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Chapter 1: General introduction



1. Biological control

Biological control or biocontrol may include different phenomena and can be associated to naturally
occurring or anthropogenic application-based agricultural settings. Initially, the former system
considers the major ecological forces of nature and involves the regulation of plant and animal
populations by their natural enemies (Debach and Rosen, 1991). Later, in the twentieth century, the
application of biological control in agriculture was established as a strategy for pest management.
However, the rapid spread and development of different biological control approaches and practices
together with scientific advancements in the field led to biocontrol fragmentation into subspecialties
(Barratt et al. 2018). For example, in their books on biological control of plant pathogens, Baker and
Cook (1974, 1983) noted that their definitions and terminology differed from those of entomologists.
This difference has continued for several decades, prompting Eilenberg et al. (2001) and later
Heimpel and Mills (2017) to suggest a unifying terminology that could be accepted in all areas of
biological control. More recently, Eilenberg et al. (2001), applied a definition revolving around ‘the
use of living organisms to suppress the population density or impact of a specific pest organism,
making it less abundant or less damaging than it otherwise would be’, with further emphasis that the
term biological control should exclusively be used for living organisms, excluding other natural or
semi-natural agents. This definition and classification have had some success, having been adopted
and followed by many entomologists, but they are still largely non used by pathologists and weed
scientists, as well as other stakeholders. Thus, as the application of biological control as an important
element of IPM is escalating, there is an increasing need for cross-disciplinary terminological and
conceptual harmonization. Despite the separate and divisive development between pathologists and
entomologists, the general term biological control has acquired positive connotations in society,
prompting both industrial and scientific interest groups to extend the concept to include the use of

related biologically-derived agents and products (Gray et al. 2018; Santos et al., 2011).

In entomology, biological control is described as the use of living predators, parasitoids, or
entomopathogenic microorganisms to suppress pest populations (Pal and Gardener, 2006). For many
years, the direct consumption of pests, phytopathogens, and weeds by antagonists, which leads to
trophic cascades, has been considered to be the most important process for reducing plant damage in
natural ecosystems (Hairston et al., 1960). For example, predators kill and consume their prey (e.g.,
pests or weed seeds), whereas insect parasitoids oviposit their eggs on or in their hosts, which are
subsequently consumed by the developing or maturing offspring. Similarly, some entomopathogenic
living agents (especially fungi) may penetrate the external cuticle of insects, causing systemic

infection, whereas others (especially bacteria and viruses) cause infection and death of the host



following ingestion. In entomology, biological control is defined using the following three

approaches: classical, augmentative and conservative.

1) Classical biological control is defined as the introduction of non-native natural enemies into a new

ecosystem to control non-native pests.

2) Augmentative biological control involves the release of biocontrol agents to control pests. These
strategies include two methods: inoculative and inundative. Inundative control provides for the
introduction of a large number of biocontrol agents with the goal of reducing the damage caused by
pests. Inoculative control methods include the release of biocontrol agents, which are expected to
provide pest control after propagation. The success of the latter type of application is highly
dependent on the population of the biocontrol agent adapting to and reproducing where it has been

released (Eilenberg et al., 2001).

3) Conservative biological control is the adjustment of the environment or existing practices to protect
and enhance the environmental conditions to promote the establishment of the native populations.
The main difference in this approach from other biological control approaches is that natural enemies

are not directly released in the environment (Eilenberg et al., 2001).

In plant pathology, biological control is considered as a result of different types of interactions that
can eventually occur among microorganisms. In most cases, pathogens are either directly or indirectly
antagonized by the presence and activity of other microorganisms. The different modes of action used
by biocontrol-active microorganisms may include parasitism, antibiosis, competition for space and

nutrients, and induction of plant resistance (Cook, 1993).

Parasitism:

Parasitism is a nutritional relationship in which one organism feeds at the expense of the other (the
host). This intermicrobial relationship is based on a very complex series of events that include
recognition, attack, and subsequent penetration and killing of the host. The various mechanisms used
by fungi to antagonize or parasitize their competitors include antibiotic production, secretion of lytic
enzymes, hyphal interference and direct penetration of the host. Any particular prey-fungus/host-
fungus interaction (mycoparasitism) may encompass more than one of those mechanisms either
individually or simultaneously (Jeffries, 1994). Mycoparasitism involves morphological changes,
such as coiling and formation of appressorium-like structures, which contain high concentrations of
osmotic solutes such as glycerol to penetrate host cells. Lysis of the host cell wall is considered the

key step of mycoparasitic attack (Kubicek et al., 2001; Howell, 2003).
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Antibiosis:

Antibiosis is defined as an antagonistic interaction between two organisms in which one of them
inhibits the proliferation of the other through the production of antibiotic compounds. Generally,
antibiotics are microbe-derived molecules that can intoxicate/poison or kill other microorganisms at
low concentrations. Some antibiotics produced by microorganisms have been shown to be particularly
effective against plant pathogens and the diseases they cause (Howell and Stipanovic, 1980; Islam et
al.,2005; Shanahan et al., 1992). In all cases, antibiotics have been shown to be particularly effective

in suppressing the growth of the target pathogen in vitro and/or in situ.

Competition:

Competition occurs when two (or more) organisms require the same resource, and the rivalry between
them excludes the availability of this resource to the other. Nutrient sources in the soil and in the
rhizosphere are frequently insufficient for most microorganisms, and starvation is the most common
cause of microorganism death. For successful colonization of the phyllosphere and rhizosphere,
microbes must effectively compete for available nutrients. It is generally believed that competition
between pathogens and non-pathogens for nutrient resources is an important issue in biocontrol.
Competition is believed to be more critical for soil-borne pathogens, including Fusarium and Pythium
species, that infect through mycelial contact than foliar pathogens that germinate directly on plant
surfaces and infect through appressoria and infection pegs (Elad and Baker, 1985; Keel et al., 1989;
Loper and Buyer, 1991). Competition for rare but essential micronutrients, such as iron, zinc and
copper has also been shown to be important in biological disease control. Competition is also possible

for oxygen, space and, in the case of autotrophs, light.
Induction of plant resistance:

Plants actively respond to a variety of environmental stimulating factors, including gravity, light,
temperature, physical stress, water and nutrient availability, and chemicals produced by soil and
plant-associated microorganisms. Such stimuli can either induce or condition plant host defenses
through biochemical changes that enhance resistance against subsequent infections by a variety of
pathogens. The induction of host defences can be local and/or systemic in nature, depending on the
type, source, and amount of stimulating agents (Audenaert et al., 2002; De Meyer and Hofte, 1997;
Kloepper et al., 1980; Leeman et al., 1995).
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1.1. Beauveria bassiana

Beauveria (Balsamo-Crivelli) Vuillemin is a global anamorphic genus of soil-borne facultative
necrotrophic arthropod-pathogenic fungi (Roberts and Hajek, 1992), which also appear as
saprotrophs in the soil and as plant endophytes (Vega et al., 2008). The first studies of this fungus
date back to the early 19th century, when silkworm farms in Italy and France were plagued with
diseases which periodically decimated the European silk industry. In 1835, Agostino Bassi
demonstrated that the agent threatening the Italian silkworm industry, named White Muscardine or
Calcino disease was caused by a parasitic fungus (Steinhaus, 1956) infecting silkworm larvae.
Previous reports of a fungal entomopathogen, possibly the organism that would come to be known as
Beauveria bassiana (Balsamo) Vuillemin, came from China as far back as 2700 BC (Steinhaus,
1956). Balsamo Crivelli officially named the organism Botrytis paradoxica, eventually changing its
name to Botrytis bassiana to honor the man who firstly described it. In 1912, Vuillemin determined
that there were enough features characteristic to Botrytis bassiana to assign it to a new genus
Beauveria (de Hoog, 1972). Currently, multiple species in the genus Beauveria Vuill., some including
B. bassiana, Beauveria brongniartii, and Beauveria alba, which are important entomopathogens with
a wide host range, including arthropods other than insects, are being used as biological control agents
to control a variety of crop-damaging insects. B. bassiana is considered non-pathogenic to
vertebrates, although there are only a handful of recorded cases of human infection by this fungus
(Kisla et al., 2000; Tucker et al., 2004). However, these cases involved immune-compromised
patients, having increased susceptibility to a wide range of opportunistic infections (Henke et al.,
2002). Based on toxicity/safety tests, and considerations as a “natural product,” B. bassiana was
approved by the U.S. Environmental Protection Agency for Commercial Use as a biopesticide as: it
is non-toxic to mammals, birds, and plants, and its use is not expected to have deleterious effects on
human health or on the environment (EPA 2000). Strains and formulations of B. bassiana are

commercially available in various parts of the world.

1.1.1 Biology

B. bassiana is a widely diffused genus of cosmopolitan soil fungi that has a remarkable ecological
distribution and consists of many entomopathogenic species of economic importance (Rehner et al.,
2011; Robeéne-Soustrade et al., 2015).

Although this ubiquitous fungus is a saprophyte, it can colonize plants as an avirulent endophyte and

can also be a facultative pathogen of numerous arthropods, including insect pests harmful to
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agriculture (Boomsma et al., 2014), where it is frequently employed as a biocontrol agent for
arthropod species that pose a threat to the health of humans, animals, and plants.

B. bassiana is one of the most studied fungal species among entomopathogens and it is distinguished
by a very broad host range that includes more than 700 species of insects and mites (Zimmermann,
2007). These strains are exploited as effective biological control agents (BCA) because of their high
variability which enables the selection of virulent strains as specific antagonists of given target pests
(Sasan and Bidochka, 2012; Lacey et al., 2015; Quesada-Moraga et al., 2006; Erler and Ates, 2015).
In-depth research on host-pathogen interactions and antagonistic modes of action has also uncovered
a variety of biologically active secondary metabolites associated with insect host disease and
virulence, which have potential uses in industrial, medicinal, and agricultural fields (Wang et al.,
2021). As a plant endophyte, B. bassiana is able to elicit defense responses in the host, which activates
barriers against plant pathogenic fungi and pest insect attacks (Ownley et al., 2008; Jaber and Ownley,
2018). Due to B. bassiana’s multiple beneficial traits, biotechnologies and commercial biological
products incorporating it as a microbial BCA have been developed, marketed globally as novel “low
risk” biopesticides or alternatives to chemical insecticides. The extensive research on B. bassiana that
has been done recently is amazing and has led to a better knowledge from both the standpoint of basic
research and the development of its biotechnological applications.

This thesis aims to provide an overview of the most important data on B. bassiana that is currently
known from the literature, addressing aspects of its biology, such as the generation of bioactive
metabolites, mode of action, and traits that support its potential as an alternative in agricultural

applications.

1.1.1.1. Taxonomy

The complete systematic position of B. bassiana according to Sung et al. (2006) and Halouane (2008)
is as follows:

— Kingdom: Fungi,

— Phylum: Ascomycota,

— Class: Sordariomycetes,

— Order: Hypocreales,

— Family: Clavicipitaceae / Cordicipitaceae or Ophiocordicipitaceae,

- Genus: Beauveria,

— Species: B. bassiana (Bals.-Criv.) (Vuil., 1912).

13



Note: in some documents, the pathogen was considered to belong to Cordycipitaceae or

Ophiocordicipitaceae (Sensagent 2000-2016).

1.1.1.2. Morphology

B. bassiana represents the anamorphic form of Cordyceps bassiana, which is distinguished by its
exclusively asexual reproduction. This occurs through the production of “conidia” (from the Greek
kovig, which means dust), haploid single-celled reproductive structures, globose in shape and hyaline,
with a size of 2-3 um, produced by agamic way by specialized hyphae called “conidiophores,” in turn
produced at the extremity of the hyphae that make up the body of the fungus (Fig. 1.1). Different
types of conidia can be produced by B. bassiana depending on the environment. In the presence of
air (aerobic environment), the fungus produces spherical (1-4 um in diameter) or oval (1.55-5.5 um
x 1-3 pm in size) conidia but in an anaerobic condition (in liquid media), it produces oval shape
blastospores (2—3 um in diameter and 7 pm in length) unicellular, budding yeast-like cells which are
similar to in vivo produced hyphal bodies (Bidochka et al., 1987; Jackson et al., 1997; Wanchoo et
al., 2009). Blastospores and conidia are all infectious organs (Weiser, 1972; Lipa, 1975).

oldest spore
@/ youngest spore
@ 1
-

conidiogenous cell

WAL

Figure 1.1. Optical microscope image of a Beauveria bassiana hypha bearing conidiophores and conidial
branches [from SilkPathDB - Silkworm Pathogen Database, https://silkpathdb.swu.edu.cn].

1.2. Life cycle

Infection caused by B. bassiana begins when spores or aerial conidia attach to the host cuticle
(Boucias & Pendland, 1991). Hyphae, aerial conidia, single-cell blastospores (the yeast-like form),
and submerged conidia (specialized cells grown in minimum liquid medium) all appear to represent

infectious life stages of the fungus (Holder ef al., 2007). The degree to which these later fungal forms
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infect insects in the wild is uncertain, although asexually generated (aerial) conidia are thought to be
the principal infectious and dispersion structures because they can withstand diverse abiotic
conditions to a greater extent than hyphae and blastospores. Conidia of B. bassiana are hydrophobic
and adhere to the equally hydrophobic insect epicuticle or waxy layer, which is abundant in
hydrocarbons, fatty acids, and wax esters (Holder and Keyhani, 2005). As a non-motile organism, the
fungus targets insects through a passive process in which the first contact with prospective hosts is
mediated by air, water-dispersion, and/or presence in the substrata over which insects would feed,
such as the leaf surface and soil. As a result, infection might be seen as an opportunistic program
initiated by conidia that just happen to locate themselves on a host cuticle. In this respect, although
preferential sites of infection, typically those where sclerotization of the cuticle is lower (i.e.,
mouthparts and anus), have been noted for many insects, the fungus can initiate infection essentially
anywhere on the host cuticle. In contrast, other microbial pathogens must consume host surfaces
and/or use a more specific route of entry into the host. It appears that attachment itself consists of
both general and particular components (Boucias et al., 1988; Zhang et al., 2011). With the outermost
or rodlet layer of B. bassiana conidia made up of hydrophobin-containing proteins, hydrophobic
interactions prevail. B. bassiana has at least two hydrophobin proteins that have been characterized:
HYDI and HYD2 (Cho et al., 2007; Kirkland & Keyhani, 2011). HYDI is localized on the surface
of aerial and submerged conidia, as well as on the base of germinating conidia, according to
experiments utilizing antibodies against the tagged forms of HYD1 and HYD2. However, HYD1 was
not found in blastospores. Similarly, HYD?2 is located at the base of germinated conidia and on the
surface of aerial conidia. However, the blastospores and submerged conidia did not contain HYD2.
Furthermore, hyphae or hyphal bodies did not include neither HYD1 nor HYD2 proteins (Zhang et
al., 2011b). Despite loss of HYD1 (ABbhydl mutant) resulted in decreased virulence, whereas
ABbHyd2 mutants did not, the double mutants (ABbhyd1ABbhyd2) showed the most pronounced
phenotype in terms of reduced adhesion and virulence. Both hydrophobins contribute to the rodlet
layer structure as well as to cell surface hydrophobicity (Zhang et al., 2011b). Metarhizium robertsii,
a similar entomopathogenic fungus, contains a unique adhesion gene (mad1) that mediates attachment
to insect cuticles (Wang and Leger, 2007). Although a homolog has been identified in the B. bassiana
genome, its contribution to adhesion to insect surfaces and/or virulence is yet to be characterized.
Besides, it has been described that surface signaling plays a major role in fungal infection
(Kolattukudy et al., 1995). Plant surface topographical features and chemicals on the surface can
trigger germination of fungal spores and differentiation into appressoria by the plant pathogenic and
stomatal penetrating fungus Uromyces appendiculatus (Hoch et al., 1987). The formation of

appressoria by B. bassiana strains remains controversial and may vary depending on the strain. For
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instance, a SEM investigation of B. bassiana development on the red palm weevil found possible

appressoria, but they were much less conspicuous than comparable experiments employing M.

anisopliae (Glierri-Agullo et al., 2010). Additionally, it is uncertain to what extent appressoria created

artificially (i.e. on a plastic surface) resemble those created during germination and growth on an

insect's cuticle.

The life cycle of B. bassiana (Fan et al., 2007; Fang et al., 2005) proceeds through the following

stages (Figures 1.2- 1.3).

1.

Adhesion:

The initial contact between conidia and the potential hosts is mediated by wind, rain
splashing, arthropod vectors and/or presence in substrata over which insects would forage,
i.e. the leaf surface and soil (Ortiz-Urquiza and Keyhani, 2013). For most entomopathogenic
fungi, the host location is a random event, and conidial attachment is a passive process. The
fungus can initiate infection essentially anywhere on the host cuticle, although preferential
sites of infection, typically those where sclerotization of the cuticle is lower, such as
mouthparts and anus, have been noted for many insects. The adhesion itself appears to include
both nonspecific and specific components (Boucias et al., 1988; Zhang et al., 2011). It was
found that the conidia of B. bassiana possessed an outer layer composed of interwoven
fascicles of hydrophobic rodlets. This rodlet layer appears to be unique to the conidial stage
and has not been detected in the vegetative cells. Adhesion is characterized by the recognition
and compatibility mechanisms between the conidia of the host cuticle cells (Boucias ef al.,
1988). Conidia (or, in some cases, blastospores) attachment to the cuticle may involve
specific receptor-ligand and/or nonspecific hydrophobic and electrostatic mechanisms
(Mascarin and Jaronski, 2016). Hydrophobic interactions predominate with B. bassiana
conidia containing an outermost or rodlet layer composed of proteins known as hydrophobins.
Other factors involved in B. bassiana attachment are virulence-related lectins, which are

carbohydrate-binding glycoproteins detected on the conidial surface.

Germination and differentiation:
After adhesion, B. bassiana induces epicuticular modification through the production of
mucilage (Wraight and Roberts, 1987) leading to conidia germination. The environmental
conditions (availability of nutrients, oxygen, water, pH and temperature) can stimulate or
inhibit the germination process, as well host physiology (biochemical composition of the host

cuticle, including the presence of toxic host-surface compound) (Butt ef al., 1995; Smith and
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Grula,1982; Leger et al., 1989 a,b). Conidia or blastospores attached on the host cuticle by
electrostatic forces, germinate and form a germ tube following rehydration and perception of
chemical stimuli from the host (Mascarin and Jaronski, 2016). During this process the fungus
produces specialized infection structures that can include penetration pegs and/or appressoria
(i.e. an enlarged cell expression bearing key hydrolytic cuticle-degrading enzymes), which
serves as inking point, enabling the growing hyphae to penetrate into the host integument
(Mascarin and Jaronski, 2016). Scanning electron microscopy (SEM) revealed that conidia
of B. bassiana attached to the cuticle of Rhynchophorus ferrugineus can germinate and
differentiate appressoria. Moreover, the high frequency of B. bassiana appressoria
differentiated on R. ferrugineus cuticle suggests that this structure provides the signals
required for the triggering of this key event in fungus penetration of the host (Guerri-Agullo
et al., 2010). Appressoria are produced on the arthropod cuticle, artificial substrates, and
plants, suggesting that Entomopathogenic Fungi (EPF) respond to a wide range of cues.
Metarhizium flavoviride and M. anisopliae will produce appressoria on synthetic, hard,
hydrophobic substrates supplemented with traces of nutrients (Leger et al., 1989; Xavier-
Santos et al., 1999). The MAP kinase gene Bbmpkl in B. bassiana is involved in
appressorium production and cicada wing penetration, whereas Bbhogl controls the
frequency of appressorium formation and reduces virulence (Zhang et al., 2009, 2010). More

targeted studies are required to elucidate how appressoria (if formed) contribute to virulence.

Penetration and colonization:
At the beginning of the germination stage, the pathogen finds the first host immune barrier,
the cuticle, which is a highly heterogeneous structure that can vary greatly in composition,
even during the various life stages of a particular insect. The cuticle consists of different
layers. The external layer, named the epicuticle, provides a hydrophobic barrier rich in lipids,
followed by the procuticle (typically divided into the exo-, meso-, and endo-cuticular layers)
that contains chitin and sclerotized protein. The procuticle, in turn, is followed by cells that
constitute the epidermis, which sorrow the internal structures of the insect.

The insect epicuticle does not consist only of lipids, but includes additional compounds, some
of which having strong antimicrobial activity (e.g., n-alkanes, fatty acids, and aldehydes).
The success of B. bassiana as an insect pathogen relies on its ability to overcome the
antimicrobial barrier. From the appressorium or penetration peg and with the hydrolytic
action of enzymes, mechanical pressure, and other factors (such as oxalic acid), the fungus is

able to penetrate all cuticle layers until reaching the insect hemolymph to obtain nutrients for
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its growth and reproduction. Once penetration has occurred, hyphae actively producing lytic
enzymes (i.e. proteases, lipases, chitinases) (Leger et al., 1986; Krieger de Moraes et al.,
2003; Fang et al., 2005) allow for colonization of internal host tissues, cause mechanical
damage, toxicity, malnutrition, mummification, and finally victim’s death. The presence of
eight Bt cry-like genes in the B. bassiana genome, potentially responsible for the production
of delta endotoxins similar to those produced by entomopathogenic bacteria such as Bacillus
thuringiensis (Xiao et al., 2012), also suggests that B. bassiana might produce a battery of
toxic compounds to successfully kill an insect host in 4-14 days, depending on the host

species, size of the victim, inoculum potential and B. bassiana strain.

Evasion:

After breaching the insect cuticle and reaching the haemocoel, the fungus undergoes a
dimorphic transition, forming single-cell hyphal bodies called blastospores. This is a cryptic
growth form, and this unique structure is thought to help blastospores to avoid detection by
the host immune system. Blastospores proliferate via budding and use the circulating
hemolymph as a source of nutrition as well a ‘vehicle’ for host colonization (Lewis et al.,
2009). During this stage of infection, the fungus can also secrete toxic metabolites that help
overcome the insect’s immune defense mechanisms for successful colonization. Indeed,
Beauveria can also produce wide-spectrum inhibitory metabolites including bassianolides,
beauvericin (BEA), oxalic acid, oosporein, bassianin and tenellin. Upon insect death, the
fungus produces oosporein, an antimicrobial compound that limits bacterial overgrowth and
allows for full exploitation of host nutrient (Fan et al., 2017). Finally, B. bassiana hyphae
cross the insect integument, preferentially at the inter-segmental level, allowing for fungal
escape from the mummified victim, where new conidiophores and conidial branches are

formed (Jaronski, 2014) for efficient dispersal in the environment.

Diffusion:
Conidial spreading can occur passively (through wind, rain, etc.), actively (through living
hosts moving among plants), or through vertical transmission (from the mother plant to the

progeny through the seeds), as reported in Papaver somniferum L. (Quesada-Moraga et al.,

2014).
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1.3. Ecology

Natural ecosystems (e.g. hedgerows) are important refuges for flora and fauna that do not thrive
within the cultivated arable fields (Marshall and Moonen, 2002; Maudsley et al., 2002; Pywell et al.,
2005). Regarding B. bassiana, hedgerows constitute a huge reservoir of genetic diversity compared
to agricultural soil (Meyling, 2005).

The preservation of species variety and ecological functional groupings of organisms that are
important for pest control in future sustainable agriculture, depends on heterogeneity in the
agricultural environment. To avoid the loss of ecological heterogeneity at multiple spatial and
temporal scales it is important to introduce management solutions that recreate that heterogeneity as
the key to restoring and sustaining biodiversity in temperate agricultural systems (Benton ef al., 2003;
Weibull and Ostman, 2003).

Landscape structure is also important when predicting the recruitment potential of organisms for
biological control by changes in agricultural practices (Tscharntke et al., 2005). Both empirical
evidence as well as simulation studies suggest that diversity in the guild of natural enemies is
important for efficient biological pest control in agroecosystems (Wilby and Thomas, 2002; Cardinale

et al.,2003).

1.3.1. Aerial dispersion

In Hypocreales, infectious propagules of EPF are passively spread, and this is mostly thought to occur
due to the influence of weather phenomena such as wind and rain (Hajek, 1997; Inglis et al., 2001;
Shah and Pell, 2003). The dispersal of the infective stages of a pathogen represents a key factor in
disease development (Anderson and May, 1981). B. bassiana is considered an airborne fungus which
is dispersed in the environment through meteorological events such as wind and rain, transmitted to
plant parts via rain splashes or dispersed from them into the surrounding environment following
rainfalls (Airaudi and Marchisio, 1996; Bruck and Lewis, 2002b; Inglis et al., 2000; Shimazu et al.,
2002).

1.3.2. Soil propagation

The soil environment is usually the conventional isolation site for entomopathogenic fungi (Keller et
al., 1989; Hajek, 1997) and several species can be found in both cultivated and natural habitats
(Steenberg, 1995; Vinninen, 1996; Bidochka et al., 1998; Klingen et al., 2002; Keller et al.,
2003; Meyling and Eilenberg, 2006b).
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Entomopathogenic fungi can persist in the soil, but extensive proliferation and dispersal are limited.
The increase in population depends on the conversion of host cadaver resources into infectious
conidia that are gradually liberated from cadavers during sporulation. Both the fungus species and
the host species, as well as the host size, affect the amount of conidia delivered per host (Gottwald
and Tedders, 1982).

Cultivated agroecosystems are increasingly perturbed by human action as a result of tillage practices,
which has an impact on the populations of natural enemies of crop pests. Indeed, entomopathogenic
fungal communities in worked soil conditions differ from those in less disturbed habitats (Steenberg,
1995; Bidochka et al., 1998; Meyling and Eilenberg, 2006b). In corn fields, soil densities of B.
bassiana (measured by colony forming units per gram of soil) were seemingly higher in no-tillage
systems than in systems subjected to agricultural processing (Bing and Lewis, 1993). Likewise,
conservation tillage regimes, using no-till, were more favorable to B. bassiana and M.
ansiopliae populations in the soil than conventional tillage regimes (Hummel et al., 2002).
Furthermore, no-till cultivation in soybean and wheat positively affected the population levels of B.
bassiana and M. anisopliae compared to conventional tillage (Sosa-Gomez and Moscardi, 1994).
These results of greater fungal densities in decreased tillage and no-till settings may represent
observations of indirect effects caused by increasing levels of host populations of non-pest insects
(Hummel et al., 2002). However, mechanical disturbance may not be the only process involved in
the decrease in fungal population levels, as fungal inocula are inactivated by UV solar radiation
(Fargues et al., 1996; Fargues et al., 1997) and temperature (Inglis ef al., 2001). Indeed, temperature,
moisture and UV radiation seem to be the most important factors for B. bassiana survival (Meikle et
al., 2003). However, the persistence of applied fungal material in soils depends also on several other
abiotic factors such as soil texture (Groden and Lockwood, 1991), pH values and moisture content

(Lingg and Donaldson, 1981).

1.3.3. Dispersion by hosts

B. bassiana have been documented to occur naturally in >700 species of hosts (Inglis et al., 2001).
Indeed, B. bassiana could be found as a natural host in every insect taxon collected in temperate
regions with host infection presumably being the only part of its life cycle in which the population
size significantly increases through the production of a vast number of conidia. Generally, EPF are
dispersed by living infected hosts which migrate and die away from the site where the infection
occurred (Hajek, 1997). For example, aphids migrating long distances in the atmosphere harbour

several entomopathogenic fungi (Entomophthorales and B. bassiana) (Feng et al., 2004). This
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allows B. bassiana travelling over long distances leading to new infections and establishment far
away from the original dispersal site.

The potential of arthropods to disperse and serve as vectors for entomopathogenic fungi has been
demonstrated in different terrestrial ecosystems. In the soil, collembolans disperse B. bassiana and M.
anisopliae conidia that are non-pathogenic on them (Dromph and Vestergaard, 2002), both by
carrying conidia on their cuticle or by ingesting them. Moreover, collembolans are able to vector
inoculum to other soil-dwelling insects and initiate infections in laboratory experiments (Dromph,
2003). Similarly, insects inhabiting nettle plants and predators are able to disperse B.
bassiana propagules through their activity (Meyling et al., 2006) and could therefore be the
distributors of naturally occurring B. bassiana isolates on nettle phylloplanes as an alternative to wind
dispersal (Meyling and Eilenberg, 2006a; Meyling et al., 2006). Interspecific vectoring of B.
bassiana has also been shown in corn systems, where beetles likely feed on fungi growing in tunnels
made by the larvae of the European corn borer Ostrinia nubilalis (Lepidoptera: Pyralidae) (Bruck and
Lewis, 2002a). Insect activity may therefore influence the dispersal of B. bassiana conidia as depicted

in Figure 1.4.

Fungus produces Aerial spore disperses,
more aerial conidia lands on insect cuticle
on exterior (3

f:'f L) o Spore germinates,
insect penetrates into
insect cuticle

Nl P

Fungus grows through body, as blastospores and mycelium
killing insect in 4 -14 days, then transforms into mycelium on host's death

Figure 1.4. Schematic representation of the life cycle of Beauveria bassiana on a host insect (Jaronski,
2014). Conidia produced by the fungus adhere to the cuticle of the host insect, germinate and fungal propagules
eventually penetrate into the insect body causing death. On the surface of the insect, the fungus will produce
conidiophores and conidia from which, in the presence of a new host, a new cycle will start.

1.3.4. Association with plants
The term ‘‘endophyte” was coined by De Bary (1884) and is used to define fungi or bacteria occurring
inside asymptomatic plant tissues. Fungal endophytes are ubiquitous and dominated by Ascomycota

(Arnold and Lutzoni, 2007). Recent evidences suggest that both B. bassiana and M. anisopliae have
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the potential to engage in fungus—plant interactions. B. bassiana has thus been included in this
spectrum of fungi with endophytic activity (Bing and Lewis, 1991; Bing and Lewis, 1992; Bing and
Lewis, 1993).

Endophytic fungi (EF) are often regarded as plant-defending mutualists (Saikkonen et al., 2004) and
the presence of B. bassiana in internal plant tissue has been discussed as an adaptive protection
against herbivorous insects (Elliot ef al., 2000; White et al., 2002). More than 20 plants, including
Zea mays, Solanum lycopersicum L., and Phaseolus vulgaris, harbor the endophyte B. bassiana
(McKinnon et al., 2017). The interior leaf apoplast, xylem, stomatal apertures, parenchyma, and
vascular tissue are the sites of localization for B. bassiana (Vega, 2018). Besides natural occurrence
in leaf tissue of corn, B. bassiana has been shown to exhibit endophytic activity in cacao (Theobroma
cacao) (Posada and Vega, 2005), poppy (P. somniferum) (Quesada-Moraga et al., 2006), coffee
(Coffea spp.) and tomato (Lycopersicon esculentum) plants (Vega, 2008). The utilization of EF as
biological control agents (BCA) represents a potential alternative that meets the growing need for
more eco-sustainable agricultural practices. According to this new perspective, in recent years many
studies have been performed, through inoculation of EF on tomato plants to test their effects on plant
performance (Sinno et al., 2021). Among these introduced EF, a consistent number of species belongs
to a group of fungi classified as entomopathogens, fungi that are pathogens to insects, many isolated
from asymptomatic plants, including Akanthomyces spp., B. bassiana, Clonostachys rosea,
Cordyceps farinosa (formerly Isaria farinosa), Lecanicillium spp., and Sarocladium spp. (formerly
Acremonium spp.) (Vega, 2008; Nicoletti and Becchimanzi, 2020; Bills and Polishook, 1991; Cherry
et al., 1999; Pimentel ef al., 2006; Orole et al., 2009). The natural occurrence of these fungi within
the plant tissues suggests their ability to endophytically colonize a wide range of plants and to
efficiently control insect pest populations of Aphis gossypii (Gurulingappa et al., 2010) Bemisia
tabaci (El-Deeb et al., 2012; Wei et al., 2020), Helicoperva armigera (Qayyum et al., 2015;
Prabhukarthikeyan et al., 2017), Nesidiocoris tenuis (Garantonakis et al., 2018), Spodoptera littoralis
(Resquin-Romero et al., 2016), Tuta absoluta (Allegrucci et al., 2017; Klieber et al., 2016) and
Trialeurodes vaporariorum (Menjivar et al., 2012). The overall effects observed on tomato pests
included: increased mortality, feeding deterrence, reduced growth rate and reproduction, reduced

infestation, egg masses colonization, and increased plant defense.

1.4. Virulence mechanisms on insects

Entomopathogenic fungi, such as B. bassiana, infect host insects by breaking through the insect

cuticle, mainly through the hydrolytic activity of secreted enzymes. To adhere to the cuticle and
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initiate germination, fungal conidia use non-specific hydrophobic processes (Boucias et al., 1988).
The first line of defense against infection is the insect cuticle, which is mostly composed of a chitin
matrix embedded with proteins (Clarkson et al., 1996). Extracellular proteases and chitinases
produced by entomopathogenic fungi break down these proteinaceous and chitinous components,
allowing hyphae to pass through the cuticle and enter the nutrient-rich insect hemolymph (Charnley
et al.,1991). Important virulence factors for B. bassiana include proteases, such as subtilisin-like
protease PR1 (Joshi et al., 1995) and chitinase BbCHIT1 (Fang et al., 2005).

Fungal produced compounds important in the penetration of the microorganism into the insect host
include hydrophobins, adhesins, lectins, Mitogen-Activated Protein Kinases, lipases and proteases

are described in more detail below.

Hydrophobins

The first step in the B. bassiana infection process on insects is the attachment of fungal single-celled
dispersive forms, such as conidia or blastospores, to the insect cuticle (Holder and Keyhani, 2005;
Holder et al., 2007). A hydrophobic coating protects the aerial conidia of B. bassiana, which interacts
with the hydrophobic surfaces of the insect cuticle. In B. bassiana, hydrophobins HYD1 and HYD2
have been shown to be essential for conidial adherence to the cuticle. Neither are they found on
blastospores, submerged conidia, or fungal hyphae; rather, they are found on the surface of airborne
conidia and at the base of germinating conidia. Although both genes have distinct roles, the hyd1/hyd?2
double-knockout mutants have less conidial adherence and pathogenicity. Conidia from the hyd!
knock-out mutant have unchanged surface adherence in respect the wild-type strain but decreased
virulence, in contrast to those of the 4yd2 knock-out mutant, which have reduced surface adhesion

but unaltered pathogenicity (Zhang et al., 2011b).

Adhesins

Passive adhesion of B. bassiana can be triggered by hydrophobins such as HYD1 and HYD2 as well
as by adhesins such as ADHI/MADI1, ADH2/MAD2, and ADH3 (Zang et al., 2011; Holder and
Keyhani, 2005). ADH1/MADI1, ADH2/MAD?2, and ADH3, filamentous hemagglutinin/adhesins and
virulence factors in animal-pathogenic bacteria, have all been identified in B. bassiana (Zhou et al.,
2021). Only ADH2 was found to be significantly involved in fungal virulence, and several traits were
linked to biological control. Conidial adhesion, blastospore formation, and conidiation capacity are

all regulated by ADH2 (viability, hydrophobicity, and UV resistance).

Lectins
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Lectins play essential physiological roles when fungi deal with various biotic and abiotic
environmental conditions (Varrot et al., 2013). B. bassiana uses different lectins, which are
carbohydrate-binding glycoproteins, to subvert host defenses and colonize host niches. The conidial
surfaces of B. bassiana and its mycelia have been shown to contain lectins. It has been hypothesized
that lectins are involved in the binding between conidia and insect cuticles (Kossowska et al., 1999).
Two LyM proteins (BLY?2 and BLYS5) display chitin-binding activities and protect fungal cell-wall
from the host chitinase hydrolysis, which facilitate fungal colonization in the host haemocoel (Cen et
al.,2017). More details about the lectin types and potential functions are still lacking in B. bassiana

(Peng et al., 2021).

Mitogen-Activated Protein Kinases (MAPKSs)

B. bassiana conidia can germinate after successfully adhering to the host cuticle in the presence of an
external carbon source, optimum temperature and humidity levels. Conidia that germinate produce
germ tubes that eventually turn into penetration pegs that pierce the cuticle of the host and invade the
body. However, the genes responsible for host sensing and controlling the differentiation of
penetration pegs are poorly understood. Conidial adhesion, appressorium development, and virulence
are just a few of the activities in EPF that MAP kinases influence. Recent studies showed that
homologs of HOG1 MAPKSs are involved in fungal responses to osmotic stress (Dixon et al.,1999;
Kojima et al., 2004; San José et al., 1996; Zhang et al., 2002), oxidative stress (Kawasaki et al., 2002;
Sharma et al., 2005), heat shock (Kawasaki et al., 2002) and tolerance to a phenylpyrrole fungicide
(Dixon et al.,1999; Kojima et al., 2004, Zhang et al., 2002) in several other fungi. For instance,
deletion of hogl-encoding genes in Candida albicans (San José€ et al., 1996), Neurospora crassa
(Zhang et al., 2002), Magnaporthe grisea (Dixon et al.,1999), and Colletotrichum lagenarium
(Kojima et al., 2004) results in a defect in adaptation to high-osmolarity conditions. A hog!-silenced
strain of Trichoderma harzianum was highly sensitive to osmotic stress and showed intermediate
levels of sensitivity to oxidative stress (Delgado-Jarana et al., 2006). In B. bassiana ABbhogl mutants
exhibited reduced pathogenicity, most likely due to a decrease in spore viability, a reduced ability to
attach to insect cuticle, and a reduction in appressorium formation. The transcript levels of two
hydrophobin-encoding genes, sydl and hyd2, were dramatically decreased in a ABbhogl mutant,
suggesting that BBHOG1 may regulate the expression of genes associated with hydrophobicity or
adherence (Zhang et al., 2009).

Lipases
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Once conidia germinate, penetration in the insect host requires cuticle degradation, a process
mediated by the synergistic action of several different cuticle-degrading enzymes and mechanical
pressure. A range of extracellular hydrolytic enzymes (including lipases, four different classes of
proteases, chitinases and esterases) able to degrade the major components of insect cuticle (Leger et
al., 1986) have been suggested to play an important role in pathogenesis. Further, to infect the insect,
B. bassiana needs to enter the insect epicuticle, a hydrophobic layer consisting of lipids and other
compounds, some of which have strong antimicrobial activities (e.g., n-alkanes, fatty acids, and
aldehydes). The capacity of B. bassiana to overcome this antimicrobial barrier is crucial for its
effectiveness as an insect pathogen. Indeed, enzymes capable of hydrolyzing these substances, such
as lipases, are required for both host cuticular lipid hydrolysis, lipid droplet formation, mobilization
and assimilation, and virulence (Fan et al., 2015; Ortiz-Urquiza et al., 2016). Neverthless, Feng
(1998) reported a minimal association between the pathogenicity of different strains and their overall
lipase activity. Although lipases are recognized as one of the primary methods by which these fungi
penetrate the cuticle, fine molecular characterization of B. bassiana lipase genes is still missing (along
with the mechanisms of chitin and protein hydrolysis). The use of comparative genomics and the
creation of several knockout mutants can aid in the correlation between lipase function and

pathogenesis, virulence, development, and fitness of B. bassiana.

Proteases

Aside lipases, fungal proteases are also believed to play an important role in cuticle penetration
(Leger, 1995). Two proteases produced during the early stages of cuticle penetration have been
detected in B. bassiana: PR1, a subtilisin-like serine protease, and PR2, a trypsin-like enzyme
belonging to the serine protease group. PR1 plays an important role in cuticle penetration and a
protease-defective mutant was found to have decreased virulence (Fang et al., 2009). High levels of
PR1-like proteases produced by B. bassiana appear to be related to the early onset of mortality in the
wax moth Galleria mellonella larvae (Gupta et al., 1994). PR2 plays a critical role in the degradation
of extracellular proteins as a complement to PR1 and other enzymes (Dias et al., 2008). This means
that PR2 is synthesized after PR1 activity to complete protein hydrolysis during the penetration
process (Firouzbakht ef al., 2015). PR1 and PR2 synthesis is controlled by multiple regulatory
mechanisms, including carbon and nitrogen metabolite repression and derepression and by

extracellular levels of N-acetyl-D-glucosamine (Bidochka et al., 1988a).
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1.5. Secondary metabolites

The majority of entomopathogens are fungal members of the order Hypocreales, a distinct,
specialized trophic subgroup of fungi. The genomes of these Hypocrealean EPF which generate a
wide range of secondary metabolites (SMs), score highly for the number of expected, distinctive SM
biosynthetic gene clusters. The producer fungus and its insect host interact in a variety of ways, and
SMs from EPF can influence these interactions and play different roles in insect pathogenicity as
virulence factors. Thus, in the context of integrated pest management systems, these SMs may serve
as commercial biopesticides to support the role of EPF in crop protection (Zhang et al., 2020). Toxic
secondary metabolites produced by EPF (Zhang et al., 2020) can either aid in fungal invasion
(Altimira et al., 2022) or act as immunosuppressive agents to undermine host defenses (Lu and Leger,
2016). Filamentous fungi with a pathogenic lifestyle often produce a large variety of polyketide and
non-ribosomal peptide natural products that act as immunosuppressors and general or host-specific
toxins (von Dohren, 2004). Beauverolides (cyclic peptides), BEA, bassianolide (cyclooligomeric
nonribosomal peptides), oosporein (dibenzoquinone), bassiatin (diketomorpholine), and tenellin (2-
pyridone) are all produced by Beauveria species (Zhang et al., 2020). Secondary metabolites are
frequently associated with the pathogenicity of fungal strains, although their exact mode of action are
not yet known (Pedrini, 2018; Butt et al., 2016; Zhang et al., 2020; Lu and Leger, 2016). The chemical
structure and the biological activity of the main secondary metabolites produced by B. bassiana are

shown in Figure 1.5 and Table 1.1.
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Figure 1.5. Chemical structure of the main secondary metabolites produced by Beauveria bassiana.
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Table 1.1. Biological activity of main secondary metabolites produced by Beauveria bassiana.

Metabolite Biological activity References

M . (2010); Safavi (2013);
Antibacterial; insecticidal; anticancer; eca et al. (2010); Safavi (2013);

Beauvericin toxicity on animals and humans Zhan et al. (2007); Kfizova et al.
y (2021); Wu et al. (2018)

Tenellin Protection against ROS Jirakkakul et al. (2015)

Bassianin Inhibition of erythrocyte membrane Jeffs and Khachatourians (1997)

ATPase activity

Jeffs and Khachatourians (1997);
Brewer et al. (1984); Terry et al.

(1992); Wainwright et al. (1986);
Amin et al. (2010)

Inhibition of erythrocyte membrane
Oosporein ATPase activity; antibiotic; antiviral;
antifungal; insecticidal

Bateman and Beer (1965); Barr
and Aust (1994); Trinchant et al.
(1994); Kirkland et al. (2005);
Bidochka and Khachatourians
(1991)

Promotion of plant cell wall disruption;
Oxalic acid bioremediation of organic pollutants;
nitrogen fixation; acaricidal; insecticidal

BEA is a cyclic hexadepsipeptide produced by many fungi, such as B. bassiana and Fusarium spp.
(Hamill et al., 1969; Logrieco et al., 1998). Additionally, BEA (Fig. 1.5) is a well-known mycotoxin
belonging to the enniatin family of antibiotics. This natural bioactive compound is distributed
worldwide. It has a dual nature as it occurs both as an antibacterial, antiviral, antifungal, antiparasitic,
insecticidal, and anticarcinogenic compound, as well as a natural contaminant of food and feed
commodities, and an emerging mycotoxin (Caloni et al., 2020). BEA is also known as an ionophore,
compounds that can transport small ions across lipid membranes. The ionophoric activity produced
by BEA in membranes has a direct effect on the intracellular ion concentration of mammalian cells.
Disruption of normal physiological concentrations of important monovalent and divalent cations
could be the reason for the non-specific toxicity of BEA. The ionophoric properties have effect on
cell homeostasis and they are accompanied by ATP hydrolysis and acidification, which ultimately
contributes to cell death (Kouri et al., 2005). BEA also acts as a mitochondrial uncoupler, disturbs
physiological ionic balance and pH, challenges cellular metabolism, and causes ATP depletion and
cytolysis. BEA has been described to have broad spectrum insecticidal activity against being active
on Aedes aegypti (Grove and Pople, 1980), Calliphora erythrocephala (Grove and Pople, 1980),
Leptinotarsa decemlineata (Gupta et al., 1991), Lygus spp. (Leland et al., 2005), Schizaphis
graminum (Ganassi et al., 2002), Spodoptera frugiperda (Fornelli et al., 2004). BEA also displays
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antibacterial properties against both Gram positive and Gram negative bacterias, including human,
animal and plant pathogens (Sood et al., 2017). For instance, BEA exhibits antibacterial activity
against Bacillus spp., Peptostreptococcus spp., Clostridium perfringens (Castlebury et al., 1999),
Enterococcus faecium, Listeria monocytogenes, Pseudomonas aeruginosa, Salmonella enterica,
Shigella dysenteriae, Yersinia enterocolitica (Meca et al., 2010), Mycobacterium tuberculosis
(Nilanonta et al., 2000), Staphylococcus haemolyticus and Escherichia coli (Xu et al., 2010).
Antifungal activities of BEA have also been reported: association of BEA with ketoconazole or
miconazole exerted antifungal effects against Candida parapsilosis. Interestingly, BEA and
ketoconazole alone are ineffective (Zhang et al., 2007). Moreover, BEA was able to block the activity
of C. albicans ABC transporters and showed synergistic antifungal effects against multidrug-resistant
C. albicans (Tong et al., 2016). Lastly, BEA showed phytotoxicity against tomato protoplasts
(Paciolla ef al., 2004), anticarcinogenic activity in many cell lines (Zhan et al., 2007), and strong and

specific inhibition of cholesterol acyltransferase (ACAT) (Tomoda et al., 1992).

Tenellin and bassianin (Fig. 1.5) are yellow 1,4-dihydroxy-2-pyridone pigments isolated from several
Beauveria species. They are formed from a chain of reduced polyketide (pentaketide in the case of
tenellin and hexaketide for bassianin), with the amide portion of the tyrosine (Molnar et al., 2010).
These pigments are produced by B. bassiana and B. tenella (Patocka, 2016). From chemical and
spectroscopic evidence, the nomenclature for tenellin and bassianin is 3- [(E,E)-4,6-dimethylocta-
2,4-dienoyl] and 3-[(E,E,E)-6,8-dimethyldeca-2,4,6- trienoyl], respectively. These are derivatives of
1,4-dihydroxy-5-(p-hydroxyphenyl)- 2(1H)-pyridine (Patocka, 2016). However, structurally, they
differ only in one side chain extension (Gibson et al., 2014). To date, there is no documented
information on the physicochemical characteristics of both tenellin and bassianin. Hence, it is
important to understand their interactions with the environment (Seger et al., 2005). Scientific
research on the tenellin pigment has been carried out to define its specific role in the infection process
of B. bassiana on insects. Despite tenellin does not have the capacity to kill insect larvae (Eley et al.,
2007) it is thought to play an important role in fungal protection against ROS (Jirakkakul ef al., 2015).
Besides, bassianin was reported (Jeffs and Khachatourians, 1997) to disrupt erythrocyte membranes,

causing cell lysis and inhibiting membrane ATPase activity in a dose-dependent manner.

Oosporein (Fig. 1.5) is a 1,4-bibenzoquinone derivative red pigment produced by B. bassiana and B.
brongniarti (Seger et al., 2005), which exhibits antibiotic, antiviral, antifungal, and insecticidal
activities (Brewer et al., 1984; Terry et al., 1992; Wainwright et al., 1986; Amin et al.,
2010). Oosporein was originally described in 1944 as a dye produced by the fungus Oospora
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colorans (Kogl and Van Wessem, 1994). Oosporein inhibits Ca-dependent ATPases
of erythrocyte membranes at relatively high concentrations (200 ug ml™"), possibly by disturbing the
membrane structure (Jeffs and Khachatourians, 1997). Previous studies have implicated
a polyketide origin for oosporein, with the common fungal metabolite orsellinic acid as a likely
intermediate that undergoes multiple oxidations and dimerizations by oxidative coupling to yield
the final dibenzoquinone product. The first orsellinic acid synthase, nonribosomal (NR) polyketide
synthase (PKS), was recently identified in 4. nidulans (Schroeckh et al. 2009). Feng et al. (2015)
demonstrated that oosporein might be biosynthesized through orsellinic acid by a PKS gene cluster
in Beauveria. The physicochemical properties of oosporein indicate that at pH values above 3, the
solubility (basal solubility Cs0 =24.8 = 0.3 uM) and the degree of dissociation (ionization constant
pKa =2.42 £+ 0.02) increases exponentially. In addition, depending on the temperature, solubility
increases in acidic aqueous solutions. Oosporein has three levels of deprotonation [oosporein],
followed by [oosporein]* (pKa= 6.79 + 0.08) and [oosporein]*(pKa= 9.19 + 0.03). As for stability,
the influence of pH and temperature decreased the half-life of the compound as it is a strong organic
acid with very low lipophilicity (Seger et al., 2005). Recently, it has been demonstrated (Chen et al.,
2022) that the pH signaling transcription factor BbpacC is involved in the regulation of oosporein

production as oosporein production is disrupted when this gene is deleted.

Oxalic acid and oxalate crystals are phytopathogenic fungal virulence factors, with the abilitity to
facilitate disruption of the plant cell wall while promoting the functions of fungal lytic enzymes that
ultimately lead to wilting and disease progression (Bateman and Beer, 1965; Magro et al.,1984; Munir
et al., 2001). Moreover, high concentrations of oxalate in plants are considered to inhibit insect
foraging, although the exact physiological roles of plant oxalates on insects is unknown (Oke, 1969;
Franceschi and Horner, 1980; McConn and Nakata, 2002). Oxalic acid has three chemical natures: it
is as proton and electron source and a strong metal chelator, despite its simple chemical formula
(COOH)z. Due to its unique multiple chemical nature, it has received much attention for its various

ecological qualities, such as:

(1) bioremediation of a wide variety of organic pollutants (Barr and Aust, 1994);

(11) inactivation of copper-containing wood preservatives by wood-rotting fungi (Tsunoda et
al., 1997; Murphy and Levy, 1983);

(iii)  crop damage caused by oxalic acid-producing phytopathogens (Maxwell and Bateman,

1968; Magro et al., 1984);
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(iv)  being an electron source for nitrogen fixation in symbiotic rhizobia of legume plants

(Trinchant et al., 1994).

Oxalic acid has been demonstrated to be toxic against the honeybee mite Varroa destructor and to
reduce the biological fitness of the tarnished plant bug, Lygus hesperus (Palisot de Beauvois)
(Alverson, 2003; Gregorc and Poklukar, 2003). Oxalate crystals have been identified on cadavers of
insects infected by fungi, including B. bassiana (Moino et al., 2002). Metabolic acids, including
oxalate, have been implicated in B. bassiana-mediated virulence toward the migratory grasshopper,
Melanoplus sanguinipes (F.) (Bidochka and Khachatourians, 1991). Additionally, oxalic acid has a
pH-dependent toxicity against the adult stage of Amblyomma americanum and the production of
oxalic acid by B. bassiana may contribute to the explanation for the acaracidal action of cell-free
fungal culture. Oxalate is hypothesized by Kirkland et al. (2005) to be an important
entomopathogenic fungal virulence factor, similar to observations concerning the importance of
oxalate during phytopathogenic fungal infection on plant hosts. It is known to contribute to the ability
of the fungus to penetrate the insect cuticle (Fan et al., 2012b; Kirkland et al., 2005). Indeed, oxalic
acid is able to solubilize several components of insect cuticles, including elastin and collagen, and
has been demonstrated to disrupt the integrity of M. sanguinipes cuticle directly (Bidochka and
Khachatourians, 1991). Furthermore, Bidochka and Khachatourians (1993) demonstrated that the
ability of B. bassiana to produce metabolic acids is stimulated by the presence of a utilizable carbon
sources such as glucose, glycerol or trehalose that are found in insect haemocoel supporting the idea

that insect mortality in B. bassiana infected hosts might depend on hemolymph acidosis.

Several pathways exist in fungi for oxalate biosynthesis. In Aspergillus niger, oxaloacetate hydrolase
can catalyze the conversion of oxaloacetate to oxalate and acetate (Kubicek, 1987), whereas species
of the phytopathogenic fungus Sclerotium can oxidize glyoxylate via the activity of a glyoxylate
dehydrogenase (Balmforth and Thomson, 1984). These systems link oxalate production to the
tricarboxylic acid (TCA) and glyoxylate cycles, respectively. However, A. niger also possesses both
a cytoplasmic pyruvate decarboxylase and oxaloacetate acetylhydrolase that would be capable of

forming oxalate without the reactions of the TCA cycle (Kubicek ef al., 1988).
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1.6. Biological role of environmental pH in soil-borne interactions

Microorganisms must be able to detect environmental changes and adapt to them in order to survive.
In filamentous fungi, environmental pH has a significant impact on growth and organic acid
excretion. When cultivated in an unbuffered media, some filamentous fungi rapidly acidify their
surroundings to very low and sometimes even harmful pH levels (Magnuson and Lasure, 2004). The
major mechanism behind this acidification is controversial but is most often attributed to either
organic acid excretion (Magnuson and Lasure, 2004; Andersen et al., 2009) or proton release by the
plasma membrane H+-ATPase (Sanders, 1988; Jernejc and Legisa, 2001). The capacity of fungi to
produce natural organic acids (such as butyrate, oxalate, malate, citrate, gluconate, and succinate) is
widely used in industry, especially with nonpathogenic Aspergillus sp. and Rhizopus sp. The amount
of pH change is influenced by the availability of nutrients, the production of organic acids, and the
fungus's ability to either excrete H" ~ions as a consequence of NH4" absorption or remove ammonium
ions from ammonium salt (Prusky et al., 2001; Bi et al., 2016). Along with acidifying host tissues,
the generated acids also have the potential to reduce the activity of reactive oxygen species produced
by the host (Chen and Dickman, 2005). The human pathogen C. albicans acidifies the environment
in a carbohydrate-dependent fashion, allowing production of aspartyl proteases, which are virulence
factors (Naglik et al., 2003). Many fungal pathogens modulate environmental pH as a means to escape
host immune responses, facilitate destruction of the host tissues, and/or stimulate reproduction. For
some fungi, such as the phytopathogens Colletotrichum gloeosporioides and Magnaporthe oryzae,
acidic pH favors fungal colonization and invasion (Prusky et al., 2001; Landraud et al., 2013). The
mildly acidic pH of the plant surface favors both germination of attached conidia and rapid
differentiation of the germ tube into a specialized cell named appressorium. Once the appressorium
penetrates the plant tissues, the fungus switches to necrotrophic development, associated with rapid
ammonia release and increase in environmental pH, which triggers the expression of virulence factors
(Bietal, 2016; Shnaiderman et al., 2013; Landraud et al., 2013; Alkan et al., 2009). Thus, the acidic
environment serves as a signal in this fungus to switch from saprotrophic to pathogenic growth and
damage the host. The acidic pH of host tissues further promotes the expression and activity of fungal
proteases. Other fungi utilize nitrogen or carbon metabolism pathways to generate ammonia, which
is released from the cell to raise the extracellular pH. Generation of alkaline pH favors morphogenetic
and reproductive processes in fungi, such as germination, hyphal growth, and formation of fruiting
bodies, all critical for disease progression. The alkaline pH increases fungal virulence by facilitating
penetration into host surfaces and hindering or evasion of immune responses. From a

biotechnological point of view, ambient pH is also an important process parameter, e.g., in
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Aspergillus niger maximal citric acid production occurs below pH 2 (Papagianni, 2007), gluconic
acid production at pH 4.5-6.5 (McCullough et al., 1986) and oxalic acid excretion above pH 5 (Ruijter
et al., 1999). The excretion of a single organic acid may peak at a certain pH value, whereas the total
amount of excreted organic acids seems to follow a different progress, although systematic
investigations of this phenomenon for a broader range of organic acids are scarce. The only two
available studies on this subject were performed with N. crassa (Slayman et al., 1990) and A. niger
(Andersen et al., 2009) and indicate that total organic acid excretion increases with rising pH despite
huge differences in experimental conditions (i.e., pH-stat incubation with non-growing hyphae versus
bioreactor batch cultures). Entomopathogenic hyphomycetous fungi persistence and efficacy in soil
is also dependent on pH (Inglis et al., 2001). There are contradictory reports about the effect of pH
on the survival, ecological distribution and virulence of entomopathogenic fungi. Soil pH and
nitrogen fertilizers were found to have an impact on the germination of B. bassiana conidia, but not
on its infection of the Colorado potato beetle (Groden & Dunn, 1996). Protease and hydrolase
production by B. bassiana to facilitate breaching of the insect cuticle is also influenced by pH in the
microenvironmental niche on the host cuticle (Caddick et al., 1986; Mekalanos, 1992; Leger ef al.,
1998). Similarly, the expression of the genes coding for the subtilisin protease and other putative
virulence factors in the entomopathogenic fungus Metarhizium anisopliae is reported to be regulated
by the pH on the insect cuticle (Leger et al., 1998). Galani (1988) studied the influence of initial pH
of the medium on biomass production in B. bassiana, Verticillium lecanii, and Paecilomyces
farinosus, with the highest biomass produced when the initial pH was between 6 and 8.5. Studies on
pH tolerance in B. bassiana have been carried out on only a few isolates and contradictory results
were reported likely due to inter-isolate heretogeneity which might reflect adaptation to the different
pH values fungal cells encounter in the different insect species (Schultz and Lechowicz, 1986). The
pH-dependent regulation of expression in fungi is mediated by specific response elements in their
genome. Among them the transcription factor BbpacC is one such element that enables B. bassiana
to adapt its gene expression to ambient pH (Penalva et al., 2008). Alkaline pH strongly induces
BbpacC, leading to the upregulation of alkaline-expressed genes and the repression of acid-expressed
genes (Zhou et al., 2014). Ambient pH can also be regulated by the secretion of compounds that
acidify or alkalinize the surrounding microenvironment (Leger et al., 1999). Infection progression
can be stimulated by acidification of the host tissue and the hemolymph. To this end the fungus
secretes acidic metabolites such as oxalic acid (Bidochka and Khachatourians, 1991) which is known
to contribute to the ability of the fungus to penetrate the insect cuticle (Fan et al., 2012b; Kirkland et

al., 2005). Another factor known to be involved in mycelial acidification is the Bbcsal gene (calcium
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sensor and acidification regulator). Indeed, deletion of the Bbcsal gene results in both reduced

acidification and virulence (Fan et al., 2012b).

1.7. Biocontrol activity against plant pathogens

In recent years, evidence has shown that B. bassiana has potential as a dual-purpose microbial control
organism for both insect pests and plant pathogens (Sinno et al., 2021). Isolates of B. bassiana
inhibited mycelial growth in vitro against an array of soilborne and foliar plant pathogens, including
Gaeumannomyces graminis var. tritici (Renwick et al., 1991), Armillaria mellea, Fusarium
oxysporum (Reisenzein and Tiefenbrunner, 1997), B. cinerea (Bark et al., 1996) and Rhizoctonia
solani (Lee et al., 1999). In addition to the inhibition of mycelial growth, B. bassiana induced cell
lysis of plant pathogenic species, such as Pythium ultimum, P. debaryanum, and Septoria nodorum
(Vesely and Koubova, 1994). Barra-Bucarei et al. (2019) assessed the ability of native strains of B.
bassiana (RGM393, 461,547, 557, 565, 570, 632, 644, 657, 731 and 2519) to inhibit the growth of
Botrytis cinerea, a phytopathogenic fungus, in tomato plants (S. lycopersicum) and chili pepper plants
(Capsicum annuum) L. In both conditions, all the strains displayed a biocontrol activity, with a
significant reduction in symptoms compared to control. Moreover, Rivas-Franco et al. (2019)
evaluated the effect of maize seeds coated with Metarhizium spp. and B. bassiana Bb21 in the
presence of Fusarium graminearum and second-to third-instar larvae of Costelytra giveni. Their study
showed that B. bassiana Bb21 exerted a negative effect on the germination of coated spore maize
seeds at a concentration of 1 x 10® conidia mL"'. This was due to a significant reduction in the dry
weight of shoots and roots, suggesting that B. bassiana benefits from nutrients without synergistic
benefits to the plant, possibly due to the lack of specificity of the entomopathogenic fungus to the
maize plant. Meanwhile, it is not capable of infecting C. giveni, but decreases the symptoms of
necrosis by F. graminearum in the roots by less than 30 %. In another study from Senthilraja et al.
(2010), it was found that B. bassiana (strain B2) together with Pseudomonas fluorescens (TDK1 and
Pfl strains) have the ability to control the insect pest Aproaerema modicella as well as the plant
pathogenic fungus Sclerotium rolfsii, which causes the collar rot disease. Additionally, Sinno et al.
(2021) evaluated the ability of four B. bassiana wild and one commercial isolate to perform biocontrol
against two foliar pathogens (B. cinerea and Alternaria alternata) and a sucking insect pest
(Macrosiphum euphorbiae). Four out of five isolates efficiently controlled fungal pathogen infection,

while all of them were capable of reducing aphid survival and fertility.
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1.8. Aims of the work

B. bassiana has been described as a multifunctional organism (Ortiz-Urquiza, 2021), due to its ability
to cover different lyfe-styles. Indeed, it has the ability to grow as an endophyte (establishing non-
symptomatic interaction with plants), as a saprophyte (growing on decaying materials) and as a
parasite (infecting insects). However, as previously reported not all B. bassiana isolates are capable
of multiple biological activities (i.e. biocontrol of insects and phytopathogens, plant biostimulation
or induction of resistance) that are desirable traits in beneficial microorganism to be used as

alternatives to chemical products in agriculture.

This thesis aims to select and characterize ten different strains of B. bassiana (Bb) to determine their
potential applications. Nine wild isolates (Bb716, Bb633, Bb672, Bb682, Bb688, Bb709, Bb632,
Bb758, Bb762) received from the Agricultural University of Plovdiv (Bulgaria), while one
commercial strain ATCC 74040 was isolated from the commercial product Naturalis® (CBC S.r.1.,
Grassobbio, Italy). The objective was to characterize the morphology, biology and ability to produce
bioactive metabolites from each of these isolates in order to obtain an in-depth characterization of
such potential beneficial microorganisms and to identify those able to both enhance plant growth and
resistance. To achieve this goal, pathogenicity on the insect pest S. littoralis, promotion of tomato
plant growth and resistance towards the fungal pathogen F. oxysporum f.sp. lycopersici and metabolic

profiling were evaluated.
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