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Abstract

The endophytic mycobiota constitute a prolific source of bioactive natural products that has
evolved during the symbiotic endophyte—plant relationship. The diversity of fungal endophytes
isolated from the roots of the plant Globularia alypum (Plantaginaceae, Scrophulariales) collected in
Batna (Algeria) were studied in the present thesis. In total, seventeen fungal strains were isolated and
identified to species level by means of morphological and molecular phylogenetic methods. The
phylogenetic analysis of these fungal endophytes revealed their affinities to three classes of the
phylum of Ascomycota: Eurotiomycetes, Dothideomycetes and Sordariomycetes representing nine
genera: Alternaria, Aspergillus, Chaetomium, Dendrothyrium, Diaporthe, Fusarium, Macrophomina,
Penicillium and Preussia. Among the isolated fungal endophytes, eight were selected for small scale
fermentation in three different liquid media. Their extracts showed prominent antimicrobial activity
in a screening for novel antibiotics by the serial dilution assay. A scale-up of fermentation of selected
five fungi including three strains of Chaetomium madrasense, Dendrothyrium variisporum and
Preussia similis, yielded twenty eight secondary metabolites, twelve of which turned out to be novel
natural products. The structures of the isolated metabolites were elucidated using a combination of
spectral methods, including 1D and 2D NMR spectroscopy, high-resolution mass spectrometry, and
CD spectroscopy. The biological activities of both, the known and new compounds were extensively
studied. Thirteen metabolites were isolated from the Preussia similis complex including six new
bicyclic polyketides (for which the trivial names preussilides A—F are proposed) and one new dimer
of 2 amino benzoid acid moieties, along with several known cytochalasins and xanthones derivatives.
The preussilides were tested for antimicrobial and antiproliferative effects, and, in particular,
preussilides A and C showed selective activities against eukaryotes. Subsequent studies on their
influence on the morphology of human osteosarcoma cells (U20S) suggest that these polyketides
might target an enzyme involved in coordination of the cell division cycle. Hence, they might, for
instance, affect timing or spindle assembly mechanisms, leading to defects in chromosome
segregation and/or spindle geometry. Studies on the secondary metabolite production of
Dendrothyrium variisporum in various culture media led to the isolation of twelve compounds.
Massarilactones D and H were isolated as the major components as well as two new furanone
derivatives for which we propose the trivial names (5S)-cis-gregatin B and graminin D, three new
anthranilic acid derivatives, two known anthranilic acid analogues and three cyclopeptides. The new
anthranilic acid derivatives, 2-phenylethyl-3-hydroxyanthranilate and 2-phenylethyl anthranilate
exhibited antimicrobial activity while 2-phenylethyl anthranilate showed cytotoxicity against HelLa
cells. Finally, from cultures of Chaetomium madrasense, three known compounds, xanthoguinodins
Al, A3 and N-acetytryptamin were isolated.

Keywords: Fungal endophytes, biodiversity, Globularia alypum, secondary metabolites, Preussia
similis, Dendrothyrium variisporum, Chaetomium madrasense, structure elucidation.



Résumeé

Le mycobiote endophyte constitue une source riche de produits naturels bioactifs qui ont été
développé au cours de la relation symbiotique endophyte-plante. La diversité des endophytes
fongiques isolés a partir des racines de la plante Globularia alypum (Plantaginaceae, Scrophulariales),
collectée a Batna, (Algérie), a été étudiée dans le présent travail. Au total, dix-sept souches fongiques
ont été identifiées jusqu’au rang de I'espéce a l'aide de méthodes morphologiques et phylogénétiques.
L'analyse phylogenétique de ces endophytes fongiques a revélé leurs affinités a trois classes du
phylum d'Ascomycota: Eurotiomycétes, Dothideomycetes et, Sordariomycetes représentées par neuf
genres: Alternaria, Aspergillus, Chaetomium, Dendrothyrium, Diaporthe, Fusarium, Macrophomina,
Penicillium et Preussia. Parmi les endophytes fongiques isolés, huit ont été sélectionnés pour une
fermentation a petite échelle dans trois milieux liquides différents. Leurs extraits ont montré une
activité antimicrobienne importante au cours du screening pour de nouveaux antibiotiques par le test
de dilution en série. La fermentation a grande échelle de cing champignons selectionnés, y compris
trois souches de Preussia similis, Dendrothyrium variisporum et Chaetomium madrasense, a donné
vingt-huit métabolites secondaires, dont douze ont été identifiés comme nouveaux produits naturels.
Les structures des métabolites isolés ont été élucidées en utilisant une combinaison de méthodes
spectrales, y compris la spectroscopie RMN 1D et 2D, la spectrometrie de masse a haute résolution et
la spectroscopie CD. Les activités biologiques des composés connus et nouveaux ont été largement
étudiees. Treize métabolites ont été isolés du complexe Preussia similis, y compris Six nouveaux
polycétides bicycliques (pour lesquels les noms triviaux preussilides A-F ont été proposés) et un
nouveau dimeére de I’acide 2-amino benzoique, ainsi que plusieurs autres métabolites connus comme
les cytochalasines et des dérivés de xanthone. Les preussilides ont été testés pour leurs effets
antimicrobiens et antiproliferatifs et, en particulier, les preussilides A et C qui ont montreé des activités
sélectives contre les eucaryotes. Des études ultérieures sur leur influence sur la morphologie des
cellules d'ostéosarcome humain (U20S) suggerent que ces polycétides pourraient cibler une enzyme
impliguée dans la coordination du cycle de la division cellulaire. Par conséquent, ils pourraient, par
exemple, affecter les mécanismes de la synchronisation ou d'assemblage des fuseaux mitotiques,
conduisant a des défauts de ségrégation des chromosomes et / ou de la géométrie du fuseau mitotique.
Des études portées sur la production de métabolites secondaires de Dendrothyrium variisporum ont
conduit a l'isolement de douze composés. Les massarilactones D et H ont été isolés comme principaux
composants ainsi que deux nouveaux dérivés de furanone pour lesquels les noms triviaux (5S) -cis-
grégatine B et graminine D ont été proposés, trois nouveaux dérivés d'acide anthranilique, deux
analogues connus de l'acide anthranilique et trois cyclopeptides. Les nouveaux dérivés de l'acide
anthranilique, le 2-phényléthyl-3-hydroxyanthranilate et le 2-phényléthyl anthranilate, ont présenté
une activité antimicrobienne tandis que le 2-phényléthyl anthranilate présentait une cytotoxicité contre
les cellules HelLa. Enfin, a partir des cultures de Chaetomium madrasense, trois composés connus a
savoir xanthoquinodines Al, A3 et N-acétyltryptamine ont été isolés.

Mots-clés: Endophytes fongiques, biodiversité, Globularia alypum, métabolites secondaires,
Preussia similis, Dendrothyrium variisporum, Chaetomium madrasense, caractérisation structurale.
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Introduction

The need for new and beneficial therapeutic agents to cope with the health and environmental
problems faced by society today is never ending (Li et al., 2015). The rising tide of bacteria resistance
to antibiotic is one of the biggest issues to global health, due to the wide uses of antibiotics not only
in human medicine but also in livestock and poultry farming in order to promote growth and prevent
infection. The threat posed by the spread of antibiotic resistance is enhanced by an alarming decline
in the discovery and development of new classes of antibiotic with new biologically active
pharmacophores. In addition, the apparent increase in viral and fungal infections, the lack of
anticancer agents and the search for alternatives to harmful synthetic pesticides are also among the
problems that underscore the need of new effective drugs (Richter et al., 2016).

Fungi are a prolific source of secondary metabolites that may serve as leads for the

development of novel badly needed new agents. In particular, certain ecological groups of fungi like
the endophytic mycobiota have recently been proved to yield a plethora of novel metabolites
exhibiting a variety of biological activities (Kusari et al., 2008). Endophytic fungi, which colonize
their host plants without causing visible disease symptoms, can grow inter- or intracellularly,
systemically or locally within their hosts. Up to date, no endophyte-free plant species has been
reported (Arora and Ramawat, 2017). In fact, the endophytes are involved in multipartite interactions
to maintain a balanced antagonism in planta, not only with their host plant, but also with other
microbial competitors sharing the same habitat, both bacteria and fungi. Secondary metabolites are
important factors for maintaining these equilibria. Through a long time communication, evolutionary
adaptation of endophytes in plants to the complex environment enabled them to have a tremendous
biosynthetic capability. The repertoire of their biosynthetic capacities over the co-evolutionary
process as well as microbial biodiversity encompassing an arsenal and unique of chemical scaffolds,
once isolated and characterized, may increase the chances to develop new pharmaceutical agents to
prevent and cure human ailments (Aly et al., 2013; Schulz et al., 2015).
So far, many natural product researchers are attracted by the ubiquitous presence of this intriguing
plant mycobiota and their ability in promoting plant growth as well as in improving plant defence
systems in order to strive against abiotic and biotic stresses (Kusari et al., 2012; Schulz et al., 2015;
Netzker et al., 2015; Deka et al., 2017).



Introduction

This thesis reports for the first time the diversity of fungal endophytes of the medicinal plant
Globularia alypum (Plantaginaceae, Scrophulariales), used in the Algerian traditional medicine as a
healing agent, such as hypoglycaemic agent, laxative, cholagogue, stomachic, purgative and sudorific
(Boutiti et al., 2008). Furthermore, the isolated fungal endophytes were screened for their secondary
metabolites production.

Aims of the thesis

The aims of the thesis can be divided into a taxonomic and a chemical part, and are as follows:

e Isolation of several endophytic fungi inhabiting the Algerian plant Globuaria alypum collected
from Ain Touta Batna (Algeria).

e Identification of the fungal isolates by morphological description and by ITS sequencing. For
some fungi, the phylogenetic position was further illustrated and discussed by using protein
coding genes.

e From our collection of endophytic fungi, some fungal strains were selected for further study
(small-scale fermentations), based on a phylogenetic preselection in order to select the most
promising fungal strains and search for novel and biologically active secondary metabolites.

e HPLC/DAD/MS profiling and antimicrobial screening of extracts derived from small-scale
fermentations.

e Large-scale fermentations of the interesting strains were performed.

e Isolation and structure elucidation of pure compounds.

e Extensive biological screening of the identified compounds to explore their potential

biological importance.



Literature review




Literature review

I. Endophytes
1.1. Definition

The term “endophyte” is derived from the Greek words “endon” meaning within, and “phyton”
meaning plant, and originally introduced by de Bary in 1866 referred to any organism occurring within
plant tissues, distinct from the epiphytes that live on plant surfaces (Schulz and Boyle, 2006). So far,
the most accepted definition of endophyte is that of Petrini (1991) “all organisms inhabiting plant
organs that at some time in their life, can colonize internal plant tissues without causing apparent
harm to the host” (Hyde and Soytong, 2008). They spend the whole or part of its life cycle colonizing
inter- and/or intracellularly (Figure 1), systemically or locally inside the healthy
leaves, petioles, stems, twigs, bark, root, fruit, flower and seeds (Schroeckh et al., 2014). However,
some endophytes remain as latent pathogens. This lifestyle as parasitism may occur either during host
senescence or when the plant is under stress (Hyde and Soytong, 2008). The endophytes include both
prokaryotic and eukaryotic microorgansims. The prokaryotic endophytes which are represented by
bacteria and actinomycetes are often colonisers of vascular tissues of host plants. They play very
important roles in the plant fitness such as nitrogen fixation. The eukaryotic endophytes are

represented by fungi (Schulz and Boyle, 2006).

Intracellular
mycelia

L_Inter- and
intracellular
- mycelia

Figure 1: Different localization patterns of fungal endophytes within plant tissues (Kusari and Spiteller, 2012)
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I.2. Fungal endophytes

Endophytic fungi are a polyphyletic group of microoganisms that may present in almost all
plants (Hodgson et al., 2014). Nowadays, it is a well-established fact that plants are hosts for many
types of microbial endophytes residing in different tissues, no endophyte-free plant species has been
reported (Sandhu et al., 2017). Also, many species of plants can harboured the same species of
endophytes (Zabalgogeazcoa, 2008). The majority of endophytic fungi are members of Ascomycota
and their anamorphs, only small community of the total number of fungal endophytes is represented
by Basidiomycota (Hyde and Soytong, 2008; Martin et al., 2015; Das et al., 2017).

1.3. Transmission

The endophytes may originate from the outside environment; rhizosphere and phyllosphere.
So far, there are two known transmission routes for fungal endophytes: vertical and horizontal
transmission (Tintjer et al., 2008). In some cases the transmission takes place by mixed modes (Foster
and Wenseleers, 2006).

1.3.1. Vertical transmission

The vertical transmission occurs from the parent to the offspring via fungal hyphae invading
the host's seeds. The fungal endophytes being transmitted vertically are often mutualistic and referred

29

to as “true” endophytes, since their reproductive success is completely dependent on host
reproductivity. Such a way of transmission keeps the continuity of partnerships between plant and
endophytes by ensuring accuracy transmission of the beneficial symbionts through generations
(Tadych et al., 2014). This mode of transmission seems to be restricted to some asexual fungi in the
family Claviceapataceae which inhabit grasses. The vertical transmission is limited only to asexual

reproduction.
1.3.2. Horizontal transmission

Horizontally transmitted fungal endophytes are sexual and are transmitted by means of spores
(mitotic asexual or meiotic sexual spores) or possibly hyphae. The spores can be disseminated by
water or air movement and/or insect vectors. The sexual reproduction requires production of meiotic
sexual spores and is therefore always horizontal (Kandel et al., 2017). Horizontal transmission is

predited to enhance virulence whereas vertical transmission evolves benefic parters. The species of
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the genus Epichloe are the most studied fungi on this pheneomen. However, not all mutualists are
mandatory transmitted vertically, and there are many examples of mutualistic horizontally transmitted
symbioses (Schulz and Boyle, 2005; Foster and Wenseleers, 2006).

I.4. Colonisation of host plant by fungal endophytes

The fungal endophytes often originate from the soil. The roots are frequently the primary site
for endophytic infection as the root exudates facilitate their attachment and consequently their entry
into plant tissues. Eventually, other portal entries beyond roots are possibles, such as, the stems,
leaves, flowers and seeds, however the endophytic growth have been found to be narrow (Schulz and
Boyle, 2006; Andrade-Linares and Franken, 2013). In case of flowers and seeds colonisation, the
endophytes are thereby transmitted vertically from the maternal endophyte community into the
offspring (Arora and Ramawat, 2017). Up to now, it is not clear if fungal endophytes sense root
exudates for colonization (Rodriguez et al., 2009). The endophytic Ascomycota penetrate the roots
by different mechanisms. In addition to the adhesion tips, it was found that fungal endophytes grow
around roots by forming a network and produce appressoria like-structure as well as swollen cells
on hyphal tips. Afterwards, the runner hyphae penetrate through between the intercellular spaces.
Later, each single hyphae grows along the longitudinal axis of the organ between epidermal and
cortical cells, and intracellular colonization is visualized as formation of microsclerotia. Root
colonisation can be both inter- and intra-cellular, the hyphae often forming intracellular coils. The
fungal hyphae cross the cell wall to reach the intracellular space leaving a constriction at entry sites
(Arora and Ramawat, 2017).

1.5. Adaptation

Endophytic communities inhabiting a particular plant host are frequently referred to host
specificity (some authors use the terms host preference of host exclusivity). The latter is the result of
adaptation success between the endophyte and the host. However, some fungi can be found as
endophytes, but in reality, they are specific to another substrate, normally found growing on it. An
example of these accidental opportunists might be coprophilous species, which are a type of saprobic
fungi that grow on animal dung, are sometimes detected as endophytes (Schroeckh and Brakhage,
2014). Also, the insect associated fungus Daldinia hawksworthii, which is normally a symbiont with
the willow woodwasp Xiphydria prolongata, was found as endophyte of Salix (Pazoutova et al.,
2013).



Literature review

1.6. Classes of fungal endophytes

Endophytic fungi have been classified into two broad groups based on their phylogeny and life
history traits, the clavicipitaceous and the non-clavicipitaceous fungal endophytes. Now, the fungal
endophytes are classified as class 1 (clavicipitaceous endophyes), and three other classes (class 2,
class 3 and class 4) representing the group of non-clavicipitaceous endophytes (Figure 2) (Tablel)
(Rodriguez et al., 2009).

Class 3
,/\ endophytes

endophytes

Class 1 &2
endophytes

Figure 2: Location of the different classes of endophytes (according to Rodriguez et al., 2009) (Kusari and Spiteller,
2012)

1.6.1. Clavicipitaceous fungal endophytes (Class 1)

The group of clavicipitaceous endophytes represents the class 1 of fungal endophytes that form
a symbiotic relationship with a broad spectrum of grasses (especially the family of Poaceae). They are
mostly obligate biotrophic ascomycetes of the family Clavicipitaceae that perennially and
systemically colonise the intercellular spaces of leaf primordia, leaf sheaths and culms of vegetative
tissue (Scott, 2001; Sanchez Méarquez et al., 2012). Due to their lack of the biosynthetic capacity for
the production of secondary metabolites, grasses cohabitate these fungi which are known as a good
producers of a set of secondary metabolites. The advantages of this grasses-endophytes association
appear practically in the higher performance of bioprotection by inducing eco-physiological changes

that make plants more tolerant to different biotic and abiotic stresses (Kuldau and Bacon, 2008).
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Therefore, the infected grasses have been found to be very vigorous especially in enhancing plant
biomass, drought tolerance, protection against herbivore and insects. Such a defensive mutualistic
association is very important to the ecological fitness and species diversity of grasses (Sanchez
Marquez et al., 2012; Kusari and Spiteller, 2012). On the other hand, mutualistic benefits for
endophytes may involve access to nutrients from the host apoplast, abiotic and biotic stress avoidance
and dissemination by seed (Scott, 2001). The genus Epichloé is the most studied group of these
associated grasses endophytes. These grass-fungal endophyte symbioses have been showed a range
from pathogenic to mutualistic. The species from the genus Epichloé are often considered to be
pathogenic to host grasses as they may induce abortion of plant reproductive structures when reaching
sexual reproduction state and horizontal spreading may cause partial or complete sterilization of the
hosts due to the production of a fungal stroma on the flowering culms (choke disease) (Gundel et al.,
2012). In mutualistic relationships, the Epichloé endophyte grows systematically within its host
including the developing seeds, and it is completely dependent of the survival and growth of the grass
host plant for its own growth (Scott, 2001; Schaechter, 2012).

1.6.2. Non-Clavicipitaceous fungal endophytes

The non-clavicipitaceous endophytes are polyphyletic fungi, often poorly defined or with
unknown ecological roles. They traditionally have been treated as a single functional group forming
the class 2 of fungal endophytes until Rodriguez et al. (2009), have differentiated them into three
functional classes (class 2, class 3 and class 4) based on host colonization patterns, mechanism of
transmission between host generations, in planta biodiversity levels, and ecological function (Table
1).

a. Class 2

The fungal endophytes belonging to the class 2 may grow in the aerial and ground parts of the
plant host. Most of their species are members of Ascomycota (Pezizomycotina) with minority being
Basidiomycota (Agaricomycotina and Pucciniomycotina). Transmission of fungal endophytes of class

2 can be vertical or horizontal.
b. Class 3

The occurrence of Class 3 fungal endophytes is strongly related to aerial tissues and they are

transmitted horizontally. Thus, their entry portal to the host plant is always the aerial part, where their
7
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growth will be limited or they spread to the lower part. Due to the above-tissues dependence, these

fungi induce the formation of highly localized infections.

These fungi are found within photosynthetic and herbaceous tissues in addition to flowers and fruits,
as well as in asymptomatic wood and inner bark. The biodiversity of class 3 endophytes is extremely
high in planta. They include the endophytic fungi associated with leaves of tropical trees, the highly
diverse associates of above-ground tissues of nonvascular plants, seedless vascular plants, conifers,
and woody and herbaceous angiosperms in biomes ranging from tropical forests to boreal and

Arctic/Antarctic communities.
c. Class 4

The class 4 endophytes are distinguished from the other two classes of non clavicipitaceous
fungi based on their exceptional nature of hyphae. The latter are septate and dark in color due to the
presence of melanin. They are known as dark septate endophytes (DSE), which colonize only the roots
of the plant, extensively. Theit mode of transmission is exclusively horizonal. In general, Class 4
endophytes are primarily ascomycetous fungi that are conidial or sterile and that form melanized
structures such as inter- and intracellular hyphae and microsclerotia in the roots (Rodriguez et al.,
2009).

Table 1: Symbiotic criteria used to characterize fungal endophytic classes criteria (Rodriguez et al.,

2009)

Clavicipitaceous Non Clavicipitaceous
Criteria Class 1 Class 2 Class 3 Class 4
Host range Narrow Broad Broad Broad
Tissue(s) colonized Shoot and rhizome Shoot, root Shoot Root

and rhizome

In planta colonization Extensive Extensive Limited Extensive
In planta biodiversity Low Low High Unknown
Transmission Vertical and Vertical and  horizontal horizontal

horizontal horizontal
Fitness benefits* NHA NHA and HA  NHA NHA

*Nonhabitat-adapted (NHA) benefits such as drought tolerance and growth enhancement are common among endophytes
regardless of the habitat of origin. Habitat-adapted (HA) benefits result from habitat-specific selective pressures such as
pH, temperature and salinity.
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1.7. Balanced antagonism

The theory predicts that endophytes produce phytotoxic metabolites toward their host plant
and the latter can reacts by inducing its defence responses. Questions have been raised about the
asymptomatically growth and survive of endophytes inside the living tissues of the host plant and how
can these two partners succeed in the establishment and maintenance of this symbiosis relationship.
Some authors have mainly been interested in questions concerning the mysterious endophytes-plant
interactions, Schulz et al. (1999, 2015) have hypothesized that the asymptomatically relashionship
endophye-plant is a result of a balanced antogonsim in which virulence factors and defence response
are balanced. However, the balanced antagonism is a transitory period and it can be destabilized. In
the unbalanced antagonism, either the fungus is prished or the plant becomes diseased. Even so, the
switch between a balanced and unbalanced interaction depends of the status of two partners. In fact,
the plant defense and endophyte virulence can be modified by environmental factors as well as
senescence stressors. In addition to their escape to host defences systems, fungal endophytes must in
the same time avoid the toxins of other microbial inhabitants, including pathogens and other
endophytes competitors. Therefore, they must be engaged in multipartite interactions (Schulz et al.,
1999; Kusari et al., 2012; Schulz et al., 2015). The equilibrium established between fungal endophytes

and their host as well as other competitors is shown in figure 3.

Senescence
stressors

ENDOPHYTE )From

___________________________ —_

Toxins

¢ Competitors-
pathogens and
endophytes

Figure 3: Paradigm of balanced antagonism as suggested by Schulz et al. (2015)
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The interactions of endophytes with their host plants and with other endophytes and pathogens

microorganisms (both fungi and bacteria) are summarized as follows:
I. 7.1. Plant- endophyte interactions

Mutualistic interactions involving fungi and bacteria that endophytically colonise plant roots,
benefit the microbial partner with a reliable supply of nutrients as well as protection from
environmental stresses. The plant, in turn, reaps the benefit of nutrient uptake and protection against
biotic (e.g. pathogens, herbivores) and abiotic (e.g. drought tolerance) stress factors. In fact, the fungal
endophytes could confer deterrence to their host plants in different ways. Many endophytes due their
ability to produce antibacterial and antimycotic metabolites, can suppress or reduce severity of plant
invasion by pathogens sharing the same habitat (Arora and Ramawat, 2017). Very likely, the
synergetic effect of the total of antimicrobial compounds secreted by endophytic microbiota could
enhance the plant protection (Kusari et al., 2012).

Even through, the intimate and prolong relationship between plant and microbe observed as a genetic
exchange among plant and microbes to transfer information inherent among both organisms. This co-
evolution of endophytes and their host plants is believed to shape natural product patterns of
endophytic fungi, which often contribute in multiple ways to endophyte- host communication as well
as host fitness and adaptation to environmental challenges. However, little is known about this
relashionship (Sandhu et al., 2017).

1.7.2. Endophyte- competitors (endophytes, pathogens)

One living tissue of a host plant harboring a single type of endophytes is an exotic exception.
Usualy, the plant is inhabited by diverse taxa of endophytic microorganisms including bacteria and
fungi. Thus, the endophytes must interact with their neighbours sharing the same habitat. The diverse
intra- and interspecies cross-talk is accomplished by a huge number of metabolites, most of them
belong to the group of secondary metabolites. This cross-talk often involve secretion of antibacterial
and antifungal metabolites against competitors in order to maintain balanced antagonisms. It is mostly
like chemical warfare in which each endophytes secrete toxic metabolite to the respective partner
leading to a reciprocal antagonisms to ensure their maintenance in the plant host. Also, the interaction
between the inhabitants of the same plant does not occur only metabolically by production of

inhibitory metabolites, but also occurs in a chemical communication between symbionts partners by

10



Literature review

secreting signal molecules which might have a crucial role in environmental recognition (Kusari et
al., 2012). This view is supported by Schulz et al. (2015), who found that in co-culture experiments,
the microorganisms secrete metabolites even before they make intimate physically contact, suggesting
that a number of signal molecules might be involved in order to inform the partners of the presence
of each other before they engage in the transfer of molecular and genetic information that include
many mechanisms and classes of molecules. On the other hand, these interactions could trigger silent
biosynthetic pathways. Each compound released by microorganism could has an impact on the
metabolic profiles of other microorganisms sharing the same ecological niche. Therefore, their mutual
interplay could lead to a significant and chemical diversity in the natural compounds released (Figure
4). Such a chemical diversity is a results of the expression of genes clusters previously unexpressed
in individual axenic culture under standard laboratory growth conditions. In this respect, many authors
have mainly highlighted the importance of the co-cultivation to induce silent genes clusters under
standard laboratory conditions or can allow also a tremendously enhanced production of already
known natural compounds (Scherlach and Hertweck, 2009; Schroeckh and Brakhage, 2014; Ola et al,
2013; Netzker et al., 2015; Wakefield et al., 2017). Also, another example of fungus-bacterial
endosymbiont crosstalk was found by Partida-Martinez and Hertweck (2005) reporting that the
phytopathogenic fungus Rhizopus microsporus as causing rice seedling blight was found to not be
responsible for the production of rhizoxin as thought previously, but rather an endosymbiotic
bacterium belonging to the genus Burkholderia, occuping the intracellular space of Rhizopus (Partida-
Martinez and Hertweck, 2005). Interestingly, the endosymbiont not only produces the phytotoxin but
also controls the differentiation and sporulation of the fungal host (Partida-Martinez et al., 2007). This
unexpected tripartite plant-symbionts revealed that there are many complex networks of chemical
communications between plant and endophytes, mediating by a diversity of chemical molecules.
However, little is known about these hidden intriguing mechanisms.

There are evidence now, that using the traditional approach by using individual culture to discover
natural products is often frustrating and usually the producer organism is qualified as incompetent.
Now, with the co-cultivation approach a valuable insights are provided and the respective
microoganisms could become competent just their silent biosynthetic metabolisms need to be

encrypted by exposing them to the appropriate conditions (Kusari et al., 2012; Wakefield et al., 2017).
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symbiont

WA silent
* Trigger compounds, “ Inducer
direct interaction,
epigenetics “ Expressed

Figure 4: Schematic representation of endophyte-endophyte interspecies crosstalk (Kusari et al., 2012)
(A) Fungus-fungus crosstalk is illustrated, (B) Fungus-bacterial endosymbiont crosstalk is demonstrated,
(C) Fungus-bacteria crosstalk is presented.

1.8. Secondary metabolites production by endophytes

Fungi can produce a large array of low-molecular-mass organic compounds called secondary
metabolites. In contrast to primary metabolites, secondary metabolites are usualy regarded as non-
essential for the survival of living organisms, while their role is quiet versatile. They often confer
competitive outcomes to their producing organisms usualy as mediators in interactions with others
organisms including plants, animals and microrganisms that may indirectly influenced their growth
and development by increasing their fitness (Bills et al., 2013; Netzker et al., 2015). Up to date, many
classes of secondary metabolism biosynthesis pathways have been characterized in fungi, especially
filamentous Ascomycota which their genomes encode a broad spectrum of enzymes that synthesize
secondary metabolites, including nonribosomal peptide synthetases, polyketide synthases and terpene
synthases (Bills et al., 2013). Endophytic fungi are of biotechnological interest due to their potential
as an excellent source of various bioactive compounds (chemically and in terms of their biological
activities) that have evolved during their symbiotic plant relationship with plants. The quality and
quantity of secondary metabolite produced is related to each fungal species. This specificity, which
imparts a species-specific chemical marker, can be used as additional characters to distinguish closely

related fungal species (chemotaxonomy).
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1.8.1. Genus Preussia

The genus Preussia is a member of the family of Sporormiaceae in the order Pleosporales,
subclass Pleosporomycetidae, class Dothideomycetes, subphylum Pezizomycotina, and phylum
Ascomycota. Its species are most commonly found on various types of animal dung, but they can also
be isolated from plant debris, soil and wood (Arenal et al., 2005; Porras-alfaro and Sinsabaugh, 2011),
or as endophytes in plants (Arenal et al., 2007; Herrera et al., 2010; Mapperson et al., 2014). This
genus was proposed by Fuckel (1866) with Preussia funiculata (Preuss) Fuckel as type species
(Abdullah et al., 1999). The genus morphologically most closely related to Preussia is Sporormiella
Ellis & Everh. The two genera have been mostly treated as congeneric because their salient
discriminatory morphological features are known to depend on culture conditions (Kruys and Wedin,
2009). Moreover, recent molecular phylogenetic studies have revealed that Preussia and Sporormiella
do not form monophyletic clades, but rather their DNA sequences become intermingled in
phylogenetic trees (Arenal et al., 2005; Kruys and Wedin 2009; Kruys, 2015; Mapperson et al., 2014).
In the current taxonomy, the genus Preussia includes Sporormiella and contains more than 100 species
(Index fungorum, 2018). The species are morphologically characterized by brown to black
pseudothecia, bitunicate asci, and dark brown, septate ascospores. A gelatinous sheath covers each
ascospore and in general, each cell has a germ slit (Khan and Cain, 1979; Arenal et al., 2007). Even
though, Preussia species are common coprophilous fungi, many authors have isolated them from
different plant species. The spores of coprophilous species stick easily to the plant surface because
they are often surrounded by gelatinous sheath. When a plant is foraged by an herbivore, the spores
pass in the herbivore gastrointernial tract and they are ending up in the new dung pile, the spores
germinate and produce new fruit bodies. Again the spores attach to the surface plant and the cycle
restarts. However, much uncertainty still exists about the life cycle of coprophilous fungi. One
hypothesis to explain their endophytic state, might be that the spores remain on the surface of plant as
epiphytes and due to their resistance to surface-sterilants, they could escape to the surface sterilization
of plant tissues and are actually isolation artefacts, rather than the endophytes (Newcombe et al.,
2016).

The conglomerate Preussia/Sporormiella has been known as potent producers of bioactive
compounds, in particular polyketides (Du et al., 2012, 2014; Rangel-Grimaldo et al., 2016). Among

them, Preussia similis (Sporormiella similis) (Khan & Cain) Arenal (Khan and Cain, 1979; Arenal et
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al., 2004) was found to be a rich source of antifungal compounds, e.g. preussomerin A (Weber and
Gloer, 1991), or similin A and B ( Weber et al., 1992) (Table 2 and Figure 5).

More recently, Gonzalez-Menendez et al. (2017), have reviewed the diversity of Preussia species and

characterized for the first time the occurring chemotypes. In fact, thirty-one species have been divided

into eleven chemotypes based on a combined data of morphological and phylogenetic analysis

together with the chemical profile of the corresponding strains. The latter chemotaxonomic work did

not attributed Preussia similis to any of these chemotypes.

Table 2. Compounds isolated from the conglomerate Preussia/Sporormiella

Species Isolation source Compound Compound family  Biological
activity
Preussia aurantiaca  Mangrove Auranticins Depsidone Antibacterial
(Poch and Gloer, 1991)
Preussia fleischhakii  Rabbit dung Diphenyl esters Diphenyl esters Antifungal.
(Weber and Gloer, 1988)
Preussia isomera Cattle dung Preussomerins Polyketides Antifungal,
(Weber et al., 1990; Ras-farnesyl-
Weber and Gloer, 1991) protein
transferase
inhibitors,
and cytotoxic
Preussia minimoides  Leaves of Minimoidiones A and B Polyketides a-
Hintonia latiflora  (Rangel-Grimaldo et al., Glucosidase
2016) inhibitor
Preussia typharum Degraded organic - Preussiadins A and B -Epipolythio- - P-
matter (Du et al., 2014) Diketopiperazine glycoprotein-
alkaloids mediated
- Preussidone - 2,5- drug
(Duetal., 2012) diarylcyclopenteno  resistance.
ne - Antioxydant
Sporormiella Basidioma of Sporminarins A and B Polyketides Antifungal
minimoides Trametes (Mudur et al., 2006)
hirsutum
Sporormiella similis ~ Marmot dung Similins Aand B Polyketides Antifungal
(Weber et al., 1992)
Sporormiella Cotton tail rabbit ~ Zaragozic acids 4,6,7-trihydroxy- Antifungal
intermedia dung (Bergstrom et al., 1995) 2,8- and inhibitors
dioxobicyclo[3.2.1] of squalene
octane-3,4,5- synthase

tricarboxylic acid
core
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Figure 5: Chemical structures of secondary metabolites isolated from the conglomerate Preussia/Sporormiella as
indicated in Table 2

1.8.2. Genus Dendrothyrium
Dendrothyrium Verkley, Goker & Stielow, has been described recently as a new coelomycete
genus belonging to the family Montagnulaceae (Pleosporales, Pleosporomycetidae, Dothideomycetes,

Pezizomycotina and Ascomycota). Dendrothyrium species were previously named as Coniothyrium

spp. and their taxonomy was re-assessed based on analyses of concatenated ITS of the nrDNA operon,
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LSU, y-actin and B-tubulin gene sequences. The genus name refers to the branched, tree (= dendron)-

like conidiophores.

The genus Dendrothyrium includes two species: Dendrothyrium longisporum and Dendrothyrium
variisporum. The latter is the type species of this genus. They are coelomycetous asexual morphs of
Pleosporales (Ascomycota), characterised by pycnidial or stromatic conidiomata producing mostly
relatively small, subhyaline to pigmented, 1-celled conidia. The sexual morph is unkown. The two
species of this genus are distinguished according to the shape of their conidia. In fact, the species
Dendrothyrium variisporum is characterized by conidia different in their shape comparatively to the
long conidia characteristic of Dendrothyrium longisporum. The genus Dendrothyrium includes mostly
fungi found as endophytes or plant pathogens associated with a wide range of hosts (Verkley et al.,
2014). To the best of our knowledge, no study has been made regarding the production of secondary

metabolites by the genus Dendrothyrium.
1.8.3. Genus Chaetomium

The genus Chaetomium (Chaetomiaceae, Sordariales, Sordariomycetidae, Sordariomycetes,
Pezizomycotina, and Ascomycota) comprises more than 400 of marine and terrestrial species. The
genus Chaetomium was established by Kunze and Schmidt (1817), based on Chaetomium globosum
as its type species (Wang et al., 2016). This genus is characterized by superficial ascomata usually
covered with hairs, membranaceous peridium, consisting of several pseudoparenchymatous layers;
asci that are clavate or fusiform (with biseriately arranged ascospores) or sometimes cylindrical (with
uniseriately arranged ascospores), thin-walled, evanescent and without apical structures; scarce
paraphyses that disappear before ascomata mature; ascospores that are brown or gray-brown (never
opaque or black), one- celled, with one or sometimes two germ pores, and exuding as a dark, black,

sticky mass (Asgari and Zare, 2011).

Members of the genus Chaetomium are known to use a variety of substrates, especially cellulose.
More than 200 compounds have been isolated from Chaetomium species including: chaetoglobosins,
epipolythiodioxopiperazines, azaphilones, depsidones, xanthones, anthraquinones, chromones and
steroids (Zhang et al., 2012) (Table 3 and Figure 6). The presence of the fungal genus Chaetomium
and its secondary metabolites in building material is suspected to be harmfull to the human health. In
fact, the most common species in indoor environments are Chaetomium globosum and Chaetomium

elatum, which can contaminate even new gypsum wallboards. In addition to the dissemination of their
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ascospores and hyphae in the environment, the production of toxic metabolites including
chaetoglobosins, chaetoviridins and cochliodone were detected in building materials (Dosen et al.,
2017). These compounds are likely to contribute to the development of the symptoms of both rhinitis
and asthma (Wang et al., 2016).

Table 3: Selected compounds isolated from Chaetomium spp.

Species Isolation source Compound Compound Biological
family activity
Chaetomium elatum  Endolichenic Xanthoquinodins Xanthone- Antibacterial,
(C. elatum) (Everniastrum cirrhatum)  A1-A6 anthraquinone  antifungal,
(Chen et al., 2013) anticoccidial,
antiplasmodial,
and cytotoxic
C. globosum Marine fish Chaetomugilins Chlorinated Cytotoxic
(Mugil cephalus) A-F azaphilones
(Yasuhide et al.,
2008)
C. globosum Uknown Chaetoglobosins Macrocyclic Cytoskeleton
(Sekita et al., 1973)  polyketide inhibitors
alkaloids
C. cochliodes Soil Cochliodinol Bis (3- Antimicrobial
(Brewer et al., indolyl)-
1968) benzoquinones
Chaetomium sp. Algicolous marine fungus  Chaetominedione Benzonaph- Tyrosine kinase
(Abdel-Lateff, 2008) thyridinedione inhibitor
derivative
C. brasiliense Colonist of sclerotia of Chaetochalasin Decalin Cytotoxic and
Aspergillus flavus (Oh et al., 1998) derivative Antimicrobial
C. globosum Leaves of Ginkgo biloba  Gliotoxin Epipolythiodio  Antifungal

(Qin et al., 2009)

Xopiperazine
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Figure 6: Chemical structures of selected secondary metabolites isolated from Chaetomium spp. as indicated in Table 3.

I1. Globularia alypum
I1.1. Taxonomy and botanical aspect of Globularia alypum

The genus Globularia was recently included in the family Plantaginaceae (Albach et al.,
2005). It contains about 22 species (Chaudhari and Badole, 2014) of evergreen perennials and small
shrubs, recognizable by blue flowers assembled in globular capitula, after which it was named
(Touaibia and Zohra, 2016). Globularia is native to central and southern Europe, Macaronesia,
northwestern Africa and southwestern Asia (Djellouli et al., 2014).
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The Mediterranean region is viewed as their primary center of diversification (Touaibia and Zohra,
2016). In Algeria, two species were reported, one of them is endemic, Globularia eriocephala
(Pomel); the other is Globularia alypum L. (G. alypum) (Khlifi et al., 2011). The latter, locally named
Tasselgha ( Djellouli et al., 2014; Boutemak et al., 2015), Ain Larnab and Zriga (Khlifi et al., 2011)
is a nanophanerophyte reaching 0.3-1 m height (Estiarte et al., 2011) characterized by erect and
ligneous stems with lanceolate leaves. Flowers in globose heads (Figure 7) are lilac-blue tilling 2.5 in
diameter. Bracts are very perceptible and imbricate (Chograni et al., 2013). G. alypum, called shrubby
globularia, lives in calcareous soils and is typical of the termophyllous shrublands (Estiarte et al.,

2011). Table 4 presents the taxonomy of G. alypum.

Figure 7: Globularia alypum (IUCN, 2005)
Table 4: Botanical classification of Globularia alypum (Albach et al., 2005; Boutiti et al., 2008)

Kingdom Plantae

Division Magnoliophytes
Class Magnoliopsida

Sub classe Asteridae

Order Scrophulariales
Family Plantaginaceae
Genus Globularia

Species Globularia alypum L.
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11.2. Chemical constituents of G. alypum and their biological activities

G. alypum is a rich source of bioactive substances such as iridoid glycosides (catapol),
aromatic/phenolic acids, flavonoid glycosides and aglycons, phenylethanoids (Djeridane et al., 2007)
and tanins ( Leporatti and Ghedira, 2009; BenMansour et al., 2011) . It is reputed to exhibit several
potent pharmacological activities specially their leaves which are recognized as a good source of
antioxidants (Harzallah et al., 2010; Khlifi et al., 2011; Chograni et al., 2013) . This could explain
why they are frequently used in folk medicine. G. alypum is commonly used in Algerian traditional
medicine as a healing agent, such as hypoglycaemic agent, laxative, cholagogue, stomachic, purgative,
sudorific (Boutiti et al., 2008). antimicrobial and also in the treatment of cardiovascular, antitumorous
and renal diseases (Harzallah et al., 2010). Their leaves are reported to be used in the treatment of
skin diseases (notably eczema), diabetes (BenMansour et al., 2011) and antimalarial (Leporatti and
Ghedira, 2009).
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1. Plant material

The plant G. alypum (Figure 8) was selected to study its endophytic fungal content. Sampling
site of this study was the region of Al chihat, Ouled Aouf, Ain Touta (Batna, Algeria). The plant
samples were collected by the author in June 2015 and identified by Mr. Hamchi Abdelhafid from
National Park of Belezma (Batna, Algeria) and stored in sterile bags. Processing of samples occurred
withi

.

Figure 8: Globularia alypum used in this study
(A) Natural growing plant, (B) Collected plant specimen used for endophytes isolation.

2. lsolation of the endophytic fungi

The endophytic fungi were isolated from the healthy roots of G. alypum. The tissue samples
were washed exhaustively in running tap water followed by distilled water to remove any soil and dirt
and then were cuted into several 1 cm section pieces. In order to eliminate the epiphytic
microorganisms, the surface of the root fragments were sterilized by step-wise washing in 70 %
ethanol for 1 minute, immersed in sodium hypochlorite for 3 minutes, then soaked in 70 % ethanol
for 30 seconds and followed by three rinses in sterile distilled water for 1 minute each to remove
surface sterilization agents and dried in a sterile filter (Kusari et al., 2008). Thereafter, the surface-
sterilized root fragments were aseptically transferred to Petri dishes containing MEA, NA, PDA and
YEA (Figure 9). The efficiency of surface sterilization procedure was ascertained by plating aliquots
of the last rinsate on the same media to verify sterility. The success of surface sterilization method
was confirmed by the absence of microbial growth on the cultural media. Afterwards, all Petri dishes

were sealed with parafilm and incubated at 28 + 2°C. Cultures were examined regularly for emerging
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fungal colonies. The growing edges of any fungal hyphae developing from tissue fragments were then
transferred aseptically to YMG agar. After purification, all isolates were routinely maintained in 10%
glycerol at -80°C for long-term storage and on YMG agar slant tubes in active form and for further
identification (Stadler et al., 2001).
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Figure 9: Root fragments on agar plates.
3. ldentification of fungal isolates

The fungal strains were characterized by both morphological and molecular phylogenetic
methods as described in Ahmed and Cain (1972), Arenal et al. (2005, 2007) and Verkley et al. (2014).

3.1. Morphological studies

Fungal cultures were examined for macro- and micromorphological characters. Therefore, the

cultures were grown at 23°C on YMG and OMA agar media.
3.1.1. Macroscopic features

Colony diameter was recorded on YMG and OMA after 7 to 21 days in three replicates.
Macroscopic characteristics such as colony appearances, mycelial textures and pigmentations on both
obverse and reverse plates were assessed. All macroscopic features on YMA and OMA in 9 cm Petri
dishes were observed using a stereomicroscope. A number of endophytic fungi consist of sterile
mycelia or non-sporulating fungi and are consequently cannot be identified by morphological
methods, therefore molecular strategy are required. In parallel, these fungi that did not produce any
reproductive structure were cultivated on OMA and kept under alternating cycles of 12 hours near
blue light (wavelengths from about 470 to 495 nm)/day light during one month in order to induce
teleomorphic state. The cultures were checked for eventual mycelia differentiation. In case of
teleomorphic stuctures, shape and size of ascomata, size and form of the perithecia were also
examined.
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3.1.2. Microscopic features

For microscopic characters, observations and measurements were made with optical
microscope and photos were taken through a brightfield microscope at 400—1,000 x magnification.
Microscopic mounts were made in sterile distilled water from YMG and OMA colonies:

a. Teleomorphic state: the descriptions were made according to those used by Ahmed and Cain 1972:
shape and size of the asci and ascospores, examination of ascospores for presence of gelatinous sheath,
septa, germ slit and its position.

b. Anamorphic state: taxonomic identification keys for conidiogeneous structures were recorded
using standard protocols: colour, size, and morphology of hyphae, conidiophores, conidiogenous cells
and conidia.

3.1.3. Ultrastructure of ascospores by eletron microscopy

To further investigate the ultrastructure of asci and ascospores, micrographs with a field-
emission scanning electron microscope (FE-SEM Merlin, Zeiss, Germany) were kindly taken by Prof.
Dr. Manfred Rohde, Head of the Research Group Molecular mechanisms of streptococci (Helmholtz
Centre for Infection Research, Braunschweig, Germany). For this propose, pseudothecia were
transferred from OMA plates into sterile filter paper. At the moment of microscopic observation, the

material was softly pressed in order to release the asci and their ascospores contents.

All fungi of interest were preserved in the private culture collection of Prof. Dr. Marc Stadler (STMA,
Helmholtz Centre for Infection Research, Braunschweig, Germany), some of them were deposited at

DSMZ Braunschweig (Germany).
3.2. Molecular studies

In this study, molecular strategy specifically utilizing of ITS rDNA gene sequence and

phylogenetic analysis were achieved.
3.2.1. DNA extraction

DNA extraction was performed with the EZ-10 Spin Column Genomic DNA Miniprep kit
(Bio Basic Canada Inc., Markham, Ontario, Canada) following the manufacturer’s protocol. The
genomic DNA was isolated from pure cultures. In a first step, up to 1 cm? (depending on the density)

of young mycelia were removed and put into 1.5 mL screw cap tubes containing 6-10 Precellys (1.4
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mm) ceramic beads (Peqlab, Germany) and 150 pL PCL buffer (Lysis buffer). A Precellys 24
homogenizer (Bertin Technologies, France) was used for cell disruption at a speed of 6000 rpm for 2
x 40s. To lyse the cells, the samples were incubated for 20 minutes at 65°C. Subsequently, 25 uL PP
solution was added and the samples were thoroughly mixed, incubated for 15 minutes on ice and
subsequently centrifuged for 2 minutes at 4°C and a speed of 10000 rpm. In the following, the
supernatant of the lysed samples was applied on a silica column (EZ-10 Spin Column) containing 300
mL PB buffer to adjust the binding conditions of the DNA to the silica membrane. The samples were
incubated for 3 minutes and mixed by inverting occasionally. Subsequently, the samples were
centrifuged for 30 seconds at a speed of 20000 rpm and the flow-through was discarded. To clean the
DNA sample 500 pL washing buffer was added to the DNA samples and the samples were centrifuged
at 14000 rpm for 30 seconds. The follow-through was discarded and the washing step was repeated.
Afterwards, the samples were centrifuged for an additional minute at 10000 rpm without any
ingredients in order to remove all solvents from the membrane. The collection tube was discarded and
replaced with a clean 1.5 mL reaction tube (Eppendorf, Germany). To elute the DNA, 50 puL of 65°C
warm elution buffer was applied to the center of the silica membrane, incubated for 3 minutes and
subsequently centrifuged at 20000 rpm for 2 minutes. The silica column was discarded and the eluted
DNA was stored at -20°C until further use.

3.2.2. Amplified regions used for the identification

The ITS region is regarded as a DNA barcode marker for the identification of fungi (Schoch
et al., 2012). Therefore, the ITS region (5.8S gene region, the internal transcribed spacer 1 and spacer
2) of all extracted DNA, was amplified using primers ITS1F and ITS4 (White and Bruns, 1990). The
sequencing  results were compared with sequences in the BLAST GenBank:

https://blast.ncbi.nIm.nih.gov/Blast.cgi). Reference sequences with high homology were collected

from the BLAST GenBank and used to assign identity. Additionally, for some strains, further
molecular markers were used to achieve higher support values for taxon separation and shed a better

light on the phylogeny of our fungi.

The partial large subunit (LSU) and the ribosomal RNA genes: elongation factor gene that includes
one intron (EF-1a), B-tubulin gene (Tub) and partial y actin (Act) were amplified using the following
primer set: LROR/LR7 (Vilgalys and Hester, 1990), EF1-728F/ EF-986R, (Carbone, 1999) T1/T22
(O’Donnell and Cigelnik, 1997), ACT 512F/ACT783R (Verkley et al., 2014) respectively. The PCR

programs setup for the used marker genes are displayed in Table 5. The PCR was performed using the
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Mastercycler nexus Gradient (Eppendorf, Germany). The PCR’s were carried out in 25 puL assays
containing 1x JumpStart™ Taq ReadyMix™ (containing 2.5 U JumpStart Taqg DNA polymerase, 10
mM Tris-HCI, 50 mM KCI, 1.5 mM MgCl, 0.001% gelatine, 0.2 mM dNTP) and 0.2 uM of the

respective forward and reverse primer.

Table 5: Detailed PCR programs for the used marker genes amplification (ITS, LSU, EF-1a, Tub and

Actin).
Step Gene markers
ITS LSU EF-1a BTub v Actin
Primer set ITSIF/ITS4 LROR/LR7 EF1 TUT22 ACT
728F/ 986R 512F/783R

Denaturation 94°C/5min  94°C/5min 95°C/8min 94°C/35 s 94°C/5min
Denaturation 94°C/30s 94°C/1min 95°C/15s 94°C/35 s 94°C/1min X34, x34,
Annealing 52°C/30s 52°C/1min 53°C/20s 52°C/55 s 61°C/1min 30s X35, x32,

x35, cycles

Elongation 72°C/1min 72°C/1min 72°C/60s 72°C/2 min 72°C/2min respectively

Elongation 72°C/10min  72°C/10min 72°C/5min 72°C/10min 72°C/10min

3.2.3. Gel electrophoresis

The success of the PCR was verified via gel electrophoresis in a 0.8 % agarose gel (in 1x TAE
buffer). The basic principle of gel electrophoresis is, that due to its negative loading, the DNA shifts
to the cathode in an electrical field. For the monitoring of the amplification, 3 uL of each PCR product
was mixed with 2 uL Loading dye made of TAE, Midori Green Direct DNA stain and gel loading
buffer (0.25 % vol. bromophenol blue, 0.25 % vol. xylene cyanol, 0.8 % vol. FICOLL 400 and 1.20
mM EDTA) at a ratio of 1:1:1. To control the size of the PCR fragments 3 uL of a 1kb Ladder was
mixed with 2 puL of Loading dye and used as standard. The PCR products were separated
electrophoretic at 100 V for 30 minutes in the Mupid®-One electrophoresis chamber and documented
with the FastGene® gelPic LED Box (NIPPON Genetics Europe GmbH, Germany).

3.2.4. Purification of the PCR products and sequencing

The samples with the desired PCR products were purified with the EZ-10 Spin Column PCR
Purification Kit (Bio Basic Inc., Canada) in order to get rid of remaining molecules, such as remaining

(oligo-) nucleotides from the PCR to prevent interferences in the successional sequencing.
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Like the DNA extraction Kit, the basic principle of this kit is the binding of the DNA molecules to a
silica membrane and the removal of unwanted substances through particular washing steps.
Oligonucleotides of a size of 40 bases or smaller, cannot bind to the membrane and were removed,
too. The remaining PCR product was mixed with the B3 Buffer in a ratio of 1:4 to adjust the binding
conditions and the samples were applied to the silica membrane of the EZ-10 Spin Columns. After 2
minutes of incubation, the columns were centrifuged at 100000 rpm for 30 seconds and the flow-
through was discarded. Subsequently, 500 uL washing buffer was added to the spin column and the
columns were centrifuged for another 30 seconds at 200000 rpm. The washing step was repeated and
the spin columns were centrifuged at 100000 rpm for 1 minute in order to remove remaining washing
buffer from the membrane. The collection tube was replaced by a clean 1.5 mL reaction tube and 15
uL of 65°C elution buffer was applied to the center of the silica membrane. After an incubation period
of 2 minutes, the Spin columns were centrifuged at 1200000 rpm for 1 minute in order to elute the DNA
from the membrane. The purified PCR products were stored at -20°C until further use.

The purified PCR products and the desired primers (2 uM of each primer) were send to the in-house
sequencing service of the Genome Analytics Group (GMAK), Helmholtz Centre for Infection
Research, Braunschweig, Germany. The amplified products were sequenced using an ABI 3730xl,

capillary sequencer machine.
3.2.5. Phylogenetic analysis

For the phylogenetic reconstruction, the sequences of each gene marker derived from authentic
strains were automatically aligned with sets of previously published sequences originating from
reliable sources. Multiple alignment of sequences of each gene marker was performed by E-INS-i
algorithm of MAFFT v7.017 (Fast Fourier Transformation) (Katoh et al., 2002; Katoh and Toh, 2008).
The alignments were cured with low stringency using  Gblocks v0.91b

(http://molvol.cmima.csic.es/castresana/Gblocks_server.html. The aligned sequences were then

concatenated to generate multigenes alignment (MGA). Phylogenetic tree construction was carried
out using PhyML (Guindon and Gascuel, 2003) and RxML to infer the tree topology in Geneious®
software tool version 7.1.5 (Kearse et al., 2012), using a substitution model: GTR G+I, GTR+G.
Outgroup taxa were used to root trees. The reliability of the trees was tested by bootstrapping 1000
replicates. Morphological observation, analysis of ITS sequence and multigenes alignement to

identify the fungal strains.
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4. Small scale fermentation and preparation of extracts from cultures

4.1. Small scale fermentation

For screening, small scale fermentation was carried out primarily to perform, preliminary
biological assays and HPLC-MS based dereplication. The cultivation of fungal strains was done in
three different liquid media, differed in their carbon and nitrogen source, to evaluate the production
of the bioactive secondary metabolites (YMG medium: 1% malt extract, 0.4% glucose, 0.4% yeast
extract, pH 6.3; Q6/2 medium: 1% glycerol, 0.25% glucose, 0.5% cotton seed flour, pH 7.2; ZM/2
medium: 0.5% molasses, 0.5% oatmeal, 0.15% glucose, 0.4% sucrose, 0.4% mannitol, 0.05%
edamine, 0.05% ammonium sulphate, 0.15% calcium carbonate, pH 7.2). One 500 mL Erlenmeyer
flask for each medium was used to afford enough extract for preliminary bioactivity screening and
metabolite profile analysis. Five mycelial plugs were cut from mature YMG agar plates and placed
in Erlenmeyer flasks (500 mL) filled each with 200 mL of each medium. These media were chosen
according to previous studies (Stadler et al., 2003; Bitzer et al., 2008) which revealed that they are
optimal for attaining complementary secondary metabolite profiles of filamentous ascomycetes
(Halecker et al., 2014). The submerged cultures were incubated at 23 °C in the dark on a rotary shaker
at 140 rpm. Fermentations were aborted after two days of carbon source depletion. In this respect, the

amount of free glucose was measured during fermentation by using commercial glucose test strips.
4.2. Extraction

After the end of the fermentation, the mycelium was separated from the fermentation broth by
vacuum filtration and extracted with acetone in an ultrasonic bath at 40°C for 30 minutes. The solvent
was evaporated in vacuo under reduced pressure until some aqueous phase remained, followed by
three times extractions in a separation funnel with equal amounts of EtOAc and water. The extract
was dried over anhydrous sodium sulfate (Na2SO.), filtered and concentrated in vacuum to yield the

mycelial crude extract.

To prepare the crude extract from the supernatant, EtOAc was added to culture filtrate (1:1). The
organic solvent was evaporated in vacuo under reduced pressure at 40°C using a rotary evaporator to
give the organic phase. The concentrated organic phase was dissolved in MeOH and put in vial, then

under nitrogen evaporator, to give supernatant crude extract.
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5. Generation of secondary metabolite profiles of crude extracts

The secondary metabolite profiles of the crude extracts were measured using an analytical
HPLC instrument (Agilent 1260 Infinity Series, Santa Clara, USA) equipped with a DAD and an ESI-
iontrap mass spectrometer (amazon speed, Bruker; Bremen, Germany). An ACQUITY UPLC BEH
C18 column (50 x 2.1 mm, particle size 1.7 um; from Waters) was used as stationary phase. The
mobile phase was composed of solvent A (water + 0.1 % formic acid) and solvent B (acetonitrile +
0.1 % formic acid). The gradient started with 0.5 minute isocratic conditions at 5 % solvent B which
increased in 19.5 minutes to 100% solvent B followed by 5 minutes isocratic conditions. A flow rate
of 600 uL/min was applied and compounds were detected with the DAD in a range between 200 —
600 nm. The HPLC profiles were evaluated with the Bruker DataAnalyis software (version 4.1). DAD
absorption spectra and mass spectra of the corresponding peaks were compared to those of known
compounds in internal databases which summarized the MS data for many secondary metabolites

from different organisms.
6. Serial dilution assay

Screening for antimicrobial activity of crude extracts was carried out by determination of MIC
against the following microorganisms: Bacillus subtilis DSM 10, Escherichia coli DSM 498, Candida
tenuis MUCL 29892 and Mucor plumbeus MUCL 49355. Firstly, inoculum suspension was prepared
by transferring stock suspension of each bacterium and yeast (100 pL) to 100 mL of EBS (0.5 %
casein peptone, 0.5 % glucose, 0.1 % meat extract, 0.1 % yeast extract, 50mM HEPES [11.9 g/L], pH
7.0) (Halecker et al., 2014) and YMG medium, respectively. They were incubated on a rotary shaker
at 30°C for 16-20 h. After incubation, the suspension was adjusted to a concentration of 6.7 x 10°
cells/mL using a hemacytometer. The spore suspension of Mucor plumbeus was prepared at a
concentration of 2.7 x 107 conidia/mL and stored at -20°C. This was further diluted to 6.7 x 10°
conidia/mL using YMG medium. The serial dilution assays were performed in 96-well microtiter
plates. Fungal crude extracts were dissolved in MeOH at a concentration of 4.5 mg/mL. Firstly, 20
pL aliquots of crude extract or pure compounds were pipetted on the first well of each column (1-10).
Standard antibiotics and MeOH were added into the first well of column 11 and 12 as positive and
negative controls, respectively. Using a multichannel pipet, 150 pL of a mixture of the test pathogen
and the culture medium was aliquoted in all the rows. To the first row, an additional 130 pL of the

pathogen-medium mixture was added and mixed by repeated pipetting, before transferring the same
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amount to the second row. The solutions were then serially 2-fold diluted in the subsequent rows, 150
uL discarded after the last row (H). Eight concentrations ranging from 2.34-300 pg/mL for the crude
extracts. Plates were incubated on a microplate-vibrating shaker (Heidolph Titramax 1000) at 600 rpm
at 30°C for 24 to 48 h. After incubation, the lowest concentration of the drug preventing visible growth
of the pathogen was taken as MIC (Okanya et al., 2011). Ciproloxacin (1 mg/mL) was used as positive
control in case of both Gram positive and Gram negative bacteria. Nystatin (1 mg/mL) was used as

positive control against yeasts and filamentous fungi.
7. Bioactive-guided fractionation of crude extracts

The extracts showing high antimicrobial activity in the serial dilution assay (MIC value of 2.34
pg/mL) were fractionated to localize the activity. A bioactivity guided fractionation of the extracts
was performed with an Agilent 1260 HPLC (high performance liquid chromatography) system
equipped with an UV (ultraviolet) DAD and a fraction collection unit for 96-well plates using an
XBridge™ C18 column (100 x 2.1 mm; particle size 3.5 um) from Waters. The mobile phase was
composed of 95% deionised water/ 5% acetonitrile (solvent A) and 95% acetonitrile/5% deionised
water (solvent B) and both contained 5mM ammonium acetate and 40 uL/mL acetic acid. The gradient
was set from 10% to 100% B in 30 minutes and maintained at 100% B for 10 minutes with a flow rate
of 0.3 mL/min. The run was conducted with an injection volume of 5 uL. The molecules in the extract
will pass the detector (chromatogram) and the extract will be fractionated. Every 30 seconds a new
fraction will be collected in a well of a 96 well plate. After fractionation the solvent was removed by
nitrogen-aeration and filled with EBS medium with a cell suspension of 6.7 x 10° cell/mL for later
observation for antibiotic activity against B. subtilis. After over-night incubation on a microplate-
vibrating shaker (Heidolph Titramax 1000) at 600 rpm at 30°C, the inhibited well can be correlated
to the retention time and the corresponding peak. Using this methodology, the retention time and UV

of the bioactive compound were determined and compared with HPLC-MS chromatogram.
8. Scale-up of fermentation

The large-scale culture was done based on the biological activity screening and the metabolite
profiles analysis of the extract that had previously shown the most promising activities. Batches of
flask fermentations of up to 8 L were fermented using the original protocols, in order to provide
sufficient quantities for preparative work. The volume of culture as well as the cultivation period are

indicated in table 6.
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Table 6: Media used for large scale fermentation and cultivation period

Fungal strain Medium Volume Fermentation period
Strain DSM 104666 ZM/2 8L 34 days
Strain STMA 16219 Q6/2 8L 7 days
Strain DSM 32328 Q6/2 5L 7 days
Strain STMA 16226 YMG 8L 12 days
Strain STMA 16225 YMG 3L 9 days

For extraction, instead of using EtOAc for the supernatant as explained in small scale fermentation,
the broth was treated with 2% of adsorber resin Amberlite XAD™-16N and incubated for two hours.
After filtration, acetone was added to the XAD and extracted by sonication at 40°C for 30 minutes.
The eluate was then treated as described above for mycelial extract. For both mycelium and culture

filtrate, the extraction procedure was repeated 3 times with fresh organic solvent.
9. Isolation of secondary metabolites

All crude extracts were dissolved in the appropriate organic solvent and centrifuge 4000 rpm
for 10 minutes prior to preparative HPLC to eliminate any undesired particles. Preparative HPLC was
performed at room temperature on an Agilent 1100 series preparative HPLC system (Agilent
Technologies), ChemStation software (Rev. B.04.03 SP1); binary pump system; column: Kromasil
RP C18, particle size 7 um, dimensions 250 x 25 mm; mobile phase: acetonitrile (ACN) and water;

flow rate 20 mL/min; diode-array UV detector; 226 fraction collector.

For the separation of large amounts of crude extracts, the samples were subjected to flash
chromatography (GRACE Reveleris X2 flash system). The details of the isolation of the metabolites
from different crude extracts obtained from large scale fermentation of the selected five fungal
endophytes as well as the gradients used are illustriated by schematic diagrams in figures 10, 11, 12,
13, 14 and 15.
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Mycelia

Fungal isolate DSM 104666, 8L of ZM/2 medium

‘ !

Mycelial crude extract Supernatant crude extract
850 mg 202 mg

Flash chromatography (GRACE Reveleris X2 flash system)
Stationary phase: Silica gel 40mg

Mobile phase: solvent A: DCM, solvent B: DCM /acetone (80/20,
v/v), solvent C: DCM/acetone/MeOH (56/14/30, v/viv).

¢

- First gradient (AB system) 0% B -12% B in 12 min and 12% B -

20% B in 8 min, v

- Second gradient (BC system) 20% B-60% C in 20 min and 60% . .
h . . . . Combined with F6
C-100% C in 10 min and 100% C isocratic for 10 min, Flow rate
. from Flash
40 mL/ min
chromatography

l

Preparative HPLC
Gradient: 55% -70% ACN in 50 min, 70% to
100% ACN for 10 min, 100% ACN isocratic
for 5 min.

F1, 551 mg, F2, 13 mg, F3, 17 mg, F4, 10 mg, F5, 11.5 mg F6, 73 mg,
tr=2-6.2 min tr =6.9-7.5 min tr, 8.1-10 min tr,11.9-15.7min tr,22.9-23.3min tr, 23.7-24.5 min

l l Preparative HPLC

Compound 3 Isocratic conditions: 53% ACN for
Compound 6 Compound 5 40 min.

! ! ! !

tr, 38.9 min tr =30.9 min
Compound 4 Compound 3 Compound 2 Compound 1
2 mg, 5.9 mg, 2 mg, 9.5 mg,
tr, 27.7 min tr, 21 min tr, 18.2 min tr, 13.6 min

Figure 10: Schematic diagram showing purification steps of metabolites isolated from mycelial and supernatant crude
extracts derived from fermentation culture of the fungal isolate DSM 104666 in 8L of ZM/2 liquid medium.
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Mycelia

Fungal isolate STMA 16219, 8L of Q6/2 liquid medium
[

' '

Supernatant crude extract Mycelial crude extract
101 mg 140 mg

! !

Preparative HPLC

! !

Gradient: 15% -30% ACN in 30 min, Gradient: 15% -50% ACN in 50 min,
30% to 100% ACN for 10 min, 50% to 90% ACN for 10 min,
100% ACN isocratic for 5 min. 100% ACN isocratic for 10 min.
| |
Compound 7 Compound 8 Compound 9
2.6 mg, tr, 8.867 min 1.8 mg, tr, 13.37 min 1.2mg

Figure 11: Schematic diagram showing purification steps of metabolites isolated from mycelial and supernatant crude
extracts derived from fermentation culture of fungal isolate STMA 16219 in 8L of Q6/2 liquid medium.
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Mycelia

Fungal isolate DSM 32328, 5L of Q6/2 liquid medium
\

Supernatant crude extract Mycelial crude extract
181 mg 256 mg

| |
v

Crude extracts combined

!

Preparative HPLC
Isocratic conditions: 48% ACN for 30 min

Compound 10 Compound 11 Compound 12 Compound 13
138 mg, tr, 10.22min 16 mg, tr 10.82 0.33mg 0.79 mg

Figure 12: Schematic diagram showing purification steps of metabolites isolated from mycelial and supernatant crude
extracts derived from fermentation culture of fungal isolate DSM 32328 in 5L of Q6/2 liquid medium.
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Mycelia

Fungal isolate STMA 16226, 8L of YMG liquid medium

l

Supernatant crude extract
from flasks
858.7 mg,

l

Flash chromatography (GRACE Reveleris X2 flash system)
Stationary phase: Silica gel 40mg.
Mobile phase: CH.ClI; (solvent A), acetone (solvent B)

Gradient: 100% A in 5 min, 0-100% B in 35 min, and 100% B for 5
min; flow rate: 40 mL/min; UV detection: 254, 280, and 380 nm

F1 (32.4 mg) F2 (32 mg) F3 (708.7 mg)
tr=8.5—-10.1 min =11.5-13.5 min tr=14.5-17.1 min

l

!

Preparative HPLC
Gradient: 25-60% solvent B in 40 min,
60-100% B for 5 min, and 100% B for 5 min.

Compound 14

'

'

l

Compound 17
1.8mg, tr =
9.30 min

Compound 16
0.4mg, tr =
12.80 min

Compound 15
9.1 mg, tr = 5.88
min

Figure 13: Schematic diagram showing purification steps of metabolites isolated from flasks culture in 8L of YMG
medium of the fungal isolate STMA 16226.

34



Chapter |

Material and methods

Culture from bioreactor
Fungal isolate STMA 16226, 10L of YMG liquid medium

Mycelial crude extract
373.7mg

!

Supernatant crude extract
508.2 mg

!

Preparative HPLC

!

)

Gradient: 45-80% solvent B in 40 min,
80-100% B for 10 min, 100% B for 10 min.

Gradient: 15-55% solvent B in 40 min, 55—

100% B for 10 min, 100% B for 10 min,
UV abhsorntion at 220. 240. and 342n m

!

|
!

!

Compound 18
1.7 mg,
tr = 11.11 min

Compound 19
1.6 mg,
tr = 15.96 min

Compound 21
6.1 mg,
tr = 17.50 min

!

!

Compound 14 Compound 23
53.6 mg, 16.4 mg,

tr =5.76 min tr =7.22 min

Compound 22 Compound 24
3.7mg, 24.7 mg,

tr = 44.18 min tr =8.12 min

Compound 20 Compound 25
3.8 mg, 7.8 mg,

tr = 20.87 min tr =9.77 min

Figure 14: Schematic diagram showing purification steps of metabolites isolated from mycelial and supernatant crude

extracts derived from bioreactor culture of the fungal isolate STMA 16226 in 10 L of YMG medium
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Mycelia

Fungal isolate STMA 16225, 3L of YMG liquid medium

!

Crude extract of
supernatant (477mg)

!

Preparative HPLC
Gradient: 40-50% solvent B in 10 min,
50-55% B for 10 min, 55-100 B for 15 min, 100%

B for 10 min.
Compound 26 Compound 27 Compound 28
1.24mg 2.24mg 3.8mg

Figure 15: Schematic diagram showing purification steps of metabolites isolated from the supernatant crude extract
derived from fermentation culture of the fungal isolate STMA 16225 in 3L YMG medium.

10. Dual culture

For further investigation of the nature of compounds involved in interaction between the
endophytic fungi and phytopathogen S. sclerotiorum DSM 1946, a co-culture has been done. S.
sclerotiorum is a necrotrophic, phytopathogenic ascomycete with worldwide distribution, which
attacks more than 400 species of plants (Xiao et al., 2014). The two fungi were simultaneously
inoculated at a distance of 4.5 cm from each on YMG agar medium and incubated for 2 weeks at
23°C. Additionally, both plant pathogen and endophytic fungi were mono-cultured. The readings
obtained were then transformed into percentage to indicate the ability of the bacteria to inhibit the

radial growth of the pathogen.
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The percent of radial growth inhibition was calculated as the following formula:

R1-R2
R1

%100

R1=Radial growth of S. sclerofiorum in the absence of the antagonist (control).
R2=Radial growth of S. sclerofiorum in the presence of the antagonist (treatment)

Furthermore, the agar of inhibition zone and the mycelial agar of the fungal partners in both mono
and co-cultures were minced with a spatula and put into flasks. Afterwards, 100 uL of EtOAc were
added to each flask (the cultures were extracted three times). After evaporation of solvents, all dried
extracts were dissolved in the same amounts of MeOH and subjected to LC-MS analysis in order to

verify the chemical profiles of metabolites in mono and co-cultures.
11. Structure elucidation

All obtained fractions were checked for their purity using LC-MS and H NMR analysis. The
structure elucidation of the pure compounds was performed by Dr. Soleiman Helaly and Dr. Rémy
Bertrand Teppono by means of HRESIMS and NMR.

11.1. HRESIMS

HRESIMS spectra were recorded on a maXis ESI TOF mass spectrometer (Bruker Daltonics)
[scan range m/z 100-2500, rate 2 Hz, capillary voltage 4500 V, dry temperature 200 °C], coupled to
an Agilent 1200 series HPLC-UV system (Agilent Technologies) [column 2.1x50 mm, 1.7 um, Cis
Acquity uPLC BEH (Waters), solvent A: H20 + 0.1 % formic acid; solvent B: ACN + 0.1 % formic
acid, gradient: 5 % B for 0.5 min increasing to 100 % B in 19.5 min, maintaining 100 % B for 5 min,
FR = 0.6 mL/min, UV-Vis detection 200-600 nm]. The molecular formulas were calculated including

the isotopic pattern (Smart Formula algorithm).
11.2. NMR

NMR spectra were recorded on Bruker 500 MHz Avance 111 spectrometer with a BBFO (plus)
SmartProbe (*H 500 MHz, *C 125 MHz) and a Bruker 700 MHz Avance |11 spectrometer with a 5
mm TCI cryoprobe (*H 700 MHz, 3C 175 MHz), locked to the deuterium signal of the solvent. Data
acquisition, processing, and spectral analysis were performed with standard Bruker software and
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ACD/NMR Spectrus. Chemical shifts are given in parts per million (ppm), and coupling constants in
Hertz (Hz). All spectra were measured in deuterated methanol (methanol-ds), deuterated chloroform
(CDCls), deuterated acetone (acetone-de) and deuterated dimethyl Sulfoxide-ds (DMSO-ds). Chemical
shifts were referenced to the solvent signals.

11.3. Optical rotation, UV-spectra and CD spectroscopy

Optical rotation, UV and CD spectra were determined for new compounds. Optical rotations
were determined with a PerkinElmer 241 MC polarimeter (using the sodium D line and a quartz
cuvette with 10 cm path length and 1 mL volume). UV/Vis spectra were recorded on a Shimadzu
UV/vis-2450 spectrophotometer using ethanol (UVASOL, Merck). CD spectra were recorded on
JASCO spectropolarimeter, model J-815.

12. Biological assays of pure compounds
12.1. Antimicrobial activity

To investigate the antimicrobial activity of pure compounds, the test was implemented by
determination of MIC as described above in screening of crude extracts for antimicrobial activity. The
stock solutions were prepared at 1mg/mL in MeOH. Each compound was tested in two columns, 20
pL and 2pL were added to the first well of each column and serially diluted two-fold to their final
concentrations ranging from 0.52-66.66 pug/mL and 0.052-6.66 pg/mL respectively. In addition, other
organisms test were used including: Gram-positive bacteria- Micrococcus luteus DSM 1790,
Staphylococcus aureus DSM 346, Mycobacterium smegmatis ATCC 700084, Gram-negative
bacteria- Escherichia coli DSM 1116, Pseudomonas aeruginosa PA14, Chromobacterium violaceum
DSM 30191, yeasts- Candida albicans DSM 1665, Rhodotorula glutinis DSM 10134, Pichia anomala
DSM 676, Schizosaccharomyces pombe DSM 70572, and against filamentous fungus Mucor hiemalis
DSM 2656 MUCL 49355.

12.2. Standard disk assay

Compounds with selective antifungal activity were tested against the plant pathogen S.
sclerotiorum DSM 1946, which did not produce spores. In this instance, a standard disk diffusion
assay was performed. Firstly. A liquid culture of S. sclerotiorum was prepared by adding 5 mycelial
plugs to 200 mL of YMG medium in 500 mL flasks and incubated for four days. Later, the mycelial

with medium were homogenized with a Heidolph Silent Crusher and serve to prepare mycelial
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suspension by adding 70 mL of mycelial suspension in 1 L of sterile melted YMG medium and
pouring it in Petri dishes. After solidification, filter disks of 6 mm diameter were placed on YMG agar
medium supplemented with mycelial suspension of test fungus. 10 uL of pure compounds and controls
were pipetted onto filter disks. The concentrations of pure compounds and nystatin (positive control)
were adjusted to 100 pg /paper disk and 20 pg/ paper disk respectively. MeOH was used as negative
control. The plates were incubated for seven days at 23 °C (Anke and Zahner, 1978). Each experiment

was performed in triplicate.
12.3. Cytotoxicity assay

In vitro, the cytotoxicity of pure compounds was determined in most of the cases against two
mammalian cell lines including the murine fibroblast cell line L929 and the cervix carcinoma cell line
KB-3-1. Additional cancer cell lines were tested depending on the screened compound class including:
squamous carcinoma A431, Human lung carcinoma A549, Ovarian carcinoma SKOV-3, Human
prostate cancer PC-3, Human breast adenocarcinoma MCF-7, Human osteosarcoma U20S. All cell
lines were cultured in DMEM supplemented with 10% of foetal bovine serum (Gibco) and incubated
at 37°C under 10% CO.. The cytotoxicity activity was determined by the MTT colorimetric assay in
96-well microplates (Mosmann, 1983). First, 60 uL aliquots of serial dilutions from an initial stock
solution (1 mg/mL in MeOH ) were added to 120 pL aliquots of a cell suspension (5x10* cells/mL)
in 96-well microplates. After 5 days incubation, Cells were then treated with MTT reagent (20 uL in
each well) and were further incubated for 1-3 h (depending on the cell type) at 37°C. The optical
density was recorded at 595 nm in a microplate reader (Infinite M200 PRO). The half maximal
inhibitory concentration 1Cso represents the concentration at which the growth of cells was inhibited
to 50% of the control was obtained by sigmoidal curve fitting (Wittstein et al., 2016). Negative and

positive controls were MeOH and epothilone B.
12.4. Phytotoxicity test

To investigate the phytotoxicity of the pure compounds, a seedling bioassay was carried out
toward seeds of two plants: Lepidium sativum (dicotyledon) and Setaria italica (monocotyledon). 5
mL of sterile 0.5% agarose gel were loaded in the lit of closed plastic chamber with 40 mm diameter.
Eight seeds of each plant were assorted in a circle on the gel. Afterwards, a filter disk of 6 mm diameter
was placed in the middle of the vial and loaded directly with 10 pL of each compound (dissolved in

Methanol) to yield a final concentration of 100 pg/filter disk. A negative control without compounds,
39



Chapter | Material and methods

solvent control with 10 pL of MeOH and a positive control with 50 pg/filter disk of herbicide methyl
viologen dichloride hydrate (MeViDiHydr) (98% Sigma Aldrich) were used. The seeds were
incubated in the dark at 20 °C for 72 h and subsequently for 48h at daylight and room temperature.
Each experiment was performed in triplicate (Anke et al., 1989; Helaly et al., 2016).

12.5. Nematicidal Activity Assay

The determination of nematicidal activity against Caenorhabditis elegans (C. elegans ) was
performed in a 24-microwell plate using a microwell plate assay (Stadler et al., 1993;
Kuephadungphan et al., 2017). The free-living nematode, C. elegans was monoxenically cultured on
nematodes agar [soy peptone 2 g, NaCl 1 g, Agar 20 g, 1000 mL of distilled water; after autoclaving,
the following ingredients were added: cholesterol (1 mg/mL ethanol) 0.5 mL, CaCl> (1M) 1 mL,
MgSOs (1M) 1 mL, potassium phosphate buffer (40 mM) 12.5 mL, the pH was adjusted to 6.8] with
living E. coli DSM 498, at 20 °C in the dark for a week. After incubation, adult nematodes were
suspended in sterile distilled water and the nematode suspension was then adjusted to give a
concentration of 500 nematodes/mL. Four concentrations of 100, 50, 20 and 10 g/mL of each
compound were tested (total volume 1 mL/well). Standard nematicide, ivermectin and 1% MeOH
were used as the positive inhibitory control and solvent control, respectively. The plate was incubated

at 20°C in the dark and nematicidal activity was recorded after 18 h of incubation.
13. Cell biology experiments

The compounds which exhibited low 1Cso values in the cytotoxic assay were further subjected
to additional testing to investigate their impacts on actin filaments, microtubules, nuclear envelop and
nucleus. The most potent compounds were subsequently selected to a detailed cell cycle analysis using
flow cytometry. These experiments were conducted in the department of Cell Biology under the

supervision of Prof. Dr. Theresia Stradal.
13.1. Effect on cells morphology

The effects on cell morphology were carried out on U20S (ACC785-DSMZ, Braunschweig,
Germany). U20S cells were grown in DMEM (4.5g/L glucose “Ivitrogen, Germany” with 10% fetal
bovine serum (Sigma) and 1 % glutamate, 1% sodium pyruvate and 1% nonessential amino acids) at
37°C and 7% CO.. Cells started to grow and became confluent in about 3 days. Confluent cells were

washed with 8 mL of a PBS and subsequently harvested by trypsinization by adding 2 mL of solution
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of trypsin/EDTA and incubated for 2 minutes at 37°C. The resulting suspension of cells was
transferred to a centrifuge tube and centrifuged at room temperature for 5 minutes at 1200 rpm. The
supernatant fluid was discarded and the cells were resuspended in culture medium and dilute them in
fresh medium (split ratio 1:5). For cell counting, the cells were trypsinized as described in the
preceding section, using 2 mL of trypsin solution, centrifuged, and resuspended in fresh medium.
Cells suspension was counted in Neubauer improved counting chamber using Trypan blue (ratio 1:1)
to distinguish between dead and live cells (the live cells exclude Trypan Blue and appear white,
whereas the dead cells pick up the dye and appear blue in color). 12 mm diameter glass coverslips
were put in 24 well plates and coated with 100 pL of fibronectin (25pug/mL in PBS prepared from
stock solution 1mg/mL in 2M urea). After 1 hour, U20S cells were seeded with 3x10* cells/well on
coated glass coverslips and allowed to adhere and spread for 16 h. Varying concentrations (0.25, 0.5,
2.5,5and 10 pg/mL in DMEM) of the tested compounds were prepared from stock solutions (1mg/mL
in DMSO). Adhered cells were treated with the different prepared concentrations and incubated for
24 hours. DMSO-treated (mock) cells were prepared as negative control. The trials were prepared in

duplicate.
13.1.1. Immunofluorescence

Subsequent staining of DNA, actin filaments and microtubules was carried out. For actin and
tubulin labelling, the treated cells were fixed with prewarmed 4% PFA in PBS for 20 minutes at room
temperature and washed three times with PBS. The cells were permeabilized by adding 300 pL of
Triton X100 (0.1% in 4% PFA/PBS) to each well and incubated exactly for 1 minute. Upon three
times washing in PBS, cells were blocked with 300 pL of 5% horse serum in 1% BSA/PBS for
30 minutes at room temperature. Immunofluorescence staining was performed by using standard
procedure. The coverslips were washed three times in PBS and incubated with 20 pL of primary
antibody dilution in 4% BSA/PBS. The cells were kept in a humidified chamber and dark 2 hours at
room temperature. After incubation, the cells were washed three times with PBS and incubated with
20 pL of secondary antibody. For microtubules (MTs) staining, a mouse monoclonal anti-a-tubulin
antibody (Sigma-Aldrich, clone DM1A) was used and Phalloidin Alexa Fluor 488 (ThermoFisher,
A123799) for F-actin. Secondary reagents were goat anti-mouse Alexa 594 (ThermoFisher, A32723).
Finally, after washing with PBS, coverslips were mounted on glass microscope slides in ProLong
Diamond antifade mountant with DAPI (ThermoFisher, P36971).
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The compounds were also probed for potential effects on the nuclear lamina during cell cycle phases.
The cells were treated with 0.5 pg /mL and 5 pg /mL for 24 hours and then fixed with ice-cold
methanol for 15 minutes and stepwise re-hydrated using PBS. Afterwards, cells were blocked and
then co-stained with antibodies against nuclear envelop and MTs by using anti-pan Lamin antibody
(abcam, ab20740) and a rat monoclonal antibody to tyrosinated alpha-tubulin overnight. Goat anti-
mouse Alexa fluor 594 (A110329) and goat anti-rat Alexa fluor 488 (A11006) were used as secondary
reagents. The coverslips were mounted on glass microscope slides in ProLong Diamond antifade
mountant with DAPI (ThermoFisher, P36971).

Images were acquired on a Zeiss Axiovert 135TV microscope, equipped with a Coolsnap 4k cooled
CCD device driven by VisiView software (Vistron Inc. Munich). Images were processed using Fiji
(ImageJ)(Schindelin et al., 2012) and Photoshop CS6 (Adobe) software.

13.1.2. Flow cytometry

6-well plates were seeded with 7 x10°/well U20S cells and treated with 5 and 10 pg/mL of
compounds for 18 hours upon spreading. The cells were then harvested by trypsination and fixed with
2% PFA/PBS. After rehydration with PBS, cell pellets were collected by centrifugation at 500xg,
resuspended in ice cold methanol, and kept on ice for 30 minutes. Afterwards, the cells were
centrifuged and resuspended in FACS-Buffer and stained with a mixture of anti-tubulin/anti-lamin
antibodies as above in combination with RNAse A and propidium iodide (PI) to stain DNA. As
secondary antibodies, antibody goat-anti-rat Alexa488 and goat-anti mouse Alexa 647 (A-21235)
were used. For detection of apoptosis, cells were incubated with the fluorescent substrate Cell Event
Caspase-3/7 Green Detection Reagent C10723 (ThermoFisher) for 10 minutes prior to fixation.
Staurosporine was used to induce apoptosis in U20S as a positive control (250 nM for 16 hours).
Cells were analyzed using a (FACS Canto/BD Biosciences). Data were analyzed using DIVA 6.1

Software.

42



Chapter 11

Results and discussion



Chapter Il Results and discussion

1. Isolation and identification of fungal isolates

A total of seventeen endophytic fungi were isolated from healthy root tissues. Absence of
any growth on agar media used, plated with water obtained from last rinse of tissues suggests that
efficient surface sterilization has been performed. The growth medium of each fungus was noted
(Table 7). For preliminary characterisation, the fungal isolates were subjected to sequencing of
their DNA ITS, which could give hints as to their taxonomic position at the genus or family rank.
Concurrent morphological studies were conducted, but as is often the case with endophytic fungi,
those did not always reveal conclusive results. Other protein coding genes needed to be used to
narrow down the genus and species and, in particular, to investigate the phylogenetic relationship
of some species. The results from macroscopic and microscopic characteristics of endophytic
colonies for taxonomic evaluation purpose, were congruent with results of ITS DNA sequence
BLAST analysis of these isolates. The macroscopic morphology of all isolated fungal endophytes

are shown in figure 16.

Table 7: Fungal endophytes isolated from G. alypum and their closest hits from BLAST research

N°  Code Medium of  Closest hits Query Identity  Accession
isolation cover number

1 S1 NA Penicillium chrysogenum PO14  100% 100 % KR233454

2 S2 YEA Chaetomium truncatulum C77 96% 99 % HM365263

3 S3 PDA Penicillium canescens 97% 99 % KX359603

4 S4 PDA Alternaria sorghi AY918 100% 100% MG250470

5 S5 PDA Fusarium solani isolate 62 FS 100% 99 % KX9293306

6 S9 NA Penicillium chrysogenum PO14  100% 100 % KR233454

7 S18 PDA Fusarium falciforme 99% 100%  AB779669

8 S22 MEA Fusarium solani isolate 62 FS 100% 99 % KX9293306

9 S32 YEA Macrophomina phaseolina 100% 100%  FJ395243
MPKS307

10 S42 NA Aspergillus terreus KAMLO04 100% 100 % KC119206
Aspergillus terreus KARVS02 100% 100 %  KC119198

11 S50 MEA Diaporthe ambigua 6KF 100% 99% KJ210025

12 S59 PDA Fusarium acuminatum Fus1/17-  100% 100%  MF509746
011/1

13 STMA 16219 YEA Preussia similis S19 84 % 100%  AY510419

14  DSM 32328 MEA Preussia similis 97% 100%  DQ468028
CBS 80473

15 DSM 104666 MEA Preussia similis S19 96% 100%  AY510419

16 STMA 16225 NA Chaetomium madrasense CBS 100% 100%  KC109751
315.74

17 STMA 16226 MEA Dendrothyrium variisporum 100% 100%  JX496030
CBS 121517
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Figure 16: Macroscopic morphology of fungal endophytes on YMG agar medium on 9 cm Petri dish.
1. Isolate S2 after 8 days, 2. Isolate S4 after 15 days, 3. Isolate S5 after 15 days, 4. Isolate S50 after 15
days, 5. Isolate S32 after 15 days, 6. Isolate S22 after 21 days, 7. Isolate S42 after 21 days, 8. Isolate S9
after 15 days, 9. Isolate S58 after 21 days, 10. Isolate S18 after 15days, 11. Isolate S59 after 15 days, 12.
Isolate S3 after 15days, 13. Isolate DSM 32328 after 15 days, 14. Isolate DSM 104666 after 15 days, 15.
Isolate STMA 16219 after 15 days, 16 .Isolate STMA 16225 after 21 days, 17. Isolate 16226 after 21

days.

To confirm the identification and clustering results, the closest hits with high similarity given after
BLAST search from NCBI database of the nrITS nucleotide sequences were aligned. The
phylogenetic tree inferred from the nuclear ITS region was calculated with PhyML by using

GTR+G as substitution model. The fungus Paludomyces mangrovei, belonging to the phylum
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Chytridiomycota, was used as out-group as all fungal endophyte isolates obtained from G. alypum
belonged to the Ascomycota, a finding that was in agreement with that of previous reports (Hyde
and Soytong, 2008; Rodriguez et al., 2009).
The phylogenetic tree derived from ITS data (Figure 17) showed that all fungal endophytes
isolated in the present study are members of the sub phylum Pezizomycotina of Ascomycota. The
phylogenetic analysis has placed the fungal endophytes in three major clades representing one
group of Sordariomycetes (clade 1), one group of Eurotiomycetes (clade 2) and third group of
Dothideomycetes (clade 3). The dominant group of endophytic fungi is the Sordariomycetes
represented by three orders: Diaporthales (1 species), Sordariales (2 species) and Hypocreales (3
species), followed by Dothideomycetes which contains two orders: Pleosporales (three species)
and Botryosphaeriales (1 species). The endophytic fungi categorized in the Eurotiomycetes include
on order of Eurotiales (three species). These characteristics match those in the class 2 of non-
clavicipitaceous fungal endophytes indicated by Rodriguez et al. (2009), and therefore our fungal
isolates can be classified within this class. The results indicate that the healthy roots of G. alypum
accommodate a diversity of fungal endophytes. Nevertheless, this study does not recover the total
endophytic fungi and therefore it may not be a good representation of the whole endophytic
diversity of the plant G. alypum, because in one hand, we have targeted only the root mycobiota
and during our manipulation many fungal isolates were lost. On the other hand, the quality and the
quantity of the endophytic mycotaxa isolated are usually influenced by many factors. The
antagonisms between endophytes species plays the major role in the dominance of some fungal
species that eliminate or reduce other fungi. Similarly, sampling, culture media and methods as
well as laboratory conditions are probably implicated ( Kusari et al., 2012; Schulz et al., 2015)
The group of Dothideomycetes forms a monophyletic clade including five isolates
belonging to Pleosporales. Yet, the Botryosphaerales taxa (Macrophomina phaseolina) is left out
of this clade and thus, an additional gene may be helpful for ultimate characterization of
phylogenetic position of this isolate. The class of Dothideomycetes is the largest class of

Ascomycota with highly ecological diversity ( Hyde et al. 2013).

The sequence of the isolate S32 is clustered along with the reference strain Macrophomina
phaseolina MPKS307 in a well-supported clade (100% bootstraps).
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Figure 17: Phylogenetic relationship of fungal endophytes harbored in the roots of G. alypum based on ITS sequences
with Paludomyces mangrovei as out group. The phylogenetic tree was calculated with PhyML by using
GTR+G as substitution model and 1000 bootstraps.
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Macrophomina phaseolina (M. phaseolina)(Botryosphaeriaceae, Botryosphaeriales) is recognized
as an opportunistic fungus that may transform from a saprophyte to a pathogen particularly in high
temperature or water stress and causes charcoal rot in different crop and non-crop species (Sarr,
2014). However, it has been often isolated as endophyte. It is worth to notice that no blackish
appearance in root tissues due to fungal microsclerotia was detected. Although, fungal endophytes
are known to adopt a variety of symbiotic lifestyles such as mutualism, and parasitism and their
lifestyle transitions are dependent on plant state (senescence, biotic or abiotic stresses) (Hyde and
Soytong, 2008; Schulz et al., 2015). Colonies of M. phaseolina each appeared as a ring, with fluffy
white mycelium surrounding a central area with black microsclerotia (Figure 16).

The sequences of the isolates DSM 104666, DSM 32328 and STMA 16219 are clustered
in the clade of Preussia similis (sporormiaceae, Pleosporales) (100% bootstrap support). Preussia
species are coprophilous fungi which grow on animal dung but they were also recovered as
endophytes in plant hosts (Arenal et al., 2005; Herrera et al., 2010; Mapperson et al., 2014;
Cosoveanu et al., 2018). Their endophytic state can be considered as accidental opportunism and
it might be an alternate step of their life cycle. Accordingly, they are not specifically adapted to
their host plant (Schulz and Boyle, 2005) but an eventual coevolution with animal grazing and
plant might takes place during their life cycle (Porras-Alfaro et al., 2008). The spores are covered
by a mucilagous sheaths or have gelatinous appendages, helping them to attach to the surface of
the plants and remain as epiphytes, where they will be fed by herbivores on along with plant
materials and pass through an animal digestive. Finally, they end in a new dung pile to repeat the
cycle. The dark pigmentation and the mucilage coverage of these ascospores let them resistant to
sun UV light and aggressive agents such as gastric juice. Likewise, it seems possible that
ascosporic resistance of these fungi, might help them to survive during surface sterilization and

are actually isolation artefacts, rather than the endophytes (Newcombe et al., 2016).

Additionally, the phylogenetic position of the three fungal strains of the taxon Preussia similis was
further characterized by a multigenes alignement analysis together with the closely related
GenBank reference sequences of Preussia species, mainly submitted by Arenal et al. (2005, 2007)
(Table S1, appendix A). Multiple alignment of sequences of each gene marker (ITS, LSU, EF1-a)
was performed by E-INS-i algorithm of MAFFT v7.017 (Fast Fourier Transformation) (Katoh et
al., 2002; Katoh and Toh, 2008).
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The aligned ITS, LSU and EFl-o sequences were then concatenated to generate MGA.
Phylogenetic tree construction was carried out using PhyML and GTR+G+l as substitution model.
Pleospora herbarum (Pleosporaceae, Pleosporales) was used as the outgroup taxon to root the
phylogenetic tree. Phylogenetic tree inferred from the multigenes analysis (Figure 18) revealed
that the three strains fell together within a strongly supported monophyletic clade (100 %
bootstraps) of P. similis complex. The latter included one sub-clade that nested the isolate DSM
104666 together with the reference strains (P. similis S19) supported with 74% bootstrap value.
The seconde well supported sub-clade (78% bootstraps) clustered the fungal strain DSM 32328.
Finally the third sub-clade nested both the reference strain Preussia similis 80473 together with
the strain STMA 16219 supported with a 100 % bootstrap value.
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Figure 18: Phylogenetic tree of Preussia spp. based on combined data set of four markers. Multigenes alignment,
PhyML (ITS, LSU, EF1-a). Our fungal strains are marked with star (GTR G+I model, E-INS-i algorithm
of MAFFT v7.017 and 1,000 replicate bootstrap). Pleospora herbarum (Pleosporaceae, Pleosporales) was
used as the outgroup taxon. Type strains are marked by a superscript capital T.
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All three strains of P. similis were isolated as sterile mycelia. Firstly, morphology and size of
macroscopic features of the culture on the plate were determined. All three strains show often a
tendency to sectoring and no further mycelial differentiation and sporulation were observed on
YMG (Figure 16) and OMA. For P. similis DSM 104666, the colonies attaining a diameter of 30
mm and 37 mm in three weeks at 23°C YMG (Figure 16) and OMA respectively. At the beginning
dark brown then becoming black when old. Colonies of P. similis DSM 32328 on YMG and OMA
media reach a diameter of 47 mm (Figure 16) and 66 mm in 21 days at 23°C respectively. It appears
pale white when young and become grey with age.

The fungal strain P. similis STMA 16219 is the fastest growing isolate, in three weeks, the plate of
9 cm being covered on OMA and reached diameter of 76 mm on YMG (Figure 16). Due to the
fact that these three strains were isolated without any reproductive structures, their identification
by phenotypic characters was impossible by conventional methods. Hence, in order to induce
sporulation, the three isolates were cultivated on OMA and exposed to 12-hours blue light/dark
schedule during one month. The attempts to induce the sexual stages of the three strains
was successful for both DSM 104666 and STMA 16219, while no mycelial differentiation were
observed for DSM 32328 (Figure 19). The teleomorph characters of DSM 104666 and STMA
16219 are represented in figure 20 and figure 21 respectively.

AN
Figure 19: Sterile mycelia of P. similis DSM 32328
a. Aspect of culture on OMA after 1 month on 9 cm Petri dish showing no mycelial differentiation.
b. Sterile mycelia observed in optical microscope, c. Hyphae in SEM microphotography.b, c=2um.
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Teleomorph features of Preussia similis DSM 104666. a Culture on OMA after 4 weeks on 9 cm Petri dish
with sporulating regions as black spots in the centre and periphery, b Pseudoperithecium without ostiole, ¢
Ascomata hyphae ornamentations, d Details of exoperidium, e Pseudoparaphyses, f Immature ascus, g Mature
ascus, h Ascospore showing germ slit, i Ascospore surrounded by hyaline gelatinous sheath indicated by
arrow, j Gelatinous sheath showed in SEM microphotography, k SEM microphotography showing perispore
details, | SEM microphotography showing ascospores arrangements within bitunicate ascus, apical view, part
of ascospore cleaved out of ascus, Scale bars: b=100 um, c, h, i, e = 20um, j, | =2 pm, k =1 pm, f, g =50 um,
d =10 pm.

50



Chapter 11 Results and discussion

Figure 21: Teleomorph characters of P. similis STMA 16219
a. Culture on OMA after 1 month, b. Perithericia on OMA, c. Outer surface of perithetium, d. Mature ascus
e. Immature ascus, f. Pseudoparaphyses, g. Mature ascospore, the gelateneous sheath is showed by continuous
arrow, germ slit is indicated by dotted arrow, h. SEM microphotography showing 4-celled ascospore with
gelatinous sheath. i. SEM microphotography showing ascospore broken in septum and surrounded with
gelatinous sheath. Scale bars: b=100 pum, ¢, d, e, f =20um, g = 10 ym, h, i=2 pm.
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The two P. similis isolates DSM 104666 and STMA 16219 are characterized by ascomata scattered

or in small groups, immersed, or partially immersed in culture media when young. Pseudothecia 200-
240 pum in diameter, dark, globose, not ostiolates. Asci, 150-165 (158) x 28-30 (29) um, eight spored,
bitunicate with short stipe. Pseudoparaphyes 3-4 pum in wide, filamentous, septate, branched,
exceeding the asci. The ascospores 42-57 (52) x 10-12 (11) pum, four celled, cylindrical with rounded
ends, arranged biseriately, brown when young often-becoming dark brown with age, surrounded by
hyaline gelatinous sheath. The ascospore is constricted at the septa, which divides the ascospore to

four cell compartments, each cell has oblique germ slit (Figures 20 and 21).

For the first time, the ultrastructure of ascospores was further investigated by Scanning Eletron
Microscopy (SEM). The SEM microphotography (Figure 20 j, k, 1 and figure 21 h, 1) showed that the
ascosporic ultrastructure is composed of irregular winkled and shrunken surface. The wrinkles are

irregular on surface and horizontal on septa.

The isolate STMA 16226 fells in a sister clade (100 % bootstrap) with the clade grouped the
reference strains Dendrothyrium variisporum CBS 19782 and Dendrothyrium variisporum CBS
121517. The genus Dendrothyrium (Montagnulaceae, Pleosporales), has genus by Verkley et al.
(2014). Furthermore, the inclusion of the additional DNA loci, LSU, B-tubulin and actin, molecular
markers resulted in a multigene alignment and their alignment with the closely related genus mainly
submitted by Verkley et al. (2014), showed a high supported clustering (73% bootstrap value) of the
isolate STMA 16226 with Dendrothyrium variisporum CBS 121517. The corresponding phylogenetic

tree (Figure 22) confirmed the taxonomic affiliation to Dendrothyrium variisporum.
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Figure 22. Phylogenetic tree of Dendrothyrium spp. and the closely related genera based on combined data set of four
markers. Multigenes alignment, RXML (ITS, LSU, Tub and Actin), GTR+G, calculated with, 1000
bootstraps.

Thereby, the anamorphic features of the fungal isolate STMA 16226 were described (Figure 23).
Morphology and size of macroscopic features of the culture on the plate were determined. Colonies
on YMG and OMA spread over the whole 9 cm Petri dish after 21 days. Colonies on YMG appear
white in the center with an even buff margin. On OMA, colonies with even colourless margin and
white aerial mycelium in the center are observed while conidiomata are formed on the edge of culture.
Conidiomata eustromatic, formed on the edge of culture, often merged to complexes, dark brown to
dark, reaching 300-500 um of diameter. The outer surface covered by glabrous hyphae. Conidia (1-2
pm) x (3-4 pum), aseptate, variable in shape: subglobose, ellipsoid or obovoid, olivceous-brown.

Conideogeous cells (12-20 um) x (2-3 um) integrated in 1-4-septate acropleurogenous condiophore.
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Figure 23: Anamorph characteristics of Dendrothyrium variisporum
a. Culture on YMG after 21 days on 9 cm Petri dish, b. Culture on OMA after 21 days on 9 cm Petri dish, c.
Conidiomata forming on the edge of culture on OMA medium, d. Conidiomata,

e. Conidiogenous cells, f. Conidia, Scale bar: e, f =10 pm, d=100 pm.
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The class of Eurotiomycetes (clade 2) is represented by the sole Order Eurotiales. Three
isolates are clustered within this group. Strain S42 showed similarity with Aspergillus terreus
KAMLO4 (100% bootstrap), while strain S3 was related to Penicillium canescens (100% BLAST
similarity and 100 % bootstrap). The strain S9 and S1 are custered together (56.1 % bootstrap) and
both showed similarity to Penicillum chrysogenum with 96.9 % bootstrap value. Penicillium were
identified as being members of commonly observed genera of soil fungi. Representatives of these
genera have been identified as endophytes in cultivated rice roots. The members of the two genera:
Penicillium and Aspergillus (Trichocomaceae, Eurotiales) are characteristically free-living

saprophytes that can also be opportunistic root symbionts.

Seven strains are clustered in the class of Sordariomycetes (clade 3). The ITS-PhyML resulted
in a monophyletic clade, which accommodates three order; Diaporthales, Sordariales and
Hypocreales. Within the clade of Diaporthales is clustered the isolate S50 along with reference strains
Diaporthe ambigua. This isolate was recovered from the plant roots as sterile mycelia. The genus
Diaporthe (Diaporthaceae, Diaporthales) and its anamorph Phomopsis have often been isolated as
endophytic fungi from wide range of host plants (Gomes et al., 2013; Cosoveanu et al., 2018). They
are recognized as a rich source of secondary metabolites and enzymes with large spectra of biological

activities such as antibiotic, anticancer, herbicides (Gomes et al., 2013).

The order Sordariales (100% bootstraps), is represented here by the genus Chaetomium. The isolate
STMA 16225 showed affinity to Chaetomium madrasense CBS 31574 while the isolate S2 is clustered
with Chaetomium truncatulum C77 HM365263. The teleomorphic features of the fungus Chaetomium
madrasense STMA 16225 are showed in figure 24. The plate of 9 cm Petri dish is covered by
Chaetomium madrasense colonies on YMG and OMA agar media after 21 days. It is characterized by
superficial and olivaceous ascomata (260-300 um of diameter) with spirally coiled ascomatal hairs.
The ascomata appear after 15 days. Colonies on OMA lacking aerial hyphae, producing pale orange
exudates diffusing into the medium. The ascospores (11.5-13 x 8-10 um) are subglobose and brown,
become dark brown when mature, usually irregular with two apical, subapical or lateral germ pores
(Wang et al., 2016). The anamorphic state is absent.

Finally, the order Hypocreales is represented by three Fusarium species: Fusarium acuminatum,

Fusarim solani and Fusarium falciforme.
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Figure 24: Teleomorphic features of Chaetomium madrasense.
a. Culture on OMA after 21 days on 9 cm Petri dish, b. Culture on YMG after 21 days on 9 cm Petri dish, c.
Ascomata with spirally coiled ascomatal hairs on YMG agar, d. Ascomata on slide,
e. Ascospores. Scale bar: ¢c=200 pm, ¢=100 pm, e=10 pm.
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2. Small scale fermentation and screening for antimicrobial activity

Among seventeen fungal isolates, eight were selected for small scale fermentation in three
different liquid media. From each culture medium, two crude extracts are obtained. In total, 48 extracts
have subsequently submitted to a preliminary antimicrobial screening. The MIC values of the tested
crude extracts are shown in table 8. The results showed that all crude extracts from mycelia and
supernatant inhibit the growth of at least one test microorganism. In case of Gram positive bacteria,
extracts of all isolates screened have shown MIC ranged from 300 to 2.34 pug/mL for B. subtilis. The
most potent extracts were from the mycelial and supernatant of C. madrasense cultures in both media
Q6/2 and ZM/2 with MIC value 2.34 pg/mL and with the mycelial extract of P. similis DSM 104666
(Figure 25). The antibacterial activity was very high comparable to ciprofloxacin.

Most of the isolated fungi had antibacterial activity only against the Gram positive bacteria. The anti-
bacterial activity against Gram negative bacteria was obtained only in case of broth extracts from M.
phaseolina culture in ZM/2 and from P. similis 104666 culture in YM which they have exhibited
inhibition activity against E. coli with MIC values of 150 and 300ug / mL respectively.

The anti-yeast activity was recorded only in case of both mycelial and supernatant extracts from P,
similis DSM 32328 cultivated in both YM and Q6/2 media with MIC values 150 and 75 ug/mL

respectively.

From overall results, it was found that the best antibacterial and antifungal activity was obtained from
mycelial and supernatant crude extract from C. madrasense and the mycelial crude extract from P,

similis DSM 104666 cultivated both in ZM/2.

The most effective extracts in inhibiting M. plumbeus, were crude extracts from ZM/2 culture of C.
madrasense and supernatant crude extract from ZM/2 culture of P. similis DSM 104666 with MIC

value recorded at 18.75 pg/mL.

Accordingly, it seems that ZM/2, is the best medium for the production of antimicrobial compounds

of the eight actually screened fungal strains.
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Table 8: MIC values [pg/mL] of the crude extracts from small scale fermentations of the screened
fungi in various media.

MIC(pg/mL)
Code Fungus Medium C.E B. subtilis E. coli C. tenius M. plumbeus

STMA Chaetomium YM M 47 n.a n.a n.a
16225 madrasense S 18.75 n.a n.a n.a
Q6/2 M 2.34 n.a n.a n.a

S 2.34 n.a n.a n.a
ZM M 2.34 n.a n.a 18.75
S 2.34 n.a n.a 18.75

DSM Preussia similis YM M n.a n.a 300 n.a
104666 S 150 300 150 150
Q6/2 M n.a n.a n.a 150

S n.a n.a n.a 75

ZM/2 M 2.34 n.a n.a n.a
S 375 n.a n.a 18.75

DSM Preussia similis YM M n.a n.a 150 150
32328 S n.a n.a 150 150
M 300 n.a n.a n.a

S n.a n.a n.a n.a

ZM/2 M n.a n.a 75 75

S 150 n.a 75 75

STMA Preussia similis YM M n.a n.a n.a 300
16219 S n.a n.a n.a n.a
Q6/2 M n.a n.a n.a 300

S n.a n.a n.a n.a

ZM/2 M n.a n.a n.a 75

S n.a n.a n.a 75

STMA Dendrothyrium YM M n.a n.a n.a 37.5
16226 variisporum S 150 n.a n.a 375
Q6/2 M n.a n.a n.a n.a

S n.a n.a n.a 150

ZM/2 M n.a n.a n.a n.a

S n.a n.a n.a 150

S32 Macrophomina YM/2 M 300 n.a n.a n.a

phaseolina S n.a n.a n.a 75

Q6/2 M n.a n.a n.a 150

S n.a n.a n.a 150

ZM/2 M 18.75 n.a n.a 300

S 37.5 150 n.a 150

S50 Diaporthe YM M n.a n.a n.a 37.5
ambigua S n.a n.a n.a 37.5

ZM/2 M n.a n.a n.a n.a

S n.a n.a n.a n.a

Q6/2 M n.a n.a n.a 150

S n.a n.a n.a 75
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Table 8 (continued)

S2 Chaetomium YM M n.a n.a n.a n.a
truncatulum S n.a n.a n.a 300
ZM/2 M 18.75 n.a n.a 300
S 375 n.a n.a 300
Q6/2 M n.a n.a n.a 300
S n.a n.a n.a n.a
ATB Ciprofloxacin 0.52 0.52
ATF Nystatin 0.52 4.16

ATB: antibiotic, ATF: antifungal, B. subtilis: Bacillus subtilis, C.E: crude extract, C. tenius: Candida tenius, E. coli:
Escherichia coli, M. plumbeus: Mucor plumbeus.
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Figure 25: Results of MIC assays of the most potent extracts.
Columns 1, 2, 3, 4, 11, 12 show MIC results of supernatant crude extracts from ZM/2 culture of P. similis
DSM 104666, mycelial crude extracts from ZM/2 culture of P. similis DSM 104666, mycelial crude extract
from ZM/2 culture of C. madrasense, supernatant crude extract from ZM/2 culture of
C. madrasense, Ciprofloxacin and MeOH respectively.

3. Large scale fermentation, and purification of bioactive metabolites
In total twenty-eight (1-28) metabolites were isolated from five selected fungal endophytes.
3.1. Compounds isolated from Preussia similis strains

Thirteen (1-13) compounds have been isolated from the three strains of Preussia similis, in which

seven were new.
3.1.1. Compounds isolated from Preussia similis DSM 104666
3.1.1.1. Fermentation and metabolites isolation

The metabolic profiles and antimicrobial screening of Preussia similis DSM 104666 in
different media were performed. The crude extracts derived from the prolonged fermentation in ZM/2

medium (34 days) showed a high antibacterial (2.34 pg/mL) and antifungal (18.75 pg/mL) activities
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as mentioned earlier on screening for antimicrobial activity. Moreover, the metabolomics profiling by
LC-MS analyses of both supernatant and mycelial extract, indicated a high production of many
metabolites. Evaluation of the secondary revealed the presence of metabolites whose UV-Vis spectra
and mass spectra differed from those of all known compounds (Figure 26). Based on results of
antimicrobial activity and LC-MS data, ZM/2 medium was chosen as production medium and selected
for scale-up fermentation (8L) of P. similis DSM 104666, for metabolites isolation and
characterization. Six novel bicyclic polyketides (1-6) were isolated from cultures of Preussia similis
DSM 104666. The chemical structures of the six new metabolites 1—6, for which the trivial names
preussilides A—F are proposed, are shown in figure 27. The details of structure elucidation and
absolute configuration are illustrated and discussed in Noumeur et al. (2017) (paper 1). Preussilides
A, B, Cand D (1, 2, 3 and 4) were detected and isolated from both supernatant and mycelial crude
extract (extracellular metabolites), where preussilide C was the major metabolite yielded followed by
preussilide A, while preussilides B and D were minor (Figure 27 A). Only preussilides E and F (5 and
6) were intracellular polyketides produced in high amount, their isolation was restricted to mycelial
extracts (Figure 27 B). The LC-MS data of preussilides 1-6 and their physical properties are shown in
table 9.
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Figure 26: HPLC chromatograms of crude extracts from ZM/2 liquid culture of P. similis DSM 104666
A. Supernatant crude extract chromatogram, B. Mycelial crude extract chromatogram.
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Table 9: LC-MS data of preussilides 1-6 and their physical properties.

Compounds Molecular formula LC-MS(m/z) Physical properties
Preussilide A Cas5H3404 398.31 Pale yellow gum
Preussilide B C25H3404 398.30 Pale yellow gum
Preussilide C C25H3204 396.30 Yellow gum
Preussilide D C25H3204 396.30 Pale yellow gum
Preussilide E C26H3604 412.31 Pale yellow gum
Preussilide F C26H3404 410.38 Yellow gum

OH
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Figure 27: Chemical structures of preussildes A-F (1-6)
3.1.1.2. Biological activity of preussilides

The antimicrobial and cytotoxic activity of preussilides A-F were extensively evaluated. The
antimicrobial activity profile of preussilides A - F (1-6) was determined. The MIC values against
filamentous fungi showed that only compounds 1 and 3 exhibited mild antifungal activity, whereas
remaining compounds 2, 4, 5 and 6 were inactive against the organisms tested The MIC values of
compounds 1 and 3 were determined against Mucor plumbeus as 150 pg/mL and 37.5 pg/mL,

respectively. Interestingly, the triene acid preussilide C (3) showed the strongest activity against
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Aspergillus fumigatus with MIC value of 8.33 pug/mL, and was thus more potent than the positive
control cycloheximide (MIC 33.33 pg/mL), followed by preussilide A (1) with MIC value of 35.5

pg/mL. No antibacterial nor anti-yeast activity was observed with preussilides (table 10).

Furthermore, in a standard disk assay, preussilide A (1) and C (3) inhibited the growth of the plant

pathogen S. sclerotiorum, affording inhibition zones of ca. 28 and 29 mm, respectively, at 100

pa/paper disk, as compared to the positive control nystatin (32 mm at 20 pg/paper disk) after five days

(Figure 28).

Table 10: MIC [ug/mL] values of the six preussilides against the tested organisms.

Test organism

Gram positive bacteria
Micrococcus luteus DSM 1790
Bacillus subtilis DSM 10

Staphylococcus aureus DSM 346

Mycobacterium smegmatis ATCC 700084

Gram negative bacteria

Escherichia coli DSM 498

Pseudomonas aeruginosa PA 14

Chromobacterium violaceum DSM 30191

Yeasts
Candida albicans DSM 1665
Rhodotorula glutinis DSM 10134

Pichia anomala DSM 6766

Schizosaccharomyces pombe DSM 70572

Candida tenuis MUCL 29892
Filamentous fungi
Aspergillus fumigatus DSM 819
Mucor hiemalis DSM 2656

Mucor plumbeus MUCL 49355

MIC [pg/mL]

1 2 3 4 5 6 References
n.a n.a n.a n.a n.a n.a 2.082
n.a n.a n.a n.a n.a n.a 1.042
n.a n.a n.a n.a n.a n.a 0.422
n.a n.a n.a n.a n.a n.a 0.52°
n.a n.a n.a n.a n.a n.a 3.332
n.a n.a n.a n.a n.a n.a 0.52°¢
n.a n.a n.a n.a n.a n.a 1.678
n.a n.a n.a n.a n.a n.a 33.33¢
n.a n.a n.a n.a n.a n.a 2.08¢
n.a n.a n.a n.a n.a n.a 8.33¢
n.a n.a n.a n.a n.a n.a 8.33¢
n.a n.a n.a n.a n.a n.a 0.78¢

66.67 n.a. 8.33 n.a n.a n.a 33.33¢
n.a n.a n.a n.a n.a n.a 16.67¢
150 n.a 375 n.a n.a n.a 3.12¢

2 Oxytetracycline hydrochloride (1 mg/mL), ® Kanamycin (10 mg/mL), ¢ Gentamycin (10 mg/mL),

éCycloheximide (10mg/mL), n.a : no activity.

4 Nystatin (1 mg/mL),
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Figure 28: Antifungal activity of preussilides A (1) and C (3) against phytopathogen S. sclerotiorum determined by
Agar diffusion at 100ug/disk. Ny: nystatin as positive control and MeOH as negative control.

Moreover, no nematicidal activity at up to 100 pg/mL against Caenorhabditis elegans and no
phytotoxic effects in plant germination assays with Setaria italica and Lepidium sativum at 100

pg/paper disk were observed.

In spite of the fact that the mycelial crude extract showed a very high antibiotic activity against
B.subtilis, all preussilides were inactive in tests for antibacterial activity. This suggests that either the
antibacterial metabolite is produced in very minor amount, or that the antibacterial activity observed
was due to a combined effect of multiple metabolites acting together. This astounding result let us to
conduct a bioactivity-guided fractionation by RP-HPLC using B. subtilis as indicator organism to look
for the pic responsible of the antibacterial activity. As result of this fractionation, it appears that the
metabolite pic conferring the interest antibacterial effect of the mycelial crude extract (2.34 pg/mL)
is, a tiny pic which presented a retention time of 23.334 min and one UV maxima at 310 nm (Figure
29 A, B and C). The LC-MS analysis of the mycelial crude extract revealed that this pic, with a mass
of 572 (Figure 29 D), was yielded in small amounts, that is why it was difficult, if not impossible to
have it in pure fraction. Therefore, the scaled-up fermentation and/or optimization of growing

conditions could lead to significantly increased production of this antibacterial compound.
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Figure 29: Results of bioassay-guided fractionation by RP-HPLC using B. subtilis as indicator organism.
A. HPLC chromatogram obtained after fractionnation, tiny pic of metabolite of interest is indicated by arrow
B. UV of bioactive metabolite of interest, C. Fractionation plate with inhibited well, D. Mass of the metabolite
of interest from LC-MS.

Furthermore, to evaluate cytotoxicity of the six polyketides on viability of different mammalian cell
lines, MTT assays were performed. The results in table 11 showed that all compounds exhibit modest
cytotoxicity (Table 4) with 1Cso values ranging from 1 to 28 pug/mL. Preussilides A (1) and C (3)
showed the highest antiproliferative effect against HeLa KB.3.1 cells with 2.4 pg/mL and 1 pg/mL
values, respectively.
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Preussilide F exerts moderate cytotoxicity toward L929 and KB3.1 but does not exhibit cytotoxic
effects in all other cell lines tested. Moreover, all compounds cause nucleic fragmentation in the range
of ICso values in L929 cells (Figure 30).

Table 11: Cytotoxic effect (ICso) of preussilides A-F (1 - 6) against different normal and cancer cell

lines

Cell line 1Cso[pg/mL]

1 2 3 4 5 6  Reference
Mouse fibroblasts L929 2.6 6.9 3.6 9.8 33 22 9 x10*
HELA cells KB3.1 2.4 45 1 69 95 21 31x10°
Squamous carcinoma A431 8.1 14 4 7.1 23 >10° 3.7x10°
Human lung carcinoma A549 24 28 9.1 19 17  >10®° 8x10°
Ovarian carcinoma SKOV-3 9 13 6.2 8 12 >10° 1.2x10°
Human prostate cancer PC-3 19 24 7.3 18 17 >10° 1.2x10"*

Human breast adenocarcinoma MCF-7 9.7 8.8 2.9 6.1 23 >10° 8 x10 >
Human osteosarcoma U20S 2.8 >10° 2.7 >10° >10° 91 53x10°

Reference: Epothilone B

The structurally closest related metabolites to preussilides are hamigerone, dihydrohamigerone
(Breinholt et al., 1997), antarones (Shiono et al., 2008) and unnamed “highly methylated
polyketides”(Stierle et al., 1999). The Hamigerones were isolated from Hamigera avellanea, and
antarones were obtained from Penicillium antarcticum, while the unnamed ‘“highly methylated
polyketides” were isolated from a yew-associated Penicillium species. Hamigerones were reported to
have antifungal activity against the plant pathogens Pyricularia oryzae and Venturia inaequalis, while
the “highly methylated polyketides” were active against Sclerotinia sclerotiorum. The antarones,

however, were reported to be devoid of antimicrobial and cytotoxic effects.
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Figure 30: Microscopic view of fragmented nuclei of preussilide C-treated L929 in MTT assay.
(A) DAPI staining of preussilide C-treated L929 cells, showing fragmented nuclei in MTT assay in the range
of 1Cs value. The areas encircled by dotted circles show inacurate DNA division.
(B) DAPI staining of MeOH-treated L929 cells in MTT assay.

3.1.1.3. Co-culture of P. similis with phytopathogen S. sclerotiorum

In order to search for the chemical nature of the metabolites of P. similis DSM 104666
produced in the presence of an antagonist, a co-culture was carried out with the phytopathogen S.
sclerotiorum. As first observation of dual culture assay with phytopathogen S. sclerotiorum, Preussia
similis DSM 104666 was found to subdue S. sclerotiorum growth, (Figure 31) up to 43 %, based on
the percentage of growth analysis; thus indicating that S. sclerotiorum was sensitive towards the

endophytic fungus secretions.

Figure 31: Mono and co-cultures on YMG agar medium of P. similis and S. sclerotiorum.
a. monoculture of P. similis DSM104666, b. Co-culture of P. similis DSM 104666 with S. sclerotiorum
results in inhibition of the phytopathogen, ¢. monoculture of S. sclerotiorum.
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Furthermore, in order to examine the antifungal compounds involved in growth inhibition of the
pathogen, the agar of the inhibition zone was cut and subsequently extracted with EtOAcC.
Interestingly, the HPLC chromatogram of the EtOAc extract of the inhibition zone agar revealed that
preussilide C is the most abundant metabolite produced by the strain followed by preussilide A in co-

culture with the phytopathogen (Figure 32 A).

Intens
[mAU]
x104

Infens

A

17-SS PSG28Y Msolid P1-C-3 01 20544 d

UV Chromatoaram 200-600 nm|

» T T T T x

mul B 5

110 ]

5 10 15 20 75 Time [rin]
Figure 32: HPLC chromatograms of individual axenic and co-culture of P. similis DSM 104666
A. Co-cuture of P. similis DSM 104666 and S. sclerotiorum, B. Axenic culture of P. similis DSM 104666.

Moreover, the pics of preussilides E and F were very minor (Figure 32 A) in comparison to the
chromatograms of the mono-culture control in which they were produced in a largest amounts (Figure
32 B). The detection of preussilide C as the major antifungal compound in the confrontation assay
could be reasonably related to its potent antifungal activity (as showed in MIC testing and agar
diffusion assay) and therefore the strain involves this compound in the inhibition of the pathogen.
However, the concentration reduction of preussilides E and F in co-cultures can be explained by the
fact that these two compounds are devoided of any antifungal activity and thus they will not be

sufficient to inhibit competitor, so the fungus reduce their biosynthesis and keep the biosynthesis of
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preussilides C and A. In the same vein, Schulz et al. (2015), have reported that fungi would not expend
energy to produce such metabolites, if they did not have a function in situ. Likewise, mixed cultivation
has been proved by many authors to be a powerful trigger of secondary metabolites production. This
co-cultivation can help either to encrypt silent fungal secondary metabolites gene clusters under
standard laboratory growth conditions or can allow a tremendously enhanced production of already
known natural compounds (Scherlach and Hertweck, 2009; Schroeckh and Brakhage, 2014; Netzker
et al., 2015; Wakefield et al., 2017). In the same respect, Ola et al. (2013) have shown that Bacillus
sublitis, most commonly Gram positive organism found in the rhizosphere, is an important fungal
partner that led to the activation the gene clusters during its mutual interplay with Fusarium
tricinctum. Such an interaction leads to the production of new compounds such as: macrocarpon C,
2(carboxymethylamino) benzoic acid and citreoisocoumarinol. In addition, a remarkable increase
production of the constitutively present compounds including lateropyrone, cyclic depsipeptides of
the ennatin type and fusaristatin A, which was 78-fold higher than in fungal monoculture. This
situation might suggest that the less concentration of the antibacterial compound aforementioned
detected in the chemical profile of the mycelial crude extract of P. similis DSM 104666 could be

widely synthesized in the presence of a potential bacterial antagonist.
3.1.1.4. Effects of preussilides on cell morphology

To further analyze alterations observed in standard-screening assays, the actin and microtubule
cytoskeleton, as well as the nuclear lamina and DNA of treated cells were stained. Effects were most
pronounced when using preussilides A (1) and C (3), and a more detailed analysis of their biological
effects was conducted. Complementary results from the other compounds can be viewed in figure 33.
Immunofluorescence experiments revealed that the actin cytoskeleton was not affected by any of the
tested compounds. In contrast to actin, the microtubule cytoskeleton showed significant alterations
during mitosis with multipolar spindles (Figure 33 B, C) in a significant amount of dividing cells.
Whereas this can in principle occur in cancer cells such as U20S, multipolar spindles were rare in
control-treated U20S, which mainly displayed normal bipolar mitotic spindles, and properly divided
cells (Figure 33 A). Moreover, in treated populations we observed numerous ‘inaccurate’ cell
divisions, giving birth to daughter cells with unequal cell and nuclear sizes (Figure 33 B lower panel).
Hence, this phenotype leads to unequal DNA distribution between the two new cells, while both
daughter cells form a complete nucleus with intact nuclear lamina despite the uneven size. The most

significant effects were again observed in cells treated with preussilide C (3).
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Figure 33: Effects of preussilides A and C (1 and 3) on the Morphology of Human Osteosarcoma Cells (U20S). The actin
cytoskeleton is not altered upon treatment (B and C) as compared to controls (A). Antibody staining of
microtubules (as indicated in panels) uncovers multipolar and duplicated spindles in treated cell populations as
compared to predominantly canonical bipolar spindles in mock treated cells. Aberrantly sized cells with
abnormal small nuclei, are observed in treated cells (B, bottom panel). Note that small cells may originate from
inaccurate cell division, e.g., due to spindle multiplication. Pseudo-colored merge is shown in the very right of
every panel. Scale bar is 20 um.

Also, cells with fragmented nuclei were observed more frequently than in control populations,
reminiscent of the screening result in L929 cells.

In complementary experiments, preussilide-treated cells were subjected to FACS. To do so, cells were
either left untreated, mock treated or treated with 5 and 10 pg/mL of each compound, and prepared
for flow cytometric analysis upon staining of DNA, tubulin and lamin. DNA-staining was used to
classify cells according to cell cycle phases (G1, G2-M, S and sub-G1). Strikingly, flow cytometry of
cells treated with 5-10 pg/mL of preussilides A (1) and C (3) revealed the appearance of a significant
population of sub-G1 cells/particles (Figure 34 A; figures S1 and S2 appendix B). While this
population in most cases indicated programmed cell death/apoptosis, we conclude that this sub-G1
population represents those smaller cells observed before eventually deriving from inaccurate cell

divisions (Figure 33).
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This conclusion is supported by the fact that no apoptotic figures were observed in fluorescence
microscopy experiments that could explain this population. To verify that we here induce a specific
phenotype other than apoptosis, we repeated treatments leading to most significant sub-G1
populations and specifically stained for caspase activation, a hallmark of apoptosis. As a positive
control, cells were treated with staurosporine to induce apoptosis. The result clearly showed the small
cells represented in the sub-G1 population in FACS experiments were not apoptotic, i.e., do not show
caspase 3/7 activation, whereas staurosporine clearly induced apoptosis in U20S cells (Figure 34 B).
Noteworthy, preussilide C-treated cells in general, and preussilide C-treated sub-G1 cells in particular,
displayed increased amounts of tubulin and lamin staining (Figure S2, appendix B), which also speaks
against apoptosis that would otherwise lead to declining signals due to protein degradation. Together,
these data suggested that preussilides A (1) and C (3) treatment had a profound effect on the cell cycle
with multipolar spindles and inaccurate/unequal cell divisions resulting in cells that cannot multiply
further and die, explaining the loss of biomass observed in the cytotoxic screening. Some of these
cells were abnormally small as seen in immunofluorescence and as detected as sub-G1-population in
FACS. Apoptotic cell death appears not to be the predominant reason, as canonical apoptotic figures
were rarely observed in immunofluorescence, and moreover, caspase 3/7 activation was at the
detection level even after prolonged incubation with high concentrations of the most active preussilide
C. Nonetheless, multipolar spindles were observed more frequently at concentrations as low as 0.25
pg/mL, which is 10 to 20-fold below concentrations showing significant cytotoxicity.

Thus, our data indicate that the mechanism of cell manipulation by preussilides might target an
enzyme involved in coordination of the cell division cycle by affecting, for instance, timing or spindle

assembly mechanisms, leading to defects in chromosome segregation and/or spindle geometry.
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Figure 34: Preussilides treatment induces generation of small cells with reduced nuclear size in the human Osteosarcoma
Cell Line U20S. (A) FACS data of Pl-stained preussilides and control treated cells. Note the occurrence of
small cells/particles with low DNA content in the treated populations (middle panel, 5 pg/mL, 1,96% of cells;
bottom panel, 10 pg/mL, 25,5% of cells) as compared to mock treated (top panel, DMSO treated, 0,19% of
cells). When classifying cell cycle phases by analyzing the DNA content per cell/particle (right panel) then this
population fell into the sub-G1-window (outlined in red as compared to blue in control). (B) Cells treated with
DMSO, 5 or 10 pg/mL of preussilide C or treated with 250 nM staurosporine and stained with fluorescent
caspase 3/7 Green substrate were analysed by FACS. Note that there is no increase in apoptosis as compared
to DMSO control (8%) upon preussilides treatment (5 pg/mL 3.5% and 10 pg/mL 5.7%). In contrast,
staurosporine induced significant programmed cell death (22.6%).
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3.1.2. Compounds isolated from Preussia similis STMA 16219
3.1.2.1. Fermentation and metabolites isolation

The mycelial and supernatant crude extracts from culture of Preussia similis STMA 16219
grown in Q6/2 liquid medium (8L) were purified by using preparative HPLC. Three pure compounds
were obtained: one new dimer of 2-aminobenzoic acid moities (dibenzo [c, h] [1,6,2,7]
dioxadiazecine-7,14 (5H, 12H)-dione) (7) along with two known xanthones derivatives:
secosterigmatocystin (8) and sterigmatocystin (9). The chemical structures of three metabolites are
shown in figure 35. The new compound and secosterigmatocystin were purified from the supernatant
crude extract while sterigmatocystin was isolated from the mycelial crude extract (Figure 36). The

LC-MS data of three compounds and their physical properties are shown in table 12
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Figure 35: Chemical structures of the compounds (7-8) obtained from P. similis STMA 16219

Table 12: LC-MS data of three compounds of P. similis STMA 16219 and their physical properties.

N° Compound Molecular  LC-MS  Physical
formula (m/z) properties

7 Dimer of 2-aminobenzoic acid moities ~ Ci1sH10N204 270,08 Red gum

8  Secosterigmatocystin C18H180s 362,14 White crystals

9  Sterigmatocystin C18H1206 342,07 White crystals
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Figure 36: HPLC chromatograms of crude extracts from Q6/2 liquid culture of P. similis 16219
A. Supernatant crude extract chromatogram, B. Mycelial crude extract chromatogram.

3.1.2.2. Biological activity

Neither antibacterial nor antifungal activity was observed for secosterigmatocystin and
sterigmatocystin, while the dimer of 2-aminobenzoid acid moieties exhibited a selective antifungal
activity against Mucor hiemalis with MIC value 33.33 pg/mL. Quantities available of three
compounds were not sufficient for testing cytotoxicity activity. Sterigmatocystin (STC) is a product
of other distantly related taxa, it is known mainly as a typical metabolite of Aspergillus species mainly
Aspergillus versicolor (Versilovskis and De Saeger, 2010; Rank et al., 2011; Despot et al., 2016;
Nomura, 2017). Other genera were also found to be producers of STC such as Aschersonia,
Aspergillus, Bipolaris, Botryotrichum, Chaetomium, Emericella, Eurotium, Farrowia, Fusarium,
Humicola, Moelleriella,Monocillium and Podospora (Rank et al., 2011). So far, no previous studies
have reported the production of STC from Preussia spp., this is the report on the STC isolation from
the respective organisms. STC is a toxic metabolite chemically closed to the aflatoxins and known
to be its biosynthesis intermediate (Bhatnagar et al., 1987). Recently, STC has attracted increasing
research attention because it poses a risk to human and animal health specially after its detection in
different food stuffs (Nomura, 2017) and indoor air (Jak et al., 2016). The cytoxicity of STC is well

studied, it is recognized as a potential carcinogen, mutagen and teratogen in animals while the
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importance of STC as a human health hazard is unknown (Versilovskis and De Saeger, 2010). The
phytotoxic and nematicidal activity of the three compounds were not tested.

Table 13: MIC [pug/mL] values of P. similis STMA 16219 compounds.

Test organism MIC [pg/mL]
7 8 9 Reference

Gram positive bacteria

Micrococcus luteus DSM 1790 n.a n.a n.a 2.08%
Bacillus subtilis DSM 10 n.a n.a n.a 1.048
Staphylococcus aureus DSM 346 n.a n.a n.a 0.422
Mycobacterium smegmatis ATCC 700084 n.a n.a n.a 0.52b

Gram negative bacteria

Escherichia coli DSM 498 n.a n.a n.a 3.332
Pseudomonas aeruginosa PA 14 n.a n.a n.a 0.52¢
Chromobacterium violaceum DSM 30191 n.a n.a n.a 1.672
Yeasts

Candida albicans DSM 1665 n.a n.a n.a 33.33¢
Rhodotorula glutinis DSM 10134 n.a n.a n.a 2.08¢
Pichia anomala DSM 6766 n.a n.a n.a 8.33¢
Schizosaccharomyces pombe DSM 70572 n.a n.a n.a 8.33¢
Candida tenuis MUCL 29892 n.a n.a n.a 0.78¢

Filamentous fungi

Mucor hiemalis DSM 2656 33.33 n.a n.a 16.67¢

Mucor plumbeus MUCL 49355 n.a n.a n.a 3.12d

2 Oxytetracycline hydrochloride (1 mg/mL), ® Kanamycin (10mg/mL), ¢ Gentamycin (10 mg/mL), ¢ Nystatin (1 mg/mL), n.a: no
activity.

3.1.2.3. Dual culture

The evaluation of antagonistic effect between fungal endophyte and the selected
phytopathogen demonstrated the potential ability of the candidate fungus to inhibit the radial growth
on YMG agar cultures of S. sclerotiorum (30%) (Figure 37).
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Figure 37: Mono and co-cultures of P. similis and S. sclerotiorum on YMG agar medium
a. Monoculture of Preussia similis STMA 16219, b. Co-culture of Preussia similis STMA 16219 with S.
sclerotiorum results in inhibition of the phytopathogen, c. Monoculture of S. sclerotiorum.

The comparison between the HPLC chromatograms derived from both individual axenic and co-culture
of P. similis STMA 16219 (Figure 38) showed an apparent increase in sterigmatocystin (9) and decrease

in secoterigmatocystin (8), while, no new metabolites are detected in HPLC profile of the co-culture
with the phytopathogen.
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Figure 38: HPLC chromatograms of individual axenic and co-culture of Preussia similis STMA 16219

A. Axenic culture of Preussia similis STMA 16219, B. Co-cuture of Preussia similis STMA 16219 and S.
sclerotiorum
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3.1.3. Compounds isolated from Preussia similis DSM 32328
3.1.3.1. Fermentation and metabolites isolation

In both YM and Q6/2 liquid media, Preussia similis DSM 32328 consistently produced
identical secondary metabolites. The compounds are present in the mycelium as well as in the culture
filtrate of the fermentation broth. They can be extracted either from the mycelia or from the
supernatant. Consequently, four known cytochalasins were isolated from the culture of P. similis DSM
32328: cytochalasin B (10), deoxaphomin (11), cytochalasin Z2 (12) and cytochalasin F (13). The
chemical structures of cytochalasins are shown in figure 39. Cytochalasin B is the main compound,
followed by deoxaphomin, while cytochalasins F and Z2 were minor metabolites of P. similis DSM
32328 as shown in the same HPLC profile of both mycelial and supernatant crude extracts (Figure
40). Recently, Cytochalasins B and F were reported to be produced by some strains of P. intermedia,
P. minima and P australis (Gonzalez-Menendez et al., 2017). Our study reports for the first time the
isolation of cytochalasins from P. similis. The LC-MS data of the four known cytochalasins and their

physical properties are shown in table 14.

12 13

Figure 39: Chemical structures of the four cytochalasins (10-13) isolated from Preussia similis DSM 32328
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Table 14: LC-MS data of the four cytochalasins and their physical properties

N°  Compounds Molecular LC-MS (m/z) Physical
formula properties
10 Cytochalasin B C2oH37NOs 479 White crystals
11 Deoxaphomin Ca9H37NO4 463 White crystals
12 Cytochalasin Z2 C29H37NOs 479 White crystals
13 Cytochalasin F C29H37NOs 479 White crystals
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Figure 40: HPLC chromatogram of both mycelial and supernanant crude extracts derived from liquid culture in Q6/2
medium of Preussia similis DSM 32328.

3.1.3.1. Biological activity

Cytochalasin B and deoxaphomin were tested for their biological activity while cytochalasins
Z2 and F were not tested due to limited quantities. Thus, cytochalazin B shows only weak inhibition
of the bacterium Micrococcus luteus, whereas the other test bacteria were not affected. Furthermore,
Cytochalasin B showed no antifungal activity, neither against yeasts nor against filamentous fungi.
Deoxaphomin was devoided of any antimicrobial activity (Table 15). Furthermore, in vitro,
cytotoxicity assays of metabolites extracted from P. similis DSM 32328 against the cell lines revealed
that cytochalasin B and deoxaphomin exhibited cytotoxic activities on cancer cell lines and normal
cell lines (Table 16). Both compounds cause nucleus fragmentation in the range of 0.45 — 1.37 pg /mL

(Figure 41). It is obvious that deoxaphomin is more cytotoxic than cytochalasin B.
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Table 15: MIC [ug/mL] values of cytochalasin B and deoxaphomin against the tested

microorganisms.

Test organism

MIC [ug/mL]

Gram positive bacteria

Micrococcus luteus DSM 1790

Bacillus subtilis DSM 10

Staphylococcus aureus DSM 346
Mycobacterium smegmatis ATCC 700084
Gram negative bacteria

Escherichia coli DSM 498

Pseudomonas aeruginosa PA 14
Chromobacterium violaceum DSM 30191
Yeasts

Candida albicans DSM 1665
Rhodotorula glutinis DSM 10134

Pichia anomala DSM 6766
Schizosaccharomyces pombe DSM 70572
Candida tenuis MUCL 29892
Filamentous fungi

Mucor hiemalis DSM 2656

Mucor plumbeus MUCL 49355

10

200
n.a
n.a

n.a

n.a
n.a

n.a

n.a
n.a
n.a
n.a

n.a

n.a

n.a

11

n.a
n.a
n.a

n.a

n.a
n.a

n.a

n.a
n.a
n.a
n.a

n.a

n.a

n.a

Reference

0.83?
16.672
0.42°
4.17%

3.33°
2.08¢
8.33%

8.33¢
2.08¢
8.33¢
4.17°
0.52¢

16.67¢
2.08¢

a Oxytetracycline hydrochloride (1 mg/mL), ® Kanamycin (10mg/mL), ¢ Gentamycin (10 mg/mL), ¢ Nystatin (1 mg/mL),

n.a: no activity

Table 16: Cytotoxic effect (1Cso) of cytochalasin B and deoxaphomin against different normal and

cancer cell lines.
Cell line

Mouse fibroblasts L929

HelLa cells KB3.1

Squamous carcinoma A431

Human lung carcinoma A549

Ovarian carcinoma SKOV-3

Human prostate cancer PC-3

Human breast adenocarcinoma MCF-7

Human osteosarcoma U20S

1Cso[pug/mL]

10 11 Reference
0.6 0.28 9x10™*
0.6 0.081 3.1x107°
2.2 0.22 3.7x107°

1 0.23 8 x10°
n.t. 0.26 1.2x10°
0.29 0.38 1.2x10*
0.59 0.32 8 x10°
0.27 0.095 5.3x10°

Reference: Epothilone B.
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Figure 41: Microscopic view of fragmented nuclei of cytochalasin B-treated L929 in MTT assay

Cytochalasin B is known to have negative effect on cytoskeleton networks. It has the ability to diffuse
through the cell membranes and bind to the barbed ends of actin filaments. The association of the
molecules of cytochalasin B to the actin filaments inhibit both their polymerization and
depolymerisation, which have a main affect as disrupter of cytoplasm cleavage and consequently cell
division blockage (MacLean-Fletcher and Pollard, 1980). Cytochalasins have contributed to better
understanding of actin polymerization mechanism. In order to confirm this effect, U20S cells were
treated with cytochalasin B with 1pg/mL and 5ug/mL and incubated for 24 hours. Substantially,
phalloidin and DAPI staining were performed to visualized F actin and DNA respectively. The results
shown in figure 42indicated that the substance is clearly affecting actin dynamics. This starts already
at low concentration (1 pg/mL) where all dynamic elements (lamellipodia/filopodia) are lost and only
stress fibers are left over in addition to these newly occurring dots. Moreover, at the same
concentration, all cells are binucleate indicating that also cytokinesis (cell division) but not nuclear

division is affected. Indeed, the cytokinesis is abolished because it requires actin dynamics.
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F-Actin (Phalloidin) DNA (DAPI) Merge
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Figure 42: Effect of cytochalasin B on actin cytoskeleton of U20S cells at concentrations of 1ug/mL and 5ug/mL for 24
hours. A. DMSO treated U20S cells (negative control), the white arrows indicated lamellipodia. B. U20S cells
treated with 1ug/mL of cytochalasin B for 24 hours, C. U20S cells treated with 5ug/mL of cytochalasin B for
24 hours

In order to determine the effect of cytochalasins on seedling growth, phytotoxic activity were tested
toward L. sativum and S. italica at 100 pg paper disk. At this concentration, seeds of L. sativum can
germinate in medium containing cytochalasin B compared to positive control sample. However, stem
elongation was markedly affected compared to the negative control and MeOH (Figure 43 A). In
contrast, S. italica germination and growth were not inhibited by cytochalasin B at 100ug/filter disk

(Figure 43 B). Cytochalasin B was not toxic compared to results reported earlier on monocotyledon
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seeds, in which a 10* M solution decreased root length of wheat seedlings of the control (Evidente et
al., 2002) and 5 days coleoptile and radicle length at 10 and 10* M relative to the control (Masi et
al., 2014).

CytB NC MeOH pPC

Figure 43: Phytotoxic test results of cytochalasin B on seedling growth.
A. Effect of cytochalasin B on stem elongation of L. sativum at 100ug/filter disk. B. No phytotoxic activity of
cytochalasin B toward S. italica at 100pg/filter disk. Cyt B: Cytochalasin B, NC: negative control, MeOH:
Methanol, PC: positive control.

In contrast, deoxaphomin showed no effect on both seedlings at a concentration of 100 pg/filter disk.
Furthermore, both cytochalasin B and deoxaphomin were deprived of any nematicidal activity against

C. elegans.
3.1.3.2. Dual culture

The radial growth of S. sclerotiorum was inhibited by P. similis DSM 32328 at 41.33% (Figure
44). In the comparative analysis between EtOAc extracts of the axenic monoculture for P. similis
DSM 32328 and its co-cultivation with S. sclerotiorum, the HPLC profiling of both cultures was
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exactly the same and no stimulatory molecules has been detected in presence of the antagonist (Figure
45).

Figure 44: Mono and co-cultures of Preussia similis DSM 32328 and S. sclerotiorum on YMG agar medium
a. Monoculture of P. similis DSM 32328, b. Co-culture of P. similis DSM 32328 with S. sclerotiorum results
in inhibition of the phytopathogen, ¢. Monoculture of S. sclerotiorum.
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Figure 45: HPLC chromatograms of individual axenic and co-culture of P. similis DSM 32328
A. Axenic culture of P. similis DSM 32328, B. Co-cuture of P. similis DSM 32328 and S. sclerotiorum.

3.1.4. Chemotaxonomy of Preussia similis

In the recent study published by Gonzalez-Menendez et al., 2017, eleven chemotypes have
been identified based on the combined data of morphological and phylogenetical study and analysis
of liquid chromatography/high resolution mass spectrometry spectra recorded from thirty-two isolates

of Preussia and their sixteen secondary metabolites. The latter, were not found to be produced by
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Preussia similis and therefore, this species was not attributed to any of the 16 inferred chemotypes.
Additionally, the thirty two isolates of Preussia were shown to have variable HPLC profiles, but never
contained the compounds isolated in our study. In order to study the HPLC profiling of the available
reference strain of P. similis, the isolate CBC 80473 was obtained from public collections CBS and
was subcultured in three screening media following the same protocol as described above.
Surprisingly, the isolate P. similis CBS 80473 was found to produce cytochalasins with identical
HPLC profiles to Preussia similis DSM 32328. Taken together, the thirteen compounds reported in
our study in which seven are new, and HPLC profile of the reference strain ordered P. similis CBS
80473 can help in the update of the chemotaxonomy of Preussia species. These chemical features
might be considered as good chemotaxonomic markers of the genus Preussia. Meanwhile, we suggest
that Preussia similis strains could be clustered at least in 4 chemotypes (Table 17).

Table 17: Suggested chemotypes for P. similis based on compounds isolated from four strains in the
current study

Isolate Molecular Name Chemotype
formula

- Preussia similis DSM 32328  C29H37NOs Cytochalasin B Known

- Preussia similis CBS 80773  C9H37NO4 Deoxaphomin Known
C29H37NOs Cytochalasin Z2 Known 1
C29H37NOs Cytochalasin F Known

Preussia similis DSM 104666  Cz5H3404 Preussilide A New
C25H3404 Preussilide B New
C2s5H3204 Preussilide C New 2
C2s5H3204 Preussilide D New
C26H3604 Preussilide E New
C26H3404 Preussilide F New

Preussia similis STMA 16219 CisH1206 Sterigmatocystin Known 3
C18H180s Secosterigmatocystin Known
C14H10N2O4  Dimer of 2-aminobenzoic ~ New 4

acid moities
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3.2. Compounds isolated from Dendrothyrium variisporum
3.2.1. Fermentation and metabolites isolation

Since Dendrothyrium is a newly described species, the fungal strain Dendrothyrium
variisporum seemed worth considering for closer inspection, because up to now, the Dendrothyrium
species have never been tapped by secondary metabolite screenings. Indeed, this is the first report
describing the secondary metabolite profiles of this genus. Twelve secondary metabolites (14-25)
were isolated from the respective fungus in which five are new. Dendrothyrium variisporum was
shown to produce in flasks mainly two known polyketides: massarilactone D (14) and as well as
massarilactone H (15), and two new minor furanone derivatives, for which the corrsponding trivial
names are proposed: (5S)-cis-gregatin: (5S) cis-gregatin B (16) and graminin D (17). However,
HPLC-MS analysis of the crude extracts revealed the presence of numerous minor constituents that
could not be isolated in sufficient quantities to allow for their complete structure elucidation. A scale-
up of production in a 10 L bioreactor for maximum production of bioactive secondary metabolites
was performed. The separation of the resulted extracts (from supernatant and mycelia) yielded
massarilactone D and eight further metabolites. Among those were three new anthranilic acid
derivatives (18-20) [2-phenylethyl-3-hydroxyanthranilate (18), phenylmethyl anthranilate (19) and 3-
hydroxy-3-methylbutyl anthranilate (20) ], two known anthranilic acid analogues (21 and 22): [ethyl
anthranilate (21) and 2-phenylethyl anthranilate (22) ] and and three cyclopeptides (23-25) [cyclo-(L-
pro-L-isoleu) (23), cyclo-(L-pro-L-leu) (24) and cyclo-(L-pro-L-phe) (25) ].

H3C

Figure 46: Chemical structures of compounds (14-25) isolated from Dendrothyrium variisporum.
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The chemical structures of the twelve isolated metabolites are shown in figure 46. The
metabolite profiles of the obtained crude extracts are shown in figure 47. The details of structure
elucidation are illustrated in Teponno et al. (2017) (paper I1). Also, the LC-MS data of these
compounds and their physical properties are indicated in table 18.
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Figure 47. HPLC chromatograms of mycelial and supernanant crude extracts derived fromYMG liquid culture of
Dendrothyrium variisporum in shake flasks and bioreactor.
A. HPLC chromatogram of supernatant extract from YMG liquid culture in shake flasks.
B. HPLC chromatogram of supernatant extract from YMG liquid culture from bioreactor.
C. HPLC chromatogram of mycelial extract from YMG liquid culture from bioreactor.
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Table 18: LC-MS data of the twelve compounds and their physical properties

N°  Compound Molecular formula LC-MS Physical
(wz) properties
14  Massarilactone D C11H1406 242.04 Yellow solid
15 Massarilactone H C11H120s 224 Brown gum
16 (5S) cis-gregatin B C14H1504 250 Colorless oil
17  Graminin D C18H2405 320 Colorless oil
18 2-phenylethyl 3-hydroxyanthranilate CisHi1s NOs 257 Brown gum
19 Phenylmethyl anthranilate C14H13NO; 227 Brown gum
20  3-hydroxy-3-methylbutyl anthranilate C12H17NO3 223 Brown gum
21 Ethyl anthranilate CyH11NO, 165 Colorless oil
22 2-phenylethyl anthranilate Ci5HisNO; 241 Colorless ail
23 Cyclo (L-pro-L-isoleu) C11H18N20; 210 Colorless ail
24 Cyclo-(L-pro-L-leu) C11H18N20; 210 Colorless ail
25 Cyclo-(L-pro-L-phe) C14H16N20- 244 Colorless oil

Massarilactone D (14) and massarilactone H (15) are known compounds isolated from an endophytic
Coniothyrium sp., which was isolated from the halotolerant plant Carpobrotus edulis (Kock et al.,
2007) and from the culture broth of the marine-derived fungus Phoma herbarum (Zhang et al., 2012)
respectevely. Massarilactones are known secondary metabolites from Coniothyrium spp.
(Coniothyriaceae, Pleosporales) and their production by Dendrothyrium confirms that the respective
fungus is a Coniothyrium-like fungus, and massaricalones could be a good chemotaxonomic markers

for these two aforementioned closely related genera.

The (5S) cis-gregatin B (16) and graminin D (17) are new furancarboxylic acid derivatives, a
structural class of natural oxygenated heterocycles that have been reported only from fungi of the
genera Aspergillus, Cephalosporium (Acremonium), Paraconiothyrium, Penicillium, and Pulvinula
(Almeida et al., 2014; Wijeratnea et al., 2015).

The isolation of phenylmethyl anthranilate (19) was previously reported as a synthetic compound with
a fish anesthetic effect (Hirata et al., 1970), this is the first report on its isolation from the natural

source to the best of our knowledge.

The metabolite ethyl anthranilate (21) was previously detected by gas chromatograph-mass

spectrometry (GC-MS) as one of the aroma-active compounds in Pinot Noir wines (Fang and Qian,
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2006) , while 2-phenylethyl anthranilate (22) is a fragrance ingredient present in the essential oils
from the leaves of Cinnamomum zeylanicum blume collected in India (Raina et al., 2001). As far as
we know, the tH-and 3C-NMR data of ethyl anthranilate (21) and 2-phenylethyl anthranilate (22) are
herein reported for the first time and their corresponding spectra are shown in appendix F.

The compounds (23-25) were known cyclopeptides: cyclo (L-pro-L-isoleu) (23) (Ren et al., 2010),
cyclo-(L-pro-L-leu) (24) (Ren et al., 2010; Sansinenea et al., 2016) and cyclo-(L-pro-L-phe) (25)
(Sansinenea et al., 2016). Cyclo-(L-pro-L-isoleu) (23) was isolated from the marine sponge Dysidea
sp., cyclo-(L-pro-L-leu) (24) was isolated from the marine sponge Dysidea sp. as well as from the
endophtyic bacterium Bacillus thuringiensis isolated the inner tissues of cotton plants. From the latter
bacterium, cyclo-(L-pro-L-phe) (25) was also isolated.

3.2.2. Biological activity

Since the crude extracts showed prominent antimicrobial activity (150 pg/mL against B.
subtilis and 37.5 pg/mL against M. plumbeus), the isolated metabolites were screened against various
bacteria and fungi. The cis-gregatin B (16) was not test due to limited amount. The MIC values showed
that only the new 2-phenylethyl-3-hydroxyanthranilate (18) and 2-phenylethyl anthranilate 22 were
active whereas the remaining compounds were inactive against the organisms tested (Table 19). 2-
phenylethyl-3-hydroxyanthranilate (18) showed the strongest antibacterial activity against Bacillus
subtilis and Micrococcus luteus with MIC values of 8.33 and 16.66 ug/mL, respectively and anti-yeast
activity against Rhodotorula glutinis with MIC value 66.67 pg/mL, while the MIC value of 2-
phenylethyl anthranilate (22) against Mucor hiemalis (16.66 ug/mL) was the same as that of nystatin
used as positive control. The two active metabolites are anthranilic acid derivatives with a phenylethyl
core. Since phenylmethyl anthranilate 19 which contains a phenylmethyl group instead of a
phenylethyl residue was not active, it could be concluded that the phenylethyl moiety in compounds
18 and 22 is essential for their antimicrobial activity. The biological activities of ethyl anthranilate
(21) and 2-phenylethyl anthranilate 22 were not tested previously. Massarilactone H displayed
moderate neuraminidase inhibitory activity (Zhang et al., 2012). As shown in the table 18,
massarilactone D is devoided of any antimicrobial activity. This result is in the lines of earlier
literature (Kock et al., 2007) that found that massarilactone D was inactive in tests for biological
activity against the Gram positive bacterium Bacillus megaterium, the fungus Microbotryum
violaceum and the green alga Chlorella fusca. Moreover, the two known diketopiperazines Cyclo-(L-

pro-L-isoleu) and cyclo-(L-pro-L-leu) were inactive against both bacteria and fungi as reported
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previously (Ren et al., 2010; Sansinenea et al., 2016). Sansinenea et al. (2016) have reported that
cyclo-(L-pro-L-phe) showed a slight inhibition in disk diffusion assay against Fusarium oxysporum

and Penicillium sp.

Table 19: MIC [ug/mL] values of compounds 14, 15, 17-25 against the tested microorganisms

Test organism MIC [pg/mL]

14 15 17 18 19 20 21 22 23 24 25 Ref.
Gram positive bacteria
Micrococcus luteus DSM 1790 n.a n.a na 1666 n.a. na na n.a n.a n.a n.a 0.42
Bacillus subtilis DSM 10 n.a n.a na 833 n.a na na 6667 na n.a n.a 4.16%
Staphylococcus aureus DSM n.a na na 66.67 na na na 66.67 n.a n.a n.a 0.12
346
Mycobacterium smegmatis n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 2.08°

ATCC 700084
Gram negative bacteria

Escherichia coli DSM 498 n.a n.a n.a n.a n.a. na na n.a n.a. n.a n.a 3.332
Pseudomonas aeruginosa PA 14  n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 0.52¢
Chromobacterium violaceum n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 0.42

DSM 30191

Yeasts

Candida albicans DSM 1665 n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 16.66¢
Rhodotorula glutinis DSM n.a n.a na 66.67 na na na n.a n.a n.a n.a 2.08d
10134

Pichia anomala DSM 6766 n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 8.33¢
Schizosaccharomyces pombe n.a n.a n.a n.a n.a na na n.a n.a n.a n.a 8.33¢
DSM 70572

Filamentous fungi

Mucor hiemalis DSM 2656 n.a n.a na 33.33 n.a na na n.a 16.66 n.a n.a 16.66

Ref: references: 2 Oxytetracyclin (1 mg/mL), ® Kanamycin (10 mg/mL), ¢ Gentamycin (1 mg/mL), ¢ Nystatin (1 mg/mL).
n.a.: no activity.

Furthermore, the ability of the isolated compounds to inhibit the proliferation of two mammalian cell
lines including HelLa cells KB3.1 and mouse fibroblasts L929 was examined. Only 2-phenylethyl
anthranilate (22) showed moderate cytotoxic activity against HeLa cells KB3.1 with I1Cso value of 8.8

ug/mL (Table 20). The cis-gregatin B (16) was not test due to limited amount.

Table 20: Cytotoxic effect (1Cso) of compounds 14, 15, 17-25 against two cancer cell lines.

Cell line ICso [ng/mL]
14 15 17 18 19 20 21 22 23 24 25 Ref
L929 >10° >10° 19 nt >10° >10° >10° nt >10° >10°8 >10° 1.4

KB3.1 >10° >10° 18 18 >10° >10° >10® 8.8 >10° >10° >10° 0.052

Ref: reference (Epothilone B), n.t.: not tested.
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3. 3. Compounds isolated from Chaetomium madrasense

3.3.1. Fermentation and metabolites isolation

The fungus Chaetomium madrasense (C. madrasense) was cultured in liquid YM medium
(3L). The purification of the mycelial extract yielded three known fungal metabolites: N-
acetyltryptamin (26), xanthoquinodin A3 (27) and xanthoquinodin Al (28). Xanthoquinodin Al (28)
was the main metabolite produced by C. madrasense as shown in LC-MS chromatogram of the
mycelial crude extract (Figure 48), while xanthoquinodin A3 and N-acetyltryptamine were minor. The
chemical structures of the three compounds are shown in figure 49. Also, the table 21 reports the LC-
MS data of the purified compounds and their physical properties
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Figure 48: HPLC chromatogram of mycelial crude extract derived from YMG liquid culture of Chaetomium madrasense.

Figure 49: Chemical structures of the three known compounds (26-28) isolated from C. madrasense.
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Table 21: LC-MS data of the three known compounds and their physical properties

N°  Compound Molecular formula  LC-MS (m/z) Physical properties
26 N-Acetyltryptamin C12H140N;> 202.25 Yellow solid

27 Xanthoquinodin A3 Ca1H24011 572.17 Yellow powder

28 Xanthoquinodin Al Ca1H24011 572.17 Yellow powder

3.3.2. Biological activity

Xanthoquinodin Al (28) and A3 (27) were isolated for the first time from the cultured broth
of the soil isolate Humicola sp. They were originally identified as anticoccidial compounds by Tabata
etal. (1992) as well as having similar range of antibacterial activity at 1 mg/mL against Gram positive,
Gram negative bacteria and Mycoplasma by using the paper disk method. Xanthoquinodins A1(28)
and A3 (27), exhibited inhibition zone diameter of 12 and 11 mm against Bacillus subtilis, 8 and 9
mm against Micrococcus luteus, 9 and 9mm against Staphylococcus aureus, 8 and 8 mm against
Bacteroides fragilis and 10 and 7 mm against the Mycoplasma Acholeplasma laidlawli respectively.
However, in the current study, xanthoquinodin A1(28) and A3 (27) exhibited antibacterial activity
against Gram positive bacteria in which xanthoquinodin A1 was more active than Xanthoquinodin A3
(Table 22) where the highest antibacterial activity was found against B. subtilis with MIC value 0.83
pg/mL, while MIC value of 8.33 pug/mL was recorded for A3.

In addition, xanthoquinodin Al (28) was shown to have anti-yeast effect against Pichia anomala
(66.67 pg/mL), while xanthoquinodin A3 (27) did not display any anti-yeast activity. The antifungal
activity was recorded only against Mucor hiemalis for both xanthoquinodins with MIC value
66.67ug/mL.

Cytotoxicity of metabolites 26-28 against the murine mouse fibroblasts and HeL a cells were evaluated
by the MTT method. The results (table 23) showed that the three compounds exhibited moderate to
high cytotoxicity. In fact, xanthoquinodin Al displayed significant cytotoxic activity with 1Csq of 2
and 0.2 pg/mL against mouse fibroblast and HeLa cells respectively. Both Xanthoquinodins did not
show selective activity, this may explain their therapeutic use exemption until now.
N-acetyltryptamin (26) is a known indole alkaloid, which is widely distributed in terrestrial and marine
organisms. It has been isolated from different species of plants, e.g. the leaves of Prosopis nigra
(Liguminosae), from myxobacteria (Bettina et al., 1996) as well as from fungi, e.g. Penicillium

chrysogenum and Penicillium expansum (BenAmeur et al., 2009), Fusarium incarnatum ( Zafar Alam
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et al., 2010) and Aspergillus fumigatus (Shi et al., 2015). The current study reports for the first time

the isolation of N-acetyltryptamin from the genus Chaetomium. This metabolite often carries

biological and pharmacological activities. However, as shown in table 22, the N-acteyltryptamin (26)

did not exhibit any antimicrobial activity while its cytotoxic effect was high against HeLa cells with

ICso of 1 pug/mL (table 23).

Furthermore, the phytotoxic and anti nematicidal activity of the three compounds (26-28) were also

tested. No activity of both assays was recorded for the three compounds.

Table 22: MIC [ug/mL] values of compounds 26-28.

Test organism MIC [pg/mL]

26 27 28 Reference
Gram positive bacteria
Micrococcus luteus DSM 1790 n.a 8.33 n.a 0.83?
Bacillus subtilis DSM 10 n.a 0.83 8.33 16.672
Staphylococcus aureus DSM 346 n.a 4.16 16.66 0.422
Mycobacterium smegmatis ATCC 700084 n.a n.a n.a 4,174
Gram negative bacteria
Escherichia coli DSM 498 n.a n.a n.a 3.33°
Pseudomonas aeruginosa PA 14 n.a n.a n.a 2.08°
Chromobacterium violaceum DSM 30191 n.a n.a n.a 8.33?
Yeasts
Candida albicans DSM 1665 n.a. n.a n.a 8.33¢
Rhodotorula glutinis DSM 10134 n.a n.a n.a 2.08¢
Pichia anomala DSM 6766 n.a 66.67 n.a 8.33¢
Schizosaccharomyces pombe DSM 70572 n.a n.a n.a 4.17¢
Candida tenuis MUCL 29892 n.a n.a n.a 0.52¢
Filamentous fungi
Mucor hiemalis DSM 2656 n.a 66.67 66.67 16.67¢
Mucor plumbeus MUCL 49355 n.a n.a n.a 2.084

a Oxytetracycline hydrochloride (1 mg/mL), ® Kanamycine (10mg/mL), ¢ Gentamycine (10 mg/mL), ), ¢ Nystatin (1

mg/mL), n.a, no activity.
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Table 23: Cytotoxic effect (ICso) of compounds 26-28 against two cancer cell lines.

Cell line ICs0 [pg/mL]

26 27 28 Reference
L929 3.6 18 2 9 x10
KB3.1 1 15 0.2 3.1x10°

Reference: Epothilone B.
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Conclusion and perspectives

The endophytic fungi are a hidden treasure house of chemically important compounds with
potential biological activity. Many natural compounds have been isolated from various species of
endophytes. However, the Algerian species remain untapped by chemical investigations. The present
study demonstrates for the first time, the isolation of endophytic fungi from the roots of G. alypum
collected in summer 2015. The plant inhabits a considerable diversity of fungal endophytes. A total
of seventeen fungal strains were isolated. The fungal endophyte assemblage was relatively highly
diverse and was distributed in three important fungal classes of Ascomycota: Eurotiomycetes,
Dothideomycetes and Sordariomycetes representing nine genera: Alternaria, Aspergillus,

Chaetomium, Dendrothyrium, Diaporthe, Fusarium, Macrophomina, Penicillium and Preussia.

A screening involved the fermentation in various culture media of eight endophytic isolates followed
by extraction and test for eventual antimicrobial activity were performed. The results revealed that all
crude extracts of the selected isolates showed inhibitory activity against at least one of the test strains

used in the current study.

Furthermore, the endophytic fungi were studied for the discovery of new bioactive compounds. As
expected, twelve new secondary metabolites among total of twenty-eight were isolated only from five
isolates belonging to Chaetomium madrasense, Dendrothyrium variisporum and Preussia similis. The
outcomes of the work confirm that fungal endophytes are a seemingly unlimited source of novel
natural products that may help to achieve a better understanding to chemical diversity of an important
group of non clavicipitaceous Ascomycota. Moreover, this could also give advance to the
chemotaxonomy of the respective producer organisms. The three strains of the same species Preussia
similis have been shown to generate chemical diversity and novelty in secreted secondary metabolites.
In total thirteen compounds were identified in which seven were new including six new bicyclic
polyketides (preusslides A-F), new dimer of 2-aminobenzoid acid moieties, four known cytochalasins
and two xanthone derivatives. These chemical features might be considered as a good
chemotaxonomic markers of the genus Preussia as its chemotaxonomy is poorly established. Also,
five new compounds along with seven known were purified from cultures of Dendrothyrium
variisporum. Since, no previous study has encrypted the chemical profile of the recently described

genus Dendrothyrium, these compounds could give advance regarding its chemotaxonomy.
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Moreover, the screening for secondary metabolites production of Chaetomium madrasense yielded
three known compounds; xanthoquinodins Al, A3 and N-acetyl tryptamin reported for the first time
as natural products of the respective fungus.

In the course of the study, all known and new compounds were tested for their biological activities.
Meanwhile preussilides, in particular preussilides A and C, have shown prominsing antifungal and
anticytostatic activities. The latter might be result of defect of an enzyme involing in cell division
coordination. This prospective antiproliferative activity should be deeply studied in order to well-
establishe the specific targets. Also, preussildes should be subjected to in vivo tests to evaluate their
efficacy and bioavaibility by using animal models.

Interestingly, the new dimer of 2-aminobenzoid acid moieties exhibited selective antifungal activity
against the filamentous fungus Mucor hiemalis. The promising antimycotic activity recorded by this
compound as well as by preussilides A and C should be further investigated to elucidate its mode of
action. These studies can reveal new targets which could lead to the development of new drugs to treat
fungal infections in human, animals and plants.

Moreover, the anthranilic acid derivatives 2-phenylethyl-3-hydroxyanthranilate and 2-phenylethyl
anthranilate isolated from Dendrothyrium variisporum exhibited antimicrobial activity. These new
products could be a promising candicates for the discovery, development, and definition of the

mechanisms of effective antibiotic alternatives.

The biological activities of the isolated compounds were extensively studied using different bioassay
systems. Nervertherless, the biossays accomplished are considered as preliminary screening. The
compounds can show selective effects in other targets and they should be subjected to additional
bioassays such as antiviral, anti-inflammatory, antibiofilm tests which could unveil a newly

unexepected activities that can lead to the developement of new wave of potential drugs.

During our investigation, many metabolites were in trace amounts. Optimization of growing
conditions could increase the production of the desired compounds. Also, by using the co-cultivation
approach with antagonists, we can enhance the yield of antimicrobial compounds that normally are
not present in individual axenic culture or produced in small amounts. This may help to open doors

towards the discovery of new natural antimicrobial substances derived from endophytic fungi.
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Also, the whole genome of fungal isolates should be sequenced, in order to identify gene clusters
associated with secondary metabolites and uncover their real genomic potential.

The finding of this study showed that endophytic fungi are talented in producing secondary
metabolites and this source of intersting compounds would bring the endophytic fungi to light to be
utilized in the field of medecine and agriculture.
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Appendix A

List of used taxa for the phylogenetic reconstruction



Table S1. List of used taxa for the phylogenetic evaluation of the three fungal isolates of Preussia similis. GenBank accession numbers, strain

number of public culture collections, origin and isolation substrate are given. T Type strain.

Species Strain Substrate Origin GenBank Accession Number
ITS LSU EF-1a

Preussia africana S12 Goat dung Tanzania AY510420 AY510384 AY510405
(P. Africana)

P. africana S14 Zebra dung South Africa AY510417 AY510382 AY510403
P. africana S15 Zebra dung South Africa AY510421 AY510385 AY510404
P. africana S177 Viburnum tinus leaves Canary Islands AY510418 AY510383 AY510402
P. australis S5 Gazelle dung South Africa AY510411 AY510376 AY510399
P. australis S6 Gazelle dung Namibia AY510412 AY510377 AY510401
P. australis S7 Zebra dung South Africa AY510413 AY510378 AY510400
P. intermedia S1 Elk dung USA AY510415 AY510380 AY510398
P. intermedia S4 Goat dung Greece AY510416 AY510381 AY510397
P. intermedia S3 Goat dung Greece AY510414 AY510379 AY510396
P. pseudomina S257 Leaf litter Puerto Rico AY510424 AY510389 AY510407
P. mediterranea S31 Alnus glutinosa leaves Spain DQ468024 DQ468044 DQ468012
P. mediterranea S34 Daphne gnidium leaves Spain DQ468025 DQ468045 DQ468013
P. mediterranea S30 Quercus suber leaves Spain DQ468023 DQ468043 DQ468011
P. mediterranea 5237 Cistus albidus leaves Spain DQ468022 DQ468042 DQ468011
P. mediterranea S22 Quercus ilex leaves Spain DQ468021 DQ468041 DQ468009
P. minima S26 Leaf litter USA AY510427 AY510392 AY510409
P. minima S21 Rhinoceros dung South Africa AY510425 AY510390 AY510408
P. minima S13 Gazelle dung Namibia AY510426 AY510391 AY510410



http://www.indexfungorum.org/names/Names.asp?strGenus=Preussia
http://www.indexfungorum.org/names/Names.asp?strGenus=Preussia
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Table S1 (continued)

P. minima CBS2450 Goat dung Panama DQ468026 DQ468046 DQ468003
P. minimoides S10 Pig dung Argentina AY510423 AY510388 AY510406
P. similis S19 Dung USA AY510419 AY510386 AY510395
P. similis CBS 80473 Saline desert soil Kuwait DQ468028 DQ468048 DQ468006
Westerdykella dispersa CBS 15667 Soil Nigeria DQ468016 DQ468036 DQ468000
Westerdykella dispersa CBS 71271 Greenhouse Soil Netherlands DQ468031 DQ468051 DQ468005
Westerdykella dispersa CBS 50875 Salt-Marsh Soil Armenia DQ468030 DQ468050 DQ468002




Table S2. List of used taxa for the phylogenetic evaluation of the fungal isolate Dendrothyrium variisporum. GenBank accession numbers, strain
number of public culture collections, origin and isolation substrata are given. T Type strain.

Species Strain Substrate Host Origin GenBank Accession Number
ITS LSU Tub Actin
Dendrothyrium CBS 19782 Grapevine - Switzerland JX496030 | JX496143 | JX496369 | JX496256
variisporum
Dendrothyrium CBS 121217 Declined grape vine Vitis vinifera Switzerland JX496053 | JX496166 | JX496392 | JX496279
variisporum
Dendrothyrium CBS 58283 - Arceuthobium Grand Beach JX496097 | JX496210 | JX496436 | JX496323
longisporum pusillum
Dendrothyrium CBS 82484 - Triticum aestivum Germany JX496115 | JX496228 | JX496454 | JX496341
longisporum
Alloconiothyrium aptrootii | CBS 98195 Soil - Papua New JX496122 | JX496235 | JX496461 | JX496348
Guinea
Alloconiothyrium aptrootii | CBS 98095 Soil - Papua New JX496121 | JX496234 | JX496460 | JX496347
Guinea
Paraphaeosphaeria CBS 167707 Leaf Saccharum El Salvador JX496047 | JX496160 | JX496386 | JX496273
angularis officinarum
Paraphaeosphaeria CBS 21868 Wheat-field soil - El Salvador JX496047 | JX496160 | JX496386 | JX496273
sporulosa
Paraphaeosphaeria sardoa | CBS 501717 Dead leaf Smilax aspera - JX496094 | JX496207 | JX496433 | JX496320
Paraphaeosphaeria CBS 158757 Soil Elaeis guineensis - JX496043 | JX496156 | JX496382 | JX496269
arecacearum




Table S2 (continued)

Paraconiothyrium CBS 100299 Fruit Coffea arabica - AY642531 | JX496124 | JX496350 | JX496237
brasiliense

Paraconiothyrium CBS 113269 Resupinate polypore - Albania JX496020 | JX496133 | JX496359 | JX496246
fungicola fungus

Paraconiothyrium CBS 16877 Leaf spot Pithecelobium Burma JX496049 | JX496162 | JX496388 | JX496275
archidendri bigeminum

Paracamarosporium CBS 120025 Stem Sophora USA JX496027 | JX496140 | JX496366 | JX496253
hawaiiense chrysophylla

Paraconiothyrium CBS 97295 Soil Hevea brasiliensis - JX496088 | JX496201 | JX496427 | JX496314
cyclothyrioides

Paraconiothyrium CBS 109850 Sediment from estuarine - - JX496016 | JX496129 | JX496355 | JX496242
estuarinum

Pseudocamarosporium CBS 121166 - Prunus persica South Africa JX496029 | JX496142 | JX496368 | JX496255
africanum

Microsphaeropsis CBS 100243 Soil - - JX496010 | JX496123 | JX496349 | JX496236

arundinis
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FACS data of U20S treatment
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Figure S1: FACS data of Pl-stained cells.
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Figure S2: The Figure depicts cytofluorimetric analysis of U20S cells treated by five of preussilides (preussilide B was not tested due to limited material) and stained for DNA,
lamin and alpha - tubulin. Percentage of cells and amounts of tubulin and lamin in each cell cycle phase are shown. F1: Preussilide A, F3: preussilide C, F4: preussilde D, F5:
preussilide E, F6: preussilide F.
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ABSTRACT: Six novel bioactive bicyclic polyketides (1—6) were isolated from cultures of an endophytic fungus of the
medicinal plant Globularia alypum collected in Batna, Algeria. The producer organism was identified as Preussia similis using
morphological and molecular phylogenetic methods. The structures of metabolites 1—6, for which the trivial names preussilides
A—F are proposed, were elucidated using a combination of spectral methods, including extensive 2D NMR spectroscopy, high-
resolution mass spectrometry, and CD spectroscopy. Preussilides were tested for antimicrobial and antiproliferative effects, and,
in particular, compounds 1 and 3 showed selective activities against eukaryotes. Subsequent studies on the influence of 1 and 3
on the morphology of human osteosarcoma cells (U20S) suggest that these two polyketides might target an enzyme involved in
coordination of the cell division cycle. Hence, they might, for instance, affect timing or spindle assembly mechanisms, leading to
defects in chromosome segregation and/or spindle geometry.

he apparent increase in human diseases such as cancer and

infections calls for new and beneficial therapeutic agents.
Fungi are prolific sources of bioactive natural products," and in
particular the endophytic mycobiota may have developed an
arsenal of unique secondary metabolites that has evolved during
the symbiotic endophytes—plant relationship.” The genus
Preussia (Sporormiaceae, Pleosporales) comprises filamentous
Ascomycota that live on animal dung, plant debris, soil, and
wood” or as endophytes.*® Modern taxonomic concepts of
Preussia include the species of the genus Sporormiella, since the
salient discriminatory morphological features by which these
genera have been historically distinguished are now known to
depend on culture conditions.”” Moreover, recent molecular
phylogenetic studies have revealed that Preussia and Spor-
ormiella do not form monophyletic clades, but rather their
DNA sequences become intermingled in phylogenetic trees.”*’
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Both Preussia and Sporormiella are known to be prolific
producers of bioactive polyketides, including depsidones.'*"*
In particular, Preussia similis (Khan & Cain) Arenal'>'* was
found to be a rich source of antifungal compounds, such as
similins A and B'® and preussomerin A.'° From our collection
of endophytic fungi isolated from the medicinal plant
Globularia alypum Linn. (Plantaginaceae) collected in Batna,
Algeria, P. similis DSM 104666 was selected for further study
based on a phylogenetic preselection as outlined previously'”"*
and screened in order to search for novel biologically active
secondary metabolites. Herein we report the isolation, structure
elucidation, absolute configuration, and biological activity of
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preussilides A—F (1—6), six new bicyclic polyketides from the
endophytic fungus P. similis DSM 104666. Furthermore, the
morphological characteristics and the phylogenetic position of
the producing organism are illustrated and discussed.

B RESULTS AND DISCUSSION

The main component of this compound family, preussilide A
(1), was obtained as a pale yellow gum with an overall yield of
13 mg/L. High-resolution electrospray ionization mass
spectrometric (HRESIMS) analysis of 1 indicated the

molecular formula C,qH;,0, (caled for C,sH;0,", 399.2530)
with 9 degrees of unsaturation. 'H, "*C, and 'H,"*C HSQC
NMR data indicated the presence of six methyls, two sp’
methylenes, five sp’ and five sp’ methines (including an
oxygenated one), and seven sp” nonprotonated carbons (Table
1). '"H,'H COSY and 'H,"*C HMBC NMR data established a
4,6-dimethylhepta-2,4,6-trienoic acid substructure (4, in Figure
1), as they showed a COSY correlation between H-18 and H-
19 and HMBC correlations from H-18 to C-20 and C16, from
H-16 to C-14 and C-18, from H;-25 to C-16, C-17, and C-18,
and from H;-24 to C-14, C-15, and C-16. Furthermore, three
COSY correlation sequences from H;-23 to H-12, H;-22 to H,-
8, and Hj;-1 to H,-3, together with a network of HMBC
correlations, established a decalin derivative motif (B) as shown
in Figure 1. The propan-2-ol group was connected to C-4 of the
decalin moiety by HMBC correlations from H-2 to C-4 and
from H-13 to C-3. Finally, a COSY correlation between H-14
and H-13 and HMBC correlations from H-14 to C-12 and C-4,
from H-13 to C-15, and from H-12 to C-14 interconnected
structure elements “A” and “B” via methine carbon C-13 of the
decalin moiety to give the new polyketide preussilide A (1).
The carbon skeleton of 1 resembles those of other fungal
metabolites, such as the antarones from Penicillium antarcti-
cum'® and hamigerone from Hamigera avellenea.”

The relative configuration of preussilide A (1) was
determined on the basis of 'H,'H ROESY data and vicinal
coupling constants. NOE correlations (Figure 2) between the
methine proton H-12 and the methyl H;-23, H-14, and H-8b
revealed they are on the same face of the decalin unit.

Table 1. '"H and *C NMR Spectroscopic Data of Preussilide A (1) (700 MHz, Methanol-d,)”

pos 8¢, type 6y (J in Hz)

1 23.72, CH, 121, d (6.1)

2 68.08, CH 3.93, sxt (62)

3a 4243, CH, 2.53,1dd (7.3, 14)

3b 1.96, br dd (5.8, 14)
127.97, C

S 127.96, C

6 124.53, CH 579, s

7 137.61, C

8b 43.78, CH, 2.00, br t (12.0)

8a 2.70, dd (11.9, 6.4)

9 50.04, CH 2.41," ddquin (0.9, 12.0, 6.4)

10 21471, C

11 50.02, CH 2,51, dq (125, 6.4)

12 52.02, CH 1.74, d (12.5)

13 41.04, CH 3.31, br d (10.3)

14 137.99, CH 5.38,d (10.4)

15 132.77, C

16 144.12, CH 623, br s

17 13348, C

18 151.55, CH 7.27, d (15.6)

19 118.74, CH 5.83, br d (15.6)

20 171.63, C

21 18.66, CH, 1.84, s

22 15.35, CH, 1.06, d (6.4)

23 12.03, CH, 1.12, d (6.4)

24 17.22, CH, 1.90, d (1.2)

25 14.06, CH, 1.87, d (0.9)

COSY ROESY HMBC
2 2>3b 2,3
13 1>3a L,23
3b, 2 21,3b>2 1, 13,2
3a, 2 3a>13 1, 13,2
21 > 8a 12,21, 8
9, 8a 8a > 22, 12 22,9, 6, 12, 10
8b, 9 8b,6 > 9 22,9, 6,12, 10
22,8 22, 8a > 11 7,10, 22, 8
23, 12 23>9>13 23,12, 13, 10
11 b 4,6, 8, 10, 23, 13, 14
14 24, 23,12 > 3b, 2, 11 12,11, 3, 15,5, 7
13 25 4,12, 24, 16
18 > 14 25, 24, 14, 18
19 16 25, 16, 20
18 25 17, 20
6, 3a 4,5, 6
9 8b,9 > 8a 89 10
11 12,11, 13 10, 11, 12
13, 16 14, 15, 16
19 > 14 16, 17, 18

“H-13 overlapped with solvent peak, J;;.,; value was obtained from the spectrum recorded in acetone; ' overlapping signals; > stepwise decreasing

intensity.
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Figure 1. Selected 'H,"H COSY and 'H,"*C HMBC correlations of 1, 2, and 3.

Figure 2. Energy-minimized conformation of preussilide A (1) in
solution [selected NOEs of 1 in front (red arrows) and in the rear
(green arrows); the black arrows show the negative chirality in 1 based
on ECD analysis].

Furthermore, an NOE correlation between H-13 and H-11 and
H;-24 indicated that H-13 and H-11 are on the face opposite
H-12. This was supported by the absence of a coupling
constant between H-12 and H-13 (J = 0 Hz), which suggests
that the dihedral angle between H-12 and H-13 is
approximately 90°. A coupling constant of ] = 12.5 Hz between
H-11 and H-12 supported their trans-orientation. In addition,
H;-22 showed an NOE to H-8b, indicating that H;-22 is
cofacial with H-12. Thus, the relative configuration of the
decalin moiety was determined as shown in Figure 2, which is
consistent with the reported configuration of antarones.'” The
geometry of the C18—C19 double bond of the 4,6-
dimethylhepta-2,4,6-trienoic acid chain (structure element A)
was determined from the coupling constant Jig;9 = 15.6 Hz,
indicating an E-configuration of this double bond. The
trisubstituted double bonds A’ and A'®'7 were assigned as
E-configured based on NOE correlations between H;-24 and
H-13 and of H-14 and H-19 to the methyl H;-2S as well as the
NOE between H-16 and H-18. This was supported by the *C
NMR shifts for H;-24 and H;-25, ¢ 17.2 and 14.1, respectively.
The relatively upfield shifts confirm the cis-configuration of the
methyl to the residue (R) at the trisubstituted double bonds
and thus an E-configuration at A'*'S and A6,

To determine the absolute configuration of preussilide A (1),
Mosher esters of 1 were prepared of the secondary alcohol C-2.
Analysis of the AS*® values of the MTPA esters revealed
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negative values of —42 and —70 Hz of H;-1 and H;-21,
respectively, while the A5*® values of H-3a, H-3b, and H-13
were +35, +42, and +49 Hz, respectively. Thus, the S-
configuration was assigned at C-2.

The absolute configurations of the remaining stereogenic
centers in 1 were assigned using CD spectroscopy. With the
decaline-diene and the triene side chain, compound 1 has a
bichromophoric system, which, according to the exciton
chirality rule, can be used to elicit the absolute configuration
of 1.”** The ECD spectrum of 1 in EtOH showed a negative
Cotton effect at A, 302 nm (Ae = —15.01) and a positive
Cotton effect at 4,,,, 265 nm (Ae = +8.80) (Figure 3) due to

390 440 490

CD [mdeg]

-70
Wavelenth [nm]

Figure 3. ECD spectra of compounds 1—4 in ethanol.

the transition interaction between the two different chromo-
phores. This evidence indicated a negative chirality (—) for 1.
According to the excition chirality rule, the absolute R-
configuration of C-13 was determined as shown in Figure 2.
Consequently, the 3D structure of 1 was unambiguously
determined as 2S, 9R, 118, 125, 13R. A model calculated with
the pm3 method using HyperChem (ver. 8.0.10) showed the
energy-minimized 3D structure of preussilide A (1) (Figure 2).
In this structure the calculated torsion angle between H-12 and
H-13 was 93° and thus fully supports the absence of their
vicinal coupling.

Indicated by the positive HRESIMS ion cluster [M + H]" at
m/z 399.2519 (caled 399.2530) compound 2 was an isomer of
1 sharing the elemental formula C,sH;,0,. The 'H and “C
NMR spectra resembled those of 1 (Tables 2 and 3). However,
the doublet signal for H-1 in 1 was replaced by a singlet at dy
2.13 (8¢ 29.4) assigned to a methyl ketone unit in 2. This was
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Table 2. "H NMR Spectroscopic Data of Preussilides B—F (2—6) (700 MHz, Methanol-d,)

2 3 4 S 6
pos Sy (J in Hz) Sy (J in Hz) Sy (J in Hz) Sy (J in Hz) Sy (J in Hz)
213,s 216, s 217, s 121,d (6.1) 216, s

2 393, m

3b 2.89, d (14.6) 297, d (15.6) 3.00, d (15.9) 1.94, m 297, d (15.6)

3a 345, d (14.6) 3.56, d (15.6) 3.62, d (15.9) 2.53, m 3.55, d (15.6)

6 5.52,s 5.83,%s 577, s 579, s 5.82, s

8b 2.15%m 2.01, t (11.6) 2,09, t (11.8) 2.00, m 2.01, br t (11.6)

8a 2.00, dd (12.0, 4.3) 272, dd (11.9, 6.7) 26a, dd (11.8, 6.7) 270, dd (11.9, 6.4) 272, dd (119, 6.7)

9 161, m 243, m 241, m 241, m 243, m

10 3.56, t (2.5)

11 1.63,% m 249, m 247, m 2.50, m 248, m

12 2.14, d (12.5) 1.76, d (12.5) 1.83, d (12.9) 1.74, d (12.5) 176, d (12.8)

13 3.06, d (10.3) 321, d (104) 3.19,d (10.3) 332 d (10.4) 321, d (10.4)

14 543, d (10.3) 5.36, d (10.4) 5.15, d (10.3) 5.39, d (104) 5.37,d (10.4)

16 621, s 6.24, s 6.08, s 6.26, s 6.26, s

18 724, d (15.5) 7.30, d (15.6) 7.59, d (15.9) 7.32, d (15.6) 7.32, d (15.6)

19 5.85, d (15.5) 5.82,* d (15.6) 5.90, d (15.9) 5.86, d (15.6) 5.86, d (15.6)

21 177, s 1.84, s 1.82, s 1.84, s 1.84, s

22 1.00, d (6.9) 1.07,d (6.7) 1.07,d (6.5) 1.06, d (6.7) 1.07,d (6.7)

23 1.01, d (6.9) 1.05, d (6.4) 1.06, d (6.4) 1.12, d (6.4) 1.05, d (6.4)

24 1.88,d (1.3) 1.89, d (1.9) 1.81, s 1.90, d (1.2) 1.88, d (1.2)

25 1.89, d (1.3) 1.88, d (0.9) 1.87,d (1.3) 1.87,d (1.2) 1.87,d (1.2)

OMe 372, s 372, s

“Overlapping signals.
Table 3. '*C NMR Spectroscopic Data of Preussilides B—F (2—6) (175 MHz, Methanol-d,)
2 3 4 S 6

pos OS¢, type d¢, type Oc, type O, type Oc, type
1 29.4, CH, 29.8, CH, 29.8, CH, 23.7, CH, 29.8, CH,
2 209.9, C 209.3, C 209.7, C 68.1, CH 209.3, C
3 479, CH, 47.5, CH, 47.6, CH, 43.8, CH, 47.5, CH,
4 1229, C 1243, C 1244, C 1279, C 1242, C
S 1288, C 129.1, C 1288, C 1280, C 129.1, C
6 120.9, CH 124.1, CH 1239, CH 124.5, CH 124.0, CH
7 1439, C 139.0, C 139.0, C 1376, C 139.0, C
8 39.5, CH, 43.6, CH, 437, CH, 42.4, CH, 43.6, CH,
9 43.6, CH 49.9, CH 49.9, CH 50.0, CH 49.9, CH
10 77.5, CH 2144, C 2147, C 2147, C 2144, C
11 433, CH 50.4, CH 50.4, CH 50.0, CH 504, CH
12 45.6, CH 51.7, CH 51.6, CH 52.0, CH 51.7, CH
13 39.2, CH 40.7, CH 40.8, CH 41.0, CH 407, CH
14 1383, CH 1369, CH 135.7, CH 1383, CH 137.0, CH
15 1322, C 1335, C 1332, C 132.7, C 1335, C
16 1437, CH 1444, CH 1403, CH 1449, CH 144.7, CH
17 1333, C 1335, C 133.1, C 1333, C 1335, C
18 1509, CH 152.1, CH 141.9, CH 152.1, CH 152.1, CH
19 119.7,” CH 118.0, CH 1169, CH 117.1, CH 1172, CH
20 1725}’C 171.0, C 173.8, C 169.7, C 169.7, C
21 18.5, CH, 18.4, CH, 18.5, CH, 18.6, CH, 18.5, CH,
22 18.9, CH, 15.4, CH, 15.4, CH, 15.3, CH, 15.4, CH,
23 16.0, CH, 11.6, CH, 116, CH, 12,0, CH, 11.6, CH,
24 17.2, CH, 17.2, CH, 17.3, CH, 17.2, CH, 17.2, CH,
25 14.1, CH, 14.1, CH, 20.8,° CH, 14.0, CH, 14.0, CH,
OMe s2.1, CH, 52.1, CH,

“Overlapping signals. “Signals were assigned from HSQC and HMBC. “Chemical shift value supports the different double-bond geometry in 4.

supported by the downfield shift of the signals for H,-3 in 2 at
Sy 2.89 and 3.45 (6 1.96 dd and 2.53 dd in 1). In contrast, a
secondary alcohol was assigned to C-10 in 2 at 6y 3.59 and Jc¢

77.5, supported by upfield shifts of the carbon signals C-9 and
C-11 at 5 43.6 and 43.3, respectively (5c 50.0 and 6¢ S0.1 in
1) and by relevant HMBC correlations. Thus, the planar
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Table 4. Cytotoxic Effect (ICs,) of Preussilides A—F (1—6) against Different Normal and Cancer Cell Lines”

ICs, [uM]
cell line 1 2 3 4 S 6 ref
mouse fibroblasts 1929 6.5 173 9.1 24.7 80.0 53.6 1.7 x 1072
HeLa cells KB3.1 6.0 11.3 2.5 17.4 23.0 51.2 6.1 x107°
squamous carcinoma A431 20.3 3S5.1 10.1 17.9 55.8 >2437.5 7.3 X 107
human lung carcinoma A549 60.3 70.3 229 479 412 >2437.5 1.5 x 107
ovarian carcinoma SKOV-3 22.6 324 15.6 20.19 29.1 >2437.5 236 X 107°
human prostate cancer PC-3 47.7 60.2 18.4 454 412 >2437.5 2.5 x 107
human breast adenocarcinoma MCF-7 24.3 22.1 7.3 154 55.8 >2437.5 1.5 x 107*
human osteosarcoma U20S 7.03 >2511 6.8 >2523.7 >2425.6 222 1.04 x 107*

“Reference: epothilone B.

structure of 2 was assigned for preussilide B. Comprehensive
analysis of ROESY data and coupling constant values indicated
that the relative configuration of 2 is analogous to that of 1.
Furthermore, NOE correlations between H-10 and its
neighbors H-9 and H-11 together with the small J values (2.5
Hz) showed that all three were on the same face of the decalin
moiety. Preussilide B (2) again showed a negative Cotton effect
at A, 316 nm (Ae = —48.21) and a positive Cotton effect at
Amax 270 nm (A = +29.04). Thus, the ECD data of 2 indicated
an absolute configuration analogous to that of 1, so that the
absolute configuration of preussilide B (2) was unambiguously
assigned as 9R, 10R, 118, 12§, 13R.

Preussilide C (3) was obtained as a yellow gum. The
molecular formula was determined as C,sH;,04 by positive
HRESIMS analysis. The molecular weight of 3 showed a
difference of 2 Da less than that of 1 and 2, suggesting an
additional double bond in 3. The NMR data of 3 were very
similar to those of 1 and 2, except for the presence of two
ketone carbonyl carbon signals at 5¢ 209.3 and 214.4 in the *C
NMR spectrum (Table 3). In addition, the '*C NMR spectrum
lacked the carbon signal for the oxygenated methines C-2 and
C-10 in 1 and 2, respectively. HMBC correlations confirmed
the diketone planar structure of preussilide C (3) as shown in
Figure 1. Compound 3 showed a similar ECD spectrum to that
of 1, with a negative Cotton effect at A, 304 nm (Ae =
—27.09) and a positive Cotton effect at 4., 265 nm (Ag =
+13.96) (Figure 3). Thus, the absolute configuration of
preussilide C (3) was deduced to be 9R, 118, 125, 13R.

Preussilide D (4) has the same molecular formula as
preussilide C (3) (CyH;,0,) and showed nearly identical
NMR spectra, except that the resonances attributed to methine
C-18 shifted from d¢ 152.1, dy; 7.30 in 3 to 5¢ 141.9, 8 7.59 in
4. Furthermore, the methyl group C-25 signals were shifted
from & 14.1, 6y 1.89 in 3 to ¢ 20.8, 6y 1.87, while methine C-
16 was shifted from o 144.4, 6y 6.24 in 3 to 5 140.3, 6y 6.08,
suggesting that the unsaturated side chain of 4 incorporates a
stereochemical change relative to 3. The ROESY spectrum of 4
showed NOE correlations between H-16 and H;-25, indicating
the A''7 Z-configuration. This was supported by an NOE
between H-14 and H-18. Furthermore, the *C NMR shift for
H;-25 (8 20.8), which is downfield compared to H;-25 in all
preussilides confirms the Z-configuration at A'®'. Conse-
quently, the geometry of the double bonds in 4 was assigned as
14E, 16Z, 18E. The ECD data of 4 indicated the same absolute
configuration of the decalin rings as for 3 (9R, 118, 125, 13R)
(Figure 3).

Compounds § and 6 were identified as methylated
derivatives of 1 and 3 with the molecular formulas of
C,sH3c04 and Cy¢H;,0,, respectively. The NMR spectra
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showed additional methyl ester signals at §c 52.1, 6y 3.72 in
both compounds, indicating the esterification of the C-20
carboxylic acid in § and 6. The ROESY and electronic circular
dichroism (ECD) data of preussilide E (5) indicated the same
absolute configuration as for 1 (28, 9R, 118, 12S, 13R) and the
same absolute configuration for preussilide F (6) as that for 3
(9R, 118, 128, 13R). A culture broth from a small fermentation
of the fungus was extracted with acetone, and contact with
methanol was completely avoided in order to check the
biogenetic origin of the methoxy groups in preussilides E (5)
and F (6). The LCMS analysis provided an identical
chromatogram showing the expected peaks for preussilides E
(5) and F (6), which thus were confirmed as genuine metabolic
products of the fungus.

The structurally closest related metabolites to preussilides are
hamigerone, dihydrohamigerone,zo antarones,'” and two un-
named “highly methylated polyketides”.”> The hamigerones
were isolated from Hamigera avellanea, and antarones were
obtained from Penicillium antarcticum, while the unnamed
“highly methylated polyketides” were isolated from a yew-
associated Penicillium species. Hamigerones were reported to
have antifungal activity against the plant pathogens Pyricularia
oryzae and Venturia inaequalis, while the “highly methylated
polyketides” were active against Sclerotinia sclerotiorum. The
antarones, however, were reported to be devoid of antimicro-
bial and cytotoxic effects.

The antimicrobial activity profile of preussilides A—F (1—6)
was determined. The MIC values against filamentous fungi
showed that only compounds 1 and 3 exhibited mild antifungal
activity, whereas remaining compounds 2, 4, 5, and 6 were
inactive against the organisms tested (Supporting Information,
Table S2). The MIC values of compounds 1 and 3 were
determined against Mucor plumbeus as 150 and 37.5 pug/mL,
respectively. Interestingly, the triene acid preussilide C (3)
showed the strongest activity against Aspergillus fumigatus, with
an MIC value of 8.3 pig/mL, and was thus more potent than the
positive control cycloheximide (MIC 33.3 ug/mL), followed by
preussilide A (1), with an MIC value of 35.5 ug/mL.
Furthermore, in a standard disk assay, preussilides A (1) and
C (3) inhibited the growth of the plant pathogen S. sclerotiorum,
affording inhibition zones of ca. 28 and 29 mm, respectively, at
100 pug/paper disk, as compared to the positive control nystatin
(32 mm at 20 ug/paper disk) after S days. No antibacterial or
antiyeast activity (see Supporting Information) was observed
with preussilides. No nematicidal activity at up to 100 pug/mL
against Caenorhabditis elegans and no phytotoxic effects in plant
germination assays with Setaria italica and Lepidium sativum at
100 pg/paper disk were observed.

DOI: 10.1021/acs jnatprod.7b00064
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Figure 4. Effects of preussilides A and C (1 and 3) on the morphology of human osteosarcoma cells (U20S) The actin cytoskeleton is not altered
upon treatment (B and C) as compared to controls (A). Antibody staining of microtubules (as indicated in the panels) uncovers multipolar and
duplicated spindles in treated cell populations as compared to predominantly canonical bipolar spindles in mock-treated cells (DMSO-treated
U20S). Aberrantly sized cells with abnormal small nuclei are observed in treated cells (B, bottom panel). Note that small cells may originate from
inaccurate cell division, e.g., due to spindle multiplication. Pseudocolored merge is shown in the far right of every panel. Scale bar is 20 pm.

Cytotoxicity Screening. To evaluate cytotoxicity of the six
polyketides on viability of different mammalian cell lines, we
performed MTT assays. The results showed that all compounds
exhibit modest to very weak cytotoxicity (Table 4) with ICq,
values ranging from 2.5 to 80.0 gM. Only preussilides A (1)
and C (3) showed ICs, values below 10 M for the murine
cells (L929) and cancer cell lines used (HeLa KB.3.1 and
U208, in addition to MCF-7 for preussilide C only). However,
their effect against the other cancer cell lines tended to lack
activity. Moreover, all compounds caused nucleic fragmentation
in the range of ICy, values in L929 cells (see Supporting
Information).

Effects on Cell Morphology. To further analyze
alterations observed in standard-screening assays, the actin
and microtubule cytoskeleton, as well as the nuclear lamina and
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DNA of treated cells, were stained. Effects were most
pronounced when using preussilides A (1) and C (3), and a
more detailed analysis of their biological effects was conducted.
Complementary results from the other compounds can be
viewed in the Supporting Information. Immunofluorescence
experiments revealed that the actin cytoskeleton was not
affected by any of the tested compounds. In contrast to actin,
the microtubule cytoskeleton showed significant alterations
during mitosis with multipolar spindles (Figure 4B,C) in a
significant amount of dividing cells. Whereas this can in
principle occur in cancer cells such as U20S, multipolar
spindles were rare in control-treated U20S, which mainly
displayed normal bipolar mitotic spindles, and properly divided
cells (Figure 4A). Moreover, in treated populations we
observed numerous “inaccurate” cell divisions, giving birth to
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Figure S. Preussilide treatment induces generation of small cells with reduced nuclear size in the human osteosarcoma cell line U20S. (A) FACS
data of PI-stained preussilides and control-treated cells. Note the occurrence of small cells/particles with low DNA content in the treated populations
(middle panel, S pg/mL, 1.96% of cells; bottom panel, 10 pg/mL, 25.5% of cells) as compared to mock-treated (top panel, DMSO-treated, 0.19% of
cells). When classifying cell cycle phases by analyzing the DNA content per cell/particle (right panel), this population fell into the sub-G1 window
(outlined in red as compared to blue in the control). For a full panel on all compounds refer to the Supporting Information). (B) Cells treated with
DMSO, 5 or 10 ug/mL of compound 3, or 250 nM staurosporine and stained with fluorescent caspase 3/7 Green substrate were analyzed by FACS.
Note that there is no increase in apoptosis as compared to the DMSO control (8%) upon preussilide treatment (S ug/mL 3.5% and 10 pg/mL
5.7%). In contrast, staurosporine induced significant programmed cell death (22.6%).

daughter cells with unequal cell and nuclear sizes (Figure 4B the uneven size. The most significant effects were again
lower panel). Hence, this phenotype leads to unequal DNA
distribution between the two new cells, while both daughter
cells form a complete nucleus with intact nuclear lamina despite fragmented nuclei were observed more frequently than in

observed in cells treated with preussilide C (3). Also, cells with
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control populations, reminiscent of the screening result in L929
cells.

In complementary experiments, preussilide-treated cells were
subjected to FACS. To do so, cells were either left untreated,
mock-treated, or treated with S and 10 pg/mL of each
compound, and prepared for flow cytometric analysis upon
staining of DNA, tubulin, and lamin. DNA staining was used to
classify cells according to cell cycle phases (G1, G2-M, S, and
sub-G1). Strikingly, flow cytometry of cells treated with 5—10
ug/mL of preussilides A (1) and C (3) revealed the appearance
of a significant population of sub-G1 cells/particles (Figure SA
and Supporting Information, Figure S4). While this population
in most cases indicated programmed cell death/apoptosis, we
conclude that this sub-G1 population represents those smaller
cells observed before eventually being derived from inaccurate
cell divisions (Figure 4). This conclusion is supported by the
fact that no apoptotic figures were observed in fluorescence
microscopy experiments that could explain this population. To
verify that we here induce a specific phenotype other than
apoptosis, we repeated treatments leading to the most
significant sub-G1 populations and specifically stained for
caspase activation, a hallmark of apoptosis. As a positive
control, cells were treated with staurosporine to induce
apoptosis. The result clearly showed the small cells represented
in the sub-Gl population in FACS experiments were not
apoptotic, ie, do not show caspase 3/7 activation, whereas
staurosporine clearly induced apoptosis in U20S cells (Figure
SB). Noteworthy, preussilide C-treated cells in general, and
preussilide C-treated sub-G1 cells in particular, displayed
increased amounts of tubulin and lamin staining (see
Supporting Information), which also speaks against apoptosis
that would otherwise lead to declining signals due to protein
degradation.

Together, these data suggested that treatment with
preussilides A (1) and C (3) had a profound effect on the
cell cycle with multipolar spindles and inaccurate/unequal cell
divisions, resulting in cells that cannot multiply further and die,
explaining the loss of biomass observed in the cytotoxic
screening. Some of these cells were abnormally small, as seen in
immunofluorescence and as detected as a sub-G1 population in
FACS. Apoptotic cell death appears not to be the predominant
reason, as canonical apoptotic figures were rarely observed in
immunofluorescence, and moreover, caspase 3/7 activation was
at the detection level even after prolonged incubation with high
concentrations of the most active preussilide C. Nonetheless,
multipolar spindles were observed more frequently at
concentrations as low as 0.25 ug/mL, which is 10- to 20-fold
below concentrations showing significant cytotoxicity. Thus,
our data indicate that the mechanism of cell manipulation by
preussilides A (1) and C (3) might target an enzyme involved
in coordination of the cell division cycle. Hence, they might, for
instance, affect timing or spindle assembly mechanisms, leading
to defects in chromosome segregation and/or spindle
geometry.

B EXPERIMENTAL SECTION

General Experimental Procedures. Optical rotations were
determined with a PerkinElmer 241 MC polarimeter (using the
sodium D line and a quartz cuvette with a 10 cm path length and 1 mL
volume). UV/vis spectra were recorded on a Shimadzu UV/vis-2450
spectrophotometer using ethanol (UVASOL, Merck); CD spectra
were recorded on a JASCO spectropolarimeter, model J-815. HPLC-
DAD/MS analysis was performed using an amaZon speed ETD ion
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trap mass spectrometer (Bruker Daltonics) in positive and negative
ionization modes. The mass spectrometer was coupled to an Agilent
1260 series HPLC-UV system (Agilent Technologies) [column 2.1 X
50 mm, 1.7 um, C,5 Acquity uPLC BEH (Waters), solvent A: H,O +
0.1% formic acid; solvent B: acetonitrile (ACN) + 0.1% formic acid,
gradient: 5% B for 0.5 min, increasing to 100% B in 20 min,
maintaining isocratic conditions at 100% B for 10 min, flow = 0.6 mL/
min, UV—vis detection 200—600 nm]. HRESIMS spectra were
recorded on a maXis ESI TOF mass spectrometer (Bruker Daltonics)
[scan range m/z 100—2500, rate 2 Hz, capillary voltage 4500 V, dry
temperature 200 °C], coupled to an Agilent 1200 series HPLC-UV
system [column 2.1 X S0 mm, 1.7 pm, Ci3 Acquity wPLC BEH
(Waters), solvent A: H,O + 0.1% formic acid; solvent B: ACN + 0.1%
formic acid, gradient: 5% B for 0.5 min, increasing to 100% B in 19.5
min, maintaining 100% B for S min, FR = 0.6 mL/min, UV—vis
detection 200—600 nm]. The molecular formulas were calculated
including the isotopic pattern (Smart Formula algorithm). Preparative
HPLC purification was performed at room temperature on an Agilent
1100 series preparative HPLC system [ChemStation software (Rev.
B.04.03 SP1); binary pump system; column: Kromasil RP C,g, particle
size 7 pm, dimensions 250 X 25 mm; mobile phase: ACN and water;
flow rate 20 mL/min; diode-array UV detector; 226 fraction collector].
NMR spectra were recorded on a Bruker S00 MHz Avance III
spectrometer with a BBFO (plus) SmartProbe (‘H 500 MHz, *C 125
MHz) and a Bruker 700 MHz Avance III spectrometer with a S mm
TCI cryoprobe ("H 700 MHz, '*C 175 MHz), locked to the deuterium
signal of the solvent. Data acquisition, processing, and spectral analysis
were performed with standard Bruker software and ACD/NMR
Spectrus. Chemical shifts are given in parts per million (ppm), and
coupling constants in hertz (Hz). Spectra were measured in methanol-
d, and acetone-dg; chemical shifts were referenced to the solvent
signals.

Strain Origin and Identification. The endophytic fungus Preussia
similis strain DSM 104666 was isolated from healthy roots of the
medicinal plant shrubby globularia (Globularia alypum) collected from
Ain Touta, Batna 05000 (Algeria), in June 2015, according to
established protocols involving surface sterilization**** After purifica-
tion, the fungus was maintained in 10% glycerol in a deep freezer at
—80 °C and on YMG slant tubes.”® P. similis strain DSM 104666 has
been deposited at DSMZ (German Collection of Microorganisms and
Cell Cultures, Braunschweig 38124, Germany). DNA from the fungal
strain DSM 104666 was extracted using an EZ-10 Spin Column
Genomic DNA Miniprep kit (Bio Basic Canada Inc, Markham,
Ontario, Canada). Cell disruption and homogenization was performed
using the homogenizer Precellys 24 (Bertin Technologies, France) at a
speed of 6000 rpm for 40 s twice. The following primer combinations
were used for amplification of three regions of the DNA template:
ITS1F/ITS4 (5.8S gene region, the internal transcribed spacer 1 and 2,
ITS),”” LROR and LR7 (part of large subunit, LSU),*® and EF1-728F/
EF-986R (elongation factor (EF)-1e).*’ The fungal strain that
produced the preussilides was identified as P. similis according to
morphological and molecular phylogenetic methods (for more details,
see the Supporting Information). The sequences used in this study
were submitted to GenBank, and the accession numbers assigned to
ITS, LSU, and EF-1a gene sequences are KY652380, KY652379, and
KY660720, respectively.

Fermentation and Extraction. Twelve 1 L Erlenmeyer flasks
containing 400 mL of ZM/2 medium (0.5% molasses, 0.5% oatmeal,
0.15% glucose, 0.4% sucrose, 0.4% mannitol, 0.05% edamine, 0.05%
ammonium sulfate, 0.15% calcium carbonate, pH 7.2) were inoculated
with small pieces from mature yeast-malt-glucose-agar (YMG) plates
and incubated on a rotary shaker at 23 °C and 140 rpm.'”*® After 34
days, the free glucose was completely depleted as determined by
commercial glucose test strips, and the cultures were harvested.”® The
mycelium was separated from the fermentation broth by vacuum
filtration and extracted three times with acetone in an ultrasonic bath
at 40 °C for 30 min. The solvent was evaporated in vacuo until some
aqueous phase remained, followed by three extractions with equal
amounts of EtOAc and water. The solvent extract was dried over
anhydrous sodium sulfate, filtered, and concentrated under vacuum to
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yield the mycelial crude extract. To prepare the crude extract from the
supernatant, the culture filtrate was treated with 2% adsorber resin
Amberlite XAD-16N. After filtration, the XAD was extracted three
times with acetone in an ultrasonic bath at 40 °C for 30 min. The
eluate was then treated as described above for the mycelial extract.

Isolation. The crude mycelial extract (850 mg) was subjected to
flash chromatography (GRACE Reveleris X2 flash system) with silica
gel (40 g) as stationary phase. The column was eluted with mixtures of
solvents [solvent A: CH,Cl,, solvent B: CH,Cl,/acetone (80/20, v/v),
solvent C: CH,Cl,/acetone/MeOH (56/14/30, v/v/v)]. First
gradient (AB system) from 0% B to 12% B in 12 min and from
12% B to 20% B in 8 min, second gradient (BC system) from 20% B
to 60% C in 20 min and 60% C to 100% C in 10 min and 100% C
isocratic for 10 min, flow rate 40 mL min™', UV detection 254, 280,
and 380 nm. Six fractions were collected: F1 (551 mg, ty = 2—6.2
min), F2 (13 mg, t; = 6.9—7.5 min), F3 (17 mg, t; = 8.1—10 min), F4
(10 mg, tg = 11.9—15.7 min), FS (11.5 mg, t = 22.9—23.3 min), and
F6 (73 mg, tg = 23.7—24.5 min). Fraction 1 was further purified by
preparative HPLC using a gradient of 55% to 70% solvent B in 50 min,
70% to 100% B for 10 min, and 100% B isocratic for S min. The
fractions were combined according to UV absorption at 220, 310, and
325 nm and concurrent HPLC-MS analyses. Compound 5 (19 mg)
was obtained at fz = 30.9 min, and compound 6 (15 mg) was eluted at
tg = 38.9 min. Fraction F6 (73 mg) and the crude extract derived from
the supernatant (202 mg) were pooled based on similarity in their LC-
MS data and further fractionated by the same preparative HPLC
protocol using isocratic conditions: 53% solvent B for 40 min.
Compounds 1 (9.5 mg), 2 (2 mg), 3 (17 mg), and 4 (2 mg) were
eluted respectively at the following retention times: 13.6, 18.2, 21.0,
and 27.7 min.

Preussilide A (1): pale yellow gum; [a]**p —416 (¢ 0.1, EtOH); UV
(¢ 0.05 mg/mL, EtOH) 4,,,, (log €) 282 (3.71), 206 nm (3.72); CD (¢
1 mg/mL, EtOH) A, (A€) 302 (—15.01), 265 nm (+8.80); LCMS
m/z 399 [M + H]* (52), 421 [M + Na]* (44), 381 [M + H — H,0]*
(100), 397 [M — H]~ (50), 795 [2M — H]~ (100); HRESIMS m/z
399.2518 [M + H]* (caled for C,5H350,%, 399.2530); '"H NMR and
13C NMR see Table 1.

Preussilide B (2): pale yellow gum; [a]*, —208 (c 0.1, EtOH); UV
(c 0.0 mg/mL, EtOH) A, (log €) 291 nm (4.35); CD (c 1 mg/mL,
EtOH) A, (A€) 316 (—48.21), 270 nm (+29.04); LCMS m/z 399
[M + H]" (51), 421 [M + Na]* (31), 381 [M + H — H,0]" (63), 397
[M — H]~ (100), 795 [2M — H]~ (53); HRESIMS m/z 399.2519 [M
+ HJ* (caled for C,H350,7, 399.2530); 'H NMR and *C NMR see
Tables 2 and 3.

Preussilide C (3): yellow gum; [a]*;, =78 (¢ 0.1, EtOH); UV (c
0.05 mg/mL, EtOH) 4,,,, (log €) 282 (4.50), 202 nm (4.61); CD (c 1
mg/mL, EtOH) 4, (A€) 304 (—27.09), 265 nm (+13.96); LCMS
m/z 397 [M + H]* (48), 419 [M + Na]* (71), 379 [M + H — H,0]*
(100), 395 [M — H]~ (100), 791 [2M — H]~ (89); HRESIMS m/z
3972362 [M + H]* (caled for C,gH;;,0,, 397.2373); "H NMR and
B3C NMR see Tables 2 and 3.

Preussilide D (4): pale yellow gum; [a]*, =211 (¢ 0.1, EtOH); UV
(¢ 0.05 mg/mL, EtOH) 4,,,,, (log &) 281 (4.67), 206 nm (4.62); CD (¢
1 mg/mL, EtOH) 4, (A€) 300 (—57.0), 262 nm (+20.66); LCMS
m/z 397 [M + H]" (4), 419 [M + Na]* (48), 816 [2M + Na]* (100),
379 [M + H — H,0]* (7), 395 [M — H]~ (100), 792 [2M — H]~
(84); HRESIMS m/z 397.2362 [M + H]" (caled for C,sH;;,04%,
397.2373); "H NMR and "*C NMR see Tables 2 and 3.

Preussilide E (5): pale yellow gum; [a]*, —170 (c 0.1, EtOH); UV
(c 0.05 mg/mL, EtOH) A, (log £) 299 (4.67), 202 nm (4.57); CD (c
1 mg/mL, EtOH) A, (A€) 310 (=56.17), 271 nm (+35.11); LCMS
m/z 413 [M + H]* (17), 435 [M + Na]* (23), 395 [M + H — H,0]*
(68), 411 [M — H]™ (4), 457 [M — H + HCOOH]™ (100);
HRESIMS m/z 413.2685 [M + H]* (caled for C,4H;,0,", 413.2686);
'H NMR and C NMR see Tables 2 and 3.

Preussilide F (6): yellow gum; [a]**, —167 (c 0.1, EtOH); UV (c
0.05 mg/mL, EtOH) 4,,,, (log €) 261 (4.24), 206 nm (4.44); CD (c 1
mg/mL, EtOH) 4., (A¢) 302 (—7.05), 194 nm (+4.58); LCMS m/z
411 [M + H]* (29), 433 [M + Na]* (50), 393 [M + H — H,0]* (34),
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409 [M — H] (100); HRESIMS m/z 411.2531 [M + H]* (calcd for
C,6H;50,", 411.2530); 'H NMR and 3C NMR see Tables 2 and 3.

Preparation of the S- and R-MTPA Esters of Preussilide A (1).
R-(—)-MTPA-CI (10 uL) was added to a stirred solution of preussilide
A (1) (1 mg) and dry pyridine (S L) in dry CDCI;(100 pL) at room
temperature. After complete consumption of preussilide A (1 h), the
reaction mixture was diluted by addition of 400 uL of CDCl;. The
produced S-MTPA ester of 1 was submitted to NMR spectroscopy; for
"H NMR data see the Supporting Information, Table S4. In an entirely
analogous fashion, the R-MTPA ester of preussilide A (1) was
prepared using S-(+)-MTPA-Cl; for 'H NMR data see the Supporting
Information, Table S4.

Biological Activity. The biological activities of the test
compounds were evaluated in accordance with literature descriptions:
the minimum inhibitory concentrations (MIC) toward bacteria, yeast,
and filamentous fungi were obtained by a serial dilution technique
using 96-well microtiter plates,” except against the plant pathogen
S. sclerotiorum DSM 1946, which did not produce spores. In this
instance, a standard disk diffusion assay was performed on YMG
medium supplemented with a mycelial suspension of test fungus (20
ug/paper disk of nystatin was used as a positive control).”
Nematicidal activities were determined in vitro on the free-living
nematode C. elegans as a model.*® Phytotoxic activities were carried
out by germination and seedling growth bioassay against S. italic and
L. sativum.>*

Cytotoxicity Assay. The cytotoxicity effects (ICs)) of all
compounds were determined against a panel of eight mammalian
cell lines including mouse fibroblasts 1929, HeLa cells KB3.1,
squamous carcinoma A431, human lung carcinoma AS49, ovarian
carcinoma SKOV-3, human prostate cancer PC-3, human breast
adenocarcinoma MCEF-7, and human osteosarcoma U20S, by using a
5-day MTT assay according to established procedures.*

U20S Treatment with the New Compounds. Human
osteosarcoma cells U20S (ACC785-DSMZ, Braunschweig, Germany)
were grown in DMEM, 4.5 g/L glucose (Ivitrogen, Germany) with
10% fetal bovine serum (Sigma) and 1% glutamate, 1% sodium
pyruvate, and 1% nonessential amino acids at 37 °C and 7% CO,.
U20S cells were seeded on glass coverslips coated with fibronectin in
24-well plates (3 X 10* cells/well) and allowed to adhere and spread
for 16 h. Adhered cells were treated with varying concentrations (0.25,
0.5, 2.5, S, and 10 pg/mL in DMEM) prepared from a stock solution
(1 mg/mL in DMSO) of the six compounds for 24 h. DMSO-treated
cells were prepared as a negative control. Subsequent staining of DNA,
actin filaments, and microtubules was carried out. For actin and
tubulin labeling, the treated cells were fixed with 4% paraformaldehyde
(PFA) in phosphate-buffered saline (PBS) for 20 min and washed with
PBS. Immunofluorescence staining was performed according to
standard procedures by using a mouse monoclonal anti-a-tubulin
antibody (Sigma-Aldrich, clone DM1A) for microtubules (MTs) and
Phalloidin Alexa Fluor 488 (ThermoFisher, A123799) for F-actin.
Secondary reagents were goat anti-mouse Alexa 594 (ThermoFisher,
A32723). Finally, after washing with PBS, coverslips were mounted on
glass microscope slides in ProLong Diamond antifade mountant with
DAPI (ThermoFisher, P36971).

Preussilides A—F (1—6) were probed for potential effects on the
nuclear lamina during cell cycle phases. The cells were treated with 0.5
and 5 ug/mL for 24 h, then fixed with ice-cold methanol for 15 min,
and stepwise rehydrated using PBS. Cells were costained with
antibodies against nuclear envelop and MTs by using anti-pan
Lamin antibody (abcam, ab20740) and a rat monoclonal antibody to
tyrosinated alpha-tubulin overnight. Goat anti-mouse Alexa Fluor 594
(A110329) and goat anti-rat Alexa Fluor 488 (A11006) were used as
secondary reagents. Images were acquired on a Zeiss Axiovert 135TV
microscope, equipped with a Coolsnap 4k cooled CCD device driven
by VisiView software (Vistron Inc., Munich). Images were processed
using Fiji (Image])*® and Photoshop CS6 (Adobe) software.

Flow Cytometry. Briefly, six-well plates were seeded with 7 X 10°/
well U20S cells and treated with S and 10 pug/mL of preussilides
(preussilide B was not tested due to sample limitation) for 18 h upon
spreading. The cells were then harvested by trypsination and fixed with
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2% PFA/PBS. After rehydration with PBS, cell pellets were collected
by centrifugation at 500g, resuspended in ice cold methanol, and kept
on ice for 30 min. Afterward, the cells were centrifuged and
resuspended in FACS-buffer and stained with a mixture of anti-
tubulin/anti-lamin antibodies as above in combination with RNase A
and propidium iodide (PI) to stain DNA. As secondary antibodies,
antibody goat anti-rat Alexa488 and goat anti-mouse Alexa647 (A-
21235) were used. For detection of apoptosis, cells were incubated
with the fluorescent substrate Cell Event caspase-3/7 green detection
reagent C10723 (ThermoFisher) for 10 min prior to fixation.
Staurosporine was used to induce apoptosis in U20S as a positive
control (250 nM for 16 h). Cells were analyzed using a FACS Canto
(BD Biosciences). Data were analyzed using DIVA 6.1 software.
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Abstract: Extracts from an endophytic fungus isolated from the roots of the Algerian plant
Globularia alypum showed prominent antimicrobial activity in a screening for novel antibiotics.
The producer organism was identified as Dendrothyrium variisporum by means of morphological
studies and molecular phylogenetic methods. Studies on the secondary metabolite production of
this strain in various culture media revealed that the major components from shake flasks were
massarilactones D (1) and H (2) as well as two new furanone derivatives for which we propose
the trivial names (55)-cis-gregatin B (3) and graminin D (4). Scale-up of the fermentationina 10 L
bioreactor yielded massarilactone D and several further metabolites. Among those were three
new anthranilic acid derivatives (5-7), two known anthranilic acid analogues (8 and 9) and three
cyclopeptides (10-12). Their structures were elucidated on the basis of extensive spectroscopic
analysis (1D- and 2D-NMR), high-resolution mass spectrometry (HRESIMS), and the application of
the modified Mosher’s method. The isolated metabolites were tested for antimicrobial and cytotoxic
activities against various bacteria, fungi, and two mammalian cell lines. The new Metabolite 5 and
Compound 9 exhibited antimicrobial activity while Compound 9 showed cytotoxicity activity against
KB3.1 cells.

Keywords: Montagnulaceae; Dendrothyrium variisporum; fermentation; furancarboxylic acid
derivatives; anthranilic acid derivatives; antimicrobial activity; cytotoxicity

1. Introduction

Fungi are a rich source of secondary metabolites that may serve as leads for the development of
badly needed novel antibiotics and anticancer agents. In particular, certain ecological groups of fungi
like the endophytes have recently been proven to yield a plethora of novel metabolites exhibiting a
variety of biological activities [1]. During the course of our studies on endophytic strains derived from
plants collected in Algeria, we have encountered various interesting organisms that produced new
chemical entities, such as the preussilides from Preussia similis [2]. The current study deals with the
evaluation of the taxonomy and intensive studies on the secondary metabolite production of another
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interesting strain Dendrothyrium variisporum, a coniothyrium-like fungus that was isolated during
the same campaign from Globularia alypum Linn. (Plantaginaceae). This is the first report describing
the secondary metabolites profile of the genus Dendrothyrium Verkley, Goker & Stielow, which was
described recently as a new coelomycete genus belonging to the family Montagnulaceae [3].

2. Results and Discussion

Dendrothyrium variisporum was shown to produce in flasks mainly the polyketide massarilactone
D (1) and as well as massarilactone H (2) and two new minor furanone derivatives 3 and 4. However,
HPLC-MS analysis of the crude extracts revealed the presence of numerous minor constituents
that could not be isolated in sufficient quantities to allow for their complete structure elucidation.
To increase the amount of biologically active products, a fully controlled bioreactor experiment on
a 10 L scale was conducted. A small amount of the culture medium was collected after each 24 h,
extracted and analyzed using HPLCDAD-MS for the estimation of metabolite production. After 8 days,
the free glucose was completely depleted as determined by commercial glucose test strips, and the
cultures were harvested as previously described [4]. From the resulting extracts, Metabolites 5—12
were isolated in addition to massarilactone D (Figure 1).

H3C

Figure 1. Structures of secondary metabolites isolated from Dendrothyrium variisporum.

Compound 3, isolated as colorless oil, was assigned the molecular formula Ci4H;504
(six double-bond equivalents) on the basis of HRESIMS ion cluster [M + H]* at m/z 251.1276 (Calcd.
251.1278). Its UV spectrum showed intense absorption maxima at 220 and 265 nm. The 'H-NMR
spectrum exhibited resonances attributed to two tertiary methyl groups at dy 1.56 (s, Me-5) and 2.66 (s,
H-1"), one primary methyl group at 65 1.01 (t, ] = 7.3 Hz, H-6"), one methoxyl at &y 3.88 (s), and four
olefinic proton signals at dyy 6.59 (ddd, ] = 15.5 Hz, 11.2 Hz, 1.3 Hz, H-2'), 5.90 (t, ] = 11.2 Hz, H-3'),
5.63 (d, ] = 15.5 Hz, H-1’), and 5.53 (dt, ] = 10.8 Hz, 7.7 Hz, H-4') (Table 1). The '3C-NMR showed the
characteristic signals of furancarboxylic acid derivatives at ¢ 197.8 (C-4), 195.6 (C-2), 163.4 (C-1"""),
106.8 (C-3), and 91.4 (C-5) [5,6]. Other important signals were those of olefinic carbons at ¢ 136.9 (C-4'),
127.6 (C-1'),126.5 (C-2'), and 126.2 (C-3'). The E geometry was assigned to the AY2" double bond based
on the existence of a coupling constant of 15.5 Hz between H-1 and H-2/, whereas a coupling constant
of 10.8 Hz between H-3' and H-4' was in favor of the Z configuration for the A¥# double bond [5].
Careful examination of the 'H-'H COSY, HSQC, and HMBC spectra (Figure 2) proved that 3 was
similar to cis-gregatin B recently isolated from the ascomycete Pulvinula sp. 11120 [6]. The configuration
at C-5 was proposed to be S based on the negative optical rotation of 3 (—36.67) by opposition to that
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of (R)-cis-gregatin B (+168). Furthermore, the negative Cotton effect observed in the 255-265 nm region
of the electronic circular dichroism (ECD) curves of Compound 3 in EtOH (Figure 3), when compared
to the ECD spectra of aspertetronin A, was indicative of the S configuration [7]. The new natural
furanone was finally elucidated as methyl (55)-5-[(1'E,3'Z)-hexa-1,3-dienyl]-5-methyl-4-oxo0-2-methyl
4,5-dihydrofuran-3 carboxylate ((55) cis-gregatin B).

Table 1. 13C- and 'H-NMR spectroscopic data of Compounds 3 and 4 (175 and 700 MHz, resp.; CDCls;

4 in ppm).
3 4
Position
dc, Type ég (J in Hz) dc, Type én (J in Hz)
2 195.6, C / 184.3,C /
3 106.8, C / 104.3,C /
4 197.8,C / 198.2,C /
5 914,C / 90.7, C /
1 127.6, CH 5.63,d (15.5) 128.2, CH 5.65,d (15.5)
2/ 126.5, CH 6.59, ddd (15.5, 126.5, CH 6.59, ddd (15.5,
11.2,1.3) 11.2,1.3)
3 126.2, CH 5.90, t (11.2) 126.3, CH 5.90, t (11.2)
4 136.9, CH 5.53,d (10.8,7.7) 136.7, CH 5.52,dt (10.8,7.7)
5 21.2,CH, 221, m 21.1, CH, 2.19, m
6 14.1, CH3 1.01, t(7.3) 14.1, CHs 1.00, t (7.3)
1" 121.6, CH 7.41,dt (15.9,1.7)
2" 145.1, CH 7.21,dt (15.9,7.3)
3" 429, CH, 2.55, m
4 67.0,CH 4.08, m
5" 23.6, CH; 1.31,d (6.2)
1" 163.4, C / 163.4, C /
Me-5 22.5, CHj3 1.56, s 22.5, CH3 1.58,s
OMe 51.6, CH; 3.83,s 51.7, CHj 3.85, s

The molecular formula of Metabolite 4, also isolated as colorless oil, was deduced to be C;gH»40s5
from the HRESIMS which showed ion clusters [M + H]" at m/z 321.1690 (Calcd. 321.1697) and
[2M + Na]* at m/z 663.3130 (Calcd. 663.3140). The UV spectrum showed in addition to the absorption
maxima at 216 and 255 nm as in Compound 3, another band at 310 nm indicative of an extensive
conjugated system. The 'H-NMR spectrum showed signals attributed to a tertiary methyl group
at 0y 1.58 (s, Me-5), a secondary methyl group at dy 1.31 (d, ] = 6.2 Hz, H-5"), a primary methyl
group at 6y 1.00 (t, ] = 7.3 Hz, H-6'), an oxymethine proton at gy 4.08 (m, H-4"") and one methoxyl
(611 3.88 (s)). The resonances of six olefinic protons at 6y 7.41 (dt, J = 159 Hz, 1.7 Hz, H-1"), 7.21
(dt, ] = 15.9 Hz, 7.3 Hz, H-2""), 6.59 (ddd, | = 15.5 Hz, 11.2 Hz, 1.3 Hz, H-2), 5.90 (t, ] = 11.2 Hz,
H-3'),5.65(d, ] = 15.5 Hz, H-1"), and 5.52 (dt, ] = 10.8 Hz, 7.7 Hz, H-4') were also observed (Table 1).
Its 3C-NMR spectrum exhibited the characteristic signals of furancarboxylic acid derivatives at
Jc 198.2 (C-4), 184.3 (C-2), 163.4 (C-1"""), 104.3 (C-3), and 90.7 (C-5). The downfield shift of C-2
(0¢c 184.3) in Compound 4, compared to 3 (dc 195.6) was in favor of the fixation of an olefinic carbon at
C-2, which was evidenced by carbon signals at éc 121.6 (C-1"") and 145.1 (C-2"’). This was further
confirmed by the HMBC correlation observed between H-1" (6 7.41) and C-2 and between H-2"
(611 7.21) and C-2. The 'H- and '3C-NMR data of 4 were almost identical with those of graminin C [6]
with the same chain attached to C-5. The only difference was the presence of one hydroxyl in the
fragment attached to C-2. This hydroxyl group was located at C-4" as evidenced not only by the
H-"H COSY correlation depicted between the secondary methyl signal at 6y 1.31 (d, ] = 6.2 Hz,
H-5") and the proton at 6y 4.08 (m, H-4""), but also by HMBC correlations observed between H-3"/
(6 2.55 (m)) and C-4" (6c 67.0) and between H-2"" (6 7.21 (dt, ] = 15.9 Hz, 7.3 Hz)) and C-4"
(6c 67.0) (Figure 2). The E geometry was assigned to the AY? double bond based on the existence
of a coupling constant of 15.5 Hz between H-1' and H-2/, whereas a coupling constant of 10.8 Hz
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between H-3' and H-4' was in favor of the Z configuration for the A**# double bond. The geometry
of the A"2" double bond was determined from the coupling constant | 17 o1 = 15.9 Hz, indicating
an E-configuration. The configuration at C-5 was assigned by comparison of its CD characteristics
(Figure 3) with those of Compound 3. The CD spectrum of 4 showed a positive Cotton effect in the
255—265 nm region (opposite to that of 3), so a 5R configuration was concluded. The S configuration
was assigned to C-4"" based on the analysis of the AJ°R values of the MTPA esters prepared from
4 [8]. The As°R differences of the MTPA esters revealed a negative value of —0.17 for H-5/, while the
AR value for H-3" was +0.05 ppm (Figure 4) (Table S1). The structure of 4 was finally concluded as
(5R)-5-[(1'E,3'Z)-hexa-1,3-dienyl]-5-methyl-4-oxo0-2-[(45,1E)-4-hydroxypent-1-enyl]-4,5-dihydrofuran-3
carboxylate, trivially named graminin D in agreement with the known compound graminin C without
the hydroxyl group at C-4"[6]. Compounds 3 and 4 are furancarboxylic acid derivatives, a structural
class of natural oxygenated heterocycles that have been reported only from fungi of the genera
Aspergillus, Cephalosporium (Acremonium), Paraconiothyrium, Penicillium, and Pulvinula [5,6]. Their core
structure after several revisions was finally elucidated to 4-(methoxycarbonyl)furan-3(2H)-one from
degradation reactions and total synthesis [9].

w
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Figure 2. Selected HMBC correlations for Compounds 3 and 4.
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Figure 3. ECD spectra of Compounds 3 and 4 in ethanol.

Compound 5 was isolated as a brown gum. Its molecular formula C15H15NO3 was established
by the positive ion mode HRESIMS, which showed ion clusters at m1/z 258.1128 [M + H]J* (calcd. for
C15H14NO3*: 258.1125) and 280.0946 [M + Na]* (calcd. for C15Hi5NNaO3*: 280.0944). The absorption
maxima observed in the UV spectrum at Amax 226, 260, and 342 nm suggested that 5 might be an
anthranilic acid derivative [10]. The TH-NMR spectrum exhibited three signals at d1; 7.35 (dd, ] =8.1 Hz,
1.4 Hz, H-6), 6.90 (dd, ] = 7.8 Hz, 1.4 Hz, H-4), and 6.66 (t, | = 7.9 Hz, H-5), indicating the presence
of a system of three vicinal aromatic protons (Table 3). The two triplets (integrating for two protons
each) located at oy 3.06 (t, ] = 6.9 Hz, H-7') and 4.48 (t, ] = 6.9 Hz, H-8) together with the signal
integrating for four protons centered at éy 7.30 (H-2/, H-3/, H-5’ and H-6") and the multiplet at g 7.22
(H-4') were characteristic of a 2-phenylethyl group. The 3C-NMR and DEPT NMR spectra showed
15 signals, including those of the 3-hydroxyanthranilic acid moiety at éc 169.2 (C-7), 147.8 (C-3),
137.5 (C-2), 122.8 (C-6), 119.5 (C-4), 119.0 (C-5), and 115.0 (C-1) [11]. The presence of the phenylethyl
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group was evidenced by resonances of two methylenes at ¢ 36.3 (C-7'), 66.5 (C-8'), and aromatic
carbon signals at dc 139.7 (C-1'), 130.2 (C-2’ and C-6'), 129.7 (C-3’ and C-5'), and 127.7 (C-7’) (Table 2).
The gross structure of 5 was determined by a combination of 'H-'H COSY, HSQC, and HMBC spectra.
The correlations shown by the HMBC spectrum (Figure 5) from H-6 (53 7.35 (dd, | = 8.1 Hz, 1.4 Hz)) to
C-7 (8¢ 169.2), C-2 (6c 137.5), and C-1 (6¢ 115.0) and from H-8' (5 4.48 (t, ] = 6.9 Hz)) to C-7 (6c 169.2),
C-7" (¢ 36.3), and C-1’ (6¢ 139.6) confirmed the structure of the previously unreported Metabolite 5 as
2-phenylethyl 3-hydroxyanthranilate.

H3C O/CH3
0 O owmrPa
L/
"o 7 CHg
HaC +0.05 447
0.00

Figure 4. AS°R values (ppm) for the C-4"/ MTPA esters of Compound 4.

Metabolite 6 was also obtained as a brown gum. Its HRESIMS exhibited an ion cluster at m/z
228.1018 [M + HJ* corresponding to the molecular formula C14H3NO,* (caled. for C14H14NO,*:
228.1019). The UV spectrum displayed strong absorptions at 218, 246, and 336 nm. Its 'H-NMR
spectrum showed four signals at dy 7.83 (dd, | = 8.1 Hz, 1.6 Hz, H-6), 7.25 (ddd, ] = 8.5 Hz, 7.0 Hz,
1.6 Hz, H-4), 6.77 (dd, | = 8.3 Hz, 1.0 Hz, H-3), and 6.60 (ddd, ] = 8.1 Hz, 7.1 Hz, 1.1 Hz, H-5), indicating
the presence of a system of four vicinal aromatic protons. The presence of the phenylmethyl (benzyl)
moiety instead of a phenylethyl group as in Metabolite 5 was evidenced by a two protons singlet
located at 6y 5.31 (H-7') and five aromatic protons at §yy 7.44 (dd, ] = 8.0 Hz, 0.9 Hz, H-2 and H-6¢'),
7.38 (td, ] = 7.1 Hz, 1.6 Hz, H-3'and H-5'), and 7.31 (m, H-4') (Table 2). Comparison of the 'H- and
I3C-NMR/DEPT data of 6 with those of 5 indicated that the structures of these two compounds are very
similar, except the absence of the hydroxyl group at C-3 in 6 and the substitution of the phenylethyl
group by the benzyl moiety. This was confirmed by a comprehensive analysis of the 2D-NMR data,
particularly 'H-1H COSY, HSQC, and HMBC spectra. The HMBC correlation depicted between the
benzylic proton at g 5.31 (H-7') and the carbon at d¢c 169.3 (C-7) further confirmed the structure
(Figure 5). Consequently, Compound 6 was elucidated as phenylmethyl anthranilate. Although it was
previously reported as a synthetic compound with a fish anesthetic effect [12], this is the first report on
its isolation from the natural source to the best of our knowledge. Furthermore, its NMR data have not
yet been reported.

Compound 7 was isolated as a brown gum with the molecular formula C1,H17;NO3; deduced
from the HRESIMS which exhibited ion clusters [M + H]* at m/z 224.1279 (calcd. for C1,H1gNO3*:
224.1281) and [M + Na]* at 246.1098 (calcd. for C1pH1yNO3Na*: 246.1101). Its UV spectrum showed
absorptions at 218, 255, and 334 nm. Detailed analysis of the 'H- and 3C-NMR spectra, DEPT as well
as 2D-NMR data of 7 suggested that the molecule might possess the same anthranilic acid moiety as
Compound 6. This was further supported by the aromatic proton connectivities (H-3/H-4/H-5/H-6)
observed in the 'H-'H COSY spectrum and the HMBC correlations from H-6 (0y 7.81) to C-1 (6¢ 112.3),
C-2 (0¢ 151.9), and C-7 and from H-3 (d51 6.78) to carbons C-1 (d¢ 112.3) and C-2 (¢ 151.9) (Figure 5).
The remaining proton signals were those of two methylenes at diy 1.94 (t, ] = 7.0 Hz, H-2) and 4.41
(t, ] =7.0 Hz, H-1') and a singlet integrating for six protons at gy 1.28 (s). The 13C-NMR and DEPT
spectra of this part revealed signals for two symmetrical methyl groups at ¢ 29.8 (C-5' and C-6'),
an oxygenated quaternary carbon at ¢ 70.6 (C-3), two methylenes including an oxygen-bearing one
at 6c 62.4 (C-1') (Table 2). The HMBC correlation from H-4'/H-5' (5 1.28) to carbons C-3' (5¢c 70.6)
and C-2 (5c 43.0), then from H-1" (Jy 4.41) to C-3' (6c 70.6) and C-2 (5c 43.0) confirmed the residue to
be 3-hydroxy-3-methylbutyl (Figure 5). Furthermore, the HMBC correlation observed between the
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oxymethylene protons at 6yy 4.41 (H-1') and the anthranilic acid carbonyl proved the structure of 7 to
be the previously undescribed 3-hydroxy-3-methylbutyl anthranilate.

From spectroscopic analysis and by comparison with literature data, Compounds 1 and 2 where
identified to massarilactone D [13] and massarilactone H [14], respectively. Ethyl anthranilate 8 was
previously detected by GC-MS as one of the aroma-active compounds in Pinot Noir wines [15],
while 2-phenylethyl anthranilate (9) is a fragrance ingredient present in the essential oils from
the leaves of Cinnamomum zeylanicum Blume collected in India [16]. As far as we know, their 1H-
and *C-NMR data are reported in the present work for the first time (Table S2). The 'H- and
13C-NMR data of Compounds 10-12 were in agreement with those reported in the literature for
cyclo-(L-pro-L-isoleu) [17], cyclo-(L-pro-L-leu) [17,18] and cyclo-(L-pro-L-phe) [18], respectively.

Table 2. 13C- and "H-NMR spectroscopic data of Compounds 5-7 in CD3OD.

52 62 7¢
Position Sc Sy (J in Hz) e Sy (J in Hz) Sc Sy (J in Hz)
1 115.0, C / 111.7,C / 1123, C /
2 137.5,C / 1525, C / 151.9, C /
3 147.8,C / 118.2, CH 6.77,dd (8.3, 1.0) 118.4, CH 6.78,dd (8.3, 1.0)
4 1195, CH  690,dd (7.8,14) 1354,CH  7.25,ddd (85,7.0,1.6)  1352,CH  7.26,ddd (85,7.1,1.6)
5 119.0, CH 6.66, t (7.9) 1172,CH  660,ddd (8.1,7.1,1.1)  1175,CH  6.62,ddd (82,7.1,1.1)
6 1228, CH  735,dd(81,14)  132.2,CH 7.83,dd (8.1, 1.6) 132.2, CH 7.81,dd (8.1,1.6)
7 169.2, C / 169.3,C / 169.6, C /
1 139.7,C / 1382, C / 62.4, CH, 441,¢(7.0)
o 130.2, CH 730, m"® 129.2, CH 7.44,dd (8.0,0.9) 43.0, CH, 1.94,  (7.0)
3 129.7, CH 7.30, m P 129.7, CH 7.38,td (7.1,1.6) 70.6,C /
& 127.7, CH 7.22,m 129.3, CH 731, m 29.8, CHj, 128,s
5 129.7, CH 7.30, m 129.7, CH 7.38,td (7.1,1.6) 29.8, CH;, 128,s
¢ 130.2, CH 730, m® 129.2, CH 7.44, dd (8.0,0.9)
7 36.3, CH, 3.06, t (6.9) 67.1, CH, 531, s
8 66.5, CH, 448, (6.9)

2175 and 700 MHz, resp.; ® Overlapped; ¢ 125 and 500 MHz, resp.

Since the crude extracts showed prominent antimicrobial activity, the isolated metabolites were
screened against various bacteria and fungi. The minimum inhibitory concentration (MIC) values
showed that only the new Metabolite 5 and Compound 9 were active, whereas the remaining
compounds were inactive against the organisms tested (Table 3). Compound 5 showed the strongest
activity against Bacillus subtilis and Micrococcus luteus with MIC values of 8.33 and 16.66 ug/mL,
respectively, while the MIC value of Compound 9 against Mucor hiemalis (16.66 pg/mL) was the
same as that of nystatin used as positive control. The two active metabolites are anthranilic acid
derivatives with a phenylethyl core. Since Metabolite 6, which contains a phenylmethyl group instead
of a phenylethyl residue, was not active, it was concluded that the phenylethyl moiety in Compounds
5 and 9 is essential for their antimicrobial activity. Furthermore, the ability of some of the isolated
compounds to inhibit the proliferation of two mammalian cell lines including HeLa cells KB3.1 and
mouse fibroblasts L929 was examined. Only 2-phenylethyl anthranilate (9) showed moderate cytotoxic
activity against HeLa cells KB3.1 with an ICs5, value of 8.8 pg/mL (Table 4).
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Table 3. MIC [ug/mL] values of Compounds 1, 2, 4-12 against the tested microorganisms.

MIC (ug/mL)
Test Organism
1 2 4 5 6 7 8 9 10 11 12 References
Schizosaccharomyces pombe n
DSM 70572 n.a. na. na. n.a. n.a. na. na. n.a. na. na. na. 16.66
Pichia anomala DSM 6766 na. na. na. n.a. na. na. na. n.a. na. na. na. 8.33"
Mucor hiemalis DSM 2656 na. na. na. 3333 na na na 1666 na. na. na. 16.66 ™
Candida albicans DSM 1665 na. na. na. n.a. na. na. na. n.a. na. na. na. 16.66 ™
Rhodoturula glutinis DSM 10134 na. na. na 6667 na na na 3333 na na na 2.08"
Micrococcus luteus DSM 1790 na. na. na. 1666 na. na. na. na. na. na. na. 0.40°
Bacillus subtilis DSM 10 na. na na. 833 na na na 6667 na na na. 4.16°
Escherichia coli DSM 1116 na. na. na. n.a. na. na. na. n.a. na. na. na. 3.33°
Staphylococcus aureus DSM 346 na. na. na 6667 na na na 6667 na na na 0.10°
Mycobacterium smegmatis DSM na. na. na na na. na. na na na. na. na 2.08 %
ATCC 700084 .a. .a. .a. a. .a. .a. .a. .a. .a. .a. .a. .
Chromobacterium violaceum o
DSM 30191 n.a. na. na. n.a. n.a. na. na. n.a. n.a. n.a. na. 0.40
Pseudomonas aeruginosa DSM PA14 n.a. na. na na na na na na na na  na 0528

n.a.: No Activity, & Gentamycin 1 mg/mL, X Kanamycin 10 mg/mL, ™ Nystatin 1 mg/mL, ® Oxytetracyclin 1 mg/mL.

Table 4. Cytotoxic effect (IC50) of Compounds 1, 2, and 4-12 against two cancer cell lines.

IC50 (ug/mL) IC50 (ng/mL)
Cell Line 1 2 4 5 6 7 8 9 10 11 12 Epothilone B
KB3.1 n.a. n.a. 18 18 na. na na. 88 na. na na 0.052
1929 n.a. n.a. 19 no na. na. na. no. n.a. na. na. 14

n.a.: Not active; no: ICsy not obtained.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were determined with a Perkin Elmer (Uberlingen, Germany) 241 MC
polarimeter (using the sodium D line and a quartz cuvette with a 10 cm path length and 0.5 mL volume).
CD spectra were recorded on a JASCO spectropolarimeter, model ]-815 (JASCO, Pfungstadt, Germany).
NMR spectra were recorded on a Bruker (Bremen, Germany) 500 MHz Avance III spectrometer with a
BBFO (plus) SmartProbe (*H 500 MHz, 13C 125 MHz) and a Bruker 700 MHz Avance III spectrometer
with a 5 mm TCI cryoprobe (*H 700 MHz, '3C 175 MHz), locked to the deuterium signal of the solvent.
Chemical shifts are given in parts per million (ppm), and coupling constants in hertz (Hz). Spectra
were measured in methanol-d; and deuterated chloroform; chemical shifts were referenced to the
solvent signals. HPLCDAD MS analysis was performed using an amaZon speed ETD ion trap mass
spectrometer (Bruker Daltonics) in positive and negative ionization modes. The mass spectrometer
was coupled to an Agilent 1260 series HPLC-UV system (Agilent Technologies) (Santa Clara, CA,
USA) [column 2.1 x 50 mm, 1.7 um, C18 Acquity uPLC BEH (Waters), solvent A: H,O + 0.1% formic
acid; solvent B: acetonitrile (ACN) + 0.1% formic acid, gradient: 5% B for 0.5 min, increasing to
100% B in 20 min, maintaining isocratic conditions at 100% B for 10 min, flow = 0.6 mL/min, UV-vis
detection 200-600 nm]. HRESIMS spectra were recorded on a maXis ESI TOF mass spectrometer
(Bruker Daltonics) [scan range m/z 100-2500, rate 2 Hz, capillary voltage 4500 V, dry temperature
200 °C], coupled to an Agilent 1200 series HPLC-UV system [column 2.1 x 50 mm, 1.7 um, C18 Acquity
uPLC BEH (Waters), solvent A: HyO + 0.1% formic acid; solvent B: ACN + 0.1% formic acid, gradient:
5% B for 0.5 min, increasing to 100% B in 19.5 min, maintaining 100% B for 5 min, FR = 0.6 mL/min,
UV-vis detection 200-600 nm]. The molecular formulas were calculated including the isotopic pattern
(Smart Formula algorithm). Preparative HPLC purification was performed at room temperature on
an Agilent 1100 series preparative HPLC system [ChemStation software (Rev. B.04.03 SP1); binary
pump system; column: Kinetex 5u RP C18, dimensions 250 x 21.20 mm; mobile phase: ACN + 0.05%
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trifluoroacetic acid (TFA) and water + 0.05% TFA; flow rate 20 mL/min; diode-array UV detector; 226
fraction collector].

@wo S ok <©“ J\‘ &

Figure 5. Selected HMBC correlations for Compounds 5-7.

3.2. Fungal Material

The endophytic fungus Dendrothyrium variisporum was isolated from fresh healthy roots of
Globularia alypum Linn. (Plantaginaceae). The plant samples were collected in June 2015 from Ain
Touta, Batna 05000 (Algeria). The isolation of the endophyte was achieved following a previously
reported method [19,20]. Genomic DNA was extracted from fungal colonies growing on YMG using the
EZ-10 Spin Column Genomic DNA Miniprep kit (Bio Basic Canada Inc., Markham, Ontario, Canada)
following the manufacturer’s protocol. The internal transcribed spacer (ITS) regions including the
3’-end of 185 rRNA gene, 5.85 rRNA gene, and the 5'-end of the 285 rRNA gene were amplified using
ITS1F/ITS4 primer [21]. The ITS sequence of the endophytic fungus was deposited with GenBank
under the accession number MG018984. The producer organism was identified as Dendrothyrium
variisporum on the basis of ITS sequencing and morphology (see Supporting Information).

3.3. Fermentation and Extraction

For fermentation in flasks, the submerged culture were raised in 30 x 500 mL Erlenmeyer
flasks, each containing 200 mL of YMG medium: 1.0% malt extract, 0.4% glucose, 0.4% yeast
extract, pH 6.3 [20]. The flasks were inoculated with five mycelial plugs from actively growing
yeast-malt-glucose-agar (YMG) plates and incubated at 23 °C under constant shaking at 140 rpm on a
rotary shaker for 12 days. After separation from fungal mycelia by vacuum filtration, the supernatant
was treated with 2% (v/v) of Amberlite XAD-16 resin. The latter was extracted with acetone by
sonication at 40 °C for 30 min. The acetone extract was evaporated in vacuo, and the residual aqueous
solution was re-extracted with EtOAc. The ethyl acetate extract was dried on NaySO4 and concentrated
by evaporation to yield 1.4 g of crude extract.

For the scale up, a seed culture of the strain with a total volume of 1000 mL was prepared in
YMG medium incubated at 23 °C and 140 rpm for 5 days and homogenized with a Heidolph Silent
Crusher. A 15 L in-situ autoclavable bioreactor (bbi Germany) was prepared with 10 L of YMG medium
and inoculated with 1000 mL of the seed culture. The temperature was set at 23 °C, agitation with
a Rushton-impeller was set to 150 rpm, and the aeration rate was set to 1.5 L/min (0.15 vvm) and
remained constant during fermentation. The culture was harvested after 8 days as the glucose was
depleted, and a stagnation of secondary metabolite production was observed by analytical HPLC.
The mycelium was separated from the culture fluid (supernatant) by centrifugation in a Dupont
Instrument (Sorvall RC-5B Refrigerated Superspeed Centrifuge) followed by vacuum filtration and
was extracted three times with acetone, then with methanol in an ultrasonic bath at 40 °C for 30 min.
The acetone and methanol extracts were filtered, combined and evaporated to yield an aqueous phase,
which was further extracted with 3 x 500 mL EtOAc in a separating funnel. The ethyl acetate fraction
was dried over anhydrous NaySOy, filtered, and concentrated under vacuum to yield 373.7 mg of oily
mycelial crude extract. The supernatant was treated with 2% adsorber resin Amberlite XAD-16 resin
over 2 h at room temperature. The XAD was separated by filtration and extracted three times with
acetone, then with methanol in an ultrasonic bath at 40 °C for 30 min. The extract was evaporated to
yield an aqueous phase, which was further extracted with ethyl acetate (3 x 500 mL). After drying
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over anhydrous Na;SQOy, the ethyl acetate fraction was concentrated under vacuum to yield 508.2 mg
of crude extract.

3.4. Isolation of Compounds 1-12

The crude supernatant extract from the fermentation in flasks (858.7 mg) was subjected to
flash chromatography (GRACE Reveleris X2 flash system) with silica gel (40 g) as stationary phase.
The column was eluted with the mixture of CH,Cl, (solvent A) and acetone (solvent B); gradient:
100% A in 5 min, 0-100% B in 35 min, and finally 100% B for 5 min; flow rate: 40 mL/min; UV
detection: 254, 280, and 380 nm. Three fractions were collected: Fraction 1 (32.4 mg, tg = 8.5—10.1 min),
Fraction 2 (32.0 mg, fg = 11.5—13.5 min) and Fraction 3 (708.7 mg, tg = 14.5—17.1 min), which was
pure massarilactone D 1. Fraction 1 was further purified by preparative HPLC using a gradient of
25-60% solvent B in 40 min, 60-100% B for 5 min, and 100% B for 5 min. The fractions were combined
according to UV absorption at 220, 280, and 325 nm and concurrent HPLC-MS analyses. Compound 3
(0.4 mg) was eluted at tg = 12.80 min, and Compound 4 (1.8 mg) was eluted at tg = 9.30 min. Fraction
2 was purified using the same preparative HPLC conditions as for Fraction 1 to yield Compound 2
(9.1 mg) at tg = 5.88 min.

The mycelial extract from the bioreactor (373.7 mg) was purified by preparative HPLC (3 runs)
using a gradient of 45-80% solvent B in 40 min, 80-100% B for 10 min, and 100% B for 10 min.
The fractions were combined according to UV absorption at 220, 240, and 342 nm and concurrent
HPLC-MS analyses. Compounds 5 (1.7 mg, tg = 11.11 min), 6 (1.6 mg, tg = 15.96 min), and 9 (6.1 mg,
tr = 17.50 min) were obtained. The supernatant extract from the bioreactor (508.2 mg) was submitted
to preparative HPLC (4 runs) using a gradient of 15-55% solvent B in 40 min, 55-100% B for 10 min,
and 100% B for 10 min (UV absorption at 220, 240, and 342 nm) to yield Compounds 1 (53.6 mg,
tr = 5.76 min), 7 (3.8 mg, tr = 20.87 min), 9 (3.7 mg, tr = 44.18 min), 10 (16.4 mg, tr = 7.22 min), 11
(24.7 mg, tg = 8.12 min), and 12 (7.8 mg, tg = 9.77 min).

(5S) cis-gregatin B (3): colorless oil; [a]§—36.67 (c 0.0006, CHCl3); UV (c 0.5 mg/mL, EtOH) Amax 220,
265 nm; CD (c 0.5 mg/mL, EtOH) Amax 260 (+) nm; HRESIMS m/z 251.1276 [M + H]* (calcd. for
C14H1904™, 251.1278); TH-NMR (CDCl3, 700 MHz) and '3C-NMR (CDCl3, 175 MHz) data: see Table 1.

Graminin D (4): colorless oil; [oc]%;5 +49.55 (c 0.001, CHCl3); UV (c 1 mg/mL, EtOH) Amax 216, 255,
310 nm; CD (¢ 1 mg/mL, EtOH) Amax 260 (-) nm; HRESIMS m/z 321.1690 [M + H]* (calcd. for
C18H2505%, 321.1697); 'TH-NMR (CDCl3, 700 MHz) and '*C-NMR (CDCl3, 175 MHz) data: see Table 1.

2-Phenylethyl 3-hydroxyanthranilate (5): brown gum; UV Apax 226, 260, 342 nm; HRESIMS m/z 258.1128
[M + H]" (caled. for C15H16 NO3 ™, 258.1125), 280.0946 [M + Na]* (caled. for C15H15NNaO3*, 280.0944);
H-NMR (CD30D, 700 MHz) and 3C-NMR (CD3;0D, 175 MHz) data: see Table 2.

Phenylmethyl anthranilate (6): brown gum; UV A,y 218, 246, 336 nm; HRESIMS m/z 228.1016 [M + H]*
(caled. for C14H14 NO, ™, 228.1019) 'H-NMR (CD;0D, 700 MHz) and *C-NMR (CD;0D, 175 MHz)
data: see Table 2.

3-Hydroxy-3-methylbutyl anthranilate (7): brown gum; UV Apax 218, 255, 334 nm; HRESIMS m/z 224.1279
[M + H]* (caled. for C1p,H1gNOs*, 224.1281), 246.1098 [M + Na]* (calcd. for C1,H17NaNOs*, 246.1101);
'H-NMR (CD30D, 500 MHz) and '3C-NMR (CDs0D, 125 MHz) data: see Table 2.

3.5. Preparation of the S- and R-MTPA Esters of 4

R-(-)-MTPA-C1 (4 pL) was added to a stirred solution of 4 (0.2 mg) and dry pyridine (5 uL) in dry
CDCl; (100 pL) at room temperature. After 1 h, the reaction mixture was diluted by the addition of
100 uL of CDCl3. The produced S-MTPA ester of 4 was submitted to NMR spectroscopy. In an entirely
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analogous fashion, the R-MTPA ester of 4 was prepared using S-(+)-MTPA-CIL. The 'H-NMR data of
the R and S derivatives are presented in the supporting information (Table S2).

3.6. Biological Activities

The MIC and the in vitro cytotoxicity (ICsp) were determined according to our previously
reported procedures [2,22,23]. Briefly, minimum inhibitory concentrations (MICs) in pug/mL of the
isolated compounds were determined by serial dilution assay against Schizosaccharomyces pombe DSM
70572, Pichia anomala DSM 6766, Mucor hiemalis DSM 2656, Candida albicans DSM 1665, Rhodoturula
glutinis DSM 10134, Micrococcus luteus DSM 1790, Bacillus subtilis DSM 10, Escherichia coli DSM 1116,
Staphylococcus aureus DSM 346, Mycobacterium smegmatis DSM ATCC 700084, Chromobacterium violaceum
DSM 30191, and Pseudomonas aeruginosa DSM PA14. The assays were carried out in 96-well microtiter
plates in YMG media for filamentous fungi and yeast and EBS for bacteria. Gentamycin, kanamycin,
nystatin, and oxytetracyclin were used as positive control, and the negative control was methanol.
The cytotoxicity against HeLa cells KB3.1 and mouse fibroblasts L929 cells was determined by using the
MTT (2-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) method in 96-well microplates.
The cell lines were cultured in DMEM (Gibco). Briefly, 60 uL aliquots of serial dilutions from an initial
stock of 1 mg/mL in MeOH of the test compounds were added to 120 puL aliquots of a cell suspension
(5 x 10* cells/mL) in 96-well microplates. After 5 days incubation, an MTT assay was performed,
and the absorbance measured at 590 nm using an ELISA plate reader (Victor). The concentration
at which the growth of cells was inhibited to 50% of the control (ICsy) was obtained from the
dose-response curves. Epothilone B was used as a positive control, while methanol was used as
a negative control.

4. Conclusions

During the course of our studies on endophytic strains derived from plants collected in Algeria for
the discovery of new antibiotics, 12 metabolites, including five new compounds, were isolated from the
fungus Dendrothyrium variisporum harbored in Globularia alypum Linn. (Plantaginaceae). The anthranilic
acid derivatives 5 and 9 exhibited antimicrobial activity, whereas the remaining compounds were
inactive against the organisms tested.

Supplementary Materials: The description of the producer organism, LC-MS spectra, HRESIMS, 'H- and
IBC-NMR, 'H-'H COSY, HSQC, and HMBC spectra are available as Supplementary Material.
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Abstract

The endophytic mycobiota constitute a prolific source of bioactive natural products that has evolved during the
symbiotic endophyte—plant relationship. The diversity of fungal endophytes isolated from the roots of the plant Globularia
alypum (Plantaginaceae, Scrophulariales) collected in Batna (Algeria) were studied in the present thesis. In total, seventeen
fungal strains were isolated and identified to species level by means of morphological and molecular phylogenetic methods.
The phylogenetic analysis of these fungal endophytes revealed their affinities to three classes of the phylum of Ascomycota:
Eurotiomycetes, Dothideomycetes and Sordariomycetes representing nine genera: Alternaria, Aspergillus, Chaetomium,
Dendrothyrium, Diaporthe, Fusarium, Macrophomina, Penicillium and Preussia. Among the isolated fungal endophytes,
eight were selected for small scale fermentation in three different liquid media. Their extracts showed prominent antimicrobial
activity in a screening for novel antibiotics by the serial dilution assay. A scale-up of fermentation of selected five fungi
including three strains of Chaetomium madrasense, Dendrothyrium variisporum and Preussia similis, yielded twenty eight
secondary metabolites, twelve of which turned out to be novel natural products. The structures of the isolated metabolites
were elucidated using a combination of spectral methods, including 1D and 2D NMR spectroscopy, high-resolution mass
spectrometry, and CD spectroscopy. The biological activities of both, the known and new compounds were extensively
studied. Thirteen metabolites were isolated from the Preussia similis complex including six new bicyclic polyketides 1-6 (for
which the trivial names preussilides A—F are proposed) and one new dimer of 2 amino benzoid acid moieties, along with
several known cytochalasins and xanthones derivatives. The preussilides were tested for antimicrobial and antiproliferative
effects, and, in particular, preussilides A and C showed selective activities against eukaryotes. Subsequent studies on their
influence on the morphology of human osteosarcoma cells (U20S) suggest that these polyketides might target an enzyme
involved in coordination of the cell division cycle. Hence, they might, for instance, affect timing or spindle assembly
mechanisms, leading to defects in chromosome segregation and/or spindle geometry. Studies on the secondary metabolite
production of Dendrothyrium variisporum in various culture media led to the isolation of twelve compounds. Massarilactones
D and H were isolated as the major components as well as two new furanone derivatives for which we propose the trivial
names (5S)-cis-gregatin B and graminin D, three new anthranilic acid derivatives, two known anthranilic acid analogues and
three cyclopeptides. The new anthranilic acid derivatives, 2-phenylethyl-3-hydroxyanthranilate and 2-phenylethyl
anthranilate exhibited antimicrobial activity while 2-phenylethyl anthranilate showed cytotoxicity against HeLa cells. Finally,
from cultures of Chaetomium madrasense, three known compounds, xanthoquinodins A1, A3 and N-acetytryptamin were
isolated.
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variisporum Chaetomium madrasense, structure elucidation.



