyroside (4) at 100 pg/mL (A) and
control (B).

CLogP was calculated for the isolated compounds in an effort to correlate the observed
inhibitory activity of compounds 1-6 (Table 1). Negative values were obtained for all the
compounds except 1, indicating a preference for the aqueous media instead of the organic.
A good solubility in water is needed in order to favor the transport phenomena for the
compound to reach the active site; however, a very low lipophilicity might jeopardize the
ability of such to traverse through the cell membrane [45,46]. Thus, the compounds with
the highest absolute CLogP values (over |21) have the least bioactivity (3 and 5), while
the most active ones 4 (—1.153), 6 (—1.849) and 2 (—1.941) have lower CLogP values. In
the case of compound 4, the less affinity to water is joined to the presence of the benzoyl
group which may have a positive effect on the bioactivity by release of this group by
enzymatic transformation to benzoic acid inside the cell. As mentioned above, it has been
reported that standalone benzoic acid has phytotoxic properties. The much lower activity
of compound 1 when compared with 4 might be caused by two factors: their lipophilicity
(CLogP: +1.885) and a possible synergistic effect with 4 after metabolization.

Table 1. Calculated LogP for compounds (1-6).

1 2 3 4 5 6
CLogP 1.885 —-1.941 —4.028 —1.153 —2.133 —1.849

The ecotoxicological tests are considered a valuable tool for preliminary toxicity
screening of compounds, especially plant extracts [47]. The ecotoxicity of compound 4 was
determined in three aquatic and two terrestrial organisms with different concentrations
starting from 100 pg/mL, namely the effective concentration used for O. cumana. The
influence of compound 4 on the observed effect in R. subcapitata, L. sativum, D. magna, C.
elegans and A. fischeri, was shown in Figure 5.

The results of ecotoxicity showed significant differences in the sensitivity of tested
organisms. The differences were reflected in the sensitivity of the plant species and the other
organisms to compound 4. While melampyroside showed the highest toxicity to daphnia
(24 h ECsp = 33.26 ug/mL), nematodes (24 h EC5p = 57.23 ug/mL) and bacteria (ECs
30" = 76.05 pg/mL), it was less toxic for plant species, such as algae and macrophytes with
72 h ECsp > 100 pg/mL. It is noteworthy that, when compared the effect in L. sativum by
concentration, the difference was not statistically significant from 5 pug/mL to 100 ug/mL,
and the growth observed with these treatments was not significantly different from the
growth of control group (Figure 5B). One explanation for this different species-specific
sensitivity to melampyroside may be related to the non-absorption of this compound by
some plants suggesting a selectivity of melampyroside to inhibit radicle growth of O.
cumana [48].
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Figure 5. Concentration-response curves of melampyroside (4) for R. subcapitata (A), L. sativum (B),
D. magna (C), C. elegans (D) and A. fischeri (E). Error bars correspond to 95% confidence intervals.
Dotted lines represent the fitting to the effect equation.

Considering the EU-Directive 93/67/ECC (EC, 1996) [49] (whereby ECsg
values < 1.0 pg/mL were considered highly toxic; 1.0-10 pg/mL are considered toxic,
10-100 png/mL were classified as slightly toxic and above 100 pg/mL were non-toxic),
the response of the investigated organisms revealed that compound 4 had little or no
toxicity. In contrast to other compounds that are exceedingly toxic, melampyroside could
be considered as potential antiparasitic weed agent with an optimal toxicity /selectivity
ratio [50,51].

3. Conclusions

Ethyl acetate extracts from different organs of B. frixago exhibited significant levels of
growth inhibition on radicles of O. cumana at extract concentration as low as 100 ug/mL.
Subsequently, we isolated and identified the active compounds contained in the ethyl
acetate extract of aerial vegetative organs. We found three iridoid glycosides bartsioside (2),
melampyroside (4) and mussaenoside (6) with growth inhibition activity in the radicles of
O. cumana. The radicle of Orobanche species is a parasitic organ that grows towards the host
and upon host contact, it allows infection. The use of allelochemicals to inhibit the normal
growth of Orobanche radicles inhibits crop infection and, as a consequence, the death of this
parasitic weed. Ecotoxicological tests carried out on compound 4 (the most abundant and
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phytotoxic iridoid isolated from ethyl acetate extract) showed little or no toxicity according
to the EU Directive 93/67/ECC [49]. Plant species-specific phytotoxicity is a desirable trait
in the development of novel molecules with herbicidal action to satisfy the principle of
pesticide selectivity recommended for integrated pest management [52]. Future studies
should determine, at the molecular level, the mode of action of the active iridoid glycosides
on the radicles of O. cumana.

4. Materials and Methods
4.1. General Experimental Procedures

A JASCO P-1010 digital polarimeter (Tokyo, Japan) was used to measure the optical
rotations. TH NMR spectra were recorded at 400/100 MHz on a Bruker 400 Anova Advance
(Karlsruhe, Germany) spectrometer or at 500/125 MHz on a Varian Inova 500 (Palo Alto,
CA, USA). The spectra were recorded using CDCl3 or CD30D and the same solvents were
used as internal standards. Column chromatography (CC) was performed using silica gel
(Kieselgel 60, 0.063-0.200 mm, Merck, Darmstadt, Germany). Thin-layer chromatography
(TLC) was performed on analytical and preparative silica gel plates (Kieselgel 60, Fys4,
0.25 and 0.5 mm, respectively, Merck, Darmstadt, Germany). The spots were visualized
via exposure to UV light (254 nm) and/or iodine vapours and/or by spraying first with
10% H;SO4 in MeOH and then with 5% phosphomolybdic acid in EtOH, followed by
heating at 110 °C for 10 min. Electrospray ionization mass spectra (ESIMS) were performed
using the LC/MS TOF system AGILENT 6230B (Agilent Technologies, Milan, Italy), HPLC
1260 Infinity. Sigma-Aldrich Co. (St. Louis, MO, USA) supplied all the reagents and
the solvents.

4.2. Plant Material

Plants of two populations of Bellardia trixago—a white-flowered population and yellow-
flowered population—were harvested at the phenological stage of flowering in spring of
2021 in Cordoba, southern Spain (coordinates 37.856 N, 4.806 W, datum WGS84). Bellardia
trixago plants were immediately carried to the laboratory, and the plants were separated
into three compartments: flowers, aerial green organs (stems and leaves) and roots. Each
compartment was immediately frozen with liquid nitrogen, stored at —80 °C, subsequently
lyophilized and the dry material stored in the dark at 4 °C until use. Orobanche seeds were
collected from mature plants of O. cumana infecting sunflowers in southern Spain. Dry
parasitic seeds were separated from capsules using winnowing combined with a sieve
of 0.6 mm mesh size and then stored dry in the dark at room temperature until use for
this work.

4.3. Extractions of Bellardia trixago Organs

A total of 3.0 g of each B. trixago organs were extracted, following a previously reported
protocol often used for the extraction of plant material [53,54], in order to perform a
preliminary activity screening against parasitic plants. In particular, the flowers, green
organs and roots of each population were extracted separately by H,O/MeOH (1/1, v/v),
under stirred conditions at room temperature for 24 h. The hydroalcoholic suspensions
were centrifuged at 7000 rpm and extracted with n-hexane (3 x 50 mL), CH,Cl, (3 x 50 mL),
and after removing methanol under reduced pressure, with EtOAc (3 x 50 mL). The yield
of each extract is reported in SI (Table S1).

4.4. Isolation and Identification of Metabolites from Bellardia trixago Green Organs of the
White-Flowered Population

White green organs (189.0 g) were extracted (1 x 500 mL) by H,O/MeOH (1/1, v/v),
under stirred conditions at room temperature for 24 h, the suspension centrifuged, and the
supernatant extracted by n-hexane (3 x 300 mL) and successively with CH,Cl, (3 x 300 mL)
and, after removing methanol under reduced pressure, with EtOAc (3 x 200 mL). The
residue (1.45 g) of EtOAc organic extract was purified by CC eluted with CH,Cl, /MeOH
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(8.5/1.5, v/v) yielding nine homogeneous fractions (F1-9), as reported in Scheme S1. The
residue (54.6 mg) of F3 was purified by TLC eluted with EtOAc/MeOH/H,0 (9/0.75/0.25,
v/v/v), yielding six groups of homogeneous fractions (F3.1-F3.6). F3.1 was identified as
benzoic acid (1, 10.8 mg) and F3.5 as melampyroside (4, 8.4 mg). The residue (584.7 mg) of
fraction F4 yielded pure melampyroside (4). The residue (77.9 mg) of F5 was purified by
TLC eluted by CH,Cl, /EtOAc/MeOH (2/2/1, v/v/v), yielding two homogeneous fractions.
The first fraction of the latter purification yielded a further amount of melampyroside
(4, 20.4 mg, for a total of 613.5 mg). The residue (498.4 mg) of F6 was purified by CC
eluted with CH,Cl,/EtOAc/MeOH (2/2/1, v/v/v), yielding seven fractions (F6.1-F6.7).
The residue (36.5 mg) of F6.4 was further purified by reverse-phase TLC eluted with
MeCN/H,O (4/6, v/v), yielding gardoside methy]l ester (5, 2.0 mg), bartsioside (2, 13.9 mg),
and mussaenoside (6, 6.1 mg). The residue (64.7 mg) of F7 was purified by TLC eluted with
EtOAc/MeOH/H,O (8.5/1/0.5, v/v/v) giving further amount of mussaenoside (6, 2.3 mg,
for a total of 8.4 mg) and aucubin (3, 12.4 mg).

Benzoic acid (1): 'H NMR spectrum (Figure S1) was in agreement with data previously
reported [55]. ESIMS (-) m/z: 121 [M — H] .

Bartsioside (2): [x]p%-71.9 (c 0.64, MeOH) [lit. [56]: [a]p2>-86.4 (c 0.5 MeOH)]. 'TH NMR
spectrum (Figure S2) was in agreement with data previously reported [57]. ESI-MS (+),
m/z: 330 [M + H]*.

Aucubin (3): [a]p?2-89.8 (c 1.0, MeOH) [lit. [27]: [«]pZ®-92.8 (c 0.27, MeOH)]. 'H NMR
spectrum (Figure S3) was in agreement with data previously reported [17,58,59]. ESI-MS
(+), m/z: 347 [M + HJ*.

Melampyroside (4): [a]p?2-69.6 (c 0.79, MeOH) [lit. [27]: [«]p?®-52.9 (c 0.31, MeOH)].
H and '3C NMR spectra (Figures S4 and S5) were in agreement with data previously
reported [11,49], while its NOESY spectrum is reported in Figure S6. ESI MS (+) m/z: 451
[M + H]*.

Gardoside methyl ester (5): [a]p?2-49.8 (c 0.20, MeOH) [lit. [28]: [x]p2°-46 (c 0.3, MeOH)].
TH NMR spectrum (Figure S7) was in agreement with data previously reported [11,22].
ESI-MS (+), m/z: 389 [M + H]*.

Mussaenoside (6): [a]p?2-81.3 (c 0.30, MeOH) [lit. [27]: [«]p%0-77.9 (c 0.32, MeOH)]. 'H
NMR spectrum (Figure S8) was in agreement with data previously reported [17,59-61].
ESI-MS (+), m/z: 391 [M + HJ*.

4.5. Bioactivity on Parasitic Weed Seeds

Allelopathic effects of each B. trixago extracts and isolated compounds were tested
on Orobanche radicle growth according to previous protocols [62]. Seeds of Orobanche
cumana, were surface-sterilized by immersion in 0.5% (w/v) NaOCl and 0.02% (v/v) Tween
20, for 5 min, rinsed thoroughly with sterile distilled water, and dried in a laminar airflow
cabinet. Approximately 100 seeds of Orobanche seeds were placed separately on 9 mm-
diameter glass fiber filter paper disks (GFFP) (Whatman International Ltd., Maidstone,
UK), moistened with 50 uL of sterile distilled water, and placed in incubators at 23 °C for
10 days inside Parafilm-sealed Petri dishes, to allow seed conditioning. Then, GFFP disks
containing conditioned Orobanche seeds were transferred onto a sterile sheet of filter paper
and transferred to new 9 cm sterile Petri dishes. Stock solutions of each B. trixago extract
and isolated metabolite were respectively dissolved in dimethyl sulfoxide and subsequently
individually diluted to 100 pg/mL using an aqueous solution of GR24 (106 M). The final
concentration of dimethyl sulfoxide was 2% in all test treatments. For each assay, 50 uL
aliquots of each sample were applied to GFFP discs containing conditioned Orobanche seeds.
Triplicate aliquots of a treatment only containing GR24 and 2% dimethyl sulfoxide was
used as a control. Treated seeds were incubated in the dark at 23 °C for 7 days and radicle
growth was determined for each GFFP disc, using a stereoscopic microscope (Leica S9i,
Leica Microsystems GmbH, Wetzlar, Germany). For the characteristic of radicle growth,
the value used was the average of 10 randomly selected radicles per GFFP disc [63]. The
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percentage of radicle growth inhibition of each treatment was then calculated relative to
the average radicle growth of control treatment.

4.6. Molecular Modelling

CLogP were calculated using ChemOffice v20.1 (PerkinElmer, Waltham, MA, USA) by
means of the appropriate tool in ChemDraw Professional [64].

4.7. Ecotoxicity Analysis on Melampyroside

The ecotoxicological tests were carried out on green freshwater algae Raphidocelis sub-
capitata, macrophyte Lepidium sativum, water flea Daphnia magna, nematode Caenorhabditis
elegans and bacterium Aliivibrio fischeri to expand the range of endpoints due to differences
in species sensitivity and exposure. Testing on R. subcapitata was performed using as end-
point the algal growth inhibition after 72 h of exposure and was based on ISO 8692:2012 [65].
The algal density was determined by spectrophotometric analysis (DR5000, Hach Lange
GbH, Weinheim, Germany). Ecotoxicity tests were carried out in triplicate, at 25 + 1 °C
with constant illumination of 6700 lux. Testing on L. sativum was performed according to
ISO 11269-1:2012 [66] considering germination and root elongation as endpoint after 72 h.
Seeds (n = 10) were exposed in triplicate in Petri dishes and incubated at 25 + 1 °C in dark-
ness. Daphnia magna test was conducted according to UNI EN ISO 6341:2013 [67] and the
endpoint evaluated was the immobilization after 24 h. Daphnids (less than 24 h old) were
exposed to the samples at 20 & 2 °C, in darkness without feeding. Testing on C. elegans was
carried out, with a few modifications, according to the ASTM E2172-01 Standard Method
(2014) using the 24 h mortality endpoint. The test was performed using age-synchronous
adult nematodes exposed at 20 °C to compound 4, without feeding. Testing on A. fis-
cheri was based on ISO 11348-3:2007 [68] and the inhibition of the bioluminescence of the
bacterium after 30 min of exposure was measured as endpoint. The test was performed
using Microtox® Model 500 (M500) analyzer with osmotic adjustment solution (OAS) at
15+1°C.

4.8. Data Analyses

All bioassays were performed using a completely randomized design. Percentage
data in Orobanche assays were approximated to normal frequency distribution by means
of angular transformation and subjected to analysis of variance (ANOVA) using SPSS
software for Windows (SPSS Inc., Chicago, IL, USA). The significance of mean differences
among treatments was evaluated by the Tukey test. The null hypothesis was rejected at the
level of 0.05. Results of ecotoxicological tests were given as the mean of effect & standard
error. Median effect concentrations ECsp, ECyy and EC5 were calculated as mean values
and relative 95% confidence limit values for compound 4. Statistical analysis was carried
out via XLSTAT and GraphPad Prism 2.5. (Systat Software, San Jose, CA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxins14080559/s1, Table S1: Extract weights of organic extracts obtained from different Bartsia
trixago organs; Scheme S1: Purification scheme of EtOAc extract of B. trixago white green organs;
Figure S1: TH NMR spectrum of benzoic acid, 1 (CDCl3, 400 MHz); Figure S2: TH NMR spectrum
of bartsioside, 2 (MeOD, 500 MHz); Figure S3: TH NMR spectrum of aucubin, 3 (MeOD, 400 MHz);
Figure S4: 'H NMR spectrum of melampyroside, 4 (MeOD, 400 MHz); Figure S5: '*C NMR spectrum
of melampyroside, 4 (MeOD, 100 MHz); Figure S6: NOESY spectrum of melampyroside, 4 (MeOD,
400 MHz); Figure S7: 'TH NMR spectrum of gardoside methyl ester, 5 (MeOD, 400 MHz). Figure S8:
1H NMR spectrum of mussaenoside, 6 (MeOD, 500 MHz).
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Abstract: Ascochyta blight, caused by Ascochyta fabae, poses a significant threat to faba bean and
other legumes worldwide. Necrotic lesions on stems, leaves, and pods characterize the disease.
Given the economic impact of this pathogen and the potential involvement of secondary metabolites
in symptom development, a study was conducted to investigate the fungus’s ability to produce
bioactive metabolites that might contribute to its pathogenicity. For this investigation, the fungus was
cultured in three substrates (Czapek-Dox, PDB, and rice). The produced metabolites were analyzed by
NMR and LC-HRMS methods, resulting in the dereplication of seven metabolites, which varied with
the cultural substrates. Ascochlorin, ascofuranol, and (R)-mevalonolactone were isolated from the
Czapek-Dox extract; ascosalipyrone, benzoic acid, and tyrosol from the PDB extract; and ascosalitoxin
and ascosalipyrone from the rice extract. The phytotoxicity of the pure metabolites was assessed at
different concentrations on their primary hosts and related legumes. The fungal exudates displayed
varying degrees of phytotoxicity, with the Czapek-Dox medium’s exudate exhibiting the highest
activity across almost all legumes tested. The species belonging to the genus Vicia spp. were the most
susceptible, with faba bean being susceptible to all metabolites, at least at the highest concentration
tested, as expected. In particular, ascosalitoxin and benzoic acid were the most phytotoxic in the
tested condition and, as a consequence, expected to play an important role on necrosis’s appearance.

Keywords: fungal metabolites; Ascochyta blight; legumes; phytotoxins
Key Contribution: Frist report from Ascochyta fabae of ascochlorin; ascofuranol; (R)-mevalonolactone

ascosalipyrone; benzoic acid; tyrosol; ascosalitoxin and ascosalipyrone as phytotoxic metabolites
affecting Vicia species.

1. Introduction

Cold-weather legumes are a valuable source of premium plant-based protein suitable
for human consumption and livestock feed. They play an essential role in crop rotation
on arable lands, helping to minimize the requirement for fertilizer usage and acting as
effective interim crops [1-6]. However, as for any crop, legumes can be affected by a
number of diseases, out of which Ascochyta blights are one of the most important groups
of necrotic fungal diseases globally present in all legume cultivation areas [7]. Different As-
cochyta species cause Ascochyta blight diseases in a host-specific manner in many instances:
Ascochyta fabae Speg., Ascochyta lentis Vassiljevsky, Ascochyta pisi Lib., Ascochyta pinodes
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(Berk. & Blox.) Jones, Ascochyta rabiei (Pass) Labr., and Ascochyta viciae-villosae Ondrej are
pathogens of faba bean (Vicia faba L.), lentil (Lens culinaris Medik.), pea (Pisum sativum L.),
chickpea (Cicer arietinum L.), and hairy vetch (Vicia villosa Roth), respectively [7-11].

Ascochyta blight management remains problematic, mainly due to the reduced levels
of plant resistance available and also because the use of fungicides is uneconomic, forcing
the integration of genetic resistance with cultural practices [12,13]. Symptoms generally
emerge in the above-ground sections of the plants when exposed to a high percentage
of humidity and moderate temperature, resulting in necrotic lesions on both leaves and
stems [14,15]. Leaves with multiple lesions tend to fade prematurely, particularly in the
lower sections of the plants. On diseased stems, these fungi induce extensive necrotic
lesions, which can result in stem breakage and the demise of plant portions situated above
the affected area. The infection can also spread through contaminated grains and pods,
posing a risk to subsequent crops, as their use can have detrimental effects on the growth
of emerging plants. In this study, we focus on the Ascochyta blight of faba bean which is
widespread and can cause significant damage by breaking stems, leaf lesions, and seed
depreciation. Disease control through crop rotation, clean seed, and chemical treatment is
not wholly effective [4] and only moderate levels of genetic resistance are available [16,17],
reinforcing the need to understand pathogenicity factors as targets both for resistance
breeding and for designing alternative management strategies.

A histological examination revealed that cellular damage and collapse occurred prior
to direct fungal contact aimed at breaking down host tissues for nutrient acquisition [18].
To achieve this, necrotrophic fungi can suppress plant defences by releasing harmful sub-
stances, primarily enzymes that catalyze the breakdown of structural components and other
vital compounds, as well as phytotoxins that induce cell damage and modifications. Nev-
ertheless, the phytotoxic compounds produced by Ascochyta associated with legumes are
often host specific or exhibit toxicity toward various plants, including their respective hosts.
The precise roles of these compounds in the pathogenic process remain unknown [19].

Several metabolites with cytotoxic capacity involved in the pathogenesis process have
been found in different Ascochyta species. In detail, a range of polyketide-derived secondary
metabolites were isolated from the organic extracts of A. lentis, A. pinodes, and A. pisi and
chemically characterized by 1D and 2D NMR spectroscopy and mass spectrometry.

Previously, only one metabolite named ascochitine, an 0-quinone methide, has been
identified in A. fabae [20]. However, pathogenicity studies have shown that ascochitine is
not crucial for causing disease in faba beans, and there is no apparent correlation between
the amount of ascochitine and the aggressiveness of A. fabae isolates [21]. This finding
suggests that other phytotoxic metabolites may be produced by A. fabae that play a role in
pathogenicity.

To obtain new insight on the interaction between A. fabae with its host plants and to
obtain new insights into the role of secondary metabolites involved in pathogenicity, we
conducted a comprehensive study to isolate and characterize the phytotoxic secondary
metabolites produced by A. fabae under in vitro conditions. A. fabae was grown here in
three common culture media to explore their influence on secondary metabolite production.
Crude organic extracts from the cultures were subjected to bioassays on the primary host
(faba bean) and related legumes of the genera Vicia, Lens, and Pisum. Following this,
the organic extracts were purified using chromatographic methods, and spectroscopic
techniques, essentially NMR, were employed to dereplicate and characterize the most
abundant secondary metabolites fully. Finally, the phytotoxicity of the purified compounds
was assessed to gain valuable insights into their roles in fungal pathogenesis.

2. Results

Ascochyta fabae isolate Af-CO99-01 was grown in vitro in three different substrates (two
liquid media, Czapek-Dox and PDB, and one solid rice culture, as detailed in the Section 4)
to explore the production of secondary metabolites. After extraction, the phytotoxicity of
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the three corresponding organic residues on the primary host, faba bean, and other related
legumes of economic importance was assayed at different concentrations.

2.1. Bioassays of Fungal Organic Extract

The three organic extracts exhibited varying degrees of phytotoxicity, which depended
on the fungal growth medium, the applied concentration, and the specific plant species.
All three fungal extracts displayed significantly higher phytotoxicity (assessed as foliar
damaged area, mm?) compared to the controls. The faba bean was the legume crop with
the most significant damage, regardless of the culture media employed. Both narbon and
common vetches were also significantly damaged, while disease symptoms were generally
lower on lentil and pea leaves (Figure 1, Table 1, Supplementary Table S1).

Fababean
(Vicia faba) |

Narbon vetch
(V. narbonensis)

Common vetch A
(V. sativa) -

Lentil
(Lens culinaris),

(Pisum sativum))|

Figure 1. Symptoms developed on detached leaves of several legume hosts as a consequence of the
following treatments: (A) uninoculated, (B) water, (C) methanol (MeOH 5%), (D) A. fabae extract
at 2 mg/mL from Czapek-Dox medium, (E) A. fabae extract at 2 mg/mL from PDB medium and,
(F) A. fabae extract at 2 mg/mL from rice substrate.

Table 1. Differences by host specie on disease severity (necrotic area, mm?) caused by Ascochyta fabae
fungal exudates from different culture media (Czapek-Dox, PDB, and rice). Values are the general
average of all concentrations tested. Negative controls (blank untreated, water and MeOH 5%) were
also included. The experiment was repeated four times.

Host Plant
Treatment Faba Bean Narbon Vetch Common Vetch Lentil Pea

Blank 0+0 d 0+0 c 0+0 c 0+0 c 0+0 c
Water 0+0 d 1.8+t1.6 c 0.2+0.1 c 0+0 c 03+0.2 c
MeOH 34+15 c 73+33 bc 0.2 +0.05 c 05+0.3 c 04+02 c
Czapek-Dox  110.6 + 3.9 a 96.4 + 8.8 a 279 +55 ab 199 +£5.2 a 292 +3.2 a
PDB 95.6 +5.4 b 452 +4.7 b 302+73 a 1.0+ 06 c 75+26 b
Rice 81.6 £26 b 389 +5.1 b 171+ 5.1 b 9.1 +34 b 99 +2.1 b

Values, per column and treatment, followed by different letters differ significantly at p < 0.01.

Regardless of the host species, the fungal exudate from the Czapek-Dox medium
caused higher disease symptoms, followed by exudates from PDB and rice culture (Figure 2,
Table 1, Supplementary Table S1). In addition, dose-dependent differences were also
observed, especially for the exudate from the Czapek-Dox medium on faba bean, narbon
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vetch, and pea, as well as for exudate from PDB on faba bean, being the higher dose applied
(2 mg/mL) the most phytotoxic. Other treatments did not show a dose-dependent effect.
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Figure 2. Diseased area (mm?) measured on detached leaves of 5 legume crops treated with exudates
from the fungus Ascochyta faba growth in vitro on 3 different culture media as: Czapek-Dox (green),
potato dextrose broth = PDB (yellow) and rice (orange) at concentrations of 0.5, 1, and 2 mg/mL.
Negative controls (blank untreated, water and MeOH 5%) were also included. The experiment was
repeated four times. Asterisk (*) indicates values significantly different from control MeOH 5%.

Given the phytotoxicity exhibited by all three fungal exudates, with the Czapek-Dox
extract being the most active among all legume species tested, a comprehensive analysis
was conducted to determine the specific metabolite composition displayed by each exudate.
The objective of this analysis was to elucidate the distinct metabolic profiles inherent to
each exudate. This investigation was undertaken to elucidate potential commonalities or
disparities within the exudates, shedding light on the underlying factors contributing to
the different phytotoxic effects observed.

2.2. Identification of Secondary Metabolites from Culture Filtrates of A. fabae Cultures

Due to the different phytotoxicity displayed by the organic extracts derived from the
Czapek-Dox, PDB, and rice cultures observed on both host and no-host legume crops, their
purification was carried out using chromatographic techniques, as detailed in the materials
and methods section. The predominant metabolites synthesized by the fungus in each
culture medium were identified through a comprehensive analysis of NMR spectroscopy
and high-resolution LC/MS spectra.

From the Czapek-Dox culture, three distinct metabolites were purified: ascochlorin (1),
ascofuranol (2), and (R)-mevalonolactone (3). Figure 3 illustrates their respective structures.
By comparing their spectroscopic properties to the existing literature data, compounds
1-3 were successfully identified and dereplicated. Ascochlorin (1) was determined to have
a molecular formula of Cy3H9ClO4 based on its HR-ESIMS, revealing two identifiable
mass adducts: [M+H]* and [M+Na]*. The structural assignment was further confirmed
by '"H-NMR spectra, which exhibited diagnostic peaks such as the aldehyde proton at &
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10.14, chelated OH at § 12.72, one aromatic methyl group signal at 5 2.57, and the other four
methyl group signals at 5 1.92, 0.83, 0.81, and 0.70. Similarly, ascofuranol (2) was found to
possess a molecular formula of Co3H31ClOs5 based on HR-ESIMS, with two identifiable mass
adducts: [M+H]* and [M+Na]*. The structural assignment was supported by 'H-NMR
spectra, highlighting diagnostic peaks such as the aldehyde proton at 6 10.14, chelated OH
at 5 12.70, one aromatic methyl signal at & 2.60, geminal dimethyl groups at 6 1.28 and
1.21, and olefinic protons resonating at 5 5.49 and 6§ 5.15. (R)-Mevalonolactone (3) had a
molecular formula of C¢H19O3 as deduced from its HR-ESIMS from the [M+K]* adduct and
the dimer [2M+Na]*. "H-NMR spectra confirm the structural assignment for the presence
of diagnostic peaks: a singlet methyl group at 6 1.28 and the two diastereotopic protons at
54.62 and 5 4.41. All the spectra are reported in Supplementary Figures S1-56.

OH

Ascochlorin 1 Ascofuranol 2

(o}

(R)-Mevalonolactone 3 Ascosalipyrone 4 Benzoic acid 5

OIOH

HO\©\/\ i
OH OH

Tyrosol 6 Ascosalitoxin 7

Figure 3. Structure of ascochlorin (1), ascofuranol (2), (R)-mevalonolactone (3), ascosalipyrone (4),
benzoic acid (5), tyrosol (6), ascosalitoxin (7).

The PDB culture yielded three unique metabolites: ascosalipyrone (4), benzoic acid
(5), and tyrosol (6), that were dereplicated according to their spectroscopic properties
reported in the literature (illustrated in Supplementary Figures S7-S12 provide the 'H-
NMR and ESI/MS spectra). Ascosalipyrone (4) was determined to have a molecular
formula of C13H;304 based on its HR-ESIMS, revealing two identifiable mass adducts:
[M+H]* and the dimer [2M+Na]*. The structural assignment was further confirmed by
"H-NMR spectra, which exhibited diagnostic peaks such as the deshielded olefinic proton
at § 5.95, two multiplets at § 2.69 and 5 1.68, and the four signals of methyl groups at § 1.94,
1.38, 1.05, and 0.82.

The two simple aromatic compounds benzoic acid (5) and tyrosol (6) were deter-
mined to have molecular formulas C;HgO, and CgH;¢O,, respectively. The HR-ESIMS
of compound 5 revealed two adducts [M-H,O+H]* and [M+H]*, while for compound 6,
the adduct [M-H,O+H]* and the dimer [2M+H]"* were again detected (Supplementary
Figures S10 and S12). The structural assignment of benzoic acid (5) was further confirmed
by 'H-NMR spectra, which reveal the typical pattern of monosubstituted benzene with
one doublet at 6 8.10 of the two ortho-equivalent protons and two triplets at § 7.62 and
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5 7.48. The '"H-NMR spectrum of tyrosol (6) showed the typical signal pattern of a para-
disubstituted benzene with two doublets, each for two equivalent protons, at 5 7.10 and
6.79, and the two triplets of the two methylene of the 2-hydroxy ethyl residue at § 3.82
and 2.8.

Lastly, the rice culture produced two distinct metabolites: ascosalipyrone (4) and
ascosalitoxin (7) (illustrated in Figure 3). Also, compound 7 was dereplicated by comparing
the spectroscopic properties with those reported in the previous study. Supplementary
Figures S13 and S14 display its TH-NMR and ESI/MS spectra. Ascosalitoxin (7) was
determined to have a molecular formula of C13H1gO4 based on its HR-ESIMS, revealed by
the identifiable mass adduct [M+H]*. The structural assignment was further confirmed by
"H-NMR spectra, which exhibited diagnostic peaks such as the aldehyde proton at & 10.23,
chelated OH at 6 12.68, one aromatic proton signal at § 6.23, and the four methyl group
signals at 6 2.11, 1.43, 1.08, and 0.72, respectively.

All the dereplicated metabolites have been previously reported as fungal metabolites.
Nevertheless, their presence in A. fabae in vitro cultures is being reported here for the
first time.

2.3. Bioassay of Pure Compounds

The degree of phytotoxicity caused by pure metabolites from A. fabae grown on
Czapek-Dox, PDB, and rice substrates varied according to the host species and the applied
concentration. In general terms, faba bean and narbon vetch were the most susceptible
hosts to all the metabolites applied and at any concentrations, followed by common vetch
(Figure 4, Supplementary Table S2, Supplementary Figure S15). By contrast, low or no
phytotoxicity was induced in both lentil and pea leaves, not significantly different from the
negative controls (Supplementary Table S2, Supplementary Figure S15).

Observed by the legume host, species belonging to the genus Vicia were the most
susceptible (faba bean, narbon vetch, and common vetch), while in pea and lentil hosts, poor
or no phytotoxicity was observed. As expected, faba bean was susceptible to all metabolites,
at least at the highest concentration tested. In particular, ascosalitoxin (7) and benzoic acid
(5) cause damaged areas of 29.8 and 30.8 mm? and 15 and 16 mm? at applied concentrations
of 10 and 100 uM, respectively. Tyrosol (6) was phytotoxic at any concentration tested, with
damaged areas higher than 17 mm?. The other metabolites tested were also phytotoxic,
especially at 100 uM. From our results, narbon vetch was the most susceptible legume
species tested here, susceptible to all the pure metabolites but with resulting necrotic lesions
bigger than those measured in faba bean (Figure 4; Supplementary Table S2; Supplementary
Figure S15). Phytotoxicity from ascochlorin (1), ascofuranol (2), benzoic acid (5), tyrosol
(6), and ascosalitoxin (7) was not dose dependent, showing activity at any concentration
tested. By contrast, (R)-mevalonolactone (3) and ascosalipyrone (4) showed phytotoxicity
only at the higher concentration tested (values higher than 30 and 46 mm?, respectively).
Common vetch was less affected by the metabolite’s application, showing significant
necrotic areas only with ascofuranol (2), benzoic acid (5), and ascosalitoxin (7) at the highest
concentration rate.
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Figure 4. Necrotic area (mm?2) incited by metabolites 1-7 at different concentrations (1, 10, and 100 uM
showed as increased color intensity) on leaves of Vicia faba, V. narbonensis, V. sativa (LSD test, p < 0.01).
In orange metabolites isolated from rice substrate, in yellow, metabolites isolated from PDB culture;
in green, metabolites isolated from Czapek-dox; in blue, negative control: blank uninoculated, water
and MeOH 5% controls. Asterisk (*) indicates values significantly different from control MeOH 5%.

3. Discussion

Among the diseases affecting legumes, Ascochyta blight, incited from the fungal
pathogen Ascochyta fabae, is one of the most critical necrotic diseases globally present in
all legume cultivation areas [17]. Numerous studies suggest that symptoms associated
with Ascochyta blight disease seem to be triggered when there is a shift in host physiology,
particularly during periods of plant tissue stress [19]. In fact, various chemical and physical
factors, whether directly or indirectly, play a role in activating metabolic pathways, which
may include the phytotoxic secondary metabolites generated by the fungus. The legume-
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associated Ascochyta spp. produce different metabolites with pathogenesis-determining
cytotoxic capacity, many of which display significant toxicity to plants [19,22]. To shed light
on the interaction between A. fabae and its host plants and to obtain new insights into the
role of secondary metabolites involved in pathogenicity, we conducted a comprehensive
study to isolate and characterize the most abundant phytotoxic secondary metabolites
produced by this pathogen under in vitro conditions. Due to the difference found in the
bibliography concerning the culture media described for isolation of phytotoxins produced
by Ascochyta spp. [19,22-24], our study was conducted growing A. fabae on three commonly
used growth media: PDB, Czapek-Dox, and rice substrate. Despite variations in culture
media and substrates employed, the mycelial growth and spore production performed
well. The mycelium initially displayed a pale cream color, transitioning into shades of
greyish white, dark greenish, and creamy white, aligning with expectations. However,
the subsequent investigation into the metabolic profile revealed the significant impact of
cultural conditions on the production of secondary metabolites. This outcome is consistent
with prior research involving the One Strain Many Compounds Strategy (OSMAC) applied
to other fungal and bacteria species [25]. Still, this is the first time that this strategy has
been applied to an isolate of A. fabae. Exploring diverse cultural conditions is essential for
comprehensively exploring the selected microorganism’s chemical space and biosynthetic
pathways, effectively simulating in vivo conditions. This is particularly relevant in chemical
ecology studies aimed at elucidating the role of specialized metabolites in host-pathogen
interactions and identifying chemical biomarkers for early disease detection [25,26].

After filtration of the mycelium and extraction of the cultures, the phytotoxicity of
each resulting fungal extracts was tested on the host plant and related legumes. The
bioassays revealed differences among the extracts, with that obtained from the Czapek-Dox
medium being the most active, followed by that from PDB, and finally, from rice substrate.
Regarding the host susceptibility, species belonging to the genus Vicia spp. were the most
susceptible to all the extracts, with faba bean showing the most damage, as expected, since
it is the primary host, followed by narbon vetch and common vetch. Lentils and peas, on
the other hand, displayed lower susceptibility to the phytotoxic activity of the extracts.
These results align with previous findings from cross-inoculation studies with different
Ascochyta spp. isolates on a panel of legume hosts [11]. The authors found that A. fabae
principally infected beans (common bean, faba bean, and soybean) and common vetch,
while negligible damages were observed in both peas and lentils. These results suggested
that the specificity observed might be attributed to bioactive secondary metabolites in the
extracts, which could play a role in specific host interactions.

Indeed, when chemical investigation was carried out on the three organic extracts, dif-
ferences in metabolic composition were appreciated. The prevalent metabolic constituents
produced during the in vitro growth by the Ascochyta blight pathogen were isolated by
chromatographic methods and dereplicated by extensive spectroscopic studies. As a result,
the main compounds identified were ascochlorin, ascofuranol, (R)-mevalonolactone, as-
cosalipyron, benzoic acid, tyrosol, and ascosalitoxin. This was the first time where these
metabolites had been purified and dereplicated from an A. fabae isolate. Still, their isolation
and amount highly depended on the selected cultural condition. In detail, we isolated
and dereplicated ascochlorin and ascofuranol together with (R)-mevalonolactone in the
Czapek-Dox medium. In contrast, ascosalipyron, benzoic acid and tyrosol were isolated
and dereplicated in the PDB medium. Finally, when A. fabae was grown on rice substrate,
the main constituents of the extract were ascosalipyron and ascosalitoxin.

Ascochlorin and ascofuranol are the class natural compounds of meroterpenoids of
polyketide—terpene hybrid origin. Ascochlorin was originally isolated from a culture extract
of A. viciae [27] and later from the entomopathogenic fungus Verticillium hemipterigenum [28].
This compound bears a structural resemblance to ubiquinol, an integral component of
the respiratory chain for ATP synthesis, exerting inhibitory effects on protozoan alternate
oxidase at the ubiquinol-binding site [29]. Notably, ascochlorin has demonstrated diverse
biological activities, including antiviral and antibiotic properties, as evident in studies
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targeting Candida albicans [27]. Additionally, it hinders the respiratory chain of ascomycetes
yeast Pichia anomala by affecting the coenzyme Q [30]. Furthermore, it functions as a
non-toxic anticancer agent by inducing G1 cell cycle arrest through p21 induction in a
c-Myc-dependent manner rather than p53-dependent [31]. Ascofuranol, a derivative of
ascofuranone, was initially isolated from A. viciae [32] and was later identified in A. rabiei
extracts [33]. Ascofuranol exerts its inhibitory action on the alternative oxidase of Try-
panosoma by targeting the ubiquinol-binding domain [32]. Ascosalitoxin is a trisubstituted
salicylic aldehyde derivative and a biosynthetic precursor of the ascochitine [21]. While
this compound was initially isolated from Ascochyta pisi [23], it has also been discovered
from an endophytic fungus isolated from the medicinal plant Hintonia latiflora [34]. Ascos-
alitoxin has demonstrated cytotoxic activity against human tumor cell lines, manifesting
inhibitory effects on the HL-60 cell line [35]. Ascosalipyrone, a polyketide, was first isolated
from A. salicorniae [36]. It displays potential biological activity as an inhibitor of protein
phosphatases [37]. Additionally, it shows antiplasmodial activity against the K1 and NF 54
strains of Plasmodium falciparum in conjunction with antimicrobial activity and inhibition
of the tyrosine kinase p56lck [36]. In our study, ascosalipyrone was dereplicated from
PDB and rice substrate extracts. Notably, the former exhibited higher phytotoxic activity,
possibly attributable to the lower production of ascosalipyrone on the rice substrate. In
the PDB fungal extracts, two other metabolites were also found: tyrosol and benzoic acid,
two simple phenolic metabolites synthesized via the shikimate and phenylpropanoid path-
ways. They could contribute to infection and phytotoxicity. Nevertheless, it is essential to
acknowledge that these metabolites might also fulfill other roles in disease progression or
fungal development. Tyrosol is a derivative of phenethyl alcohol. While it has previously
been isolated from A. lentis and A. lentis var. lathyri [22], this study marks its first isolation
from A. fabae. Tyrosol is recognized as a phytotoxic metabolite isolated from both plants
and fungi [38]. It frequently appears in cultures of botryosphaeraceous fungi [38] and
has been associated with “quorum sensing” in the human pathogenic fungus Candida
albicans [39]. Tyrosol exhibits antioxidant and anti-inflammatory properties [40] and pro-
tects against oxidative stress in renal cells alongside hydroxytyrosol [41]. Furthermore,
studies have linked the cytotoxicity of tyrosol and its derivatives with the inhibition of
DNA replication initiation [42]. Its potential suitability for stroke therapy in rats has also
been explored [43]. On the other hand, benzoic acid has been identified in Streptomyces
lavandulae [44,45], as well as in Lactobacillus plantarum, where it exhibited antimicrobial
activity against Gram-negative bacteria such as Pantoea agglomerans (Enterobacter agglom-
erans) and Fusarium avenaceum (Gibberella panacea). In faba beans infected with Fusarium
wilt, benzoic acid has been observed to reduce tissue and cell structure resistance, decrease
photosynthesis, and increase cell wall degrading enzyme activity [46]. Additionally, it has
been shown to inhibit primary root elongation in Arabidopsis seedlings, resulting in reduced
sizes [47]. (R)-Mevalonolactone, a lactone belonging to the §-valerolactone class, plays
a pivotal role as an essential intermediate in the mevalonate biosynthetic pathway. This
biosynthetic route is crucial for synthesizing isoprenoids, versatile compounds with diverse
functions in various cellular processes [48,49]. Notably, (R)-mevalonolactone has been
isolated from different pathogenic and non-pathogenic fungi cultivated in vitro, including
Colletotrichum lupini, Diaporthaceae sp. PSU-SP2 /4, Alternaria euphorbicola, Pseudallescheria
boydii, and Phomopsis archeri [50-53]. (R)-Mevalonolactone was found to enhance chloro-
phyll content in Leman fronds and inhibit root elongation in cress. Additionally, it led to
a considerable reduction in seed germination of Pelipanche ramosa [50]. Nevertheless, no
phytotoxic effects have been reported for this metabolite.

All these metabolites underwent a phytotoxicity bioassay on the same panel of legume
crops of the crude extracts. Notably, prior to this study, there was a lack of information
available in the literature regarding the phytotoxic activity of some of the dereplicated
metabolites. They all showed different degrees of phytotoxicity regarding legumes and
concentration, with the phytotoxic effect more evident in Vicia species. In detail, ascochlorin
displays intense phytotoxic activity as necrosis on leaves in both faba bean and narbon
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vetch. Surprisingly, it does not induce significant damage in common vetch despite being
first isolated from A. vicige. Ascofuranol has a dose-dependent effect in faba beans and peas,
while in narbon vetch, necrotic damages are high at all concentrations tested. Ascosalitoxin
was the most active metabolite isolated, inducing necrosis in all legume crops tested except
lentils. This agrees with previous studies where phytotoxic activity from ascosalitoxin
on pea leaves and pods and on tomato seedlings was described [23]. Ascosalitoxin was
extracted from rice extract. Although the fungal rice extract had the lowest activity in Vicia
spp., the pure compound caused the most damage. The difference in activity between
the fungal extract and the pure compound may be due to its concentration in the organic
extract. For ascosalipyrone this is the first evidence regarding its phytotoxic activity, as no
previously available information was described. It was active on faba bean, narbon vetch
and pea leaves, but only at the highest concentration tested (100 uM). Similar behavior
was observed for (R)-mevalonolactone being the most phytotoxin on faba bean and narbon
vetch, showing a dose-dependent effect. Tyrosol displayed no dose-dependent effect against
faba bean and narbon vetch, causing significant damage even at the lowest concentration
of 1 uM. Nevertheless, contrary to previous results [19], lentil is only slightly susceptible,
while no significantly diseased leaves were observed in treated vetch or pea. Since tyrosol
is a ubiquitous metabolite in plants, this might exceed the plant’s usual levels, leading to
necrosis at even lower compound concentrations. Interestingly, benzoic acid is the only
compound that exhibits activity in all leguminous plants, but its behavior varies. In narbon
vetch, its activity does not depend on concentration. In contrast, in all others, it does, with
faba beans showing activity from 10 uM and lentils, peas, and beans only at their highest
concentration applied.

The observed variations in bioassay results between crude extracts and pure metabo-
lites may be ascribed to differences in the tested concentrations and production disparities
within the various culture media and the potential synergistic or antagonistic effects that
may exist among the metabolites generated in each medium. When dealing with complex
mixtures of natural products, the dereplication and identification of the specific compo-
nents responsible for their activities and comprehending the mechanisms involved in their
interactions remains a tricky challenge. Such mechanisms can be multifaceted and vary
depending on the cultivation methods, preparation, and processing of these compounds, as
observed in previous research [54,55]. Modern analytical chemistry techniques, chemoin-
formatic tools, and metabolomics play a pivotal role in the dereplication of intricate organic
extracts by identifying and cataloguing known metabolites and promoting the search for
novel compounds. Additionally, it offers a powerful tool for quantifying minor components
within these extracts, aiding in accurately assessing their abundance [56-60]. Furthermore,
it is essential to highlight that the low amount and the high number of chiral carbons in
ascochlorin ascofuranol, ascosalipyrone, and ascosalitoxin did not allow their complete
stereochemical characterization using the spectroscopic method. Existing information on
the stereochemistry of these metabolites is limited [23,61]. Future research should prioritize
the assignment of chiral carbon configurations to fully elucidate their role in the Ascochyta—
legume interaction. The absolute assignment of fungal secondary metabolite configurations
through advanced spectroscopic methods, including NMR and optical techniques, is indis-
pensable for comprehensively understanding their biological relevance [62-64]. Accurate
molecular structure determination provides insights into the compound’s bioactivity and
potential ecological roles.

Finally, it is essential to highlight that high-molecular-weight phytotoxins were not
studied under the conditions of this research. In previous studies involving other fungal
species, hydrophilic high-molecular-weight metabolites, such as polysaccharide peptides
with phototoxic properties that could have a role as elicitors, have been detected and
studied in vitro [65-67].

In conclusion, our research has provided insights into the phytotoxic secondary
metabolites produced by A. fabae under varying in vitro conditions, unveiling a rich di-
versity of compounds with differential phytotoxic effects. Notably, prior to this study,

38



Toxins 2023, 15, 693

only ascochitine was known to be produced by A. fabae. We have dereplicated a panel
of seven metabolites belonging to different classes of natural compounds that could be
used for targeted in-depth investigations. Nevertheless, the observed variations in bioas-
say results between crude extracts and pure metabolites underline the intricate nature of
these interactions, influenced by synergistic or antagonistic effects among the metabolites
and further studies using more sensitive techniques are also needed to identify the minor
constituents of the fungal exudate. These findings pave the way for further research to
elucidate these seven metabolites” underlying mechanisms and ecological implications
in legume-plant interactions. Understanding these complex relationships is essential for
advancing our knowledge of host—pathogen interactions and developing more specific
strategies for Ascochyta blight management and early detection.

4. Materials and Methods
4.1. Fungal Strain, Culture Medium and Growth Conditions

A previously well-characterized monoconidial strain of Ascochyta fabae (Af-CO99-
01) [68], isolated from a diseased faba bean (Vicia faba) crop and belonging to the fungal
collection maintained at the Institute for Sustainable Agriculture (IAS-CSIC, Cérdoba,
Spain), was selected for these experiments. The pathogen was preserved in sterile cellulose
filter papers. Before the experiment, inoculum was prepared by multiplying spores of the
isolate on potato dextrose agar (PDA) (Sigma Aldrich, Saint-Quentin Fallavier, France)
medium under controlled conditions as previously described [11]. Then, the isolate was
differentially growth in two artificial media and one solid substrate as follows: (i) 10 flasks
containing 1 L of Czapek-Dox medium [69]. Each flask was inoculated with a 1-week-
old mycelial plate of the isolate on PDA. The cultures were incubated at 24 °C (stirring
conditions, 150 rpm), in absence of light for 21 days. The fungal mycelium was then
removed by filtration through four layers of filter paper, centrifuged and kept at —20 °C
until the next analysis; (ii) 10 flasks containing 1 L of potato dextrose broth (PDB) (BD
Difco®, Crystal Lake, NJ, USA) medium. Each flask was inoculated with a 1-week-old
myecelial plate of the isolate on PDA and kept at similar conditions to those mentioned in
point (i); (iii) 1 L flask containing 400 g of common rice. Water was added to the flask (45%,
vol/vol) and allowed 24 h to be absorbed. Then, the material was sterilized at 121 °C for
30 min. Inoculation was carried out with a 1-week-old mycelial plate of the isolate on PDA.
The culture was then incubated in conditions described by Reveglia et al. [70].

4.2. General Experimental Procedure for Chemical Analysis

Analytical and preparative TLCs were carried out on silica gel (Merck, Kieselgel 60,
F254, 0.25, and 0.5 mm) and reverse phase (Merck, Kieselgel 60 RP-18, F254, 0.20 mm)
plates. The spots were visualized by exposure to UV radiation (254 and/or 312 nm) or by
spraying first with 10% H»SO4 in MeOH, and then with 5% phosphomolybdic acid in EtOH,
followed by heating at 110 °C for 10 min on a hot plate. Column chromatography was
performed using silica gel (Merck, Kieselgel 60, 0.063-0.200 mm). Solvents n-hexane MeOH,
i-PrOH, CHCl3, and CH,Cl, were purchased from Panreac AppliChem (Barcelona, Spain).
Unless otherwise noted, optical rotation was measured in MeOH on a Jasco (Tokyo, Japan)
polarimeter, whereas the CD spectrum was recorded on a JASCOJ-815 CD in MeOH. 'H and
13C NMR and 2D NMR spectra were recorded at 400 or 500, and 100 or 125 MHz in CDCl3
on Bruker and Varian instruments. The same solvent was used as an internal standard.
HR-ESIMS analyses were performed using the LC/MS TOF system (AGILENT 6230B,
HPLC 1260 Infinity) column Phenomenex LUNA (C18 (2) 5 pm 150 x 4.6 mm). TH-NMR
and ESI/MS (+) spectra of the identified compounds are reported in the Supplementary
Figures S1-S14.

4.3. Extraction and Purification of Secondary Metabolites Produced in Czapek-Dox Culture

The culture filtrates (10 L) of A. fabae were lyophilized and dissolved in 1/10 dis-
tilled water of the original volume. The solution was exhaustively extracted with EtOAc
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(3 x 300 mL). The organic extracts were combined, dried (NaySOy), and evaporated under
reduced pressure. The corresponding residue (439 mg) was purified by silica gel column,
eluted with CHCl3-i-PrOH (95:5), yielding six homogeneous fraction groups. The residue
of the first fraction (80 mg) was purified by TLC, eluted with CHCl3 affording two white
amorphous solids identified as ascochlorin (1, 1.7 mg) and ascofuranol (2, 2 mg). The
residue of the fourth fraction (80 mg) was purified by TLC, eluted with CHCl3-i-PrOH
(97:3), affording a white amorphous solid identified as (R)-mevalonolactone (3, 1.9 mg).

Ascochlorin (1): 'H-NMR and ESI/MS (+) data agree with those previously re-
ported [27,71].

Ascofuranol (2): '"H-NMR and ESI/MS (+) data agree with those previously re-
ported [32].

(R)-Mevalonolactone (3): "H-NMR and ESI/MS (+) data agree with those previously
reported [50].

4.4. Extraction and Purification of Secondary Metabolites Produced in PDB Culture

The culture filtrates (10 L) of A. fabae were lyophilized and dissolved in 1/10 dis-
tilled water of original volume. The solution was exhaustively extracted with EtOAc
(3 x 300 mL). The organic extracts were combined, dried (Na;SOy), and evaporated un-
der reduced pressure. The corresponding residue (441 mg) was purified by silica gel
column, eluted with CHCl3-i-PrOH (95:5), yielding seven homogeneous fraction groups.
The residue of the second fraction (34 mg) was purified by TLC, eluted with CHCl3-i-PrOH
(97:3), affording two white amorphous solids identified as ascosalipyrone (4, 10 mg), and
as benzoic acid (5, 8 mg). The residue of the third fraction (60 mg) was purified by TLC and
eluted with CHCl3-i-PrOH (95:5), affording a white amorphous solid identified as tyrosol
(6, 1.6 mg).

Ascosalipyrone (4): 'H-NMR and ESI/MS (+) data agree with those previously re-
ported [36].

Benzoic acid (5): 'H-NMR and ESI/MS (+) data agree with those previously re-
ported. [44].

Tyrosol (6): 'H-NMR and ESI/MS (+) data agree with those previously reported [72].

4.5. Extraction and Purification of Secondary Metabolites Produced in Rice Culture

The solid culture of A. fabae (440 g) was subjected to air-drying at 27 °C for a minimum
of two weeks before the extraction process. Subsequently, the dried material was finely
ground using a laboratory mill and then subjected to extraction with a mixture of 500 mL
of MeOH-H;O (1% NaCl) in a 1:1 ratio. Afterward, the mixture underwent centrifugation
at 10,000 rpm for 1 h. The resulting pellet was subjected to a second round of extraction
using the same solvent mixture under identical conditions. The two supernatants obtained
were combined, treated with n-hexane (2 x 500 mL) for defatting, and further extracted
with CH,Cl, (3 x 500 mL). The organic extracts in CH,Cl, were pooled, desiccated using
NayS0y, and subsequently concentrated under reduced pressure to produce a brown solid
residue weighing 226 mg. The corresponding residue was purified by silica gel column,
eluted with CHCl3-i-PrOH (95:5), yielding six homogeneous fraction groups. The residue
of the second fraction (4.7 mg) was purified by TLC eluted with CHCl3-i-PrOH (97:3).
This afforded a white amorphous solid identified as ascosalitoxin (7, 0.8 mg). The residue
of fraction six (18 mg) was purified by TLC, eluted with CHCl3-i-PrOH (95:5), yielding
another amorphous solid identified as ascosalipyrone (4, 1 mg).

Ascosalitoxin (7): "H-NMR and ESI/MS (+) data agree with those previously re-
ported [23,34].

4.6. Bioassays

The phytotoxic effects of all the A. fabae organic extracts and those of pure com-
pounds 1-7 were evaluated using a detached leaf method [73]. Several legume crops
(listed in Table 2) were selected and grown in chamber as follows: seeds were sown in pots
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(6 x 6 x 10 cm) filled with a potting mixture (sand/peat, 1:3 vol/vol), then were grown in
a growth chamber at 20 & 2 °C and 65% relative humidity under a photoperiod with 14 h
light/10 h dark at a light intensity of 200 umol m2g! photon flux density supplied by
high-output white fluorescent tubes until the fifth leaf stage was achieved [70]. Leaves from
each legume specie were excised and placed, adaxial side up, on 4% technical agar in Petri
dishes. The three organic fungal extracts were dissolved in MeOH (5%) and then added to
the assay concentration with distilled water of 0.5, 1, and 2 mg/mL. Similarly, bioassays
performed with pure compounds 1-7 and were arranged in Petri dishes as described above
and assayed at 1, 10, and 100 uM concentrations. For each legume specie, fungal extract,
compound, and concentration assayed, cut leaves were arranged in a randomized design
with three replicates per treatment, each replicate having four leaves.

Table 2. Legume species and genotypes grow under controlled conditions and are used in detached
leaves assays.

Legume Plant Specie Genotype
Faba bean Vicia faba Baraca
Narbon vetch V. narbonensis VNO1
Common vetch V. sativa Buzza
Lentil Lens culinaris Pardina
Pea Pisum sativum Messire

4.7. Data Analysis

A completely randomized design was used in all detached leaves essays. The presence
of symptoms through the appearance of dark spots or discoloration of the plant tissue
was monitored, introducing a method of image acquisition by an android smartphone.
The smartphone was equipped with CMOS image sensor and SMD LED background light
illumination to provide a constant brightness for all the images captured and reduce the
effect of ambient lighting condition. Samsung galaxy J2 smartphone (Samsung Engineering
Co., Ltd., Seoul, Republic of Korea) was used to acquire 2 images per detached leaves
and per plate to be analyzed. All the images collected were in an RGB color space. The
damage area (mm?) was measured on the smartphone-captured images, with the help of
Image] (1.46 r) program (free license). The significance of the differences in leaf damage
between plant species, treatments, and concentrations was estimated by one-way analysis
of variance (ANOVA). All statistical analyses were performed using the Statistix 9.0 package
(Analytical Software, Tallahase, FL, USA). Significance of differences between means was
determined by calculating least significant difference (LSD).

One-dimensional and two-dimensional NRM data were analyzed and interpreted by
MNova software v. 14 (MestreLab Research S.L, Santiago de Compostela, Spain).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ toxins15120693 /s1. Supplementary Figure S1. "H-NMR spec-
trum of ascochlorin (1) (CDCl3, 400 MHz); Supplementary Figure S2. ESI/MS (+) spectrum of
ascochlorin (1); Supplementary Figure S3. "H-NMR spectrum of ascofuranol (2) (CDCl3, 400 MHz);
Supplementary Figure S4. ESI/MS (+) spectrum of ascofuranol (2); Supplementary Figure S5. 1H-
NMR spectrum of (R)-mevalonolactone (3) (CDCl3, 400 MHz); Supplementary Figure S6. ESI/MS (+)
spectrum of (R)-mevalonolactone (3); Supplementary Figure S7. "H-NMR spectrum of ascosalipy-
rone (4) (CDCl3, 400 MHz); Supplementary Figure S8. ESI/MS (+) spectrum of ascosalipyrone (4);
Supplementary Figure S9. "H-NMR spectrum of benzoic acid (5) (CDCls, 400 MHz); Supplementary
Figure S10. ESI/MS (+) spectrum of benzoic acid (5); Supplementary Figure S11. "H-NMR spectrum
of tyrosol (6) (CDCl3, 400 MHz); Supplementary Figure S12. ESI/MS (+) spectrum of tyrosol (6);
Supplementary Figure S13. "H-NMR spectrum of ascosalitoxin (7) (CDCl3, 400 MHz); Supplementary
Figure S14. ESI/MS (+) spectrum of ascosalitoxin (7); Supplementary Figure S15. Images of the
symptoms of each of the compounds. Supplementary Table S1. Diseased area (mm?) measured on
detached leaves of several legume crops with exudates from the fungus A. fabae growth in vitro on
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3 different culture media (Czapek-Dox = CD, potato dextrose broth = PDB, and rice) at concentrations
of 0.5, 1, and 2 mg/mL. Negative (blank untreated, water and MeOH 5%) controls were also included.
The experiment was repeated four times. Supplementary Table S2. Diseased area (mm?) measured
in leaves detached from various legume crops with metabolites produced by the exudate of the A.
fabae fungus from the three-growth media at concentrations of 1, 10, and 100 uM. Negative controls
(untreated blank, water, and MeOH 5%) were also included. p-value compared with value from
MeOH 5% control.
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Abstract: Fusaric acid (FA) is one of the first secondary metabolites isolated from phytopathogenic
fungi belonging to the genus Fusarium. This molecule exerts a toxic effect on plants, rhizobacteria,
fungi and animals, and it plays a crucial role in both plant and animal pathogenesis. In plants, metal
chelation by FA is considered one of the possible mechanisms of action. Here, we evaluated the effect
of different nitrogen sources, iron content, extracellular pH and cellular signalling pathways on the
production of FA siderophores by the pathogen Fusarium oxysporum (Fol). Our results show that the
nitrogen source affects iron chelating activity and FA production. Moreover, alkaline pH and iron
limitation boost FA production, while acidic pH and iron sufficiency repress it independent of the
nitrogen source. FA production is also positively regulated by the cell wall integrity (CWI) mitogen-
activated protein kinase (MAPK) pathway and inhibited by the iron homeostasis transcriptional
regulator HapX. Collectively, this study demonstrates that factors promoting virulence (i.e., alkaline
pH, low iron availability, poor nitrogen sources and CWI MAPK signalling) are also associated with
increased FA production in Fol. The obtained new insights on FA biosynthesis regulation can be used
to prevent both Fol infection potential and toxin contamination.

Keywords: Fusarium oxysporum; fusaric acid; pH; iron limitation; chelating activity; signaling

Key Contribution: Production of fusaric acid in Fusarium oxysporum is associated with virulence-promoting
conditions: alkaline pH, low iron availability, poor nitrogen sources and CWI MAPK signalling.

1. Introduction

Fusarium oxysporum comprises a cosmopolitan complex of fungal species [1] including
both non-pathogenic and pathogenic forms [2], which can infect plants, animals and hu-
mans [3]. Plant pathogenic strains cause tracheomycosis or foot and root rots (Fusarium
wilt) in a large number of plant species and are grouped into over 150 pathogenic forms
(formae speciales) [4]. F. oxysporum f. sp. lycopersici (Fol) is the pathogenic form that causes
wilting of tomato plants. Fusarium species are known to synthesize several biologically
active compounds with different roles in plant pathogenesis and microbial competition [5].
Fusaric acid (5-butylpyridine-2-carboxylic acid) (FA), the first fungal metabolite discov-
ered to be implicated in tomato pathogenesis [6], is one of the most widely distributed
mycotoxins in the genus Fusarium and has been used as an efficient indicator of Fusarium

Toxins 2023, 15, 50. https:/ /doi.org/10.3390/ toxins15010050 46

https:/ /www.mdpi.com/journal/toxins



Toxins 2023, 15, 50

contamination in food and feed grains [7]. Plant treatment with FA causes the rapid de-
velopment of disease symptoms such as internerval necrosis and foliar desiccation even
in the absence of the pathogen [8]. FA toxicity in plants has been attributed to different
mechanisms of action, including direct membrane damage, electrolyte loss, decrease in
cellular ATP levels, metallo-enzyme inhibition, oxidative burst and metal chelation [6,9-11].
In addition to its phytotoxic effect, FA also shows varying degrees of inhibitory activity on
rhizobacterial populations. For instance, species of the genera Bacillus and Paenibacillus are
susceptible, while those belonging to Pseudomonas are highly resistant [12]. Intriguingly,
FA resistance in these species has been shown to rely on the expression of two major
siderophores, pyoverdine and enantio-pyochelin, suggesting that the inhibitory effect of
FA toxicity on bacteria, similar to plants, depends on its chelating activity [13].

In Fusarium fujikuroi the expression of FA biosynthesis genes has been shown to
be regulated by the nitrogen-responsive GATA transcription factor AreB and the pH-
responsive transcription factor PacC [14]. Similarly, FA levels in Fol are controlled via
PacC-mediated modulation of chromatin condensation at the fubl locus, which encodes a
major FA biosynthetic gene [15]. Additionally, in a banana pathogenic isolate of F. oxysporum
f. sp. cubense, several components of the CWI MAPK cascade have been shown to act as
positive regulators of FA biosynthetic genes and FA production [16].

In Fol, three different MAPKSs (Fmk1, Mpk1 and Hog1) regulating distinct virulence
functions have been described. While Fmk1 is essential for invasive growth and plant
infection, the other two MAPKs, Mpk1 and Hogl, contribute to plant infection both via
Fmk1-shared and -independent functions, albeit to a lesser extent [17-19]. This work
aimed at evaluating the role of different environmental factors such as nitrogen source,
extracellular pH and iron content in the regulation of FA production in Fol. Furthermore,
we tested the contribution of the three MAPK pathways as well as the iron and pH response
regulators HapX and PacC, respectively, on FA biosynthesis.

2. Results
2.1. Nitrogen Source Affects Extracellular pH in F. oxysporum f. sp. lycopersici

We tested the effect of different nitrogen sources on extracellular pH modification,
iron chelating activity and FA production by Fol. Microconidia were inoculated in minimal
medium (pH 4.5) supplemented with either urea, sodium nitrate, ammonium sulphate
or ammonium nitrate as the sole nitrogen source. While urea and sodium nitrate elicited
an increase in extracellular pH, ammonium sulphate and ammonium nitrate induced
extracellular acidification (Table 1; Figure 1). To investigate the role of MAPK pathways in
pH modulation, we measured extracellular pH changes in fimk1A, hog1A and mpklA knock-
out mutants. Interestingly, deletion of the cell wall integrity (CWI) MAPK Mpk1 resulted
in increased extracellular alkalinisation on urea and sodium nitrate but did not affect
ammonium-dependent acidification. Similarly, mutations in the seven-transmembrane
a-pheromone receptor Ste2 or the conserved components of the CWI pathway Bck1 and
MKK2 also led to an increase in pH (Table 1), suggesting for a role of the sex pheromone
perception machinery and the CWI pathway in the regulation of this process.

2.2. Siderophore Production Is pH- and Iron-Sensing Dependent

To detect siderophore production by Fol, a CAS assay was performed after 5 days
of incubation in the different test conditions. We found that the chelating activity in
fungal supernatants was more than 40% higher in media containing urea or sodium
nitrate showing high pH, compared to those supplemented with ammonium sulphate
or ammonium nitrate which had low pH (Table 1). Furthermore, chelating activity was
significantly higher (p < 0.05) in isogenic mutants lacking Ste2 or conserved components of
the CWI MAPK pathway, but not in fmk1A and hog1A mutants, compared with the wild-
type strain (Table 1). The correlation between pH signalling and siderophore production
was further supported by the finding that deletion the of alkaline pH-responsive factor
PacC (pacCA) resulted in decreased chelating activity in urea and nitrate media, whereas
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expression of a dominant activating PacC allele (pacC¢), which represses acidic-regulated
functions [20,21], resulted in increased chelating activity in ammonium-containing media

(Table 1).

Table 1. Effect of different nitrogen sources on extracellular pH modification, chelating ability and
fusaric acid content in the culture supernatants of the indicated F. oxysporum f. sp. lycopersici (Fol)
strains. For each fungal strain, values marked by common letters are not different according to
Tukey’s test (p < 0.05). For each nitrogen source values marked with the * symbol are statistically
different (p < 0.05; according to Tukey’s test) from wild-type values. The values in the table are

averages of three independent experiments with three replicates each.

Fol Strain Nitrogen Source pH Chelating Activity Fusaric Acid !
Urea 7.02 a 78.00 a 37 a
Wild tvpe Sodium nitrate 7.81 b 68.40 b 82 b
yp Ammonium sulphate 3.07 c 27.55 c n.d. c
Ammonium nitrate 3.64 d 25.55 C n.d. c
Urea 6.94 a 75.78 a 41 a
Fnk1A Sodium nitrate 7.85 b 69.46 b 75 b
Ammonium sulphate 2.88 c 22.98 [ n.d. d
Ammonium nitrate 4.16 d 23.90 [ n.d. c
Urea 6.81 a 75.75 a 36 a
hoolA Sodium nitrate 7.12 b 65.37 b 85 b
3 Ammonium sulphate 293 c 25.55 c n.d. c
Ammonium nitrate 3.60 d 25.16 [ n.d. c
Urea 8.95 a 89.05 a * 12 a
k1A Sodium nitrate 8.22 b 95.16 a * 42 b
P Ammonium sulphate 3.01 c 21.09 b n.d. c
Ammonium nitrate 4.16 d 23.51 b n.d. c
Urea 8.40 a 92.05 a * 9 a
_ Sodium nitrate 8.33 a 91.16 a * 39 b
ste Ammonium sulphate 307 b 2809 b n.d. c
Ammonium nitrate 3.92 C 27.51 b n.d. C
Urea 8.80 a 90.59 a * 11 a
bokIA Sodium nitrate 8.52 a 92.13 a * 45 b
c Ammonium sulphate 2.94 b 21.09 b n.d. c
Ammonium nitrate 391 c 24.76 b n.d. c
Urea 8.71 a 93.93 a * 8 a
KA Sodium nitrate 8.35 a 93.02 a * 62 b
" Ammonium sulphate 3.12 b 28.43 b n.d. c
Ammonium nitrate 4.00 c 23.46 b n.d. c
Urea 7.05 a 84.80 a * 63 a
hapXA Sodium nitrate 7.89 b 86.41 a * 70 a
P Ammonium sulphate 3.02 c 60.56 b * 27 b
Ammonium nitrate 3.98 d 66.75 b * 0.22 b
Urea 7.18 a 77.89 a 37 a
2cC Sodium nitrate 7.77 b 67.77 b 50 b
p Ammonium sulphate 3.12 C 58.28 C * 22 C
Ammonium nitrate 4.06 d 56.28 c * 12 d
Urea 7.08 a 35.55 a * n.d. a
2cCA Sodium nitrate 7.58 b 32.25 a * n.d. a
P Ammonium sulphate 3.05 c 28.35 b n.d. a
Ammonium nitrate 4.18 d 29.25 b n.d. a

1 Fusaric acid concentration is expressed in pg of the compound per mg of dry fungal biomass. n.d.= not detectable.
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Figure 1. Trend of pH (red line) and fusaric acid concentration (black bars) in the culture supernatants
of Fusarium oxysporum f. sp. lycopersici grown in minimal medium supplemented with urea (a),
sodium nitrate (b), ammonium sulphate (¢) or ammonium nitrate (d) as sole nitrogen sources. Bars
represent standard deviations from three independent replicates. Experiments were performed three
times, with similar results.

Previous studies revealed that deletion of the iron homeostasis regulator HapX induces
a slight increase in extracellular chelating activity under iron-limiting conditions when
using glutamine (Gln) as the nitrogen source [22]. Here, we detected a significant increase
in extracellular chelating activity in hapXA as compared to the wild type, which was even
more dramatic when ammonium was used as a nitrogen source.

2.3. Fusaric Acid Production Is Regulated by Environmental pH and Iron Availability

Fusaric acid (FA) has been suggested to function in metal cation chelation [13,15].
Here, we found that FA concentrations increased steadily in supernatants of the wild-
type strain grown on urea or sodium nitrate, whereas no FA was detected in cultures
supplemented with ammonium even after prolonged incubation (Figures 1 and 2; Table 1).
These findings suggest that either the nitrogen source or environmental pH regulates
FA production. In line with the second hypothesis, buffering the pH to 4.5 completely
abolished FA production on urea- or sodium nitrate-containing media, while increasing
the pH to 7.0 activated FA production on ammonium-supplemented media (Figure 3).
Further corroborating the finding of a pH-dependent FA regulation mechanism in Fol,
inappropriate pH sensing in the pacCA and pacC® mutants resulted in altered FA levels at
alkaline or acidic pH, respectively.
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Figure 2. HPLC chromatograms obtained by injecting 20 pg mL ™! of a fusaric acid standard (a) or
an ethyl acetate fraction obtained from Fusarium oxysporum f. sp. lycopersici cultures grown in the
presence of urea (b), sodium nitrate (c), ammonium sulphate (d) or ammonium nitrate (e) as sole
nitrogen sources. The red vertical lines in the graph mark the start and end of each peak.

In general, FA production appeared to correlate with chelating activity in fungal
supernatants, particularly in sodium nitrate-supplemented cultures, which contained high
levels of chelating activity and FA (Table 1). Interestingly, the addition of the general ion
chelator EDTA or the specific iron-chelating bacterial siderophore pyoverdine resulted in
increased FA concentrations regardless of the nitrogen source used, even though pyoverdine
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stimulation was most effective on sodium nitrate (Figure 3). By contrast, iron addition
dramatically decreased FA production in all tested conditions (Figure 3), suggesting that
iron sensing plays an important role in the regulation of FA biosynthesis. Indeed, the
deletion of the iron-response transcriptional regulator HapX led to increased FA production
in all tested media except for that containing sodium nitrate (Table 1).

b

FeCl;  Pyoverdine pH 4.5 pH 7.0 Control  EDTA FeCl;  Pyoverdine pH4.5 pH 7.0

d

FeCl, Pyoverdine pH 4.5 pH 7.0 Control EDTA FeCl;  Pyoverdine pH4.5 pH 7.0

Figure 3. Fusaric acid content in the culture filtrates of F. oxysporum f. sp. lycopersici grown in minimal
medium containing urea (a), sodium nitrate (b), ammonium sulphate (c) or ammonium nitrate (d) as
sole nitrogen sources and supplemented with 0.2 mM EDTA, 100 uM FeClj3 or 0.2 mM pyoverdine,
or pH buffered with 100 mM MES to pH 4.5 or 7. Bars represent standard deviations from three
independent replicates. Experiments were performed three times, with similar results.

Unexpectedly, the ste2A, bck1A, mkk2A and mpk1A mutants showed lower levels of
FA production in both urea- and sodium nitrate-supplemented media, despite the higher
chelating activity detected in these conditions (Table 1).

3. Discussion

Since its discovery more than 70 years ago, fusaric acid (FA) has been among the most
studied fungal secondary metabolites produced by Fusarium phytopathogenic species [7,23].
Its wide spectrum toxicity towards plants, animals, bacteria and fungi has attracted the
attention of many scientists with the aim of identifying its biosynthetic gene cluster, the
environmental conditions eliciting its production/secretion and its mode of action. Recently,
different genes (fubl, fub2, fub3, fub4 and fub5) have been described as being responsible for
FA biosynthesis in plant pathogenic Fusarium species, and their transcription has been found
to be regulated by several environmental factors, including ambient pH, nitrogen source,

51



Toxins 2023, 15, 50

nutrient availability and presence of a plant host [24]. Although the toxicity mechanism of
FA is not fully understood, an increasing body of evidence suggests that metal chelation
represents a major mechanism for the toxic effect of FA on plants, mammals and competing
rhizobacteria [13,15]. In this work, we investigated the effect of environmental conditions
on FA production by Fol. Previous work by Lopez-Berges and co-workers [25] showed that
Fol is able to use a large variety of nitrogen sources. While a readily metabolized source
ammonium inhibited virulence-related functions, a non-preferred source nitrate promoted
such functions [25]. Moreover, it was shown that the ability of fungal pathogens to invade
and kill plants depends upon cellular iron homeostasis, environmental iron availability and
rhizosphere pH [22,26-29]. High iron availability and acidic pH inhibit virulence, while
low iron availability and alkaline pH promote infection [29].

Here, we found that Fol cultures grown in the presence of ammonium show acidic
pH values, while those supplemented with nitrate or urea show high pH values. It is
important to note that iron availability in soils depends largely on redox potential and
pH, where iron solubility decreases as soil pH increases [30]. To overcome reduced iron
availability, soil-inhabiting microbes have evolved a battery of high-affinity, low-molecular-
weight iron chelators known as siderophores, which are secreted into the environment
for efficient acquisition of limited iron pools [31]. In line with this, Fol cultures grown
on nitrogen sources leading to alkaline pH values showed higher chelating activity than
those grown in acidic conditions. Interestingly, a similar pattern was observed for FA
accumulation in culture supernatants, suggesting a possible role in FA production under
iron-limiting conditions. In support of this idea, external addition of the chelating agent
EDTA or the bacterial siderophore pyoverdine, as well as buffering the medium to pH 7.0,
induced an increase in FA levels, while exogenous addition of iron or buffering to pH 4.5
resulted in reduced FA production. Thus, FA biosynthesis in Fol appears to be regulated by
environmental pH and, consequently, iron availability. In line with this, Fol mutants in PacC,
which are affected in external pH sensing, were altered in FA production and chelating
activity. This is in agreement with previous reports indicating the requirement of PacC for
efficient expression of fub genes in F. fujikuroi and siderophore production in Aspergillus
nidulans at alkaline pH [14,32]. It is noteworthy that, similarly to siderophore biosynthesis,
FA production also appears to depend on iron homeostasis in Fol because deletion of the
iron homeostasis regulator HapX [22], a repressor of siderophore biosynthesis [33], led to
an overall increase in FA levels and chelating activity. Thus, FA production in Fol might be
regulated via two independent mechanisms based on pH and iron sensing.

In the banana pathogen F. oxysporum f. sp. cubense, Bck1, Mkk2 and Mpkl, three con-
served elements of the CWI MAPK signalling cascade, were shown to positively regulate
the expression of FA biosynthetic genes and FA production [16]. Here, we found that Fol
mutants lacking Mpk1, which is required for host sensing and virulence [18], produced
less FA, suggesting that FA production in F. oxysporum is regulated by the CWI MAPK
pathway. Surprisingly, the x-pheromone specific receptor Ste2, which was recently shown
to signal via the CWI MAPK pathway to regulate chemotropism and conidial germination
in Fol [18,34,35], also showed lower FA accumulation, suggesting a new role of pheromone
autocrine signalling in FA production. Importantly, this effect was independent of ex-
tracellular pH and chelating activity, indicating that pheromone signalling-mediated FA
production functions downstream of pH and Fe sensing in Fol.

Collectively, our results show that virulence-promoting conditions such as alkaline
pH, low iron availability, poor nitrogen sources and CWI MAPK signalling are associated
with an increase in FA production, suggesting that Fol has evolved both independent and
overlapping strategies to fine-tune the production of this important mycotoxin.

4. Materials and Methods
4.1. Fungal Isolates and Culture Condition

Fungal strains derived from Fusarium oxysporum f. sp. lycopersici (Fol) isolate 4287
(FGSC 9935) and used in this study are reported in Table 2. For microconidia production,
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fungal strains were grown in Potato Dextrose Broth (PDB; Difco; Fisher Scientific; Rodano,
MI, Italy) at 28 °C with shaking at 180 rpm for 5 days. For in vitro fusaric acid (FA) detection,
Puhalla minimal medium (MgSQOj,-7 H,O 2 mM, KH,PO4 7 mM, KCI 6 mM, Sucrose 90 mM)
adjusted to pH 5.0 and supplemented with 25 mM of different nitrogen sources (NaNOs;
(NH4)2504; NH4NO3; CH4N,O) was used [36]. Where indicated, the medium was pH
buffered to 7.0 or 5.0 with 100 mM 4-morpholineethanesulfonic acid monohydrate (MES)
or supplemented with 100 uM FeCls, 0.2 mM EDTA or 0.2 mM pyoverdine. Fungal strains
were inoculated in the growth medium at a final concentration of 5 x 10° conidia mL~!
and incubated for 7 days at 28 °C on a rotary shaker regulated at 180 rpm. The dry weight
of the fungal biomass and pH of the culture broth were evaluated periodically.

Table 2. Fusarium oxysporum £. sp. lycopersici (Fol) wild-type and mutant strains used in the experiments.

Fol Strain Genotype Gene Function Reference
FGSC 4287 Wild type [19]
Sfmk1A fmk1:PHLEO MAPK [19]
mpk1A mpk1:HYG MAPK [18]
hog1A hogl::HYG MAPK [17]
ste2\ ste2:HYG GPCR [18]
mkk2A mkk2::HYG MAPKK [18]
bek1A bek1:HYG MAPKKK [18]
hapXA hapX::HYG Transcription factor [22]
pacCA pacC:HYG Transcription factor [21]
pacCC pacCC:HYG Transcription factor [21]

4.2. Chrome Azurol S Assay

Siderophore quantification in fungal supernatants was carried out by using the liquid
chrome azurol S assay (CAS) (as previously described [37]. The percentage of chelating
activity (CA%) was indirectly quantified by measuring the ODgs5 of the culture supernatant
(ODs) and the uninoculated medium (ODc), used as a control, 60 min after the start of the
reaction, with the following formula: CA% = [(ODc — ODs)/ODc] x 100.

4.3. Fusaric Acid Extraction and Quantification

For FA extraction from fungal cultures, supernatants were collected and filtered
through Whatman no. 4 filter paper (Whatman Ltd., Maidstone, UK), adjusted to pH 2.0
with HCI (37% v /v) and extracted with ethyl acetate (1:1 v/v). Ethyl acetate phases were
separately collected, dried by rotary evaporation under reduced pressure and resuspended
in methanol. FA content was quantified through high-performance liquid chromatography
(HPLC-UV; Varian Analytical Instruments; Model 9010; Palo Alto, CA, USA) by using
previously reported methods and experimental conditions [38,39] and expressed in ug of
FA per mg of dry fungal biomass. To obtain an FA calibration curve, methanol-dissolved
FA standard solution (Merck Life Science; Milano, MI, Italy) was injected at concentrations
ranging from 0.02 to 2.0 mg mL~!. A linear relationship between peak areas and the
investigated FA concentrations was obtained (Y = 0.001x + 0.0105; R? value of 0.997).
Method validation was performed by spiking MM blanks with known concentrations of
FA. The average recovery rate was 96% and always exceeded 95%.

4.4. Statistical Analyses

Data were submitted to variance analysis (ANOVA) using the SPSS software v. 16.0
(SPSS Inc., Chicago, IL, USA) and means compared with Tukey’s test. Before analyses,
percentages of chelating activity were converted into Bliss angular values (arcsine square
root of the percentage value). All experiments were repeated at least three times, with
similar results. Homogeneity of variance for independent repetitions of each experi-
ment was tested, and data from separate experiments having homogeneous variances
were pooled.
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Abstract: In the work described here, a number of sesquiterpenes and benzoxazinoids from natural
sources, along with their easily accessible derivatives, were evaluated against the main protease,
RNA replicase and spike glycoprotein of SARS-CoV-2 by molecular docking. These natural products
and their derivatives have previously shown remarkable antiviral activities. The most relevant
compounds were the 4-fluoro derivatives of santamarine, reynosin and 2-amino-3H-phenoxazin-3-
one in terms of the docking score. Those compounds fulfill the Lipinski’s rule, so they were selected
for the analysis by molecular dynamics, and the kinetic stabilities of the complexes were assessed.
The addition of the 4-fluorobenzoate fragment to the natural products enhances their potential against
all of the proteins tested, and the complex stability after 50 ns validates the inhibition calculated. The
derivatives prepared from reynosin and 2-amino-3H-phenoxazin-3-one are able to generate more
hydrogen bonds with the MP™, thus enhancing the stability of the protein-ligand and generating a
long-term complex for inhibition. The 4-fluoro derivate of santamarine and reynosin shows to be
really active against the spike protein, with the RMSD site fluctuation lower than 1.5 A. Stabilization
is mainly achieved by the hydrogen-bond interactions, and the stabilization is improved by the
4-fluorobenzoate fragment being added. Those compounds tested in silico reach as candidates from
natural sources to fight this virus, and the results concluded that the addition of the 4-fluorobenzoate
fragment to the natural products enhances their inhibition potential against the main protease, RNA
replicase and spike protein of SARS-CoV-2.

Keywords: molecular dynamics; docking; SARS-CoV-2; COVID-19; sesquiterpene; benzoxazinoid

Key Contribution: Molecular dynamic studies demonstrated that natural and derivative sesquiter-
penoids and benzoxazinoids represent an interesting possibility in the fight against SARS-CoV-2.

1. Introduction

Coronaviruses (CoVs) are large positive-strand, enveloped non-segmented RNA
viruses that generally cause enteric and respiratory illnesses in animals and humans [1].
Although most CoVs that affect humans produce only mild respiratory diseases, with
little or no mortality, the previous epidemics of two pathogenic CoVs, namely severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV), led to major health alerts.

Traditional medicine based on plants has been used for preventive treatments for
COVID-19 in countries all over the world. Furthermore, some nutrient supplements
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obtained from herbal sources have also proven effective in reducing virus transmission
and decreasing infection [2]. Among the families of compounds that are potential drugs in
traditional medicine, sesquiterpenes are relevant due to their broad-spectrum drug nature,
e.g., artemisinin, and this family of compounds is found in A. annua. The in vitro efficacy
of artemisinin-based treatments in combating SARS-CoV-2 has shown that treatment
with artesunate, artemether, A. annua extracts and artemisinin hindered viral infections
of human lung cancer A549-hACE2 cells, VeroE6 cells and human hepatoma Huh7.5
cells. Among these four treatments, artesunate showed the strongest anti-SARS-CoV-2
activity (7-12 ug/mL) [3,4]. Given the promising results obtained with terpenoids, in
silico evaluation seems to be a promising tool to select leads for future bioassays against
SARS-CoV-2.

Previous in silico studies have demonstrated the efficacy of natural products fight-
ing against SARS-CoV-2. A plant-derived alkaloid, such as cryptoquindoline and 6-
oxoisoiguesterin isolated from Cryptolepis sanguinolenta and Salacia madagascariensis, dis-
played inhibition against the MP™ [5]. Forrestall et al. also evaluated the activity against the
MP™ by molecular docking of different natural products with 2-pyridone scaffolds, mainly
based on diterpene skeletons [6]. On the other hand, Narkhede et al. did not use a skeleton
criterion and selected different kinds of natural products with previous antiviral activity [7].
In the same case, compared to the other, neither sesquiterpene nor benzoxazinoids have
been studied in depth by molecular dynamics and docking.

The work described here concerned the evaluation of inhibitors for the three main
targets of SARS-CoV-2 (MP™ [8,9], spike glycoprotein [10,11] and RNA replicase [12,13])
by molecular docking and molecular dynamics simulation studies on bioactive natural
products and derivatives obtained from natural sources. These compounds can be obtained
on a multigram scale or can be synthesized in a single step, and they are readily available
and are relatively inexpensive.

2. Results and Discussion
2.1. Molecular Docking Studies

A total of 12 sesquiterpene lactones and 14 benzoxazinoids (Figure 1A,B) were selected
from the natural products and derivatives with notable bioactivity and structural similarity
to the reference standards (Figure 1C). The results for these compounds were compared
with those obtained for the standards. All of the compounds have previously shown anti-
cancer activity (mostly anti-leukemia) or some other cytotoxicity [14-16]. Antiviral activity
is also displayed, as in the case of costunolide, DHC and alantolactone, against the Hepatitis
Cvirus [17]. Inhibition of this virus has been also observed after the application of artichoke
extracts containing cynaropicrin [18]. APO and different benzoxazinoids present activity
against human cytomegalovirus and herpes simplex virus type 1 [19,20]. Favipiravir and
hydroxychloroquine contain two fused rings with at least one heteroatom in the structure, as
do the benzoxazinoids DIBOA, DIMBOA, DDIBOA and APO. In addition, the presence
of a halogen in the structures of the standards inspired us to include 4-fluorobenzoate
derivatives in the study. Methyl 4-fluorobenzoate (Met-4F-Benzo) was included in the
test in order to ascertain whether the activity can be attributed to this fragment alone. In
contrast, artemisinin is an antimalarial compound isolated from Artemisia annua, and this
is already being tested [21,22]. Artemisinin has a lactone sesquiterpene skeleton (C-15 and
cyclic ester in the main structure), as do the costunolide, dehydrocostuslactone (DHC),
cynaropicrin and alantolactone (alanto) derivatives. Azithromycin was included in the
study as a negative standard due to its different backbone and its reported lack of efficacy
against COVID-19 disease [23].
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Figure 1. (A) Sesquiterpenoids tested in the molecular docking analysis. (B) Benzoxazinoids tested
and (C) standards employed.

The binding energies of the sesquiterpenoids toward the MP™, RNA replicase and the
spike protein of SARS-CoV-2 in comparison with the standards are provided in Table 1.
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Table 1. Binding energy values of sesquiterpenoids selected in the study on Mpro, RNA replicase
and spike protein of SARS-CoV-2.

AG (Kcal/mol)

Compounds
Main Protease RNA Replicase Spike Protein
Azithromycin —1.20+ 047 —0.76 - 0.88 —4.64 +0.78
Hydroxychloroquine —3.45+0.16 —2.67 £0.81 —4.29 £0.76
Favipiravir —321+0.16 —3.58 - 0.24 —3.93 +0.42
Artemisinin —6.25 £0.23 —6.07 £ 0.07 —5.96 £+ 0.19
Cynaropicrin —3.49 £ 0.07 —4.02 +0.25 —4.19 +0.28
Met-4F-Benzo —5.32 £ 0.64 —5.71 +£0.93 —5.81 £ 0.48
Fluor-Cynaro —3.97 £1.01 —5.56 £0.73 —8.13 +£1.08
Costunolide —6.11 £ 041 —5.77 £ 0.20 —6.15 £+ 0.20
DHC —6.08 £ 0.30 —5.57 £0.34 —6.00 £0.28
Reynosin —5.54 £ 048 —5.92 + 041 —6.11 £0.18
Santamarine —5.81 £0.59 —5.97 1+ 048 —6.12 £ 0.31
Fluor-Reynosin —7.37 £0.50 —7.10 £ 0.93 —7.89 £0.77
Fluor-Santamarine =777 £0.77 —6.35+0.54 —7.68 £0.74
Alanto —5.82 £0.22 —6.57 £ 0.26 —6.46 £ 0.17
Alpha-Cyclo —5.99 £ 0.37 —5.95 £ 0.36 —6.20 £ 0.25
Beta-Cyclo —5.98 £ 0.49 —6.02 +0.52 —6.20 £ 0.29
3-DeBra —6.36 £ 0.37 —6.04 £0.37 —6.19 £ 0.25

The binding energy values show the remarkable activity of artemisinin, which has
not been tested previously, on all of the proteins tested. Furthermore, artemisinin has
similar binding energies to costunolide and DHC, two compounds isolated on a multigram
scale from Saussurea Lappa (Decne.) Sch.Bip [24]. Nevertheless, the highest activities
were obtained for the 4-fluorobenzoate derivatives of reynosin and santamarine (Fluor-
Reynosin and Fluor-Santamarine). In terms of the MP™ and RNA replicase inhibition
values (Table 1), artemisinin gave values in the range 25-35 uM, while Fluor-Reynosin
and Fluor-Santamarine were in the range 1-20 uM. The results of the studies on the spike
protein are consistent with the recognition function that this receptor protein has. In this
case (Table 1), the bis (4-fluorobenzoate) derivative of cynaropicrin (Fluor-Cynaro) was the
most active, with an inhibition constant of 1.10 uM on the spike protein.

Small changes in the skeleton did not result in significant changes in the binding
energy. A comparison of the results for reynosin, santamarine, alantolactone (alanto), (3-
cyclocostunolide (beta-cyclo), a-cyclocostunolide (alpha-cyclo) and 3-deoxybrachylaenolide
(3-DeBra) clearly shows that the arrangement of the skeleton does not lead to changes
in the inhibition in computational studies and even the presence of a hydroxyl group
or double bond in the first ring of the structure did not alter the energy markedly. An
analysis of the ligand binding site and the intermolecular forces (Figures S1-S3 and Table 1)
indicated that the lactone group appears to be the main component required for activity.
Nevertheless, alanto displayed a significant binding value, which was better than those for
similar lactones, against the RNA replicase. Alanto differs from the other sesquiterpenes in
the lactone arrangement, and this indicates that the remaining carbon skeleton must play a
relevant role.

As far as the benzoxazinoids (Table 2) are concerned, the results are similar to those
described for the sesquiterpenoids. These compounds all showed a binding energy toward
the MP™ that was lower than that of the standard artemisinin, but they are more active than
the standards with similar skeletons (hydroxychloroquine and favipiravir). In addition, the
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4-fluorobenzoate derivative of APO (Fluor-APO) has values similar to artemisinin. The
RNA replicase shows different profiles, with APO and the 4-fluorobenzoate derivative of
2,2’-disulfanediyldianiline (Fluor-DisNH) being more active than they were against the
MP™. The spike protein did not seem to recognize this kind of skeleton easily, but the
presence of halogen atoms (Figure S5) linked at the edge of the fluorobenzoate fragment
does appear to be relevant.

Table 2. Binding energy values of benzoxazinoids selected in the study on MP™, RNA replicase and
the spike protein of SARS-CoV-2.

AG (Kcal/mol)

Compounds
Main Protease RNA Replicase Spike Protein
Azithromycin —1.20 +:0.47 —0.76 - 0.88 —4.64 £0.78
Hydroxychloroquine —3.45+0.16 —2.67 £0.81 —4.29 £0.76
Favipiravir -3.21+0.16 —3.58 - 0.24 —3.93 £0.42
Artemisinin —6.25 £0.23 —6.07 £ 0.07 —5.96 £+ 0.19
Met-4F-Benzo —3.49 £+ 0.08 —4.02 +0.25 —4.19 +0.28
APO —5.13 £0.31 —5.93 £ 0.66 —5.52 £ 0.24
DisOH —4.84 + 0.69 —4.74 1+ 0.84 —4.66 £ 0.59
DisNH, —4.48 £0.22 —4.68 £+ 0.44 —4.88 £+ 0.38
Fluor-APO —6.01 £0.53 —6.08 £ 0.41 —7.79 +£0.88
Fluor-DisOH —5.71 £1.36 —4.67 £+ 0.69 —5.01 £ 0.86
Fluor-DisNH —4.45 + 131 —5.77 £ 0.55 —5.914+0.93
DIBOAa —4.05 £0.28 —4.05 4 0.34 —4.94 £+ 0.33
DIBOAD —3.90 £0.17 —4.50 £ 0.49 —4.33+0.28
DIMBOAa —3.93 £0.17 —4.03 +0.38 —4.61 £ 0.30
DIMBOAD —-3.91+0.13 —-3.71+047 —4.53 £0.36
DDIBOA —4.12 £0.17 —4.19 £ 0.19 —441 4027
6CI-DDIBOA —4.42 +0.11 —4.28 +0.24 —4.77 £0.21
6F-DDIBOA —4.07 £0.28 —4.30 £+ 0.36 —4.28 +£0.19
6F-DDIBOA —4.46 +0.22 —4.57 +0.38 —4.57 +0.18

Previous studies regarding similar proteins have highlighted the efficacy of this kind
of compound. Xue et al. showed that Michael acceptors groups in molecules, with the same
function as sesquiterpenes lactones with an exocyclic double bond, are really important
to inhibit the main protease of coronaviruses [25]. This is in concordance with the data
displayed in Tables 1 and 2, where the sesquiterpenes present higher inhibition values
than the benzoxazinoids in general terms. The studies on similar proteins to the RNA
replicase and spike protein of coronaviruses is really limited, and there are no small
molecules with reported inhibition. However, interesting studies on the MP™ of COVID-03
displayed the ability of dibenzyl sulphides (structurally similar to DisOH and DisNH,) to
link cysteine and histidine [26]. This interaction is observed in the MP™ with mimics of
the benzoxazinoids tested (DisOH and DisNH;) whose main interaction in the binding
site involves histide and cysteine. In the last case, Lu et al. remarked the relevance of the
sulfur-sulfur interaction [26].

On comparing the standards employed against the SARS-CoV main protease (Figure 2A),
it is clear that small differences between the SARS-CoV-2 and SARS-CoV viruses are suffi-
cient to cause differences in ligand binding. According to Xu et al., these two viruses share
96% sequence similarity [27]. The most remarkable example is hydroxychloroquine, which
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has an inhibition constant in the mM range against SARS-CoV-2 and an inhibition constant
of 60 M against SARS-CoV. Even the site of action of the compound is radically differ-
ent. The arrangement between the ligand and the target protein is shown in Figure 2B,C,
and the different spatial positions in SARS-CoV-2 and SARS-CoV is clear. In the former
case, threonine is the main interaction site and this is linked by a hydrogen bond with
the terminal hydroxyl group of hydroxychloroquine. In contrast, the SARS-CoV protein
binds to the terminal hydroxyl group through a glutamic acid residue and a nitrogen in
the structure shows a secondary union with the protein, in this case by a leucine residue.
This is a relevant finding according to the experimental results previously published by
Liu et al., who reported IC50 values of hydroxychloroquine [28] against SARS-CoV-2 that
were ~500 times higher than the IC50 values previously reported against SARS-CoV by
Vincent et al. in 2005 [29]. Accordingly, in our computational studies, the IC50 value for
hydroxychloroquine against SARS-CoV-2 was only ~200 times higher than for SARS-CoV.
On the other hand, azithromycin does not show any activity against the main protease, as
one would expect due to the similarities in the previous peptidic inhibitors [30].

In the evaluation of sesquiterpenes and benzoxazinoids, the compounds Fluor-Reynosin
and Fluor-Santamarine are the most promising for the bioassay evaluation. The sites of
action for these compounds, i.e., in the main protease and RNA replicase, are the same as
for artemisinin. Notwithstanding, the results of an in-depth study on the mode of action
of this standard showed that its inhibitory activity is due to a ‘desolvation effect’ caused
by a physical impediment toward the protein to be stabilized with solvent in the cytosol.
In contrast, Fluor-Reynosin and Fluor-Santamarine, despite sharing the same action site
with artemisinin, are able to establish stronger intermolecular forces. The binding of two
histidines instead of one in the case of MP™ and one unit of arginine and one valine in the
RNA replicase are observed due to the presence of the 4-fluorobenzoate group. Furthermore,
this group links with leucinel41 and cisteine145, two principal targets in the protease for
sesquiterpenoids and benzoxazinoids. Both structures explore new sites of action (Figures
51-S3) that are overlooked by azithromycin, favipiravir and hydroxychloroquine. This
situation is exemplified in Figure S4 for the main protease.

Fluor-Cynaro offers an interesting result in the case of the spike protein due to its
long-branched edges, which leads to the establishment of more interactions with the protein
than for other ligands. The presence of fluoro-substituents, a high number of carbonyl
groups and double-bonded carbons allows more secondary forces to participate in the
interaction. The site of action of this compound preferentially enables intermolecular forces
with asparagine and glutamic acid, as shown in Figure S5. Fluor-APO also presents a
remarkable profile along the whole viral protein, and it is more effective than all of the
standards in the case of the RNA protease but is best in the case of the spike protein. In
addition, it is important to highlight that both compounds can be synthesized in one step
in 99% yield by the reaction of the precursor with 4-fluorobenzoyl chloride. Furthermore,
both of the precursor natural products (cynaropicrin and APO) can be obtained on a
multigram scale. [31,32] On considering the results for DIBOA, DIMBOA, DDIBOA and
the halogenated derivatives of DDIBOA, it is clear that the functionalization of the aromatic
ring is not the key aspect. Nevertheless, amide formation, as in the case of APO, with
the addition of a fluorinated fragment seems to be important. Thus, an extra ring in
the structure contributes to a higher binding energy. Furthermore, Met-4F-Benzo, the
corresponding added fragment, did not show relevant activity when it was not linked to
the natural product.
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A Standard Comparison

AG (kcal/mol)
&

Zithromax Hydroxychloroquine Favipiravir Artemisin

® Main Protease COVID19 Main Protease COVIDO3

Figure 2. (A) Comparison between binding energy values of standard compounds against MP™ of
SARS-CoV and MP™ SARS-CoV-2. (B Left) Site of action of hydroxychloroquine on MP™ SARS-CoV-2.
(B Right) Site of action of hydroxychloroquine on MP™ SARS-CoV. (C Left) Amino acid residues that
establish intermolecular forces with hydroxychloroquine on MP™ SARS-CoV-2. (C Right) Amino
acid residues that establish intermolecular forces with hydroxychloroquine on MP™ SARS-CoV.

The most promising compounds were considered in the context of Lipinski’s rule
in order to evaluate their pharmacological potential in terms of oral bioavailability. The
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rules and standards are shown in Table 3A. This rule offers a first approach to understand
the ADME (absorption, distribution, metabolism and elimination) properties for the com-
pounds selected. The Lipinski ‘rule-of-five” has had a major impact on the daily practice
of medicinal chemistry across the pharmaceutical industry and served as a very useful
guideline for orally bioavailable small-molecule drug discovery [33,34]. It can be seen
how azithromycin is limited by its high molecular weight and hydrogen-bond acceptors,
which could prevent the correct orientation toward protein targets. Nevertheless, all of the
sesquiterpenoids and benzoxazinoids shown in Tables 1 and 2, except for Fluor-Cynaro,
fulfill the requirements and could be important options in the future development of
SARS-CoV-2 inhibitors. This model is dealing only with transport by passive diffusion (a
major route for drug molecules permeating thorugh cell membranes). However, diffusion
mechanims and complexation with ions also help in the transport. This may present some
of the drugs in Table 3B,C as potential drugs with good ADME properties although it is not
fulfilling the oral bioavailability Lipinski’s rule. Further analysis may be required in the
future to analyze Fluor-DisNH, Fluor-DisOH and Fluor-Cynaro in more details.

Table 3. Lipinski’s rules evaluation of compounds evaluated in molecular docking.

(A). Lipinski’s rules for standard compounds tested.

Molecular Lipinski’s Rule of 5
No Standard Formula Properties Value
M.W.
(<500 amu) 14111
6-fluoropyrazine- HCL;OS% C{) d(§5) -0.50873
1 2-carboxamide C5H4FN30 - 01(1<5)0H0r5 1
Favipiravi =
(Favipiravir) bond ;
acceptors (<10)
Violations 0
M.W.
(<500 amu) 335.88
cLog P (<5) 4.11588
2 Hydroxychloroquine  CygHy4CIN3O H-bOI(ligonors 2
H-Eond 4
acceptors (<10)
Violations 0
M.W.
(<500 amu) 282.34
cLog P (<5) 2.71630
3 Artemisinin C15H» 05 H—bor(li;l)onors 0
H-bond 5
acceptors (<10)
Violations 0
M.W.
(<500 amu) 749.00
cLog P (<5) 2.63825
4 Azithromycin CasH7»N>01s H-bOI(li :)Onors 5
H-gond 1
acceptors (<10)
Violations 2
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Table 3. Cont.

(B). Lipinski’s rules for the most relevant sesquiterpenoid compounds tested.

. . Molecular Lipinski’s Rule of 5
S t d
No esquiterpenolds Formula Properties Value
M.W.
(<500 amu) 34638
cLog P (<5) 0.045825
1 Cynaropicrin C19H»,0¢ H-borgi ;onors 2
H-bond 6
acceptors (<10)
Violations 0
M.W.
(<500 amu) 590.58
3,3"-di(4"- cLog P (<5) 5.82662
fluorobenzoyloxy) H-bond donors
2 cynaropicrin CasHasF20s (<5) 0
(Fluor-Cynaro) H-bond 10
acceptors (<10)
Violations 2
M.W.
(<500 amu) 23232
cLog P (<5) 3.79
H-
3 Costunolide Ci15Hp002 bor(li ;onors 0
H-bond 2
acceptors (<10)
Violations 0
M.W.
(<500 amu) 23031
cLog P (<5) 2.786
Dehydrocostuslactone H-bond donors
4 (DHC) Ci5Hi50, (<5) 0
H-bond 5
acceptors (<10)
Violations 0
M.W.
(<500 amu) 248.32
cLog P (<5) 1.183
5 Reynos'm C15H20 03 H-bOI‘(Ii;OnOI‘S 1
H-bond 3
acceptors (<10)
Violations 0
M.W.
(<500 amu) 37042
1-(4- cLog P (<5) 4.201
fluorobenzoyloxy) H-bond donors
6 reynosin C22H23FO, (<5) 0
(Fluor-Reynosin) H-bond 5
acceptors (<10)
Violations 0
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Table 3. Cont.

(B). Lipinski’s rules for the most relevant sesquiterpenoid compounds tested.

. . Molecular Lipinski’s Rule of 5
No Sesquiterpenoids Formula Properties Value
M.W.
(<500 amu) 248.32
cLog P (<5) 1.183
7 Santamarine C15H003 H-bo?i ;1)01‘101‘5 1
H-bond 3
acceptors (<10)
Violations 0
M.W.
" (<500 amu) 370.42
cLog P (<5) 4.201
fluorobenzoyloxy)
) H-bond donors
8 santamarine CyoHp3FOy (<5) 0
(Fluor-. H—gon q
Santamarine) acceptors (<10) 5
Violations 0
M.W.
(<500 amu) 23232
cLog P (<5) 3.27
Alantolactone H-bond donors
9 (Alanto) Ci5H200, (<5) 0
H-bond 2
acceptors (<10)
Violations 0
M.W.
(<500 amu) 23232
_ cLog P (<5) 3.27
10 cyclocostunolide Ci5Hp00, H-bond donors 0
(Beta-Cyclo) (<5)
H-bond 2
acceptors (<10)
Violations 0
M.W.
(<500 amu) 232.32
o cLog P (<5) 3.27
11 cyclocostunolide Cy5Hp00, H—boni donors 0
(Alpha-Cyclo) (=5)
H-bond 2
acceptors (<10)
Violations 0
M.W.
(<500 amu) 244.29
3 cLog P (<5) 1.024
. H-bond donors
12 deoxybrachylaenolide ~ Cy5H;603 (<5) 0
(3-DeBra) Ho-bond
acceptors (<10) 3
Violations 0
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Table 3. Cont.

(Q). Lipinski’s rules for the most relevant aminophenoxazinoids tested.

No B inoid Molecular Lipinski’s Rule of 5
enzoxazinoids Formula Properties Value
M.W.
(<500 amu) 21221
o arr cLog P (<5) 1.13575
2 amm_o 3H H-bond donors
13 phenoxazin-3-one C12HgN,, Oy (<5) 1
(APO) H-bond
acceptors (<10) 4
Violations 0
M.W.
(<500 amu) 334.31
4-fluoro-N-(3-oxo- HCEOgde(§5) 2.97045
3H-phenoxazin-2- -bond donors 1
14 yl)benzamide CioHnFN 05 (<5)
(Fluor-APO) H-bond 6
acceptors (<10)
Violations 0
M.W.
(<500 amu) 25033
oo cLog P (<5) 3.0194
) e H-bond donors
15 disulfanediyldiphenol C12H100252 (<5) 2
(DisOH) H-bond
acceptors (<10) 2
Violations 0
M.W.
(<500 amu) 494.53
disulfanediylbis(2,1- cLog P (<5) 7.2229
phenylene) H-bond donors 0
16 bis(4- Co6H16F2045; (<5)
fluorobenzoate) H-bond
(Fluor-DisOH) acceptors (<10) 6
Violations 1
M.W.
(<500 ) 248.36
oo cLog P (<5) 2.736
A H-bond donors
17 dithiodianiline C1oHaN2S; (<5) 2
(DisNH;) H-bond
acceptors (<10) 2
Violations 0
M.W. 149256
NN~ (<500 amu)
’ < .
(disulfanediylbis(2,1- Hi?gr% de( o_ns(zrs 206192
18 phenylene))bis(4-  CogHigFoN20,S, (<5) 2
fluorobenzamide) H-bond
(Fluor-DisNH) acceptors (<10) 4
Violations 1

2.2. Molecular Dynamics Simulations

The MD simulations were run after obtaining the docked positions of the most relevant
ligands (Fluor-Reynosin, Fluor-Santamarine and Fluor-APO) (Figures S6-515). On con-
sidering 6LU7, it can be seen from Figure 3 that the RMSD fluctuated by less than 1-1.5 A
for Fluor-APO and Fluor-Reynosin, and this is consistent with the stable complexes during
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the whole simulation (50 ns). This finding is also in agreement with the snapshots shown in
Figures S8-S10. It is clear from these results that the docked position was fully predicted by
molecular docking with these two promising compounds. However, Fluor-Santamarine
did not give a stable complex in any of the three replicates carried out. According to the
score obtained in the docking, both compounds show a similar activity profile, but the
different location of the double bond (i.e., exocyclic or endocyclic) seems to determine
the stability of the complex at the site of action. The addition of the 4-fluoro benzoate
fragment allows to enhance the inhibition of the protein according to the docking score,
but isomerism in the double bond allows to generate a long-term complex ligand—protein
that shows permanent inhibition. This stability is also observed in the protein-ligand
interaction energies in Table 4, which also contains the low Lennard-Jones energy of Fluor-
Santamarine with the MP™ in comparison with the other stable complexes. Furthermore,
this stability seems to be directly related to the total and average number of hydrogen
bonds per ns. Fluor-Reynosin and Fluor-APO are able to generate more hydrogen bonds
with the protein, thus enhancing the stability of the protein-ligand complex. A structural
change in the RMSD is observed during the first 20 ns for Fluor-Reynosin and Fluor-APO,
and these, according to the snapshots shown in Figures S8 and S9, are just rotations of the
molecule that do not affect the active site.

6LU7 - Fluor_Santamarine 6LU7 - Fluor_APO

20 30 40 50 0 10 20 30 40 50
Time (ns) Time (ns)

6LU7 - Fluor_Reynosin

1
0.5
0

0 10 20 30 40 50

Time (ns)

Figure 3. Root mean square deviation (RMSD) of the different ligands in the protein-ligand complex
with the main protease (6LU7) of SARS-CoV-2.
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In the case of the RNA replicase (6W4B), the RMSD fluctuations for the eudesmanolide
derivatives (Fluor-Reynosin and Fluor-Santamarine) and Fluor-APO show stabilization
throughout the simulation, with values that do not exceed 1.5 A (Figures 4 and S7). None
of the steps exceed 0.5 A, and this confirms the stability of the complexes. Nevertheless,
Fluor-APO experiences a significant continuous variation in geometry throughout the
simulation. According to the snapshots (Figure S14), this is not only due to the rotation or
rocking of the fluorobenzoate fragment but movement of the whole compound out from the
site of action of the protein, thus indicating a kinetically unstable complex. This situation
was confirmed by the lower protein-ligand average interaction energy of Fluor-APO with
the 6W4B protein (RNA replicase) when compared to the other compounds (Table 4). Once
again, hydrogen bonding seems to be the main contribution to complex stability. According
to the number of hydrogen bonds and their average lifetime, Fluor-APO is the worst
ligand in terms of inhibiting the action of the RNA replicase in comparison with the other
fluorobenzoate derivatives. This finding is consistent with the results shown in Tables 1
and 2, where it can be seen that the docking energy value for Fluor-APO with the RNA
replicase is markedly lower than those for the other two compounds analyzed. In addition,
Fluor-APO also has the lowest average number of hydrogen bonds per nanosecond, which
is consistent with the continuous increase in the RMSD value as the ligand moves away.

Fluor-Santamarine - GW4B

Figure 4. Root mean square deviation (RMSD) of Fluor-Santamatine in the protein-ligand complex
with the RNA replicase (6W4B) of SARS-CoV-2.

The spike (6MO0]) receptor-binding protein-ligand complexes were also analyzed. It
can be seen from Figure S6 that the Fluor-Santamarine and Fluor-Reynosin complexes are
stable after 50 ns, while Fluor-APO is relatively unstable with an RMSD fluctuation above
9 A, which means that the ligand position is not stable at that docking point. The score
values from the docking studies show that Fluor-APO is a promising compound, but the
MD simulations show a kinetically unstable complex. This is graphically represented in
the snapshots, where Fluor-APO changes its position markedly with respect to the spike
protein (Figure S11). This situation is consistent with the energy values of the ligands,
where the protein-ligand energy differs between Fluor-APO and the other two ligands by
a factor of greater than fifteen. The number of hydrogen bonds is a relevant parameter
in terms of the energy and stability of the complex and, in this case, complexes with
the 6M0]J protein seem to generate structures with lower stability in comparison to other
proteins (Table 4. The number of hydrogen bonds is reduced dramatically, with Fluor-
Reynosin showing only 1674 H-bonds. This value is extremely small in comparison with
the numbers of hydrogen bonds generated in the cases of the other proteins, although
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the protein-ligand interaction energies have comparable values. It appears that other
intermolecular forces that have more profound energetic implications must be involved
in the interaction with the protein to contribute to the stability of the Fluor-Reynosin and
Fluor-Santamarine complexes.

3. Conclusions

In silico studies such as molecular docking and dynamic methods represent a relevant
and rapid advance in the search for new drugs from derivatives of natural compounds
against SARS-CoV-2. The results reported here highlight the potential use of sesquiter-
penoids and benzoxazinoids to fight this virus. The molecules evaluated in this study have
a different site of action when compared with compounds from the same families that have
previously shown activity against the virus in preliminary studies. Furthermore, the results
of the molecular dynamics studies corroborated the docking results, thus showing the sta-
bility of the protein-ligand complex by the RMSD fluctuations—especially the complexes
with the MP™ and RNA replicase. Our team is currently analyzing and selecting possible
candidates based on the docking scores and physicochemical properties in an effort to
identify the best candidates for molecular dynamics studies. The results reported here
indicate that the addition of the 4-fluorobenzoate fragment to the natural products enhances
their potential against all of the proteins tested. This option would allow the production of
a large number of drug leads, and it would be possible to synthesize the most remarkable
compounds (Fluor-Reynosin, Fluor-Santamarine and Fluor-APO) in just one step.

4. Materials and Methods
4.1. Molecular Docking Studies

The 2D structures of the assayed compounds were generated with ChemBioDraw
20.0 and were converted to 3D structures with GaussView 6.0.16 software (Wallingford,
CT, USA). Proteins were obtained from the Protein Data Bank (www.rcsb.org, accessed
on 1 April 2020). The proteins selected were 2GTB (main protease of SARS-CoV), 6LU7
(main protease of SARS-CoV-2), 6W4B (RNA replicase of SARS-CoV-2) and 6M0] (spike
receptor binding of SARS-CoV-2). A grid box (120 x 120 x 120 A) was generated and
centered on the proteins. Kollman charges were applied to each protein to simulate the
electrostatic potential of amino acids. AutoDockTools (v. 1.5.6) was employed to define
the previous steps. DFT B3LYP/6-311G(d,p) minimization was employed prior to carrying
out the docking. Autodock 4.2 and the Lamarckian GA algorithm with 20 GA runs were
employed to develop the local docking, with a value of 1.0 used as the variance of the
Cauchy distribution for gene mutations. All calculations correspond to the most populated
cluster, with at least three members that fulfill an RMSD tolerance below 2.000 A (Tables
S1-54). Discovery Studio Visualizer 19.0 was used for the refinement of the docking results.
Chemical Identifier Resolver [35] was employed for the calculation of properties related to
Lipinski’s rule.

4.2. Molecular Dynamics Simulation

The studies were carried out starting from the minimum energy protein-ligand confor-
mation obtained from the previous molecular docking studies. GROMACS (2019.6 version)
was employed in conjunction with CHARMM36 force-field (march-2019) and SPCE water
model. The ligand topologies and parameters were obtained using the SwissParam server
(www.swissparam.ch, accessed on 5 June 2021) [36]. A dodecahedral box was generated
and the protein-ligand complexes (6LU7, 6W4 and 6M0]) were at least 1 nm from the edges
of the box, with a distance of at least 2 nm between periodic images of the protein in order
to fulfill the minimum image convention. A 0.1 M NaCl concentration was simulated in
the system to mimic physiological conditions. An energy minimization was applied until
the maximum force was less than 10 k] /mol. The system was then equilibrated for 0.1 ns
with 2 fs per step at 300 K using canonical equilibration. Equilibration of the pressure
was then carried out by the isothermal-isobaric method using the Parrinello-Rahman
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barostat. The system was equilibrated for 0.1 ns, also with 2 fs per step, at 300 K. The full
equilibrated system was submitted to a molecular dynamics simulation for 50 ns with 2 fs
per step. Correction of the trajectory was carried out by protein recentering within the
dodecahedral box. Snapshots of the trajectory were collected every 10 ns. The average
number of hydrogen bonds and average distance of these bonds were calculated using a
0.35 nm cut-off distance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins14090599/s1. Figure S1: Bond mapping of MP™ with the
most relevant ligand in the study. The image highlights that benzoxazinoids and sesquiterpenes
explore a different binding site than the standards. The legend for the compounds is shown in the
table below. Figure S2: Bond mapping of the RNA replicase with the most relevant ligand in the
study. In this case, the protein shows symmetry, so compounds in the first and fourth grid correspond
to the same site. Figure S3: Bond mapping of the spike protein with the most relevant ligand in the
study. The image shows that benzoxazinoids and sesquiterpenes explore different binding sites than
the standards. Figure S4: Comparative images of MP' site of action of standard (a) azithromycin
and (b) favipiravir, with (c) APO and (d) Fluor-Reynosin. (a) and (b) show different sites of action
than (c) and (d). In the case of (b), the position is in front of the protein while (c) and (d) are behind.
Sesquiterpenoids and benzoxazinoids explore a different kind of site. Figure S5: (a) Binding site of
Fluor-Cynaro on the spike protein of SARS-CoV-2. (b) Binding site of Fluor-APO on the spike protein
of SARS-CoV-2. (c) Amino acid residues that establish intermolecular forces with Fluor-Cynaro on
the spike protein of SARS-CoV-2. (d) Amino acid residues that establish intermolecular forces with
Fluor-APO on the spike protein of SARS-CoV-2. Figure S6: Root mean square deviation (RMSD) of the
different ligands in protein-ligand complex with spike protein of SARS-CoV-2. Figure S7: Root mean
square deviation (RMSD) of the different ligands in protein-ligand complex with RNA replicase of
SARS-CoV-2. Figure S8: Snapshot of structural changes at different times of the molecular dynamics of
Fluor-APO with main protease of SARS-CoV-2. Figure S9: Snapshot of structural changes at different
times of the molecular dynamics of Fluor-Reynosin with main protease of SARS-CoV-2. Figure S10:
Snapshot of structural changes at different times of the molecular dynamics of Fluor-Santamarine
with main protease of SARS-CoV-2. Figure S11: Snapshot of structural changes at different times
of the molecular dynamics of Fluor-APO with spike protein of SARS-CoV-2. Figure S12: Snapshot
of structural changes at different times of the molecular dynamics of Fluor-Reynosin with spike
protein of SARS-CoV-2. Figure S13: Snapshot of structural changes at different times of the molecular
dynamics of Fluor-Santamarine with spike protein of SARS-CoV-2. Figure S14: Snapshot of structural
changes at different times of the molecular dynamics of Fluor-APO with RNA replicase of SARS-
CoV-2. Figure S15: Snapshot of structural changes at different times of the molecular dynamics of
Fluor-Reynosin with RNA replicase of SARS-CoV-2. Table S1: RMSD values of tested compounds
against MP™ of SARS-CoV-2. Table S2: RMSD values of tested compounds against RNA replicase
of SARS-CoV-2. Table 53: RMSD values of tested compounds against spike protein of SARS-CoV-2.
Table S4: RMSD values of tested compounds against MP™ of SARS-CoV.
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Abstract: Staphylococcus aureus is a Gram-positive bacterium, which can be found, as a commensal
microorganism, on the skin surface or in the nasal mucosa of the human population. However,
S. aureus may become pathogenic and cause severe infections, especially in hospitalized patients.
As an opportunistic pathogen, in fact, S. aureus interferes with the host CaZ* signaling, favoring
the spread of the infection and tissue destruction. The identification of novel strategies to restore
calcium homeostasis and prevent the associated clinical outcomes is an emerging challenge. Here, we
investigate whether harzianic acid, a bioactive metabolite derived from fungi of the genus Trichoderma,
could control S. aureus-induced Ca>* movements. First, we show the capability of harzianic acid to
complex calcium divalent cations, using mass spectrometric, potentiometric, spectrophotometric,
and nuclear magnetic resonance techniques. Then, we demonstrate that harzianic acid significantly
modulates Ca2* increase in HaCaT (human keratinocytes) cells incubated with S. aureus. In conclusion,
this study suggests harzianic acid as a promising therapeutical alternative against diseases associated
with Ca* homeostasis alteration.

Keywords: calcium; chelation; fungi; secondary metabolites; Staphylococcus aureus; Trichoderma

Key Contribution: Harzianic acid significantly modulates Ca®* increasing in HaCaT cells incubated
with Staphylococcus aureus.

1. Introduction

Calcium is a universal intracellular messenger that regulates different cellular activities.
It is responsible for controlling cell development and proliferation, as well as fundamental
processes such as learning, memories, and muscle contraction [1]. Ca?* signaling and
regulation has been widely described in eukaryotic cells due to its involvement in above-
mentioned cellular processes [2,3]. Given this scenario, Ca®* signaling is highly regulated
and its concentration tightly controlled in various cell compartments [4,5]. For this reason,
if slightly exceeding, Ca?* ions may become toxic and stimulate cell death, thus increasing
the risk to develop severe pathologies [6]. External stimuli may induce significant changes
in cell calcium concentration. It has been reported that bacteria are one of the biotic
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factors contributing to Ca?* homeostasis alteration, for example, through the release of
pore-forming toxins (PFTs) [7].

Staphylococcus aureus is a Gram-positive bacterium that, although commonly consid-
ered a commensal, is a major cause of several human infections (e.g., pneumonia, endo-
carditis, and medical-device-related), including skin and soft tissue infections (SSTIs) [8].
Staphylococcus aureus is able to colonize skin and nasal mucosa without causing any symp-
toms. However, when colonizing immunocompromised individuals, S. aureus may build
an infection [9,10]. In order to colonize and infect the host cell, S. aureus expresses virulence
factors such as hemolysin A, a PFT that can form pores and insert into host cell membranes,
resulting in a perturbation of calcium levels [7,11]. Alterations of Ca?* concentration,
amongst other pathogenesis mechanisms, could mediate bacterial adherence, following its
incorporation into the host cells [7,12,13].

Starting from the discovery of penicillin, the interest in natural products has increased,
since microbial strains play a key role as major sources of secondary metabolites for drug
discovery and application in both medical and agricultural fields [14-16]. These secondary
metabolites mediate interactions with plants, microbes, cells, and tissues and are involved
in the effects on plants or other organisms [17,18]

Among fungal microbes, Trichoderma is the genus recognized as a model to study
plant-microbe interactions [19,20]. Therefore, selected strains of Trichoderma are broadly
commercialized for crop protection and production. [21]. Several strains of Trichoderma are
also exceptional producers of secondary metabolites with a wide range of biological activi-
ties (e.g., antibiosis, plant growth promotion, induction of systemic resistance, transport of
metal cations, etc.) [22,23].

Among these bioactive metabolites, there is harzianic acid (HA), a tetramic acid
derivative that has demonstrated remarkable biological activities, including antimicrobial
activity (e.g., S. pseudintermedius, Rhizoctonia solani), plant growth promotion (i.e., tomato,
olive drupes), and affinity to ferric and other divalent metal ions [24-31].

In this context, harzianic acid may represent a valid therapeutical strategy to prevent
detrimental diseases, having shown chelating properties towards bivalent cations [30,31].
The aim of the present study is to demonstrate the affinity of HA for Ca?* ions and its
ability to affect calcium mobilization in HaCaT cells upon S. aureus infection.

2. Results and Discussion
2.1. Harzianic Acid Inhibits Staphylococcus aureus Growth

To determine whether HA affects S. aureus growth, the bacterial growth dynamic
was evaluated for 16 h. HA was found to completely inhibit the growth of S. aureus at
the highest tested concentrations (100 uM to 1000 uM) (Figure 1). Interestingly, bacterial
growth suppression did not decrease over time (Figure 1). Of note, HA was also found to
exert a modest antimicrobial activity against S. aureus at concentrations of 10 and 50 uM.
In particular, a gradual and significant decrease in S. aureus growth was observed at 16 h
of incubation with HA (10 and 50 uM), compared with that of untreated cells (p < 0.001)
(Figure 1). Attractively, HA showed improved activity against S. aureus at 16 h compared
with ampicillin, one of the most commonly used broad-spectrum antibiotics. Although
the mechanisms underlying the suppression of bacterial growth following HA treatment
remain to be determined, as a tetramic acid, HA might exert its antimicrobial activity by
impairing the barrier function of the bacterial membrane. High concentrations of HA
have been reported to produce pores in the cell membrane of Gram-positive bacteria [32].
However, the mechanism of pore formation is still unclear, but not depending on a direct
targeting of the cell membrane. In fact, lacking a highly lipophilic N-substituent, HA seems
not to be as effective in penetrating bacterial cell membranes. Generally, tetramic acid
molecules possess lipophilic functional groups, exhibiting effective antibacterial activity.
This property reflects the capability of these functional groups to (i) dissipate the trans-
membrane pH of bacteria, (ii) allow proton translocation across the membrane, and (iii)
destroy the bacterial cell membrane [33]. In the absence of cell selectivity (prokaryotic cells
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over eukaryotic cells), it seems evident that tetramic acids also exhibit cytotoxic effects on
eukaryotic cells [33]. Many studies, in fact, have focused on synthesizing novel molecules
with reduced lipophilicity in order to improve their safety and preserve their antimicrobial
effects. Yet, contrary to other tetramic acid derivatives, HA was found to be highly tolerated
by eukaryotic cells, specifically HaCaT cells (See Section 2.2). This could find an explanation
in its peculiar chemical structure. In such conditions, the capability of HA to chelate Fe3*
may represent an effective mechanism hampering bacterial iron availability, thus altering
bacterial growth [29].

HA8 h
20- -= HA16h
-+ [-Lactam antibiotic 16 h

0D600

[uM]

Figure 1. HA impacts S. aureus cell growth. S. aureus was incubated in the presence of LB medium as

general control (S. aureus) or a range of HA (from 1000 uM to 1 uM). Growth curves were measured
at an optic density of 600 nm (OD600) after 8 and 16 h of incubation. B-lactam antibiotic was used as
positive control. Statistical analysis was performed by two-way ANOVA, followed by Bonferroni
correction test. Each condition was compared with the untreated control of the corresponding
timepoint (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

2.2. Harzianic Acid Does Not Alter HaCaT Cell Viability

To investigate whether HA affects the metabolic activity of human keratinocytes, the
cytotoxicity of HA on HaCaT cells was explored. Despite different concentrations of HA
were examined (spanning from 0.7 to 500 M), no cytotoxic effects were detected (Figure 2).
However, an unusual bimodal distribution was observed.

Of note, HaCaT cells treated with high concentrations of HA (55 to 500 uM) displayed
an increased survival, compared with untreated cells (control; cell without HA treatment)
(Figure 2). Yet, this phenomenon was not dependent on the HA dose.

Conversely, concentrations of HA lower than 55 M decreased cell viability in a dose-
dependent manner. However, cell viability was constantly more than 80% compared with
the untreated control (Figure 2).

2.3. Harzianic Acid Controls the Cell Host Ca?* Movements

Calcium signalling regulates diverse biological processes. Impairment of cellular
calcium levels may alter cell metabolism and cause various diseases. The reasons of such
alteration are multiple. It is generally reported that bacterial infections affect Ca®* fluxes in
host cells [34].
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Figure 2. Effect of HA on HaCaT cell viability. HaCaT cells were cultured with different concen-
trations of HA for 24 h. The bar graph represents means + SD of three independent experiments,
each performed in triplicate. Results are expressed as percentage of untreated control. Statistical
significance was determined by one-way ANOVA (***, p < 0.001). Statistical analysis was performed
by comparing each condition with the untreated control. CC50, indicating cytotoxic concentration 50,
was calculated by Graphad software.

Staphylococcus aureus is recognized as the primary cause of skin infections [35]. It is
described to invade and survive within the host cells for a long period of time, establishing
a persistent infection [36]. Virulence factors, as well as its capability to escape the host
immune defence, contribute to the pathogenicity and occurrence of S. aureus infection [37].

Staphylococcus aureus produces a variety of virulence factors, which may interfere
with the host calcium signalling [13]. To invade the eukaryotic host cells, S. aureus pro-
duces pore-forming toxins, such as a«—hemolysin, which induce Ca?* oscillations in host
cells, thus ensuring bacterial virulence and facilitating bacterial adaptation to the host
environment [13,38,39].

Consistent with these findings, our results showed increased Ca?* levels in HaCaT
cells ([Ca®*];,) cultured with S. aureus. Interestingly, cells infected with S. aureus for 3 h
responded to bacterial invasion with a higher rise of cytosolic calcium than those infected
for 6 h (Figure 3A). The long-term exposure to S. aureus could account for this dissimilarity.
To establish bacterial infection, S. aureus must colonize the host cells and replicate [36].
Nevertheless, 6 h post-infection, in vitro bacterial replication could cease, and the stationary
growth phase could be reached, thus attenuating bacterial virulence and calcium increase.

Intracellular calcium elevation ([Ca2*];,) has also been reported to exert antimicrobial
activity. In particular, Ca?* ions have been demonstrated to kill stationary-phase S. aureus
cells [40]. [Ca%*]in in cells cultured with S. aureus for 6 h and treated with HA (10 uM) was
increased when compared with both control and S. aureus cultured cells (Figure 3A). Such
a result supports what is reported above and suggests that HA may mediate antimicrobial
effects by targeting bacterial pathogens (at a high concentration; see Figure 1) and/or
mammalian host cells, influencing the host immune responses [34].

Cells infected with S. aureus for a shorter time (3 h) and then treated with HA also
showed an increased [Ca®*];, (Figure 3A), likely due to the ability of HA to regulate the
host’s innate immune response [41]. However, calcium accumulation was lower than in
cells infected for 6 h (Figure 3A).
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Figure 3. HA affects S. aureus-induced Ca?* mobilization. HaCaT cells were infected with S. aureus
or treated with HA 10 uM (after 90 min of bacterial exposure; S. aureus and HA), and cytosolic
(A) as well as extracellular Ca* (B) were determined by Atomic Adsorption Spectroscopy after 3
or 6 h. Results are represented as means + SD of three independent experiments, each performed
in triplicate. Statistical significance was determined by one-way ANOVA followed by Bonferroni
correction test (***, p< 0.001; ****, p < 0.0001). Statistical analysis was performed by comparing the
above-reported experimental conditions (see legend) for each time of treatment.

Bacterial infections also impact the extracellular calcium concentration ([Ca?*]ex) [42].
Furthermore, intracellular calcium accumulation often results in the extracellular calcium
increase via transmembrane calcium fluxes. Nevertheless, extracellular calcium elevation
may compromise the surrounding cell functions, triggering an exacerbated immune re-
sponse through the NLRP3 inflammasome activation [42]. Intriguingly, HA was found to
mitigate [CaZ*]ex following S. aureus infection, compared with untreated cells (Figure 3B).

Taken together, these results indicate the valuable ability of HA to control S. aureus
infections, by exerting a microbicidal action and/or supporting the host immune function
against the pathogen, as well as to prevent a harmful inflammatory response.

In an attempt to investigate whether HA could hamper the host cell calcium oscilla-
tions, the culture medium of HaCaT cells was enriched with CaCl, and the extracellular
Ca?* levels were measured following HA treatment, using a colorimetric method. Com-
pared with control cells, calcium levels were increased in the culture medium of cells
supplied with CaCl, and, as expected, decreased in both supernatant and cytosol of cells
treated with HA (Figure 4), indicating the capacity of HA to remove calcium ions—likely
due to its chelating properties—and control cell calcium fluxes.
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Figure 4. HA reduces CaCly-induced Ca®* oscillation. HaCaT cells were cultured with CaCl,
1.8 mM or treated with HA 10 uM following 60 min of CaCl, exposure. (A) Cytosolic Ca%* and
(B) extracellular Ca* levels were determined by colorimetric assay. Results are represented as means
=+ SD of three independent experiments, each performed in triplicate. Statistical significance was
determined by one-way ANOVA followed by Bonferroni correction test (****, p < 0.0001).
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Therefore, the results revealed that HA may interfere with Ca(II) mobilization, not
only in response to bacterial infections.

2.4. Coordination Properties of Harzianic Acid toward Ca®*

Harzianic acid has been widely recognized as an efficient ligand of a variety of metal
cations [30,31,43,44]. Since harzianic acid is a diprotic acid, the symbol HyL is used in
this section to indicate the fully protonated species, while HL™~ and L?~ indicate deproto-
nated species whose dissociation constants were previously determined at 25 °Cin 0.1 M
NaClOy4/(CH3OH + H,0 50/50 w/w) mixed solvent, the same solvent employed in this
study [30].

Complex formation equilibria between harzianic acid toward the dipositive cation Ca?*
were studied using mass spectrometric, potentiometric, spectrophotometric, and nuclear
magnetic resonance (NMR) techniques. A high-resolution mass spectrum (HRMS) of a
solution consisting of CaCl, and HA was acquired (Section 4.11). The most abundant ions
in the collected HRMS are reported in Table 1. Peaks corresponding to adducts of harzianic
acid with hydrogen, sodium, and potassium were detected. Moreover, peaks related to
ions containing both Ca?* cation and harzianic acid in a 1:2 and 1:3 metal-to-ligand ratio
were observed.

Table 1. Most abundant ions in high-resolution spectrum (HRMS) acquired by HPLC-ESI-HRMS on
solutions of harzianic acid and Ca®*.

Experimental Mass of

Ion Main Isotopic Peak (Da) Formula Exact Mass (Da)
Harzianic acid + CaCl,
[HoL + H]* 366.1929 C19HgNOg 366.1917
[HoL + Na]* 388.1750 C19Hp7NOgNa 388.1736
[HoL + K]* 404.1404 C19H7NOgK 404.1475
[ZHzL —H+ Ca]* 769.3243 C38H53N2012Ca 769.3224
[BH,L — H + Ca]* 1134.5079 CsyHggN3015Ca 1134.5063

The chelating properties of HA towards the dipositive cation Ca?* were also studied
by collecting potentiometric and spectrophotometric data. In particular, the interaction
between harzianic acid and calcium cations was monitored by acquiring UV-Vis spectra
in a wide wavelength range (200-500 nm) at 25 °C of solutions of accurately known
analytical concentrations of the metal cation (Cc,, M) and of the ligand (C,;. M) in a
0.1 M NaClOy/(CH30H + H,O 50/50 w/w) mixed solvent. The free proton concentration,
[H*], was measured with a pH indicator glass electrode that was properly calibrated as
is described in Materials and Methods, Section 4.12. By recording UV-Vis spectra as a
function of pH at two molar metal/ligand ratios (Figure 5), it is evident that the spectral
variations depend on the pH rather than on the molar metal/ligand ratio.

In order to evaluate the stoichiometry and formation constants between calcium metal
ion and harzianic acid, the spectrophotometric data in Figure 5 were processed numerically
by a Hyperquad program and the results are summarized in Table 2 [45].

Table 2. Summary of Ca*/harzianic acid (H,L) formation constants. o indicates the estimated
standard deviation.

Equilibria log (Formation Constant) & 30
Ca?* + L2~ = CaL 6.3+0.1
Ca%t + 212~ = Cal,2~ 102+ 0.1
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Figure 5. Raw UV-Vis spectra of solutions of Ca>* and harzianic acid of accurately known analytical
composition and pH in a 0.1 M NaClO,/(CH3OH + H,O 50/50 w/w) mixed solvent. Absorption
spectra define two groups differentiated by color; orange-colored spectra have been acquired on
solutions with a concentration of the ligand nearly twice that of the calcium dipositive cation; blue-
colored spectra have been acquired on solutions with concentration of ligand nearly twice that of the
metal cation. Numerical labels on curves indicate the corresponding pH.

From the data in Table 2, distribution diagrams can be drawn (Figure 6A,B) showing
the fraction of the total calcium concentration present in the form of each species (free Ca*
or complexed CaL/Cal,?") as a function of pH. Either in solutions containing equal con-
centrations of the cation and of the ligand (i.e., Cy,1./ Cca = 1, Figure 6A) or in solutions in
which the ligand concentration is twice the concentration of the cation (i.e., Cy,./Cca = 2,
Figure 6B), it can be seen that, at low pH, the prevailing species in the solution is the
free Ca2* due to the protonation of the bonding sites of harzianic acid [40]. At higher pH
values, the mono complex CaL rises to about 90% when the Cy,1./Cca = 1, as in Figure 6A.
Moreover, the bis complex Cal,2~ is present in negligible concentration (about 5%).
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Figure 6. Distribution diagrams for Ca?*~harzianic acid systems in the 0.1 M NaClOy/(CH30H +
H,0 50/50 w/w) mixed solvent: (A) equal total concentrations (2.5 x 10~* M) of harzianic acid and
metal cations; (B) harzianic acid total concentration (5 x 10~% M) twice the total concentration of

metal cations.
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In solutions in which the ligand concentration is twice the concentration of the cation
(i-e., Ch,/Cca = 2, Figure 6B), the mono complex CaL is the prevailing species at pH ~ 4,
while at the highest pH investigated (pH > 7), the bis complex and mono complex species
are equally present in solution.

NMR analysis of Ca>*~HA solutions confirmed the chelating ability of the fungal
metabolite. In fact, the comparison of the proton spectra of harzianic acid and the solution
of Ca?* and harzianic acids recorded in CD;0D showed some significant shifts for the
protons of the octadienoyl chain. In particular, the proton H-2, overlapped with H-3,
resonated as a multiplet at § 7.48-7.34, showing an upfield shift of A 0.29. Moreover,
protons H-3, H-4, and H-5 showed a downfield shift of A5 0.13, 0.07, and 0.27, respectively.
The H-5" proton of the pyrrolidine-2,4-dione ring resonated as a multiplet at 5 3.64-3.59,
showing a downfield shift of Ad 0.22. These data agree with those previously reported
(Figure 7) [30,31].

Figure 7. Main variations in chemical shifts observed by comparison of the 'H NMR of harzianic
acid and Ca?*-harzianic acid complex recorded in CD;0D at 400 MHz.

3. Conclusions

In this investigation, the effects of the fungal metabolite harzianic acid were evaluated
against S. aureus, a causative agent of severe infections, especially in hospitalized patients.
Harzianic acid activity was tested towards human keratinocytes infected with S. aureus. The
results provide evidence about the capability of HA in controlling S. aureus, reducing the
pathogen growth rate, and modulating the eukaryotic cell Ca?* mobilization. Furthermore,
the capability of HA to complex calcium divalent cations was investigated using mass
spectrometric, potentiometric, spectrophotometric, and NMR techniques. The results
demonstrate the ability of this natural compound to form stable neutral or negatively
charged complexes in a calcium/harzianic acid ratio 1:1 or 1:2. The abundance of the
species is dependent on the pH of the solution.

In conclusion, HA may modulate the host Ca®* signaling pathway, thus showing
beneficial effects, which could have implications in different diseases. However, further
studies are needed to investigate the mechanisms underpinning the ability of HA to
modulate the host immune response against S. aureus via Ca>* mobilization interference.
Moreover, the comprehensive understanding of HA characteristics as a chelator of multiple
metal ions could provide new insight into the therapeutical role of HA in S. aureus infections,
highlighting its clinical (beneficial and adverse) effects.

4. Materials and Methods
4.1. Harzianic Acid Production

Harzianic acid was obtained from T. harzianum M10 grown in liquid medium (PDB,
HiMedia, Mumbai, India) for 21 days and purified following a previously described
protocol with some modifications [25]. Briefly, culture filtrate was exhaustively extracted
with ethyl acetate (EtOAc, Carlo Erba, Cornaredo, Milan, Italy), and the dry residue was
resuspended in dichloromethane (DCM, Carlo Erba) and extracted with a 2M solution
of sodium hydroxide (NaOH, Carlo Erba). The aqueous phase was acidified at pH = 2
with hydrochloric acid (HCI, Carlo Erba), and harzianic acid was obtained after vacuum
filtration and precipitate wash with EtOAc. Harzianic acid identification was achieved by
NMR and LC-MS analyses [30,31].
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4.2. Cell Culture Conditions

Immortalized human keratinocytes (HaCaT cell line) were obtained from the Cell Lines
Service (CLS, catalog number 300493). HaCaT cells were grown in Dulbecco’s Modification
of Eagle’s Medium, high glucose (DMEM), supplemented with 10% fetal bovine serum
(EBS), 1% penicillin/streptomycin, and 1% L-glutamine (all from Microtech, Naples, Italy)
in a humidified atmosphere at 37 °C and 5% CO,.

4.3. Staphylococcus aureus Growth Conditions

Starting from a frozen stock (—80 °C), S. aureus (ATCC 25923) was grown on Luria—
Bertani (LB, Scharlab S.L., Barcelona, Spain) agar at 37 °C for 24 h. The next day, an isolated
colony was transferred from the agar plate to the tube containing liquid LB medium. The
tube was gently shaken to suspend bacterial cells and then incubated at 37 °C overnight on
a shaker at 180 rpm.

4.4. Antibacterial Activity

Antimicrobial activity of HA against S. aureus was tested using the broth microdilution
method [46]. HA was resuspended in LB medium containing 10% dimethyl sulfoxide
(DMSO) and then diluted to obtain final concentrations used for the assay. In detail, four
two-fold serially diluted concentrations of HA (1000 1M, 500 uM, 250 uM, 50 uM, and
5 uM) and three intermediate concentrations (100 uM, 10 uM, and 1 uM) were prepared in
15 mL sterile test tubes, using S. aureus growth medium (LB medium) as solvent. A final
volume of 1 mL of each dilution (two times more concentrated than the above reported
concentrations) was prepared using growth medium (LB) as diluent. Subsequently, the
bacterial inoculum was prepared. In detail, the overnight culture was sub-cultured in fresh
LB broth in order to reach the final concentration of 5 x 10> CFU mL~!. An amount of 1 mL
of the adjusted microbial suspension was added to each tube containing 1 mL of the sample
and mixed. Finally, tubes were incubated at 37 °C on a shaker at 180 rpm for 16-18 h. The
optical density at 600 nm (ODgp) was measured using a spectrophotometer (Smartspec
Plus, Bio-Rad, Hercules, CA, USA). Bacterial culture grown in LB medium containing 10%
DMSO and in the absence of HA was used as control, while LB medium containing 10%
DMSO was used as blank.

4.5. Cell Viability Assay

Colorimetric MTT assay was performed to examine the cytotoxic effect of HA on
HaCaT cells [47]. Cells were seeded in a 96-well plate at a density of 2 x 10° per well
and incubated overnight at 37 °C and 5% CO,. HA was resuspended in a mixture of cell
culture medium (DMEM) and 10% DMSO, generating the stock solution. The stock solution
was successively diluted, using cell culture medium, in order to prepare HA solutions at
various concentrations used in the test (0.7-500 uM). The next day, culture medium was
replaced with fresh medium containing different concentrations of HA (0.7-500 uM) and
cells were further incubated for 24 h. After the incubation time, the medium containing the
treatment under investigation was removed by aspiration, cells were washed with PBS, and
fresh culture medium diluted with 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium
bromide solution (MTT; 1:10) was added to each well. Cells were further incubated for 3 h
at 37 °C and 5% CO,. The formed crystals were dissolved using DMSO and quantified
using the Model 680 microplate reader (Bio-rad, Hercules, CA, USA) at 570 nm. The
percentage of cell viability was calculated according to the following formula: (ABSgymple
— ABSpjank)/ (ABScontrol — ABSpiank) X 100, where blank represents cells incubated with
10% DMSO in culture medium and control represents untreated cells. CCsy was calculated
by GraphPad Prism software (version 9.1.1) using nonlinear regression analysis.

4.6. Infection by Staphylococcus aureus of Eukaryotic Cells

Infection of cells was performed following Stelzner et al. (2020) protocol with some
modifications [36]. The day before the infection, 0.25 x 10° cells were seeded in a 24-well

82



Toxins 2023, 15, 237

plate and incubated overnight at 37 °C and 5% CO;. The next day an ODgyy = 0.4 cell
suspension was incubated at 37 °C for 1 h on a shaker at 180 rpm. When the exponential
growth phase was reached, bacteria were centrifugated twice, at 6000x g for 10 min, and
washed with Phosphate Buffer Solution (PBS; Microtech, Naples, Italy). Bacterial cells
were then resuspended in DMEM with or without 10 pM HA and used to infect HaCaT
cells (Multiplicity of Infection; MOI = 50). After 1 h of infection, extracellular bacteria
were removed by lysostaphin treatment (20 j1g mL~! per well for 30 min). Finally, culture
medium was removed, and cells were washed in PBS and restored with fresh medium
containing 10 uM HA. After an additional 2 or 5 h of incubation, both culture medium and
cells were collected and stored at =80 °C until calcium measurement.

4.7. Extracellular Ca®** Supplementation

HaCaT cells were supplied with exogenous Ca?*, to better investigate the role of HA
in controlling calcium oscillations. Cells were seeded in a 24-well plate at a density of
0.25 x 100 per well and incubated at 37 °C and 5% CO, overnight. After cell attachment,
the culture medium was renewed with a fresh one containing 1.8 mM CaCl, [36], with or
without 10 uM HA, and incubated for 1 h. After the incubation time, cells were treated
with 10 uM HA and further incubated. At 2 h after treatment, both culture medium and
cells were collected and stored at =80 °C until calcium measurement.

4.8. Ca®* Measurement by Atomic Adsorption Spectroscopy

Intracellular and extracellular calcium content was determined by Atomic Adsorption
Spectroscopy, as reported by Fiorito et al. in 2021 [48]. For the analysis, an AA-6300 spec-
trophotometer (Shimadzu, Columbia, MD, USA) equipped with an ASC-6100 autosampler
(Shimadzu, Columbia, MD, USA) and a GFA-EX7i graphite furnace atomizer (Shimadzu,
Columbia, MD, USA) was used. Prior the analysis, a fine mist dispersion of cell culture
medium or cell pellets was prepared, using a microwave digestion apparatus (MW-AD,
Ethos EZ microwave digester, Mileston, Shelton, CT, USA). Samples were transferred into
TFM®PTEE vessels, and 6 mL of ultra-pure concentrated HNO3 (14.33 mol L Y and 1mL
of 30% H,O, were added. The heating program for digestion was 160 °C for 5 min using
80% of microwave power, 190 °C for 10 min using 90% of microwave power, 50 °C for
11 min. Final solutions were diluted up to 25 mL with water and mineralized at 550 °C for
4 h. The analyte was detected according to the following working conditions: wavelength,
248.3 nm; slit width, 0.5 nm; lamp current, 5 mA; gas, Argon.

4.9. Ca** Measurement by Colorimetric Method

The concentration of free calcium ions was determined in order to assess whether HA
can chelate cell Ca?*, by colorimetric assay, using a calcium assay kit (Abcam, Cambridge,
UK, #ab102505). Following Ca®* supplementation and HA treatment (as reported above,
Section 4.7), calcium concentration in both cells and cell medium was measured according
to the manufacturer’s instructions. Briefly, after sample preparation, the reaction mixture
was added and incubated at room temperature for 5-10 min protected from light. The
optical density was measured at 575 nm using a microplate reader (Model 680, Bio-rad,
Hercules, CA, USA).

4.10. Reagents and Their Analysis

Stock solutions of calcium perchlorate for spectrophotometric and NMR measurements
were prepared by dissolving its high-purity calcium carbonate anhydrous in concentrated
perchloric acid (Merck, Darmstadt, Germany). The solution obtained was brought to a boil
to remove the carbon dioxide produced, and then it was cooled. The exact concentration of
metal solution was determined as described by Kolthoff et al. 1978 [49].

NMR spectra were recorded at 400 MHz in CD30D on a Bruker spectrometer (Ascend™400)
(Bremen, Germany). The solvent was used as internal standard.

83



Toxins 2023, 15, 237

UV-Vis spectra were recorded by Cary model 5000 Spectrophotometer by Varian C.
(Palo Alto, CA, USA), from 200 to 600 nm (optical path 0.2 cm) at 25.0 °C and under a
constant flow of nitrogen.

4.11. HPLC-ESI-Q-TOF Analysis

HPLC-ESI-Q-TOF analysis was carried out on a quadrupole time-of-flight (Q-TOF)
mass spectrometer (Agilent Technologies, Santa Clara, CA, USA), equipped with a Dual
electrospray ionization source (Agilent Technologies) and coupled to a 1260 Infinity Series
high-performance liquid chromatograph (Agilent Technologies). A solution consisting
of CaCl, (2 mM, aqueous solution) and harzianic acid (1 mg mL~!, methanolic solution)
in a 1:1 (v/v) ratio was directly infused into the LC system. Elution, spectral, and all
instrumental parameters were set following the method described by De Tommaso et al. [30].
Acquisition was achieved using Agilent MassHunter Data Acquisition Software, rev. B.05.01
(Agilent Technologies).

4.12. Preparation of Test Solutions for UV-Vis Spectrophotometric Measurements

The UV-Vis measurements of solutions of calcium cations and harzianic acid required
the acquisition of spectra of solutions of accurately known pH (= —log[H*]); analytical
compositions of metal ion Cc, M, HA Cyy,1. M, Ciy M (analytical concentration of HCIOy);
and C; M (analytical concentration of NaOH) in the 0.1 M NaClOy/(CH30H + H,0 50/50
w/w) mixed solvent. In particular, the spectra were collected to have the same ligand-to-
metal ratio (i.e., Cyy,1,/ Cca= constant). The free hydrogen ionic concentration was measured
with a potentiometric apparatus constituted by a multi-neck titration vessel equipped with
a Metrohm AG (Herisau, Switzerland) 60102-100 pH sensitive glass electrode (GE) and
an Ag/AgCl)/0.1 M NaCl/(0.1 M NaClOy4/(CH30H + H,O 50/50 w/w) double-junction
reference electrode (RE).

The experiment started by introducing a fixed volume, Vi mL, of the HCIO4 stock
solution in the titration vessel, which was kept in an air thermostat at 25 °C + 0.1 °C.
This realized a potentiometric cell, GE/Solution/RE, whose potential, Eg Volt, under the
present conditions can be expressed by the following relation (1):

Eg(Volt) = E&(Volt) + Slope-log[H"] §))

The calibration constants, E, and Slope in Equation (1) were evaluated by preparing
a solution in the potentiometric vessel, which was alkalimetrically titrated by stepwise
addition of accurately measured volumes of the CQ; M stock solution of NaOH. The
alkalimetric titration ended when the same total volume, Vpy, of NaOH solution was
added and the solution in the potentiometric vessel attained a fixed volume equal to
(Vi + Von ) mL. After this titration, accurately measured volumes of the Cga M solution
of Ca?* and of the C%ZL M solution of harzianic acid were added to the (Vi + Vop ) mL of
solution in the titration vessel. The added volumes of harzianic acid and metal solutions
determined the ligand-to-metal ratio in the resulting solution. Hence, the solution was
brought to its final pH by adding a measured volume of the CJy; M solution of NaOH. The
volume of the added NaOH solution determined the values of Cc,, Cy,1., and pH in the final
solution, which was used for UV-Vis analyses; it did not change the ligand-to-metal ratio.

Subsequently, sufficient time was allowed for chemical equilibrium to be established
and for the glass electrode potential, Eg, to achieve a constant value, which persisted for
at least 15 min within + 0.1 mV. Thus, the free proton concentration of the solution in the
titration vessel was readily calculated from Equation (2) and the measured Eg, as follows:

EX — Eg

Eg = EX + Slope-log[H"] — pH = —log[H'] = Siope

@

Finally, appropriate volumes of solution were withdrawn from the titration vessel and
submitted UV-Vis spectrophotometer at 25.0 °C.
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In this way, using fixed volumes of the C2, M stock solution of Ca®* and the Clth M
stock solution of HA for each group of UV-Vis measurements, the ratio Cy,1./Cca was
kept the same in each group.

Spectrophotometric data were processed numerically by the Hyperquad program [45]
to evaluate the stoichiometry and formation constants between the calcium metal ion and
HA. The program for equilibrium data interpretation fits the experimental data by sys-
tematically modifying the equilibrium constants of an assumed set of species to minimize
the sum of squared weighted residuals (U). In Equation (3), Ajk represents the absorbance
measured at the k—th wavelength for the i—th solution, (Ajk)c is the absorbance calculated
for a fixed set of equilibrium constants, and the wk values are the weights assigned to each
measurement. In the present work, we have assumed wk = 1.

U=35 (A~ Afk)z 3)

4.13. Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software version 9.1.1 (San
Diego, CA, USA). Multiple comparisons were carried out using one-way or two-way
ANOVA, followed by Bonferroni correction test. One-way ANOVA was used to compare
two or more experimental conditions, while two-way ANOVA was used to compare two or
more experimental conditions and two variables (factors). Data are represented as means
+ SD resulting from three biological replicates and are considered statistically significant
when p value is < 0.05.
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Abstract: Naphthoquinones are a valuable source of secondary metabolites that are well known for
their dye properties since ancient times. A wide range of biological activities have been described
highlighting their cytotoxic activity, gaining the attention of researchers in recent years. In addition,
it is also worth mentioning that many anticancer drugs possess a naphthoquinone backbone in their
structure. Considering this background, the work described herein reports the evaluation of the
cytotoxicity of different acyl and alkyl derivatives from juglone and lawsone that showed the best
activity results from a etiolated wheat coleoptile bioassay. This bioassay is rapid, highly sensitive to a
wide spectrum of activities, and is a powerful tool for detecting biologically active natural products.
A preliminary cell viability bioassay was performed on cervix carcinoma (HeLa) cells for 24 h. The
most promising compounds were further tested for apoptosis on different tumoral (IGROV-1 and
SK-MEL-28) and non-tumoral (HEK-293) cell lines by flow cytometry. Results reveal that derivatives
from lawsone (particularly derivative 4) were more cytotoxic on tumoral than in non-tumoral cells,
showing similar results to those obtained with of etoposide, which is used as a positive control for
apoptotic cell death. These findings encourage further studies on the development of new anticancer
drugs for more directed therapies and reduced side effects with naphthoquinone skeleton.

Keywords: naphthoquinones; cytotoxic activity; juglone; lawsone; flow cytometry

Key Contribution: Derivative 4 showed high selectivity on ovarian carcinoma cells with a 46.7% of
viable cells in comparison with melanoma cells, where it did not show significant activity (74.5% of
viable cells). Moreover, its cytotoxicity on non-tumoral cells was similar to the positive control (63.6%
and 66.9% of viable cells, respectively).

1. Introduction

Cancer represents an important cause of morbidity and mortality worldwide, where
19.3 million new cases and 10 million cancer deaths were estimated in 2020. Additionally, a
47% increase in new cancer cases is expected in 2040 [1,2]. In Spain, this disease constitutes
the second leading cause of death (25.2%) after those caused by diseases of the circulatory
system (26.4%) in 2021 [3]. Nowadays, there is still a continuous effort in the search for
more selective approaches and with reduced side effects to fight this illness.

Naphthoquinones have been known since ancient times due to their dye properties
and their use in traditional medicine as wound-healing agents. Interest in these compounds
has increased recently, owing to their broad range of biological activities, particularly
their cytotoxic effects [4-7]. This cytotoxicity has been mainly ascribed to the ability of
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naphthoquinones to generate reactive oxygen species (ROS) as well as the electrophilicity
of the quinone moiety to react with different biological targets through 1,4-Michael addition
by the nucleophilic thiol species, proteins, DNA and RNA [8-10]. Other mechanisms of
action have also been described, including the regulation of the tumor suppressor factor
p53, inhibition of topoisomerase II, induction of apoptosis via ERS (endoplasmic reticulum
stress) or Aurora-kinase inhibitors [11-13].

These natural products are widespread in nature and are characterized by possess-
ing two carbonyl groups at positions 1,4 on the naphthalene ring, and more rarely at
positions 1,2. Despite being isomers, these two different arrangements show different
pharmacological actions due to their different physicochemical properties [14].

Nowadays, many drugs based on natural products that contain a 1,4-naphthoquinone
backbone in their chemical structure are used as anticancer agents, such as doxorubicin,
daunorubicin, mitoxantrone and aclacinomycin A (Figure 1) [14-16]. In the search for
new effective and selective chemotherapy approaches, naphthoquinones could play a
crucial role.

Doxorubicin Daunorubicin
O

H O

O
HO,, -
H
H ¢}

OH O HN"~""OH i N
|
Mitoxantrone Aclacinomycin A

Figure 1. Examples of anticancer drugs that contain a 1,4-naphthoquinone skeleton in their structure.

In previous studies, a quantitative structure—-activity relationship (QSAR) study was
performed with two biologically active naphthoquinones, juglone (5-hydroxy-1,
4-naphthoquinone (1)) and lawsone (2-hydroxy-1,4-naphthoquinone (2)). A correlation
between the transport phenomena and the bioactivity of compounds was assessed to de-
termine the optimal transport conditions [17]. These structures allow for easy chemical
modifications that make themself suitable scaffolds for the study of their physicochemical
properties in the search for more active compounds. A total of 44 synthesized O-acyl and
O-alkyl derivatives were evaluated in a general activity bioassay named wheat coleoptile
bioassay. This is an easy and rapid test (24 h) that is highly sensitive to a wide range of bio-
logical activities [18]. Different behaviors could be observed for each family of compounds,
which are the modifications introduced at position 5 of the naphthoquinone backbone
being more active.

The work described here concerns the evaluation of the cytotoxicity of the most active
naphthoquinones derivatives from the previous wheat coleoptile bioassay study [17]. A
preliminary cell viability bioassay was performed on cervix carcinoma (HeLa) cells for
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24 h. The most promising compounds were further tested on different tumoral (ovarian
carcinoma (IGROV-1) and human melanoma (SK-MEL-28)) and non-tumoral (human
embryonic kidney 293 (HEK-293)) cell lines by flow cytometry.

2. Results and Discussion

Ten naphthoquinones (3-12) selected from the wheat coleoptile bioassay (Figure 2)
were evaluated in a first screening of cytotoxicity on HeLa cells at 100 uM for 24 h using the
Trypan blue dye exclusion method. An untreated control (cells treated with 0.1% DMSO)
and a positive control (cells treated with etoposide at 100 pM) were also included and
evaluated for 24 h.

This is a simple, rapid, economic, and widely used method to assess cell viability
after treatment with desired compounds [19]. Cells with damaged membranes are stained,
while live cells with intact cell membranes are excluded and do not take up dye; however,
this technique has two issues, and the results should be interpreted with caution. One of
these concerns is that viability is being determined indirectly from cell membrane integrity,
thus cell membrane integrity may be abnormal, yet the cell may be able to repair itself and
become fully viable, but it would be determined as nonviable. On the other hand, dye
uptake is assessed subjectively; small amounts of dye uptake indicative of cell injury may
go unnoticed [20]. On the other hand, this method cannot explain the cause of cell death.
Therefore, after completion of this first screening, the most active compounds were further
evaluated by flow cytometry to detect apoptosis.

Starting materials
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Figure 2. Naphthoquinones selected from the previous wheat coleoptile bioassay to perform the
cytotoxicity study.

2.1. First Screening of Cytotoxicity on HeLa Cells by Trypan Blue Dye Exclusion Method

An in vitro cytotoxicity study on HeLa cells was used as a preliminary bioassay for
screening of natural products with potential anticancer activity. Results of the ten naphtho-
quinones selected from the wheat coleoptile bioassay were assayed on HeLa cells for 24 h.
are illustrated in Figure 3. These lead naphthoquinones are 5-acetoxy-1,4-naphthoquinone
(3), 2-butanoyloxy-1,4-naphthoquinone (4), 5-O-alkyl juglones (chains of six, eight and
nine carbon atoms, respectively) (5-7), and 2-O-alkyl lawsones (from three to seven carbon
atoms) (8-12) (Figure 2). All the derivatives tested were more active than the corresponding
starting materials, and most of them showed better growth inhibition than the positive
control (etoposide), except for compounds 8, 9 and 12. It is also worth noting that an
improvement of the activity could be observed for 2-O-alkyl lawsones with increase of side
chain reaching the optimal value for derivative 10 (with 5 carbon atoms) and a loss of the
activity with an increment in chain length. Taking into account each target backbone, the
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greatest activity values were noted for derivatives 3, 4, 6 and 10 with cell viability values
lower than 30%.
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Figure 3. Cell viability by dye exclusion against cervical carcinoma cells (HeLa). Starting materials
(1 and 2), products (3-12) classified by skeleton using different colors, and positive control (etoposide)
were evaluated at 100 uM for 24 h. Experiments were performed in triplicate, and data are expressed
as mean + SD, n =3, * p < 0.05 vs. untreated cells (DMSO 0.1%).

2.2. Flow Cytometry Analysis of Cell Apoptosis on Ovarian Carcinoma (IGROV-1) Cells

Cancer is considered one of the main causes of morbidity and mortality in millions
of people worldwide. Ovarian cancer is the seventh most common malignant tumor
worldwide and the eighth cause of mortality in women [21]. Usually, most women are
diagnosed with advanced stage cancer with a poor prognosis (with a 5-year survival rate of
only 17% for a patient at an advanced stage), which is partly driven by delay in diagnosis
and unequal access to quality care. Globally, around 428,000 new ovarian cancer cases and
307,000 deaths are predicted to occur in 2040 [22,23].

To date, one of the main drugs used in chemotherapy against this pathology is cis-
platin. However, cisplatin resistance constitutes one of the main problems in antitumor
therapy [24]. Despite the great therapeutic advances made in this area, there is not yet
effective treatment that provides acceptable success rates and reduce the adverse effects.
Therefore, there is still a pressing need to develop less harmful and cost-effective therapeu-
tic alternatives; the discovery of novel anticancer drugs based in natural products is a key
research field that has attracted a great interest in recent years.

Apoptosis, or programmed cell death, is characterized by numerous morphological
and biochemical changes to the cellular architecture. It is well known that inappropriate
apoptosis is implicated in many diseases, including neurodegenerative, ischemic, autoim-
mune disorders, and several forms of cancer [25]. One of the earlier events of apoptosis
includes the translocation of membrane phosphatidylserine (PS) from the inner side of
the plasma membrane to the surface, leading to the loss of plasma membrane asymmetry.
On the other hand, PS translocation also precedes the loss of membrane integrity in later
stages of cell death resulting from either apoptotic or necrotic processes (Figure 4a). An-
nexin 'V (a Ca2+-dependent phospholipid-binding protein) possesses high affinity for this
phospholipid. Therefore, fluorochrome-labelled Annexin V can be used by flow cytometry
in the detection of exposed phosphatidylserine at the outer leaflet of the plasma membrane,
which is an indicator ofthe apoptotic death. Moreover, a vital dye, such as propidium
iodide (PI), is typically used in conjunction with Annexin V for identification of early and
late apoptotic cells. Viable cells with intact membranes exclude PI, whereas cell membranes
or damaged cells are permeable to PI [26,27].

Therefore, a flow cytometric assay of Annexin V/PI was conducted to quantify the
apoptotic profile in quinone-treated IGROV-1 cells. Naphthoquinones 3, 4, 6 and 10, and
etoposide (positive control) were tested at 100 uM for 24 h. Untreated cells (negative
control) were also included in the experiment. These results are shown in dot plots,
where the LL quadrant represents viable cells (both Annexin V and PI negative), the LR
quadrant represents unviable cells (PI positive and Annexin V negative), the UL quadrant
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represents cells in early apoptosis/cell apoptosis (Annexin V positive and PI negative) and
UR quadrant represents cells that are in late apoptosis or necrosis (both Annexin V and PI
positive) (Figure 4b).
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Membrane PS on surface,
membrane disintegrates.
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Figure 4. (a) Phosphatidylserine translocation and loss of membrane integrity in later stages of
cell death; (b) plot illustrating flow cytometry analysis with AnnexinV-450 labelling apoptotic cells
and 7-AAD (7-amino-actinomycin D) for cell death. Live cells are indicated in blue and death cells
in orange.

In the negative control (untreated cells), most of the cells were viable (99.0%) and
showed to be non-apoptotic. In contrast, significant differences could be observed after
the treatment of the naphthoquinones (Figure 5). A remarkable increase in apoptotic
cell number (UL + UR quadrants) was observed compared to the untreated cells. It is
worth highlighting that derivatives 4, 6, and 10 produced a significant increase in early
and late apoptotic cells (52—81%) while the population of nonviable cells by other death
mechanisms scarcely increased (0.4—2.5%). Moreover, derivative 3 caused an increase in
apoptotic or dead cells from untreated to treated cells (0.1% to 66.4%, respectively), together
with a lesser increase in the early apoptotic cell populations (2.4%) with only 16.8% of
viable cells.
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Figure 5. Flow cytometry results for the derivatives 3, 4, 6 and 10 on IGROV-1 cells at 100 uM for
24 h. Etoposide was used as positive control.

In view of the results outlined above, derivative 3 was selected to perform a time
course study over various concentrations in IGROV-1 cell line by cell viability assay to find
the optimal conditions for its evaluation by flow cytometry in order to know if the early
apoptotic cell population would increase. A concentration range from 3.125 to 50 uM and
a time range of 3-48 h were evaluated. Results indicated that compound 3 inhibited the
IGROV-1 cell growth after 24 h of incubation in a dose-dependent manner (Figure 6).
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Figure 6. Cell viability by dye exclusion against ovarian carcinoma cells IGROV-1) of compound 3
from 3.125 to 50 uM for 24 h. Etoposide and untreated cells (0.1% DMSO) were used as a positive and
negative control, respectively. Experiments were performed in triplicate, and data are expressed as
mean + SD, n =3, * p < 0.05 vs. untreated cells (DMSO 0.1%).

Two concentrations were selected from the study over time (3.125 and 6.25 uM), which
showed values of 55.3 and 64.7% of growth inhibition, respectively, in ovarian carcinoma
cells for 24 h. Results obtained with these concentrations in a time range of 3—48 h are
illustrated in Figures S1 and S2. A 46.4% growth inhibition was reached at 3.125 uM for
24 h, therefore these conditions were considered optimal for their study by flow cytometry
due to the less pronounced decrease in cell viability over time. Flow cytometry analysis
under these optimal conditions for derivative 3 is shown in Figure 7. In this case, the
number of viable cells increased to 54.8% in comparison to the previous experiment with
a 16.8% of viable cells at 100 uM. Therefore, the drastic conditions and high cell death
decreased. Moreover, a 5.2% of early apoptotic cells, 21% of apoptotic cells and 19% of
nonviable cells were observed. Although an increase in the number of viable cells under
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these conditions (3.125 uM and 24 h) had been achieved, the number of early apoptotic
cells was similar to that of 100 uM and 24 h (5.2% and 2.4%, respectively), and even the
number of nonviable cells by other cell death mechanisms was higher in this last case with
the optimal conditions (19.0%).

r uL Untreated cells ur U Derivative 3 UR
1
10‘1 . 1t
I 02% 0.0% < © 52% 21.0%
. o
g o S PR
i 10—
0 F. 0 LR A P
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Figure 7. Flow cytometry results for the derivative 3 on IGROV-1 cells at 3.125 uM for 24 h. Apoptosis
was quantitatively assessed after cells were stained with Annexin V-450 and 7-AAD.

Nevertheless, taking into account the results obtained for the other three naphtho-
quinone derivatives (4, 6, and 10), it is worth mentioning that the number of nonviable
cells by other cell mechanisms different to apoptosis is very small (0.4-2.5%), and the
number of early and late apoptotic cells was increased (52-81%), making apoptosis the
primary cell death mechanism. These findings propose these structures as candidates to
find more oriented therapies. To gain further insight into the apoptosis cell death, these
naphthoquinones were further evaluated on human melanoma cells (SK-MEL-28) and
non-tumoral human embryonic kidney 293 (HEK-293) cells.

2.3. Flow Cytometry Analysis of Cell Apoptosis on Human Melanoma (SK-MEL-28) and
Non-Tumoral Human Embryonic Kidney 293 (HEK-293) Cells

Derivatives with the most promising results (2-butanoyloxy-1,4-naphthoquinone (4);
5-octoxy-1,4-naphthoquinone (6); and 2-pentoxy-1,4-naphthoquinone (10)) that trigger cell
death by apoptotic processes were evaluated on a different tumoral (human melanoma)
and non-tumoral (human embryonic kidney 293) cells (Figures 8 and 9).

The overall prevalence and incidence of both non-melanoma (basal cell and squamous
cell carcinomas) and melanoma skin cancers have increased over the past decades. It is
estimated that between 2 and 3 million non-melanoma skin cancers and 132,000 melanoma
skin cancers occur globally each year. Surgical excision of these malignancies remains the
traditional mainstay of treatment as well as topical treatments with semisolid formulations
(with 5-fluorouracil, diclofenac, and imiquimod) and photodynamic therapy, among others.
Despite the remarkable progress in cancer treatment over the last decades, the survival rate
of many patients remains slow. Additionally, owing to the difficulties in clinical trials, there
is no FDA (Food and Drug Administration) registered topical treatments of skin cancer so
far [28-31].

The human embryonic kidney 293 (HEK 293) cell line was developed in 1977 from
the sheared Adenovirus 5 (Ad5) DNA transformation of the human embryonic kidney
cell [32]. HEK-293 cells are relatively easy to transfect and widely used to study a large
variety of biological processes [33]. These cells are considered one among the widely used
standards for non-tumoral human cells [34]. For these reasons, the HEK-293 cell line was
chosen to gain better insights into the selectivity of the lead compound against tumoral
and non-tumoral cells [35].

94



Toxins 2023, 15, 348

s|UL Untreated UR s|UL Etoposide UR
10 cells 103 P
104 1064
pi e . <
o 4 01% . 0.1% o
D10y . g 103
> >
: 10°
0.3% IR
0. :
0 102 100 10f 108 424% 0 0 e 106 108
PerCP-Cy5.5-A PerCP-Cy5.5-A
10 UL Derivative4  UR Derivative 6 Derivative 10
10 UL UR 1/uL
10 9.5% 0.1%" 80.1% 3.1% 92.6%
< 104 10 . .
S P < <
) o o
1l
I § 105 ”g‘ 104
104 1] 1T IS
LL . LR AR
0 0.5% 19.2% . 1.5% 2.8%
T T T T T 0~ Freemy T T T T T T T
0 107 10° 10* 10° 0 10?2 100 10* 10° 0 102 100 100 10°
PerCP-Cy5.5-A PerCP-Cy5.5-A PerCP-Cy5.5-A

Figure 8. Flow cytometry results for the derivatives 4, 6, and 10 on SK-MEL-28 cells at 100 uM for
24 h. Etoposide was used as positive control.
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Figure 9. Flow cytometry results for the derivatives 4, 6, and 10 on HEK-293 cells at 100 uM for 24 h.
Etoposide was used as positive control.

In view of the results obtained, it can be drawn that the most cytotoxic naphtho-
quinone derivative in all the cell lines tested is the derivative 5-O-acyl juglone (6), with a
percentage of viable cells of 18.3%, 0.5%, and 7.2% on IGROV-1, SK-MEL-28, and HEK-293
cells, respectively. On the other hand, naphthoquinones modified at position 2 of the naph-
thoquinone backbone (2-O-acyl lawsone (4) and 2-O-alkyl lawsone (10), showed certain
selectivity among the different cell lines assayed.

2-butanoyloxy-1,4-naphthoquinone (4) showed significant cytotoxic activity on ovar-
ian carcinoma cells, with 51.9% of apoptotic cells (UL + UR quadrants) and 46.7% of viable
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cells, showing better results than the positive control etoposide (30.1% of apoptotic cells
and 49.6% of viable cells). Nevertheless, it did not show a significant cytotoxic activity
on melanoma cells, with 74.5% of viable cells and 24.7% of apoptotic cells. It is worth
highlighting that 63.6% of viable cells were observed on non-tumoral HEK-293 cells, with
similar cytotoxic values showed by the positive control (66.9% of viable cells). These re-
sults highlight the higher toxicity on IGROV-1 than in SK-MEL-28 tumoral cells and in
non-tumoral human embryonic kidney cells (HEK-293) at 100 uM for 24 h.

On the other hand, derivative 10 (2-pentoxy-1,4-naphthoquinone) showed high cyto-
toxicity in the two tumoral cell lines tested, reaching activity values better than etoposide
(18.4% of viable cells and 79% of apoptotic cells on IGROV-1 and 1.5% of viable cells and
95.2% of apoptotic cells on SK-MEL-28 cells). Regarding the cytotoxicity on non-tumoral
cells, it showed 41.7% of viable cells.

It has been demonstrated that different substitution patterns on the naphthoquinone
moiety, as well as the position of the hydroxyl groups, may play a crucial role in the
activity observed, since it affects the redox potentials and pro-oxidant activities [36]. Thus,
there are several studies that describe this fact. Ali and co-workers evaluated the effect
of antileishmanial activity of a series of naphthoquinones, including simple, oxygenated
in the aromatic or quinonoid ring, dimeric and furanonaphthoquinones. Leishmanicidal
activity was strongly dependent on the nature and position of these substituents. The most
active compounds were those with hydroxylation at C-5 and dihydroxy substitution at C-5
and C-8 on the napththoquinone ring. In contrast, 2-hydroxynaphthoquinones were less
active [36]. Another study performed by Wang and co-workers, describes the preparation of
a series of 2-position and 3-position lipophilic-substituted lawsone and juglone derivatives
to evaluate their anticancer activity in vitro. Most of the more active compounds with
better activity values were those with 2-O-alkyl-, or 3-C-alkyl- derivatives synthesized
from lawsone, which are 2-hydroxy-3-farnesyl-1,4-naphthoquinone, the most cytotoxic
compound against the cell lines tested [4]. Likewise, a SAR study of the cytotoxicity of a
series of 1,4-naphthoquinones was performed by Shen and co-workers, where the high
cytotoxicity was observed for juglone derivatives [37].

Moreover, one of the main disadvantages described for this kind of compounds is
its high cytotoxicity and its low therapeutic selectivity. Nevertheless, these results reveal
certain selectivity, especially for derivative 4 with strong cytotoxicity on ovarian carcinoma
cells and non-significant toxicity on non-tumoral HEK-293 cells, with values similar to
the positive control etoposide. Furthermore, it was noted that modifications performed at
position 2 of the naphthoquinone backbone were more cytotoxic on tumoral cells than in
non-tumoral (2-O-acyl and 2-O-alkyl derivatives) in comparison to 5-O-acyl and 5-O-alkyl
derivatives.

The starting materials, juglone (found in leaves, roots, husks, and barks of several
species of walnut trees) and lawsone (isolated from the leaves and shoots of henna, Lawsonia
inermis L.) have shown cytotoxicity against a wide range of human cancer cell lines [38-41].
Regarding the analogues investigated, cytotoxic properties for derivatives 4, 6 and 10,
are described for the first time. In contrast, the cytotoxic properties of derivative 3
(5-acetoxy-1,4-naphthoquinone) have been previously reported in the literature. It has
shown strong cytotoxicity on human oral epidermoid carcinoma (KB) cell line with an
ICsg value of 1.39 uM [37], and it has also shown cytotoxicity against L-60 (leukemia),
MDA-MB-435 (melanoma), SF-295 (brain) and HCT-8 (colon), human cancer cell lines [41].
In our experiments, an ICs, value of 7.54 uM for derivative 3 was obtained for ovarian
carcinoma (IGROV-1) cells.

3. Conclusions

Naphthoquinones have been known for a long time to show cytotoxic properties [4].
These effects are mainly ascribed to the ability of these scaffolds to generate ROS and also
to react with different biological targets, such as DNA topoisomerase [42]. However, they
have been considered as PAINS (pan-assay interference compounds) in high-throughput
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screenings and are therefore considered as notorious troublemakers by the scientific com-
munity [14]. Nevertheless, these kind of compounds have been used for many medicinal
traditional uses since ancient times and a great number of approved drugs or that are in
preclinical trials even possess a naphthoquinone skeleton. Moreover, these compounds
possess multitarget activity, which can be employed as synergic polypharmacology in
chemotherapies treatments and also to fight resistant tumoral cells. It has been previously
reported that a large number of naphthoquinones have shown high efficacy in tumoral cell
lines resistant to drugs or chemotherapeutic agents [14,43,44].

A series of 1,4-naphthoquinone derivatives have been evaluated on different tumoral
(HeLa, IGROV-1, and SK-MEL-28) and non-tumoral (HEK-293) cell lines. Results denoted
that derivatives from lawsone showed more selectivity against tumoral cells, while their
cytotoxicity on non-tumoral cells were similar to the positive control etoposide. On the
other hand, those derivatives from juglone result to be more cytotoxic against all the
cell lines tested. Therefore, the number of apoptotic cells was quantified and assayed by
flow cytometry. Derivatives 4 (2-butanoyloxy-1,4-naphthoquinone) and 10 (2-pentoxy-
1,4-naphthoquinone) cause apoptosis to be the primarily cell death mechanism. These
findings encourage further studies on the development of new anticancer drugs with a
naphthoquinone backbone, with improved selectivity, avoiding the induction of drug
resistance and reduce toxicity. Cytotoxicity of derivatives 4, 6, and 10 is described for the
first time.

4. Materials and Methods
4.1. Chemicals and General Experimental Procedures

5-Hydroxy-1,4-naphthoquinone (juglone, technical grade, 97%) and 2-hydroxy-1,4-
naphthoquinone (lawsone, 98%) were supplied by Alfa Aesar (Heysham, UK) and Acros
Organics (Morris Plains, NJ, USA), respectively.

Dimethyl sulfoxide was supplied by Panreac Quimica SAU (Castellar del Vallés,
Barcelona, Spain). Dulbecco’s Modified Eagle’s Medium (DMEM) was supplied by Lonza
(Verviers, Belgium), premixed phosphate-buffered saline solution (PBS, 10 x) was supplied
by Roche (Steinheim, Germany), fetal bovine serum, penicillin/streptomycin, L-glutamine,
sodium pyruvate, trypsin, and minimum essential medium non-essential amino acids
(MEM NEAA), were purchased from Gibco (Paisley, UK). BD Annexin V: FITC Apoptosis
Detection Kit I was supplied by BD Biosciences (Madrid, Spain).

4.2. Cell lines and Cell Cultures

HeLa (human cervix carcinoma), IGROV-1 (human ovarian carcinoma), SK-MEL-28
(human melanoma), and HEK-293 (human embryonic kidney 293) cells were cultured as
monolayers in DMEM (GIBCO) supplemented with 10% fetal bovine serum, 5% glutamine,
5% non-essential amino acids, 5% penicillin-streptomycin, and 5% sodium pyruvate. Cells
were maintained in a Hera Cell 150i (Thermo Scientific, Waltham, MA, USA) incubator at
37 °C, 5% CO; and 95% humidity. For all assays, cells were allowed to attach until 70%
confluence was reached prior to treatment.

4.3. Cell Viability Assays

The different cell lines were sterile cultured in 6-well plates (VWR, Darmstadt, Ger-
many) each to 70% confluence during at least 48 h. Cell lines were treated for 24 h with
the corresponding naphthoquinone derivative in DMSO (0.1% v/v) at a concentration of
100 uM. In addition, concentration ranges from 3.125 uM to 50 M and treatments ranging
from 3 h to 48 h of product 3 were also evaluated. Control cultures, including cells treated
with 0.1% DMSO and positive control of cells treated with etoposide at 100 uM, were also
included in each experiment.

Trypan blue solution (0.4% Sigma Aldrich, Steinheim, Germany) was mixed 1:1 with
a sample of control or treated cells. After incubation for 2 min, a fraction of blue-stained
cells was assessed using an Automated Cell Counter T20 (Bio-Rad, Hercules, CA, USA).
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Experiments were performed in triplicate; data are expressed as the mean of triplicate
measurements (mean + SD).

% viability = (Total number of viable cells/Total number of viable and non-viable cells) x 100

4.4. Flow Cytometry and Data Analysis

Detection of apoptosis was performed using the kit Annexin V FITC assay, which con-
tains Annexin V-FITC, propidium iodide staining solution, and Annexin V binding buffer.

The fluorescence of single cells was measured by a FACSVerse™ bench top flow
cytometer equipped with blue (488 nm), red (640 nm) and violet (405 nm) lasers. Am-
plification of signals were carried out at logarithmic scale and measurements of events
were plotted on forward light scatter (FSC), side light scatter (SSC), violet fluorescence
to detect Annexin-V 450 and red fluorescence for 7-AAD. A gating strategy was used
to distinguish the fluorescently labelled cell population from unstained populations. A
total of 10,000 events as defined by gates were counted and cell counts were expressed as
percentage. The data were analyzed using BD Assurity Linc™ Software v 1.0.

After treatment with the products, cell culture medium was collected into 15 mL tubes,
and each well was cleaned with PBS (1 mL). Accutase was added to each well, enough to
cover the surface (300 pL) and incubated for 1-2 min at room temperature. Then, 2 mL of
PBS was added to each well, and the contents transferred to the 15 mL tubes. They were
centrifuged, and the supernatant was discarded. Cells were transferred to an eppendorf
and washed with cold PBS in triplicate. They were resuspended in 1 xX Binding buffer
(100 uL), and then Annexin V-450 (5 puL) and 7-AAD (7-amino-actinomycin D, 2.9 uL) were
added. They were diluted again with 400 pL of 1x binding buffer, and the cells were mixed
and incubated for 15 min at room temperature in the dark prior to analysis. Measurements
were done within 1 h.

4.5. Statistical Analysis

The results are presented as the mean =+ standard deviation (SD) of at least three inde-
pendent experiments. Data were evaluated with GraphPad Prism® Version 5.00 software
(San Diego, CA, USA) and analyzed using one-way ANOVA. Values were considered to
be statistically significant when p < 0.05. Additionally, an IC5 value for derivative 3 was
determined using the same software.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/toxins15050348 /s1, Figure S1: Cell viability by dye exclusion
of derivative 3 on ovarian carcinoma cells (IGROV-1) at 3.125 uM; Figure S2: Cell viability by dye
exclusion of derivative 3 on ovarian carcinoma cells (IGROV-1) at 6.25 uM.
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Abstract: Sesquiterpene lactones (SLs), plant-derived metabolites with broad spectra of biological
effects, including anti-tumor and anti-inflammatory, hold promise for drug development. Primary
cilia, organelles extending from cell surfaces, are crucial for sensing and transducing extracellular
signals essential for cell differentiation and proliferation. Their life cycle is linked to the cell cycle,
as cilia assemble in non-dividing cells of Gy/G; phases and disassemble before entering mitosis.
Abnormalities in both primary cilia (non-motile cilia) and motile cilia structure or function are
associated with developmental disorders (ciliopathies), heart disease, and cancer. However, the
impact of SLs on primary cilia remains unknown. This study evaluated the effects of selected SLs
(grosheimin, costunolide, and three cyclocostunolides) on primary cilia biogenesis and stability in
human retinal pigment epithelial (RPE) cells. Confocal fluorescence microscopy was employed
to analyze the effects on primary cilia formation (ciliogenesis), primary cilia length, and stability.
The effects on cell proliferation were evaluated by flow cytometry. All SLs disrupted primary cilia
formation in the early stages of ciliogenesis, irrespective of starvation conditions or cytochalasin-D
treatment, with no effect on cilia length or cell cycle progression. Interestingly, grosheimin stabilized
and promoted primary cilia formation under cilia homeostasis and elongation treatment conditions.
Thus, SLs have potential as novel drugs for ciliopathies and tumor treatment.

Keywords: sesquiterpene lactones; grosheimin; costunolide; primary cilia; ciliogenesis
Key Contribution: Natural compounds grosheimin; costunolide and -, 3- and y-cyclocostunolides

can modify primary cilia formation and represent an interesting possibility as drugs for the treatment
of ciliopathies and/or tumors.

1. Introduction

The primary cilium (PC) is a single nonmotile organelle that projects from the cell
surface in nearly all cell types [1,2]. It is made up of the ciliary membrane that surrounds
a microtubule-based structure, the axoneme, which is nucleated from the basal body [3].
Analogous to an antenna, the cilium transduces chemical and mechanical external signals
through membrane receptors localized in the ciliary membrane. Signaling pathways
dependent on primary cilia include Sonic Hedgehog (Shh), Wingless/Int (WNT), and
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Transforming Growth Factor-f3 (TGF-f3), which are essential for proper tissue development
and cell homeostasis [4]. The presence of cilium is regulated by the cell cycle, as PC emerges
on Gy (quiescent) or the early G; phase, and it is maintained until cells enter mitosis, being
resorbed during G, /M transition [5]. The formation of primary cilia (ciliogenesis) in non-
polarized cells is a process highly regulated. Briefly, it starts with the attachment of the
distal end of the mother centriole to a ciliary vesicle, which is mediated by the centriolar
distal appendages. After docking, the ciliary vesicle grows with the axoneme and gives rise
to the ciliary sheath, whose fusion with the plasma membrane results in the emergence of
the cilium in the extracellular environment [6,7]. Once primary cilium is a mature surface-
exposed cilium, the activation of cellular pathways that regulate the ciliary length and
cilia assembly and disassembly are activated [5,8]. Thus, the PC is a result of coordinated
trafficking, docking, and fusion of vesicle events that will define the unique composition of
the ciliary membrane and the membrane domain at the base of the cilia. Many molecular
details of these pathways remain unresolved.

Defects in PC and motile cilia function or formation are associated with a grow-
ing list of human developmental and degenerative disorders, collectively referred to as
ciliopathies, that include Nephronophthisis (NPHP), Retinitis Pigmentosa (RP), Lebel Con-
genital Amaurosis (LCA), Bardet-Biedl Syndrome (BBS), Joubert Syndrome (JBTS), Primary
Ciliary Dyskinesia (PCD), and Polycystic Kidney Disease (PKD) [9,10]. These ciliopathies
present with diverse etiologies that include kidney disease, lung disorders, and loss of
vision. Additionally, ciliary dysfunction is also associated with several types of cancer. It
has been shown that in breast, prostate, and other cancer types, cilia loss is required for
tumor progression; instead, in medulloblastoma and basal cell carcinoma, cilia retention
or active ciliation is required [11,12]. Highly metastatic astroglioma cells have internal
cilium precursors that fail to protrude, which may allow cancer cells to evade regulatory
checkpoints [13]. Thus, there is a growing need to find new active compounds able to
modify PC function to provide novel strategies for their treatment.

Natural products are important leads in drug discovery. Sesquiterpene lactones (SLs)
constitute a large and diverse group of biologically active secondary metabolite plant
chemicals [14,15]. They are terpenoids with a basic structure of 15 carbons, and their usual
feature is a y-lactonic ring that can also contain a-methylene groups, hydroxyls, esterified
hydroxyls, or epoxides rings [16]. SLs and their derivatives show a promising role in drug
development as they have promising anticancer and anti-inflammatory effects, antifungal,
analgesic, antimalarial, and antimicrobial activities, among others, or they can be used
in combination therapy as sensitizing agents to enhance the action of drugs in clinical
use [15,17]. There are several structure-activity relationship analyses showing that several
SLs react with thiols via rapid Michael-type addition. These reactions are mediated by
the «- and B-unsaturated carbonyl systems and depend on the geometry of the molecule,
although additionally, other factors such as lipophilicity and chemical environment may
also influence the activity [18]. Although it has been described that SLs possess a broad
spectrum of biological activities, the effect on PC formation or function has not been studied
yet. Here, we report the capacity of the SLs grosheimin, costunolide, and «-, 3-, and y-
cyclocostunolide to perturb primary cilium biogenesis in human retinal pigment epithelial
(RPE) cells, a model of non-polarized retinal cells. Ciliogenesis can be induced by cell
starvation during 24 h or accelerated by actin destabilization via cytochalasin D treatment.
We observed a reduction in cilia percentage in RPE cells after treatment with all products
tested under both cilia induction conditions without affecting cell cycle progression or cilia
length. Interestingly, grosheimin showed an increase in cilia formation at the late stages
of ciliogenesis, where cell pathways for cilia stabilization are activated. Altogether, we
propose the potential of SLs to be investigated as drugs for the treatment of ciliopathies
and/or tumors.
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2. Results and Discussion

From a small library of plant allelochemicals synthesized previously in our lab and
based on previous biological studies in human cells [19], two sesquiterpene lactones were
selected to elucidate their function in cilia formation: grosheimin [20] isolated from a
leaf extract from Cynara scolymus, and costunolide [21] isolated from a root extract from
Saussurea lappa. From the former, three eudesmanolide-type sesquiterpene lactones were
also obtained by cyclization reaction using p-TsOH (para-toluenesulfonic acid), generating
three cyclocostunolides with a characteristic double bound located in different positions
(o, B,v) [22] (Figure 1), which are likewise natural products isolated from plants [23,24].
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Figure 1. Test compounds used in this study. Natural sesquiterpene lactones isolated from plants are
indicated at the top. From costunolide, the three plant-derived eudesmanolides shown at the bottom
were synthetized.

2.1. Effect of Sesquiterpene Lactones on Cell Viability and Cell Cycle Progression

First, we evaluated the cytotoxicity of the products in telomerase-immortalized retinal
pigment epithelial (RPE-1) cells, a well-known human cell line used to study primary cilia
formation in non-polarized cells [25,26]. For determining the cell viability after treatment
with the compounds, we used the crystal violet assay [27], a simple and widely used
method to assess the impact of molecules on cell survival and growth inhibition. As crystal
violet dye binds to proteins and DNA, it stains only living cells that are attached in the
culture, and we can obtain the % of surviving cells under diverse stimulated conditions.
RPE cells at high confluency (90-100%) were treated with SLs ranging from 1 to 25 uM final
concentration for 24 h in a serum-free media, and cell viability was scored using the crystal
violet assay. Treatment with solvent 0.1% DMSO was used as a control. All compounds
tested showed no effect on cell viability at 10 tM concentration or below. Grosheimin
(G), costunolide (C), and p-cyclocostunolide (3-C) were also innocuous at 25 uM, while
«- and y-cyclocostunolides (x-C; y-C) showed around 60% viability decrease (Figure 2A).
Most products displayed toxicity in RPE cells at concentrations exceeding 50 M. For the
rest of the experiments, 10 uM final concentration was selected to address effects on cell
cycle and primary cilia formation, in order to maintain the highest cell viability in our
ciliogenesis assays.
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Figure 2. Effect of sesquiterpene lactones on cell viability and cell cycle progression in RPE cell line.
(A) Effect of increasing concentration of the SLs on viability measured by crystal violet assay. On
the right, color code and abbreviation panel indicating selected allelochemicals. Graph shows mean
and SEM of 3 independent experiments of the viability ratio compared to control (DMSO-solvent
0.1%). Two-way ANOVA was performed, and significant differences are indicated when p < 0.01 (**).
(B) SLs’ effect on cell cycle progression in cells treated with products at 10 uM final concentration
for 24 h in medium containing 0.5% serum. Propidium iodide-stained cells were analyzed by flow
cytometry. Graph shows mean and SEM of 3 independent experiments. Multiple ¢-test analysis was
performed, and no significant differences were detected.

The primary cilia life cycle is tightly coupled with the cell cycle. Cilia assemble in non-
dividing quiescent or post-mitotic differentiated cells (GOy/G; phases) and disassemble
before entering mitosis [28]. Although the connection between the cell cycle and primary
cilia is still under exploration, there appears to be a bidirectional crosstalk between cilium
formation and cell division, as improper division can result in abnormal cilia formation
and failure to form a cilium can regulate the cell cycle. For example, over-proliferative
cancer cell lines generally lack cilia, and cells that cannot properly form a cilium undergo
inappropriate cell division [29]. In addition, several studies have documented changes in
cell cycle progression in the context of cancer cells under the effect of some SLs in the search
for therapeutic anti-tumoral treatments. Such is the documented case for alantolactone or
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eremanthin, compounds that affect cell cycle progression, arresting cancer cells at the G,
phase [30,31].

To test if the selected SLs have an effect on cell cycle progression in non-tumoral cells,
we analyzed the cell cycle status of RPE cells treated with the test compounds for 24 h
by flow cytometry analysis (Figure 2B). Cells were stained with the intercalating DNA
dye propidium iodide, which allows the detection of cellular DNA content. Via flow
cytometry, the DNA staining generates a histogram of fluorescence intensity that represents
the distribution of cells in the different phases of the cell cycle (Gy/Gj, S, and G, /M). Cell
cycle analysis showed that the treatment with all the compounds tested in RPE cells during
24 h does not affect cell cycle progression. As compounds were added in a starvation
medium which inhibits cell proliferation, cells were mostly arrested in the G; phase. These
data indicate that incubation with the SLs grosheimin (G), costunolide (C), and «-, 3-, and
y-cyclocostunolide at 10 uM does not perturb the cell cycle progression at tested conditions.
The fact that the SLs under study in this work do not affect cell cycle progression suggests
that any perturbation over ciliogenesis detected would be independent from the cell cycle.

2.2. Effect of Sesquiterpene Lactones on Early Steps of Primary Cilia Formation

PC formation in RPE cells can be induced by the absence of serum in the cell culture
for at least 24—48 h [32]. Via live cell imaging, it has been described that newly forming
and elongating internal cilia happen around the first 2—4 h after inducing cilia formation
by starvation [25]. Once internal cilia are formed, it will fuse with the plasma membrane.
Mature external primary cilia elongation and composition are maintained via different
membrane trafficking pathways in the cell until it is disassembled to start a new cell
cycle [33]. To determine the effect of the selected SLs on the early steps of ciliogenesis,
RPE cells were serum starved by incubation for 24 h with a medium containing 0.5%
serum to induce cilia formation, and tested compounds were added at the same time
at 10 uM final concentration. PC (percentage and length) was analyzed using confocal
immunofluorescence microscopy. Acetylated «-tubulin and y-tubulin were used as a
ciliary marker and centrosome marker, respectively. DAPI (4',6-diamidino-2-phenylindole)
fluorescent stain, which binds to DNA, was used for nucleus labeling. The addition of
all SLs further affected early cilia formation in RPE cells. Grosheimin was the one with a
percentage of primary cilia closer to control levels, and costunolide, 3-cyclocostunolide
and «-cyclocostunolide were the most dramatic ones showing less than 5% ciliated cells
(Figure 3A,B). y-cyclocostunolide showed a bimodal response as sometimes cells were
similar to control levels (0.1% DMSQO), and sometimes cells were not ciliated at all and even
showed some DAPI phenotype indicative of cell damage (Figure 3A,B). We also measured
the length of primary cilia, and there were no significant differences compared to the control
condition for all tested compounds (Figure 3B), indicating that although cells treated with
SLs can ciliate less in serum starvation conditions, the cells that manage to ciliate produce a
normal-length cilium. No differences were observed for the centrosome labeling, except
for cells treated with y-cyclocostunolide, in which the centrosome has dispersed labeling,
probably associated with cell damage or cytoskeleton damage. Further studies need to be
conducted to know the reason for this phenotype.

Together, these findings described that the natural compounds grosheimin (G), cos-
tunolide (C), and «-, B-, and y-cyclocostunolide are able to interrupt cilia formation in
non-polarized and non-tumoral cells, without affecting the cell cycle progression (as shown
in Figure 2B). Further work will be important to investigate the molecular target of the
tested SLs and/or signaling pathways affected.
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Figure 3. Effect of sesquiterpene lactones on primary cilia formation on RPE cell line. (A,B) RPE
cells were incubated for 24 h with a medium containing 0.5% serum to induce cilia formation,
and compounds at 10 uM final concentration were added at the same time. Ctrl: 0.1% DMSO.
Immunofluorescence was performed using acetylated «-tubulin to label primary cilia and y-tubulin
to visualize the centrosome. Representative images for each condition are shown (A). Graph shows
mean and SEM of 4 independent experiments of the ratio of ciliated cells and the average cilia
length (B). Mann-Whitney test analysis was performed, and significant differences are indicated
when p < 0.05 (*).

2.3. Effect of Sesquiterpene Lactones on Primary Cilia Formation Induced by Cytochalasin D

PC can also be induced by the actin polymerization inhibitor cytochalasin D (CytD),
which facilitates ciliogenesis and promotes cilium elongation independently of serum
starvation [32,34]. Cytochalasin D induces ciliogenesis at doses that do not affect stress
fiber formation, excluding the possibility of global actin cytoskeleton rearrangement in
ciliogenesis control. To examine the effect of the selected SLs on ciliogenesis induced by
CytD and on actin dynamics, we treated RPE cells with CytD for 18 h together with the
SLs grosheimin, costunolide, or -, 3-, and y-cyclocostunolide. As expected, the addition
of CytD and DMSO at the same time increased ciliated cells compared to DMSO-only
treated cells (Figure 4A,B). The addition of all the SLs further affected cilia formation in a
similar way as cilia-induced starvation conditions (Figure 3). Grosheimin showed less effect,
while all the other compounds showed a decrease in the ratio to 0.4-0.5 (Figure 4B). The
variability associated with y-cyclocostunolide was not detected in this treatment, pointing
to a cellular defect due to the addition of the compound under starvation conditions. We
further measured the length of primary cilia, and we observed that there were no significant
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differences compared to the control condition (CytD and DMSO) for all tested compounds
(Figure 4B). We also analyzed the cell cycle progression in CytD treatment conditions in
RPE cells. It has been reported that CytD treatment inhibits the cell cycle progression
from Gy to S phase and also mitosis during cytokinesis [35,36]. Therefore, treatment of
RPE cells with CytD for 18 h (control) showed an increase in the population with DNA
content = 2, as cytokinesis blockage leads to the accumulation of tetraploid cells that in Gy
will have the same amount of DNA as diploid G; cells. Nevertheless, incubations with
the allelochemicals plus CytD resulted in no effect on the profile compared to the control
condition (Figure 4C).
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Figure 4. Effect of sesquiterpene lactones on primary cilia induced by cytochalasin D. (A-C) RPE cells
were incubated for 18 h with cytochalasin D at 200 nM final concentration to induce primary cilia
formation. Compounds at 10 uM final concentration were added at the same time. (A,B) Immunoflu-
orescence was performed as in Figure 2. Graph shows mean and SEM of 6 independent experiments
of the ratio of ciliated cells (A) or the average cilia length (B). Mann-Whitney test analysis was
performed, and significant differences are indicated when p < 0.05 (*) or 0.01 (**). (C) Sesquiterpene
lactones’ effect on cell cycle under cytochalasin D treatment. Propidium iodide-stained cells were
analyzed by flow cytometry. Graph shows mean and SEM of 3 independent experiments. Cytocha-
lasin D blocks cytokinesis after chromosome divergence in anaphase of mitosis; therefore, cell cycle
stage and DNAc are not unequivocally linked (ex. DNAc = 2 will contain G, and mitotic cells but
also tetraploid cells that will be entering Gy).

Blocking actin assembly facilitates ciliogenesis by stabilizing a pericentrosomal precil-
iary compartment (PPC), a transient tubular and vesicular compartment in charge of sorting
transmembrane proteins destined for cilia during the early ciliogenesis. It is observed after
initiation of ciliogenesis (4 h after starvation) and disappears after 24 h serum starvation
from the ciliary base. Previous studies have shown that CytD-treated cells promote PPC
formation (in 2 h), facilitating both axoneme assembly and ciliary membrane biogenesis [32].
Because SLs block ciliogenesis induced by CytD and starvation, it is therefore tempting to
speculate that the allelochemicals tested in this study may interfere in the formation and
stabilization of the preciliary compartment, a process that involves fusion of transport of
vesicles at the base of the cilia, via the recruitment of lipid and membrane proteins that
enables the biogenesis of ciliary membrane and axoneme assembly.
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2.4. Effect of Sesquiterpene Lactones on Late Steps of Ciliogenesis

Ciliogenesis requires enormous coordination of cell cycle regulatory signaling and
the recruitment of ciliary proteins with proper stoichiometry. The final step of ciliogenesis
is the extension of the ciliary axoneme and ciliary membrane. Its regulation is orches-
trated by intracellular trafficking, intraflagellar transport (IFT), and autophagy, among
others [37,38]. Because primary cilia are formed in quiescent cells and resorbed during the
Gy /M transition, the coordination of these two processes must be highly robust. It has
been shown that ciliary resorption is related to stress responses [39], cell cycle progression,
and cell differentiation [28]. To see if SLs have an effect in maintaining the equilibrium
between cilia assembly and disassembly and cilia extension, we also analyzed the effect of
the compounds on the late phases of ciliogenesis, where primary cilia are already facing
the extracellular media, axoneme is assembled, and ciliary membrane formed. Cells were
serum-starved for 24 h to induce primary cilia formation, and compounds were added
for an additional 24 h in the serum-starved medium. In these conditions, the grosheimin
compound showed an increase in the ratio of total ciliated cells and x-cyclocostunolide and
y-cyclocostunolide a decrease (Figure 5A,B). For the latter products, x-cyclocostunolide
and y-cyclocostunolide, the reduction in cilia percentage was more than half compared to
control. Cilia length was also evaluated (Figure 5B), and «-cyclocostunolide showed a re-
duction in the cilia length, while grosheimin, costunolide, and 3-cyclocostunolide showed
an increase, and y-cyclocostunolide showed any difference. For y-cyclocostunolide, we
again detected significant differences among replicates ranging from no difference in cilia
percentage to almost a 35% decrease (Figure 5B), indicating variability when cells are under
the action of this product. The reason for this variability needs to be further studied.

The increase in the ciliated cells ratio and ciliary length found in cells treated with
grosheimin at late stages of ciliogenesis, together with the decrease in percentage detected at
early steps, suggests that grosheimin has a positive effect on the assembly and/or length of
the primary cilia, promoting a higher rate of elongation and ciliary-assembly pathways than
ciliary-disassembly ones. Given that grosheimin incubation does not affect cell viability
or cell cycle progression, this could be a promising compound to specifically promote
ciliogenesis. It could be studied in ciliopathies that result from abnormally short cilia or
impaired ciliogenesis, such as Bardet-Biedl syndrome (BBS), Nephronophthisis (NPHP),
Meckel syndrome (MKS), Joubert syndrome (JBTS), short-rib polydactyly syndrome, and
cranioectodermal dysplasia syndrome [9]. Although investigations in primary cilia and
disease have been conducted mainly in ciliopathies, some documented changes in ciliation
have also been shown in cancer initiation and progression. Differences in ciliation between
cancer cells and cells from the tumor microenvironment contribute to the growth of the
tumor. In some cancer types, a loss of ciliation promotes oncogenesis and cancer-related
signaling [40,41]. Cilia loss occurs during the early stages of breast, prostate, pancreatic,
and other cancer types [29]. Knockdown of the gene encoding tubulin monoglycylase
(TTLL3), which reduces the number of primary cilia and increases the proliferation of colon
epithelial cells, strongly promotes the development of colorectal carcinomas in a mouse
model [42]. In these types of tumors, grosheimin could be considered being studied as a
new drug for treating tumors, increasing ciliogenesis, and reducing cell proliferation.

a-cyclocostunolide showed a reduction in both the ciliated cell ratio and cilia length
compared to the control condition. This indicates a strong effect on the cilia elongation
process and makes this compound an interesting tool to test in ciliopathy models such as
asphyxiating thoracic dystrophy, where increased ciliogenesis is observed, as well as cil-
iopathies characterized by excessively long cilia such as juvenile cystic kidney disease [43]
and tuberous sclerosis [44]. Following the same idea, treatment with «-cyclocostunolide
that shows opposite effects might be interesting in conditions where cilia reduction is
needed. For example, Sonic Hedgehog (SHH) signaling at primary cilia drives the prolifer-
ation and progression of a subset of medulloblastomas [45].
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at 10 uM final concentration were added for an additional 24 h in a medium still containing 0.5%
serum. Immunofluorescence was performed as in Figure 3. Representative images for each condition
are shown (A). Graph shows mean and SEM of 5 independent experiments of the ratio of ciliated
cells and the average cilia length (B). Mann-Whitney test analysis was performed, and significant
differences are indicated when p < 0.05 (*), 0.01 (**).

3. Conclusions

The major function of primary cilia is to sense a variety of external stimuli, including
flow, ligands, and light, to regulate cell homeostasis, proliferation, and differentiation.
Ciliation varies during organismal development, and cells oscillate between ciliated and
non-ciliated stages in cycling cells, where the presence of cilia antagonizes cell cycle pro-
gression [37]. Abnormalities in ciliogenesis result in cancer, pleiotropic disorders, and
denominated ciliopathies, and no treatment options are currently available for the latter. In
this study, we demonstrate for the first time that the sesquiterpene lactones grosheimin,
costunolide, and «-, 3-, and y-cyclocostunolide can modify primary cilium formation in
a cellular model of human normal non-polarized cells, RPE. The activity exhibited by
SLs serves as a promising and expanding strategy for the treatment of diseases related to
primary cilium dysfunction.

We propose that grosheimin, costunolide, and «-, 3-, and y-cyclocostunolide are
able to block ciliogenesis via targeting proteins that are implicated in the early stages of
ciliogenesis, where trafficking and docking of ciliary membranes to the mother centriole
happens (Figure 6). Growing evidence indicates that some oncogenic signaling pathways
induce ciliation while others repress it. Finding new chemicals capable of blocking cilia
formation would be useful in tumors where tumor cell growth is dependent on ciliary
signaling. The new function of SLs on cilia formation, shown in this work, encourages
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further studies on the development of new anticancer drugs with a y-lactone ring that had
primary cilia as a target. Further work is needed to identify the SL targets and effects on
tumor cells.
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Figure 6. Model of action of SLs on ciliogenesis. The image depicts the SLs that decrease or increase
the process of ciliogenesis in RPE cells after 24 h treatment. In early ciliogenesis, products are added
at the same time as primary cilia induction by serum starvation or CytD treatment. In the late steps
of ciliogenesis, products are added to the cell culture after 24 h of cilia induction by serum starvation.

Interestingly, at the late steps of ciliogenesis, where axoneme and ciliary membrane
stabilization and elongation happens, the effect of grosheimin is the opposite, promoting
ciliogenesis and elongation of primary cilium in normal cells (Figure 6). This suggests a
specific effect of grosheimin in promoting cilia assembly against disassembly, pointing
out a cellular function specific to the molecule, perhaps related to the -thiols group on its
structure. Primary cilium dysfunction diseases exhibit little genotype—phenotype relation-
ship. Mutations in a single gene can be implicated in multiple distinct ciliopathies affecting
multiple organs with variable manifestations. Compounds that target disease-associated
symptoms or cilia biogenesis are developed as an alternative therapeutic approach. This
preliminary result showing that grosheimin promotes cilia assembly encourages further
studies with this compound to be tested in cellular models of disease and to be studied as a
therapy to treat ciliopathies and tumor growth.

Ciliopathies and diseases exhibiting affected ciliary function are increasing, and iden-
tifying modulators of ciliogenesis to connect ciliogenesis with other basic cellular processes
assumes increasing importance. Much more work is required to address SL molecular
targets and solubility in order to increase our knowledge of primary cilium function and
structure and create new therapies for ciliary dysfunction diseases, an emerging field
of study.

4. Materials and Methods
4.1. Plant Material and Extraction and Isolation of Test Compounds

Reactions were quality assessed via analytical thin layer chromatography on pre-
coated silica gel 60 F254 glass plates (Merck, Rahway, NJ, USA) in the normal phase and
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60 RP-18 F254S (Merck) in the reverse phase. Compound detection was carried out via
exposition to UV (A = 254 nm) using oil (CH3COOH: HyO: HySO4 4:20:1) and thermic
treatment (250 °C).

Product purification was conducted via (i) column chromatography with silica gel
Merck 60 (pore size 0.063-0.0200 mm, 0.040-0.063 mm) using gravity elution with the
indicated compounds; (ii) semi-preparative HPLC using LiChrospher (Torrance, CA, USA)
100 RP-18 (10 um) in reverse phase in Merck-Hitachi with refraction index detector equip-
ment; and (iii) solid phase extraction (SPE) using StraraTM-X (Nao-Me-Toque, Brazil)
(33 um Polimeric Reverse Phase, 200 mg/3 mL). Organic solvents and reagents were ob-
tained from Fisher Chemical® (Waltham, MA, USA), VWR, Panreac® (Castellar del Valles,
Spain), and Sigma-Aldrich® (St. Louis, MO, USA). Synthesized compounds were identi-
fied using NMR spectra in chloroform-d using AGILENT®-500 MHz equipment (Santa
Clara, CA, USA). Spectra obtained were one-dimensional TH-RMN and 3C-RMN and
two-dimensional '"H-COSY (H-'H correlation) and HSQC (*H-'3C correlation).

Costunolide ((3aS,6E,10E,11aR)-6,10-dimethyl-3-methylene-3a,4,5,8,9,11a-hexahydro
cyclodeca[b]furan-2(3H)-one) was isolated from a root extract from Saussurea lappa pur-
chased from Pierre Chauvet S.A. (Seillans, France). A total of 50 g of S. lappa root extract was
dissolved in CH,Cl, and fractioned by column chromatography using n-hexane (0.6 mL)
as first eluent, and then a mixture of n-hexane/AcOEt 95:5 (6 L) [46]. Those fractions
containing costunolide, according to thin-layer chromatography analysis, were further
purified by column chromatography using n-hexane/AcOEt 95:5 to obtain costunolide in
a total amount of 2.3 g (4.6%). Spectroscopy data were in agreement with those already
reported for costunolide [47].

Grosheimin ((3aS,6aR,95,9aR,9bR)-9-methyl-3,6-dimethyleneoctahydroazuleno[4,5-
bJfuran-2,8(3H,4H)-dione) was isolated from a leaf extract from Cynara scolymus. An
amount of 12.5 g of C. scolymus leaf extract was dissolved in EtOAc. Colum chromatogra-
phy separation with hexane/acetone 70:30 to 20:80 was performed and the eluted fraction
containing the lactones was separated again using n-hexane/acetone 60:40. The fraction
were monitored with analytical thin layer chromatography using H,O:acetone 60:40 and the
fraction with less polar products was extracted by SPE using H,O:acetone 35% obtaining
grosheimin (9.2 mg and 0.07%). Spectroscopy data were in agreement with those already
reported for grosheimin [48].

4.2. Semi-Synthesis

Isolated costunolide (120 mg, 0.517 mmol) was stirred in CH,Cl, (5 mL), and p-TsOH
(para-toluenesulfonic acid; 24.3 mg, 0.141 mmol) was added for cyclization reaction at room
temperature for 4 h [49]. The crude mixture was diluted with CH,Cl, (20 mL) and treated
with NaHCOs-saturated aqueous solution (25 mL). The organic phase was separated, and
the aqueous phase was washed with CH,Cl, (3 x 25 mL). The organic phases were pulled
together for neutralization with the NaCl aqueous solution (100 mL). The organic phase was
separated again, and aqueous residues were removed with NaySO4 addition. The solution
was gravity-filtered and concentrated under reduced pressure before purification by column
chromatography. The eluant used was n-hexane/AcOEt 95:5. Products by elution order are
as follows: y-cyclocostunolide (8.2 mg, 7% yield: (3aS,5aR,9bS)-5a,9-dimethyl-3-methylene-
3a,4,5,5a,6,7,8,9b-octahydronaphtho[1,2-b]furan-2(3H)-one)), x-cyclocostunolide (42.0 mg,
35% yield: (3aS,5aR,9bS)-5a,9-dimethyl-3-methylene-3a,4,5,5a,6,7,9a,9b-octahydronaph
tho[1,2-b]furan-2(3H)-one)), and (-cyclocostunolide (65.9 mg, 55% yield: (3aS,5aR,9bS)-
5a-methyl-3,9-dimethylenedecahydronaphtho[1,2-b]furan-2(3H)-one)). Spectroscopy data
were in agreement with those already reported for «-, 3-, and y-cyclocostunolide [49].

4.3. Cell Culture Conditions and Biological Assays

The human cell line used was hTERT-immortalized retinal pigment epithelial cells
(hTERT RPE-1) provided by Dr. Fernando Balestra at Cabimer, Seville, Spain. Cells were
grown at 37 °C, 5% CO, in DMEM/F-12 containing L-glutamine and 15 mM HEPES cell
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culture media. Media was supplemented with 10% FBS, 100 U/mL penicillin, 100 ug/mL
streptomycin, and 3 pg/mL ciprofloxacin (NORMON laboratories).

For cilia experiments, cells were seeded at a density of 70,000 cells/well in 12-well
plates, and the following day, cilia were induced by incubating cells for 24 h with media
supplemented only with 0.5% FBS. In experiments aimed to see the effect of test compounds
in cilia formation, test compounds were added at the same time as the 0.5% FBS media at a
final concentration of 10 uM. In experiments aimed to see the effect of test compounds in
established cilia, after incubating cells for 24 h in 0.5% FBS media, test compounds were
added for an additional 24 h in 0.5% FBS media at a final concentration of 10 uM. For all
experiments, DMSO was added as the control condition (as test compounds are diluted
in DMSO stock solution). For cytochalasin D treatment, cells were seeded as above, and
the following day;, cilia were induced by incubating cells for 18 h with 200 nM cytochalasin
D. Test compounds were added at the same time at a final concentration of 10 uM. DMSO
was added as the control condition. For cell viability, cells were seeded at a density of
15,000 cells/well in 96-well plates, and the following day, media was changed to media
supplemented only with 0.5% FBS and test compounds at different final concentrations or
DMSO as a control. After incubating for 24 h, cells were washed with 1X PBS and fixed
with 1% glutaraldehyde (in 1X PBS) for 20-30 min. Then, after another 1X PBS wash, crystal
violet 0.1% (in HO) solution was added for another 20-30 min. Finally, after one wash
with H,O, plates were left to dry. To quantify % of cell viability, stained fixed cells were
resuspended with 10% acetic acid (CH3COOH) solution, and absorbance was measured at
590 nm in a plate reader (sometimes samples were additionally diluted 1/10 in 10% acetic
acid to obtain values within the range of the plate reader). Cell viability was calculated as a
percentage of the viability of control cells treated with DMSO.

4.4. Immunofluorescence (IF)

Cells were seeded onto coverslips in 12-well plates, and cilia experiments were per-
formed as indicated above. For IF, coverslips were fixed with —20 °C cold methanol for
10 min at —20 °C, washed with 1X PBS, and blocked for 1h at RT in IF blocking buffer (5%
[wt /vol] BSA, 0.05% [vol /vol] Tween in 1X PBS). Cells were incubated with primary anti-
body diluted in IF blocking buffer overnight at 4 °C. Coverslips were washed three times
for 5 min at room temperature in 1X PBS containing 0.05% (vol/vol) Tween and incubated
with secondary fluorescent antibody diluted in blocking buffer for 1h at RT. Coverslips
were washed three times again, incubated with DAPI (Sigma), washed with 1X PBS, and
mounted in the glycerol-based 2.5% [wt/vol] PVA-DABCO mounting medium for imag-
ing. Primary antibodies used for staining: y-tubulin (at concentration 1:1000) from Sigma
T3559 and acetylated-tubulin (1:2000) from Sigma T7451; Secondary antibodies: Alexa (San
Fancisco, CA, USA) 488 conjugated anti-mouse A32723 from Invitrogen (Waltham, MA,
USA) and Alexa 568 conjugated anti-rabbit A11011 from Invitrogen. Both were used at
1:500. DAPI was used as a final concentration of 5 pug/mL for 5 min.

4.5. Microscopy

Images were collected at room temperature on a Zeiss (Oberkochen, Germany) LSM
900 inverted confocal microscope using a 40X 1.3 NA oil-immersion objective controlled
with Zeiss ZEN software 3.2. Images were collected as 0.5-um z sections. Images pre-
sented in the figures are maximum intensity projections. Fluorophores imaged are those
conjugated to secondary antibodies listed above. Images were z-stacked and changed to
jpg format using Fiji software 1.53c [27] and subsequently analyzed for cilia proportion
and cilia length both manually using Fiji software 1.53c and semi-automatized ACDC
software_v0.93 [28] run in MATLAB R2016b (Windows OS). A >4 times magnification of
the image is also included for better visualization of the cilia and/or centrosome.
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4.6. Cell Cycle Analysis and Flow Cytometry

For cell cycle analysis, after the indicated treatments, cells were collected and fixed in
cold 70% ethanol for at least 30 min at 4 °C. Then, cells were centrifuged, washed with 1X
PBS, centrifuged, and treated with RNAse in 1X PBS at a final concentration of 100 pg/mL
for at least 1 h at 37 °C. Finally, propidium iodide was added at a final concentration of
50 pg/mL and incubated, protected from light for at least 1 h before cytometry. Cells
were analyzed in a BD FACS Celesta SORP (Franklin Lakes, NJ, USA) with Diva software
9.0. Forward scatter (FS) and side scatter (SS) were used to identify single cells, and
PI was visualized using the yellow /green laser with excitation at 561 nm (PI maximum
emission 605 nm). Cell cycle analysis was performed using the cell cycle tool of Flow]o
software v10.8.1.

4.7. Statistical Analysis

All experiments were performed at least in triplicates (when n > 3, it is indicated in
figure legend), and in each experiment for each condition, around 100 cells were analyzed.
Data are expressed as a ratio between the mean values compared to the DMSO control
and the standard deviation of the mean (SEM). Data statistics were analyzed in GraphPad
Prism. We used Mann-Whitney test analysis to identify any difference between two means
(test condition and control) that is greater than the expected standard error. For cell viability
experiments, we performed a two-way ANOVA analysis, and for cell cycle experiments, a
multiple t-test analysis comparing G1-5-G; values for each test condition versus control.
The p values are indicated within the figures.
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Abstract: The genus Pyrenophora includes two important cereal crop foliar pathogens and a large
number of less well-known species, many of which are also grass pathogens. Only a few of these
have been examined in terms of secondary metabolite production, yet even these few species have
yielded a remarkable array of bioactive metabolites that include compounds produced through each
of the major biosynthetic pathways. There is little overlap among species in the compounds identified.
Pyrenophora tritici-repentis produces protein toxin effectors that mediate host-specific responses as
well as spirocyclic lactams and at least one anthraquinone. Pyrenophora teres produces marasmine
amino acid and isoquinoline derivatives involved in pathogenesis on barley as well as nonenolides
with antifungal activity, while P. semeniperda produces cytochalasans and sesquiterpenoids implicated
in pathogenesis on seeds as well as spirocyclic lactams with phytotoxic and antibacterial activity. Less
well-known species have produced some unusual macrocyclic compounds in addition to a diverse
array of anthraquinones. For the three best-studied species, in silico genome mining has predicted the
existence of biosynthetic pathways for a much larger array of potentially toxic secondary metabolites
than has yet been produced in culture. Most compounds identified to date have potentially useful
biological activity.

Keywords: Pyrenophora; toxins; biological activity; phytotoxicity; pathogenicity; biomolecules

Key Contribution: (1) Review of the biology, pathogenicity, and toxic metabolites produced by the
most relevant Pyrenophora species; (2) classification of the toxic metabolites in a table according to
their structures, with descriptions of the main agronomic and pharmacological activities reported
for them.

1. Introduction

Species of the fungal ascomycete genus Pyrenophora are known to produce a spectac-
ular array of secondary metabolites, but, to date, there has been no published effort to
integrate the large volume of information available on this topic. In this review of bioactive
metabolites produced by members of the genus, the goal is to present this information
in a format that will be useful for agronomists studying plant disease and researchers in
chemical ecology, as well as natural products chemists and applied scientists seeking novel
compounds for diverse uses.

Pyrenophora is a genus of approximately 190 currently recognized species in the
Dothidiomycete family Pleosporaceae [1]. Both the family Pleosporaceae and the genus
Pyrenophora are well supported as monophyletic groups based on molecular phylogenetic
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analysis, and the Drechslera anamorphs traditionally associated with Pyrenophora species are
also supported as genetically similar to their teleomorphs and conspecific with them [2—4].
Most Pyrenophora species are foliar pathogens of grasses, but some are also known as
endophytes, as foliar pathogens of dicots, and in at least one case, as a seed pathogen.

For many species, little information beyond a species description is available, but
two economically important cereal crop foliar pathogens, P. tritici-repentis and P. teres, have
been well-studied [5-7]. A third well-studied species is P. semeniperda, a seed pathogen
under consideration as a possible biocontrol for weedy annual bromes [8,9]. This review
covers the literature from 1934 through 2022. The toxic metabolites discovered in each
of the three well-studied species are presented, along with a few reports from additional
species, and their isolation, structure determination, and biological activities are discussed.

2. Biology, Pathogenicity, and Toxin Production of Pyrenophora spp.
2.1. Pyrenophora teres
2.1.1. Biology and Pathogenicity of Pyrenophora teres

Pyrenophora teres is the causal agent of net blotch on barley, which is an economically
important foliar disease that can cause up to 40% yield reduction and also lowers grain
quality [7]. It reproduces sexually on standing barley at the end of the growing season
and overwinters on crop residues. There are multiple cycles of asexual reproduction via
conidia during the growing season. This pathogen can also infect developing seeds and
be moved as seed-borne inoculum. It has long been known that there are two forms that
are morphologically identical but that cause quite different disease symptoms on barley
leaves. The net form P. feres f. teres (Ptt) causes longitudinal dark brown necrotic lesions
that can later become chlorotic, while the spot form P. teres f. maculata (Ptm) causes circular
or elliptical spots that are dark brown and are associated with chlorosis on the surrounding
leaf tissues. The two forms are genetically distinct and may represent different species [10].
They can be induced to hybridize under laboratory conditions, but hybrids under natural
conditions are extremely rare. The two forms also differ in the growth rate, symptom
development, and toxin production in culture.

P. teres can infect a wide range of cereal and native grass hosts, but rarely, if ever,
causes significant disease on these hosts [11]. This makes wild grass species an unlikely
source of inoculum. Disease levels on different barley cultivars appear to be mediated by
gene-for-gene interactions, but toxins specifically produced by these virulence genes have
not yet been identified [6,12]. Many of the toxins produced by this fungus in culture can
induce some level of disease symptoms on barley leaves, but these effects are not strain- or
host genotype-specific.

Genome mining has identified a large number of predicted biosynthetic gene clusters
that could mediate the production of novel toxins in P. feres [13]. The total number is greater
for Ptt (36 to 82 depending on strain) than for Ptm (4547, two strains). The majority of
these (15-53) are NRPS (non-ribosomal peptide synthase) loci, with 12-15 PKS (polyketide
synthase) loci, 2-9 PKS-NRPS hybrid loci, and 4-6 terpene biosynthase loci. There is
a high probability that further research can unravel the identity of toxic effectors and
their specificity in the gene-for-gene interactions that have been documented genetically
and phenotypically in this pathosystem, whether the effectors are secondary metabolites
or proteins [6].

2.1.2. Phytotoxins Produced by Pyrenophora teres

Chemically diverse toxins have been isolated from cultures of P. teres. These com-
pounds belong to different classes according to their structures, including amino acid
derivatives of the marismine class, nonenolides, spirocyclic lactones, isoquinolines, and
an anthraquinone (Figure 1). As reviewed in this section, many of them are phytotoxic,
whereas other types of biological activities of agronomic or pharmacological interest have
been described for some of them.
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Figure 1. Structures of the toxins produced by P. teres.

Amino acid derivatives (1-4, Figure 1) in a family that belongs to the marasmine
class are among the phytotoxins produced by P. feres. All of these were obtained from
cultures grown in Fries’ liquid medium. Toxins A and B (1 and 2), isolated for the first
time from culture filtrates of P. teres collected from barley leaves, were the first to be
discovered from this family [14]. Their structures were described in a later study, with toxin
A (1) being characterized as N-(2-amino-2-carboxyethyl)aspartic acid, and toxin B (2) as
1-(2-amino-2-carboxyethyl)-6-carboxy-3-carboxymethyl-2-piperazinone [15]. Toxin B (2) is
also known as anhydroaspergillomarasmine A [16]. Compounds 1 and 2 showed phytotoxic
effects on barley, provoking chlorosis and collapse of tissues [14]. It was suggested that
toxins A and B (1 and 2) play a key role in the disease syndrome of net-spot blotch of
barley, also contributing to the virulence of individual isolates of P. teres [14]. The same
study that provided the characterization of compounds 1 and 2 [15] also reported the
first isolation of toxin C (3) from P. teres. The structure of this compound, also known as
aspergillomarasmine A, corresponded with that of N-[2-(2-amino-2-carboxyethylamino)-2-
carboxyethyl]aspartic acid, an already-known fungal compound previously described from
Fusarium oxysporum, Colletotrichum gloeosporioides, Aspergillus flavus-oryzae, and Paecilomyces
species [16-18]. Toxin A (1) was suggested as a precursor of toxin C (3) in cultures of
P. teres, whereas toxin C (3) generates toxin B (2) by a non-enzymatic mechanism [16].
Different strategies for the synthesis of compound 3 are available in the literature [19-23].
As for toxins A and B (1 and 2), toxin C (3) has phytotoxic activity on barley, and it has
been suggested that compound 3 plays a major role in the pathological changes associated
with the barley net-spot blotch disease [16]. Compound 3 also possesses pharmacological
interest due to its activity against some factors that generate resistance in Gram-negative
pathogens. In fact, it is a potent inactivator of metallo-B-lactamases and has proven to
reverse carbapenem resistance in vivo [24]. The inhibition of metallo-3-lactamases by
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compound 3 would occur via the selective sequestering of Zn?* [25]. Of interest for the
development of drugs, it could be worth highlighting that the structure of compound 3
proved to be tolerant of changes in the stereochemistry at positions 3, 6, and 9 regarding
the activity against the metallo-3-lactamase NDM-1 [20].

It is interesting to note the study by Weiergang et al. (2002) [26] on the phytotoxicity
of toxins A—C (1-3) on barley leaves, which showed the different activity profiles of these
compounds. It was found that toxin A (1) generates chlorotic symptoms and little necrosis,
whereas toxin C (3) provokes distinct necrotic symptoms and chlorosis, and toxin B (2)
is weakly toxic. It was concluded that the interaction of barley with toxins A and C
(1 and 3) is correlated with that observed with P. teres (both f. teres and f. maculata). This
suggested that these toxins may be used to select resistant barley lines in the early stages of
breeding programs [26].

Aspergillomarasmine B (4), also known as lycomarasmic acid, is a toxin identified as a
product of P. teres in 2008 [27]. This compound, similar to the closely related compound 3,
had been previously found in the fungal species A. flavus-oryzae, C. gloeosporioides, and
Paecilomyces [17,18,28]. Its isolation from C. gloeosporioides, the pathogen of olive crops
(Olea europaea L.), represented its first report as a toxin produced by a plant pathogen [28].
Compound 4 showed remarkable phytotoxic activity, whose mechanism may be based on
a chelation process that forms toxic iron chelates [27].

The family of pyrenolides (5-8, Figure 1) constitutes a group of bioactive toxins also
produced by P. teres that are compounds with antifungal activity [29] isolated from cultures
grown in malt-dextrose medium. Structurally, pyrenolides 5-7 are nonenolides formed by
a 10-membered lactone ring with different substituents. Pyrenolide A (5) was first isolated
from P. teres [30]. It was later found in Ascochyta hyalospora [31], and some hydroxylated
derivatives were isolated from a marine-derived Curvularia species [32]. Pyrenolides B and
C (6 and 7) were isolated in a later study [29]. The synthesis of pyrenolide B (6) was reported
in different studies [33-35], though not as an enantiomerically pure product. It is worth
highlighting that Suzuki et al. (1987) [34] proved that synthetic (+)-pyrenolide B shows
significant antimicrobial activity (against Aspergillus niger and Cochliobolus miyabeanus) and
phytotoxicity. The synthesis of (£)-pyrenolide C by Wasserman and Prowse (1992) [36] was
the first reported for this compound, also allowing the establishment of its stereochemistry.

The structure of pyrenolide D (8) differs from those of the previously described
pyrenolides A—C (5-7), showing a tricyclic spiro-y-lactone scaffold of five-membered rings
instead of the nonenolide scaffold. Pyrenolide D (8) was isolated for the first time from
P. teres [37]. The same study reported that this compound possesses cytotoxic activity
(against HL-60 cells), whereas antifungal activity was not found, unlike pyrenolides A-C.
The synthesis of pyrenolide D (8) was the focus of later studies, as a result of which this
toxin was obtained as an enantiomerically pure product [38—42].

Two isoquinolines, named pyrenolines A and B (9 and 10, Figure 1), were also reported
as phytotoxins isolated from P. teres [43]. Both compounds showed phytotoxic activity on
different plant species, including barley. Pyrenoline A (9) required lower concentrations to
generate the phytotoxic effects evaluated. Pyrenoline A (9) did not show host specificity
regarding monocot and dicot species. The kinetics of production of pyrenolines A and B
(9 and 10) by P. teres were studied in later research. It was found that their concentration in
the culture medium varies in time following a repetitive cycle of production and degrada-
tion, with pyrenoline B always being produced in higher quantities than pyrenoline A [44].

Catenarin (11) is a red anthraquinone pigment isolated from Drechslera teres [45] and
other fungal species including Helminthosporium gramineum, Pyrenophora tritici-repentis, and
Conoideocrella krungchingensis [46—48]. The culture medium employed for its isolation from
P. teres is potato dextrose agar (PDA), unlike compounds 1-10, for which a liquid medium
(Fries, Malt-Dextrose or M1D) was used. Its synthesis was reported in the middle of the
last century [48,49]. With regard to its biological activities, catenarin (11) induces necrosis
on wheat in a non-specific manner [50] and inhibits, to some extent, the growth of the
mycelium of D. teres, but not the germination of conidia [45]. Compound 11 also possesses
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a remarkable antibacterial profile. It significantly inhibits B. subtilis (at low concentrations
of <0.1 uM) [45], as well as other Gram-positive bacteria and fungal species [46,50]. It is
also cytotoxic against NCI-H187 cancer cells (IC5p = 8.21 ug/mL), and inactive against
the non-cancerous line tested in the same assay [47]. Moreover, antidiabetic activity was
described for catenarin (11), though few studies have been performed in this regard [51].

2.2. Pyrenophora tritici-repentis
2.2.1. Biology and Pathogenicity of P. tritici-repentis

Pyrenophora tritici-repentis is the causal agent of the foliar disease tan spot of wheat [5].
It also occurs on related cereal crops and some native grasses but is not known to cause
serious disease on these hosts. It is a necrotrophic pathogen that can survive saprophytically
and increase its inoculum through sexual reproduction on crop residues over winter.
Recent research on this disease has focused on the role of host-specific toxins (HSTs) in
the pathogenesis of different cultivars of wheat. HST genes interact with host sensitivity
genes in a manner that is essentially the inverse of the interaction of avirulence genes
in biotrophic fungi with host resistance genes. In biotrophs, the host resistance gene
product can recognize the pathogen avirulence gene product and initiate defense measures,
including programmed cell death, that prevent further tissue colonization by the pathogen.
However, for necrotrophic pathogens, programmed cell death is the opening that enables
successful infection; thus, recognition by the host actually increases pathogen virulence.
There are currently three HSTs known to be produced by this pathogen on wheat, and the
combination of these in any pathogen strain and their complementary sensitivity genes in
the host determines which wheat cultivars are susceptible to a given strain.

Tan spot disease has long been endemic in wheat but was considered a minor pathogen
until quite recently. It has emerged as an economically important disease of wheat world-
wide only in the last 60-80 years [52]. The advent of no-till agriculture is one probable
contributor to its recent ascendance as a major disease of wheat. However, the major factor,
as discussed below, that has increased its virulence on wheat involved a recent horizontal
gene transfer from a related wheat pathogen, Stagonospora nodorum [53]. Both organisms
produce PtrToxA, a host-specific toxin (HST) that causes severe disease in wheat cultivars
that possess the corresponding sensitivity gene Tsnl. PtrToxA-producing strains have
now become the prevalent strains in wheat-producing regions across most of the world
(e.g., [54]). Even more recently, there appears to have been a second horizontal gene transfer
of the PtrToxA gene from P. tritici-repentis to P. teres, which has enabled this barley pathogen
to effectively expand its host range to include wheat [55]. Horizontal gene transfer is
difficult to demonstrate conclusively, but the evidence for PtrToxA horizontal gene transfer
into P. tritici-repentis is quite strong.

P. tritici-repentis also produce toxins that are not host-specific, but there has been little
research on the role of these toxins in disease development in wheat. A genome-mining
exercise for this pathogen revealed the presence of >30 putative genes or gene clusters that
are likely responsible for the biosynthesis of some of these other toxins [5]. These included
both NRPS (non-ribosomal peptide synthase) and PKS (polyketide synthase) loci as well as
two NRPS-PKS hybrid loci. More recently, a more comprehensive genome mining exercise
identified a similar number of these biosynthesis gene clusters in P. tritici-repentis, as well as a
number of terpene synthesis clusters [13]. The NRPS-PKS biosynthesis gene cluster responsible
for triticone (spirostaphylotrichin) biosynthesis has been specifically identified [56].

2.2.2. Phytotoxins Produced by Pyrenophora tritici-repentis

For the species P. tritici-repentis, a collection of toxins, mostly with protein- and spiro-
cyclic lactam-like structures (Figure 2), has been isolated and studied.
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Figure 2. Structures of triticones A-F, toxins produced by P. tritici-repentis.

The most studied toxins produced by P. tritici-repentis are the proteins known as Ptr
ToxA and Ptr ToxB, obtained from cultures grown in Fries’ medium. They are host-selective
toxins reported as necrosis-inducing in the case of Ptr ToxA [57], and chlorosis-inducing
in the case of Ptr ToxB [58]. Ptr ToxA causes quicker symptoms than Ptr ToxB, though the
defense responses observed have multiple similarities [59]. It was also found that Ptr ToxB
has a greater distribution than the common host-selective toxins [60]. Pandelova et al. [59]
provided an excellent overview of the biochemical mechanisms and effects of both toxins.

Ptr ToxC was also reported as a chlorosis-inducing and low-molecular-weight com-
pound, grown in a PDA medium [61,62]. This compound has a difficult isolation process
and is not stable; its genetics are still under study. It has recently been suggested that it is
not a protein [63].

As mentioned earlier, a family of spirocyclic lactams (12-17), named triticones or spirostaphy-
lotrichins (Figure 2), has been described as toxins produced by P. tritici-repentis [64]. All of these
were obtained from cultures grown in an M1D-modified liquid medium. Triticones A and B
(12 and 13, Figure 2), epimeric compounds at C-2, were the first to be reported, isolated in 1988
as new chemotypes for which no closely related molecules had been described [65]. This study
highlighted the instability of the active fractions to high temperatures and silica gel, making
possible the isolation of the compounds by crystallization after the slow evaporation of the
solvent. The ratio of production is approximately 1:1 [64]. Another relevant finding is that
triticone A (12) undergoes racemization to form triticone B (13), and vice versa, which means
that studies on the bioactivities of these compounds are commonly carried out on mixtures of
both compounds.

Triticones A and B (12 and 13) showed remarked phytotoxicity in leaf assays [64], and
also showed phytotoxic activity at 4.0 uM in a wheat protoplast assay [65]. The mixture
of triticones A and B induces chlorosis and necrosis on a wide range of monocot and
dicot plants [56,66] and also inhibits CO, fixation by 50% in wheat at 32 4= 13 uM [66].
Antibacterial activity against the Gram-positive species Bacillus subtilis and Rhodococcus
erythropolis was reported, whereas no activity was observed against different Gram-negative
bacteria or fungal species [56]. Triticone B (13) showed attributes of pharmacological
interest, as it enhances plasmin activity of bovine aortic endothelial cells, causing direct
and reversible inhibition of plasminogen activator inhibitor-1 [67].

As for triticones A and B (12 and 13), triticones C and D (14 and 15, Figure 2) were
also described as epimers at C-2, and this is also the case for triticones E and F (16 and 17,
Figure 2) [64,66]. Interestingly, triticones C and D (14 and 15) do not undergo the quick
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interconversion previously described for triticones A and B [64]. Unlike triticones A and B
(12 and 13), which possess a marked phytotoxicity, triticones C and D (14 and 15) are weakly
phytotoxic in leaf protoplast assays, whereas triticones E and F (16 and 17) are essentially
inactive [64]. On the other hand, it is worth highlighting that these two latter compounds,
in a mixture of 2:1, possess antibacterial activity against Escherichia coli (minimum inhibitory
concentration = 62.5 pug/mL) [68].

Catenarin (11, Figure 1), a toxin produced by P. teres with phytotoxic and diverse
pharmacological activities as previously described in Section 2.1.2, is also produced by
P. tritici-repentis [46]. A study on P. tritici-repentis reported that the highest catenarin
concentrations can be obtained in the Fries medium supplemented with starch. It was also
shown that in specific conditions of incubation, a rapid accumulation of catenarin can occur
during the first week, followed by a large decline after 14 days. This indicates that it may
be bio-transformed to other anthraquinones or incorporated into melanin [50,69].

2.3. Pyrenophora semeniperda
2.3.1. Biology and Pathogenicity of Pyrenophora semeniperda

P. semeniperda (alternate spelling P. seminiperda) is a generalist seed pathogen that
attacks seeds in field seed banks [70]. It is known almost entirely from its anamorph
Drechslera campanulata, as the sexual state is very rarely observed in nature and nearly
impossible to obtain in culture [71]. The fungus forms macroscopic fingerlike stromata
that protrude from killed seeds, earning it the moniker ‘black fingers of death’. Early
studies on this pathogen in Australia addressed its potential as a biocontrol for annual
grass weeds [72]. This has also been the motivating force behind extensive studies on
the biology of this species in semiarid North America [8,9]. The Australian studies were
initially based on the inoculation of non-dormant seeds, a treatment that resulted in very
low seed mortality. These workers surmised that floral infection during seed development
must account for the high natural mortality in soil seed banks of these weeds, and they
demonstrated experimentally that this was at least possible [73]. Working with the host
Bromus tectorum in the US, it was later discovered that the inoculation of mature seeds
could cause very high mortality if seeds were inoculated when dormant [74]. Non-dormant
seeds could escape mortality as in the Australian studies. Non-dormant B. tectorum seeds
could also be killed in field seed banks under conditions of water stress that retarded seed
germination but permitted pathogen activity [75].

In studies with multiple strains, it was discovered that slower-growing strains were better
able to kill non-dormant B. tectorum seeds than fast-growing strains [76]. This was interpreted
as a trade-off between the growth rate and production of cytochalasin B, a toxin produced in
abundance by this pathogen [77]. This hypothesis was later confirmed experimentally [78].

Molecular genetic studies showed that P. semeniperda exhibits high levels of genetic
diversity and regional genetic differentiation, even at the ITS locus, which is most often
monomorphic at the species level [79]. It was later demonstrated that strains with different
ITS haplotypes are strongly genetically differentiated and likely represent cryptic species [80].

Studies on the host range of this seed pathogen determined that it has a very wide host
range, but that some hosts were more susceptible than others [81]. Reciprocal inoculation
experiments with strains from different annual grass hosts demonstrated a complete lack
of host specialization [82]. Strains varied in virulence and host species varied in resistance,
but there was no pattern of increased virulence in the host of origin.

A provisional genome mining exercise (C. Coleman, Brigham Young University, un-
published data) using an annotated genome assembly [83] yielded 12 predicted PKS loci,
8 predicted NRPS loci, and 2 PKS-NRPS hybrid loci. The two hybrid loci were later deter-
mined to be responsible for the biosynthesis of cytochalasins and spirostaphylotrichins,
both of which are known to be produced by this fungus in culture.
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2.3.2. Phytotoxins Produced by Pyrenophora semeniperda

P. semeniperda is a species for which a higher diversity of compounds (Figure 3) has
been found, in comparison to P. teres and P. tritici-repentis. They include cytochalasan, spiro-
cyclic lactam, and sesquiterpenoid acid structures. Interestingly, some of the compounds
produced by P. semeniperda have been also discovered in P. tritici-repentis, i.e., triticones
A—C and E-F (12-14, 16 and 17, Figure 2), previously described in Section 2.2.2. These will
be referred as spirostaphylotrichins in this section when possible, as they were designated
as spirostaphylotrichins in subsequent publications on P. semeniperda. Cytochalasins B, F, T,
and deoxaphomin (18-21, Figure 3), as well as the previously undescribed cytochalasins
Z1,72, and Z3 (22-24, Figure 3), were isolated in 2002 by Evidente et al. as the first phy-
totoxins produced on solid wheat culture by an Australian strain of P. semeniperda [84].
They belong to the cytochalasan group of fungal polyketide-amino acid hybrid metabo-
lites with several biological activities [85,86]. Cytochalasins Z1, Z2, and Z3 (22-24) were
characterized as 24-oxa[14]cytochalasans by NMR and MS techniques. Compounds 18-24
were assayed on wheat and tomato seedlings, and the most active compounds proved to
be cytochalasin B (18), F (19), Z3 (24), and deoxaphomin (21). These showed a remarkable
ability to inhibit root elongation. In leaf-puncture assay, only deoxaphomin (21) showed the
ability to produce small necrotic lesions, whereas no effects were observed in the immersion
assay from any of the tested cytochalasins [84].

Preliminary in vitro experiments showed that the fungus was able to produce
other low-molecular-weight lipophilic phytotoxins in liquid culture, but they were
not characterized [84,87]. These metabolites were identified as spirocyclic y-lactams by
Masi et al. [88] working with the PDB liquid cultures of a P. semeniperda strain collected
in the USA. In particular, this strain produced the known spirostaphylotrichins A, C, D,
R (12-14 and 17, Figure 2) and V (25, Figure 3), as well as triticone E (16, Figure 2), and
a previously undescribed related compound, which was named spirostaphylotrichin W (26,
Figure 3). The structure of this latter compound, as well as its relative stereochemistry, was
characterized by spectroscopic and chemical methods. All the isolated compounds were
tested in a B. tectorum coleoptile bioassay at a concentration of 1073 M. Spirostaphylotrichin
A (12) proved to be the most active compound, followed by spirostaphylotrichins C and
D (13 and 14). Furthermore, in a leaf puncture bioassay carried out on host and non-
host plants, only spirostaphylotrichins A, C, and D (12-14) exhibited phytotoxicity [88].
When the same strain was grown in solid culture on wheat culture, cytochalasin B (18)
was identified as the main metabolite. Its production by other strains was also evaluated
using a high-pressure liquid chromatography method (HPLC). This study revealed that the
production of cytochalasin B (18) is strongly dependent on cultural conditions and that it is
produced in large quantities in solid wheat seed culture (with production varying from 535
to 2256 mg kgfl). Furthermore, in a B. tectorum coleoptile bioassay, solid culture extracts of
the strain studied showed higher toxicity than the cytochalasin B standard at the highest
concentration tested. This suggested the possible presence of other phytotoxic metabolites
in the organic extracts [77].

Thus, the organic extract of P. semeniperda strain WRR10-16, one of the most active
strains in the B. tectorum coleoptile bioassay [89], was purified using different steps of col-
umn chromatography, also yielding the other known cytochalasins F and Z3 (19 and 24) and
deoxaphomin (21), as well as a previously undescribed sesquiterpenoid penta-2,4-dienoic
acid that was named pyrenophoric acid (27, Figure 3) [89]. Its relative stereochemistry was
assigned by NMR studies while its absolute configuration was determined by applying
the advanced Mosher’s method [90]. Pyrenophoric acid (27) proved to be very phytotoxic
in a cheatgrass coleoptile elongation test at 1073 M and its negative effect on coleoptile
elongation was additive with that of cytochalasin B when tested in a mixture at 10~ M.
This result demonstrated that the high toxicity shown by the organic extract was due to the
combined action of multiple phytotoxic compounds [89].
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Figure 3. Structures of the toxins produced by Pyrenophora semeniperda.

When the same fungus was grown in cheatgrass seed culture, two other previously
undescribed compounds were isolated together with cytochalasins A, B, F, and Z3 (28,
18, 19 and 24, respectively, Figure 3), deoxaphomin, pyrenophoric acid, and abscisic acid
(21, 27 and 29, respectively, Figure 3). The two new compounds that were characterized
by spectroscopic methods and, as they were related to pyrenophoric acid, were named
pyrenophoric acids B and C (30 and 31, Figure 3). In a cheatgrass seedling bioassay at
10~3 M, pyrenophoric acid B (30) showed higher coleoptile toxicity than pyrenophoric acid,
while pyrenophoric acid C (31) showed lower phytotoxicity [91].

Another study demonstrated that the production of cytochalasin B (18) could also
be induced in liquid media only if they contained host seed constituents. This strongly
suggests that the production of cytochalasin B is directly implicated in the pathogenesis
of seeds [78]. Research on the mode of action of pyrenophoric acid B (30) using mutant
lines of Arabidopsis thaliana demonstrated that this compound activates the abscisic acid
(ABA) signaling pathway in order to inhibit seed germination. It was demonstrated that
it uses the ABA biosynthesis pathway at the level of alcohol dehydrogenase ABA2 to
achieve this inhibition. This result suggested that P. semeniperda may manipulate plant ABA
biosynthesis in the seed as a strategy to reduce germination, increasing its ability to cause
seed mortality and thereby increase its fitness through higher reproductive success [92].
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2.4. Other Pyrenophora spp.
2.4.1. Biology and Pathogenicity of other Pyrenophora Species

Many other Pyrenophora species are foliar grass pathogens with life histories similar to
P. teres and P. tritici-repentis, and this is especially true of those that have been studied in
terms of secondary product chemistry. As these pathogens are less economically important,
their biology and pathogenicity have received much less attention. Four species have
been investigated to varying degrees for toxin production: P. avenae (syn. P. chaetomioides,
anamorph D. avenae), P. lolii (anamorph D. siccans), P. catenaria (anamorph D. catenaria), and
P. biseptata (anamorph D. biseptata). Pyrenophora avenae is primarily a disease of cultivated
oats [93,94] while P. lolii infects cultivated and wild species of Lolium (ryegrass; [95,96]).
Little information is available on the biology of the other two species. There is a report
on secondary product chemistry for D. dematioidea as an endophyte in a species of marine
algae [97], but as this identification was based only on morphology in a group where even
the generic boundaries are not clear [98,99], we have chosen not to include this paper in
our survey of toxin production in Pyrenophora.

2.4.2. Phytotoxins Produced by other Pyrenophora spp.

As reviewed in Sections 2.1-2.3, diverse families of toxins with different structures
have been isolated from P. teres, P. tritici-repentis, and P. semeniperda. Nevertheless, markedly
different toxins have been isolated from other Pyrenophora species (Figure 4). These toxins
are reviewed in this section.

Pyrenophora avenae, a pathogen of oats, produces toxins with macrocyclic and an-
thraquinone structures. The toxins with a macrocyclic structure produced are pyrenophorin
(32, Figure 4) [100] and the structurally related compounds dihydropyrenophorin and
pyrenophorol (33 and 34, Figure 4) [101]. Pyrenophorin (32) inhibited radicle growth in
oat and non-host plants [102]. This toxin has antifungal properties, as it is significantly
active against the biotrophic pathogen Microbotryum violaceum and the yeast Saccharomyces
cerevisiae at 5 uM [103]. Moreover, pyrenophorin (32) showed strong cytotoxicity against
several cancer cell lines (IC5, values ranging from 0.07 to 7.8 M) [104]. The stereoselec-
tive total synthesis of pyrenophorin has been published [105]. Dihydropyrenophorin (33)
showed phytotoxic activity [101], as well as antibacterial, antifungal, and antialgal activi-
ties [106]. These last antimicrobial activities were also found for pyrenophorol (34) [101,106].
Compound 34 showed phytotoxicity (leaf necrosis) on Avena sterilis and, at a lower level, on
Avena fatua L. On the other hand, the seed germination and seedling growth of A. sterilis were
not affected [107]. The stereoselective total synthesis of pyrenophorol has been published [108].

In regard to the toxins with an anthraquinones structure produced by P. avenae, these
compounds are helminthosporin and cynodontin (35 and 36, Figure 4), two metabolites
produced by diverse fungal species. As for the previously described anthraquinone cate-
narin (11), the growth medium was PDA [45], while Czapek-Dox was also employed as a
medium for obtaining compound 35 [109]. Helminthosporin (35) is a toxin that showed
herbicidal activity against different weed and crop plants, though species such as soybean,
tomato, or cotton were resistant when tested at 500 pg/mL [110]. Compound 35 also
showed positive results in pharmacological assays. It inhibited the growth of hepatic bile
duct (TFK-1) and liver (HuH?) cancer cell lines [111] and also showed significant inhibition
of electric eel acetylcholinesterase (IC5p = 2.53 uM) and brain permeable properties [112].
In the case of cynodontin (36), relevant antifungal activity was found against Sclerotinia
minor, Sclerotinia sclerotiorum, and Botrytis cinerea [113]. It is worth highlighting the study by
Dorovi¢ et al. [114], which examined the antioxidative mechanisms of action of cynodontin.

125



Toxins 2022, 14, 588

0] ) OH o}
Pyrenophorin (32) Dihydropyrenophorin (33) Pyrenophorol (34)
‘O ‘O ‘O O‘O
CH; HO CH;
OH o OH O OH OH O
Helminthosporin (35) Cynodontin (36) Crysophanol 37) Emod|n (38)
H3C
CH3
% g . 5
()
O OH P | N ' CHs
HO 7 HaC CHs NS0
H
. . Drazepinone () Drazepinone
De-O-methyldiaporthin (39) (40, proposed structure) (40, revised structure)

HaCr,,

OH
OH H G CHs
HsC 0

CHj
CHj

Siccanol, (41, proposed structure) R=3-OH

(-)-Terpestacin (41) R=0-OH Siccanin (42)

Zaragozic acid A (43)
Figure 4. Structures of toxins produced by other Pyrenophora species.

Three relevant anthraquinones were also isolated from the species Drechslera catenaria
(grown in Czapek-Dox medium), named chrysophanol and emodin (37 and 38, Figure 4), as
well as the already-described catenarin (11, Figure 1, Section 2.1.2) [115]. Chrysophanol (37)
possessed poor phytotoxic activity, as tested on Arabidopsis thaliana [116], although it
showed antifungal properties, including against plant pathogenic fungi [117]. Indeed,
curative and protective activity against barley powdery mildew was demonstrated [118].
On the other hand, chrysophanol (37) has remarkable pharmacological potential, as recently
reviewed by Yusuf et al. (2019) [118] and Su et al. (2020) [119]. Particularly, this compound
showed anti-inflammatory, antiviral, anti-cancer, neuroprotective, anti-cardiovascular dis-
ease, and anti-ulcer activities. Research on the pharmacological bioactivities of chryso-
phanol (37) continues to be a topical issue. As examples of recent discoveries, the findings

126



Toxins 2022, 14, 588

on its role in protecting against acute kidney injury [120], autologous blood-induced
intracerebral hemorrhage [121], and in vivo hippocampal damage and mitochondrial au-
tophagy [122] could be highlighted. Regarding emodin (38), it has been traditionally used
in Chinese medicine, with a wide spectrum of later-proven pharmacological activities,
but also adverse effects when used long-term at high doses [123]. This compound is the
direct precursor of catenarin (11, Figure 1) [124] and is also a phytotoxin. It was found to
have inhibitory activity on sunflowers (Helianthus annuus) [125] and the weeds Amaranthus
hypochondriacus and Echinochloa crus-galli [126].

Toxins with diverse types of structures have been found for the pathogen Drechslera
siccans (39-42, Figure 4) through the use of the liquid growth medium M1D modified,
or glucose-potato broth-agar in the case of compound 42. De-O-methyldiaporthin (39) is
phytotoxic to barnyard grass, corn, and soybean, though poor or null activity was found
for host plants of D. siccans [127]. Drazepinone (40) was isolated as a new phytotoxic
trisubstituted naphthofuroazepinone, though its structure was recently revised (see 40,
Figure 4) [128,129]. This compound causes necrosis in a wide range of plant species, with
Urtica dioica L. being the most affected tested species [128]. It also showed protein tyrosine
phosphatase inhibitory activity [129] but low zootoxicity [128]. Siccanol (41), a bicyclic
sesquiterpene that showed phytotoxicity on the root growth of Italian ryegrass (Lolium
multiflorum, a D. siccans host plant), was also isolated from D. siccans [130]. Its structure
was revised and assigned as (-)-terpestacin based on the total synthesis of this compound,
which was isolated from other fungal species [131,132]. Siccanin (42), another toxin isolated
from D. siccans, was active against Trichophyton [133]. Inhibitory activity to succinate
dehydrogenase was also found (ICsp = 0.9 uM) [134]. Its total synthesis was reported [135].

Finally, it is worth highlighting zaragozic acid A (43), also known as squalestatin S1, a
toxin produced by Drechslera biseptata. Although few references have been published on its
activity, squalene synthase inhibitor activity was described [136,137]. The synthesis of this
compound was also accomplished [138].

3. Classification of the Toxins Produced by Pyrenophora spp. according to
Their Structures

In order to provide a clear overview in relation to the structures, origin, and biolog-
ical activities described for the compounds under review (1-43), Table 1 compiles this
information through a classification of the compounds according to their chemical classes.

This classification highlights how phytotoxic activity, whether detected for host plants
or other species, has been shown by the vast majority of classes of compounds produced.
This result, obtained after numerous studies carried out over decades, emphasizes the
interest that exists in continuing with the study of the genomic aspects and modes of
action involved in the phytopathogenic Pyrenophora species. Likewise, finding phytotoxic
compounds could provide new herbicides based on natural products. A priori, they could
present the advantages of reducing environmental impact, requiring lower doses of the
active compound, or applying alternative modes of action to conventional herbicides, thus
avoiding resistance problems. However, a significant difficulty is that the isolation of the
toxins from natural sources often has excessively low yields. For this reason, throughout
this review, the most outstanding publications on the synthesis of some of these toxins
have been highlighted.

This discussion can be extrapolated to the pharmacological field, given the activity
shown by some of the toxins in tests for antimicrobial or cytotoxic effects. In this regard,
available references on pharmacological activities are provided for anthraquinones, cytocha-
lasans, and macrocyclic or spirocyclic compounds. The anthraquinone chrysophanol (37)
represents one of the most studied. It was noted in a recent review that relevant aspects of
its mechanism of action and pharmacokinetics are still unknown [118].
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Table 1. Classification of the toxins (1-43) according to their chemical classes.

Class Compound Pyrenophora species Activity References
Toxin A [N-(2-amino-2-carboxyethyl) . B
aspartic acid] (1, Figure 1) P. teres Phytotoxic to barley [14-16,26,27,139]
Toxin B [1-(2-amino-2-carboxyethyl)-6-
carboxy-3-carboxymethyl-2-piperazinonel; P, teres Phytotoxic to barley [14-16,26,27,139]
anhydroaspergillomarasmine A
Amino acid (2, Figure 1)
derivatives i _[2-(2-amino-2-
Tos UV G amine Pyt o by
Sy -amb X yetys P. teres reverse of resistance to [15,16,24,26,27,139]
aspartic acid]; aspergillomarasmine A Gram-negative pathogens
(3, Figure 1) gative pathog
Aspergillomarasmine B; lycomarasmic D teres Phytotoxic to barle 271
acid (4, Figure 1) | Y Y
P. catenaria Phytotoxic to wheat;
Catenarin (11, Figure 1) P. teres antibacterial; antifungal; [45-47,50,51,109,115]
P. tritici-repentis cytotoxic; antidiabetic
Antifungal;
anti-inflammatory;
Chrysophanol (37, Figure 4) P. catenaria antiviral; anti-cancer; [115,117-122]
neuroprotective;
anti-cardiovascular
disease; antiulcer
Anthraquinones Cynodontin (36, Figure 4) P. avenae Antifungal; [45,109,113,114]
q o4 ’ . antioxidant e
Phytotoxic to
sunflower, Amaranthus
hypochondriacus and
Emodin (38, Figure 4) P. catenaria Echinochloa crus-galli; [115,123-126]
antibacterial; anticancer;
hepatoprotective;
anti-inflammatory;
antioxidant; antimicrobial
. . . P. avenae Herbicidal; cytotoxic;
Helminthosporin (35, Figure 4) P. catenaria inhibition of cholinesterase [45109-112]
Bicyclic . o . ) . Phytotoxic to
sesquiterpene Siccanol; (-)-terpestacin (41, Figure 4) D. siccans Lolitum nudtiflorum [130]
Phytotoxic to Bromus
tectorum, Cirsium
Cytochalasin A (28, Figure 3) P. semeniperda arvense and Sonchus [85,86,91,140,141]
arvensis; anticancer;
antibacterial;
antifungal; antiviral
Phytotoxic to wheat,
tomato, B. tectorum,
Lilium longiflorum,
Cytochalasin B (18, Figure 3) P rda C. arcense and S [77,78,84-86,89,91,140-142]
F arvensis; algicidal;
anticancer; cytotoxic;
antiparasital;
enzyme inhibition
Phytotoxic to wheat,
tomato, B. tectorum, C.
Cytochalasans Cytochalasin F (19, Figure 3) P. semeniperda arvense and S. [84-86,89,91,140-142]

arvensis;
algicidal; anticancer

Phytotoxic to C.

Cytochalasin T (20, Figure 3) P. semeniperda arvense and S. aroensis [84,141]
Cytochalasin Z1 (22, Figure 3) P. semeniperda - [84]
Phytotoxic to C.
Cytochalasin Z2 (23, Figure 3) P. semeniperda arvense and S. [84,141,142]
arvensis
Phytotoxic to wheat,
Cytochalasin Z3 (24, Figure 3) P. semeniperda tomatg;‘g,snrvense [84,89,91,140-142]

arvensis; anticancer

Deoxaphomin (21, Figure 3)

P. semeniperda

Phytotoxic to B.
tectorum, s C. arvense
and S.
arvensis; anticancer

[84,89,91,140-142]
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Table 1. Cont.

Class Compound Pyrenophora species Activity References
Phytotoxic to corn,
soybean, Amaranthus
Isocoumarin De-O-methyldiaporthin (39, Figure 4) D. siccans spinosus, Digitaria [127]
ischaemum and
E. crus-galli
Phytotoxic to barley,
Pyrenoline A (9, Figure 1) P. teres Festuca Spp-: Agropyron [43]
Is inoline repens and
soquino Cynodon dactylon
derivatives
Phytotoxic to barley,
Pyrenoline B (10, Figure 1) P. teres oat, Hibiscus sabdariffa [43]
and Euphorbia heterophylla
Inhibition of radical
. . ) growth in oat and -
Pyrenophorin (32, Figure 4) P. avenae non-host plants; [100,102-104]
antifungal; cytotoxic
Phytotoxic to barley,
Macrocyclic soybean, wheat, maize,
compounds . . . N oat, Sorghum halepense
Dihydropyrenophorin (33, Figure 4) P. avenae and different weeds; [101,106]
antibacterial;
antifungal; antialgal
Phytotoxic to oat and
Pyrenophorol (34, Figure 4) P. avenae tomato; antibacterial; [106,107,143]
antifungal; antialgal
Phytotoxic to durum
wheat and diverse
Naphthofuroazepinone Drazepinone (40, Figure 4) D. siccans weed species; [128,129]
protein tyrosine
phosphatase inhibitor
Pyrenolide A (5, Figure 1) P. teres Antifungal [30]
Nonenolides Pyrenolide B (6, Figure 1) P. teres Antifungal [29]
Pyrenolide C (7, Figure 1) P. teres Antifungal [29]
Phenolic . . . . Antifungal; succinate
compound Siccanin (42, Figure 4) D. siccans dehydrogenase inhibition [133,134]
Ptr ToxA P. tritici-repentis Phytotoxic to wheat [57]
Proteins
Ptr ToxB P. tritici-repentis Phytotoxic to wheat [58]
L . . Phytotoxic to
Abscisic acid (29, Figure 3) P. semeniperda B! tectorum [91,92]
L . . . Phytotoxic to
Pyrenophoric acid (27, Figure 3) P. semeniperda B, tectorum [89,91,92]
Sesquiterpenoids Phytotoxic to
Pyrenophoric acid B (30, Figure 3) P. iperda Arabidopsis thaliana [91,92]
and B. tectorum
P X . . Phytotoxic to
Pyrenophoric acid C (31, Figure 3) P. semeniperda B, tectorum [91,92]
L . I . Phytotoxic to wheat,
Triticone A(,lszpllgti)sltizl;})/lomchm C pr :Z?;?.V;Z;Z:;s tomato, oat, and [64-66,38]
s F18 . different weed species
. e o s Phytotoxic to wheat,
Triticone B; splr(_)staphylotrlchm D P. svemc‘mperdaI tomato and different [64,65,88]
(13, Figure 2) P. tritici-repentis .
weed species
Phytotoxic to B.
. L o . . tectorum coleoptiles,
Triticone C(, ffl;?s:iz};)glotrlchm A PRt rsle;’;zf_nr;peer’tlizs weakly to wheat, [64,66,88]
s H1g : P tomato and different
weed species
Sl;l’]rCt'CyC!lc Weakly phytotoxic to
actams Triticone D (15, Figure 2) P. tritici-repentis wheat and different [64,66]
weed species
. . P. semeniperda . .
Triticone E (16, Figure 2) P. tritici-repentis Antibacterial [64,68,88]
Triticone F; spirostaphylotrichin R P. semeniperda . .
(17, Figure 2) P, tritici-repentis Antibacterial [64,68,85]
. . . - Weakly phytotoxic to
Spirostaphylotrichin V (25, Figure 3) P. semeniperda B. tectorum coleoptiles [88]
Weakly phytotoxic to
Spirostaphylotrichin W (26, Figure 3) P. semeniperda tomato and [88]

B. tectorum coleoptiles
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Table 1. Cont.

Class Compound Pyrenophora species Activity References
Spirocyclic . ) .
lactone Pyrenolide D (8, Figure 1) P. teres Cytotoxic [37]
. Zaragozic acid A; squalestatin S1 - .
Squalestatin (43, Figure 4) D. biseptata Squalene synthase inhibition [136,137]
Unknown Ptr ToxC P. tritici-repentis Phytotoxic to wheat [61]

4. Conclusions

The research to date on toxin production in the genus Pyrenophora described here
has likely only scratched the surface in terms of the potential of members of this genus
to produce novel and interesting toxic compounds. First, very few species have been
investigated, and there is remarkably little overlap among study species in the compounds
produced. Of the several classes of compounds detected, only the spirocyclic lactams
were common to both P. tritici-repentis and P. semeniperda, and the only other compound
common to multiple species was the anthraquinone catenarin. The unusual compounds
produced by economically unimportant Pyrenophora species were especially noteworthy.
Another indication that many potential compounds have gone undetected is the large
number of predicted biosynthesis genes from in silico analyses of the three well-studied
species that have no known corresponding gene products. New molecular tools may make
it possible to induce the production of some of these secondary metabolites in vitro so that
they can be characterized and understood [144]. In the meantime, traditional approaches
to the discovery of new secondary metabolites, in Pyrenophora and perhaps in general, are
more likely to be successful if they are focused on understudied fungal pathogens from
non-agronomic systems.
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Abstract: Labdane-related diterpenoids, momilactones A and B were isolated and identified in
rice husks in 1973 and later found in rice leaves, straws, roots, root exudate, other several Poaceae
species and the moss species Calohypnum plumiforme. The functions of momilactones in rice are well
documented. Momilactones in rice plants suppressed the growth of fungal pathogens, indicating
the defense function against pathogen attacks. Rice plants also inhibited the growth of adjacent
competitive plants through the root secretion of momilactones into their rhizosphere due to the
potent growth-inhibitory activity of momilactones, indicating a function in allelopathy. Momilactone-
deficient mutants of rice lost their tolerance to pathogens and allelopathic activity, which verifies
the involvement of momilactones in both functions. Momilactones also showed pharmacological
functions such as anti-leukemia and anti-diabetic activities. Momilactones are synthesized from
geranylgeranyl diphosphate through cyclization steps, and the biosynthetic gene cluster is located on
chromosome 4 of the rice genome. Pathogen attacks, biotic elicitors such as chitosan and cantharidin,
and abiotic elicitors such as UV irradiation and CuCl, elevated momilactone production through
jasmonic acid-dependent and independent signaling pathways. Rice allelopathy was also elevated by
jasmonic acid, UV irradiation and nutrient deficiency due to nutrient competition with neighboring
plants with the increased production and secretion of momilactones. Rice allelopathic activity and the
secretion of momilactones into the rice rhizosphere were also induced by either nearby Echinochloa
crus-galli plants or their root exudates. Certain compounds from Echinochloa crus-galli may stimulate
the production and secretion of momilactones. This article focuses on the functions, biosynthesis and
induction of momilactones and their occurrence in plant species.

Keywords: allelopathy; biosynthesis; diterpenoid; Echinochloa crus-galli; elicitation; momilactone;
Oryza sativa; pathogen; rice blast

Key Contribution: The allelopathic and defense functions of momilactones may play important
ecological roles in rice evolution because of the existence of a dedicated biosynthetic gene cluster
in the rice genome. The potential of momilactones to serve as natural fungicides and herbicides
provides significant benefits when applied to other important crops.

1. Introduction

Labdane-related diterpenoids, momilactones A and B (Figure 1) were first isolated and
identified in rice husks as potent germination and growth-inhibitory substances in 1973 [1].
Momilactones were later isolated from rice leaves as phytoalexins against fungal pathogens
such as the rice blast fungus Magnaporthe oryzae [2,3]. The concentrations of momilactones
increased 2 days after infection with Magnaporthe oryzae, and momilactones suppressed
the further growth of the fungus [4,5]. The fungal elicitors chitosan and cholic acid also
induced the accumulation of momilactone A in rice leaves and suspension-cultured rice
cells [6,7].
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Figure 1. Momilactones.

The function of momilactones, especially momilactone A, as phytoalexins has been
extensively studied, and the evidence suggests that momilactones may play a role in the
rice defense function against fungal pathogens [8-10].

The first finding of rice allelopathy was made in field examinations in Arkansas,
U.S.A., where 191 of over 5000 rice accessions suppressed the growth of the aquatic weed
Heteranthera limosa [11]. Allelopathy is defined as the chemical interactions among various
plant species [12]. Certain plants release some secondary metabolites, termed allelochemi-
cals, into their immediate environment, and these allelochemicals affect the growth and
development of other plant species nearby [13-17]. The observation of rice allelopathy
led to large field screening programs. Among over 16,000 rice germplasm collections of
the USDA-ARS from 99 countries, 412 rice accessions suppressed the growth of Heteran-
thera limosa, and 145 rice accessions suppressed the growth of Ammannia coccinea [18,19].
More than 40 rice cultivars among 1000 rice collections inhibited the growth of Echinochloa
crus-galli and Cyperus difformis [20]. Screening programs in the field and/or laboratories
have also been carried out in several other countries, and it was found that certain rice
cultivars released allelochemicals from their root systems into their immediate environ-
ments, such as rhizosphere soil, cultural solutions and other incubation media [21-24].
Thereafter, momilactones A and B were again isolated and identified in rice root exudates
as rice allelochemicals [25,26]. It was also found that rice plants released momilactones
throughout their life cycles with sufficient amounts of momilactones for allelopathy [27,28].

Momilactones are synthesized in rice plants from geranylgeranyl diphosphate, which
is also a precursor of other phytoalexins and a plant hormone, gibberellic acid [29]. Momi-
lactones are synthesized and accumulated in rice leaves as phytoalexins and secreted into
their root zones as allelochemicals [30,31]. A gene cluster related to momilactone synthesis
was found on chromosome 4 of the rice genome. Momilactones were later found in some
other Gramineae plant species and the moss species Calohypnum plumiforme (syn. Hypnum
plumaeform) as allelochemicals [32-35]. This review provides an overview of the functions,
biosynthesis, induction and occurrence of momilactones in plant species and highlights the
importance of momilactones.

2. Defense Function against Pathogens, Microbes and Insects
2.1. Rice Blast Fungal Pathogen

Infection with the rice blast pathogen Magnaporthe oryzae (syn. Pyricularia oryzae;
renamed from Magnaporthe grisea) induced momilactone A accumulation in rice leaves.
The accumulation was abundant at the edges of necrotic lesions, which are symptoms of
the infection of leaves [36]. Blast fungus susceptibility diffed among rice cultivars, and
tolerance to the fungus correlated positively with momilactone A accumulation in rice
leaves [37]. Blast-fungus-resistant rice mutants accumulated momilactone A 2 days after
fungus inoculation, and the concentration of momilactone A was 100-400-fold greater than
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that in wild-type rice and suppressed the further growth of the fungus [4,5]. Exogenously
applied momilactone A also suppressed the growth of the fungus on agar media [5]. In
addition, the susceptibility of momilactone-deficient rice mutants to the blast fungus was
high compared to wild-type rice [38]. These observations suggest that momilactone A may
prevent the subsequent spread of the fungus infection through the increased production of
momilactone A after pathogen infection.

2.2. Other Fungal Pathogens

Momilactones A and B inhibited the growth of the pathogenic fungi Rhizoctonia
solani, Blumeria graminis, Fusarium oxysporum, Fusarium solani, Botrytis cinereal and the
Colletrichum gloesporides complex [39,40]. Infection with Xanthomonas oryzae pv. oryzae,
which causes bacterial blight, increased jasmonic acid and momilactone A concentrations
in rice leaves [41]. Jasmonic acid is a plant defense signaling hormone and induces several
defense responses for protection [42—44].

2.3. Anti-Microbe Activity

Momilactone A inhibited the mycelia growth of the mushroom Coprinus cinereus [45]
and the cyanobacteria Microcystis aeruginosa [46]. Momilactones A and B inhibited the
growth of the bacteria Escherichia coli, Pseudomonas putida (former name, Pseudomonas ovalis),
Bacillus cereus and Bacillus pumilus [39].

2.4. Insect Attack

An insect attack by the white-back planthopper (Sogatella furcifera) induced the accu-
mulation of momilactone A in rice leaves through a jasmonic acid-mediated pathway [47].
The jasmonic acid-mediated pathway is described in Section 7. The digestive waste of the
rice brown planthopper (Nilaparvata lugens) induced momilactone A and B accumulation in
rice leaves. Filtration and heat treatments of digestive wastes reduced their accumulation.
A symbiont of the insect, Serratia marcescens, in the digestive waste also induced the accu-
mulation of momilactones A and B [48]. The function of momilactones A and B against
insect attacks is not clear.

3. Function in Allelopathy

A considerable number of rice accessions or cultivars have been found to suppress the
growth of several other plant species, including weed species, when these rice and other
plants were grown together under field and/or laboratory conditions [11,21-24,49]. These
observations suggest that rice is allelopathic and contains allelochemicals. A compound
causing the growth-inhibitory effect of rice was later isolated from its root exudates and
identified as momilactone B [25]. Momilactone A was also identified in rice secretory
fluid [26]. These investigations suggest that momilactones A and B may function as
rice allelochemicals.

3.1. Activities of Momilactones A and B as Allelochemicals

Momilactones A and B inhibited the growth of several plant species, including weed
species such as Echinochloa crus-galli and Echinochloa colonum. Both Echinochloa species are
known as the most noxious weeds in rice fields because of their potential to significantly
disturb rice production [50,51]. Momilactones A and B inhibited the root and shoot growth
of Echinochloa crus-galli at concentrations greater than 3 uM and 1 uM, respectively, and
the root and shoot growth of Echinochloa colonum at concentrations greater than 10 pM and
1 uM, respectively [52]. Table 1 shows the concentrations of momilactones A and B required
for 50% growth inhibition (defined as ICsp) of target plant species. Smaller values of ICs
indicate the higher susceptibly of the target plants to momilactones. On the basis of IC5
values, monocotyledonous weed plant species (Echinochloa crus-galli, Echinochloa colonum,
Phleum pretense, Digitaria sanguinalis and Lolium multiflorum) showed higher susceptibly
compared to dicotyledonous plant species (Arabidopsis thaliana, Lepidium sativum, Lactuca
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sativa and Medicago sativa) [52-55]. In addition, momilactone B showed much higher
growth-inhibitory activity than momilactone A, which has also been confirmed by other
bioassay systems [55-59].

Table 1. The concentrations (1M) required for 50% growth inhibition (ICs) of various plant species.

Momilactone A Momilactone B Reference

Target Plant Species Roots Shoots Roots Shoots
Echinochola crus-gall 28.7 46.4 6.1 6.3 [53]
Echinochloa colonum 65.4 240 5.04 12.5 [52]
Phleum pratense 76.5 157 5.6 7.9 [55]
Digitaria sanguinalis 98.5 275 9.5 124 [55]
Lolium multiflorum 91.9 138 6.9 6.5 [55]
Arabidopsis thiliana 203 84.4 12 6.5 [54]
Lepidium sativum 425 285 6.3 4.6 [35]
Lactuca sativa 472 395 54.3 77.9 [55]
Medicago sativa 379 315 67.8 82.4 [55]

On the other hand, momilactones A and B showed relatively weak inhibitory activity
on rice growth compared to Echinochloa crus-galli. The rice roots and shoots were sup-
pressed by momilactones A and B at concentrations greater than 300 uM and 100 uM,
respectively [52,53]. Thus, the effect of momilactones on rice was only 1% of that on
Echinochloa crus-galli, which was inhibited at concentrations greater than 3 uM and 1 uM for
roots and shoots, respectively, as described above [52,53]. In addition, momilactones A and
B did not cause any visible damage to rice plants at concentrations that were phytotoxic to
other plant species [52-55]. These observations suggest that the toxicity of momilactones A
and B to rice plants is much less than that to other plant species. The resistance mechanism
of rice to momilactones is unknown. This tolerance may possibly involve either rapid
secretion, the insensitivity of the molecular target and/or the degradation of momilactones.

3.2. Concentration and Secretion of Momilactones

The endogenous concentrations of momilactones A and B, respectively, in rice were
4.5 ng/g and 3.0 pg/g of rice straw [60] and 4.9 pg/g and 2.9 pg/g of rice husks [61].
Momilactone B was found in rice seedlings 7 days after germination, and the concentrations
of momilactones A and B increased until day 80 after germination, which is when flowering
is initiated [52,62—-64]. The 80-day-old rice plants contained momilactones A and B at
140 ug/g and 95 ug/g in rice plants, respectively [52,64]. Considering their reported
concentrations, the ratio of momilactone A to momilactone B is 1.5-1.6.

The secretion of momilactone B from rice roots was observed 3 days after germi-
nation [62]. The levels of momilactone A and B secretion increased up to day 80 after
germination and decreased thereafter [52,63]. The secretion levels of momilactones A and
B at day 80 were 1.1 and 2.3 ug per plant per day, respectively [52,63], which indicates that
the secretion ratio of momilactone B to momilactone A is 2.1. The observation suggests
that rice secretes momilactones A and B into its rhizosphere throughout its entire life cycle,
and the secretion increases until flowering initiation. Thus, it may be possible that rice
allelopathy increases over this time frame. In addition, momilactone B was secreted at a
higher rate than momilactone A, even though the concentration of momilactone A is higher
than that of momilactone B in rice plants, which suggests that momilactone B may be pref-
erentially secreted into the rhizosphere over momilactone A. Plants are reported to secrete
a wide range of compounds from their roots through their cell membranes, for example, by
proton-pumping mechanisms, plasmalemma-derived exudation and endoplasmic-derived
exudation [65-67]. However, the mechanism of the exudation of momilactones from rice
roots is unknown.
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3.3. Contribution of Momilactones to Rice Allelopathy

When eight cultivars of rice seedlings (7 days old) were incubated for four days with
Echinochloa crus-galli seedlings (4 days old) in a buffered bioassay medium, all rice cul-
tivars suppressed the growth of Echinochloa crus-galli with different suppression levels.
All rice cultivars produced and secreted momilactones A and B into the media, and the
concentrations of momilactones A and B in the media were 0.21-1.45 uM and 0.66-3.84 uM,
respectively [53]. Based on the growth-inhibitory activity and secreted amounts of momilac-
tones A and B in the media, momilactone A may only account for 1.0-4.9% of the observed
growth inhibition of Echinochloa crus-galli by the respective rice cultivars. By contrast, momi-
lactone B may account for 58.8-81.9% of the observed growth inhibition. In addition, the
momilactone B concentration in the media was significantly (p < 0.01) correlated with the
extent of the growth suppression of Echinochloa crus-galli by these eight rice cultivars [53].
A similar correlation was also found between the level of momilactone B secretion and
the extent of the growth suppression of Lactuca sativa by these rice cultivars [68,69]. The
observations suggest that momilactone B may be a major contributor to the allelopathic
activity of rice, and the secretion levels of momilactone B reflect the variation in allelopathic
activity observed rice cultivars. The leaf, straw and husk extracts of 41 rice cultivars dif-
fered in their growth-inhibitory activity against Alisma plantago-aquatica. The concentration
of momilactone B in the extracts was also correlated with the inhibitory activity of the
extracts [70].

3.4. Genetic Evidence for Momilactones in Rice Allelopathy

Momilactone-biosynthesis-deficient mutants (cps4 and ksl4) were obtained through
insertion gene knockouts for OsCPS4 and OsKSL4 [71,72], which is described in Section 5.
Allelopathic activity after removing all syn-copalyl diphosphate-derived labdane-related
diterpenoids (cps4 mutant) or, more selectively, only momilactones (ks/4 mutant) was
compared to the respective wild-type rice. The wild types showed allelopathic activity,
whereas both mutants lost this activity [73]. The investigation suggests that the loss of
allelopathic activity may be attributed to the specific loss of momilactones, which verifies
the involvement of momilactones in rice allelopathy.

3.5. Inhibitory Mechanism

Molecular targets of momilactone B were investigated through SDS-PAGE and two-
dimensional gel electrophoresis with MALDI-TOF-MS. Momilactone B suppressed the
germination of Arabidopsis thaliana and inhibited the breakdown of the storage proteins
cruciferina, cruciferin 2 and cruciferin 3 during germination [74]. The breakdown of these
proteins is essential to construct cell structures for germination and seedling growth [75-77].
The application of momilactone B to Arabidopsis thaliana seedlings inhibited the accumu-
lation of amyrin synthase LUP2, subtilisin-like serine protease, 3-glucosidase and malate
synthase [78]. Those proteins are involved in the production of intermediates and metabolic
turnover for cell structures [79-82]. On the contrary, momilactone B induced the accumula-
tion of translationally controlled tumor protein, 1-cysteine peroxiredoxin 1 and glutathione-
S-transferase [75]. These proteins elevate the tolerance to drought and oxidative stress
conditions [83-85]. In addition, glutathione-S-transferase showed herbicide detoxification
activity [86], and 1-cysteine peroxiredoxin 1 showed germination-inhibitory activity under
unfavorable conditions [87]. These observations suggest that momilactone B may cause
growth inhibition through the suppression of metabolic turnover and the production of
intermediates and induce tolerance to stress conditions.

3.6. Induction of Rice Allelopathy and Momilactone

The allelopathic activity of rice was increased by nutrient deficiency, which is often
caused by competition with neighboring plants [88-90]. The nutrient-deficient condition
also increased the production and secretion of momilactone B from rice [91]. In addition, the
allelopathic activity of rice was also elevated by either nearby Echinochloa crus-galli plants
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or their root exudates [91-94]. This elevation was not only owing to nutrient competition
between rice and Echinochloa crus-galli [95,96]. The momilactone B concentration in rice and
its secretion level from rice were also increased by either Echinochloa crus-galli or its root
exudates. Rice may recognize certain components of the root exudation of Echinochloa crus-
galli, and the compounds trigger the increased production and secretion of momilactone
B [91,95,96]. Other weed species, namely, Eclipta prostate and Leptochola chinensis, also
increased the secretion of momilactone B [97].

Rice allelopathic activity was also elevated by jasmonic acid [98]. The application
of jasmonic acid and cantharidin with UV irradiation also increased the concentration of
momilactone B in rice and the secretion levels of momilactones from rice roots into its
rhizosphere [99]. As momilactones, especially momilactone B, have strong allelopathic
activity, as described previously, such increasing secretion levels of momilactones may
provide a competitive advantage for rice through the suppression of the growth of nearby
competing plant species.

4. Pharmacological Activity
4.1. Anticancer Activity

Momilactones A and B showed growth suppression activity in the murine leukemia
P399 cell line [100]. Momilactones A and B induced apoptosis in acute promyelocytic
leukemia HL-60 and multiple myeloma U266 cell lines through the activation of apoptosis-
inducing factors such as caspase-3 [101]. Momilactone B also induced G; arrest in the
cell cycle and apoptosis in the human leukemia U937 cell line through the suppression of
PRB phosphorylation and the induction of the kinase inhibitor p21 [102], and it induced
apoptosis in human leukemia T cells through the activation of caspase [103] and in human
breast cancer cells through signal transducer and activator of transcription 5 and a caspase-
3-dependent pathway [104]. Momilactone B showed cytotoxic activity in the human colon
cancer HT-29 and SW620 cell lines [105].

4.2. Anti-Inflammatory Activity

Momilactone A suppressed the inflammatory response in mouse macrophage RAW264.7
cells through a reduction in NO production and iNOS mRNA expression [106].

4.3. Anti-Diabetic Activity

Momilactones A and B suppressed pancreatic x-amylase, x-glucosidase and trypsin
activity in vitro, which indicates that momilactones A and B may work as diabetes in-
hibitors [107,108].

4.4. Anti-Ketosis Activity

Momilactone B inhibited ketosis in vitro through the suppression of the mitochondrial
enzyme 3-hydroxy-3-methylglutaryl-CoA synthase-2, which converts acetyl-CoA to ketone
bodies [109].

4.5. Anti-Melanogenic Activity

Momilactone B inhibited the accumulation of melanin in B16 melanocytes through the
suppression of protein kinase A signaling and tyrosinase-related proteins [110].

5. Biosynthesis and Related Genes

Geranylgeranyl diphosphate (GGDP) is the precursor of the plant hormone gibberellin
and rice diterpenoid phytoalexins such as oryzalexins and phytocassanes, including momi-
lactones [29]. GGDP is synthesized by GGDP synthase (GGPS) from two five-carbon
isoprenoids, isopentyl diphosphate or dimethylallyl diphosphate, which are synthesized
through the methylerythritol phosphate pathway from pyruvate and glyceraldehyde-3-
phosphate [111] (Figure 2).
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Figure 2. Biosynthetic pathway of momilactones in rice.

GGDP is cyclized into syn-copalyl diphosphate (syn-CDP) by CDP synthases (Os-
CPS4). syn-CDP is further cyclized into syn-pimaradiene by ent-kaurene synthase-like
4 (OsKSL4) [112-114]. ¢DNA encoding OsCPS4 was obtained from UV-irradiated rice
leaves [115]. OsCOS4 and OsKSL4 are located close to each other on chromosome 4 and were
demonstrated to have sequential activity producing syn-CDP and syn-pimaradiene [116,117].

Cytochrome P450 enzymes (CYPs) are involved in the further metabolism of syn-
pimaradiene. OsCYP99A3 oxidizes the C19 methyl of syn-pimaradiene into syn-pimaradien-

19-oic acid [118,119], and OsCPY76MS8 then hydroxylates its C6 position into 63-hydroxy-

syn-pimaradienon-19-oic acid, followed by the spontaneous closure of the ring between
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C19 and C6, which forms syn-pimaradienon-19,6(3-hemiacetal [120]. Momilactone syn-
thase (OsMS1 or OsMS2) converts the C19 hydroxyl group into a ketone to form syn-
pimaradienon-19,633-olide [120]. OsMS2 (or OsCPY701AS8) then catalyzes C3 hydroxy
into a ketone, forming momilactone A [120]. C20 hydroxylation of momilactone A by
OsCP76M14 leads to the spontaneous closure of the hemiacetal ring and forms momilac-
tone B [120,121]. The momilactone-synthesis-related genes OsCPS4, OsKSL4, CYP99A2,
CYP99A3, OsMS1 and OsMS2 were reported to be located on chromosome 4 in plastids
of rice cells [32,122] (Figure 3), which indicates that momilactones may play an important
ecological role in rice evolution because of the presence of a dedicated biosynthetic gene
cluster in the rice genome.
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Figure 3. Gene cluster on chromosome 4 of rice genome for momilactone biosynthesis.

6. Momilactone Induction

Plants often respond by increasing their production of certain phytoalexins when
they are attacked by pathogens and insects. The reaction involves the induction of active
oxygen species, lignification, protease inhibitors and some enzymes, such as chitinase and
-glucanase. Plant defense reactions are also induced by a variety of biological, chemical
and physical elicitors, such as oligosaccharides, cantharidin and UV irradiation [123-125].
Momilactone A and B production and accumulation were also induced by these elicitors.

6.1. Biotic Elicitors

Chitosan (oligosaccharide) is a deacetylated derivative of chitin, which is a long-chain
polymer of N-acetylglucosamine and a primary component of fungal cell walls, arthropod
exoskeletons and insect exuviae [126,127]. Chitosan increased the accumulation of momi-
lactone A in rice leaves and suspension-cultured rice cells [6,7] and increased the tolerance
of rice to the rice blight pathogen Fusarium oxysporum [128]. N-Acetylchitooligosaccharides,
which are released from the cell walls of pathogenic fungi, also induced the accumulation
of momilactones A and B in suspension-cultured rice cells, and their accumulation was
100-500 g/ g of cultured cells, which is a sufficient concentration to prevent the growth of
pathogenic fungi [129].

Tetraglucosyl glucitol [3-(1,3/1,6)-derived glucan] increased momilactone A produc-
tion in rice cells [130]. Cantharidin, a protein serine/threonine phosphatase inhibitor
contained in some insects, has been shown to mimic elicitor action in plants and to ac-
tivate defense responses [131,132], and it increased the concentrations of momilactones
A and B in rice [132,133] and the secretion level of momilactone B [134]. Cerebrosides
(monoglycosylceramides), which are important components of animal cell membranes,
induced B-glucanase, chitinase and peroxidase-encoding transcripts and enhanced the
production of momilactone A [36,135]. The application of methionine also increased the
momilactone A concentration in rice leaves. A free radical scavenger, Tiron (disodium
4,5-dihydroxy-1,3-benzenedisulfonate), increased the momilactone A concentration, which
suggests that active oxygen species may stimulate methionine-induced momilactone A
production [136].

6.2. Abiotic Elicitors

UV irradiation (254 nm, 20 min) increased momilactone A and B concentrations in rice
leaves, and the maximum accumulation was found 3 days after UV irradiation [3,137]. The
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increase in the levels of momilactone A differed among rice varieties, and blast-resistant
rice varieties accumulated more momilactone A than susceptible rice varieties [37].

The application of CuCl, to rice leaves also induced momilactone A accumulation. The
accumulation was detected 12 h after application and reached maximum accumulation at 72 h.
FeCl, and HgCl, also increased momilactone A accumulation by 37% and 20% compared to
CuCl, application, respectively [138]. The application of CuCl, to rice leaves induced jasmonic
acid and momilactone A. Jasmonic acid biosynthesis inhibitors, quinacrine, nordihydrogua-
iaretic acid and salicylhydroxamic acid, suppressed momilactone A accumulation after the
application of CuCl,. However, additional jasmonic acid application induced momilactone A
accumulation after the application of CuCl, and jasmonic acid biosynthesis inhibitors [139].
These observations suggest that CuCl, increased the concentration of jasmonic acid in the
leaves, and jasmonic acid then stimulated the biosynthesis of momilactone A. In addition, the
application of CuCl, and FeCl, increased the production and secretion levels of momilactone
B in rice and its allelopathic activity [133].

Other metal ions, such as silver, potassium, calcium, sodium zinc and magnesium, also
increased the accumulation of momilactone A in suspension-cultured rice cells [140]. The
air pollutant sulfur dioxide (SO,) induced reddish-brown necrotic spots on rice leaves and
increased the momilactone A concentration in the leaves [141]. A fungicide, 2,2-dichloro-
3,3-dimethyl cyclopropane carboxylic acid, also induced the accumulation of momilactones
A and B in rice leaves [2]. Protein synthesis inhibitor herbicides, pretilachlor and butachlor,
increased momilactone A accumulation in rice leaves [142].

7. Induction Signaling

The generation of elicitor fragments after pathogen and insect attacks may occur
through the induction of chitinase and 3-1,3-glucanase [143,144]. Elicitor fragments such as
N-acetylchitooligosaccharide induced the formation of hetero-oligomer complexes of OsCE-
BiP (chitin elicitor binding protein) and OsCERK1 (chitin elicitor receptor kinase) [145].
OsCERKT1 is part of the defensome complex at the plasma membrane (Figure 4). The de-
fensome contains OsHsp70 (heat shock protein 70), OsHps90, OsHop/Stil (Hsp70/Hsp90
organizing protein/stress-induced protein 1), OsSGT1 (suppressor of G/two allele of
Skp1) and OsRAR1 (required for Mla12 resistance) as molecular chaperone proteins and
co-chaperon-like proteins [146-148]. OsRacl (small-specific Rho-type GTPase), which
is another important component, may cause mitogen-activated protein kinase (MAPK)
signal cascades [149]. The earliest MAPK signaling step is OsACDR1 (accelerated cell
death and resistance 1), followed by OsMKK4 and then OsMK3 and/or OsMK6 [150,151].
OsTGAP1 (TGA factor for phytoalexin production 1) may then induce the methylerythri-
tol phosphate pathway and the expression of momilactone biosynthetic genes, including
OsKSL4 [152,153].

OsRacl may interact with OsRbohB (respiratory burst oxidase homolog B) in a Ca?*-
dependent manner [154]. The constitutive expression of OsRac1 causes an increase in H,O;
production, OsCP2 transcripts and momilactone A accumulation in rice [155].

Tricoderma viride-derived xylanase (TvX) requires specific receptors [156] and increased
cytosolic Ca®* within minutes [157,158]. Cytosolic Ca?* induction by TvX is partly me-
diated by the plasma membrane putative voltage-gated cation channel OsTPC1 [158].
TvX-induced signaling targets Ca?*-sensing calcineurin B-like proteins (OsCBL) and CBL-
interacting protein kinases (CIPK14 and 15), which may act as Ca?* sensors [157]. Increased
momilactone production was found 24 h after TvX application [157,158].

Exogenous jasmonic acid (JA) induced the accumulation of momilactones [159]. Jas-
monic acid production in plants after exposure to stress factors is initiated by the perox-
idation of linolenic acid, followed by allene oxide cyclase-mediated epoxide formation,
cyclization by allene oxide cyclase (OsAOC) and B-oxidation [159,160]. The produced
jasmonic acid is then conjugated with isoleucine by OsJAR1 (Jasmonate Resistant 1), re-
sulting in the formation of JA-isoleucine (JA-II). JA-Il may then stimulate momilactone
synthesis [159]. The exogenous application of salicylic acid also induced momilactone
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Figure 4. Signaling pathway for the elicitation of rice momilactone biosynthesis.

8. Occurrence of Momilactone

Momilactones A and B were first isolated from seed husks of Oryza sativa cv. Koshi-
hikari [1] and then found in the leaves of Oryza sativa [2], but these studies did not clearly
mention the cultivar or accession of the rice. Momilactones A and B were found in whole
plants of rice, including their roots [60,64], and in multiple rice cultivars [53,68-70,162]. The
concentrations of momilactones A and B were determined in the leaves of 69 rice cultivars
from World Rice Core Collections, and in 64 and 31 cultivars, the presence of momilactones
A and B were detected, respectively. The concentrations of momilactones A and B varied
among these cultivars. The maximum amount of momilactone A was recorded in the
cultivar Urasan at 495 nmol/g leaf, but the exact value for momilactone B was not reported.
The concentrations of momilactones A and B in the leaves were greater in Japonica-type
cultivars than in Indica-type cultivars [162].

Wild rice species such as Oryza rufipogon, O. burthii, O. glaberrima, O. glumaepatula,
O. meridionalis, O. punctatas and O. brachyatha also contained momilactones A and B. The
concentrations of momilactone A were 0.97-667 nmol/g leaf [162]. Momilactone biosynthe-
sis genes of O. punctatas (OpCPS4, OpCYP99A, OpMS1, OpMS2, OpKSL4 and OpCYP99A)
form a gene cluster on the same chromosome [163]. These genes are equivalent to rice
OsCPS4, OsCYP99A, OsMS1, OsMS2, OsKSL4 and OsCYP99A genes, respectively. A gene
cluster for momilactone biosynthesis was also found in Echinochloa crus-galli. The gene
cluster contains only single copies of EcCCY99A and EcMS, and its gene sequence on the
chromosome is different from that in rice [164]. However, the endogenous concentration of
momilactones in Echinochloa crus-galli has not yet been reported.

Momilactones A and B were also found in the moss species Calohypnum plumiforme
(syn. Hypnum plumaeform), which is quite taxonomically distinct from rice [33-35]. Calo-
hypnum plumiforme belongs to the Hypnaceae family of the Bryophyta division, often
dominates in plant communities and forms large pure colonies in sunny places in lowland
to upland areas, including marshy places in eastern Asia [165,166]. Momilactones are
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also synthesized from GGDP in the moss. GGDP is cyclized to syn-pimaradiene by diter-
pene cyclase (CpDTC1/HpDTC1) [167]. syn-Pimaradiene is catalyzed into 33-hydroxy-
syn-pimaradienon-19,63-olide by CpCYP770A14 and CpCYP964A1. 3B-Hydroxy-syn-
pimaradienon-19,63-olide is then metabolized to momilactone A by momilactone synthase
(CpMS) [168]. Those genes also form a gene cluster in the order CpMS, CpCYP970A14,
CpDTC1/HpDTC1 and CpCYP964A1 on the same chromosome [168].

Momilactone A and B concentrations in the moss were 58.7 ug/g and 23.4 pg/g
dry weight of the moss, respectively. The moss also secretes momilactones A and B into
the rhizosphere at ratios of 4.0 pg/g and 6.3 pg/g dry weight of the moss, respectively,
which were 7.3% and 27% of the endogenous concentrations of momilactones A and B in
the moss [35]. The observations suggest that the moss selectively secretes momilactone
B into the rhizosphere rather than momilactone A. UV irradiation, jasmonic acid and
cantharidin also increased the production and secretion levels of momilactones A and
B [169]. These observations suggest that elicitors and/or pathogen attacks may increase
the production and secretion levels of momilactones A and B in the moss. Momilactones A
and B secreted from moss are also able to suppress the growth of neighboring plant species.
Therefore, momilactones in the moss may function in the defense against pathogen attacks
and allelopathy.

9. Conclusions

The literature reviewed here demonstrates an important role for momilactones in
the defense function and allelopathic function. Momilactones in rice plants may provide
resistance to fungal pathogen attacks, and momilactones in rice root exudate may provide
rice with the ability to compete with neighboring plant species, which was confirmed with
momilactone-deficient mutants. The momilactone biosynthesis pathway and related genes
have been investigated by many researchers. The elicitation of momilactone production
and secretion and the endogenous signaling cascades involved in the elicitation are also
well documented. These findings suggest that the allelopathic and defense functions of
momilactones may play important ecological roles in rice evolution because of the existence
of a dedicated biosynthetic gene cluster in the genome. However, the mechanism and
molecular targets of momilactone functions remain unknown. Momilactones A and B did
not cause growth suppression or any visible damage to rice plants at concentrations that
were phytotoxic to other plant species. The resistance mechanism of rice to momilactones
is also unknown. It is worth investigating the mechanism underlying this tolerance for
developing resistant crop plants. The potential of momilactones to serve as endogenous
natural fungicides and herbicides provides significant benefits when applied to other
important crops. The identification of momilactones may provide a molecular marker
for breeding and engineering directed at increasing defense and allelopathic abilities. In
addition, momilactones have shown anti-leukemia and anti-diabetic activities. Further
investigations are necessary to develop their medical applications.
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Abstract: Piperine is a plant-derived promising piperamide candidate isolated from the black pepper
(Piper nigrum L.). In the last few years, this natural botanical product and its derivatives have
aroused much attention for their comprehensive biological activities, including not only medical but
also agricultural bioactivities. In order to achieve sustainable development and improve survival
conditions, looking for environmentally friendly pesticides with low toxicity and residue is an
extremely urgent challenge. Fortunately, plant-derived pesticides are rising like a shining star, guiding
us in the direction of development in pesticidal research. In the present review, the recent progress
in the biological activities, mechanisms of action, and structural modifications of piperine and its
derivatives from 2020 to 2023 are summarized. The structure-activity relationships were analyzed
in order to pave the way for future development and utilization of piperine and its derivatives as
potent drugs and pesticides for improving the local economic development.

Keywords: piperine; piperine derivatives; biological activity; mechanism of action; structural modification;
structure-activity relationship

Key Contribution: This review presents an overview on the biological activities, mechanisms of
action, structural modifications, and structure-activity relationships of piperine and its derivatives.

1. Introduction

Natural alkaloids are a huge library of promising lead compounds, exhibiting a variety
of biological activities, which can provide multiple strategies for the development of drugs
and pesticides. For instance, camptothecin, a well-known antitumor agent first isolated
from Camptotheca acuminata Decne. in the mid-1960s, belongs to quinoline alkaloids [1,2].
The botanical products were utilized as pesticides to prevent pests in ancient China as early
as the 7-5th centuries BC [3]. Nowadays, industrial chemical pesticides still occupy the
dominant position of pesticides, but their high toxicity and environmental pollution have
aroused many controversies among the public worldwide. Thus, plant secondary metabo-
lites have become a major focus of research due to their potential application in developing
new pesticides. Since 1985, neem-based insecticide Margosan-O, the first commercial
pesticide with azadirachtin as the main ingredient, has been approved for registration
in the United States, which triggered global enthusiasm for research on natural-based
products from plants [4,5]. Plant-derived pesticides usually have the characteristics that
their constituents are formed over the long period evolution process in nature and possess
an integrated degradation mechanism. Due to their unique properties, they are difficult to
accumulate and do not easily harm crops or promote resistance. It is estimated that more
than 400,000 species of bioactive compounds in plants have been found, nevertheless, only
10% of the plant species have been investigated. Therefore, plant-derived products have a
wide application prospect in the field of agriculture for the management of pests [6].
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Black pepper (Piper nigrum L.), a family member of Piperaceae, is considered one of
the most valuable spices and a potential candidate in natural product research, widely
cultivated in lots of tropical and subtropical districts [7,8]. In addition, P. nigrum is acknowl-
edged as the king of spices and consists of diverse bioactive compounds, such as sterols,
fatty acids, terpenes, amides, and other phytoconstituents with the characteristics of various
biological activities [9]. Piperine (1, Figure 1) is one of the major alkaloids isolated from the
black pepper, which also occurs in the ripe fruits of Piper longum L. and the roots of Piper
sarmentosum Roxb. [10,11]. The pepper processing industry participates in a huge number
of various wastes that contain lots of piperine. To effectively utilize the by-products, people
investigated the conditions of pressure and temperature on the method of supercritical
CO; (SC-CO,) extraction for two steps (100 bar, 60 °C for 1 h and 300 bar, 60 °C for 2 h) to
obtain piperamide piperine in a gentle and efficient way [12]. A recent study reported that
PFPE-CH, a dietary supplement made by mixing a low piperine fractional Piper nigrum
extract (PFPE) with cold-pressed coconut o0il and honey in distilled water, can help decrease
the risk of tumor formation and reduce the side effects of chemotherapeutic drugs during
breast cancer treatment. This is promising news for those undergoing treatment for breast
cancer [13]. In the early 1970s, a piperine analogue Ilepcimide was originally extracted
from a Chinese folk remedy, which was discovered as a safe and effective antiepileptic
drug through structural characterization. In addition, the hospital of Peking University
(Beijing, China) has been clinically implemented in more than 100,000 patients, and the
results showed that the effective rate of Ilepcimide was 95.6% [14,15]. By 2020, the actual
cultivated area of pepper in Yunnan Province had reached 39.4 square kilometers, the yield
was 1070.8 tons, and the output values had achieved 42.8 million RMB [16]. The piperine
molecular contains a dioxymethylene ring, an aliphatic olefin chain, and an amide group.
Piperine and its derivatives possess many biological activities, including anticancer [17],
antitumor [18], antiviral [19], anti-inflammatory [20], antimalarial [21], antioxidant [22,23],
anti-Alzheimer’s disease [24-26], and anti-Parkinson disease properties [27]. The charac-
teristics of the structure of piperine allow for modification at multiple sites so as to obtain
more candidates with better activities, which are widely used in the agricultural field. For
instance, Zhang et al. synthesized a series of bisamide-type piperine derivatives and evalu-
ated them for insecticidal activity against Plutella xylostella (L.). The study results revealed
that most of the desired compounds displayed better insecticidal activity compared to
piperine. In particular, the molecular docking results indicated that a synthetic compound
could act on y-aminobutyric acid receptors [28]. Recently, our studies synthesized two
novel series of ester and oxime ester piperine-type derivatives, some compounds displayed
more than 100 times the acaricidal activity of piperine against Tetranychus cinnabarinus
(Bois.). Moreover, the scanning electron microscope (SEM) demonstrated that their poten-
tial acaricidal activities may be related to the destruction of the construction of the cuticle
layer crest of T. cinnabarinus [29,30]. Wang et al. found that the ester derivative prepared
from piperine exhibited particularly significant broad-spectrum fungicidal activity against
Rhizoctonia solani Kithn, Fusarium graminearum Schwabe, Alternaria tenuis Nees, Gloeosporium
theae-sinensis 1. Miyake, Phytophthora capsica Leonian, and Phomopsis adianticola [31].

Generally, with the characteristics of easy modification and lots of bioactivities, piper-
ine and its derivatives have received much attention in the fields of synthetic organic
chemistry and medicinal chemistry. In this review, many works concerning piperine and its
derivatives have been conducted, we widely summarized the advances in the construction
and structural modification of piperine and its derivatives from 2020 to 2023. Meanwhile,
the latest biological activities, mechanisms of action, and structure-activity relationships of
piperine and its derivatives are also presented.
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piperine (1)

Figure 1. The chemical structure of piperine (1).

2. Bioactivities of Piperine and Its Derivatives
2.1. Anticancer Activity

Cancer still poses the biggest danger to human health. For example, breast cancer is an
increasing global health challenge. According to the World Health Organization (WHO), in
2020, approximately 2.3 million women were diagnosed with breast cancer and there were
685,000 deaths reported worldwide [32]. Rajarajan et al. reported that the dietary piperine
represented a potential candidate that could suppress obesity-associated breast cancer
growth and metastasis by regulating the miR-181c-3p/PPAR«x Axis [33]. Furthermore,
Jeong et al. also found that piperine has anticancer properties such as growth inhibition,
anti-migration, and anti-invasion of cancer cells [34]. In order to application of piperine
derivatives as more potential anticancer drugs, structural modification has received much
attention. For example, compound 2 (Figure 2) was evaluated for cytotoxicity and inhibition
of TrxR (thioredoxin reductase) activity, paving the way for further exploration of piperine
derivatives as TrxR inhibitors [35]. Elimam et al. examined the piperine-based sulfonamide
3 (Figure 2) for its anticancer activity towards the breast MCF-7 cancer cell line. The
results indicated that it is a promising lead compound for developing efficient anticancer
candidates with potent carbonic anhydrase (CA) inhibitory activity [36]. In addition, to
validate the in silico results against triple-negative breast cancer (TNBC) MDA-MB-231,
an in vitro vascular endothelial growth factor receptor-2 (VEGFR-2) inhibition assay was
conducted. Compound 4 (Figure 2) exhibited powerful inhibitory activity with a half-
maximal inhibitory concentration (ICsy) value of 231 nM [37]. Pandya et al. found that
piperine analogue 5 (Figure 2) may serve as an anticancer therapeutic seeing it affects c-myc
oncogene expression via G-quadruplex mediated mechanism [38].
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Figure 2. The chemical structures of compounds 2-5.

2.2. Antiviral Activity

The respiratory illness caused by the pandemic HIN1 influenza virus has become
a significant global health concern. Mohammed et al. conducted a study in which they
screened a piperine derivative 6 (Figure 3) for its antiviral activity and compared it with
other strains in vitro on the MDCK cell line. The adsorption assay demonstrated a dose-
dependent reduction of viral plaque with an ECsy value of 0.33 uM [39]. Over the past
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five years, the COVID-19 (SARS-CoV-2) epidemic has spread around the world, bringing
immeasurable damage to people’s lives and health. However, some potential molecules
showed promising activities against coronavirus, a published research illustrated that the
plant alkaloid piperine could inhibit the vesicle fusion mediated by SARS-CoV-2 peptides
and reduce the titer of SARS-CoV-2 progeny in vitro in Vero cells [40]. In addition, large-
mouth bass virus (LMBV) is a systemic viral pathogen that affects cultivated largemouth
bass, causing high mortality rates. Wang et al. investigated the antiviral activity of piperine
against LMBYV in vitro and in vivo, and the results showed that piperine could act as a
therapeutic and preventative drug for further study against LMBV infection [41].
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9: R =3-CF;; 11: R = 3-OCHj; 12: R = 4-Cl.

Figure 3. The chemical structures of compounds 6-12.

2.3. Anti-Inflammatory Activity

Ultraviolet (UV) rays from sunlight are one of many environmental insults that harm
the skin. Jaisin et al. discovered that piperine may effectively treat skin inflammation
caused by UV irradiation [42]. Acute pancreatitis (AP) is a common acute abdominal dis-
ease characterized by pancreatic acinar cell death and inflammation. Huang et al. confirmed
that piperine can target the endoplasmic reticulum autophagy (ER-phagy), providing a
new insight into the pharmacological mechanism of piperine in treating AP [43]. Psoriasis
is a common chronic inflammatory skin disease that is prone to relapse and difficult to
cure. Studies have shown that piperine can help alleviate psoriasis by reducing epidermal
hyperplasia, inflammatory cell infiltration, and the expression of psoriasis-characteristic
cytokines, chemokines, and proteins in IMQ-induced psoriasiform dermatitis. Therefore,
piperine has the potential to become an effective agent for psoriasis and may provide
new strategies for clinical intervention [44]. Additionally, sciatica is a kind of combined
pain caused by stimulation and compression of various factors, resulting in stabbing,
burning, and dull pain along the route of the sciatic nerve and in the surrounding areas,
which brings great physical and psychological pain to patients. Wang et al. confirmed
the regulatory relationship between miR-520a and p65. In addition, they investigated the
impact of miR-520a/P65 on cytokine levels following piperine stimulation to determine its
therapeutic role in sciatica. As a result, they found that piperine can help alleviate pain.
Specifically, piperine can promote the expression of miR-520a, which directly targets and
inhibits the expression of P65, down-regulate pro-inflammatory factors IL-1 and TNF-«,
while up-regulating the effects of anti-inflammatory factors IL-10 and TGF-f1. As a result,
piperine may as a treatment for sciatica [45]. Duan et al. suggested that piperine may
have anti-inflammatory properties by regulating the key factors of the NF-xB and MAPK
signaling pathways [46]. Yang et al. developed a novel piperine derivative 7 (Figure 3) and
demonstrated that it exhibited potent therapeutic effects against neuroinflammation, which
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might be partly attributed to its inhibitory activity on kelch-like ECH-associated protein
(Keap1)-nuclear factor erythroid-2-related factor 2 (Nrf2) protein-protein interaction [47].
Tian et al. synthesized a potent inhibitor 8 (Figure 3) of fatty acid amide hydrolase (FAAH)
with an IC5( value of 0.65 uM. And the inhibitor was found to attenuate the lipopolysac-
charide (LPS)-induced activation of BV2 cells, showing a significant anti-inflammatory
activity [48].

2.4. Insecticidal Activity

In 2022, Oliveira et al. found that piperine loaded into nanostructured systems might
be an effective drug to improve larvicidal activity against Aedes aegypti L. [49]. Yang et al.
identified that compound 9 (Figure 3) was the most effective multichitinase inhibitor and
exhibited higher insecticidal activity against Ostrinia furnacalis (Guenée) (Asian corn borer)
than dual- or single-chitinase inhibitors. Results of molecular mechanism studies showed
that compound 9 can interact with two conserved TRP and TYR of three chitinases in
identical ways through hydrogen bonds, hydrophobic, and 7-7t interactions. Furthermore,
the microinjection experiment revealed that the agent displayed significant sublethal effects
against O. furnacalis by regulating its growth and development [50]. Zhang et al. synthe-
sized a series of piperine derivates containing a linear bisamide. Among them, compound
10 (Figure 3) gave rise to 90% mortality at 1.0 mg/mL concentration against P. xylostella [28].
In order to investigate the effects of potential trehalase inhibitors in Spodoptera frugiperda
(Smith), compounds 11 (Figure 3) and 12 (Figure 3) were synthesized by Zhong et al. The
results showed that compound 12 significantly reduced trehalase activity. Additionally,
compound 11 not only can reduce membraned-bound trehalase activity, but also inhibit the
expression of SfTRE2, SfCHS2, and SfCHT, thus affecting the chitin metabolism, providing
a theoretical basis for the application of trehalase inhibitors in the control of agricultural
pests [51].

2.5. Antibacterial and Antifungal Activities

A series of piperine amide derivatives were synthesized by Sivashanmugam et al.
Of all the derivates, compounds 13 (Figure 4) and 14 (Figure 4) worked exceptionally
well against Gram-negative bacteria (Escherichia coli and Acinetobacter baumannii) and
Gram-positive bacteria (Staphylococcus aureus, Escherichia faecalis, and Staphylococcus epi-
dermidis) [52]. Das et al. found that piperine exhibited potent antibiofilm activity against
Pseudomonas aeruginosa by accumulating reactive oxygen species, affecting cell surface
hydrophobicity, and quorum sensing. This research suggested that piperine can effectively
disrupt the biofilm formation of P. aeruginosa, offering a sustainable solution for protecting
public health [53]. The emergence and rapid spread of multidrug-resistant (MDR) bacteria,
such as Vibrio cholerae, is a major global public health concern. Piperine has been found
to show a dose-dependent bactericidal effect on V. cholerae growth, regardless of their bio-
types and serogroups at the concentrations of 200 and 300 pug/mL, respectively. It also can
inhibit the growth of multidrug-resistant (MDR) strains of P. aeruginosa and E. coli isolated
from poultry, and enterohemorrhagic/enteroaggregative E. coli 0104 in 200 ug/mL. The
results demonstrated that piperine has antimicrobial properties against pathogenic bacteria,
including MDR strains, making it a potential therapeutic and preventative agent against
infections [54]. Souza, Jr. et al. synthesized the compound 15 (Figure 4) and evaluated its
antifungal activity against Candida, Trichophyton, and Microsporum strains. As a result,
compound 15 exhibited 70% inhibition in seven tested strains, such as Candida albicans
ATCC 76645, LM-111, LM-122 and Candida krusei LM-656, LM-13 and Microsporum canis
LM-12, and Microsporum gypseum LM-512, with a minimum inhibitory concentration (MIC)
ranging from 1.23-2.46 pmol/mL and a minimum fungicide concentration (MFC) ranging
from 9.84-19.68 umol/mL [55].
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Figure 4. The chemical structures of compounds 13-20.

2.6. Other Activities

A series of N-aryl amide derivatives of piperine (16-18, Figure 4) were prepared
by semi-synthesis, and these compounds were examined for their antitrypanosomal, an-
timalarial, and anti-SARS-CoV-2 main protease activities. Among them, compound 18
exhibited the most robust biological activities with no cytotoxicity against mammalian cell
lines Vero and Vero E§, its ICs values for antitrypanosomal activity against Trypanosoma
brucei rhodesiense was 15.46 £ 3.09 uM, and its antimalarial activity against the 3D7 strain
of Plasmodium falciparum was 24.55 £ 1.91 uM, which were 4-fold and 5-fold higher
than that of piperine, respectively. Furthermore, compound 18 inhibited the activity of
3C-like main protease (3CLFPr) toward anti-SARS-CoV-2 activity with the ICs value of
106.9 + 1.2 uM. Docking and molecular dynamic simulation indicated that the potential
binding of compound 18 in the 3CLP™ active site had improved binding interaction and
stability [21]. Peroxisome proliferator-activated receptor y (PPARy) plays a key role in
glucose, which is a ligand-mediated transcription factor. The lipid homeostasis always
serves as a pharmacological target for new drug discovery and development. Wang et al.
synthesized and evaluated some compounds for their agonistic activities of PPARy. In
particular, compound 19 (Figure 4) presented itself as a potential PPARy agonist with an
ICsg value of 2.43 uM, and the molecular docking studies indicated that compound 19
stably interacts with the amino acid residues of the PPARy complex active site [56]. Piperine
derivate 20 (Figure 4) containing benzodioxole molecule was identified as the promising
antiparasitic candidate against Leishmania amazonensis [57]. Hsieh et al. investigated
the protective effects of piperine on nerve growth factor (NGF) signaling in a kainic acid
(KA) rat model of excitotoxicity. The results showed that piperine can protect hippocampal
neurons against KA-induced excitotoxicity by enhancing the NGF/TrkA /Akt/GSK3p
signaling pathways [58]. Alsareii et al. conducted an in vivo study and histopathological
examination, which revealed early and intrinsic healing of wounds with the piperine-
containing bioactive hydrogel system compared to the bioactive hydrogel system without
piperine. These findings established that the piperine-containing bioactive hydrogel system
is a promising therapeutic approach for wound healing applications [59].

3. Structural Modifications of Piperine and Its Derivatives

3.1. Structural Modifications at the Dioxymethylene Ring or the Aliphatic Olefin Chain of Piperine
As described in Schemes 1 and 2, Li et al. and Lv et al. regio- and stereo-selectively

synthesized a series of piperine-type ester derivates 23a-23z and 23a’-23l’, and oxime

ester derivates 25a-25z and 25a’-25h’, respectively, by using the Vilsmeier-Haack—Arnold

(VHA) reaction. Meanwhile, as shown in Scheme 3, by changing the substituent groups
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of dioxymethylene ring, compounds 33a-33i were also prepared by Lv et al. All the
synthetic compounds were evaluated for their acaricidal activities against T. cinnabarinus,
among them, compounds 23e, 23f, 23u, 23v, 25f, 251, 25u, and 25v showed significant
acaricidal activities with the LCsy values ranging from 0.12 to 0.19 mg/mL (Table 1),
which were comparable to that of the commercial acaricidal agent spirodiclofen (LCs:
0.12 mg/mL), and displayed almost 100-fold higher acaricidal activities than piperine
(LCsp: 14.20 mg/mL) [28,29,60]. As shown in Scheme 4, Gu et al. used the catalyst RhH-1
to reduce the aliphatic olefin chain of piperine under a mild condition with a high yield to
obtain analogue 34 [61].
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Scheme 1. Synthesis of piperine ester derivates 23a-23z and 23a"-231".
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Scheme 2. Synthesis of piperine oxime ester derivates 25a-25z and 25a’-25h’".
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Scheme 3. Synthesis of piperine analogs type oxime ester derivates 33a-33i.

Table 1. LCs) values of some potent compounds against T. cinnabarinus at 72 h.

28a-28¢

[0}

0

30a-30¢

@

32a-32¢

Compound LCsp (mg/mL)

1 14.20 [29]

23e 0.16 [29]

23f 0.12 [29]
23u 0.18 [29]
23v 0.16 [29]

25f 0.14 [28]

251 0.16 [28]
25u 0.19 [28]
25v 0.13 [28]
spirodiclofen @ 0.12 [29]

2 Spirodiclofen: a commercial acaricide.
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Scheme 4. Synthesis of piperine analogue 34.

As illustrated in Scheme 5, Luo et al. synthesized four piperine derivates 35 (4R,5R),
36 (4S,55), 37 (45,5R), and 38 (4R,5S), which were established by NMR, optical rotation, and
CD spectra [62]. As demonstrated in Scheme 6, the sample amine groups were introduced
at the aliphatic olefin chain of piperine through a trisulfur-radical-anion-triggered C(spz)-
H amination of «,B-unsaturated carbonyl to obtain derivate 39 [63]. As presented in
Scheme 7, Wojtowicz-Rajchel et al. synthesized five novel corresponding cycloadducts
41-45 in moderate yields by the reaction of prochiral N-alkyltrifluoromethyl-methylene
nitrones with piperine under non-catalyzed condition [64].
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35 THFM45°C 45°C
oo ——————————>
36 5h 10h
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R
¢ HEN
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36a, 20.8% 38, 55%, dr 1:0.03

Scheme 5. Synthesis of piperine derivates 35-38.
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' 40c: R' = CF3, R? = 1-Bu; 44: R' =H, R? = CHj, 39%;
40a-40d

45:R' = H, R?= CH3, 22%.

Scheme 7. Synthesis of piperine derivates 41-45.

3.2. Structural Modifications at the Amide Group of Piperine

As shown in Scheme 8 and Table 2, Tantawy et al. designed and synthesized a series
of piperine-based dienehydrazide derivatives 49a—49u and evaluated their insecticidal
activities against third-instar larval of Culex pipiens L. Among all synthetic derivates,
compounds 49a, 49b, 49f, 49g, 49m, 49n, 490, 49p, and 49u displayed better activities than
piperine and deltamethrin (a commercial positive control). Molecular modeling revealed
several interactions between derivates and acetylcholinesterase (AChE) substrate binding
sites responsible for binding and inhibition [65]. As shown in Scheme 9, twenty-two
piperine derivates 2, 52a-521, and 53a-53i were synthesized by Zhong et al. and evaluated
for their anticancer properties [34]. As shown in Scheme 10, a series of novel piperine
derivates 56a-56z, 56a’-56b’, and 59a-59b containing a linear bisamide were synthesized
and evaluated for their insecticidal activities against P. xylostella [50].

Table 2. LCs) values of some potent compounds against 3rd larval instar of C. pipiens [65].

Compound LCsp (mg/mL)

1 0.357

46 0.398

48 0.421

49a 0.139

49b 0.216

49f 0.146

49¢g 0.153
49m 0.221
49n 0.094
490 0.209
49p 0.128
49u 0.174
deltamethrin 2 1.457

@ Deltamethrin: a commercial insecticide.

164



Toxins 2023, 15, 696

1%} KOH (COCl), o
MeOH DCM
<O N N reflux X OH DMF/rt O N Cl
T < <
0 48 h/93% 4h
1 46 47
NH,NH, O corresponding carbonyl 0
NP NH compounds NP N R!
DOt <O E 2 MeOH/reflux <O E \\(
2
7h/8T% 0 2-6 h/55-86% 0 R
48 492-49u
Rl = R2=
OH Cl
R ¥ ] o
49a:R'=H R’= 49b:R'=H R%= 49¢R'=H R2= >
O

49d:R'=H

RZ= ©\ 49¢:R'=H
0S0,(CF,)sCF;

49g:R'=H R2= 49h: R'=H
49j:R'=H R?= (CH,);CH; 49k

I
49m:R'=H R%= OOO 49n:R'=H

0
49p: R' =CH, R? = /@: >
b o
¥
49s:R'=H R?=
CF

49t R'=H
3

49q: R' =CH; R%=

49f: R'=H
R?= O\ 49i:R' =H RZ:
COOH
n}“\"’
=
Rz=® 491 R =H R2=?</\©
\ef N~
R?= 490: R' =CH; R%=
HO NO,
OH

¥ D
49r:R'=H

el
0SO4(CF,),CF3
e TOL

RZ\;O
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Scheme 10. Synthesis of piperine derivates 56a-56z, 56a’-56b’, and 59a—59b.

Human Cytochrome P450 2J2 (CYP2]2) plays an important role in metabolizing polyun-
saturated fatty acids (PUFAs). As described in Scheme 11, a series of piperine derivatives
62a-62k were designed and synthesized based on the underlying interactions of piperine
with CYP2J2. Among them, compounds 62j and 62k were developed as much stronger in-
hibitors and their inhibition activities increased approximately 10-fold higher than piperine
with the ICsq values of 40 and 50 nM, respectively (Table 3) [66].
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Scheme 11. Synthesis of piperine (1) and its derivatives 62a-62k.

Table 3. The CYP2J2 inhibitory activities of compounds 62a-62k [66].

Compound Inhibitory Activity (uM)

1 0.44 +0.05
62a 472 +£0.73
62b 1.58 +0.22
62¢ 9.33 +1.06
62d 11.98 £1.35
62e 4.66 + 0.56
62f 2254 0.56
62g 0.75 + 0.08
62h 1.24 +0.45
62i 11.81 +£1.47
62j 0.04 £0.01
62k 0.05 £ 0.01

4. Mechanisms of Action of Piperine and Its Derivatives

The natural product piperine (1) and its derivates exhibit wide biological activity
in the fields of medicine and agriculture. For example, piperine and its derivates have
anticancer properties such as growth-inhibition, anti-migration, and anti-invasion of cancer
cells by regulating the miR-181c-3p/PPARw Axis [32] and inhibiting thioredoxin reductase
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63a

and carbonic anhydrase [34,35]. In addition, piperine can target endoplasmic reticulum
autophagy (ER-phagy) in treating acute pancreatitis [42]. On the other hand, the insect
chitinase OfChtl from the agricultural pest O. furnacalis is a promising target for green
insecticide design. Han et al. first found that piperine can inhibit the insect chitinase from
O. furnacalis. Piperine derivates 63a-63f (Figure 5) were designed and synthesized by
introducing a butenolide scaffold into the lead compound piperine. The results of the
enzymatic activity assay revealed that the synthetic compounds (K; = 1.03-2.04 uM) were
approximately 40-80 times more effective in inhibiting OfChtl than the lead compound
piperine (Kj = 81.45 uM). The inhibitory mechanism demonstrated that the introduced
butenolide skeleton improved the binding affinity to OfChtI [67].

63b 63c

63d

63e 63f

Figure 5. The chemical structures of compounds 63a—63f.

5. Structure-Activity Relationships of Piperine and Its Derivatives

The SARs analysis of piperine and its derivatives are described in Figure 6, and the
detailed descriptions are as follows: (i) introduction of hydroxyl groups at C-8 and C-
9 positions can obtain a potent antiviral candidate [38]. Replacing the dioxymethylene
ring with a 2-oxazoline heterocyclic ring and introducing a Cl atom at the C-10 position
can produce an anti-inflammatory agent, which has potent therapeutic effects against
neuroinflammation [46]; (ii) introduction of ester and oxime ester groups at C-2 position
of piperine is important for improving acaricidal activity. In particular, the long aliphatic
chain esters or oxime esters, and a very crucial prerequisite is to retain the dioxymethylene
ring [28,29,60]; (iii) introduction of the dienehydrazide groups can obtain potent insecticidal
compounds against third-instar larval of C. pipiens [65]. The introduction of different
substituted amides is beneficial for anticancer activity and can obtain a potential inhibitor
against CYP2]2 [34,67]. Piperine derivates containing a linear bisamide exhibited significant
insecticidal activity against P. xylostella, and they can be further studied as lead pesticidal
agents [50].
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Introduction of ester or oxime ester groups at C-2 position
of piperine are beneficial for the acaricidal activity against
T. cinnabarinus.

Aliphatic Olefin Chain

Introduction of two hydroxyl groups at the C-8 and Dioxymethylene O 8
C-9 positions can obtain a potential antiviral agent

— X g
against HIN1 influenza virus. Ring 079 J o

piperine (1)

Amide Group

Introduction of acylhydrazone group can improve the insecticidal
activities against third-instar larval of C. pipiens; Introduction of different
amides or a linear bisamide are important for anticancer and insecticidal
activities.

Figure 6. The structure-activity relationships of piperine and its derivatives.

6. Conclusions

In recent years, research and development of plant-derived pesticides in China have
been steadily improving. The commercialization of plant-derived pesticides should capi-
talize on their benefits and prioritize sustainability. In the future, plant-derived pesticides
will play a significant role in food security and the agricultural field for improving the local
economic development. This review has summarized the recent developments from 2020
to 2023 on biological activities, structural modifications, and structure-activity relationships
of piperine and its derivatives, in addition to their mechanisms of action. The structural
characteristics of piperine implied that it had various sites for structural modifications,
making it a high-value-added lead compound. It is prospective that this paper can provide
essential information and proposals for further design and development of novel piperine
derivatives as potent natural-product-based drugs and pesticides for improving the local
economic development in the future.
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VEGFR  Vascular endothelial growth factor receptors
TNF-o«c  Tumor necrosis factor-o

TGF-p  Transforming growth factor-

NF-xB  Nuclear factor-«B

MAPK  Mitogen-activated protein kinase

LCsg Lethal concentration
DMF N,N-Dimethylformamide
t-Bu tert-Butyl

EDCI 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
HOBt 1-Hydroxybenzotriazole
DMAP  4-Dimethylaminopyridine
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