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Abstract

ABSTRACT

Endophytes are a group of microorganisms that infect the internal tissues of plant without
causing any immediate visible symptom of infection and/or manifestation of disease, and live
in mutualistic association with plants for at least a part of their life cycle. In the last decade,
discovery and characterization of potent endophytes producing bioactive natural products
have led to the possibility of exploring the potential benefits of these microorganisms in

agricultural and pharmaceutical sectors.

The objective of this study was to isolate, identify and assess the biocontrol efficacies of
fungal and bacterial endophytes harbored in Cannabis sativa L. plants and the liverwort
Radula marginata. Despite significant production of cannabinoids, the major secondary
metabolites of C. sativa L. plants, numerous phytopathogens are able to attack different parts
of the plant leading to disease. Thus far, the host—specific phytopathogens were challenged
with the endophytes by devising dual culture antagonistic assays resulting in varying degrees
of pathogen inhibition concomitant to a plethora of endophyte-pathogen antagonistic
interactions.The overall biodiversity of endophytes distributed among the tissues were further
evaluated using detailed statistical calculations to correlate with their functional traits.
Additionally, using the rationale that structurally similar cannabinoids are produced by
phylogenetically unrelated C. sativa and R. marginata, similar and discrete functional traits of

endophytic community were explored.

This study also provides fundamental insights into the antivirulence strategies used by
bacterial endophytes of C. sativa L. A combination of HPLC-ESI-HRMS" and MALDI-imaging-
HRMS was used to quantify and visualize the spatial distribution and quenching of four
different AHLs (N-acyl-L-homoserine lactones) used by Chromobacterium violaceum for
violacein-mediated quorum sensing. MALDI-imaging-HRMS was further used for visualizing
the spatial localization of each AHL by C. violaceum and the concomitant selective

impediment of the AHLs by bacterial endophytes.

The results reported in this thesis underline the defensive functional traits of selected
endophytes and opens new avenues towards further exploitation of endophytes harbored in
C. sativa L. plants and R. marginata.

v |



Zusammenfassung

ZUSAMMENFASSUNG

Endophyten sind Mikroorganismen, welche sich im inneren Gewebe von Pflanzen infizieren,
ohne dadurch sichtbare Symptome oder Krankheiten auszuldsen. Sie leben in mutualisti-
scher Gemeinschaft mit Pflanzen zumindest fur einen Teil ihres Lebenszyklus. Im letzten
Jahrzehnt hat die Entdeckung und Charakterisierung von Endophyten, die bioaktive Natur-
produkte synthetisieren, dazu geflhrt, dass moglichen Potential dieser Mikroorganismen fir

Landwirtschaft und Pharmazie zu untersuchen.

Ziel dieser Arbeit war die Isolierung und Identifizierung bakterieller und pilzlicher Endophyten
aus Cannabis sativa L. und dem Lebermoos Radula marginata, sowie Untersuchungen zu
deren biologischer Wirksamkeit. Trotz der Produktion signifikanter Mengen von Canna-
binoiden, den wichtigsten Sekundarmetaboliten von C. sativa, sind zahlreiche phytopatho-
gene Mikroorganismen in der Lage, verschiedene Teile der Pflanze anzugreifen und Krank-
heiten auszuldsen. Die Interaktion der wirtsspezifischen phytopathogenen Mikroorganismen
mit den Endophyten wurde in Zwei-Kultur-Antagonismus-Assays untersucht; verschiedene
Abstufungen der Inhibierung wurden beobachtet, welche mit einer Fllle von
antagonistischen Wechselwirkungen von Endophyten und Pathogenen verbunden sind. Die
Biodiversitat der Endophyten in den Pflanzengeweben wurde mit statistischen Methoden
genauer untersucht, um funktionelle Eigenschaften der Endophyten zu korrelieren.
Ausgehend von der Tatsache, dass Cannabinoide mit ahnlicher chemischer Struktur in den
phylogenetisch nicht verwandten Arten C. sativa und R. marginata synthetisiert werden,
wurden Ahnlichkeiten und Unterschiede der Endophyten-Gemeinschaft in beiden Pflanzen

untersucht.

Die Arbeit liefert zudem fundamentale Erkenntnisse Uber die Antivirulenz-Strategien der
bakteriellen Endophyten von C. sativa. Eine Kombination aus HPLC-ESI-HRMS" und MALDI-
imaging-HRMS wurde zur Quantifizierung und Visualisierung der raumlichen Verteilung von
vier verschiedenen AHLs (N-acyl-L-homoserin lactone), genutzt, welche Chromobacterium
violaceum fur Violacein-vermitteltes ,Quorum sensing“ verwendet. MALDI-imaging-HRMS
wurde auch eingesetzt, um die rdumliche Verteilung jeder der vier AHLs durch C. violaceum
und die damit einhergehende selektive Unterdrickung der AHLs durch bakerielle

Endophyten zu untersuchen.

Die Ergebnisse dieser Arbeit zeigen die moglichkeiten von ausgewahlten Endophyten bei
Verteidigungs strategie und 6ffnen neue Wege zur weiteren Nutzung von Endophyten aus C.

sativa und R. marginata.

Vil |
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Chapter 1

SCOPE OF THE THESIS




Chapter 1

1.1. AIMS AND OBJECTIVES:

The aim of this work was to isolate, identify, evaluate and compare the biocontrol prospects
of fungal and bacterial endophytes harbored in Cannabis sativa L. plants and liverwort
Radula marginata. Furthermore, this study provides fundamental insights into the
antivirulence strategies of bacterial endophytic community of C. sativa L. The goals of this

cumulative thesis are addressed as individual chapters describing the following points:

A. Chapter 2 provides an introduction to the thesis and an overview of the relevant
literature. It also highlights the various rationales for bioprospecting endophytes of C.

sativa L. and R. marginata

B. Chapter 3 evaluates the incidence, diversity and phylogeny of endophytic fungi
isolated from various tissues of C. sativa L. plants, and further assess the biocontrol
efficacies against the two major phytopathogens of the plant namely, Botrytis cinerea and
Trichothecium roseum. Based on the knowledge of OSMAC (One Strain MAny
Compounds) approach, the antagonistic effects are evaluated against the two

phytopathogens under five different media conditions.

C. Chapter 4 provides fundamental insights into the potential of endophytic bacteria as
biocontrol- as well as antivirulence agents in disrupting the cell-to-cell quorum sensing
signals in the biosensor strain, Chromobacterium violaceum. In this study, we have used
a combination of high performance liquid chromatography high-resolution mass
spectrometry (HPLC-ESI-HRMS") and matrix assisted laser desorption ionization imaging
high-resolution mass spectrometry (MALDI-imaging-HRMS) to quantify and visualize the
spatial distribution of cell-to-cell quorum sensing signals in the biosensor strain, C.
violaceum. We further showed that the potent endophytic bacteria can selectively and

differentially quench the quorum sensing molecules of C. violaceum.

D. Chapter 5 demonstrates the isolation, identification, biocontrol prospects, biofilm and
anti-biofilm magnitudes of fungal and bacterial endophytes harbored in liverwort R.
marginata. Furthermore, this study compares and evaluates the ecological significance
and antagonistic potential of bacterial endophytic community of R. marginata against the
two phytopathogens, as compared to that of C. sativa L. Therefore, it underlines the
similar and discrete traits of endophytic community of plants from different geographical

niches with similar secondary metabolite (cannabinoid) production.

2|
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Chapter 2

INTRODUCTION

Parijat Kusari, Michael Spiteller, Oliver Kayser, Souvik Kusari

PK, SK, MS and OK jointly conceived, planned and designed the chapter; PK performed the literature
review and summarized the structure of the manuscript; PK wrote the manuscript with inputs from all
coauthors; SK supervised PK and maintained scientific surveillance; MS and OK oversaw the entire

project as senior authors and supervisors of PK

Parts of introduction have been published in:

Recent advances in research on Cannabis sativa L. endophytes and their prospect for the
pharmaceutical industry. In Kharwar, R. N. et al. (eds.) Microbial Diversity and Biotechnology
in Food Security, Springer India, Part |, pp. 3-15




Chapter 2

2.1. INTRODUCTION

Cannabis is an annual herbaceous plant genus in the Cannabaceae family, mainly from
Central Asia. Cannabis and Humulus are the only two recognized genera in the
Cannabaceae family (Fernald 1950; Flores-Sanchez and Verpoorte 2008). In Cannabis,
mainly one species is famously recognized, namely C. sativa (Linnaeus 1753), however,
three other species (C. indica, C. ruderalis and C. afghanica) have also been described
recently (McPartland et al. 2000); only species H. lupulus is recognized in the genus
Humulus. However, Cannabis sativa L. (Fig. 1) is the most rigorously studied plant that has
been in use all over the planet since ages either in the form of narcotic or medicinal
preparations or as a source of food and fiber (Wills et al. 1998; Jiang et al. 2006; Murray et
al. 2007). It is also the most controversial plant in the human history with a strongly divided
medical-, research- and political community with respect to its use. The secondary
metabolites of this plant constitute more than 400 compounds (Turner et al. 1980), with the
most emphasis being led on cannabinoids. Recent investigations on liverworts led to the
identification of bibenzyl cannabinoids (namely perrottetinene and perrottetinenic acid), with
structural similarity to tetrahydrocannabinol, the major psychoactive secondary metabolite of
Cannabis sativa L. plants (Toyota et al. 2002). Radula marginata (Radulaceae) is a species
of liverwort commonly found in the New Zealand. Species belonging to Radula (for example
R. perrottetti, R. complanata, R. kojana, and others) have been reported to contain aromatic

compounds and prenyl bibenzyls (Asakawa et al. 1991a; Toyota et al. 1994).

C. sativa L. is commonly called ‘hemp’, and it is said that “hemp has no enemies” (Dewey
1914). However, this misleading notion is far from the truth since this plant is beleaguered by
a plethora of specific and generalist microbial pathogens (Kusari et al. 2012a). A couple of
infrequent attempts have been made so far for the eradication of the fungal pathogens
attacking this plant (Ungerlerder et al. 1982; Kurup et al. 1983; Levitz and Diamond 1991;
Bush Doctor 1993). However, a holistic, cost-effective and environmentally friendly means to
eradicate the pathogen-mediated diseases in Cannabis is essential. Therefore, it might be
possible to efficiently utilize the unique C. sativa-associated microorganisms (called
‘endophytes’) to thwart the loss of these therapeutically significant plants and considerably
reduce the expanse of vulnerabilities caused by phytopathogens. Additionally, with the
rationale of production of structurally similar cannabinoids by Cannabis and Radula, it might
also be promising to evaluate the efficacies of endophytic community of Radula marginata,
and further compare the similar and discrete functional traits of endophytic community of
phylogenetically unrelated plants with similar biosynthetic principles. Further, gaining deeper

insights into fundamental functional traits of endophytes will enable a more holistic approach
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towards understanding the biological role played by the endophytes in different ecological
niches, not only in host plant defense but also in maintaining colonization and their own

survival inside plants.

2.1.1. Endophytic microorganisms

In last decade, discovery and intensive investigation of plant-associated microorganisms,
termed endophytic microorganisms (or endophytes) have led to the possibility of exploring
the potential benefits of these promising organisms in agriculture, medicinal and
pharmaceutical sectors. Endophytes can be defined, in a generalist manner, as a group of
microorganisms that infect the internal tissues of plant without causing any immediate
symptom of infection and/or visible manifestation of disease, and live in mutualistic
association with plants for at least a part of their life cycle (Bacon and White 2000; Kusari
and Spiteller 2012; Kusari et al. 2013). de Bary (1866) first coined the term ‘endophyte’
(endon meaning within; phyton meaning plant). Endophytes are ubiquitously existent in
almost every plant tissue examined till date (Guerin et al. 1898; Redecker et al. 2000; Strobel
2002; Staniek et al. 2008). With the increasing enormity of global health problems, and the
incidence of drug-resistant microorganisms and new diseases, it has become clear that
faster and effective pursuits for drug discovery and sustainable production must be made.
This cumulative crisis has already led to the discovery and characterization of potent
endophytes which can produce bioactive natural products, occasionally mimetic to their
associated host plants (Eyberger et al. 2006; Kour et al. 2008; Kusari et al. 2008, 2009a, b,
¢, 2012b; Shweta et al. 2010). Endophytes are also known to produce a diverse range of
biologically active secondary metabolites (Strobel and Daisy 2003; Strobel et al. 2004; Zhang
et al. 2006; Gunatilaka 2006; Staniek et al. 2008; Suryanarayanana et al. 2009; Aly et al.
2010; Kharwar et al. 2011) that are known to produce host plant tolerance against various
environmental stress herbivory, heat, salt, disease and drought (Stone et al. 2000; Redman
et al. 2002; Arnold et al. 2003; Rodriguez et al. 2004, 2008; Waller et al. 2005; Marquez et al.
2007; Rodriguez and Redman 2008; Porras-Alfaro and Bayman, 2011). Even with such
colossal amounts and breadth of successful discoveries of potentially beneficial endophytes,
it has still not been possible to utilize them commercially for the ‘sustained production’ of the
desired pharmaceutically valuable compounds (Kusari et al. 2014). Therefore, understanding
of the multitude of endophyte relationships with host plants needs more attention and
investigation in various related aspects such as the endophyte-plant interactions,

multispecies crosstalk, and links with herbivores and predators.
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Fig. 1 Cannabis sativa L. plants sampled from the Bedrocan BV Medicinal Cannabis (the

Netherlands). (Photograph courtesy of S. Kusari)

2.1.2. Overview of phytocannabinoids in C. sativa L. and liverwort Radula
marginata

The major secondary metabolites of C. safiva L. constitute cannabinoids, terpenoids,
flavonoids, alkaloids and lignans (Flores-Sanchez and Verpoorte 2008). Among them,
cannabinoids are the ones most extensively studied. Cannabinoids are terpenophenolics
found in the Indian hemp (C. sativa L.) constituting a class of chemical compounds that
include phytocannabinoids (i.e., oxygen-containing C21 aromatic hydrocarbon compounds
found in Cannabis plant) and related chemical compounds which mimic the actions of
phytocannabinoids or have a similar structure (e.g. endocannabinoids). Cannabinoids are
known to occur naturally in significant measure in the plant. In general, all plant parts are
known to contain cannabinoids (Flemming et al. 2007). However, these phytochemicals are
more concentrated in a viscous resin that is produced in glandular trichomes. Table 1
summarizes the major cannabinoids and related precursors that have been isolated from
Cannabis sativa.

Although the plant is mainly regarded as drug of abuse due to high content of delta 9-
tetrahydrocannabinol (A9-THC), the main psychoactive compound, cannabinoids are known
to have important therapeutic effects (Williamson and Evans 2000; Baker et al. 2003;
Grotenhermen et al. 2002, 2012; Musty et al. 2004; Flores-Sanchez and Verpoorte 2008)

such as analgesic, anti-spasmodic, anti-tremor, anti-inflammatory (Gomes et al. 2008), anti-

6
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oxidant, antineoplastic (Carchman et al. 1976; Mojzisova and Mojzis 2008), neuro-protective
(Ameri et al. 1999), immunosuppressive, anti-nociceptive, antiepileptic, antidepressants and
appetite stimulant. From 450 secondary natural product constituents in total (including 20
flavonoids, 15 polyketides), more than 108 cannabinoids have been discovered so far
(Hazekamp et al. 2004, 2005; EISohly and Slade 2005; Taura et al. 2007; Radwan et al.
2008; Ahmed et al. 2008; Fischedick et al. 2010; and refer to Natural Product Database, Nov.
2012). Due to such therapeutic potential of cannabinoids and the plant extracts themselves,
several Cannabis-based medicines have already made their way to the pharmaceutical
industries. Some prominent examples include Marinol® (Solvay Pharmaceuticals, Belgium),
Sativex (GW Pharmaceuticals, UK), and Nabilone (Cesamet®, Veleant Pharmaceuticals
International, USA). Although A9-THC is considered to be one of the major psychoactive
compounds (Taura et al. 1995; Sirikantaramas et al. 2005; Pertwee 2006), other
cannabinoids like cannabigerol, cannabidiol, cannabinol, olivetol, and cannabichromene
prove to be therapeutically beneficial either alone or synergistically. These cannabinoids are
also known to be effective against various pathogenic bacteria and fungi of clinical
importance thereby signifying the antifungal and antibacterial potency of the compounds
(Elsohly et al. 1982; Appendino et al. 2008; Pollastro et al. 2011). However, more studies are
still required to confirm the potential benefits of whole plant extracts compared to that of pure
cannabinoids (Williamson and Evans 2000; Wachtel et al. 2002; Russo and McPartland
2003; EISohly et al. 2003). A9-THC and other cannabinoids are also subjected to directed
biosynthesis, or in other words, induced in the medium by biotransformation of structurally
related compounds using various fungal isolates or plant cell suspension cultures (Hartsel et
al. 1983; McClanahan et al. 1985; Miyazawa et al. 1997; Tanaka et al. 1997; Toniazzo et al.
2005; Kawamoto et al. 2008; Saxena 2009; Flores-Sanchez et al. 2009; Happyana et al.
2013).

Liverworts are small, simple and non-vascular plants existing in almost all ecosystems,
though they are abundant in the tropical niches. However, these small plants are highly rich
in terpenoids and aromatic compounds. Some are also known to produce specific
compounds with novel carbon skeleton that serve as significant markers of different genus of
liverworts (Ludwiczuk and Asakawa 2008). Radula marginata (Radulaceae) is a species of
liverwort commonly found in the New Zealand. Species belonging to Radula (for example R.
perrottetti, R. complanata, R. kojana, and others) have been reported to contain aromatic
compounds and prenyl bibenzyls (Asakawa et al. 1991a; Toyota et al. 1994). These
compounds are known to have antimicrobial, antioxidant, antifungal, cytotoxic and other

important biological activities (Ludwiczuk and Asakawa 2008). Recent research (Toyota et al
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2002) led to the identification of new cannabinoids (namely perrottetinene and perrottetinenic
acid) with structural similarity to tetrahydrocannabinol, the major psychoactive compound of
Cannabis sativa L. plants. Table 2 summarizes the new cannabinoids identified in liverwort
Radula marginata.
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Table 1 Important natural cannabinoids and metabolic precursors found in the Cannabis

plants

Name of compound

Olivetol

C11H1602
180.2435

Olivetolic acid

C12H1604
224.2530

Cannabigerol

C21H3202
316.4775

Cannabigerolic acid

C22H3204
360.4870

Structure
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Cannabichromene

C21H3002
314.4617

Cannabichromenic acid

C22H3004
358.471

Cannabidiol

C21H3002
314.4617

Cannabidiolic acid

C22H3004
358.4712

OH

OH
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A°-tetrahydrocannabinol

C21H3002
314.4617

A°-tetrahydrocannabinolic
acid

C22H3004
358.4712

Cannabinol

C21H2602
310.4299

Cannabinolic acid

C22H2604
354.4394

H,;C
OH
“\H
H O
H,C
CH
H,C 0 3
H,;C

CH,
(X
z
H,C o CH,
CH,
CH,
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Cannabicyclol

C21H3002
314.4617

Cannabicyclolic acid

C22H3004
358.482

Cannabielsoin

C21H3003
330.4611

Cannabitriol

C21H3004
346.4605

CH,
o)
CH
H,C 3
HO CH,
CH,
o)
CH
H,C 3
o” “oH

H,C_ ,OH
OH
OH
z
H,C
o) CH,
CH,
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Cannabichromanone (o) (o] OH
CooHag O4
332.4339 H,C
H,;C
(o CH,
H;C

Table 2 New cannabinoids found in liverwort Radula marginata

Name of compound Structure

Perrottetinene

C24H2802
348.4779

Perrottetinenic acid CH,

Cas5H2804
392.4874

13|
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2.1.3. Necessity for discovering endophytes harbored in C. sativa L. conferring

plant fitness benefits

Plants have been bioprospected for therapeutic potential since ages. Plants are known to
contain various bioactive molecules with relevant biological functions such as chemical
defense of the plant (Chen et al. 1924; Li et al. 2001; Lopez-Lazaro et al. 2003; Wink 2008;
Holler et al. 2012). However, due to the continuous co-evolution of the attack-defense,
counter-defense, and other forms of crosstalk between plants and interacting organisms
(including microorganisms, herbivores, feeders, pests, etc.), plants alone are unable to
defend themselves against parasites, pathogens and predators (Kusari et al. 2012d). For
example, despite the significant quantity of cannabinoids in the C. sativa L. plant, there are
still reports of numerous phytopathogens attacking the different organs of the plant starting
from seedling to even a mature plant (McPartland 1996). A plethora of bacteria and fungi are
known to be responsible for the devastating infections caused to the plant (Hockey 1927;
McPartland 1991, 1993, 1994, 1995). As a case in point, the two major phytopathogens,
namely Boftrytis cinerea and Trichothecium roseum, are potent greenhouse threats for the
Cannabis cultivars and are known to cause localized to (potentially) epidemic disasters
(Barloy and Pelhate 1962; Bush Doctor 1985). Although elimination attempts against many
pathogens have been made so far (Ungerlerder et al. 1982; Kurup et al. 1983; Levitz and
Diamond 1991; Bush Doctor 1993), for total eradication of causative agents and/or
prevention of their pathogenicity to Cannabis plants, future investigation is required.

2.1.4. Rationale for biocontrol prospects of endophytes

Plant-fungal associations are always accompanied by various physical and chemical
interactions thereby establishing them either in localized and/or systemic manner (Kusari et
al. 2014). It is immensely important to understand the reaction and stability of endophytes in
any microbe-microbe interactions due to biotic selection pressures, outside the host
environment. Thus, monitoring the magnitude of biocontrol efficacies under different media
conditions not only provide information correlating to the well-known OSMAC (One Strain
MAny Compounds) approach but also evaluates the probable contributions and capabilities
of endophytes in aiding host fithess against the pathogens. The varying assortment of
various bi-, tri- and multipartite interactions demonstrated by the endophytes against the host
phytopathogens indicates that their efficacies are either due to production of secondary
metabolites or the immediate intermediates in the biosynthetic pathway of those metabolites,
triggered upon pathogen-challenge. This reveals that endophytes are capable of producing
cryptic metabolites when elicited under certain selective interacting conditions apart from the

normal metabolites produced under normal fermentation conditions (Kusari et al. 2012).
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Nonetheless, there is still no known breakthrough in the biotechnological production of these
bioactive natural products using endophytes. However, the pathogens encountered can
serve as an inducer that might trigger the production of defense secondary metabolites
enabling incessant discovery and sustained supply of bioactive pro-drugs against the current

and emerging diseases of host plants.

Further, gaining a deeper insight of the various bi-, tri- and multipartite interactions of
endophytes with associated host plants and neighboring microbial community like epiphytes,
associated endophytes, endosymbiont and pathogens under various biotic selection
pressures will enable a holistic approach towards production and co-evolution of bioactive
natural products. Thus underlining the similar and discrete traits of endophytic community of
plants from different ecological niches like Cannabis sativa and Radula marginata, with
similar secondary metabolite (cannabinoids) production can provide a hypothesis that host
plants containing similar phytochemicals might harbor same and/or similar or different
endophytic microflora. Additionally, exhibiting an endophytic lifestyle in two different
phylogenetically unrelated host plants with similar biosynthetic principles is noteworthy and
can further explore their efficacies and magnitude in retaining certain defensive functional
traits. However, whether the presence of similar species and their functional characteristic
are attributed to similar biosynthetic principles of different host plants needs more plant
survey from different geographical locations. Our work evaluates and compares the
biocontrol efficacies of endophytic microbial community of C. sativa and R. marginata with
respect to the varying assortment of antagonism against the phytopathogens. Fig. 2 shows
representative plates demonstrating the emergence of endophytic fungal mycelia from
surface-sterilized Cannabis sativa L. plant tissues on water agar media amended with

antibiotic (streptomycin, 100 mg/L).
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Fig. 2 Representative plates showing emergence of endophytic fungal mycelia from surface-

sterilized Cannabis sativa L. plant tissues on water agar media amended with antibiotic

(streptomycin, 100 mg/L)

2.1.5. Rationale for alternate antivirulence strategies of endophytes with

respect to quorum responses

Quorum sensing is an important cell to cell communication system enabling microbe-microbe
interaction, colonization, bacterial pathogenesis and invasion across populations, ranging
from unicellular prokaryotes to multicellular eukaryotes (Hosni et al. 2011; Hartmann et al.
2014; Cornforth et al. 2014). N-acylated L-homoserine lactones (AHLs) of Gram-negative
bacteria and oligopeptides of Gram-positive bacteria are released as autoinducers to
facilitate quorum sensing (LaSarre and Federle 2013). These in turn coordinate responses
across a population to establish crosstalk, the most important being able to thwart chemical
defenses (e.g. production of antibiotic compounds) of other organisms (Teplitski et al. 2011).
Over the last decades, quorum sensing has progressively received attention in clinical
studies owing to an increasing drug resistance in pathogenic bacteria that is a dreaded
challenge in curing current and emerging life threatening diseases. Therefore, alternate
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“antivirulence” strategies are being sought to target quorum sensing in pathogenic bacteria
(Amara et al. 2011; Claessen et al. 2014).

“Antivirulence strategy” comprises of interference with bacterial virulence and/or cell-to-cell
signaling pathways without killing bacteria or preventing their growth. The overall strategy is
to inhibit specific mechanisms that promote infection and are essential to persistence in a
pathogenic cascade (for example, binding, invasion, subversion of host defenses and
chemical signaling), and/or cause disease symptoms but without affecting the growth
(Clatworthy et al. 2007; Rasko and Sperandio 2010; LaSarre and Federle 2013). Therefore,
targeting quorum sensing in a pathogenic bacterial population mitigates virulence as
opposed to suppressing bacterial growth. Inhibition of quorum sensing in pathogenic
bacteria, a process known as “quorum quenching”, by endophytes has a fundamental
advantage over other disease-management strategies (such as antimicrobial therapies) and
opens new approaches to tackle drug-resistant bacteria. One important portion of our work
encircle around the fundamental insights into the potential of endophytic bacteria harbored in
Cannabis sativa L. plants, as antivirulence agents suppressing the virulence factors like

quorum sensing molecules.
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3.1. ABSTRACT

The objective of the present work was isolation, phylogenetic characterization, and
assessment of biocontrol potential of endophytic fungi harbored in various tissues (leaves,
twigs, and apical and lateral buds) of the medicinal plant, Cannabis sativa L. A total of 30
different fungal endophytes were isolated from all the plant tissues which were authenticated
by molecular identification based on rDNA ITS sequence analysis (ITS1, 5.8S and ITS2
regions). The Menhinick’s index revealed that the buds were immensely rich in fungal
species, and Camargo’s index showed the highest tissue-specific fungal dominance for the
twigs. The most dominant species was Penicillium copticola that could be isolated from the
twigs, leaves, and apical and lateral buds. A detailed calculation of Fisher’s log series index,
Shannon diversity index, Simpson’s index, Simpson’s diversity index, and Margalef’s
richness revealed moderate overall biodiversity of C. sativa endophytes distributed among its
tissues. The fungal endophytes were challenged by two host phytopathogens, Botrytis
cinerea and Trichothecium roseum, devising a dual culture antagonistic assay on five
different media. We observed eleven distinct types of pathogen inhibition encompassing a
variable degree of antagonism (%) on changing the media. This revealed the potential
chemodiversity of the isolated fungal endophytes not only as promising resources of
biocontrol agents against the known and emerging phytopathogens of Cannabis plants, but

also as sustainable resources of biologically active and defensive secondary metabolites.

Keywords: Cannabis sativa; endophytic fungi; fungal diversity; antagonism; Botrytis cinerea;
Trichothecium roseum
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3.2. INTRODUCTION

Cannabis sativa L. (Cannabaceae) is an annual herbaceous plant, native mainly to Central
Asia, that has been in use all over the planet either in the form of narcotic or medicinal
preparations or as a source of food and fiber (Jiang et al. 2006). The secondary metabolites
of this plant constitute more than 400 compounds (Turner et al. 1980), with the most
emphasis being led on cannabinoids. More than 108 cannabinoids have already been
discovered (Hazekamp et al. 2004, 2005; EISohly and Slade 2005; Radwan et al. 2008;
Ahmed et al. 2008; Fischedick et al. 2010). Although Cannabis is regarded as mainly a drug
of abuse at present, cannabinoids are known to have important therapeutic effects such as
analgesic, anti-spasmodic, anti-tremor, anti-inflammatory, antioxidant, neuro-protective, and
appetite stimulant (Baker et al. 2003; Gomes et al. 2008; Mojzisova and Mojzis 2008). Such
pronounced efficacies of cannabinoids have led to the development of various Cannabis-
based medicines, namely dronabinol (Marinol®, Solvay Pharmaceuticals, Belgium), Sativex
(GW Pharmaceuticals, UK), and nabilone (Cesamet®, Valeant Pharmaceuticals
International, USA). Although A9-tetrahydrocannabinol (A9-THC) is considered to be the
major psychoactive compound (Taura et al. 1995; Sirikantaramas et al. 2005; Pertwee 2006),
there is still a lot of intensive investigation to verify if pure cannabinoids provide better
therapeutic effect over the whole plant extracts, and the worth of other compounds in
Cannabis-based medicinal use (Wachtel et al. 2002; EISohly et al. 2003; Russo and
McPartland 2003; Grotenhermen and Muiller-Vahl 2012).

C. sativa is commonly known as ‘hemp’. Owing to the potent phytochemical constituents and
diverse use of this plant by humans, an overall fallacy that “hemp has no enemies” (Dewey
1914) has developed. Unfortunately, this plant is attacked by a plethora of phytopathogens
leading to a number of diseases (McPartland 1996) prevalent in every organ (such as leaf,
flower, stem and root) and growth stage (seedling to mature plant). A number of specific and
non-specific bacteria and fungi have been found to be associated with the plant as
pathogens, and responsible for different stress symptoms and diseases (Taylor et al. 1982;
Kurup et al. 1983; McPartland 1983, 1994; Schwartz 1985; Grotenhermen and Miller-Vahl
2012). In particular, more than 80 different fungal species have been discovered so far that
poses some form of threat to Cannabis plants (Hockey 1927; McPartland 1995). However,
two of the most threatening diseases of C. sativa have been shown to be caused by the
phytopathogens Botrytis cinerea and Trichothecium roseum (McPartland 1996). On the one
hand, B. cinerea attacks the leaves, flowers, stems and branches of this plant leading to the
disease known as ‘gray mold’, which can completely destroy the plant within 1 week (Barloy

and Pelhate 1962). This fungal pathogen forms a grey brown mat and encircles leaves,
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stems and flowers and can even spread epidemic disasters in the field (van der Werf and
van Geel 1994; van der Werf et al. 1995). B. cinerea also causes another disease called
‘damping off’ where it weakens the seeds or seedlings before or after they germinate, or
even Kill the seedlings (Bush Doctor 1985). On the other hand, T. roseum attacks the leaves
and flowers of C. sativa plants causing the dreaded ‘pink rot’ disease, which is a greenhouse
threat for cultivars (McPartland 1991). Although some sporadic attempts have been made for
the elimination of the fungal pathogens from this plant (Ungerlerder et al. 1982; Kurup et al.
1983; Levitz and Diamond 1991; Bush Doctor 1993), a more comprehensive, practical and
ecologically relevant means to eradicate the pathogen-mediated diseases in Cannabis is
necessary. It is, thus, highly desirable to effectively address these threats to prevent the loss
of these medicinally relevant plants and drastically reduce the amount of hazards caused by

these specific and/or other opportunistic pathogens.

Plant associated bacterial and fungal communities play an important role in balancing the
ecosystem. Endophytic microorganisms (‘endophytes’) are a group of highly assorted
organisms that internally infect living plant tissues without instigating any noticeable symptom
of infection or visible manifestation of disease, and live in mutualistic association with plants
for at least a part of their life cycle (Hyde and Soytong 2008; Botella and Diez 2011;
Purahong and Hyde 2011; Vesterlund et al. 2011; Kusari and Spiteller 2012; Kusari et al.
2012b). Endophytes, mainly represented by fungi but also by bacteria, have great promise
with diverse potential for exploitation (Staniek et al. 2008; Li et al. 2012). A plethora of
competent endophytic fungi have already been discovered that are capable of providing
different forms of fitness benefits to their associated host plants (Hamilton et al. 2012;
Hamilton and Bauerle 2012). For example, these organisms have demonstrated the capacity
to produce a diverse range of biologically active secondary metabolites (Strobel and Daisy
2003; Strobel et al. 2004; Gunatilaka 2006; Zhang et al. 2006; Staniek et al. 2008;
Suryanarayanana et al. 2009; Aly et al. 2010; Kharwar et al. 2011; Debbab et al. 2012),
occasionally including those similar to their associated host plants (Eyberger et al. 2006;
Kusari et al. 2008, 2009a, b, c, 2011, 2012a), and induce host plant tolerance to
environmental stress, herbivory, heat, salt, disease and drought (Stone et al. 2000; Redman
et al. 2002; Arnold et al. 2003; Rodriguez et al. 2004, 2008; Waller et al. 2005; Marquez et al.
2007; Rodriguez and Redman 2008; Porras-Alfaro and Bayman 2011).

The objective of the work reported in this manuscript was to evaluate the diversity of
endophytic fungi isolated from different tissues of Cannabis sativa L., and further screen
them as potential biocontrol agents against two major fungal pathogens of the plant, namely
Botrytis cinerea and Trichothecium roseum. Based on the knowledge that the biosynthesis of
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secondary metabolites in endophytes are dependent on the culture parameters and available
nutrition (OSMAC, One Strain MAny Compounds) (Bode et al. 2002), we further evaluated
the antagonistic effects of isolated endophytes against the two host-specific pathogens on
five different media. To the best of our knowledge, this is the first report of the incidence,
diversity, phylogeny, and assessment of biocontrol potential of endophytic fungi harbored in
C. sativa.

3.3. MATERIALS AND METHODS
3.3.1. Collection, identification, and authentication of plant material

As part of an effort to identify endophytic fungi that provide fitness benefits to their host
plants, Cannabis sativa plants were sampled from the Bedrocan BV Medicinal Cannabis (the
Netherlands). The plants were identified and authenticated as C. sativa by experienced
botanists at the Bedrocan BV. Plants specimens are under deposit at Bedrocan BV with
voucher numbers (A1)05.41.050710. These plants were then transported to the TU
Dortmund, Germany immediately, and processed within 6 h of collection. Import of the plant
material was allowed according to the permission of the Federal Institute for Drugs and
Medical Devices (Bundesinstituts fiir Arzneimittel und Medizinprodukte, BfArM), Bonn,
Germany under the license number 458 49 89. Different parts of the plants such as fresh
leaves, twigs and apical lateral buds were carefully excised from the live host plant (roots
were unavailable due to legislative restrictions). The excised tissues were washed thoroughly
in running tap water followed by deionized (DI) water to remove any dirt sticking to them and

stored at 4 °C until the isolation procedure of endophytic fungi was commenced (<10 min).

3.3.2. Isolation of endophytic fungi and establishment of in vitro axenic

cultures

The surface sterilization and isolation of endophytes was done following previously
established procedures (Kusari et al. 2009a). The explants were thoroughly washed in
running tap water, and small fragments of leaves, twigs, and buds of approximately 10 mm
(length) by 5 mm (breadth) were cut with the aid of a flame-sterilized razor blade (same
number of fragments for each tissue type). Then, the small tissue fragments were surface-
sterilized by sequential immersion in 70% ethanol for 1 min, 1.3 M sodium hypochlorite (3-
5% available chlorine) for 3 min, and 70% ethanol for 30 s. Finally, these surface-sterilized
tissue pieces were rinsed thoroughly in sterile, double-distilled water for a couple of minutes,
to remove excess surface sterilants. The excess moisture was blotted on a sterile filter

paper. The surface-sterilized tissue fragments, thus obtained, were evenly placed (four
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fragments in each plate) in petri dishes (Diagonal GmbH & Co. KG, Germany) containing
water agar (WA) medium (Roth, cat. no. 5210.2) amended with streptomycin (100 mg/L) to
eliminate any bacterial growth. The petri dishes were sealed using Parafilm (Diagonal GmbH
& Co. KG, Germany). The petri dishes were incubated at 28+2°C until fungal growth started.
To ensure proper surface sterilization and isolation of fungal endophytes, unsterilized tissue
fragments (only washed thoroughly in water) were prepared simultaneously, placed in both
WA and Sabouraud agar (SA; Roth, cat. no. X932), and incubated under the same
conditions in parallel, to isolate the surface-contaminating fungi (differentiated
morphologically by both macroscopic and microscopic evaluation) (Kusari et al. 2009b). The
cultures were monitored every day to check the growth of endophytic fungi. The endophytic
organisms, which grew out from the sample segments over 4-6 weeks were isolated and
subcultured onto a rich mycological medium, SA, and brought into pure culture. To ensure
proper surface sterilization, surface-sterilized tissue fragments were imprinted simultaneously
in WA as well as SA and incubated under the same conditions in parallel (secondary
protocol, ‘imprint technique’) (Schulz et al. 1998; Sanchez Marquez et al. 2007).

3.3.3. Maintenance and storage of the axenic endophytic fungal isolates

The axenic cultures, obtained above, were coded according to their host tissue origin (L1, L2,
etc. from leaves, T1, T2, T3, etc. from twigs, and A1, A2, A3, etc. from apical/lateral buds),
and were routinely maintained on PDA, SA and CDA (Czapek-Dox Agar; Merck, Darmstadt,
Germany) in active form. For long-term storage, the colonies were preserved in the form of
spores (those which readily sporulated in axenic cultures) as well as vegetative form in 15%
(v/v) glycerol at -80°C. Agar blocks impregnated with mycelia were used directly for storage
of the vegetative forms. For the isolation of the genomic DNA of the endophytes, a set of
conical flasks of 500 mL capacity each with 100 mL Sabouraud broth (SB; Roth, cat. no.
AE23.1) was used with proper autoclaving. The endophytic fungi were inoculated in the
respective flasks from the parent axenic cultures. The flasks were incubated at 28+2°C with
proper shaking (150 rpm) on a rotary shaker (Heidolph UNIMAX 2010, Germany) over 4-6

weeks.

3.3.4. Total genomic DNA extraction, PCR amplification and sequencing

The total genomic DNA (gDNA) was extracted from the in vitro cultures using peqGOLD
fungal DNA mini kit (Peqlab Biotechnologie GmbH, Germany, cat. no. 12-3490-02) strictly
following the manufacturer’s guidelines. The DNA was then subjected to PCR amplification
using primers ITS4 and ITS5 according to White et al. (1990). The amplified fragment
consisted of ITS1, 5.8S and ITS2 regions of the rDNA. The PCR reaction was performed in
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50 pL reaction mixture containing 10 pL Phusion HF buffer (5X), 1 yL dNTPs (10 mM), 0.5
pL forward primer (100 uM), 0.5 yL reverse primer (100 uM), 3 uL of template DNA, 1 pL of
Phusion polymerase (2U/uL), and 34 pL of sterile double-distilled water. The PCR cycling
protocol consisted of an initial denaturation at 98°C for 3 min, 30 cycles of denaturation,
annealing and elongation at 98°C for 10 sec, 58°C for 30 sec and 72°C for 45 sec. This was
followed by a final elongation step of 72°C for 10 min. As a negative control, the template
DNA was replaced by sterile double-distilled water. The PCR amplified products were
checked by gel electrophoresis spanning approximately 500-600 bp (base pairs). The PCR
products were further purified using peqGOLD micro spin cycle pure kit (Peglab, cat. no. 12-
6293-01) according to the manufacturer's instructions. The amplified products were then

sequenced on ABI 3730xI DNA analyzer at GATC Biotech (Cologne, Germany).

3.3.5. Identification of endophytic fungi and phylogenetic evaluation

For strain identification, the sequences were matched against the nucleotide database using
the Basic Local Alignment Search Tool (BLASTn) of the US National Centre for
Biotechnology Information (NCBI) for the final identification of the endophytes. The
sequences were aligned using ClustalW-Pairwise Sequence Alignment of the EMBL
Nucloetide Sequence Database. The sequence alignments were trimmed and verified by the
MUSCLE (UPGMA) algorithm (Edgar 2004) using MEGAS software (Tamura et al. 2011).
When the similarity between a particular problem-sequence and a phylogenetically
associated reference-sequence was 299%, only then the sequences were considered to be
conspecific (Yuan et al. 2010). The phylogenetic tree was reconstructed and the evolutionary
history inferred using the Neighbor-Joining method (Saitou and Nei 1987). The robustness of
the internal branches was also assessed with 1000 bootstrap replications (Felsenstein 1985).
The evolutionary distances were computed using the Maximum Composite Likelihood
method (Tamura et al. 2004) and were calculated in the units of the number of base
substitutions per site. The sequences of this study were deposited at the EMBL-Bank. The

accession numbers are detailed in Table 1.

3.3.6. Evaluation and quantification of fungal diversity

Species richness among the isolated endophytic fungi was determined by calculating the
Menhinick’s  index (Dnn) (Whittaker 1977) using the following equation:
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Therein, s is the number of different endophytic species in a sample (in this case, plant
tissue) and N is the total number of isolated endophytic fungi in a given sample. The fungal
dominance was then determined by Camargo’s index (1/Dn,), where D,, represents species
richness. A species was defined as dominant if P>1/ D,,, (Camargo 1992), where P; is the
relative abundance of a species, i defined as the number of competing species present in the
community The species diversity was also evaluated comparing the whole community of
isolated endophytic fungi from all tissues of the plant to understand whether these organisms
were distributed randomly through the tissues, aggregated, or uniformly distributed
(Lambshead and Hodda 1994). Furthermore, to quantify the endophytic fungal diversity of C.
sativa in different tissues, Fisher’s log series index (a), the Shannon diversity index (H"),
Simpson’s index (D) and Simpson’s diversity index (1-D), and Margalef’s richness (Dpg) were
calculated (Fisher et al. 1943; Simpson 1949; Margalef 1958; Lambshead et al. 1983;
Suryanarayana 2000; Hoffman 2008; Tao 2008) using the following equations, respectively:

N(1—-x)

Where, x was calculated by

Where, H' values could start from 0 (only one species present with no uncertainty as to what
species each individual will be) and go higher revealing high uncertainty as species are

relatively evenly distributed.
D= Z n;(n; — 1)
N(N-1)
Where, D could range between 0 (infinite diversity) and 1 (no diversity).

(-1
™ " In(N)

Therein, N is the number of individuals (defined by numbers of endophytic fungal isolates), S

is the number of taxa (ITS genotype), n is the total number of endophytic microorganisms of
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a particular species, and i is the proportion of species relative to the total number of species

(Py). Taxon accumulation curves and bootstrap estimates of total species richness based on

recovered fungal isolates were generated using the software BioDiversity Pro (McAleece et

al. 1997).

Table 1 Summary of the fungal endophytes isolated from various tissues of C. sativa with

their respective strain codes, EMBL-Bank accession numbers, and closest affiliations of the

representative isolates in the GenBank according to rDNA ITS analysis

Strain
number

(endophyte)

L1

L2

L3

L4

L5

L6

L7

L8

T1

T2

T3

T4

T5

T6

A1

A2

A3

A4

Part (tissue)

of the plant

Leaf

Twig

Apical/lateral
buds

EMBL-
Bank
accession
number
HE962579
HE962580
HE962581
HE962582

HE962482

HE962576

HE962577

HE962578

HE962583

HE962584

HE962585

HE962586

HE962587

HE962588

HE962589

HE962590

HE962591

HE962592

Most closely related
strain (accession
number)

Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)

Chaetomium globosum

(HQ914911.1)

Chaetomium globosum

(JF773585.1)

Eupenicillium
rubidurum
(HQ608058.1)

Eupenicillium
rubidurum
(HQ608058.1)

Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium sp.
(JF439496.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)
Penicillium copticola
(JN617685.1)

Paecilomyces lilacinus

Reference

Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011

NA

NA

Rodrigues et al.

2011

Rodrigues et al.

2011

Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011

Han et al. 2011

Houbraken et
al. 2011
Houbraken et
al. 2011
Houbraken et
al. 2011

NA

Maximum
identity
(%)

98

99

99

99

99

99

99

99

99
99
99
98
99
99
99
99
99

99
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(GU980015.1)
[syn. Purpureocillium
lilacinum]

A5 HE962593  Penicillium copticola Houbraken et 99
(JN617685.1) al. 2011

A6 HE962594  Penicillium sumatrense Rakemanetal. 99
(AY213677.1) 2005

A7 HE962595  penicillium Jang et al. 99
meleagrinum var. 2011
viridiflavum
(HM469412.1)

A8 HE962596  Penicillium copticola Houbraken et 99
(JN617685.1) al. 2011

A9 HE962597  Penicillium copticola Houbraken et 99
(JN617685.1) al. 2011

A10 HE962598  Penicillium copticola Houbraken et 99
(JN617685.1) al. 2011

A11 HE962599  Penicillium copticola Houbraken et 99
(JN617685.1) al. 2011

A12 HE962600 Aspergi//us versicolor Arabatzis et al. 99
(FJ878627.1) 2011

A13 HE962601 Penicillium copticola Houbraken et 99
(JN617685.1) al., 2011

A14 HE962602  Penicillium copticola Houbraken et 99
(JN617685.1) al., 2011

A15 HE962603  Penicillium sumatrense  Rakeman etal., 99
(AY213677.1) 2005

A16 HE962604  Penicillium copticola Houbraken et 99

(JNG17685.1)

al., 2011

NA not available (not published or not yet published)

3.3.7. Pathogens used for antagonistic assays

The endophytic fungi were tested against the known pathogens of the Cannabis plant, which
were obtained from the Leibniz Institute DSMZ-German Collection of Microorganisms and
Cell Cultures, Braunschweig, Germany. The fungi Botrytis cinerea (accession number DSM
5145) and Trichothecium roseum (accession number DSM 63066) were employed. The
medium used for the activation of the microorganisms were malt extract agar (MEA; Roth,
cat. no. X923.1) and potato dextrose agar (PDA; Roth, cat. no. X931.1). Activation was
performed strictly according to the DSMZ guidelines. The activated strains were routinely
maintained on PDA, MEA, and SA respectively. All procedures were carried out under

aseptic conditions.
3.3.8. In vitro antagonistic activity of endophytes against host phytopathogens

The in vitro antagonistic behavior of all endophytes was tested against the host plant-specific
pathogens B. cinerea and T. roseum using the dual culture plate antagonism assay method
established earlier (Trejo-Estrada et al. 1998; Chamberlain and Crawford 1999; Miles et al.
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2012) suitably modified. Five different kinds of media were used for the bioassay namely SA,
MEA, PDA, WA and Nutrient agar (NA; Difco, cat. no. 234000) respectively. The plates were
prepared in 90 mm sterile petri dishes (Diagonal GmbH & Co. KG, Germany) with
approximately 22 mL of the media, yielding a final depth of 4mm. Then, 5 mm plugs of each
endophyte and pathogen were co-cultured in the five different media mentioned above and
incubated at 28+2°C. The plugs were placed at the two opposite edge of the petri dishes
facing each other. The pathogens alone were inoculated as controls. The diameter of growth
of both endophyte and pathogen were monitored daily and recorded at 5, 10 and 15 days,
respectively. All control and test plates were run in duplicates. Relative growth inhibitions (%
antagonism) were calculated against the control plates for each of the endophyte-pathogen
combinations, in each of the five medium used in the bioassay. Percentage antagonism was

calculated by using a modified equation mentioned below (Chamberlain and Crawford 1999):

Radial growth of pathogen in presence of endophyte (RG)

_ total growth of pathogen - fungal plug inoculum of pathogen
B 2
Radial growth of pathogen in absence of endophyte (control)

_ total growth of pathogen in control plate - fungal plug inoculum of pathogen
B 2

100

% Antagonism = 1 —
control

3.4. RESULTS
3.4.1. Identification and characterization of the endophytic fungi

A plethora of fungal endophytes were isolated from the various tissues of C. sativa L. such
as leaves, twigs, and apical and lateral buds. A total of 30 endophytic fungal isolates were
isolated from various tissues, whereby the buds hosted the largest number of endophytes
(16 isolates) followed by the leaves (8 isolates) and finally the twigs (6 isolates) (Table 1).
The selective media supporting the pure culture of fungi was noted, and the isolates were
preserved in our microbial library. The endophytic fungi were authenticated by molecular
identification based on rDNA ITS sequence analysis. The amplified ITS sequences of the
genomic DNA (ITS1, intervening 5.8S, and ITS2) spanning around 500-600 bp were used for
the identification of the fungal endophytes. All the sequences were matched against the
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nucleotide database using the Basic Local Alignment Search Tool (BLASTn) of the US
National Centre for Biotechnology Information (NCBI), which revealed the most homologous
sequences. The detailed description of the fungal endophytes with respective codes, EMBL-
Bank accession numbers, and closest sequence homologs are summarized in Table 1. The
identities of the endophytes were considered conspecific only at a minimum threshold
identity of 299% compared to the most closely related strains (Yuan et al. 2010), with the
exception of only two sequences (for isolates L1 and T4) which revealed at least 98%
similarity to known reported sequences. All the endophytic fungal isolates belonged to
phylum Ascomycota. Most of the isolates belonged to Penicillium which could, thus, be
assigned as the major genus harbored in the leaves, twigs as well as buds. Other isolated
endophytic fungal genus included Chaetomium, Aspergillus, and Paecilomyces.

3.4.2. Phylogeny and fungal diversity analysis

The phylogenetic tree gave a more detailed idea about the relationship between the different
species of fungal endophytes obtained from different parts of C. sativa L. (Fig. 1). The
percentage of replicate trees in which the associated taxa clustered together in the bootstrap
test (1000 replicates) are shown next to the branches in the figure (bootstrap values >50%).
The tree has been drawn to scale, with branch lengths in the same units as those of the
evolutionary distance used to infer the phylogenetic tree. The number of isolates obtained
from different tissues of C. sativa ranged from 6 to 16 for twigs and buds, respectively. The
species richness determined by calculating the Menhinick’s index (D) revealed that the
buds were rich in endophytic fungal species (D, = 1.25), followed by the leaves (Dy, =
1.06), and finally the twigs (Dmn = 0.81). Camargo’s index depicting the tissue- specific fungal
dominance was 1.23 for the twigs (highest), followed by that of leaves (0.94) and buds (0.8).
The dominant species was Penicillium copticola, isolated from the twigs, leaves, and apical
and lateral buds, with a relative proportion of P; = 0.66. The next dominant species were
Chaetomium globosum (leaves), Eupenicillium rubidurum (syn. E. meridianum) (leaves), and
Penicillium sumatrense (buds) with their P; = 0.06. The rest of the species were less
dominant (P; = 0.03). Whole community analysis revealed that the endophytic fungal species

were dispersed randomly within the host plant tissues (x° (k) = 22.29, with k at 24).

To characterize the biodiversity of our samples, we calculated Fisher's log series index (a),
the Shannon diversity index (H'), Simpson’s index (D) and Simpson’s diversity index (1-D),
and Margalef’'s richness (Dng), respectively. The values obtained by these tests (for
leaves1.74, 0.42, 0.28, 0.71, 7.75; for twigs 1.98, 0.34, 0.47, 0.52, 8.28; for buds 2.49, 0.45,
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0.46, 0.53, 5.81) indicate that the biodiversity of fungal endophytes in C. sativa is not too
high. The Shannon index revealed higher certainty of endophytic fungal species consistency
in the twigs compared to that of the leaves and buds. Furthermore, the Simpson’s index
clearly showed that the leaves harbored highly diverse fungal endophytes compared to those
harbored by either the twigs or the buds. Finally, Margalef’s index revealed that the twigs had

high taxonomic richness compared to the leaves or buds.
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Fig. 1 Phylogenetic tree based on neighbor-joining analysis of the rDNA ITS sequences of
the endophytic fungal isolates obtained from various tissues of C. sativa. The endophytic
fungal codes are shown in blue. For the closely related species, the taxonomic names are
followed by their respective accession numbers in brackets. Significant bootstrap values
(>50%) are indicated at the branching points. The tree has been drawn to scale.
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3.4.3. In vitro antagonism assay of endophytes as potential biocontrol agents

From the in vitro plate bioassay of different fungal endophytes with each of the host plant
pathogen in five different types of media gave a clear idea about various types of interactions
that can exist between them. Understanding endophyte-pathogen interaction is a vital for
understanding the biodiversity of the plant tissue microflora compared to their
chemodiversity. By macroscopic evaluation of the interaction and consulting with earlier
reports on various endophyte-pathogen interaction types (Trejo-Estrada et al. 1998; Miles et
al. 2012), we could assign the interactions of the isolated endophytic fungi with the two

Cannabis pathogens on five different media into eleven types (Table 2 and Fig. 2).

Fig. 2 Types of endophyte-host pathogen interactions observed in dual culture antagonistic
assay. (a-k) Interaction types I-XI, where endophytes are shown on the left and challenging
pathogen on the right of the representative Petri plates.
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Table 2 Different types of dual culture interactions between isolated endophytic fungi and the

two host pathogens (B. cinerea and T. roseum) on five different solid media

Type
code

\

Wl

Vil

XI(E/P)

Interaction descriptions

Both endophyte and pathogen grow towards each other, but growth stopped as their
mycelia came in physical contact; no overgrowth after mycelia contact; no inhibition zone
(no halo); no color alteration of mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other followed by slight overgrowth of
endophyte on pathogen after their mycelia came in physical contact; no inhibition zone (no
halo); no color alteration of mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact; no inhibition zone (no halo); no color alteration of
mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact and clear halo (inhibition zone) produced by the
endophyte around its biomass; no halo by the pathogen; no color alteration of mycelia; no
sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact and clear halo (inhibition zone) produced by the pathogen
around its biomass; no halo by the endophyte; no color alteration of mycelia; no sporulation
of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact and respective clear halo (inhibition zone) produced by
both the endophyte and the pathogen around their biomass; no color alteration of mycelia;
no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other followed by complete overgrowth
of endophyte on pathogen after their mycelia came in physical contact; no color alteration
of mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact and endophyte releasing visible exudates from its entire
mycelial biomass; no color alteration of mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped before their
mycelia came in physical contact and endophyte releasing visible (colored) pigments
(secondary metabolites) from the point of contact leading to complete color change of the
media; no color alteration of mycelia; no sporulation of endophytic fungus

Both endophyte and pathogen grow towards each other, but growth stopped as their
mycelia came in physical contact and endophyte sporulating profusely; no color alteration
of mycelia

Both endophyte and pathogen grow towards each other, but growth stopped as their
mycelia came in physical contact; color alteration of mycelia either by endophyte (E) or
pathogen (P) or both (E/P); no sporulation of endophytic fungus
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The percentage antagonism (growth inhibition percentage) of each fungal endophyte was
calculated against each of the two phytopathogens (Chamberlain and Crawford 1999). All the
growth inhibition percentages along with their respective endophyte-pathogen interaction
types are summarized in Tables 3 (against B. cinerea) and 4 (against T. roseum). As
expected from the OSMAC concept (Bode et al. 2002; Kusari et al. 2012b), the growth
inhibition varied largely among the different fungal isolates in different media. Further, not
only were diverse types of interactions between individual fungal endophyte and pathogen
observed in different media, but such interactions also resulted in different degrees of growth
inhibition. AlImost all the endophytic isolates were capable of inhibiting, to a varying extent on
different media, one or both of the host-specific pathogens with a higher extent of
antagonism against T. roseum. The inhibition efficacies of the endophytes were least against
B. cinerea on WA medium, on which mainly one type of endophyte-pathogen interaction
could be observed (type Ill). Here, both the endophyte and pathogen grew towards each
other, but their growth stopped before their mycelia came in physical contact without any
visible zone of inhibition or halo, the color of mycelia remain unaltered, and no sporulation of
endophytic fungus could be seen. On the same WA medium, however, the endophytes
demonstrated visible antagonistic inhibition against T. roseum, with the endophytes isolated
from the apical and lateral buds of the plant demonstrating high inhibition effects. This
pattern was similar on NA medium, where the endophytes more prominently inhibited T.
roseum than B. cinerea. Interestingly, most of the fungal endophytes started sporulating
copiously on NA when challenged with either one of the pathogenic strains (mainly against T.
roseum), revealing in a typical fashion the unfavorable conditions for countering the
confronting pathogen. When the endophytes were challenged by the pathogenic strains on
PDA and MEA media, a capricious type of interacting features could be observed that
accompanied the inhibitions. The visible interaction types between the endophytes and the
pathogens on SA were similar to that on WA, but the antagonistic effect on both B. cinerea
and T. roseum were more pronounced. Interestingly, the endophytic fungal strain A4
(Paecilomyces lilacinus) could completely inhibit the growth of the phytopathogen B. cinerea
on all tested media, and of T. roseum on PDA and MEA along with prominent inhibition on
SA, NA and WA. The endophyte strain T6 (Penicillium sp.) and L3 (Penicillium copticola)

were also dominant antagonists of the tested pathogens on one or more media.
3.5. DISCUSSION

Over the last decades, endophytic microorganisms have garnered immense importance as
valuable natural resources for imminent utilization in diverse areas such as agriculture and
biotechnology (Aly et al. 2011; Rajulu et al. 2011; Kusari and Spiteller 2011; Li et al. 2012). A
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number of bioprospecting strategies could be engaged in order to discover competent
endophytes with desirable traits. For instance, endophytes could be isolated from randomly
sampled plants from different population, or initially performing a detailed investigation of an
ecosystem in order to determine its features with regard to its natural population of plant
species, their relationship with the environment, soil composition, and biogeochemical
cycles, followed by endophyte isolation and characterization (Debbab et al. 2012; Kusari and
Spiteller 2012). Another approach could be to evaluate the evolutionary relatedness among
groups of plants at a particular sampling site, correlating to species, genus, and populations,
through morphological data matrices and molecular sequencing, followed by isolation of
endophytes from the desired plants. Medicinal plants could also be bioprospected for
endophytes, especially those plants capable of producing phytotherapeutic secondary
metabolites (Aly et al. 2011; Debbab et al. 2012).

Herein we report for the first time, the isolation and incidence of endophytic fungi harbored in
different tissues of Cannabis sativa L. plants. We used the bioprospecting rationale that C.
sativa which contains a number of therapeutically relevant compounds including
cannabinoids, might also harbor competent endophytes capable of providing fitness benefits
to the host plant. Such benefits could encompass the endophytes producing a plethora of
bioactive compounds, even the ones exclusive to the associated plant, thereby assisting in
the chemical defense of the host against invading pathogens (Strobel and Daisy 2003;
Strobel et al. 2004; Arnold et al. 2003; Rodriguez et al. 2004, 2008; Zhang et al. 2006;
Gunatilaka 2006; Staniek et al. 2008; Suryanarayanana et al. 2009; Aly et al. 2010; Kharwar
et al. 2011; Porras-Alfaro and Bayman, 2011; Debbab et al. 2012;).

However, random screening of endophytes in axenic cultures often leads to rediscovery of
known natural products, with a very high possibility of the ‘cryptic’ bioactive molecules not
produced under normal lab conditions (Bode et al. 2002; Scherlach and Hertweck 2009).
Thus, in order to screen for the most promising endophytes, we estimated the potential of the
isolated endophytic fungi as biocontrol agents by challenging them with two major fungal
pathogens of the host plant, Botrytis cinerea and Trichothecium roseum. The isolated
endophytic fungi were challenged by the host-specific phytopathogens on five different
media, namely SA, MEA, PDA, WA and NA. The distinct types of inhibition representing the
different types of antagonism (Trejo- Estrada et al. 1998; Chamberlain and Crawford 1999;
Miles et al. 2012) we observed in our study revealed both the endophytic biodiversity of C.
sativa and their potential chemodiversity in the form of producing a wide range (and/or
number) of natural products with varying inhibitory activities under different media conditions.
It has been well established that even slight variations in the in vitro cultivation conditions can
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Table 3 Growth inhibition (% antagonism) of the phytopathogen Botrytis cinerea by isolated
fungal endophytes of C. sativa on five different media after 15 days, and the respective

endophyte-pathogen interaction types

Endophyte Growth inhibition (% antagonism) on Interaction type on different media (type
strain different media code)
number . .
Sabou  Nutrient Potato Malt Water Sabou Nutrient Potato Malt Water
raud agar dextrose extract agar raud agar dextrose extract agar
agar (NA) agar agar (WA) agar (NA) agar agar (WA)
(SA) (PDA) (MEA) (SA) (PDA) (MEA)
L1 33 15 50 93 20 v HL,X Vi 1LV ]
L2 33 29 63 67 20 | HL,X VILVII 1LV ]
L3 100 100 38 100 60 Vil VIILX V, VIl VIiLvilE 1l
L4 17 43 25 87 0 1L,V HL,X Vi ILVII 1
L5 NI 57 0 67 NI NA I, X 1,IX HLIX NA
L6 67 57 NI 67 0 ] VIILX 1,IX HLIX 1
L7 17 -29 25 47 0 ] ] V, VIl 11, 1
L8 -33 29 8 47 0 ] HLXIE) LV | 1
T 50 15 50 32 40 ] HL,X Vi 1LV 1
T2 20 0 50 73 20 ] ] \i HL VI 1
T3 30 57 55 67 -20 ] 1,X \i HLVIHI 1
T4 -3 29 88 87 0 ] ] \i HL VI 1
T5 -17 15 38 67 20 ] ] \i HLVIHI 1
T6 67 100 50 100 100 LVIII LVII V, VIl VviLvile vl
A1l 67 0 38 60 0 ] HLXI(P) 1V, VI, 1, 1
XI(P) XI(P)
A2 67 -43 48 73 0 | 1L VIII, VILVIIL, 1,XI(P) 1
XI(P) XI(P)
A3 NI NI NI NI NI NA NA NA NA NA
A4 100 100 100 100 100 Vil VIILX Vil viLvile vl
A5 33 40 63 67 40 ] I,X VILVIII v 1
A6 50 29 50 67 0 | | \% LVIII 1
A7 17 29 63 73 -40 ] 1,X, V, VIl LVIII 1
XI(P)
A8 33 43 25 47 0 1] 1] VILVIII HLVIII 1
A9 17 29 38 NI 0 1] HLVII IV, VIl NA iii
A10 33 29 38 67 40 HnLvie 1 IV, Vil LVIII 1
A11 0 43 38 67 40 HnLvie 1 VILVIII HLVIII 1
A12 17 15 0 47 0 X1 1 V, VIl | 1I,X
E)
A13 17 -20 13 53 -20 | HL,X VILVII | ]
A14 100 -57 38 67 0 VI | VILVII 1LV 1,X
A15 17 NI 38 80 40 | NA \% ] |
A16 17 15 75 87 20 | HLXI(P) LI 1LV ]

NI, pathogen not inhibited
NA, not applicable

Negative values represent endophyte inhibited by pathogen (%)

42 |



Chapter 3

Table 4 Growth inhibition (% antagonism) of the phytopathogen Trichothecium roseum by
isolated fungal endophytes of C. sativa on five different media after 15 days, and the

respective endophyte-pathogen interaction types

Endophyte Growth inhibition (% antagonism) on Interaction type on different media (type
strain different media code)
number . .
Sabou  Nutrient Potato Malt Water Sabou Nutrient Potato Malt Water
raud agar dextrose extract agar raud agar dextrose extract agar
agar (NA) agar agar (WA) agar (NA) agar agar (WA)
(SA) (PDA) (MEA) (SA) (PDA) (MEA)
L1 33 15 50 93 20 v HL,X Vi 1LV ]
L2 33 29 63 67 20 | HL,X VILVII 1LV ]
L3 100 100 38 100 60 Vil VIILX V, VIl VIiLvilE 1l
L4 17 43 25 87 0 1L,V HL,X Vi ILVII 1
L5 NI 57 0 67 NI NA I, X 1,IX HLIX NA
L6 67 57 NI 67 0 ] VIILX 1,IX HLIX 1
L7 17 -29 25 47 0 ] ] V, VIl 11, 1
L8 -33 29 8 47 0 ] HLXIE) LV | 1
T 50 15 50 32 40 ] HL,X Vi 1LV 1
T2 20 0 50 73 20 ] ] \i HL VI 1
T3 30 57 55 67 -20 ] 1,X \i HLVIHI 1
T4 -3 29 88 87 0 ] ] \i HL VI 1
T5 -17 15 38 67 20 ] ] \i HLVIHI 1
T6 67 100 50 100 100 LVIII LVII V, VIl VviLvile vl
A1l 67 0 38 60 0 ] HLXI(P) 1V, VI, 1, 1
XI(P) XI(P)
A2 67 -43 48 73 0 | 1L VIII, VILVIIL, 1,XI(P) 1
XI(P) XI(P)
A3 NI NI NI NI NI NA NA NA NA NA
A4 100 100 100 100 100 Vil VIILX Vil viLvile vl
A5 33 40 63 67 40 ] I,X VILVIII v 1
A6 50 29 50 67 0 | | \% LVIII 1
A7 17 29 63 73 -40 ] 1,X, V, VIl LVIII 1
XI(P)
A8 33 43 25 47 0 1] 1] VILVIII HLVIII 1
A9 17 29 38 NI 0 1] HLVII IV, VIl NA iii
A10 33 29 38 67 40 HnLvie 1 IV, Vil LVIII 1
A11 0 43 38 67 40 HnLvie 1 VILVIII HLVIII 1
A12 17 15 0 47 0 X1 1 V, VIl | 1I,X
E)
A13 17 -20 13 53 -20 | HL,X VILVII | ]
A14 100 -57 38 67 0 VI | VILVII 1LV 1,X
A15 17 NI 38 80 40 | NA \% ] |
A16 17 15 75 87 20 | HLXI(P) LI 1LV ]

NI, pathogen not inhibited
NA, not applicable
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impact the kind and range of secondary metabolites endophytes produce (Scherlach and
Hertweck 2009; Kusari et al. 2012b). Recently for example, it was shown that the plant-
associated Paraphaeosphaeria quadriseptata could start producing six new secondary
metabolites when only the water used to make the media was changed from tap water to
distilled water (Paranagama et al. 2007). Further, changing the medium from solid to liquid
resulted in the production of radicicol instead of chaetochromin A by Chaetomium chiversii
(Paranagama et al. 2007). Therefore, in order to verify this concept, known as OSMAC
(Bode et al. 2002; Paranagama et al. 2007; Kusari et al. 2012b), we evaluated the different
strategies that isolated endophytes employ against the competing pathogens on five different
media. As expected, we observed a varying degree of antagonistic behavior and eleven
distinct kinds of endophyte-pathogen interactions when the assays were performed on five
different media. The results revealed that varying the media conditions indeed might have
triggered the production of the ‘cryptic’ metabolites by the endophytes when challenged by
the pathogens. Nevertheless, the different types and efficacies of pathogen inhibition might
also be due to instability of the secondary metabolites or their reactive intermediates, a
volatile nature of the compounds produced, or the compounds being produced in quantities

below the minimum inhibitory concentrations (MIC) for counteracting the pathogens.

It is imperative that any plant-fungal interaction is always preceded by a physical encounter
between a plant and a fungus, followed by several physical and chemical barriers that must
be overcome to efficaciously establish a plant-endophyte association (Kusari et al. 2012b). It
is mostly by chance encounters that particular fungi establish as endophytes for a particular
ecological niche, or plant population, or plant tissue, either in a localized and/or systemic
manner (Hyde and Soytong 2008). Thus, even a fungus that is pathogenic in one ecological
niche can be endophytic to plant hosts in another ecosystem. It has been established for a
plethora of fungi that pathogenic-endophytic lifestyles are interchangeable and are due to a
number of environmental, chemical and/or molecular triggers (Schulz et al. 1999; Hyde and
Soytong 2008; Eaton et al. 2011). Furthermore, groups of fungi containing large numbers of
plant pathogenic species also contain large numbers of endophytic taxa. A vast majority of
endophytes discovered so far are filamentous Ascomycota; this phylum comprises more than
3000 genera of mostly plant pathogens (Berbee 2001; Heckman et al. 2001; Mueller and
Schmit 2007). Therefore, it is compelling that the diverse fungal isolates obtained from the
tested C. sativa plants in the present work are selected towards coexistence with the hosts
as endophytes. Interestingly for example, we found a number of Penicillium species
exhibiting endophytic lifestyle in the associated C. sativa host plants (Table 1). Admittedly,
only the ‘cultivable’ endophytic fungi could be isolated in this study and do not represent the
non-culturable endophytic microorganisms of the sampled C. sativa plants. It should also be
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mentioned here that 5.8S-ITS analysis can sometimes underestimate the endophytic fungal
‘species diversity’ (Gazis et al. 2011), and additional parameters should be coupled to ITS
rDNA sequence data before fungal isolates can be referred at the ‘species’ level. Further, it is
highly desirable to compare the obtained ITS sequences with those from type species, when
available, in order to authenticate the tentative species identification (Ko et al. 2011). Thus,
the ITS-based species identification concept may not be in full agreement with the current
classical concepts of Trichocomaceae. Nevertheless, this work can serve as the handle for
further studies (both ITS-based and different other methods) on endophytes of Cannabis
bioprospected from different other populations, different collection centers, and wild

populations (when accessible) for a landscape or global scale diversity analysis.

Taken together, our results firmly revealed that the endophytic fungi harbored in different
tissues of the investigated C. sativa plants have great promise not only as biocontrol agents
against the known and emerging phytopathogens of Cannabis plants, but also as a
sustainable resource of biologically active novel secondary metabolites. Further, it would be
interesting to compare our results (which were performed using C. sativa L. plants from
Bedrocan BV) to those of Cannabis plants sampled from different wild and/or agricultural
populations from different parts of the world. Using the cues from the results of the present
work, we have now initiated the fermentation of the endophytes in the selective media, both
under axenic conditions as well as in suitably devised cocultures with the challenging
pathogens, for the discovery and structural elucidation of the bioactive compounds produced
by the endophytes of this plant. This would then lead us towards further mass-balance
studies and gene discovery, to cross- reference the biodiversity of these endophytic fungi to
their actual biochemical potential. It would, thus, be possible to completely elucidate the
chemical ecology of production of target and/or non-target molecules (quantitative) by these
endophytes leading to the aforementioned ‘interaction types’ (qualitative) with the host-

specific pathogens.
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4.1. ABSTRACT

Bacteria predominantly use quorum sensing to regulate a plethora of physiological activities
such as cell-cell crosstalk, mutualism, virulence, competence, biofilm formation, and
antibiotic resistance. In this study, we investigated how certain potent endophytic bacteria
harbored in Cannabis sativa L. plants use quorum quenching as an antivirulence strategy to
disrupt the cell-to-cell quorum sensing signals in the biosensor strain, Chromobacterium
violaceum. We used a combination of high performance liquid chromatography high-
resolution mass spectrometry (HPLC-ESI-HRMS") and matrix assisted laser desorption
ionization imaging high-resolution mass spectrometry (MALDI-imaging-HRMS) to first
quantify and visualize the spatial distribution of the quorum sensing molecules in the
biosensor strain, C. violaceum. We then showed, both quantitatively and visually in high
spatial resolution, how selected endophytic bacteria of C. sativa can selectively and
differentially quench the quorum sensing molecules of C. violaceum. This study provides
fundamental insights into the antivirulence strategies used by endophytes in order to survive
in their ecological niches. Such defense mechanisms are evolved in order to thwart the
plethora of pathogens invading associated host plants in a manner that prevents the
pathogens from developing resistance against the plant/endophyte bioactive secondary
metabolites. This work also provides evidence towards utilizing endophytes as tools for
biological control of bacterial phytopathogens. In continuation, such insights would even
afford new concepts and strategies in the future for combating drug resistant bacteria by

quorum-inhibiting clinical therapies.

Keywords: Bacterial endophytes; quorum quenching; N-acylated homoserine lactones;
Cannabis sativa L.; High-resolution mass spectrometry; MALDI imaging high-resolution mass

spectrometry; microbe-microbe interaction; microbe-plant interaction; phytopathology
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4.2. INTRODUCTION

Quorum sensing is one of the intrinsic chemical cell-to-cell signaling cascades in bacteria
that facilitate invasion, colonization of particular niches, and pathogenesis of a plethora of
organisms, ranging from unicellular prokaryotes to multicellular eukaryotes (Hosni et al.
2011). N-acylated L-homoserine lactones (AHLs) of Gram-negative bacteria and
oligopeptides of Gram-positive bacteria are released as autoinducers to facilitate quorum
sensing (LaSarre and Federle 2013). These in turn coordinate responses across a
population to establish crosstalk, the most important being able to thwart chemical defenses
(e.g. production of antibiotic compounds) of other organisms (Teplitski et al. 2011). Over the
last decades, quorum sensing has progressively received attention in clinical studies owing
to an increasing drug resistance in pathogenic bacteria that is a dreaded challenge in curing
current and emerging life-threatening diseases. Therefore, alternate ‘antivirulence’ strategies
are being sought to target quorum sensing in pathogenic bacteria (Burmolle et al. 2010;
Amara et al. 2011; Claessen et al. 2014). Inhibition of quorum sensing in pathogenic
bacteria, a process known as ‘quorum quenching’, has a fundamental advantage over other
disease-management strategies (such as antimicrobial therapies) and opens new
approaches to tackle drug resistant bacteria. Targeting quorum sensing in a pathogenic
bacterial population mitigates virulence as opposed to suppressing bacterial growth and
therefore, does not introduce any selective pressure for developing drug (or antibiotic)
resistance (Clatworthy et al. 2007; Rasko and Sperandio 2010; LaSarre and Federle 2013).

Beyond the clinical setting, quorum sensing is also crucially relevant in microbe-microbe and
plant-microbe crosstalk in almost all ecological niches (Safari et al. 2014). In the recent
years, a promising group of microorganisms called ‘endophytes’ have garnered attention
owing to their potential utility in the pharmaceutical and agricultural sectors (Porras-Alfaro
and Bayman 2011; Kusari and Spiteller 2011; Kharwar et al. 2011; Aly et al. 2013; Kusari et
al. 2014). These diverse groups of microorganisms inhabit the internal tissues of plant
without any manifestation of disease for a part of their life cycle and engage in multipartite
interactions with other organisms (host plant, associated endophytes, invading pathogens,
pests, and feeders). Such interactions lead to the development of different functional traits
endophytes such as synthesizing bioactive secondary metabolites, controlling plant diseases
by quorum quenching, and even aiding in plant tolerance towards environmental stress like
drought and salinity (Kusari et al. 2012, 2013, 2014).

In this study, we quantified and visualized the distribution and modulation of cell-to-cell
signaling communication system of the biosensor strain, Chromobacterium violaceum, and

further quenching of the quorum coordination by potent endophytic bacteria harbored in
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Cannabis sativa L. plants. C. sativa is a medicinal plant that contains pharmaceutically-
relevant cannabinoids such as delta 9-tetrahydrocannabinol (Taura et al. 2007;
Grotenhermen et al. 2012). Our earlier investigation of the endophytic fungal community of
this plant with regard to their attack-defense ecological strategies against host plant-specific
phytopathogens revealed their potential as biocontrol agents (Kusari et al. 2013). This further
prompted us to investigate the endophytic bacterial community harbored in the same plant
and their ecological roles in host-plant fitness. Using high performance liquid
chromatography coupled to high-resolution mass spectrometry with electrospray ionization
(HPLC-ESI-HRMS"), we have proved that potent endophytic bacteria target and quench four
different AHLs [N-hexanoyl-L-homoserine lactone (C6-HSL), N-octanoyl-L-homoserine
lactone (C8-HSL), N-decanoyl-L-homoserine lactone (C10-HSL), and N-(3-oxo-decanoyl)-L-
homoserine lactone (3-oxo-C10-HSL)] used by C. violaceum for violacein-mediated quorum
sensing. We further used matrix assisted laser desorption ionization imaging high-resolution
mass spectrometry (MALDI-imaging-HRMS) to show the spatial localization of each AHL by
C. violaceum and the concomitant selective impediment of the AHLs by bacterial
endophytes. MALDI-imaging mass spectrometry has gained impetus in natural products
research for elucidating organismal interactions by visualizing the exact location of
biosynthesis and distribution of target and non-target compounds in vitro and in vivo (Rompp
et al. 2013; Shih et al. 2014; Bjarnholt et al. 2014). To the best of our knowledge, this is the
first report of ‘visualizing’ quorum sensing and quorum quenching using MALDI-imaging high-

resolution mass spectrometry.
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4.3. MATERIALS AND METHODS

4.3.1. Collection and authentication of plant material

C. sativa L. plants were sampled from the Bedrocan BV Medicinal Cannabis (Veendam,
Netherlands). The plants were identified and authenticated as C. sativa L. by experienced
botanists at the Bedrocan BV. Plants specimens are under deposit at Bedrocan BV with
voucher numbers (A1)05.41.050710. Import of the plant material was allowed according to
the permission of the Federal Institute for Drugs and Medical Devices (Bundesinstituts fir
Arzneimittel und Medizinprodukte, BfArM), Bonn, Germany under the license number 458 49
89. The plant material was transported to TU Dortmund, Germany in sealed plastic zip-lock

bags at 4°C and processed for the isolation of endophytes within 6 hours of plant collection.

4.3.2. Isolation and establishment of in vitro axenic cultures of endophytic

bacteria

The plant materials were excised in small fragments (approx. 20 mm length) with the aid of
flame-sterilized razor blade. The excised explants were washed thoroughly under running tap
water followed by deionized water (DI) to remove any dirt attached to them. The explants
were then surface sterilized following previously established procedures (Kusari et al.
2009a). Briefly, the small fragments were surface sterilized by sequential immersion in 70%
ethanol for 1 min, 1.3 M sodium hypochlorite (3-5% available chlorine) for 3 min, and 70%
ethanol for 30 s. Finally, these surface-sterilized tissue pieces were rinsed thoroughly in
sterile, double-distilled water for a couple of minutes, to remove excess surface sterilants.
The excess moisture was blotted on sterile filter paper. The surface-sterilized tissue
fragments were placed in sterile mortar-pestle and crushed with the addition of sterile
double-distilled water. The macerated tissues, thus obtained, were carefully plated on petri
dishes containing Nutrient agar (NA). The petri dishes were sealed using parafilm and
incubated at 28 + 2°C. To ensure proper surface sterilization, three different techniques were
implemented. Firstly, the sterile double-distilled water of the final rinse were plated on NA
and incubated in parallel under similar conditions. Secondly, the surface-sterilized tissue
fragments were imprinted simultaneously in NA and incubated under similar conditions
(secondary protocol, ‘imprint technique’) (Schulz et al. 1998; Sanchez Marquez et al. 2007).
Finally, the unsterilized fragments (only washed in tap water followed by deionized water)
were prepared simultaneously and incubated in parallel to isolate the surface-contaminating
bacterial isolates and further differentiated by both macroscopic and microscopic evaluation
(Kusari et al. 2009b). The cultures were monitored every day to check the growth of bacterial

colonies. The bacterial colonies which grew on the plates after few days were subcultured
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successively onto fresh NA plates and incubated at 28 + 2°C, and finally isolated as axenic
strains. The endophytic bacterial isolates were routinely maintained on NA plates in active
form and preserved in 15% (v/v) glycerol at -80°C for long-term storage. The endophytic
bacterial isolates were assigned suitable strain designations (see Table 1) and were
deposited in the internal culture collection of Technical Biochemistry, TU Dortmund,

Germany.

4.3.3. Genomic DNA extraction, amplification of 16S rRNA gene and

sequencing

A set of 500 mL capacity conical flasks, each with 100 mL autoclaved Nutrient broth (NB;
Roth, Karlsruhe, Germany), were used for the isolation of genomic DNA of bacterial
endophytes. A loop full of each bacterial isolate from the parent axenic culture was
inoculated in the respective flasks containing NB and incubated at 28 + 2°C with proper
shaking (150 rpm) on a rotary shaker (INFORS HT Multitron 2, Einsbach, Germany) for 24-
36 h depending on the growth kinetics of each endophytic bacterium. The growth kinetics
was monitored by measuring the optical density at 600 nm (ODgqo). The bacterial isolates
were grown till the mid-log phase (‘steady state’) for extraction of genomic DNA. The total
genomic DNA was extracted using peqGOLD bacterial DNA kit (Peglab Biotechnologie
GmbH, Erlangen, Germany) strictly following the manufacturer’'s guidelines. The DNA was
then subjected to PCR amplification using the primers 27f and 1492r (Lane 1991).

The PCR amplification was performed in a 50 yL reaction mixture containing 10 uL Phusion
HF buffer (5X), 1 yL dNTPs (10 mM), 0.5 uL forward primer (100 uM), 0.5 uL reverse primer
(100 pM), 3 pL of template DNA, 1 pL of Phusion polymerase (2U/uL; Fermentas, Thermo
Scientific, Schwerte, Germany), and 34 uL of sterile double-distilled water. The PCR cycling
conditions consisted of an initial denaturation at 98°C for 3 min, 30 cycles of denaturation,
annealing and elongation at 98°C for 10 sec, 60°C for 30 sec and 72°C for 45 sec. This was
followed by a final elongation step of 72°C for 10 min. As a negative control, the template
DNA was replaced by sterile double-distilled water. The PCR amplified products obtained
were approximately around 1500 bp (base pairs) and were visualized by gel electrophoresis.
The products were further purified using peqGOLD micro spin cycle pure kit (Peglab
Biotechnologie GmbH, Erlangen, Germany) strictly following manufacturer’s instructions. The
amplified products were then sequenced from both directions at GATC Biotech (Cologne,
Germany) using the above mentioned primers.The sequences of all the endophytic bacteria
under this study have been deposited at the EMBL-Bank under the accession numbers
HG424705 to HG424717 (see Table 1).
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Table 1 16S rRNA based identification of bacterial endophytes isolated from Cannabis sativa

L. plants with their respective strain codes and the EMBL-Bank accession numbers

Strain EMBL-Bank Most closely related species Maximum identity
number Accession (accession number)

(endophyte) number

B1 HG424705 Bacillus licheniformis (AB055006.1) 99%
B2 HG424706 Bacillus licheniformis (KF040981.1) 99%
B3 HG424707 Bacillus sp. (JQ808527.1) 99%
B4 HG424708 Bacillus megaterium (KC443085.1) 99%
B5 HG424709 Bacillus pumilus (EU500930.1) 99%
B6 HG424710 Bacillus licheniformis (KF148636.1) 97%
B7 HG424711 Bacillus pumilus (JQ798393.1) 98%
B8 HG424712 Brevibacillus borstelensis (JQ229800.1) 98%
B9 HG424713 Bacillus sp. (JQ678041.1) 99%
B10 HG424714 Bacillus subtilis (JX123316.1) 99%
B11 HG424715 Bacillus sp. (FJ908092.1) 99%
B12 HG424716 Mycobacterium peregrinum (JX266704.1) 99%
B13 HG424717 Mycobacterium sp. (HE575961.1) 99%

4.3.4. Preparation of cell free supernatant (CFS)

The CFS was prepared according to previously established methods, suitably modified (Ou
et al. 2009; Rishi et al. 2011; Zhao et al. 2011). A set of conical flasks of 300 mL capacity,
each with 50 mL autoclaved NB, was used. Each bacterial isolate was inoculated in
respective flasks from their parent axenic cultures and incubated at 28 + 2°C with proper
shaking (150 rpm) on a rotary shaker (INFORS HT Multitron 2, Einsbach, Germany) till the
mid-log phase. The bacterial cultures were centrifuged at 10,000 rpm for 30 min at 4°C. For

the preparation of CFS, the supernatant was separated from the cell pellets and filtered twice
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through sterile 0.22 ym Rotilabo®-Spritzenfilter (Carl Roth GmbH, Karlsruhe, Germany) for
the complete removal of cells. The CFS of each endophytic bacterial isolate was serially
diluted to a factor of 10 to 10%, and 100 uL were spread on NA plates to check for any

bacterial contamination.

4.3.5. Quorum sensing/quenching activity of the endophytic isolates

The type strain C. violaceum (accession number DSM 30191) was obtained from Leibniz
Institute DSMZ-German Collection of Microorganisms and Cell Cultures, Braunschweig,
Germany. The activation of the bacterial strain was performed according to DSMZ
guidelines. The medium used for the activation was Nutrient broth (NB; Roth, Karlsruhe,
Germany). C. violaceum was routinely maintained on NA and cultured aerobically in NB at
30°C with proper shaking (150 rpm). To determine the quorum sensing and/or quenching
responses of the endophytic bacterial isolates, spectrophotometric quantitation of violacein
was analyzed according to previously established procedure, suitably modified (Limsuwan et
al. 2008; Thenmozhi et al. 2009). C. violaceum was grown overmnight in NB till ODggo of 0.1
was achieved. A set of conical flasks of 300 mL capacity, each with 10 mL NB seeded with 1
mL overnight culture (ODggo 0f 0.1) of C. violaceum, was used. The conical flasks contained 1
mL, 2 mL, 4 mL and 8 mL of CFS, respectively. As a control, equal volumes of NB were
added to the respective control flasks. All the flasks were incubated overnight at 30°C with
proper shaking (150 pm). 1 mL culture from each of the flasks was centrifuged at 13,000 rpm
for 10 min for precipitation of insoluble violacein. 1 mL dimethyl sulfoxide (DMSO) was added
to the cell pellets and vortexed vigorously for 1 min to solubilize the violacein completely. The
solution was centrifuged again at 13,000 rpm for 5 min to remove the cell debris. The
supernatant was then quantified spectrophotometrically at ODsgs. Each setup was prepared
in triplicates (biological replicates) and the quantitation was repeated thrice (technical
replicates). 1 mL culture from each of the setups was serially diluted to a factor of 10 to 107,

and 100 uL was spread on NA plates to check for any bacterial contamination.

Furthermore, a suitably modified colony forming units (CFU/mL) assay (Choo et al. 2006)
was also performed to confirm that the CFS extracts significantly reduced only the violacein
production but did not have any effect on the growth of C. violaceum. Briefly, 1 mL culture
from each of the experimental setups (CFS treated) and control (untreated) was serially
diluted from 10 to 10®. 10 pL (at dilution of 10®) was spread on NA plates and incubated
overnight at 30°C. Each cell count was repeated twice.
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4.3.6. Sample preparation for analytical measurements

The endophytic isolates showing quorum quenching responses in the flask assay were
further analyzed via high performance liquid chromatography high-resolution mass
spectrometry (LC-FTMS"). A set of conical flasks of 500 mL capacity, each with 200 mL NB
and 1 mL overnight culture (ODggo Of 0.1) of C. violaceum, was used. CFS of the isolates
showing quorum quenching responses was added to the respective flasks. NB was used as
a control. The flasks were incubated overnight at 30°C with proper shaking (150 rpm). The
cultures were centrifuged at 13,000 rpm for 30 min. 10 L of internal standard d;-C6-HSL
(0.1 mg/mL) was added to the spent supernatant and extracted twice with an equal volume
of ethyl acetate. The organic extracts were evaporated to vacuum and reconstituted in 1 mL
HPLC-grade methanol. The methanolic extracts were subjected to mass spectrometry. The
C. violaceum culture alone (with NB instead of CFS) was extracted as a positive control. The
NB alone was extracted as a negative control. The mass spectrometric analysis was
performed in duplicates.

4.3.7. Preparation of standards

All standard compounds C6-HSL, C8-HSL, 3-oxo-C10-HSL and C10-HSL and the internal
standard d;-C6-HSL were purchased from Sigma-Aldrich, Steinheim, Germany and were
dissolved in HPLC-grade methanol at a concentration of 0.1 mg/mL. Calibration standards
(2, 5, 20, 50, 200, 500, 2000 and 5000 ng/mL) were prepared by serial dilution of the stock
solutions containing in addition, an absolute 100 ng of the internal standard in

methanol/water (1:4).

3.8. High-resolution mass spectrometry

The high-resolution mass spectra were obtained with an LTQ-Orbitrap Spectrometer
(Thermo Fisher, MA, USA) equipped with a HESI-Il source. The spectrometer was operated
in positive mode (1 spectrum s™'; mass range: 180-600) with nominal mass resolving power
of 60,000 at m/z 400 with a scan rate of 1 Hz) with automatic gain control to provide high-
accuracy mass measurements within 2 ppm deviation using an internal standard; Bis (2-
ethylhexyl) phthalate: m/z = 391.284286. The spectrometer was attached with an Agilent
(Santa Clara, USA) 1200 HPLC system consisting of LC-pump, PDA detector (A = 205 nm),
auto sampler (injection volume 10 pL) and column oven (30 °C). Following parameters were
used for experiments: spray voltage 5 kV, capillary temperature 260 °C, tube lens 65 V.
Nitrogen was used as sheath gas (50 arbitrary units) and auxiliary gas (5 arbitrary units).
MS/MS experiments were performed by CID (collision induced decay, 35 eV) mode. Helium

served as the collision gas. The separations were performed by using a Macherey-Nagel
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Nucleodur Gravity C18 column (50 x 2 mm, 1.8 pm particle size) with a H,O (+ 0.1%
HCOOH) (A) / acetonitrile (+ 0.1% HCOOH) (B) gradient (flow rate 300 uL min™). Samples
were analyzed by using a gradient program as follows: 80% A isocratic for 2 min, linear
gradient to 90% B over 12 min, after 100% B isocratic for 3.5 min, the system returned to its
initial condition (80% A) within 0.5 min, and was equilibrated for 6 min. The quantitation of
the compounds was achieved by extraction of accurate masses (max. deviation 2 ppm) of
their quasi-molecular ions [M+H]*. An internal standard was used for calibration, since matrix
effects could significantly influence the results of the MS measurements. The calibration
graph was linear from a concentration of 2 ng/mLto 5000 ng/mL. The quantitation was
achieved by plotting the ratio of the analyte signal to the internal standard signal as a

function of the analyte concentration of the standards.
4.3.9. Sample preparation for AP-MALDI imaging

The biosensor strain (C. violaceum) was inoculated onto a thin NA layer plated over glass
slides. After 24 h incubation at 30°C, a DHB (2, 5-dihydroxybenzoic acid) matrix layer was
applied on the biosensor colony through a new sprayer (TransMIT GmbH, Giessen - a brand
name not relayed yet) for detection of C6-HSL. DHB (7 mg/mL in 50% acetone, 49.9% H,O
and 0.1% formic acid) was sprayed with the parameters 15.0 L min™" matrix flow, 4.5 L min™’
nitrogen gas flow, 100 rpm sample platform drive with 40 min spray duration time. The
sample was then subsequently measured. Images of the biosensor were taken with an

optical microscope (Leica Microsystems, Wetzlar, Germany).

For measurement of C8-HSL, C10-HSL, and 3-oxo-C10-HSL, a-cyano-4-hydroxycinnamic
acid (HCCA; 7 mg/mL in 50% acetonitrile, 49.8% H,O and 0.2% trifluoroacetic acid) was
sprayed with the parameters 15.0 yL min™" matrix flow, 3.5 L min™ nitrogen gas flow, 100 rpm
sample platform drive for 2 x 20 min spray duration time. The sample was then air-dried and
subsequently measured. Images of the biosensor were taken with an optical microscope

(Leica Microsystems, Wetzlar, Germany).

4.3.10. AP-MALDI imaging high-resolution mass spectrometry

Imaging experiments were performed with a Q-Exactive mass spectrometer (Thermo Fisher
Scientific GmbH, Bremen, Germany) coupled to an atmospheric pressure (AP) MALDI ion
source imagine10 (TransMIT GmbH, Giessen, Germany) using the Full-Scan mode (positive
mode) within the mass range of m/z 100 — 400 (R = 70000 @ m/z 200) with the internal lock
masses of 273.03936 [2M-2H,0+H]" (DHB) and 379.09246 [2M+H]" (HCCA), respectively.

Acceleration voltage was set at 4 kV. A pulsed nitrogen laser (A: 337.1 nm) at a frequency of
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60 Hz with pulse duration times of 500 ms was used for generating UV radiation. Laser

attenuation was set at 20°C. Scan resolution was set at 40 ym and 100 pm.

Mirion (v.2.1.4.411) (TransMIT GmbH, Giessen, Germany) mass spectrometry imaging
software was used to create images from the obtained data/pixels with mass information.

False colors were attached to masses with the corresponding pixel.
4.3.11. Sample preparation for UV-MALDI imaging

The biosensor strain (C. violaceum) was inoculated onto a thin NA layer plated over glass
slides supplemented with various endophyte CFS concentrations. After 24 h incubation at
30°C, a matrix layer (HCCA) was applied on the biosensor (colony) through a sprayer
ImagePrep (Bruker Corporation, Bremen, Germany). HCCA (7 mg/mL in 50% acetonitrile,
49.8% H20 and 0.2% trifluoroacetic acid) was sprayed 3 times. Sample wetness, matrix
thickness and incubation time were set at 4 (medium) on a relative scale from 1 to 7. Spray
duration time was approximately 40 min for each spray cycle. The sample was then queued
for subsequent measurement. Images of the biosensor challenged by endophyte CFS were

documented with an optical microscope (Leica Microsystems, Wetzlar, Germany).
4.3.12. UV-MALDI imaging high-resolution mass spectrometry

Imaging experiments were performed with a LTQ Orbitrap XL mass spectrometer coupled to
a MALDI ion source (both from Thermo Fisher Scientific GmbH, Bremen, Germany) using
the Full-Scan mode (positive mode) within the mass range of m/z 100 — 400 (R = 60000 @
m/z 200) with the internal lock masses of 273.03936 [2M-2H,0+H]" (DHB) and 379.09246
[2M+H]" (HCCA), respectively. A pulsed nitrogen laser (A: 337.1 nm) was used for generating
UV radiation. The sample was rastered with 1 microscan per step at a laser energy adjusted

at 20 pd. The scan resolution was set at 100 pm.

ImageQuest (v.1.0.1) (Thermo Fisher Scientific, Bremen, Germany) mass spectrometry
imaging software was used to create images from the obtained data/pixels with mass

information. False colors were attached to masses with the corresponding pixel.
4.4. RESULTS
4.4 .1. Identification and characterization of the endophytic bacterial isolates

A total of 13 endophytic bacterial isolates were isolated from the Cannabis sativa L. plants
sampled from Bedrocan BV Medicinal Cannabis (Veendam, the Netherlands). The isolates

were identified and characterized by molecular identification based on 16S rRNA analysis.
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The amplified sequences spanning around 1500 bp were used for the identification of the
bacterial isolates. The PCR amplified sequences were matched against the nucleotide
database of the US National Centre for Biotechnology Information (NCBI) using the Basic
Local Alignment Search Tool (BLASTn) for the identification of the bacterial isolates. The
sequences were aligned using the EMBOSS-Pairwise Sequence Alignment of the EMBL
Nucleotide Database. The sequences of the endophytic bacterial isolates have been
deposited at EMBL-Bank. The identities of the endophytes were considered conspecific only
at a minimum threshold identity of 298% with the exception of only one isolate with 97%
sequence similarity. The accessions numbers with sequence similarities are detailed in Table
1.

4.4.2. Spectrophotometric quantitation of quorum quenching behaviour

C. violaceum is a Gram-negative biosensor strain known to produce violacein, a purple
pigment, as a result of quorum sensing utilizing the Cvil/CviR synthase-receptor signaling
(McClean et al. 1997). Loss of this pigment is indicative of quorum quenching behavior. For
the preliminary selection of endophytic bacterial strains capable of quorum quenching,
spectrophotometric quantitation of violacein was performed (Choo et al. 2006) using the cell
free supernatants (CFS) of the isolated endophytes. Four of the total isolated endophytic
bacteria (Bacillus sp. strain B3, Bacillus megaterium strain B4, Brevibacillus borstelensis
strain B8, and Bacillus sp. strain B11) exhibited significant potential in weakening the cell-to-
cell quorum signals (C6-HSL, C8-HSL, C10-HSL, and 3-o0xo-C10-HSL) of C. violaceum in a
concentration-dependent manner (Fig. 1c-f). Furthermore, the CFU count assay confirmed
that the CFS of isolates B3, B4, B8 and B11 did not impose any effect on the growth of C.
volaceum but only reduced the violacein production (Fig. 1k). The logarithmic values of the
bacterial count per mL (with replicates of each count) when treated with 8 mL CFS of each of
the 4 bacterial isolates in comparison to control (untreated C. violaceum) is presented in Fig.
1k.

4.4.3. Quantification of quorum quenching behavior using high performance

liquid chromatography high-resolution mass spectrometry (HPLC-ESI-HRMS")

The four strains (B3, B4, B8 and B11) were further analyzed in detail by LC-HRMS/MS using
both external reference standards and an internal standard (d3-C6-HSL) to quantify the exact
amount of each of the AHLs being selectively quenched (Fig. 1a,b). In particular, the quorum
sensing in C. violaceum was convened by all the four AHLs in different concentrations: the
highest concentration was that of C10-HSL (2088 ng/mL), followed by C8-HSL (320 ng/mL),
3-0x0-C10-HSL (7.1 ng/mL) and finally, C6-HSL (10.4 ng/mL) (Fig. 1g-j). Although C10-HSL
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was produced in higher concentration than C6-HSL signifying both CviR/C10-HSL- and
CviR/C6-HSL-mediated regulation of signaling in this particular strain of C. violaceum,
selective quorum quenching by the bacterial endophytes (Fig. 1g-j) corroborated earlier
observations that C6-HSL is the primary and limiting autoinducer in C. violaceum (McClean
et al. 1997). For example, the endophyte strain B11 quenched all the AHLs produced by the
biosensor except C10-HSL (Fig. 1g-j). Interestingly, C6-HSL was quenched to less than half
the concentration produced in the biosensor strain under control conditions (Fig. 1g) and
concomitantly, there was a striking increase in the production of C10-HSL by the biosensor
when challenged by endophyte strain B11. The same trend was also observed for strains B3,
B4 and B8 (Fig. 1g-j).
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Fig. 1 Quorum quenching of AHLs produced by biosensor strain C. violaceum by potent
bacterial endophytes of C. sativa L. plants. (a) Representative LC-FTMS extracted ion
chromatograms of detected AHLs (of control) quenched by CFS of endophytic bacterial
strains (shown for strain B4). The ions monitored are displayed in each trace and correspond
to the most abundant protonated molecules [M+H]+ using a maximum deviation of 2 ppm (b)
Representative MS/MS spectra showing comparison of the main detected component, C10-
HSL (m/z 256.1) in authenticated standard (top) and in the control biosensor strain (bottom).
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bacterial endophytes of C. sativa L. plants. (c-f) Quorum quenching responses of the CFS of
four endophytic bacterial strains (B3, B4, B8, and B11) against the biosensor strain C.
violaceum (control). (k) Comparison of bacterial cell count of C. violaceum when treated with
CFS extracts and when untreated (control). All the data represent the logarithmic value of
CFU/mL (£ SD).
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4.4.4. Visualization of spatial distribution of quorum sensing signals and their

quenching by endophytes using MALDI-imaging-HRMS

Since the production and release of AHLs range from intercellular to intracellular or
extracellular, we investigated the spatial localization and distribution of the four AHLs in C.
violaceum colony and periphery, and their quenching by endophytes using MALDI-Q-
Exactive and MALDI-LTQ Orbitrap XL instruments. The resulting signal intensity was made
visible by a color coding system (Fig. 2) ranging from dark red (low intensity) to bright red
(high intensity). Mass window was deliberately kept very small at A < 2 ppm from the
theoretical masses for all the four AHLs measured. The untreated (not challenged by
endophytes) C. violaceum showed visible production of violacein under the microscope (Fig.
2a, d), which was further sprayed with suitable matrix and shot by controlled laser beam. C6-
HSL was produced by C. violaceum colony and released into the agar (Fig. 2c). The other
three AHLs, namely C8-HSL (Fig. 2f), C10-HSL (Fig. 2g), and 3-oxo-C10-HSL (Fig. 2h) were
not distributed far from the producing cells and only accumulated in the nearest vicinity. In
fact, these three AHLs accumulated directly below the colony (visualized after scraping off a
part of the colony; see Fig. 2d grey dotted box). When C. violaceum was grown in agar
containing the extracts of bacterial endophytes B4, B8, B11 and B3 at similar concentrations
as that used in the violacein assay (see Fig. 1) for each AHL, selective quorum quenching
was observed (Fig. 2j-m). The C6-HSL released profusely into the agar by C. violaceum was
quenched by CFS of the endophytic bacterial isolates and only the remnants after being
quenched were observed (Fig. 2j). Interestingly, C10-HSL and 3-oxo-C10-HSL were not only
selectively quenched but also observed in the agar in the vicinity of the C. violaceum colony

after quenching.

4.5. DISCUSSION

In this study, we used a combination of high performance liquid chromatography high-
resolution mass spectrometry (HPLC-ESI-HRMS") and matrix assisted laser desorption
ionization imaging high-resolution mass spectrometry (MALDI-imaging-HR-MS) to quantify
and visualize the spatial distribution of cell-to-cell quorum sensing signals in the biosensor
strain, Chromobacterium violaceum. We further investigated the quenching of the quorum
sensing signals by potent endophytic bacterial isolates of medicinally important C. sativa
plants. Our preliminary analysis of violacein production by C. violaceum and further
quenching by selected bacterial isolates prompted us to study the specific modulation of the
different AHLs convening quorum sensing in C. violaceum. A lot of research in the recent
past has focused on different aspects of targeting the AHL signaling cascades for cell-to-cell

communication in various microbial systems (Galloway et al. 2011; O’Loughlin et al. 2013).
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The implementation of MALDI-MS techniques has also gained importance in various aspects
of research on microbial crosstalk. Recent studies have highlighted the use of such
techniques in identification of microorganisms, clinical microbiology and natural product
biochemistry (Shih et al. 2014).

The four endophytic isolates showing potent quenching capability in the violacein assay were
further analyzed using LC-HRMS/MS using both external reference standards and an
internal standard. This provided a comprehensive understanding of the correlation between
the endophytic bacterial species and their species-specific and selective ability of modulating
different AHLs at different concentrations leading to an overall intervention of C. violaceum
signaling cascade. Interestingly, we observed a trend of decreasing concentration of C6-HSL
with an increase in the production of C10-HSL when treated with the CFS of endophytic
bacterial isolates. This exemplified the fact that in C. violaceum, C10-HSL-mediated violacein
production and transcription of vioA is inhibited by C6-HSL, as suggested by Morohoshi et al.
(2010). It is further conceivable that C. violaceum triggered an increased production of C10-
HSL as a counterstrategy when all other AHLs were being disrupted. Our work, thus,
demonstrated that a single bacterial species can mount a multifaceted antivirulence defense
strategy by simultaneously targeting the aggregation of different AHLs and modulate them at
different concentration levels with the overall goal of minimizing the signaling potential of an
invading pathogen. Studies on anti-quorum activities within the scope of research on
medicinal plants, using bioactive extracts from different sources against several pathogenic
biosensor strains, are also gaining impetus (Kim and Park 2013; Lau et al. 2013; Samoilova
et al. 2014). Such studies on different facets of microbial metabolism and crosstalk can serve

as an important tool for future biotechnological purposes (Safari et al. 2014).
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Fig. 2 Localization of the four different AHLs in the biosensor strain and their selective
qguenching by CFS extracts of the four endophytic bacterial strains B3, B4, B8, and B11. (a,
d) Microscopic images of untreated (not challenged by endophyte CFS) C. violaceum
showing visible production of violacein (violet color). Grey dotted insert shows area shot by
laser beam. (b, e) Microscopic images of C. violaceum after spraying with suitable matrix
showing the crystals of uniform matrix covering the colony and its periphery. Grey dotted
inserts show areas shot by laser beam. (c) Localization of C6-HSL ([M+H]"; m/z =
200.12810; A < 2 ppm). (f) Localization of C8-HSL ([M+H]"; m/z = 228.15940; A < 2 ppm).
(9) Localization of C10-HSL ([M+H]*; m/z = 256.19070; A < 2 ppm). (h) Localization of 3-oxo-
C10-HSL ([M+H]"; m/z = 270.16998; A < 2 ppm). (i) Microscopic image of C. violaceum

treated with CFS extract of bacterial endophyte strain B8. No visible production of violacein.
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(j) Remnants of C6-HSL after being quenched by CFS extract of bacterial endophyte strain
B8 ([M+H]"; m/z = 200.12810; A < 2 ppm). (k) Remnants of C8-HSL after being quenched by
CFS extract of bacterial endophyte strain B8 ([M+H]"; m/z = 228.15940; A < 2 ppm). (i)
Remnants of C10-HSL after being quenched by CFS extract of bacterial endophyte strain B8
(IM+H]"; m/z = 256.19070; A < 2 ppm). (m) Remnants of 3-oxo-C10-HSL after being
quenched by CFS extract of bacterial endophyte strain B8 ([M+H]"; m/z = 270.16998; A < 2
ppm). All scale bars represent 1 mm. Insert grey box shows the color-coded relative
intensities of the detected AHLs in the panels ¢, f-h, and j-m

Our investigation of the spatial localization and distribution of the four AHLs in C. violaceum
by MALDI-imaging-HRMS revealed the release of C6-HSL on the periphery of the colony and
successively diffusing into the agar. This finding corroborated the concept of Cvil/CviR
synthase-receptor regulated C6-HSL production followed by free passive diffusion across the
cell envelope to accumulate in the local environment (McClean et al. 1997; LaSarre and
Federle 2013). This visually confirmed in high spatial resolution that in C. violaceum, C6-HSL
is first released into the extracellular environment after production which might then be taken
up by another cell in the same population to begin violacein production (McClean et al.
1997). The other three AHLs (C8-HSL, C10-HSL and 3-oxo-C10-HSL) did not diffuse freely
into the agar and were found accumulating in the immediate vicinity of C. violaceum that
could only be visualized directly below the colony itself. These AHLs were not passively
released into the agar as compared to C6-HSL, revealing that they might be actively
transported across the cell membrane in a controlled manner as suggested by LaSarre and
Federle (2013). The biosensor strain, when treated with the CFS of endophytic bacterial
isolates, displayed selective quorum quenching of all the four AHLs. This visually confirmed
the differential quorum quenching abilities of the selected bacterial endophytes. Interestingly,
C10-HSL and 3-oxo-C10-HSL remnants were observed in the agar in the vicinity of the C.
violaceum colony, lending evidence to the fact that the endophytes were capable not only of
preventing the production of these AHLs by the biosensor strain but also stalled their active

transportation post-production.

This study provides fundamental insights into the potential of endophytic bacteria as
biocontrol agents against bacterial phytopathogens as well as antivirulence agents that might
be useful in quorum-inhibiting therapies. Almost all Gram-negative bacterial pathogens
maintain pathogenicity in their hosts (plants or animals, including humans) by cell-to-cell
communication using quorum sensing signaling (Sifri 2008; Morohoshi et al. 2013; Amaral et
al. 2014; Christiaen et al. 2014; Schafhauser et al. 2014). Attenuation of these signals will

lead to suppression of pathogen virulence without introducing additional resistance-inducing
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selection pressures. It is well-known that endophytes are capable of maintaining mutualistic
associations with their host plants over a period of their life cycle (Kusari et al. 2012, 2013,
2014), which might lead to co-evolution of certain functional traits (such as production of
bioactive secondary metabolites). However, during their co-existence with host plants,
endophytes encounter invasion by a plethora of specific and generalist pathogens.
Therefore, in order to survive in their ecological niches (internal plant environment),
endophytes might evolve additional defense strategies that prevent the pathogens from
developing resistance to their arsenal of bioactive secondary metabolites (used in chemical
defense). Quorum quenching is one of such antivirulence strategies that are developed by
selected endophytic bacteria. This work, thus, highlights an important biological role played
by endophytes in different ecological niches, not only in host plant defense but also in
maintaining colonization and their own survival inside plants. Interestingly, the bacterial
interactions and antivirulence strategies might differ in environmental niches where different
microbial communities interfere with the signaling systems. Recently for example, challenges
of multiple signaling in bacterial communities in a particular environment with regard to their
perception of different signaling molecules, has been highlighted (Cornforth et al. 2013).
Admittedly, our work provides the insights into quorum quenching strategies employed by
endophytic bacteria against a single biosensor strain. These quenching strategies might
differ during multiple signaling events under different environmental conditions. Our study,
however, provides a scientific handle to further investigate in planta quorum quenching by
endophytes and elucidate the exact role of AHL-mediated gene expression and regulation

within complex ecological niches of multispecies microbial communities.
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5.1. ABSTRACT

Radula marginata and Cannabis sativa L. are two phylogenetically unrelated plant species
containing structurally similar secondary metabolites like cannabinoids. The major objective
of our work was the isolation, identification, biocontrol efficacies, biofilm forming potential and
anti-biofilm ability of endophytic microbial community of the liverwort R. marginata, as
compared to bacterial endophytic isolates harbored in C. sativa plants. A total of 15
endophytic fungal and 4 endophytic bacterial isolates were identified, including the presence
of a bacterial endosymbiont within an endophytic fungal isolate. The endosymbiont was
visible only when the fungus containing it was challenged with two phytopathogens Botrytis
cinerea and Trichothecium roseum, highlighting a tripartite microbe-microbe interaction and
biocontrol potency of endophytes under biotic stress. We also observed sixteen types of
endophytic fungal-pathogen and twelve types of endophytic bacterial-pathogen interactions
coupled to varying degree of growth inhibitions of either the pathogen or endophyte or both.
This showed the magnitude of biocontrol efficacies of endophytes in aiding plant fitness
benefits under different media (environmental) conditions. Additionally, it was ecologically
noteworthy to find the presence of similar endophytic bacterial genera in both Radula and
Cannabis plants, which exhibited similar functional traits like biofilm formation and general
anti-biofilm activities. Thus far, our work underlines the biocontrol potency and defensive
functional traits (in terms of antagonism and biofilm formation) of endophytes harbored in
liverwort R. marginata as compared to the endophytic community of phylogenetically

unrelated but phytochemically similar plant C. sativa.

Keywords: Radula marginata; Cannabis sativa; endophytic bacteria; endophytic fungi;

phytopathogens; antagonism; biofilm formation
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5.2. INTRODUCTION

Liverworts are small, simple and non-vascular plants existing in almost all ecosystems,
though they are abundant in the tropical niches. However, these small plants are highly rich
in terpenoids and aromatic compounds. Some are also known to produce specific
compounds with novel carbon skeleton that serve as significant markers of different genus of
liverworts (Ludwiczuk and Asakawa 2008). Radula marginata (Radulaceae) is a species of
liverwort commonly found in the New Zealand. Species belonging to Radula (for example R.
perrottetti, R. complanata, R. kojana, and others) have been reported to contain aromatic
compounds and prenyl bibenzyls (Asakawa et al. 1991a, b; Toyota et al. 1994). These
compounds are known to have antimicrobial, antioxidant, antifungal, cytotoxic and other
important biological activities (Ludwiczuk and Asakawa 2008). Recent investigations on
Radula marginata led to the identification of bibenzyl cannabinoids (namely perrottetinene
and perrottetinenic acid), with structural similarity to tetrahydrocannabinol, the major
psychoactive secondary metabolite of Cannabis sativa L. plants (Toyota et al. 2002; Park
and Lee 2010). However, isolation of perrottetinene was also reported earlier from other
species of Radula, viz. R. perroftetti and R. laxiramea (Toyota et al. 1994; Cullmann et al.
1999). Cannabinoids are one of the extensively studied secondary metabolites of Cannabis
plants, which typically accumulate in glandular trichomes (Flemming et al. 2007; Happyana
et al. 2013). In spite of the high content of A9-tetrahydrocannabinol, a psychoactive
metabolite known as the ‘drug of abuse’, cannabinoids either singly or synergistically are
known to have innumerable therapeutic benefits like analgesic, anti-inflammatory, anti-
tremor, antioxidant, neuroprotective, immunosuppressive, appetite stimulant, antineoplastic
and others (Kusari et al. 2014a). Perrottetinene and its acid have also been reported to have
antimicrobial and antifungal activities (Na et al. 2005; Na and Baek 2006).

Throughout the history of evolution, plants have coevolved with a number of associated
micro- and macro-organisms, including endophytic microorganisms, pathogens, parasites,
herbivores, and so on. With concomitant coevolution of endophytic microorganisms (or
‘endophytes’) with plants, they (endophytes) have developed biosynthetic pathways leading
to a plethora of bioactive secondary metabolites (Kusari et al. 2012; Kusari et al. 2014c;
Brader et al. 2014). Endophytic colonization is primarily a mutualistic type of association that
occurs within the internal tissues of plants without progressing towards disease. Such
associations have proved beneficial for plant fitness in various ecological niches, often
triggered by biotic selection pressures like invading phytopathogens (Arnold et al. 2003;
Reinhold-Hurek and Hurek 2011; Hamilton and Bauerle 2012; Ansari et al. 2013; Berg et al.

2014). In our previous works, we have explored the potential of endophytic microbial
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community of Cannabis sativa L. plants in host biocontrol as well as antivirulence agents
(Kusari et al. 2013; Kusari et al. 2014b). These promising results further prompted us to
explore the potency of endophytic microorganisms harbored in R. marginata owing to its
production of structurally similar cannabinoids as those found in C. sativa. It is compelling
that similar biosynthetic principles apply to both phylogenetically unrelated plants with regard
to production of structurally and functionally similar compounds. With this background and
rationale, we attempted to elucidate the biocontrol efficacies of endophytic community living
in R. marginata against the phytopathogens of C. sativa plants, namely Botrytis cinerea and
Trichothecium roseum. B. cinerea and T. roseum have been found to be associated with
Cannabis plant diseases like ‘gray mold’, ‘damping off and ‘pink rot’, respectively
(McPartland 1996; Kusari et al. 2013). These diseases are also known to cause epidemic
and green house disasters attacking different plant tissues and ages, ranging from small
seedlings to leaves, stem and flowers of mature plants (McPartland 1991; van der Werf and
van Geel 1994).

Taking cues from our previous work on the endophytic community of C. sativa, this
manuscript demonstrates the biocontrol prospects of fungal and bacterial endophytes
harbored in R. marginata. Furthermore, this study compares and evaluates the ecological
significance and antagonistic potential of bacterial endophytic community of R. marginata as

compared to that of C. sativa.

Bacteria are known to perform cell-to-cell communication via quorum sensing signaling
enabling microbe-microbe interaction, virulence, pathogenesis and colonization (Hartmann et
al. 2014; Safari et al. 2014). Successive aggregation of bacterial communities results in
mono- or multi-species biofilm formation in a particular ecological niche (Claessen et al.
2014; Cornforth et al. 2014). Given the fact that our recent findings have accentuated
fundamental insights into the antivirulence strategies (by quorum quenching) of bacterial
endophytic isolates of C. sativa (Kusari et al. 2014b), we further analyzed and compared the
magnitude of biofilm formation by the bacterial isolates of the two plants at two different
temperatures with reference to generalist biofilm forming pathogens, namely Pseudomonas
aeruginosa POA1, Staphylococcus aureus and Escherichia coli. In addition, we also
compared the anti-biofilm capability of the isolates against the same pathogenic biofilm

formers.

The basic objective of this work was to explore the complete endophytic microbial community
(both fungi and bacteria) of the liverwort R. marginata with respect to diversified functional
traits of the endophytic isolates. This manuscript therefore deals with the isolation,

identification, biocontrol potential, biofilm and anti-biofilm magnitudes of the endophytes
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harbored in R. marginata, compared to the endophytes harbored in C. sativa L. plants. This
underlines the similar and discrete traits of endophytic community of plants from different
ecological niches with similar secondary metabolite (cannabinoids) production. To the best of
our knowledge, this is the first report of isolation and evaluation of bacterial and fungal
endophytic community harbored in liverwort R. marginata.

5.3. MATERIALS AND METHODS

5.3.1. Collection of the plant material

The liverworts were collected in August 2012 from their natural population at Waitakere
Ranges Regional Park., New Zealand. The plants were identified and authenticated as
Radula marginata by experienced botanists. Import of the plant material was allowed
according to the permission of the Auckland Council, New Zealand Government. The plant
material was transported to TU Dortmund, Germany in sealed plastic zip lock bags at 4 °C

and processed for the isolation of endophytes within 24 h of plant collection.

5.3.2. Isolation of endophytic bacteria and fungi and establishment of axenic

cultures

The isolation of the endophytes was done following previously established procedures
(Kusari et al. 2013), suitably modified. The plant material (leaves) were thoroughly washed
in running tap water and cut with the help of sterilized razor blade into small fragments. The
fragments were then surface sterilized by sequential immersion in in 70% ethanol for 1 min,
1.3 M sodium hypochlorite (3-5% available chlorine) for 3 min, and 70% ethanol for 30 s.
Then the fragments were washed thoroughly in sterile double-distilled water for a couple of
minutes to remove excess surface sterilants. The excess water was blotted on sterile filter
paper. For the isolation of fungi, the surface sterilized fragments were placed in petri dishes
containing water agar (WA; Roth) medium supplemented with streptomycin (100 mg/L) to
eliminate any bacterial growth. For the isolation of bacteria, the surface-sterilized tissue
fragments were placed in sterile mortar-pestle and crushed with the addition of sterile double-
distilled water. The macerated tissues, thus obtained, were carefully plated on petri dishes
containing Nutrient agar (NA; Roth). All the petri dishes were sealed with parafiim and
incubated at 28 + 2°C. To ensure proper surface sterilization and isolation of endophytes, two
different techniques were implemented. Firstly, the sterile double-distilled water of the final
rinse were plated in NA and WA and incubated in parallel under similar conditions. Secondly,
the surface-sterilized tissue fragments were imprinted simultaneously in NA and incubated

under similar conditions (secondary protocol, ‘imprint technique’) (Sanchez Marquez et al.
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2007). The plates were monitored every day to check for the growth of endophytes. The
endophytic fungi which grew out from the fragments over 4-6 weeks were subcultured onto a
mycological rich medium namely, Sabouraud dextrose agar (SA) and brought into pure
culture. The bacterial isolates were subcultured on NA and incubated in parallel to establish
pure cultures. The endophytic isolates were routinely maintained in NA (bacteria) and SA
(fungi) in active form and preserved in 15% (v/v) glycerol at -80°C (spores as well as

vegetative form for fungi).

5.3.3. Genomic DNA isolation, PCR amplification and sequencing

The genomic DNA of the fungal and bacterial endophytes were isolated using peqGOLD
fungal DNA mini kit and peqGOLD bacterial DNA kit (Peqlab Biotechnologie GmbH,
Germany) respectively. Briefly, a set of conical flasks with 500 mL capacity each with 100 mL
(SA for fungi and NA for bacteria), were used with proper autoclaving. The fungal and
bacterial isolates were inoculated in the respective flasks and incubated at 28 + 2°C with
proper shaking (150 rpm) on a rotary shaker (INFORS HT Multitron 2, Germany). The
bacterial isolates were grown till mid log phase for extraction of genomic DNA; whereas the
fungal isolates were cultured over 2-3 weeks. The genomic DNA was extracted strictly

following manufacturer’s guidelines.

The total genomic DNA was subjected to PCR amplification using the primers ITS4 and ITS5
for fungal isolates (White et al. 1990) and 27f and 1492r for bacterial isolates (Lane 1991).
The PCR amplification was performed in a 50 uL reaction mixture containing 10 uL Phusion
HF buffer (5X), 1 yL dNTPs (10 mM), 0.5 uL forward primer (100 pyM), 0.5 uL reverse primer
(100 puM), 3 uL of template DNA, 1 pL of Phusion polymerase (2U/uL), and 34 L of sterile
double-distilled water. The PCR cycling protocol for fungal isolates consisted of an initial
denaturation at 98°C for 3 min, 30 cycles of denaturation, annealing and elongation at 98°C
for 10 sec, 58°C for 30 sec and 72°C for 45 sec. This was followed by a final elongation step
of 72°C for 10 min. For the bacterial isolates, the cycling conditions consisted of an initial
denaturation at 98°C for 3 min, 30 cycles of denaturation, annealing and elongation at 98°C
for 10 sec, 60°C for 30 sec and 72°C for 45 sec. This was followed by a final elongation step
of 72°C for 10 min. As a negative control, sterile double distilled water was used instead of

template DNA, in both PCR amplifications.

The PCR products spanning around 500-600 bp (for fungal isolates) and 1500 bp (for
bacterial isolates), were visualized by gel electrophoresis. The PCR products were purified
using peqGOLD micro spin cycle pure kit (Peqlab Biotechnologie GmbH, Germany) strictly

following manufacturer’s instructions. The amplified products were then sequenced from both
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directions at GATC Biotech (Cologne, Germany) using the above mentioned primers.

The endosymbiont R4 (strain number) was isolated from endophytic fungal isolate F13 using
previously established method (Partida-Martinez and Hertweck 2005). For further
confirmation, total genomic DNA was extracted from F13 and subjected to PCR (Hoffman
and Arnold 2010) using bacterial 16S rRNA specific primers (27f and 1492r ) following the
similar cycling conditions like other bacterial isolates.The amplified product was sequenced
and compared with the pure bacterial culture for the identification and presence of

endosymbiont.
5.3.4. Pathogenic strains used for antagonistic assays and biofilm formations

The two host specific phytopathogens of Cannabis sativa L. plants and the three biofilm
forming pathogenic strains, used in this work were obtained from the Leibniz Institute DSMZ-
German Collection of Microorganisms and Cell Cultures, Braunschweig, Germany. The two
phytopathogens, namely Botrytis cinerea (accession number DSM 5145) and Trichothecium
roseum (accession number DSM 63066), were activated and maintained as described in our

previous work (Kusari et al. 2013).

The biofilm formers, namely Pseudomonas aeruginosa PAO1 (accession number DSM
22644), Staphylococcus aureus (accession number DSM 682) and Escherichia coli
(accession number DSM 799), were activated according to DSMZ guidelines. The medium
used for activation of bacterial pathogenic strains were Nutrient agar (NA; Roth) and Luria-
Bertani agar (LBA; Roth). All the activated strains were routinely maintained on NA and LBA
for bacterial strains, and potato dextrose agar (PDA; Roth), Malt Extract agar (MEA; Roth),
and SA for fungal phytopathogens, respectively.

5.3.5. Dual-plate antagonism assay of endophytic isolates against

phytopathogens

The in vitro antagonistic assay of fungal and bacterial endophytes against the host specific
phytopathogens were tested according to previously established method (Chamberlain and
Crawford 1999; Kusari et al. 2013), suitably modified. The assay was carried out in five
different media namely NA, SA, MEA, PDA and WA. Briefly, 5 mm plugs of fungal
endophytes and pathogens were co-cultured at opposite edges of the petri dishes facing
each other. In case of bacterial endophytes, the isolates were streaked at the other edge of
the petri dish containing the fungal pathogens. The pathogens alone were inoculated as

controls. All the antagonistic assays were carried out in triplicates in all the five different
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media mentioned above. The diameter of growth of fungal pathogens were monitored daily
for the different endophyte-pathogen interactions and noted at 5, 10 and 15 days interval.
The antagonistic inhibitions were calculated for each of the endophyte-pathogen interactions
in five different media against the control plates. The calculations were performed using our
previously established equation (Kusari et al. 2013). The antagonistic assays were further
characterized by various macroscopic endophyte-pathogen interactions under five different
media conditions. The complete antagonisms were analyzed by the combination of inhibition
percentages accompanied by different endophyte-pathogen interactions on all five solid

media.
5.3.6. Biofilm and anti-biofilm assay of bacterial endophytes

The bacterial endophytic isolates of R. marginata and C. sativa were monitored for their
capability to form biofilms using previously established method (Merritt et al. 2011), suitably
modified. The biofilm formations of bacterial isolates were analyzed in Nutrient broth (NB) at
30°C and 37°C respectively. 100 uL of overnight cultures(ODgg of 0.1) were inoculated in
microtitre plates (containing 100 uL of fresh media) and incubated at 30°C and 37°C under
static condition for 24, 48, 72 and 96 hours, respectively. The planktonic cells were discarded
and biofilms were stained with 0.1% crystal violet for 10 min. The adherent bacteria were
washed 2 times with sterile double distilled water and solubilized in 200 pL of 30% acetic acid
for 15 min. The contents were transferred into another sterile 96-well microtitre plate and
analyzed at ODs7g. As a positive control, Pseudomonas aeruginosa (PAO1), Staphylococcus
aureus (SA) and Escherichia coli (EC) were used. NB alone was used as negative control.

Each experiment was performed in triplicates.

All the bacterial isolates were further analyzed for their anti-biofilm activity against generalist
pathogenic biofilm formers namely P. aeruginosa PAO1, S. aureus and E. coli. For the
preparation of bacterial extracts, the isolates were grown till mid-/og phase in NB at 30°C with
proper shaking (200 rpm). The cultures were subjected to ultrasonication (Sonifier Cell
Disrupter, Branson Ultrasonics Corporation, Danbury, USA) for 10 minutes with an interval of
2 minutes in an ice bath (< 4°C). This ultrasonic disruption was consecutively repeated thrice.
The cell debris was removed by ultracentrifugation at 10,000 rpm for 30 minutes at 4°C. The
extract, thus obtained, was filtered twice through sterile 0.22 ym Rotilabo®-SpritzenfiIter (Carl
Roth GmbH, Germany) for the complete removal of cells. Presence of bacterial
contamination was counterchecked by plating the bacterial extracts (dilution factor of 107 to
10®) on NA plates. For the anti-biofilm assay, 100 L of each of the pathogenic cultures

(ODeqo of 0.1) were inoculated in 100 yL of bacterial extracts under static conditions for 24

85 |



Chapter 5

hours. As control pathogenic cultures were inoculated in 100 pL of NB. The effect of extracts
on biofilm formation was analyzed using the same protocol mentioned above. Each

experiment was done in triplicates.

5.4. RESULTS

5.4.1. Identification and characterization of endophytic isolates

A total of 15 endophytic fungal isolates and 4 endophytic bacterial isolates were obtained
from the liverwort, Radula marginata. The fungal and bacterial isolates were identified based
on ITS and 16S rRNA analyses, respectively. The amplified products (spanning around 500-
600 bp for fungal isolates and 1500 bp for bacterial isolates) were used for the identification
of the endophytes. The amplified sequences were matched using the Basic Local Alignment
Search Tool (BLASTn) of the US National Centre for Biotechnology Information (NCBI)
against the nucleotide database. The sequences obtained were aligned using EMBOSS
Pairwise Sequence Alignment of the EMBL Nucleotide Sequence Database. The fungal and
bacterial sequences are deposited at EMBL-Bank with accession numbers HG971763 to
HG971777 and HG971778 to HG971781 respectively. The accession numbers with
sequence identity similar to most closely related species are detailed in Tables 1 and 2. All
the endophytic fungal isolates belonged to phylum Ascomycota with an exception of two
isolates (F12 and F14) that belonged to Zygomycota. Majority of the isolates belonged to
Daldinia sp. Others included Rhizopus sp., Xylaria sp., Podospora sp., Aspergillus sp. and
Hansfordia sp. Although endophytic bacteria harboring R. marginata was lesser (isolate
numbers) than the endophytic fungal population, some of the bacterial isolates were strikingly
similar with those of C. sativa (EMBL-Bank accession numbers reported in our earlier
publication; Kusari et al. 2014b). Majority of the isolates belonged to Bacillus sp. in both
Radula and Cannabis plants. The 1500 bp amplified product of 16S rRNA analysis of F13

revealed the endosymbiont (strain number R4) as Paenibacillus sp.
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Table 1 Summary of EMBL accession numbers, maximum identity and most closely related

species of endophytic fungal isolates of Radula marginata

Strain number
(Fungal Endophyte)

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

F11

F12

F13

F14

F15

EMBL-Bank
Accession numbers

HG971763

HG971764

HG971765

HG971766

HG971767

HG971768

HG971769

HG971770

HGO71771

HGO71772

HG971773

HGO971774

HG971775

HG971776

HGO71777

Most closely related species
(Accession numbers)

Podospora glutinans;
(AY615208.1)

Aspergillus niger;
(KC119204.1)

Daldinia concentrica;
(AM292045.1)

Xylaria sp.;
(HM583857.1)

Xylaria sp.;
(HM583857.1)

Daldinia concentrica;
(AM292045.1)

Daldinia concentrica;
(AM292045.1)

Daldinia concentrica;
(AM292045.1)

Hansfordia sp.;
(GQ906969.1)

Daldinia concentrica;
(AM292046.1)

Daldinia concentrica;
(AM292045.1)

Rhizopus oryzae;
(JX661045.1)

Daldinia concentrica;
(AM292045.1)

Rhizopus oryzae;
(JX661045.1)

Daldinia concentrica;
(AM292045.1)

Maximum
identity

98%

99%

99%

99%

99%

99%

99%

98%

97%

98%

98%

98%

98%

100%

99%
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Table 2 Summary of EMBL accession numbers, maximum identity and most closely related

species of endophytic bacterial isolates of Radula marginata

Strain number EMBL-Bank Most closely related species Maximum
(Bacterial Endophyte) Accession numbers (Accession numbers) identity
R1 HG971778 Bacillus subtilis; 99%

(KC182058.1)

R2 HG971779 Bacillus subtilis; 99%
(KC441757.1)

R3 HG971780 Bacillus subtilis; 99%
(GQ280027.1)

R4 HG971781 Paenibacillus sp. 99%
(KF011599.1)

5.4.2. Biofilm formation and anti-biofilm activity of endophytic bacterial isolates

All the endophytic bacterial isolates were monitored for their capability to form biofilm under
two different temperature conditions, viz. 30°C (Fig. 1a) and 37°C (Fig. 1b). Although the
positive controls PAO1, SA and EC formed biofilms at both temperatures, the levels of biofilm
were much higher at 37°C particularly for PAO1 (approx. 4 times) and SA (approx. 9 times).
EC biofilm was similar at both temperatures. Isolate B3 was found to be a strong biofilm
former at 37°C. The level of biofilm formation was similar to PAO1 and much higher than EC.
However, B3 did not show significant biofilm formation at 30°C when compared to PAO1.
Isolates B2, B5 and B7 also formed biofilms higher than EC and close to PAO1 at 37°C.
Although B5 and B7 also did not form any significant biofilm at 30°C, isolate B2 formed
strong biofilm even at 30°C. The level of B2 biofilm was similar to PAO1 and SA at 30°C.
Some of the isolates like B4, B6, B8, B9 and B11 formed biofilms close to PAO1 and SA
levels at 30°C. In general, the biofilm formations of the organisms under our study at 30°C
are much less compared to 37°C. The endophytic isolates of R. marginata did not form any
biofilm at both temperatures. Even the endosymbiont R4 did not have any pronounced
biofilm activity.

Notwithstanding that some of the endophytic isolates of C. sativa were similar at the species
level; they did not exhibit similar potency of biofilm formation under similar temperature
conditions. For instance, isolate B2 was found to form biofilm at both 30°C and 37°C whereas
B1 and B6 did not exhibit any significant biofilm activity (Fig. 1). Similarly, isolate B3 being a

strong biofilm former at 37°C showed completely contrasting results compared to similar
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strains like B9 and B11 that were not even close to noteworthy biofilm formation. Notably,
B11 formed biofilm at 30°C where B3 was unable to show any pronounced activity. A
complete dissimilar result was also found in similar strains isolated from C. sativa. For
example, B5 and B7 formed similar level of biofilms at 37°C and did not show any activity at
30°C. It is even more interesting to note that the strikingly similar strains from two different
plant species namely, R. marginata and C. sativa showed identical results. Isolates R1, R2
and R3 from R. marginata did not form any significant biofilm at both temperatures just like

isolate B10 from C. sativa.

Owing to the capability of biofilm formation, the isolates were further monitored for their
capability to inhibit biofilms of generalist pathogens like PAO1, SA and EC. None of the
endophytic isolates of R. marginata and C. sativa showed significant anti-biofilm activity at
30°C and 37°C.

5.4.3. Antagonistic assay against phytopathogens

The in vitro antagonistic assay of fungal and bacterial endophytic isolates against the two
selected phytopathogens revealed their efficacies as well as inadequacies as biocontrol
agents. A large diversity of endophyte-pathogen interactions were observed under five
different media conditions. The different interaction strategies employed by the fungal and
bacterial endophytic isolates were highly diverse against the phytopathogens, with the only
exception of formation of inhibition zone (a clear halo) to restrict the growth of pathogen
mycelium. The overall antagonisms were deciphered based on the different degree of growth
inhibitions coupled to the array of individual endophyte-pathogen interactions. Based on our
previously established methodology (Kusari et al. 2013), we could assign 16 different fungal
endophyte-phytopathogen and 12 different bacterial endophyte-phytopathogen interactions
under five different media conditions namely NA, WA, PDA, SA and MEA, respectively
(Tables 3 and 4). Furthermore, every interaction in each of the five medium led to a certain
degree of growth inhibition of either the pathogen or the endophytic isolate itself. The
representative illustrations of each of the endophyte-pathogen associations as compared to
control plates are summarized in Figs. 2 (fungus-fungus) and 3 (bacterium-fungus),
respectively (control plates are shown in Fig. 4). A comprehensive antagonistic potential,
illustrating the varying extent of growth inhibition coupled to specific interactions gave a clear
idea about the biocontrol efficacies of the bacterial and fungal endophytic isolates (Tables 5-
8). The diversified association of endophytes with phytopathogens under different media
conditions highlights the understanding of endophytes’ host plant fitness potential under

biotic selection pressures.
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Fig. 1 Biofilm formation by endophytic bacterial isolates of Cannabis sativa and Radula
marginata (strain numbers B1 to B13 and R1 to R4) in comparison to pathogenic biofilm
formers Pseudomonas aeruginosa (PAO1), Staphylococcus aureus (SA) and Escherichia coli
(EC) at 30°C (a) and at 37°C (b); NB alone is designated as control
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Table 3 Description of different endophyte-pathogen (fungus-fungus) interactions with

respective interaction codes under five different media

Interaction
code

A

G (OV/MC)

Endophyte-pathogen interaction descriptions

Both endophyte and pathogen grow towards each other, but growth stopped and
mycelia of pathogen malformed as their mycelia came in physical contact; no
sporulation; no color alteration of mycelia; no release of visible exudates; no
inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped and
mycelia of endophyte malformed as their mycelia came in physical contact; no
sporulation; no color alteration of mycelia; no release of visible exudates; no
inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped and
mycelia of both pathogen and endophyte malformed as their mycelia came in
physical contact; no sporulation; no color alteration of mycelia; no release of visible
exudates; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped as
their mycelia came in physical contact; no malformation of mycelia of endophyte or
pathogen; no sporulation; no color alteration of mycelia; no release of visible
exudates; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other followed by substantial
mycelial overlapping of endophyte and pathogen after their mycelia came in
physical contact; no sporulation; no color alteration of mycelia; no release of visible
exudates; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other followed by slight
overgrowth of pathogen on endophyte after their mycelia came in physical contact;
no sporulation; no color alteration of mycelia; no release of visible exudates; no
inhibition zone (no halo)

Both endophyte and pathogen grow towards each other followed by either
complete overgrowth (OV) of endophyte on pathogen or mixed culture (MC) after
their mycelia came in physical contact; no sporulation; no color alteration of
mycelia; no release of visible exudates; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped
before their mycelia came in physical contact with endophytes releasing visible
exudates from the entire mycelial biomass; no malformation of mycelia of
endophyte or pathogen, no sporulation; no color alteration of mycelia; no inhibition
zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped
before their mycelia came in physical contact with pathogen releasing visible
exudates from the entire mycelial biomass; no malformation of mycelia of
endophyte or pathogen, no sporulation; no color alteration of mycelia; no inhibition
zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped
before their mycelia came in physical contact and endophyte forming visible dark
brown to black colored band (secondary metabolites) at the point of mycelial
contact; no sporulation; no color alteration of mycelia; no release of visible
exudates; no inhibition zone (no halo)
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ESY-

ESY-

Both endophyte and pathogen grow towards each other, but growth stopped
before their mycelia came in physical contact and inhibition zone (clear halo)
produced by endophyte around its biomass; no halo by pathogen; no sporulation;
no color alteration of mycelia; no release of visible exudates

Both endophyte and pathogen grow towards each other, but growth stopped and
color alteration of mycelia by pathogen as their mycelia came in physical contact;
no sporulation; no color alteration of mycelia; no release of visible exudates; no
inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped and
color alteration of mycelia by pathogen with release of visible exudates from the
entire biomass as their mycelia came in physical contact; no sporulation; no color
alteration of mycelia; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, but growth stopped
before their mycelia came in physical contact; no sporulation; no release of visible
exudates; no color alteration of mycelia; no inhibition zone (no halo)

Both endophyte and pathogen grow towards each other, followed by growth of
endosymbiotic bacterium from the endophytic fungal mycelia towards pathogen; no
release of visible exudates; no color alteration of mycelia; no inhibition zone (no
halo)

Both endophyte and pathogen grow towards each other, followed by growth of
endosymbiotic bacterium from the endophytic fungal mycelia towards pathogen;
formation of visible dark brown to black colored band (secondary metabolites) by
endophytic fungus; no release of visible exudates; no color alteration of mycelia;
no inhibition zone (no halo)

Table 4 Description of different endophyte-pathogen (bacterium-fungus) interactions with

respective interaction codes under five different media

Interaction

code

1

Endophyte-pathogen interaction descriptions

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact, followed by inhibition and
malformation of pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped after
the colony and mycelia came in physical contact, followed by inhibition and
malformation of pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact, followed by encircling of
pathogen mycelia by bacterial colony from all sides causing inhibition and
malformation of pathogen mycelia
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7(ZOl)

10

11

12

Both endophyte and pathogen grow towards each other, but growth stopped after
the colony and mycelia came in physical contact; no inhibition or malformation of
pathogen mycelia

Both endophyte and pathogen grow towards each other but growth stopped after
the colony and mycelia came in physical contact, followed by slight overlapping of
endophyte and pathogen; no inhibition or malformation of pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped after
the colony and mycelia came in physical contact, followed by complete overgrowth
of endophyte on pathogen mycelia; complete inhibition; no malformation of
pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact; no further growth of
endophyte or pathogen forming a zone of inhibition in between (but no halo); no
malformation of pathogen mycelia

Only endophyte grow towards pathogen, but growth stopped before the colony and
mycelia came in physical contact; growth of pathogen limited only on and around
the inoculated 5mm plug followed by huge zone of inhibition in between (but no
halo); no malformation of pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact, followed by change of
morphology of endophyte colony (for example bulging out) causing inhibition of
pathogen mycelial growth; no malformation of pathogen mycelia

Only endophyte grow towards pathogen, but growth stopped before the colony and
mycelia came in physical contact; growth of pathogen limited only on the
inoculated 5mm plug and formation of inhibition zone (clear halo) by pathogen
inhibiting endophyte colony; no malformation of pathogen mycelia

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact and formation of inhibition
zone (clear halo) by endophyte inhibiting pathogen; no malformation of pathogen
mycelia

Both endophyte and pathogen grow towards each other, but growth stopped
before the colony and mycelia came in physical contact; followed by growth of
endophyte colony on pathogen plug without growing in between causing inhibition
of pathogen mycelia; no malformation of pathogen mycelia
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Pathogen

1Rl
\

Pathogen

Fig. 2 Different endophyte-pathogen (fungus-fungus interactions). (i, ii) Interaction code A;
(iii, iv) Interaction code B; (v, vi) Interaction code C; (vii, viii) Interaction code D; (ix, x)
Interaction code E; (xi) Interaction code F; (xii) Interaction code G(MC); (xiii, xiv) Interaction
code G(OV); (xv, xvi) Interaction code H; (xvii) Interaction code I; (xviii, xix) Interaction
code J; (xx, xxi) Interaction code K; (xxii) Interaction code L; (xxiii) Interaction code M,;
(xxiv, xxv) Interaction code N; (xxvi, xxvii) Interaction code ESY-I; (xxviii, xxix) Interaction

code ESY-II; (TR) Pathogen Trichothecium roseum; (BC) Pathogen Botrytis cinerea.
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Pathogen
(TR)

Pathoge:

Fig. 3 Different endophyte-pathogen (bacterium-fungus) interactions. (i, ii) Interaction code
1; (iii, iv) Interaction code 2; (v, vi) Interaction code 3; (vii, viii) Interaction code 4; (ix)
Interaction code 5; (x, xi) Interaction code 6; (xii) Interaction code 7; (xiii) Interaction code 8;
(xiv, xv) Interaction code 9; (xvi, xvii) Interaction code 10; (xviii) Interaction code 11; (xix)

Interaction code 12; (TR) Pathogen Trichothecium roseum; (BC) Pathogen Botrytis cinerea.

95 |



Chapter 5 |

Fig. 4 Control plates of Botrytis cinerea (BC) and Trichothecium roseum (TR) in five different
media. (i) BC in Nutrient agar plate; (ii) BC in Water agar plate; (iii) BC in Malt extract agar
plate; (iv) BC in Potato dextrose agar plate; (v) BC in Sabouraud agar plate; (vi) TR in
Nutrient agar plate; (vii) TR in Water agar plate; (viii) TR in Malt extract agar plate; (ix) TR in

potato dextrose agar plate; (x) TR in Sabouraud agar plate.
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Table 5 Summary of antagonistic inhibition of phytopathogen Botrytis cinerea by fungal

endophytes of Radula marginata accompanied by different endophyte-pathogen interactions

under five different media

Fungal

Endophyte

Strain
number

F1

F2

F3

F4

F5

F6

F7

F8

F9

F10

F11

F12

F13

F14

F15

Antagonistic inhibition (% inhibition)
against Botrytis cinerea in five
different media

WA

-20

0

60

40

60

80

100

60

SA

-29

0

57

0

14

57

57

57

43

57

71

100

57

71

57

PDA

33

22

67

11

44

67

67

67

44

78

78

100

67

67

78

MEA

40

40

70

10

30

70

70

80

70

70

90

100

70

70

70

NA

MC

64

55

45

64

9

73

73

82

73

82

100

82

73

73

Different endophyte-pathogen
interactions under five different media
(interaction code, see Table 3)

WA

N

D

o O <«

[

G(0V)
ESY-II
B,J

B,J

SA
L

L

E
EH
G(OV)
ESY-I
E

E

PDA

L

D

> > W

m

G(0V)
ESY-I
EL

E

MEA
L

L

E
G(OV)
ESY-I
EL

E

NA

G(MC)

G(0V)

ESY-I"

WA, Water agar; SA, Sabouraud agar; PDA, Potato dextrose agar; MEA, Malt extract agar;

NA, Nutrient agar

MC, Mixed culture of endophyte and pathogen

ESY-I", Only for NA plates, the interaction is accompanied by color alteration of pathogen

mycelia
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Table 6 Summary of antagonistic inhibition of phytopathogen Trichothecium roseum by
fungal endophytes of Radula marginata accompanied by different endophyte-pathogen

interactions under five different media

Fungal Antagonistic inhibition (% inhibition) Different endophyte-pathogen
Endophyte against Trichothecium roseum in five interactions under five different media
Strain different media (interaction code, see Table 3)

number WA SA PDA° MEA NA WA SA PDA MEA NA

F1 56 9 29 36 9 N A A A D
F2 63 73 50 36 18 N D A C N
F3 75 55 64 79 36 B,J E E E F
F4 63 73 50 36 18 D D C H N
F5 63 18 50 43 9 D A A C K
F6 69 55 64 64 55 B,J B B B D
F7 81 64 79 79 27 J B B B E
F8 69 67 79 71 45 J E E E D
F9 75 73 79 79 36 B B B E D
F10 56 64 79 71 18 N EH E E,l E
F11 88 73 86 71 36 B H E E E
F12 100 100 100 100 100  G(OV) G(OV) G(OV) G(OV) G(OV)
F13 44 64 71 71 27 ESY-l ESY-l ESY-l ESY-l ESY-l
F14 75 73 42 79 36 B,J B E E D
F15 69 67 79 79 45 N BE E E D

WA, Water agar; SA, Sabouraud agar; PDA, Potato dextrose agar; MEA, Malt extract agar;
NA, Nutrient agar
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Table 7 Summary of antagonistic inhibition of phytopathogen Botrytis cinerea by bacterial
endophytes of Radula marginata and Cannabis sativa accompanied by different endophyte-

pathogen interactions under five different media

Bacterial Antagonistic inhibition (% inhibition) Different endophyte-pathogen
Endophyte against Botrytis cinerea in five interactions under five different media
Strain different media (interaction code, see Table 4)
number WA SA PDA MEA NA WA SA PDA MEA NA

R1 0 15 22 -10 55 4 2 2 1 3
R2 20 -29 33 10 NG 4 1 3 1 12
R3 20 0 11 20 82 4 3 1 1 4
R4 60 57 67 70 82 ESY-Il ESY-l ESY-I ESY-l ESY-
B1 75 86 NG 83 NG 8 8 10 8 6
B2 50 NG NG 83 75 8 8 10 8 9
B3 NG NG NG NG NG 6 6 9 9 6
B4 75 57 NG 50 NG 8 8 10 8 6
B5 0 57 NG 67 NG 8 8 10 8 12
B6 NG NG NG NG NG 6 6 10 6 6
B7 NG NG NG NG NG 6 6 10 6 10
B8 NG NG NG NG NG 6 6 10 6 10
B9 NG NG NG NG NG 6 6 10 6 6
B10 NG NG NG NG NG 6 6 10 6 9
B11 NG NG NG NG NG 6 6 10,11 6 6
B12 NG NG NG NG NG 6 6 6 6 6
B13 NG NG NG NG NG 6 6 6 6 6

NG, No growth of pathogen; Every NG is accompanied by respective interaction that justifies

the antagonistic inhibitions (% inhibitions) either for pathogen or endophyte respectively

ESY-I/ ESY-II, The endosymbiont interactions from Tables 5 and 6
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Table 8 Summary of antagonistic inhibition of phytopathogen Trichothecium roseum by

bacterial endophytes of Radula marginata and Cannabis sativa accompanied by different

endophyte-pathogen interactions under five different media

Bacterial
Endophyte
Strain
number
R1

R2

R3

R4

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

B13

Antagonistic inhibition (% inhibition)

against Trichothecium roseum in
five different media

WA

69

63

75

44

25

13

88

13

38

63

63

13

13

63

25

0

13

SA

27

55

45

64

15

57

36

43

43

89

68

-7

15

57

PDA

43

64

43

71

MEA

43

50

50

71

0

25

88

-17

13

35

-13

13

NA
4

55

36

27

39

39

54

NG

NG

NG

NG

77

NG

54

NG

15

46

Different endophyte-pathogen
interactions under five different media
(interaction code, see Table 4)

WA
4

4

4
ESY-I
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)

7(20l)

SA

ESY-I
7(zOl)
7(zOl)
4

7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(ZOl)
7(Z01),9
5

5

7(ZOl)

PDA

ESY-I
5
7(zOl)
6
7(ZOl)
7(ZOl)
4
7(ZOl)
7(ZOl)
4
6
4
7(ZOl)

7(Ol)

MEA

ESY-I
5
7(zOl)
7(zOl)
4
7(zOl)
7(zOl)
7(zOl)
4

7(20l)

7(Ol)

NA

7(ZOl)

10

7(Ol)

NG, No growth of pathogen; Every NG is accompanied by respective interaction that justifies

the antagonistic inhibitions (% inhibitions) either for pathogen or endophyte respectively

ESY-I/ ESY-II, The endosymbiont interactions from Tables 5 and 6
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5.5. DISCUSSION

Microbial communities contribute to the occurrence and function of diversified interactions
ongoing between various macro- and micro-organisms in different ecological niches. Such
interactions include constant communication between endophytes, epiphytes, pathogens and
host plants (Partida et al. 2005; Newton et al. 2010; Rodriguez et al. 2012; Wermer et al.
2014; Kusari et al. 2014c). Plants are natural habitats for bi-, tri- and multi-trophic microbial
interactions of endophytic microbial community ensuring a certain level of positive impact on
host plants against natural pathogens (Clay 2014; May and Nelson 2014). In this study, we
focused on two host plants, the liverwort Radula marginata and the hemp Cannabis sativa L.,
with similar biosynthetic principles owing to the production of cannabinoids as bioactive
secondary metabolites. To ensure a better understanding of host plant fithess benefits due to
endophytic contributions against the phytopathogens, we further evaluated the biocontrol
functional traits (in terms of antagonism) of endophytic microbial community of R. marginata
when challenged against the two major phytopathogens of C. sativa L. plants, namely B.
cinerea and T. roseum. We challenged the endophytes under five different media conditions,
namely WA, SA, PDA, NA and MEA respectively, to justify and compare the potent benefits
and challenges encountered by endophytic isolates against the pathogens under changing
nutritional conditions. It is immensely important to understand the reaction and stability of
endophytes in any microbe-microbe interactions due to biotic selection pressures, outside the
host environment. Thus, monitoring the magnitude of biocontrol efficacies under different
media conditions not only provide information correlating to the well-known OSMAC (One
Strain MAny Compounds) approach but also evaluates the probable contributions and

capabilities of endophytes in aiding host fitness against the pathogens.

With this rationale, herein we report for the first time the isolation, identification, biocontrol
efficacy, biofilm forming potential, and anti-biofilm ability of endophytic microbial community
of the liverwort Radula marginata, as compared to bacterial endophytic isolates harbored in
Cannabis sativa plants. Liverworts are inhabited by numerous fungal species (Ptaszynska et
al. 2010). Endophytes belonging mainly to Ascomycota, Basidiomycota and Zygomycota
have been isolated from different species of liverworts with the exception of R. marginata
(Forrest et al. 2006; Davis and Shaw 2008). In our work, majority of the endophytic fungal
isolates belonged to Ascomycota, followed by two isolates belonging to Zygomycota. This is
in complete agreement with reports of 97% liverwort endophytes discovered so far belonging
to phylum Ascomycota (Davis and Shaw 2008). Moreover, Davis et al. (2003) reported the
presence of Xylaria sp. belonging to family Xylariaceae (phylum Ascomycota), as one of the

major endophytic fungal species of liverworts.

101 |



Chapter 5

Interestingly, we found a few Xylaria sp. and a lot of Daldinia sp. (both of which belong to
family Xylariaceae) as endophytes of R. marginata. This not only highlights the broad host
range of Xylariaceae endophytes, but also points towards close relationship between the
endophytic fungal communities of liverworts. Needless to mention that this observation can
be extended with further investigations of R. marginata endophytes prospected from different
ecological niches. Although the load of bacterial endophytic microbial community in R.
marginata was quite low, there was a striking similarity with the bacterial endophytes isolated

from C. sativa plants.

With the exception of the endosymbiont (Paenibacillus sp.), all the bacterial isolates
belonged to Bacillus sp. which is also the major genus found living in C. sativa as
endophytes. It is of immense ecological importance to note the presence of similar
endophytic bacterial genus in two different plants from different geographical areas but
containing similar secondary metabolites. Although Bacillus sp. is quite commonly found in
various ecological niches, exhibiting an endophytic lifestyle in two different host plants with
similar biosynthetic principles is noteworthy. The ecological context is even more highlighted
by the presence of Bacillus subtilis strain (isolate R1, R2, R3 and B10) in both R. marginata
and C. sativa as endophytes. To gain a deeper insight into the significance of presence of
similar bacterial species, the bacterial endophytic isolates were further exploited for their
efficacies in retaining certain ‘defensive’ functional traits like biofilm formation. In addition, the
isolates were evaluated for their magnitude of anti-biofilm capacity against the generalist
biofilm forming pathogens. An enthralling observation aiding the ecological context of isolates
R1, R2, R3 and B10 was their insignificant biofilm formation capacity at both 30°C and 37°C.
Apart from these four isolates, there were another two isolates, B5 and B7 (both being
identified as Bacillus pumilus) that exhibited similar activity of forming significant biofilm only
at 37°C. But the isolates R1, R2, R3 and B10 were more intriguing owing to the fact that they
were harbored in two different host plants producing cannabinoids, than compared to isolates
B5 and B7 harbored only in C. sativa plants. Whether the presence of similar species and
their functional characteristic of biofilm activity are attributed to similar biosynthetic principles

of different host plants needs more plant survey from different geographical locations.

Fungal and bacterial endophytic communities of R. marginata were further evaluated for their
biocontrol potency against phytopathogens under varying media conditions. As cannabinoids
are therapeutically relevant compounds, it is important to look for elimination attempts of
diseases caused by constant attacks of various phytopathogens to host plants. As
endophytes form a major part of plant habitat, it is worth exploring the endophyte-plant

relationship in aiding plant fitness benefits. We observed different endophyte-pathogen
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interactions under different media conditions with varying degree of growth inhibition.
Interestingly, F12 (Rhizopus oryzae) was able to completely inhibit both the phytopathogens
in all the five different media by completely overgrowing the pathogen mycelia. Some isolates
demonstrated physical defense strategies by causing malformation of pathogen mycelia on
contact. This highlights their ability of identifying confronting pathogens under close
proximity. This not only point towards the selective ability of isolates towards coexisting with
host plants as endophytes, but also their perception of the presence of host plant pathogens.
Some isolates were able to perceive unfavorable conditions long before physical proximity,
and displayed chemical defense by either releasing visible exudates, forming inhibition zone
(halo) or even producing secondary metabolites in form of dark brown to black bands.
Sometimes, even the same endophytic isolate was found to display physical and chemical
defense strategies only by changing the media conditions. This underlines the endophytic
potency of producing cryptic metabolites under slight variation of media conditions. The
results further exemplify the fact that establishment of endophytic lifestyles in a particular
plant niche is always accompanied by various physical and chemical associations not only
with the host plant but also epiphytes, pathogens and neighboring endophytes. Interestingly,
in some cases, the pathogen could also perceive confronting endophytes and take necessary
actions like malformation of endophytic mycelia, forming inhibition halo and even altering own
mycelia color. Taking the bacterial endophytic community into consideration, the major
highlight was the presence of an endosymbiotic bacterium with an endophytic fungal isolate.
The occurrence of the endosymbiont was only visible when the biotic stress was triggered by
challenging with the phytopathogens. The isolate F13 was unable to counter-attack the
pathogen in any of the five media conditions. Surprisingly, in all the five media conditions
against both pathogens, the endosymbiont was observed protruding out of the fungal mycelia
and exhibiting antagonistic potential either by slightly overgrowing the pathogen mycelia or
by forming dark black secondary metabolite patterns. This is an intriguing example of tri-
partite microbe-microbe interaction where the endosymbiont plays the pivotal role in
exhibiting biocontrol potency in aiding host plant defense as compared to the fungal
endophyte itself. It is also noteworthy that most of the bacterial endophytes of C. sativa
inhibited B. cinerea by completely overgrowing the pathogen mycelia on WA, SA and MEA,
except on PDA where the pathogen formed an inhibition zone (halo) to counter the
endophyte attack. The bacterial isolates of R. marginata were also active against both the

phytopathogens, with some causing malformation of pathogen mycelia.

Our overall results primarily reveal the presence of endophytic microbial community of

liverwort Radula marginata, their functional traits and biocontrol potency against
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phytopathogens. It also provides insights into the possibility of harboring similar endophytic
bacterial genus in different host plants with structurally similar secondary metabolite
production (such as cannabinoids). It also underlines and compares the biocontrol potency of
endophytes against phytopathogens of C. sativa plants. Admittedly, this is only the first report
of R. marginata endophytic community; our results, however, can provide a hypothesis that
host plants containing similar phytochemicals might harbor same and/or similar endophytic
microflora. It would be interesting to evaluate and compare our results with more endophytic
communities of this liverwort from different ecological niches to get a better concept of

ecological significance of different plants harboring similar endophytes.
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6.1. Endophytic biodiversity of Cannabis sativa L. and their antagonistic

prospects against phytopathogens

Our work on the investigation of endophytic microbial community harbored in C. sativa L. was
based on the recent advancements made in devising various strategies of discovering
endophytes based on the rationale of their cost-benefit relationship with their hosts in order to
exploit their potential beneficial efficacies. Since this plant is protected by national and
international legislations and regulations, we sampled and imported the C. sativa L. plants
from the legal farmer Bedrocan BV Medicinal Cannabis (the Netherlands) with the permission
of the Federal Institute for Drugs and Medical Devices (Bundesinstitut fir Arzneimittel und
Medizinprodukte, BfArM), Germany under the license number 458 49 89. We then isolated a
plethora of fungal and bacterial endophytes and subjected them to various culture conditions
and parameters and even challenged them (dual-culture antagonistic assays of the fungal
isolates) with two major phytopathogens of the Cannabis plant, namely Botrytis cinerea and
Trichothecium roseum, which are potent greenhouse threat for the cultivars and known to
cause disasters at epidemic scales (Bush Doctor 1985; Barloy and Pelhate 1962). Majority of
fungal endophytes belonged to Ascomycota. Bacillus sp. constituted the majority of bacterial
endophytes. Any plant-fungal interaction is always preceded by a physical encounter
between a plant and a fungus, followed by several physical and chemical barriers that must
be overcome to successfully establish a plant-endophyte association. Therefore, it is only a
matter of chance that a particular fungus establishes as an endophyte for a particular
ecological niche, or plant population, or plant tissue, either in a localized and/or systemic

manner.

Our target was to evaluate the endophytes within the ecological and biochemical contexts,
especially focusing on their biocontrol potential to thwart the host-specific phytopathogens.
These led us towards the identification of potent endophytes that not only proved to be
promising biocontrol agents against the specific phytopathogens, but also demonstrated
qualities of being a natural reservoir of bioactive secondary metabolites. Eleven (for fungal
endophytes) and twelve (for bacterial endophytes) different kinds of antagonistic interactions
are observed when challenged with the phytopathogens in five different media, namely
Sabouraud agar (SA), Nutrient agar (NA), Potato dextrose agar (PDA), Malt extract agar
(MEA) and water agar (WA), respectively. This highlights the fact that endophytes are
capable of producing different compounds under varying conditions which are otherwise
‘cryptic’ metabolites. All the fungal endophytic isolates showed antagonistic potency to some
extent against either one or both of the phytopathogens in varying the media, but three of the

isolates proved to exhibit prominent complete inhibition. Many endophytes started sporulating
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in NA, as expected, revealing their response to the unfavorable condition while countering
the confronting pathogen. Interestingly, the same endophyte isolates showed various other
interesting inhibition patterns like formation of a clear halo (inhibition zone), release of
exudates without even physical contact of mycelia, and change of mycelia color among
others, which accompanied the inhibitions. Most of the bacterial endophytes inhibited B.
cinerea by completely overgrowing the pathogen mycelia on WA, SA and MEA, except on
PDA where the pathogen formed an inhibition zone (halo) to counter the endophyte attack.
Interestingly, in some cases, the pathogen could also perceive confronting endophytes and
take necessary actions like malformation of endophytic colony, forming inhibition halo and

even altering own mycelia color.

We know that slight variations in the in vitro cultivation conditions can impact the range and
type of secondary metabolites produced by bacteria and fungi. The varying assortment of
antagonisms demonstrated by the endophytes against the host phytopathogens indicates
that their efficacies are either due to production of secondary metabolites or the immediate
intermediates in the biosynthetic pathway of those metabolites, triggered upon pathogen-
challenge. Furthermore, random screening of endophytes in axenic cultures can often lead to
rediscovery of known natural products, with a very high possibility of the “cryptic” bioactive
molecules (complete agreement with the well-known ‘OSMAC’ approach), not produced
under normal lab conditions. Thus, our work was devised and implemented with the scientific
rational (which has been proven in a plethora of plant-endophyte systems) of function-based
interpretation, i.e., qualitative evaluation of the interactions between the endophytic microbial
community and the two host-specific phytopathogens. Our work not only reports endophytes
as potent biocontrol agents under suitable conditions but also provides a platform to compare
the endophytes of the same plant from different wild populations and collection centers (if

accessible) for global scale diversity analysis.

6.2. Comparison and evaluation of endophytic efficacies and functional traits of

liverwort Radula marginata to that of Cannabis sativa

In this study, we focused on two host plants, the liverwort Radula marginata and the hemp
Cannabis sativa L., with similar biosynthetic principles owing to the production of
cannabinoids as bioactive secondary metabolites. To ensure a better understanding of host
plant fithess benefits due to endophytic contributions against the phytopathogens, we further
evaluated the biocontrol functional traits (in terms of antagonism) of endophytic microbial
community of R. marginata when challenged against the two major phytopathogens of C.

sativa L. plants, namely B. cinerea and T. roseum. It is immensely important to understand

110 |



Chapter 6

the reaction and stability of endophytes in any microbe-microbe interactions due to biotic
selection pressures, outside the host environment. Further, we evaluated the bacterial
endophytes with respect to their retaining functional traits like biofilm formation and
antibiofilm activity against generalist pathogenic biofilm formers. A plethora of endophytic
fungi and bacteria were isolated from the liverwort. Although the load of bacterial endophytic
microbial community in R. marginata was quite low, an enthralling observation aiding to the
ecological significance was the similarity of bacterial endophytic isolates of R. marginata with
C. sativa at the species level. Although Bacillus sp. is quite commonly found in various
ecological niches, exhibiting an endophytic lifestyle in two different host plants with similar
biosynthetic principles is noteworthy. Another important observation in context to functional
traits was their (similar bacterial endophytic isolates) insignificant biofilm forming capacity at
both 30°C and 37°C. Whether the presence of similar species and their functional
characteristic of biofilm activity are attributed to similar biosynthetic principles of different host

plants needs more plant survey from different geographical locations.

Fungal and bacterial endophytic communities of R. marginata were further evaluated for their
biocontrol potency against phytopathogens under varying media conditions. With
concomitant coevolution of endophytic microorganisms (or ‘endophytes’) with plants, they
(endophytes) have developed biosynthetic pathways leading to a plethora of bioactive
secondary metabolites. Such associations have proved beneficial for plant fithess in various
ecological niches, often triggered by biotic selection pressures like invading phytopathogens
(Arnold et al. 2003; Reinhold-Hurek and Hurek 2011; Hamilton and Bauerle 2012; Ansari et
al. 2013; Berg et al. 2014). The different interaction strategies employed by the fungal and
bacterial endophytic isolates were highly diverse against the phytopathogens. Furthermore,
every interaction in each of the five medium led to a certain degree of growth inhibition of
either the pathogen or the endophytic isolate itself. Some isolates demonstrated physical
defense strategies with their ability of identifying confronting pathogens under close
proximity. Some isolates were able to perceive unfavorable conditions long before physical
proximity, and displayed chemical defense by either releasing visible exudates, forming
inhibition zone (halo) or even producing secondary metabolites in form of dark brown to black
bands. The diversified association of endophytes with phytopathogens under different media
conditions highlights the understanding of endophytes’ host plant fitness potential under
biotic selection pressures like invading pathogens. Taking the bacterial endophytic
community into consideration, the major highlight was the presence of an endosymbiotic
bacterium with an endophytic fungal isolate. The occurrence of the endosymbiont was only
visible when the biotic stress was triggered by challenging with the phytopathogens. This is

an intriguing example of tri-partite microbe-microbe interaction where the endosymbiont plays
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the pivotal role in exhibiting biocontrol potency in aiding host plant defense as compared to

the fungal endophyte itself.

Admittedly, this is only the first report of R. marginata endophytic community; our results,
however, can provide a hypothesis that host plants containing similar phytochemicals might
harbor same and/or similar endophytic microflora. However, it would be interesting to
evaluate and compare our results with more endophytic communities of this liverwort from
different ecological niches to get a better concept of ecological significance of different plants

harboring similar endophytes.

6.3. Attenuation of quorum sensing signaling by endophytes as quantified and
visualized by HPLC-ESI-HRMS" and MALDI-imaging-HRMS

Our work exemplifies the association of Cannabis sativa L. plants with endophytes under
various abiotic and biotic selection pressures leading to the development of different
functional traits — an important one being the “quorum quenching” ability of endophytes to
thwart invading pathogens without introducing resistance mediating selection pressures. This
study provides fundamental insights into the potential of endophytic bacteria as biocontrol- as
well as antivirulence agents that might be useful in quorum-inhibiting therapies. In this study,
we have used a combination of high performance liquid chromatography high-resolution
mass spectrometry (HPLC-ESI-HRMS") and matrix assisted laser desorption ionization
imaging high-resolution mass spectrometry (MALDI-imaging-HRMS) to quantify and visualize
the spatial distribution of cell-to-cell quorum sensing signals in the biosensor strain,
Chromobacterium violaceum. We further showed that potent endophytic bacteria harbored in
Cannabis sativa L. plants can selectively and differentially quench the quorum sensing
molecules of C. violaceum. Therefore, the major concept and focus of our research is not
inhibition of growth, but antivirulence strategies within an ecological niche. The suppression
of virulence factors does not necessarily have to inhibit the growth of the pathogen; rather
this should prevent the pathogens from developing resistance to their arsenal of bioactive
secondary metabolites (used in chemical defense). This study is the first report of ‘visualizing’

quorum sensing using imaging mass spectrometry in high spatial resolution.

Four endophytic bacterial isolates showed potent quenching capability in the overall violacein
production of biosensor strain. Violacein production in C. violaceum is due to quorum sensing
signaling in an environmental niche via the aid of AHLs (N-acylated L-homoserine lactones)
Further, the overall violacein being quenched were further analyzed using LC-HRMS/MS
using both external reference standards an internal standard. This provided a comprehensive

understanding of the correlation between the endophytic bacterial species and their
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species-specific and selective ability of modulating different AHLs at different concentrations
leading to an overall intervention of C. violaceum signaling cascade. Our work, thus,
demonstrated that a single bacterial species can mount a multifaceted antivirulence defense
strategy by simultaneously targeting the aggregation of different AHLs and modulate them at
different concentration levels with the overall goal of minimizing the signaling potential of an
invading pathogen. Our investigation of the spatial localization and distribution of the four
AHLs in C. violaceum by MALDI-imaging-HRMS revealed the release of C6-HSL on the
periphery of the colony and successively diffusing into the agar corroborated the concept of
Cvil/CviR synthase receptor-regulated C6-HSL production followed by free passive diffusion
across the cell envelope to accumulate in the local environment (McClean et al. 1997,
LaSarre and Federle 2013). The other three AHLs (C8-HSL, C10-HSL, and 3-oxo-C10-HSL)
did not diffuse freely into the agar and were found accumulating in the immediate vicinity of
C. violaceum that could only be visualized directly below the colony itself. These AHLs were
not passively released into the agar as compared to C6-HSL, revealing that they might be
actively transported across the cell membrane in a controlled manner as suggested by
LaSarre and Federle (2013). Interestingly, C10-HSL and 3-oxo-C10-HSL remnants were
observed in the agar in the vicinity of the C. violaceum colony, lending evidence to the fact
that the endophytes were capable not only of preventing the production of these AHLs by the

biosensor strain but also possibly stalled their active transportation post-production.

Almost all Gram-negative bacterial pathogens maintain pathogenicity in their hosts (plants or
animals, including humans) by cell-to-cell communication using quorum sensing signaling.
Attenuation of these signals will lead to suppression of pathogen virulence without
introducing additional resistance-inducing selection pressures. Quorum quenching is one of
such antivirulence strategies that are developed by selected endophytic bacteria. The overall
strategy is to inhibit specific mechanisms that promote infection and are essential to
persistence in a pathogenic cascade (for example, binding, invasion, subversion of host
defenses and chemical signaling), and/or cause disease symptoms. It is well-known that
endophytes are capable of maintaining mutualistic associations with their host plants, which
might lead to co-evolution of certain functional traits (production of bioactive secondary
metabolites). However, during their co-existence with host plants, endophytes encounter
invasion by a plethora of specific and generalist pathogens. Therefore, in order to survive in
their ecological niches, endophytes might evolve additional defense strategies that prevent
the pathogens from developing resistance to their arsenal of bioactive secondary metabolites
(used in chemical defense). Quorum quenching is one of such antivirulence strategies that

are developed by selected endophytic bacteria. This work, thus, highlights an important
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biological role played by endophytes in different ecological niches, not only in host plant

defense but also in maintaining colonization and their own survival inside plants
6.4. Outlook

The potential of inimitable fungal endophytes adept in biosynthesizing bioactive metabolites,
occasionally those imitative to their host plants, has irrefutably been recognized. Endophytes
can be accepted as new sources for gene- and drug discovery in medical sciences and will
provide, by distinct genomic blueprints, new insights in gene assembly and expression
control. Nonetheless, there is still no known breakthrough in the biotechnological production
of these bioactive natural products using endophytes. It is imperious to expound the
metabolome in endophytes correlating to their host plants on a case-by-case basis to
comprehend how the biogenetic gene clusters are regulated and their expression is affected
in planta and ex planta (i.e., by environmental changes and axenic culture conditions). Only a
deeper understanding of the host-endophyte relationship at the molecular level might help to
induce and optimize secondary metabolite production under laboratory conditions to yield
desired metabolites in a sustained manner using endophytes. This can be achieved by
challenging the endophytes by specific and non-specific pathogens, especially those
attacking their host plants, by devising suitable co-culture and dual-culture setups
(qualitative, followed by suitable quantitative experiments). The pathogens encountered can
serve as an inducer that might trigger the production of defense secondary metabolites with
pro-drug-like properties. Further, it would be interesting to compare our results (which were
performed using C. sativa L. plants from Bedrocan BV) to those of Cannabis plants sampled
from different wild and/or agricultural populations from different parts of the world. It would
also be interesting to evaluate and compare the endophytic microbial communities of R.
marginata from different ecological niches to get a better concept of underlying similar and
discrete trends of endophytic efficacies and functional traits. Additionally, investigation of in
planta quorum quenching by endophytes and further elucidating the exact role of AHL-
mediated gene expression and regulation within complex ecological niches of multispecies
microbial communities would aid in better understanding of the virulence suppression of

pathogens and co-evolution of bioactive natural products.

Once the production of a target or non-target natural product with a desired biological activity
has been achieved, techniques like genome mining, metabolic engineering and
metagenomics could be utilized to influence the manipulation of secondary metabolite
production by endophytic fungi or the plant itself by directed infection with beneficial
endophytes. Such directed investigation with the scientific rationale of mimicking the natural
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plant-endophyte-pathogen interactions should be pursued to warrant a virtually incessant
discovery and sustained supply of bioactive pro-drugs against the current and emerging

diseases.
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extract of bacterial endophyte strain B8. No visible production of
violacein. (j) Remnants of C6-HSL after being quenched by CFS
extract of bacterial endophyte strain B8 ([M+H]"; m/z = 200.12810;
A < 2 ppm). (k) Remnants of C8-HSL after being quenched by
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Chapter 5
Fig. 1
(a, b)

Fig. 2

(i-xxix)

Fig. 3

(i-xix)

CFS extract of bacterial endophyte strain B8 ([M+H]"; m/z =
228.15940; A < 2 ppm). (i) Remnants of C10-HSL after being
quenched by CFS extract of bacterial endophyte strain B8 ([M+H]";
m/z = 256.19070; A < 2 ppm). (m) Remnants of 3-oxo-C10-HSL
after being quenched by CFS extract of bacterial endophyte strain
B8 ([M+H]"; m/z = 270.16998; A < 2 ppm). All scale bars represent
1 mm. Insert grey box shows the color-coded relative intensities of

the detected AHLs in the panels c, f-h, and j-m.

Biofilm formation by endophytic bacterial isolates of Cannabis
sativa and Radula marginata (strain numbers B1 to B13 and R1 to
R4) in comparison to pathogenic biofilm formers Pseudomonas
aeruginosa (PAO1), Staphylococcus aureus (SA) and Escherichia
coli (EC) at 30°C (a) and at 37°C (b); NB alone is designated as

control.

Different endophyte-pathogen (fungus-fungus interactions). (i, ii)
Interaction code A; (iii, iv) Interaction code B; (v, vi) Interaction
code C; (vii, viii) Interaction code D; (ix, x) Interaction code E; (xi)
Interaction code F; (xii) Interaction code G(MC); (xiii, xiv)
Interaction code G(OV); (xv, xvi) Interaction code H; (xvii)
Interaction code I; (xviii, xix) Interaction code J; (xx, xxi) Interaction
code K; (xxii) Interaction code L; (xxiii) Interaction code M; (xxiv,
xxv) Interaction code N; (xxvi, xxvii) Interaction code ESY-I; (xxviii,
xxix) Interaction code ESY-Il; (TR) Pathogen Trichothecium

roseum; (BC) Pathogen Botrytis cinerea.

Different endophyte-pathogen (bacterium-fungus) interactions. (i,
ii) Interaction code 1; (iii, iv) Interaction code 2; (v, vi) Interaction
code 3; (vii, viii) Interaction code 4; (ix) Interaction code 5; (x, xi)
Interaction code 6; (xii) Interaction code 7; (xiii) Interaction code 8;
(xiv, xv) Interaction code 9; (xvi, xvii) Interaction code 10; (xviii)
Interaction code 11; (xix) Interaction code 12; (TR) Pathogen

Trichothecium roseum; (BC) Pathogen Botrytis cinerea.
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Fig. 4 Control plates of Botrytis cinerea (BC) and Trichothecium roseum 96
(i-=x) (TR) in five different media. (i) BC in Nutrient agar plate; (ii) BC in
Water agar plate; (iii) BC in Malt extract agar plate; (iv) BC in
Potato dextrose agar plate; (v) BC in Sabouraud agar plate; (vi) TR
in Nutrient agar plate; (vii) TR in Water agar plate; (viii) TR in Malt
extract agar plate; (ix) TR in potato dextrose agar plate; (x) TR in

Sabouraud agar plate.
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