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Abstract

Entomopathogenic fungi (EPF) are natural pathogens of insects that play a critical role in
regulating arthropod populations and maintaining ecological balance. These fungi are commonly
found in the soil, where they interact with invertebrates and with other microorganisms, making
soil an essential reservoir for collecting EPF isolates.

Understanding the distribution and prevalence of EPF across different habitats is crucial
for their effective utilization in the biological control of agricultural pests. In this thesis, the
diversity of entomopathogenic fungi (EPF) in adjacent forest and pasture habitats of the North
Island, New Zealand, was comprehensively investigated. This study utilized an integrative
approach, combining traditional techniques such as insect baiting and semi-selective plating with
advanced molecular methods, including metagenomics and metabarcoding, to explore EPF
communities across these contrasting habitats.

In Chapter 1, I introduced the current understanding of EPF and identified key research
gaps, setting the foundation for the study. Chapter 2 focused on the incidence of EPF across forest,
forest-pasture boundary, and pasture habitats and the association with soil invertebrates. The
results showed the highest EPF prevalence in forest soils, followed by boundary zones and finally
pastures, demonstrating the influence of habitat conditions on EPF diversity. In Chapter 3, I
characterized EPF isolates, primarily Beauveria spp. and Metarhizium spp., and found that forest
and boundary soils caused up to 80% mortality in Tenebrio molitor larvae within seven days,
indicating their insecticidal potential. Chapter 4 expanded the analysis by applying metagenomic
and metabarcoding approaches, revealing additional fungal taxa, such as Cordyceps, Lecanicillium
and Ophiocordyceps, which traditional methods could not detect. Chapter 5 assessed the efficacy
of EPF isolates against agricultural pests, with pasture-derived isolates achieving higher
pathogenicity and potential as cost-effective biocontrol agents. Finally, in Chapter 6, I synthesized
these findings, emphasizing the ecological importance of soil habitats as reservoirs for EPF
diversity and the adaptability of local isolates to specific environments. I recommended future
research to expand studies into transitional zones, conduct field trials, and investigate the

evolutionary mechanisms underpinning EPF adaptation and pathogenicity.



This thesis provides a comprehensive understanding of EPF diversity, habitat-specific
dynamics, and their potential for sustainable pest management, contributing valuable insights to

microbial ecology and integrated pest management strategies.

Thesis structure

This thesis is focused on the diversity of entomopathogenic fungi (EPF) in forests and pasture
transition in the North Island of New Zealand using cultural and molecular approaches. The thesis
has been written in a manuscript form with stand-alone chapters. As a consequence, there has been
repetition in some sections between chapters, mainly on the materials and methods. The thesis

comprises six chapters, four of which are experimental.

Chapter 1 — Introduction
This chapter presents the current body of knowledge about EPF and the research gap that

needs to be addressed. In addition, the research aims of the thesis are presented in this chapter.

Chapter 2 — Incidence of entomopathogenic fungi in adjacent forest and pasture habitats and
at varying elevations, and their association with soil invertebrates.

In New Zealand, the natural diversity of EPF in forest and agricultural soils is understudied.
There is a need to explore diverse habitats as potential sources of local strains of EPF, which could
potentially lead to promising and virulent fungal strains. Soil invertebrates and soil fungi play an
essential role in the dynamics of the soil. This chapter focused on the incidence of EPF in adjacent
habitats (forest interior, forest edge and pasture) using insect bait and dilution plating methods.
Determining the soil microarthropods in soils with identified entomopathogens adds to current

knowledge on the ecology of EPF.

Chapter 3 — Entomopathogenic fungi (Beauveria spp. and Metarhizium spp.) in adjacent
pasture and forest soil: their occurrence, identification, and speed of Kkill assessed using
Tenebrio molitor larvae.

This chapter deals with the molecular identification and microscopic characterization of

EPF obtained in various habitats. In addition, this chapter presents the speed of kill at which the



soils kill insects reflecting the suppressive potential of the soil in a particular habitat through bait

insect mortality.

Chapter 4 — Comparative microbiomics of the soil in adjacent native forest and exotic
pasture habitats of NZ North Island

Metagenomics provides an unbiased way to discover biodiversity within the environment
and soil samples. Soil DNA was extracted in forest and pasture habitats, and whole genome
shotgun and amplicon sequencing was conducted. Bioinformatic analysis of amplicon sequencing
resulted in the identification of EPF genera present in soil samples, while shotgun data provided

information on the soil microorganisms present in concert with EPF.

Chapter S — Efficacy of Beauveria isolates collected in adjacent forest and pasture habitats
in the North Island, NZ against selected agricultural pests

This chapter focuses on assessing the efficacy of the local isolates of EPF collected from
adjacent forest and pasture habitats in North Island, New Zealand. These isolates were obtained as
described in the Chapter 2 of the thesis. The laboratory efficacy assays were conducted to evaluate
the potential of EPF isolates as biological control agents against below-ground pest (larvae of grass
grub beetle Costelytra giveni) and above-ground insects (giant willow aphid, locust, and

mealworm).

Chapter 6 — General discussion and recommendations for future work.

This chapter presents the overall findings of the thesis. Building on these findings, future
research should include a more comprehensive investigation of the boundary as a source of native
EPF isolates and incorporate metagenomic analysis of boundary soils. Conducting greenhouse and

field trials of collected isolates is also recommended.
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Chapter One

General Introduction

Introduction

Entomopathogenic fungi (EPF) are naturally occurring microorganisms that infect and
kill insects, making them valuable in pest management strategies (Vega et. al., 2009; Hussein
etal., 2010; Mantzoukas et al., 2022). These fungi naturally occur in the soil, where they spend
a significant portion of their life cycle (Jaronski, 2010; Kepler et al., 2015; Sharma et al., 2018).
The soil serves as an excellent environmental shelter, protecting fungi from UV radiation and
other adverse abiotic and biotic influences (Keller & Zimmermann, 1989). Studies have found
that the genera Beauveria, Metarhizium, and Isaria are commonly found in the soil (Domsch
et al., 1980; Sanchez-Penia et al., 2011). These fungi have been isolated from various
agricultural and natural ecosystems, highlighting their wide distribution (Chandler et al., 1997,
Quesada-Moraga et al. 2007; Meyling et al., 2009; Goble at al., 2010; Schneider et al., 2012;
Sharma et al., 2018).

Understanding the diversity and communities of entomopathogenic fungi in different
ecosystems is important for managing and conserving EPF (Meyling & Eilenberg, 2007; Sevim
et al., 2009). Indigenous populations of EPF in soil can be managed to facilitate the control of
pest insect populations within agroecosystems (Pérez-Gonzalez et al., 2014; Kepler et al., 2015;
Keyser et al., 2015). Isolating and characterizing indigenous EPF also provides insights into
the naturally occurring fungal biodiversity and offers a pool of potential biological control
agents for pest control purposes (Sanchez-Pefia et al., 2011; Sharma et al., 2018).

Insect pests remain as one of the significant threats to food security due to the damages
and losses they inflict on agriculture. These threats are exacerbated by climate change and the
loss of natural enemies that control the pests. While chemical pesticides are the most popular
management option to control insect pests, this approach is costly and poses high risks to
farmers, non-target organisms, food consumers and the environment (Subramanyam, 1995;
Sinha et al., 2016; Mantzoukas et al., 2020). In addition, developing resistance to pesticides
makes insects even harder to control. Use of chemical pesticides is also difficult to reconcile
with the New Zealand government's objectives to develop world-leading environmentally

sustainable agriculture. With the recent global call to reduce carbon footprint, an alternative



and sustainable control measure to manage insect pests in agriculture is necessary (United
Nations, n.d.).

Traditional isolation and identification methods for entomopathogenic fungi are
laborious and time-consuming, which limits our understanding of their ecological role and
diversity (Vega et al.,, 2009). The emergence of metabarcoding and metagenomics has
revolutionized the field by enabling high-throughput and culture-independent approaches for
studying microbial communities (Abdelfattah et al., 2018; Masoudi et al., 2020). For example,
RNA shotgun metagenomic sequencing has been used to characterize the microbiota of
mosquitoes, which includes entomopathogenic fungi (Chandler et al., 2015). This approach
allows for the discovery of unknown members of the microbiota and provides insights into the
composition and dynamics of entomopathogenic fungal communities.

Information regarding the local isolates of EPF using cultural and molecular
approaches, their diversity and distribution, are paramount in conserving the native fungal
species for natural control of insect pest populations within agroecosystems (Hussein et al.,
2010). Despite the recognized importance of soil-dwelling entomopathogenic fungi in
managing pests, their occurrence and natural diversity are not sufficiently studied in New
Zealand. Collecting EPF species in the natural environments, including pasture and forest soils,

will increase the discovery and selection of effective species and isolates against insect pests.

Soil as the reservoir of entomopathogenic fungi

The soil offers an ideal environment for microorganisms. The EPF genera, Beauveria,
Metarhizium and Isaria, are considered weak saprophytes in the soil ecosystem. EPF spend a
significant portion of their life cycle in the soil (Meyling et al., 2006; Jaronski, 2010; Fisher
et al.,, 2011). The soil protects the EPF from UV radiation and acts as a buffer against
temperature and moisture fluctuations. The optimum temperature requirement for Beauveria,
Metarhizium and Isaria is typically within the range of 20-30°C. The soil also provides a
habitat for many invertebrates that are potential hosts (Quesada-Moraga et al., 2007).
Metabolites secreted by other soil microorganisms hinder the pathogenicity of EPF as these
metabolites may impair fungal germination and growth, or be toxic (Sinha et al., 2016).

The type of soil habitat can significantly impact the occurrence of EPF. For example,
Metarhizium anisopliae 1s associated with arable soils, whereas Beauveria bassiana is more
common in natural soils. Abiotic factors such as soil moisture, pH, organic matter, and

chemical properties also affect EPF occurrence (Rath et al., 1992; Padmavathi et al., 2003;



Issaly et al. 2005; Jabbour & Barbercheck, 2009). Herbicide use can also significantly impact
EPF persistence (Yousef et al., 2015). Numerous biotic factors affect EPF dynamics in the
soil; the principal biotic components that influence EPF persistence and efficacy the most are

invertebrates, soil microorganisms, and plants (Sinha et al., 2016).

EPF diversity in natural habitats

Entomopathogenic fungi (EPF) play an essential role in the natural regulation of
arthropod populations (Evans, 1982). Most of the EPF's life cycles are synchronized with insect
host stages and environmental conditions (Shah & Pell, 2003). The life cycle of EPF starts
when the spore of EPF contacts the arthropod cuticle, attaching initially due to nonspecific
hydrophobic interaction between the spore wall and epicuticle, but then adheres more firmly
and germinates within a few hours, forming a germ-tube (Vega et. al., 2012). The germ-tube
comprises an appressorium, and the penetration peg penetrates the arthropod cuticle utilizing
several enzymes and mechanical pressure (Sharma, 2019). Once in the hemocoel, yeast-like
hyphal bodies called blastospores invade the haemolymph, and some toxins are produced
during the infection process. As the host dies, the fungus rapidly transforms into mycelium
and, under ideal conditions, emerges to form conidia on the insect's exterior.

EPF of the genera Beauveria, Metarhizium, and Isaria (=Paecilomyces) are commonly
found in the soil (Domsch et al., 1980). The most common species of EPF infecting a wide
range of insect hosts are Beauveria bassiana (Balsamo), Vuillemin (Ascomycota:
Hypocreales) and Metarhizium anisopliae (Metchnikoff), Sorokin (Ascomycota:
Hypocreales).

EPF can be found in various habitats, including agricultural, forest, pasture, and urban
habitats (Sanchez-Pefia, 1990; Lacey et al., 1996; Chandler et al., 1997). Wakil et al. (2013)
explored the occurrence and diversity of EPF from soils collected in forest and agricultural
habitats in Pakistan. They recovered B. bassiana, M. anisopliae, Paecilomyces lilacinus
(Thom) Samson (Ascomycota: Hypocreales), Beauveria bonginratii (Sacc.) Petch
(Ascomycota: Hypocreales), Pochonia chlamydosporia Zare and Gams (= Verticillum
chlamydosporium Goddard) (Ascomycota: Hypocreales) and Lecanicillium attenuatum Zare
and Gams (Ascomycota: Hypocreales) in their soil samples. The study reported that the
diversity of entomopathogenic fungi was greater in soil samples from forests compared to

vegetable and fruit fields (Wakil et al., 2013). They also reported that geographical attributes



(altitude, longitude, latitude) influenced the presence of entomopathogenic fungi (Wakil et al.,
2013).

Bidochka et al. (1998) explored the presence of EPF in natural (deciduous—boreal
forest) and cultivated agricultural habitats in Canada. The study reported that B. bassiana was
predominantly isolated from soils of natural habitats, while M. anisopliae was often recovered
in agricultural habitats. The study concluded that the occurrence of M. anisopliae and B.
bassiana was not related to soil type or pH (Bidochka et al., 1998).

The natural diversity and distribution of species within the genus Metarhizium in forest
ecosystems in China were investigated by Masoudi (2019). Soil sampling was conducted at 19
geographically separated locations in diverse forest regions. Molecular analysis was performed
using the internal transcribed spacer (ITS rDNA including 5.8S), elongation factor 1-alpha and
the B-tubulin region. Of the 173 Metarhizium isolates obtained using 7. molitor larvae as baits,
phylogenetic comparison identified and resolved that 75 belonged to M. pingshaense, 44 to M.
robertsii, 10 to M. brunneum, 4 to M. guizhouense, 3 to the M. flavoviride species complex
(identified as M. bibionidarum) and 37 to a segregated, unknown Metarhizium cluster.

In New Zealand, the natural diversity of EPF in forest and agricultural soils have been
understudied. The diversity of the genera Beauveria and Isaria in the native forest of New
Zealand was studied by Cummings (2009) but using targeted visual sampling of diseased
insects. Cummings reported for the first time the presence of Beauveria caledonica and
Beauveria malawiensis in the New Zealand native forest. Blond et al. (2018) investigated the
aspects of the ecology and population dynamics of the Beauveria bassiana strain F418 in the
soil and reported that the presence of non-host larvae negatively impacts the persistence of B.
bassiana in the soil. Even though EPF is known to be globally distributed, it is necessary to
identify the natural distribution and local patterns of EPF abundance as it could be potentially
different across habitats. To date, no studies have been conducted to determine the biological
diversity of soil EPF in adjacent forest and pasture habitats in New Zealand. Moreover, there
is a need to explore diverse habitats as potential sources of local strains of entomopathogenic

fungi that could detect promising and virulent fungal strains.

EPF isolation: Insect bait method

Several methods are being extensively used to isolate EPF. Undoubtedly, the insect bait
method is the most commonly used for EPF isolation (Zimmermann, 1986; Vega et al., 2012;

Lacey et al., 2015; Sharma et al., 2018). The larvae of Galleria mellonella Linnaeus



(Lepidoptera: Pyralidae), first described for isolating EPF by Zimmermann (1986), have been
used for EPF isolations in numerous studies (Bidochka et al., 1998; Meyling & Eilenberg,
2006; Quesada-Moraga et al., 2007; Jabbour & Barbercheck, 2009; Gan & Wickings, 2017).
Wakil et al. (2013) studied the occurrence and diversity of EPF in cultivated and uncultivated
soils using the Galleria bait method and successfully obtained 168 fungal isolates. In the study
of Tuininga et al. (2009), it was concluded that the Galleria bait method efficiently isolates
EPF from soil samples.

Tenebrio molitor Linnaeus (Coleoptera: Tenebrionidae) larvae are also widely-used
insect bait for EPF isolation (Sanchez-Pefia et al., 2011; Steinwender et al., 2014). Some studies
have used both G. mellonella and T. molitor to isolate EPF, as particular baits can be sensitive
to infection by one specific EPF genus (Hughes et al., 2004; Meyling et al., 2012). Sharma et
al. (2018) recommended using the Galleria-Tenebrio-bait method to prevent underestimation
of abundance and diversity as G. mellonella i1s more sensitive towards the infections by B.

bassiana s.1. and T. molitor for M. robertsii.

EPF isolation: Plating method

Plating soil suspension on agar-based selective medium is another method of obtaining
EPF species. Tkaczuk et al. (2019) determined the density of the infectious colony-forming
unit (CFU) of EPF in the soil using dilution plating in semi selective media. Clifton et al. (2015)
quantified the abundance of EPF in organic and conventional fields using the serial soil dilution
plating method. Posadas et al. (2012) recommended a selective medium to isolate EPF.
However, insect baiting is a more targeted and sensitive method for isolating EPF compared to
using selective media to culture soil suspensions (Keller et al., 2003; Imoulan et al., 2011;

Keyser et al., 2015).

EPF and soil invertebrates

Soil invertebrates play a role in the EPF dynamics in the soil. Most of the EPF's life
cycles are synchronized with insect host stages and environmental conditions (Shah & Pell,
2003). The interactions between soil fungi and soil invertebrates occur in every ecosystem
where they coexist (Gange & Brown, 2002). Relationships and associations between fungi and
invertebrates in the soil, including predatory, mutualistic, parasitic and pathogenic interactions,

have been widely studied (Maraun et al., 2003; Lilleskov & Bruns, 2005; Renker et al., 2005).



Soil-dwelling invertebrates, such as collembolans, mites, and nematodes, play an
essential role as decomposers by consuming and transforming organic matter in the soil (Pflug
& Wolters, 2002). Non-entomopathogenic fungi, on the other hand, represent a high-quality
food source consumed by a wide variety of insects and nematodes as they contain proteins,
vitamins and lipids. Acari, collembolans and nematodes rely on fungal hyphae, fruiting bodies
and spores as food sources (Schigel, 2012). The lack of motility and high nutritional value
attract fungivorous animals to use fungi as prey. Ingestion of EPF spores by collembolan
Proisotoma minute Tullberg (Collembola: Isotomidae) leads to the loss of conidial viability of
M. anisopliae after digestion (Dromph, 2001). Naturally, fungi defend themselves with
mechanical defences (Bollmann et al., 2010) or chemical defences, including producing toxic
secondary metabolites, peptides and proteins (Rohlfs & Churchill, 2011), making them less
palatable and less attractive as prey. Production of metabolites for defence costs energy to
fungi, such that they will produce these metabolites only when attacked by fungivores or in
stressed conditions (Rohlfs, 2015).

The presence of host arthropods in the soil ecosystem is significant for EPF's lifecycle
to continue. Kessler et al. (2004) reported that persistence of B. brongniartii decreased by 88%
in the absence of the host insect Melolontha melolontha Linnaeus (Coleoptera: Scarabaeinae)
compared to a decline of 27 % on average for sites with the host. Walstad et al. (1970) observed
that B. bassiana was restricted to the host arthropods for their development as B. bassiana did
not grow saprophytically in non-sterile soil. In the absence of hosts, EPF viability could be
affected by nonspecific attachment and germination on the cuticle of the non-host arthropods,
defined as arthropods not susceptible at a specific inoculum level to a particular EPF (Blond et
al., 2018). Boucias et al. (1988) reported that B. bassiana and other EPF could attach to non-
host cuticles due to binding forces. The non-host cuticle was infected, but the internal infection
was not observed (Smith et al., 1981), suggesting that EPF attachment to non-host arthropods
was in the absence of the arthropod immune system. Lecanicillium lecanii (Zimm.) Zare & W.
Gams (Ascomycota: Ascomycetes) could attach and germinate onto the cuticle of non-host
coleopteran Bembidion obtusum Audinet-Serville (Coleoptera: Carabidae) (Sitch & Jackson,
1997). Nonspecific attachment and germination of EPF in non-host arthropods cuticle are
disadvantageous to the persistence and virulence of EPF due to a greater chance of conidial
germination loss and prevention of the opportunity to find a suitable host (Blond et al., 2018).
In contrast, Dromph (2003) reported that ingestion of EPF by non-host arthropods could lead
to the dispersion of EPF to soil zones where the fungus was not formerly present and could

increase the chance of contact with host arthropods.
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The diversity of soil invertebrates in New Zealand is not well studied. Similarly, the
presence of the soil invertebrates and EPF in the same local soil samples and their possible
associations and dynamics are understudied. Therefore, there is a need to investigate the local
co-existence of soil invertebrates and EPF, and possibly identify the association of these

invertebrates with the identified EPF.

Entomopathogenic fungi interactions with plant roots

Entomopathogenic fungi (EPF) are traditionally known for their capacity to infect and
kill insects; however, recent research highlights their broader ecological roles, including their
interactions with plant roots and the rhizosphere( Zitlalpopoca-Hernandez et al., 2017; Gange
et al., 2019; Ravnskov et al., 2020). Several EPF genera, notably Beauveria and Metarhizium,
can establish close associations with plants as rhizosphere colonizers or endophytes (Jaber and
Ownley, 2018; Gange et al., 2019). These associations may provide the plant with multiple
benefits such as protection against insect herbivores and pathogens, growth promotion, and
enhanced tolerance to abiotic stress. The protective effects are often mediated through the
activation of plant defense mechanisms and the induction of systemic resistance (Rivas-Franco
et al., 2020; Jensen et al., 2020)

Recent studies have demonstrated the potential for functional complementarity when
EPF co-occur with other beneficial root-associated fungi such as arbuscular mycorrhizal fungi
(AMF). For example, Metarhizium brunneum, M. robertsii, and Beauveria bassiana were
shown to interact with the AMF Funneliformis mosseae in tomato (Solanum lycopersicum),
leading to improved plant growth and suppression of the foliar pathogen Botrytis
cinerea (Zitlalpopoca-Hernandez et al., 2022). EPF contributed to pathogen suppression,
while AMF enhanced plant biomass production. Such findings illustrate the complexity of
below-ground fungal interactions and their potential in integrated plant health management
(Rivas-Franco et al., 2020; Zitlalpopoca-Hernandez et al., 2022).

Moreover, EPF can function as endophytes within plant tissues, where they influence
plant physiology and immunity. Endophytic colonization facilitates both direct and indirect
benefits, including nutrient acquisition, phytohormone production, synthesis of secondary
metabolites, and induction of resistance against pathogens and pests (Raad et al., 2019; Ahsan
et al., 2024). EPF are increasingly recognized not solely as insect pathogens but as
multifunctional symbionts that promote plant health, influence soil processes, and contribute
to the stability and resilience of terrestrial ecosystems (Zitlalpopoca-Hernandez et al., 2017;

Gange et al., 2019; Ravnskov et al., 2020).



Assessment of entomopathogenic fungi (EPF) diversity in soil using metagenomics

The diversity of EPF in substrates such as soil and leaf litter is often assessed using a
culturing method such as insect bait and direct plating. Before the advent of molecular methods,
fungal classification depended on morphological, taxonomic and phenotypic characteristics.
Still, these methods alone do not allow reliable identification of fungi at lower taxonomic
levels. Thus, a molecular-based approach is necessary to identify microbial diversity without
needing culturing strategies.

The nuclear ribosomal DNA (rDNA) has been the commonly used region for fungal
identification and systematics (Bruns & Shefferson, 2004). The internal transcribed spacer
(ITS) regions within the 45S rDNA cassette have been adopted as fungi's universal fungal
barcode sequence (Schoch et al., 2012). These non-coding, non-conserved rDNA segments are
transcribed but eventually excised and are multicopy, making them relatively easy to amplify
using standard PCR techniques. The different rates at which ribosomal genes and ITS evolves
can be informative at different taxonomic levels. The relatively low evolutionary pressure on
non-coding and non-functional sequences accounts for the high degree of variation even in
closely related species (Seifert et al., 1995). In some genera, closely related species show little
sequence difference (Seifert et al., 1995; Bruns & Shefferson, 2004). In contrast, the highly
conserved 18S and 28S genes are used to examine broad phylogenetic relationships at or above
the generic level (Bruns et al., 1991). In New Zealand, DNA metabarcoding was recently used
to describe the diversity and composition of plant pathogens in five different land uses (natural
forest, planted forest, low-producing grassland, high-producing grassland, and perennial
cropland) using soil, roots and leaves as substrates (Makiola et al., 2019). The authors reported
that most plant pathogen communities (fungi, oomycetes, and bacteria) responded strongly to
substrate type and land use.

Next-Generation sequencing (NGS) technologies have led to numerous studies on
microbial diversity and their ubiquitous role in host ecology, physiology, and evolution (Foster
et al., 2012; McFall-Ngai et al., 2013). The use of whole-metagenome (WMG) shotgun
sequencing to investigate microbial communities opens new possibilities to identify a
microbiome's taxonomic composition and metabolic potentials (Quince et al., 2017).
Microbiome refers to the genetic material of all the microorganisms present in a particular
environment or sample (Lear et al.,, 2018). Metagenomics involves direct sequencing of

genome-wide DNA from mixed communities, allowing biological diversity studies without



cultivating the individual organisms. In whole genome shotgun sequencing, the total DNA of
a sample is sheared into smaller fragments before being sequenced at random (Lear et al.,
2018). One of the advantages of metagenomics over targeted gene methods is that it can capture
all taxa, concurrently permitting the study of both prokaryotic and eukaryotic diversity (Lear
et al., 2018).

The study of fungal diversity using whole genome shotgun metagenomic data has been
applied rarely to fungi (Donovan et al., 2018). The fungal component of microbial communities
is called mycobiota, while their genomes are called mycobiome (Orellana, 2013). Some studies
in fungal diversity using the metagenomic approach in host-associated environments revealed
the influence of soil stratification and vegetation coverage on fungal diversity (Buée et al.,
2009; Baldrian et al., 2012). Samples from soil litter and organic horizons from forests planted
with spruce (Picea abies) in Central Europe and plantations from the Morvan Mountains in
France revealed Basidiomycota and Ascomycota as the prevalent fungal sequences (Orellana,
2013). In a mycobiome study in Italy and France, Ascomycota was reported to be the most
abundant fungal kingdom, accounting for 36.7 to 93% of all OTUs, for most samples from
different ecosystems. In the evaluation of the microbial communities in soil by Uroz et al.
(2013) using a combined 454 and Illumina sequencing approach, it was revealed that only 0.2%
of the annotated reads have a significant match to fungi which are found more abundant in the
soil's organic horizon rather than mineral horizon.

Accurate identification of EPF from soil samples is crucial for studying these organisms
and their potential applications in pest control. However, the efficient extraction of high-quality
DNA from soil can be challenging due to the complex nature of soil matrices and the presence
of various inhibitors. Several DNA extraction methods have been developed and used for this
purpose, including the CTAB-based method, bead-beating, and commercial kits (Feinstein et
al., 2009). Each DNA extraction method has its advantages and limitations. The choice of
method depends on various factors, including the type of soil, the desired DNA yield and
purity, and the downstream applications. It is important to consider these factors when selecting
a DNA extraction method for studying entomopathogenic fungi in soil samples.

To date, studies on the diversity of EPF in soil samples using metagenomic approaches
are minimal. Therefore, there is a need to investigate the natural distribution of EPF in forest
and pasture habitats, including those that cannot be identified through direct culture, insect bait

method and target visualized sampling of diseased insects.



Utilization of EPF against arthropod pests

Primary requirements in our understanding of EPF for their utilization as biocontrol
agents are the susceptibility of relevant insect species and the virulence of the fungi. The
entomopathogenic fungi in the genera Beauveria and Metarhizium, commonly found in soil,
have been used and evaluated against insect pests of pasture such as grass grub, Costelytra
gave (White) (Coleoptera: Scarabaeidae) and Corina, Wiseana spp. (Lepidoptera: Hepialidae).
In the study of Nelson et al. (2004), a strain of B. bassiana F418 showed high virulence against
a soil-dwelling pest, clover root weevil, Sitona lepidus Gyll (Coleoptera: Curcolionidae).
However, field trials showed that post-application, B. bassiana F418 populations in soil had
high variability in the performance between different sites, time of application, and treatments
(Brownbridge et al., 2006).

Development of the fungi as a control agent depends on selecting a stable strain with
specific efficacy for the target host, as the virulence of fungal strains differs within the same
species. Sanchez-Pefia (2011) tested six B. bassiana isolates against Cuban laurel thrips,
Gynaikothrips uzeli Zimmerman (Thysanoptera: Phlaeothripidae) and greenhouse whitefly,
Trialeurodes vaporariorum (Westwood) (Hemiptera: Aleyrodidae). Among the six isolates,
only one showed significant virulence against G. uzeli and T. vaporariorum causing 81.3% and
76% mortality after six days. Since the virulence of EPF strains differs within species, and local
strains are often more effective than introduced ones, collecting native species and testing the
native strains against target pests is essential to discovering effective isolates for biological

control.
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Study Objectives

This thesis research aims to characterize the diversity of entomopathogenic fungi (EPF)
naturally occurring in the North Island of New Zealand by analyzing soil samples collected

from pastures, forests, and pasture-forest transition zones.
Specifically, the objectives of this study were:

1. To determine the incidence and diversity of soil entomopathogenic fungi (EPF) across
adjacent forest, boundary, and pasture habitats and at varying elevations, and to

examine their association with soil invertebrates.

2. To isolate and identify EPF species occurring in forest—pasture transition soils using

microscopic and molecular techniques.

3. To assess the diversity of EPF and other microbial communities in forest and pasture

habitats using metagenomic and metabarcoding analysis.

4. To evaluate the pathogenicity of soil EPF isolates against selected agricultural pests.
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Chapter Two

Incidence of entomopathogenic fungi in adjacent forest and pasture habitats and at

varying elevations, and their association with soil invertebrates

Introduction

Entomopathogenic fungi (EPF) are naturally occurring fungi that can infect and kill
insects, making them potential biocontrol agents for insect pests (Vega et. al., 2009;
Mantzoukas et. al., 2022). With increased environmental awareness, biological pest control
methods such as biopesticides based on EPF have gained attention as alternatives to chemical
pesticides (Jaronski, 2010). These fungi are distributed in various habitats, including forests,
agricultural lands, pastures, deserts, and urban areas (Sanchez-Pefia et al., 2011). Some EPFs
have shown habitat-specific preferences (Bidochka et al., 1998; Quesada-Moraga et al., 2007).
Understanding the differences in EPF abundances within different habitat types is critical for
determining which fungal species is suitable for and would proliferate in a given habitat type
(Quesada-Moraga et al., 2007).

Multiple factors affect the distribution of entomopathogenic fungi in different habitats.
EPF survival in soils is shaped by both biotic and abiotic factors (Jaronski, 2007), soil
properties, including pH and texture (Quesada-Moraga et al., 2007; Jabbour & Barbercheck,
2009; Clifton et al., 2015), temperature, and moisture (Garrido-Jurado et al., 2011a), have been
key focuses of soil EPF research. Quesada-Moraga et al. (2007) investigated the effects of sand,
silt, and clay content in Mediterranean soils on EPF, while Oddsdottir et al. (2010) explored
correlations between total carbon, nitrogen, and the occurrence of Metarhizium anisopliae and
Beauveria bassiana. Notably, Jabbour and Barbercheck (2009) and Jaronski (2010) found no
significant impact of soil pH or CEC on Metarhizium presence.

Hypocreales (Ascomycota) comprise many EPF fungal species, which spend most of
their life cycle in the soil, outside their host. The soil protects fungi from UV radiation and
other abiotic and biotic factors (Keller et al., 1989), making soil a good EPF reservoir for
studying EPF diversity (Meyling & Eilenberg, 2006, Quesada-Moraga et al., 2007).

Insect baiting and plating methods are commonly used for isolating EPF from soil
samples. These methods allow for the selective isolation of entomopathogens among other soil
microbes (Sharma et al., 2018; Bueno-Pallero et al., 2020). The insect baiting method uses a

specific insect as bait to attract and isolate EPF. One of the most commonly used bait insects
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is the larvae of Galleria mellonella Linnaeus (Lepidoptera: Pyralidae), the greater wax moth
(Zimmermann, 1986). Another insect used for baiting is larvae of Tenebrio molitor Linnaeus
(Coleoptera: Tenebrionidae), commonly known as the mealworm beetle (Sharma et al., 2018).
The main advantage of the insect baiting method is its selectivity in isolating entomopathogens.
showed that insect baiting more effectively isolates soil EPF than culturing soil suspensions on
selective media (Keller et al., 2003; Imoulan et al., 2011). The plating method is another
commonly used technique for isolating EPF. This method involves diluting soil samples and
plating them on a selective medium that promotes the growth of EPF (Bueno-Pallero et al.,
2020). The plating process allows for the recovery of EPF from soil samples and provides a
semi-quantitative assessment of fungal diversity and density (Jaronski, 2007). The plating
method has been used together with insect baiting to detect different patterns of EPF recovery,
occurrence, activity, and biodiversity (Bueno-Pallero et al., 2020).

Soil invertebrates play a role in the EPF dynamics in the soil. Some soil-dwelling
invertebrates, such as collembolans, mites, and nematodes, play an essential role as
decomposers by consuming and transforming organic matter in the soil, while others, such as
many insects and their larvae, feed on plant roots (Pflug & Wolters, 2002). According to Shah
and Pell (2003), EPF life cycles are synchronized with insect host stages and environmental
conditions. The interactions between soil fungi and soil invertebrates occur in every ecosystem
where they coexist (Gange & Brown, 2002), and the presence of host arthropods is a major
factor for EPF dynamics in soil.

Despite the recognized importance of soil-dwelling entomopathogenic fungi in
managing pests, their occurrence and natural diversity still need to be studied in New Zealand.
Collecting EPF species in natural environments, including pasture and forest soils, will increase
the discovery and selection of effective species and isolates against insect pests. The objective
of this chapter was to investigate the incidence of entomopathogenic fungi in adjacent forest
and pasture habitats, as well as at varying elevations, and to examine their association with soil

invertebrates.

Materials and Methods

Study area

This study was conducted in 2019-2021 in three locations on New Zealand's North

Island: Taranaki, Manawatu, and Whanganui regions (Fig. 2.1). Each of these selected sites
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encompassed three adjacent habitats: pasture, boundary, and forest, with the fence line serving

as the demarcation between the pasture and forest habitats.

New
Zealand

Figure 2.1. Soil collection sites in the North Island of New Zealand.

The Taranaki site (please see Table 2.1 for coordinates) comprised a ryegrass pasture
that undergoes annual fertilization and is grazed by young cows. The adjacent forest habitat is
part of Mount Egmont National Park in Taranaki, New Zealand. The forest is characterized by
native podocarp and broadleaf trees, including pukatea (Laurelia novae-zelandiae), kahikatea
(Dacrycarpus dacrydioides), and kamahi (Pterophylla racemose), within a climate zone that
ranges from warm to cold (Singers & Rogers, 2014).

The Whanganui site (Table 2.1) was in Bushy Park, Tarapuhi, Kai Iwi, Whanganui.
Cows actively graze the pasture in this area, but it is not fertilized annually. The forest habitat
primarily consists of a broadleaf podocarp complex, dominated by tawa (Beilschmiedia tawa)
and pukatea (L. novae-zelandiae), along with rimu (Dacrydium cupressinum) and northern rata
(Metrosideros robusta). Since 2005, the area has been designated a forest sanctuary, protected
from mammalian predators except mice. The sanctuary has approximately 160 plant species,
exhibiting significant structural diversity and complexity in the ground layer, sub-canopy, and

emergent canopy (https://bushypark.nz/forest/). This diverse forest with a moderate climate,
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small streams, and protection from most mammalian predators and competitors provides
exceptional habitat for numerous indigenous and endemic species

(https://bushypark.nz/forest/).

The sampling site in Manawatu was situated in the Totara Reserve, Pohangina Valley
(Table 2.1). The forest is characterized by the presence of massive totara (Podocarpus totara)
trees scattered throughout the area, indicating its historical significance as a timber source
(Knight, 2008). Other tree species can also be observed, along with abundant seedling pukatea
(L. novae-zelandiae) and juvenile nikau (Rhopalostylis sapida) as well as groupings of mamaku
(Cyathea medullaris). Pockets of bracken and light-demanding shrubs such as koromiko (Hebe
salicifolia) and karamu (Coprosma robusta) persist, although the surrounding vegetation

gradually overshadows them.

Table 2.1. Details of the collection sites in Taranaki, Manawatu and Whanganui, North Island

of New Zealand (2019-2021).

Study Site Habitat Collection Date GPS Elevation
(m a.s.l.)
Taranaki Forest June 2019; August 39°19' 12"S; 563
(Native) 2021 174°10' 16"E
Boundary June 2019; August 39°19' 12"S; 563
2021 174°10" 17"E
Pasture June 2019; August 39°19'12"S; 562
2021 174°10"' 18"E
Whanganui  Forest June 2020; August 39°47' 54"S; 253
(Native) 2021 174°55' 48"E
Boundary June 2020; August 39°47 54"S; 255
2021 174°55'49"E
Pasture June 2020; August 39°47' 53"S; 257
2021 174°55'49"E
Manawatu  Forest Oct 2020; August 40°09' 06"S; 141
(Native) 2021 175°50' 37"E
Boundary Oct 2020; August 40°09' 06"S; 141
2021 175°50' 36"E
Pasture Oct 2020; August 40°09' 07"S; 141
2021 175°50' 35"E

15



Soil samples were also collected at various elevations within Egmont National Park to
investigate the incidence of EPF, as detailed in Table 2.2. Four sampling sites were selected,
located at elevations of 512, 680, 880, and 1024 meters above sea level (a.s.l.). These sites
correspond to mean annual temperatures of 10.5°C, 9.1°C, 8.2°C, and 7.3°C, respectively.

Appendix I (Figs. A.1 to A.4) shows the sampling sites of the study.

Table 2.2. Collection sites in the Mt. Egmont Forest, Taranaki, New Zealand for assessing
effect of elevation on diversity and abundance of enthomopathogenic fungi, 2019.

Collection Site GPS Coordinates Elevation (meters a.s.l.)
Site 1 39°19'15.82"S; 174°11'18.05"E 512
Site 3 39°18'46.43"S; 174° 8'47.20"E 680
Site 5 39°18'20.46"S; 174° 7'8.83"E 880
Site 7 39°18'21.00"S; 174° 6'27.12"E 1024

Field sampling and soil collection

Soil samples were collected from three sites in the North Island, New Zealand—
Taranaki, Whanganui, and Manawatu. At each site, three parallel 40-m transects were
established perpendicular to the forest—pasture edge, covering three habitat zones: forest
interior, boundary (edge), and pasture. Each transect had three sampling points, one per habitat,
spaced 20 m apart. The distance between adjacent transects was also 20 m to ensure spatial
independence (Fig 2.2). At each sampling point, five soil cores (5 x 5 cm, 10 cm deep) (Fig.
2.3) were taken and combined to form a composite sample, giving a total of 45 soil cores per

site (3 transects x 3 habitats x 5 cores) per sample collection.
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Figure 2.2. Layout of the field sampling design showing three parallel 40-m transects across adjacent
habitats: forest, boundary, and pasture. Each transect had three sampling points spaced 20 m apart.
Distance between transects was 20 m. Five soil cores were collected in each sampling point for subsequent

analyses (insect baiting, plating, invertebrate extraction, and soil DNA extraction).

For elevation sampling, one sampling point per elevation was used, and five soil cores
per elevation were collected.

A rectangular soil corer 5x5 cm with 10 cm depth was used to obtain soil samples in all
soil collection sites. All soil samples were labelled and stored in clean plastic bags at 5°C until
used. Two cores out of the five were used for insect baiting (this Chapter), the third core for
the plating method (this Chapter), and the fourth core for extraction of soil invertebrates (this
Chapter). The fifth core was used for soil DNA extraction (Chapter 4).

At the time of sample collection, soil temperature and moisture were recorded using a
QM7216 Digital Stem Thermometer and TDR 300 Soil Moisture Probe (Spectrum
Technologies Inc., USA), respectively. Elevation and GPS coordinates were recorded using a
handheld GPS device. The plants surrounding each habitat were recorded. Soil collection in
the Egmont National Park, Taranaki, New Zealand was done under the permit issued by the

NZ Department of Conservation (authorization number 69401-RES).
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Pasture

Figure 2.3. Soil sample collection in adjacent habitats in Taranaki, NZ, June 2019.

Insect bait method

To assess the presence of entomopathogenic fungi (EPF) in the soil samples, I
employed the insect bait method using wax moth Galleria mellonella, and mealworm Tenebrio
molitor larvae as susceptible baits. One soil sample from each sampling point (whole core) was
gently broken apart. Any stones, twigs, and roots were discarded, leaving only the soil, which
was then transferred to a plastic container (8.5 cm diameter, 10 cm height). Five mealworm
larvae were introduced into the soil at the middle depth (~ 5cm). Similarly, the second soil
sample from each sampling point was placed in a separate container and five wax moth larvae
were placed in the soil at middle depth. The containers were then incubated in the dark at a
constant temperature of 25°C £ 1 for 21 days. I examined the samples on days 7, 14, and 21 to
monitor infected larvae.

While published literature (Zimmermann, 1986; Barker & Barker 1998; Bidochka et al.
1998; Quesada-Moraga et al., 2007) suggested that G. mellonella is a highly susceptible host
for this method, my initial experiments revealed that only five larvae (1.9%) out of 270 exposed
to the soil died from EPF infection. I consistently observed a lack of infection by EPF using
the Galleria bait method across all sampling sites and baiting times. Therefore, due to the low
success rate, I decided not to employ G. mellonella larvae for further experiments. Instead, the
subsequent setups only used mealworm larvae (7. molitor) as the susceptible bait.

The dead larvae showing visible external fungal growth were collected. Using a sterile
wire loop, I transferred the fungal spores from the bait insects to Petri dishes containing

sterilized potato dextrose agar (PDA) medium supplemented with antibiotics to prevent
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bacterial contamination. The isolates growing on these Petri dishes were observed and

documented for subsequent analysis.

Plating in semi-selective media

Another method employed to identify and quantify the presence of EPF in the soil
samples was serial dilution and plating. For one soil core in each sampling point, two replicates
of 20g soil were suspended in 180 ml of 0.01% Triton X-100 and shaken in an orbital shaker
at 250 rpm for 45 minutes. Serial dilutions of the suspension were prepared using 0.01% Triton
X-100, ranging from 102, 10-3, and 10-*. These dilutions were then cultured on Petri dishes
containing a semi-selective medium. To prepare the semi-selective medium, one litre of potato
dextrose agar (PDA) was supplemented with antibiotics: 3.33 ml of tetracycline chloride (15
mg/ml solution in methanol, stored in the freezer) and 3.5 ml of streptomycin sulfate (100
mg/ml stock solution in distilled water). A 100 ul of each dilution was poured into the Petri
dish, and this process was replicated twice. A total of 12 Petri plates per soil core was used, for
a total of 36 Petri plates per transect and 108 Petri plates per site in forest-pasture boundary
study, 12 Petri plates per elevation in elevation study. After ten days of incubation, the colonies
were examined under a light microscope, and the EPF colonies were counted. The EPF colonies
were then transferred to fresh Petri dishes with PDA for subculturing and obtaining pure

cultures. The workflow is shown in Fig. 2.4.
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Figure 2.4. Workflow for determining EPF density per gram of soil leading to EPF isolation. a) Weighing
20 g ofsoil in 180 m1 0.001 TritonX. b) Shaking samples in an orbital shaker. ¢) Serial dilution of samples.

d) Plating in Petri dishes with the semi-selective medium.

Soil invertebrates

One soil core per sampling point was allocated to explore the diversity of soil
microarthropods in adjacent habitats. Soil microarthropods were extracted from the cores using
a modified Berlese-Tullgren apparatus described by Oliver and Beattie (1996). The extraction
was conducted for seven days. Soil microarthropods were collected into glass vials with 70%
ethanol for counting and identification. Mites, Collembola, spiders and insects were counted
and identified at the group level without further taxonomic specification. A category labelled
'Others' encompasses additional taxa, such as symphylans, among others, which were counted
but not classified under the four main groups. The total invertebrate counts reflect the sum of

the four groups plus the 'Others' category.
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Statistical analysis

Baiting and plating

Statistical analysis was performed using R version 4.1.3 (R Development Core Team,
2022). Generalized Linear Mixed Models (GLMM) were used to analyse the relationship
between habitat and the number of infected insects from baiting. The effect of habitat on the
number of colony-forming units (CFU) from the plating method was also analysed. A nested
GLMM with a Poisson distribution was fitted to the data using the glmer() function from the
Ime4 package. The response variables — "Infected Bait" and "CFU" per soil sample — were
modelled as a function of habitat. The random intercept for "Site/Habitat" was included in the
model to account for any non-independence in the data due to the nested structure. An example

of the model used in this analysis is below:

glmm_Bait <- glmer(InfectedBait ~ Habitat + (1 | Site/Habitat),
data = Baits, family = poisson())

The Akaike Information Criterion (AIC) was assessed to determine whether including
the "Habitat" variable improved the model's predictive ability. This approach allowed a
rigorous exploration of the influence of habitat types on the count of EPF infections and the
number of CFUs. When a significant difference was found in the model, post-hoc test was
performed using the multcomp package. To assess whether there was a statistical difference in
the efficacy of these two methods for detecting EPF, a Wilcoxon signed-rank test was

conducted.

Elevation

A generalized linear model (GLM) with a Poisson distribution was employed to
investigate the relationship between EPF infection using insect baiting and elevation. The GLM
was fitted using the glm() function from the Ime4 package. To perform multiple comparisons
for infected bait at different elevations, the Ismeans and multcomp packages were utilized. The
Ismeans() function was applied to the fitted GLM to obtain the least-squares means for each
elevation level. The resulting means were subjected to the cld() function, which performed
pairwise comparisons using the Sidak adjustment method. The significance levels, denoted by

letters, were determined using a significance level of 0.05. Similar analyses were conducted to
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investigate the relationship between CFU counts and elevation. The model comparisons and

multiple comparisons were performed as described above.

Soil invertebrates

To assess the relationship between the total count of invertebrates and habitat, a
Generalized Linear Model (GLMM) with Poisson distribution was generated with site/habitat
as random effects. The relationship between the number of infected baits and the total number
of invertebrates per sampling point was examined using Pearson correlation. The cor() function
was utilized to calculate the correlation coefficients. Similarly, the relationship between the
density of EPF (CFU 103 per gram of soil) and the total invertebrate count per sampling point
was assessed using Pearson correlation. The relationship between invertebrate taxa counts and
habitat was visualized using PCA plot. To determine if the invertebrate community
composition significantly differed among habitats, PERMANOVA was conducted using the

adonis function in vegan package in R.

29



Results

Detecting EPF presence in adjacent habitats (pasture, boundary, and forests)

In this study, 108 soil samples were collected from the forest-pasture transition in three
sites to assess the presence of entomopathogenic fungi (EPF). Among these samples, 79
(73.15%) tested positive for EPF. I employed two different isolation methods, the insect bait
method and plating in semi-selective media, to investigate the occurrence of EPF in the soil
samples. From the insect bait method, 42 soil samples (38.89%) resulted in successful
infections, indicating the presence of EPF. Similarly, 37 soil samples (34.26%) were positive
for EPF through plating.

Both insect baiting and plating methods effectively isolated entomopathogenic fungi
(EPF) across all examined sites and habitats. The Wilcoxon signed-rank test suggested that
there is no significant difference between insect baiting and soil plating (W = 3.0, P =0.09) for
detecting EPF in soil.

When examining the individual habitats with positive presence of EPF, 30 soil samples
(27.8%) from forests were positive for EPF, and 31 samples (28.7%) from the forest-pasture
boundary, while only 18 pasture samples were positive for EPF (16.7%). The distribution of
positive samples per habitat using both isolation methods is summarized in Appendix I (Fig.

A.5).

Assessing EPF distribution in adjacent habitats through insect baiting

Insect baiting was used to assess the incidence of EPF in adjacent habitats. Of the 270
larvae exposed to the soil from the three sites, 120 (44.4%) were successfully infected (Fig.
2.5). Some Tenebrio molitor larvae also died due to other biotic factors such as
entomopathogenic nematodes and bacterial infection.

The site as an independent predictor did not yield any significant effect; hence, it was
excluded as an independent factor in the subsequent analysis but included as a random effect
in the nested structure of the model. The findings revealed a significant association between
habitat type and the count of infected bait insects (F2,51 =5.519, P <0.05). Post-hoc comparisons
revealed that while the difference between forest and boundary habitats was not statistically
significant (Z = 0.892, P = 0.644), the difference between pasture and boundary habitats was
significant (Z =-2.497, P =0.033), and so was the difference between pasture and forest (Z =
-3.308, P =0.003) (Fig. 2.6).
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Figure 2.5. Example of EPF infection of Tenebrio molitor larvae in soil samples from the insect baiting

set-up.
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Figure. 2.6. Proportion of Tenebrio molitor larvae (mean +se) infected with EPF in habitats across three
forest-pasture transitions, NZ North Island. A total of 90 T. molitor larvae were baited per habitat. The values

are mean + se. Different letters indicate statistically significant differences at a = 0.05, Tukey’s HSD test.
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Density of EPF across adjacent habitats assessed through soil plating

To determine the density of EPF in the collected soil samples, the number of colony-
forming units (CFU) per gram of soil was quantified using a PDA medium supplemented with
antibiotics. The results revealed a significant influence of habitat type on CFU counts
(Likelihood ratio test: ¥*(2) =36.01, P <0.001). The site was not significant as an independent
predictor of CFU counts, as shown in Appendix I (Fig. A.6).

The findings emphasize the substantial impact of habitat type on CFU counts, with
forest habitat exhibiting a marginal effect and pasture habitat showing significantly lower CFU
counts than boundary and forest habitats. The results indicated no significant difference in CFU
counts between boundary and forest habitats (P = 0.644). However, pasture habitats displayed
significantly lower CFU counts compared to both boundary (P = 0.033) and forest (P = 0.003)
(Fig. 2.7).
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Figure 2.7. Mean density of EPF (1000 CFU per g soil) quantified using soil dilutions and direct plating
in soil samples across three forest-pasture transitions habitats, NZ North Island. The values are mean

+se. Different letters indicate statistically significant differences at a = 0.05, Tukey’s HSD test.
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Soil EPF and invertebrates in adjacent habitats

Of the 2,811 collected soil invertebrates from a total of 54 soil samples, 1,421 (50.55%)
were collected from the forests, 896 (31.87%) from the boundary, and only 494 (17.57%) were
collected from pastures. Table 2.3 provides the invertebrate counts per group. Generally,
results indicate that the composition of the soil arthropods was dominated by Collembola
(49.6%), followed by mites (26.7%). Appendix I (Fig. A.7) illustrates the difference in
invertebrate group count per habitat type per square meter.

There was a significant influence of habitat on the total invertebrate count (}*(2) =
49.44, P <0.001) with forest habitat significantly higher in abundance of soil invertebrates than

pasture or boundary (Fig. 2.8).

Table 2.3. Counts of soil invertebrate groups (Collembola, mites, spiders, insects, and others)
across pasture, boundary, and forest habitats at different sites (Manawatu, Taranaki, and

Whanganui), 2019- 2021.

Habitat Site Collembola  Mites Spiders Insects Others
Pasture = Manawatu 89 44 8 24 20
Boundary Manawatu 141 59 16 24 33
Forest =~ Manawatu 289 168 22 43 31
Pasture  Taranaki 0 46 8 7 12
Boundary Taranaki 167 71 12 24 31
Forest ~ Taranaki 186 157 17 45 46
Pasture  Whanganui 65 34 9 24 24
Boundary Whanganui 166 70 14 32 36
Forest =~ Whanganui 211 101 15 49 41
Total 1394 750 121 272 274

26



1500

— -

E
o 1000
= a
o
3
O 1T
2 1
.
o]
2]
g c
£
c 500
g T
= 1

0

Pasture Boundary Forest
Habitat

Figure 2.8. Soil invertebrate abundance (ind. per m?) in adjacent forests, pastures, and boundary habitats.
The values are mean +se. Different letters indicate statistically significant differences across habitat type

(Tukey’s HSD test, a = 0.05).

The PCA biplot (Fig. 2.9) illustrates the distribution of invertebrate group counts across
habitats. Principal Component 1 (PC1) accounts for 53.26% of the total variance, while
Principal Component 2 (PC2) accounts for 18.61%. Together, the PC1 and PC2 explain 71.87%
of the variance in the dataset. PC1 primarily differentiates between forest habitats and other
habitats based on invertebrate counts. The strong negative loading of Collembola and Mites
along PC1 highlights their prevalence in forest habitats. PC2 captures additional variance,
distinguishing subtle differences within boundary and pasture habitats. Other invertebrate
groups (Spiders, Insects, and Others) were present across multiple habitats but with varying
densities. The separation of forest habitats along PC1 and the partial separation of boundary
and pasture habitats suggest habitat-specific invertebrate assemblages.

The PERMANOVA results indicated a significant effect of habitat type on the
community structure of soil invertebrates (F2,s1 = 3.96, P = 0.001). The analysis showed that

habitat type explained 33.16% of the total variation in community structure (R?= 0.3316).
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Figure 2.9. PCA plot of soil invertebrate community compositions among the sampled sites within the
forest-pasture transition, NZ North Island, 2019, 2020, and 2021. Points represent individual observations
coloured by habitat: Boundary (red), Forest (green), and Pasture (blue). Vectors indicate the weighting of

different invertebrate groups on the principal components.

Correlation between invertebrate counts, infected baits and EPF density in the soil

The correlation analysis between the total invertebrate count, the counts of Infected
Bait and CFU revealed several important associations. Notably, there was a moderate positive
correlation between the total invertebrate count and the number of infected baits (» = 0.341).
This suggests that as the count of total invertebrates increases, the occurrence of infected EPF
also tends to increase. This positive association implies that invertebrate presence may promote
conditions favourable for EPF infections or that EPF infections might proliferate in

environments with higher invertebrate activity. Conversely, the correlation between total
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invertebrate counts and CFU was very weak (» = -0.034), indicating that there was almost no

relationship between the number of total invertebrates and the CFU levels in the soil.

Evaluation of EPF presence and density across differing elevations

Insect baiting and plating were used to study the presence and density of EPF in soil
samples from native forests at various altitudes within Mt. Egmont National Park (512, 680,
880, and 1024 meters above sea level). A Generalized Linear Model (GLM), employing a
Poisson distribution with a log link function, was formulated to explore the correlation between
the presence of infected and various elevations. An examination of the deviance table revealed
that including 'Elevation' as a variable significantly enhanced the model's fit compared to the
null model (¥*(3) = 39.954, P < 0.001). The analysis of infected baits at different elevations
(512, 680, 880, and 1024 meters above sea level) revealed significant differences, with lower
elevations (512 and 680 m a.s.l.) having higher infection rates compared to higher elevations
(880 and 1024 m a.s.l.). As shown in Fig. 2.10, the mean percent infection was highest at 512
m a.s.l. and decreased with increasing elevation. Infection rates at 512 and 680 m a.s.l. were
not significantly different from each other, nor were infection rates at 880 m and 1024 m a.s.lL.
However, infection rates at lower elevations (512 m and 680 m a.s.l.) were significantly higher
compared to higher elevations (880 m and 1024 m a.s.l.).

Elevation also significantly influenced CFU counts (y*(3) = 77.18, P < 0.001). Similar
to what was seen for insect baits, the fungal CFU count was notably higher at lower elevation

levels (512 m and 680 m a.s.l.) compared to 880 m and 1024 m a.s.l. (Fig. 2.11)
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Figure 2.10. Proportion Tenebrio molitor larvae infected with EPF using soil from native forests at
different elevations (meters a.s.l.) in Tongariro National Park, NZ, 2019. A total of 40 7. molitor larvae
were baited per elevation. The values are mean percent infection +se. Different letters indicate statistically

significant differences at o = 0.05, Tukey’s HSD test.
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Figure 2.11. The density of EPF (1000 CFU per gram of soil) observed using soil dilutions and direct
plating in soil samples from native forests at different elevations (meters a.s.l.) in Tongariro Nat. Park,
NZ, 2019. The values are mean +se. Different letters indicate statistically significant difference at o =

0.05, Tukey’s HSD test.

Discussion

Abundance of Entomopathogenic Fungi (EPF) in soil samples across adjacent habitats

The presence and abundance of entomopathogenic fungi (EPF) in soil samples from
adjacent pasture and forest habitats were assessed, revealing that habitat type plays a crucial
role in determining EPF distribution. There was a considerable presence of EPF in the adjacent
habitats in decreasing order: Forests > Boundary >Pastures. To my knowledge, this is the first
report of EPF abundance in adjacent habitats in New Zealand.

Entomopathogenic fungi (EPF) in different habitats have been the subject of intense
research, given the significant role that these fungi play in controlling pest populations (Shah

and Pell, 2003). The present study, along with recent studies from Sharma et al. (2018) in
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Portugal and from Meyling and Eilenberg (2006) in Denmark, confirms that the presence and
abundance of entomopathogenic fungi can vary between different habitats within proximity.

Our results align with the findings of Sanchez-Pena et al. (2011), who reported that the
number of insects infected by EPF was significantly higher in forest soil compared to
agricultural soil. Specifically, Sdnchez-Pena et al. (2011) observed 51.4% infected insects in
forest soil, whereas only 16.2% were found in agricultural soil.

Considering the substantial number of soil samples collected in this study (108) and the
observed occurrence of EPF in different habitats, our findings (73.2% EPF-positive soil
samples) are comparable to previous studies conducted by Klingen et al. (2002), Quesada-
Moraga et al. (2007), Sun et al. (2008), Imoulan et al. (2011) and Schneider et al. (2012). For
instance, Quesada-Moraga et al. (2007) reported a 71.7% occurrence of EPF-positive soil
samples in both natural and cultivated habitats, which aligns with the findings of this study.
The high percentage of EPF presence in soil samples underscores the ubiquity of these fungi
in various environments.

In my study, only 28.7% of the total soil samples with positive EPF infection were from
boundary habitats, which was comparable with 20.5% and 15.8% of positive soil samples from
hedgerows habitats examined by Meyling & Eilenberg (2006) and Sharma et al. (2018),
respectively. Semi-natural habitats, such as mid-field woodlots, have been found to play an
essential role as a source of biodiversity of entomopathogenic fungi in agricultural landscapes
(Tkaczuk et al., 2013).

The density of entomopathogenic fungi (EPF) is significantly higher in forest
ecosystems than in agricultural pastures. Forest habitats, including agroforestry systems (Lin,
2007), contribute to shaded soils, regulate microclimatic conditions, conserve moisture, and
enhance ecosystem stability by reducing disturbances (Jose, 2009). Moreover, the
microclimate in forests, characterized by higher humidity and stable temperatures, further
supports the survival and reproduction of EPF. These fungi thrive in forest soils, where they
effectively infect their insect hosts and serve as crucial biotic factors in regulating arthropod
populations within forest ecosystems (Gouli et al., 2013).

In contrast, agricultural pastures experience frequent soil disturbances due to tillage,
crop rotation, and the application of chemical fertilizers and pesticides, which can disrupt the
natural soil structure and microbial communities (Tkaczuk et al., 2014; Clifton et al., 2015).
This disruption can lead to a decline in the abundance and diversity of EPF. Birkhofer et al.
(2008) observed that fertilizers impact both aboveground and belowground systems, ultimately

weakening internal biological control mechanisms. This suggests that the low abundance of
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EPF in pasture habitats may be attributed to the effects of fertilization, as the pasture habitats
collected in this study is fertilized. Additionally, in agricultural settings, the application of
herbicides and fungicides can adversely affect EPF populations. These chemicals, while
intended to manage pests, often have non-specific effects that harm beneficial organisms
(Yousef et al., 2015; Bamisile et al., 2021).

The significance of higher EPF densities in forests compared to agricultural pastures
extends beyond mere ecological observations, as it has significant implications for pest
management. EPF act as a natural biocontrol agents, effectively regulating insect populations.
These fungi are commonly found in forest areas, national parks, and nature reserves, where
they have demonstrated successful and acceptable levels of control under laboratory and
simulated field conditions (Barta et al., 2019). Their presence can help mitigate pest outbreaks,
thereby reducing the need for chemical pesticides in adjacent agricultural lands. This natural
pest control mechanism is especially vital in sustainable agriculture, where the focus is on
reducing chemical inputs (Bamisile et al., 2021) and promoting biodiversity. Additionally, EPF
contribute to soil health through their role in nutrient cycling (Sharma, 2019) and in regulating
processes such as pest and disease control (Klingen and Haukeland, 2006). Their functions
further support the sustainable management of agroecosystems (Barrios, 2007).

Ecotones in soil are dynamic boundaries where physical and chemical properties, such
as pH, salinity, and air capacity, gradually shift with changes in habitat and biodiversity (Marfo
et al., 2019). These zones, highly sensitive to environmental changes, are crucial in ecological
research as they connect biomes and exhibit significant biological diversity, offering high
conservation value (Korpela et al., 2015). The boundary habitat, considered as the transition
zone, or ecotone, between forest and pasture in this study presents a unique ecological niche
that supports a higher abundance of entomopathogenic fungi (EPF) compared to the pasture
alone. This can be attributed to several interrelated factors, including habitat heterogeneity, the
edge effect, and reduced disturbance.

Firstly, the ecotone is characterized by greater habitat heterogeneity and diversity,
which not only supports fungal growth but also enhances the overall biodiversity of the area.
The blend of environmental conditions from both the forest and pasture—such as increased
organic matter from the forest and moderate sunlight exposure from pasture—creates a
favorable microenvironment for fungal growth. Research indicates that soil properties,
especially organic matter content, play a crucial role in shaping the diversity and abundance of
EPF (Rath et al., 1992; Jabbour and Barbercheck, 2009; Sharma, 2019). For example, soils

with higher organic matter content have been associated with greater EPF diversity and better
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conidia absorption (Quesada-Moraga et al., 2007; Majchrowska-Safaryan et al., 2017), as these
fungi benefit from the abundant organic inputs which are higher in boundary than pasture.

Secondly, the edge effect plays a significant role in promoting biodiversity within the
ecotone. The interface between two distinct habitats often supports a greater variety of species,
including a wider range of insect hosts (Korpela et al., 2015). The presence of host arthropods
is a critical factor influencing the dynamics of entomopathogenic fungi (EPF) in soil (Walstad
etal., 1970). Increased host availability is essential, as EPF depend on invertebrates to complete
their life cycles (Islam et al., 2021). The forest-pasture boundary acts as a convergence zone
for species from both ecosystems, thereby increasing the likelihood of EPF encountering
suitable hosts

Moreover, the boundary area may experience less agricultural disturbance compared to
the interior of the pasture (Meyling et al., 2009). Meyling et al. (2009) reported that the
diversity of EPF was higher in seminatural hedgerow habitats. This was attributed to the greater
abundance and diversity of insect hosts, higher humidity levels, reduced ultraviolet exposure,
and enhanced long-term environmental stability compared to the structurally simpler, more
exposed, and disturbed conditions found in agricultural fields.

Our results demonstrate the critical role of habitat in shaping the EPF and invertebrate
dynamics in the soil, reinforcing the significance of habitat characteristics in structuring
ecological communities. These results imply that the pasture habitat may be subject to
environmental or ecological constraints that impede the occurrence and growth of EPF. Such
constraints could be intrinsic to the pasture ecosystem or arise from interactions unique to this
environment. Conversely, the forest habitat did not significantly differ from the boundary,
suggesting similar conditions for EPF prevalence between these two habitats. Understanding
the interplay between adjacent habitats and entomopathogenic fungi can provide valuable
insights for managing and conserving these beneficial fungi in agricultural and forest

environments.

Effect of elevation on the abundance of entomopathogenic fungi

Elevation can influence the distribution and abundance of entomopathogenic fungi
(EPF) due to its impact on environmental factors such as temperature, humidity, and
vegetation. The distribution of EPF can vary with elevation, as shown in studies conducted in
Mexico. For example, in Mexico, Dela Rosa et al. (2000) observed that the average percentage

of mycosis varied with altitude. At 450 m above sea level (a.s.l.), B. bassiana exhibited 14.3%
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mycosis and M. anisopliae 6.3%. At 880 m a.s.l., these values increased to 40.6% and 12.6%,
respectively, while at 1,100 m a.s.l., B. bassiana showed 33.9% and M. anisopliae 22.1%.
Similarly, studies in Pakistan have shown that the highest number of EPF isolates were found
at altitudes greater than 600 meters (Wakil et al., 2013).

Conversely, in our study, a considerable presence of EPF was observed at lower
elevations of 512 m and 680 m a.s.l., while at deeper forest with elevations of 880 m and 1024
m a.s.l., EPF were scarce or not detected. The abundance of EPF at lower elevations can be
attributed to several interrelated ecological factors that enhance their growth and efficacy as
biological control agents. Increased activity and diversity of insect populations at lower
elevations provide a more abundant host base for EPF (Islam et al., 2021). The combination of
favorable temperatures and abundant insect hosts creates a synergistic environment that
enhances the prevalence of EPF. The ecological advantages of EPF at lower elevations have
significant implications for agricultural systems. The higher abundance of EPF can lead to
enhanced biological control of pest populations, reducing the reliance on chemical pesticides
(Mantzoukas et al., 2022). With effective pest suppression facilitated by EPF, agricultural
productivity can increase, contributing to food security (Imoulan et al., 2011).

Changes in environmental conditions and vegetation can have profound effects on the
distribution and abundance of insects in the soil, consequently impacting the distribution and
abundance of entomopathogenic fungi. Previous research highlights progress in understanding
elevation-based distribution patterns of soil microbes, facilitated by advancements in
sequencing platforms (Zheng et al., 2024). While various global distribution patterns have been
observed, definitive conclusions remain challenging due to the locality-specific factors

influencing these patterns (Li & Ma, 2018).

Invertebrates and entomopathogenic fungi in the same soil system

In the present study, forest soils hosted a large abundance and diversity of soil fauna
and also exhibited higher infection and density of soil EPF, suggesting a positive correlation
between the two. The rich diversity of potential hosts in forest soils likely contributes to the
elevated densities of EPF observed in these habitats, as supported by previous research
emphasizing the importance of biodiversity in maintaining ecosystem functions (Dufty, 2008).
The low abundance and diversity of invertebrates in pastures corresponded to the lower
presence of EPF in this habitat. The interaction between EPF and invertebrates, particularly

certain insect species, can significantly influence the occurrence and diversity of these fungi
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within the ecosystem. Walstad et al. (1970) observed that B. bassiana relies on host arthropods
for its development and does not grow saprophytically in non-sterile soil. In the absence of
hosts, the viability of EPF can be affected by non-specific attachment and germination on the
cuticle of non-host arthropods, which refers to arthropods that are not susceptible to a specific
EPF at a particular level of inoculum (Blond et al., 2018). Some insect species act as preferred
hosts for EPF, providing a constant source of potential hosts for the fungi. Kessler et al. (2004)
found that the absence of the host insect significantly reduced the persistence of EPF compared
to sites with a host.

Cows regularly grazed the pasture sites in Taranaki and Manawatu in this study, and
Liu et al. (2019) reported that animal trampling and grazing had a detrimental effect on soil
microarthropod abundance. The decline in soil invertebrates in pasture soils could have led to
a lower presence of entomopathogenic fungi, making pasture soils more vulnerable to insect
pest infestations. This finding highlights the crucial role of habitat in shaping the association
between the EPF and invertebrates’ presence, underscoring the significance of habitat

characteristics in structuring ecological communities.

Conclusions

The presence and abundance of entomopathogenic fungi (EPF) in soil samples varied
across habitats, with forest soils exhibiting higher EPF abundance than boundary and pasture
soils. This supports previous studies indicating the influence of habitat on EPF occurrence. The
unique conditions present at the forest-pasture boundary create an ecotone that is more
favorable for the abundance of entomopathogenic fungi than pasture. The presence and
abundance of EPF can also vary with elevation, with lower elevations showing higher EPF
occurrence than higher elevations. This study observed that the forest habitats with higher
abundance and diversity of soil invertebrates also have higher soil EPF abundance, indicating

a positive association.
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APPENDIX I
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Fig. A.1. Collection site in Taranaki showing adjacent habitats.
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Fig. A.2. Soil sample collection in adjacent native mixed forest and pasture habitats in Bushy Park

conducted in June 2020 and August 2021.
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Fig. A.3. Soil collection in adjacent habitats Totara Reserve (Manawatu, NZ) encompassing

pasture-forest transition was conducted in October 2020 and August 2021.

Fig. A.4. Collection site in Egmont National Park across elevation gradient conducted in October, 2019
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Different letters indicate statistically significant difference at 0.05, Tukey’s HSD test.
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Chapter Three

Entomopathogenic fungi (Beauveria spp. and Metarhizium spp.)
in adjacent pasture and forest soil: their occurrence, identification and speed of kill

assessed using Tenebrio molitor larvae

Introduction

Entomopathogenic fungi (EPF) represent a diverse group of naturally occurring
microorganisms that primarily target a wide range of insect species (Lovett & St. Leger, 2017;
Masoudi et al., 2020). Among these fungi, those belonging to the order Ascomycetes and order
Hypocreales, notably, the genera Beauveria (family Cordycipitaceae) and Metarhizium (family
Clavicipitaceae) are extensively studied for their roles in biological pest control, showcasing
their potential as effective agents against insect pests (Zimmermann, 2007; Lacey & Shapiro-
Ilan, 2008; Vega et al., 2009; Lacey et al., 2015). The ecological importance and ubiquitous
distribution of Beauveria and Metarhizium have made them integral to soil microbial diversity
and functionality studies them as central subjects in research focused on soil microbial
biodiversity and functional dynamics, extending beyond their well-known role in pest
management. Their presence across various habitats, including agricultural and natural
ecosystems, highlights their significance in integrated pest management (IPM) strategies (Vega
et al., 2009; Skinner et al., 2014). Investigating the distribution, diversity and ecological
interactions of these fungal genera in different soil environments is crucial for optimizing their
use in sustainable pest control and advancing our understanding of soil ecosystem functionality.

Detailed knowledge of the morphology and microscopic features of entomopathogenic
fungi is vital for their accurate identification, classification, and understanding of their
ecological roles (Hibbet et al., 2011; Bich et al., 2021). However, Beauveria spp. and
Metarhizium spp. are widely recognized as complexes of cryptic species, making it difficult to
distinguish between individual species within these genera based on morphology alone
(Bischoff et al., 2009; Fisher et al., 2011; Rehner et al., 2005), necessitating the use of molecular
and genetic techniques for proper differentiation.

Molecular identification techniques are essential for the accurate identification of
entomopathogenic fungi. These methods rely on analyzing specific DNA regions to determine
the genetic identity of fungal isolates (Gebremariam et al., 2021). For instance, various studies

have employed molecular approaches to identify species within the genus Beauveria. Rehner
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et al. (2011) utilized a multi-gene sequencing approach, targeting traditional nuclear loci used
in fungal phylogenetics, including genes encoding the largest (rpb1) and second largest (rpb2)
subunits of RNA polymerase II, along with ITS (Internal Transcribed Spacer) and tefl-a
(translation elongation factor 1-alpha). Additionally, a nuclear intergenic spacer region known
as BLOC was sequenced (Rehner et al., 2006b). Genetic studies on Beauveria population
across various regions including Brazil (Fernandes et al., 2009), China (Imoulan et al., 2016),
Cuba (Ramos et al., 2017), Denmark (Meyling et al., 2009) and Greenland (Meyling et al.,
2012) have employed combinations of genetic loci including nrLSU introns, rpbl, rpb2, tefl-
a, B-tubulin, ITS, and BLOC, to identify and classify fungal species accurately.

Similarly, molecular techniques have been extensively used to study species within the
genus Metarhizium. Various methods, such as RAPD (Random Amplified Polymorphic DNA)
markers, AFLP (Amplified Fragment Length Polymorphism) (Inglis et al., 2008) and
multiplexed microsatellite markers (Mayerhofer et al., 2015) have been employed to
distinguish between Metarhizium species. Liang et al. (1991) found that based on ITS
phylogeny, Metarhizium and Cordyceps are closely related. Before the reclassification by Sung
et al. (2007a), where the teleomorphs of Metarhizium were transferred from Cordyceps to
Metacordyceps, Metarhizium species were believed to be the anamorphs (asexual reproductive
forms) of Cordyceps. These molecular insights have greatly advanced the understanding of
fungal phylogeny and taxonomy, highlighting the complex evolutionary relationships within
these genera.

Entomopathogenic fungi in different soil habitats exhibit varying "speed of kill",
referring to the rate at which they infect and kill insect baits. Moreira et al. (2019) utilized the
insect bait method combined with survival analysis to evaluate the speed of kill of soil EPF in
agroforestry and full-sun coffee plantations. Their findings revealed that agroforestry coffee
soils enhanced the insect-suppressive potential of entomopathogenic fungi compared to full-
sun soils. Factors such as a diversified landscape, stable microclimatic conditions, and reduced
soil disturbance in agroforestry systems were suggested to contribute to the increased
suppressive capacity of these fungi. Moreira et al. (2019) also introduced the "bait survival
technique" which uses the mortality rate of bait insects as a measure of EPF pest-suppressive
potential.

This Chapter presents the identification of fungal isolates initially described in Chapter
2, alongside the insect bait "speed of kill" data. These data link the speed of kill to the

prevalence of different EPF genera across various habitats. The study aims to explore the
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occurrence and distribution of Beauveria and Metarhizium in distinct environments, offering

valuable insights into their ecological roles and potential applications in biocontrol strategies.

Materials and Methods

Soil collection

As detailed in Chapter 2, soil samples were collected from 2019 to 2021 in three regions
of New Zealand North Island: Taranaki, Manawatu, and Whanganui. Each site included three
adjacent habitats (pasture, boundary, and forest). Three parallel 40 m transects spaced 20 m
apart were established per site, each transect consisted of one sampling point for forest,
boundary and pasture, also 20 m apart. Soil cores (5x5 cm, 10 cm depth, five at each sampling
point) were taken using a soil corer and stored at 5°C. At each collection, soil temperature,

moisture, GPS coordinates, and surrounding vegetation were recorded.

Isolation and genus assignment of entomopathogenic fungi from soil samples

To assess the presence of entomopathogenic fungi (EPF) in soil samples, I used two
methods: the insect bait method and serial dilution plating (see details in Chapter 2). For the
insect bait method, soil samples were cleaned of debris, placed in containers and baited with
mealworm Tenebrio molitor larvae. The containers were incubated in the dark at 25°C £ 1 for
21 days, and infected larvae were monitored on days 7, 14, and 21. Larvae showing visible
fungal growth were collected, and fungal spores were transferred to Petri dishes containing
potato dextrose agar (PDA) with antibiotics to prevent bacterial contamination. For serial
dilution plating, 20g soil samples were shaken in 0.01% Triton X-100 solution, serially diluted
(102 to 10*), and cultured on semi-selective PDA media with antibiotics. The resulting
infections and plated colonies were preliminarily identified at the genus level based on key
observable characteristics, such as colony colour and typical morphological features associated

with each genus.

Genomic DNA extraction and molecular identification of EPF isolates

Representative samples of purified entomopathogenic fungi (EPF) isolates collected
from three regions, Taranaki (coded as TP, TB and TF samples), Whanganui (coded ad BP,
BB and BF samples), and Manawatu (coded as ToP, ToB and ToF samples) were used for
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genomic DNA extraction, employing two different methods based on the availability of
supplies. Genomic DNA isolation was primarily performed using the Animal and Fungi DNA
Preparation Kit (Jena Bioscience) following the manufacturer’s protocol. Fungal isolates were
first cultured in potato dextrose broth (PDB) to obtain sufficient mycelial biomass. The key
steps in DNA extraction included cell lysis, protein precipitation, DNA precipitation, and DNA
hydration. In addition, the Chelex 100 rapid DNA extraction method was also utilized when
necessary. For this procedure, genomic DNA was extracted from pure fungal cultures grown
on potato dextrose agar (PDA). The Chelex 100 method (Hennequin et al., 1999; Walsh et al.,
2013; Alizadeh et al., 2017) involved dissolving 5% (2 g) of Chelex-100 resin in 40 mL of
sterile water. Fungal colonies were scraped into centrifuge tubes, and 500 uL of the Chelex-
100 solution was added. The samples were incubated on ice for 30 minutes, then the mycelium
was ground with a sterile pestle. The mixture was vortexed, heated in a dry block incubator,
and cooled to room temperature. After centrifugation at 13,000 rpm for 20 minutes, 200 pL of
the supernatant was transferred to a new tube and stored at -20°C for future use.

For the amplification of DNA, the internal transcribed spacer (ITS) region of Beauveria
and Metarhizium was targeted using primer pairs ITS5 and ITS4. PCR amplification was
performed in a total reaction volume of 10 pL, consisting of 10 pmol of each primer, 0.1 pL
Taq polymerase, 1 pL buffer, 1 pL dNTPs, 2 to 3 puL of genomic DNA, and nuclease-free
water. Amplification was carried out using a Bio-Rad T100 PCR thermal cycler following the
protocol described by White et al. (1990). Additional target genes included the translation
elongation factor 1-alpha (tefl-a) for Metarhizium and the BLOC nuclear intergenic region for
Beauveria. For tefl-a, primers EF349 (5’-TGGCCACCAGCACTCACTAC-3’) and EF1685R
(5’-ATGTCACGGACGGCGAAA-3’) were used, amplifying an internal fragment of
approximately 1350 bp (Reay et al., 2010). PCR conditions included 40 cycles of 45 seconds
at 95°C, 45 seconds at 55°C, and 2 minutes at 72°C. The amplification of translation elongation
factor 1-alpha (tefl-a) has been challenging even when using protocols and primers from
published references The gel electrophoresis resulted in multiple bands repeatedly, even after
troubleshooting PCR thermal profiles. Hence, this region was removed from further
exploration.

The  BLOC gene  was amplified  using  primers B22U  (5’-
GTCGCAGCCAGAGCAACT-3’) and B822L (5’-AGATTCGCAACGTCAACTT-3’) to
produce an approximately 400 bp fragment. PCR conditions included an initial denaturation at
95°C for 5 minutes, followed by 40 cycles of 45 seconds at 95°C, 45 seconds at 57°C for

annealing, and 2 minutes at 72°C, with a final extension at 72°C for 7 minutes (Glare et al.,
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2008; Rehner & Buckley, 2005; Rojas et al., 2010). Positive controls (previously amplified
samples) and negative controls (dH20) were included in each PCR run. The amplified DNA
fragments were visualized using a Bio-Rad GelDoc system. Electrophoresis was performed
with molecular weight markers and negative controls to confirm the presence and size of PCR
products. Samples with the expected molecular size were sent to the Massey Genome Service
(MGS, Massey University) for Sanger sequencing. Proper labelling and parafilm sealing were
ensured for secure transport.

Sequence data were analyzed using Geneious Prime® 2023.1.2 (Biomatters Ltd.,
Auckland, New Zealand) (Kearse et al., 2012). Forward and reverse reads were assembled to
create consensus sequences, trimming low-quality regions. The identity of each isolate was
confirmed using BLASTN (Altschul et al., 1990). The ITS and BLOC consensus sequences
were aligned, and a phylogenetic tree was constructed using the Neighbor-Joining method with
the Jukes-Cantor distance model. A bootstrap analysis with 1000 replications and a 50%
support threshold was performed in the Geneious tree builder to ensure robust phylogenetic

inference.

Speed of kill

To evaluate the speed of kill of soil-derived EPF from different habitats, the data
collected during insect insect baiting (7. molitor larvae mortality in soil on day 7, day 14, and
day 21, please see Chapter 2 for the details of baiting method) were analyzed. Statistical
analysis to compare observation days and habitats was performed using R version 4.1.3 (R
Development Core Team, 2022), with the packages tidyverse, caret, multcomp and Ismeans. A
generalized linear model (GLM) with a binomial distribution was fitted to the data using the
‘glm’ function. The model results were summarized using the ‘summary’ function, which
provided coefficients, standard errors, z-values, and p-values for the factors analyzed. Post-hoc
comparisons among the habitats were performed using the ‘Ismeans’” and ‘cld” functions to
determine significant differences in the speed of kill between habitats. Additionally, the speed
of kill for each fungal genus was plotted to highlight comparative differences between

Beauveria and Metarhizium.
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Scanning electron microscopy of Beauveria bassiana and Metarhizium novozealandicum

Molecular identification confirmed that all isolates collected from both plating and
baiting belonged to two species: Beauveria bassiana and Metarhizium novozealandicum. Due
to resource and time constraints, scanning electron microscopy (SEM) to obtain detailed
morphological images was performed only on isolates of these species collected from the forest
habitat in Taranaki. For SEM preparation, spores were harvested from culture plates using a
sterile wire loop and placed into 5 mL glass vials containing a fixative solution of 3%
glutaraldehyde and 2% formaldehyde in 0.1M sodium phosphate buffer. The spores were then
sandwiched between circular filter papers and dehydrated through a graded series of ethanol
concentrations (50%, 70%, 80%, 90%, and 95%). After dehydration, critical point drying was
performed, followed by gold coating of the spores using sputter coating. High-resolution
images of the fungal morphology were captured using SEM at an accelerating voltage of 20

kV, allowing for detailed visualization of the spore structures.
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Results

Incidence of Beauveria and Metarhizium in adjacent forest-pasture soils

Out of 108 total soil samples, 79 showed the presence of entomopathogenic fungi
(EPF). Specifically, Beauveria was detected in 34 samples (31.48%), with 16 samples
identified through baiting and 18 through plating. Metarhizium was identified in six samples
(5.56%), with four detected through baiting and two through plating. Both Beauveria and
Metarhizium were found together in 39 soil samples (36.11%), with 23 detected through baiting
and 16 through plating (Table 3.1).

Table 3.1. Count of soil samples with Beauveria and Metarhizium genera across three forest-
pasture transitions, North Island of New Zealand (2019-2021). EPF detected by insect baiting

and semi-selective PDA plating methods.

Habitat Method Beauveria Metarhizium Beauveria and
sp. only sp. only Metarhizium

Pasture Baiting 7 0 2
Plating 9 0 0
Boundary Baiting 2 2 12
Plating 5 0 9
Forest Baiting 7 2 9
Plating 4 2 7
Total 34 6 39

Figure 3.1 shows the relative abundance of Beauveria and Metarhizium across three
habitats: pasture, boundary, and forest. The data combines results from both baiting and plating
methods from a total of 108 soil samples (54 from baiting and 54 from plating). In the pasture
habitat, predominantly detected EPF were Beauveria spp., with minimal presence of
Metarhizium spp. and no co-occurrence of both genera. In the boundary habitat, Beauveria spp.
were still dominant, but there was a noticeable presence of Metarhizium spp. and some co-
occurrence of both genera. In the forest habitat, the relative abundance of both Beauveria and
Metarhizium spp. increased, with a significant proportion of samples showing co-occurrence
of both genera. The forest habitat displayed the highest diversity of EPF genera among the
three habitats. Beauveria was present in all sites and all habitats. Metarhizium was present in

all areas except for the pasture habitat in Whanganui.

48



100%

90%

80% u Beauveria spp. and

Metarhizium spp.
70%
m Metarhizium spp.
60%

50% m Beauveria spp.
(1]

40%

Relative Abundance (%)

30%

20%

10%

0%
Pasture Boundary Forest
Habitat

Figure 3.1. Occurrence of Beauveria and Metarhizium in soil samples collected across forest-pasture
transitions, North Island of New Zealand, 2019-2021. Data from insect baiting (N=54) and semi-
selective PDA plating (N=54).

In insect baiting, among the 120 7. molitor larval deaths, 73 (60.8%) were attributed to
Beauveria infection, while 47 (39.2%) were associated with Metarhizium. Beauveria infections
were characterized by a white coloration on the insects, while Metarhizium infections were
distinguished by a vivid green coloration of conidia on the external cuticle (Figure 3.2).
Notably, each insect bait exhibits infection by a single fungus type, with no cases of mixed

infections per mycosed cadaver.
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Figure 3.2. Insect cadavers (Tenebrio molitor larvae) infected by the entomopathogenic fungi from

genera Beauveria (A) and Metarhizium (B).

Speed of kill

The soils from various habitats demonstrated differing abilities to infect mealworm
larvae with naturally occurring EPF spores. Significant differences in the proportions of dead
larvae were observed across the different observation days (Z = 2.982, P = 0.003), indicating
significant variation in the “Speed of Kill” (infection speed) across the soil samples.
Additionally, deviance analysis confirmed that both habitat and day significantly contributed
to the model's goodness of fit (P < 0.001 for both Habitat and Day), highlighting characteristic
infection speeds of soils from different habitats.

Forest soils reached a peak 7. molitor larvae infection (40%) by day 7, whereas
boundary soils peaked on day 14 and then plateaued. In contrast, pasture soils exhibited slower
infection rates, with mealworm larvae infection peaking only on day 21. Day 21 had a
significantly higher cumulative mean mortality of 7. molitor larvae (0.45) than the other two
days when the data were analysed using cumulative deaths. The analysis showed no significant
difference in infection rates between the forest and boundary habitats (P > 0.05); however, both
these habitats exhibited significantly faster infection rates compared to the pasture habitat (P <

0.05), as illustrated in Figure 3.3.
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Figure 3.3. “Speed of Kill” analysis: cumulative mortality (%) of Tenebrio molitor larvae in soils
collected across forest-pasture transitions, North Island of New Zealand, 2019-2021. Asterisks (*)

indicate statistically significant differences (p < 0.05) between habitats on each respective day.

The percent mortality of insect baits (7. molitor larvae) was recorded over time. From
the deceased larvae, the EPF genera Beauveria and Metarhizium were isolated, and their
recovery was expressed as a percentage, calculated as the percent recovery of each EPF genus.
The recovery rates of Beauveria and Metarhizium from insect baits varied significantly across
pasture, boundary, and forest habitats (Fig. 3.4). In pasture habitats, Beauveria exhibited a
steady increase in recovery, peaking on day 21, albeit at lower rates compared to other habitats.
Metarhizium showed a sharper increase by day 14, then plateaued, suggesting rapid adaptation
but limited growth potential. The boundary habitat supported a consistent upward trend for
both fungi, with Beauveria and Metarhizium showing marked recovery by day 21, indicative
of favorable transitional environmental conditions. In contrast, the Forest habitat, with soil rich
in organic matter and with more stable microclimate, was most conducive to Beauveria, which
displayed robust growth in infection throughout the period. Metarhizium also increased
gradually in the forest, although the infection rates did not reach the levels of Beauveria,

highlighting different habitat preferences between the fungi. These observations underscore the

51



influence of specific habitat characteristics on EPF success, which is crucial for optimizing

their use in biological control strategies.

Pasture Boundary Forest
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Genus
Beauveria

=== Metarhizium
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Percent Recovery of EPF Genus from Insect Bait

7 14 21 7 14 21 7 14 21
Days

Figure 3.4 Temporal dynamics of entomopathogenic fungi Beauveria and Metarhizium recovery from
infected insect baits (7. molitor larvae) in soils collected across pasture, boundary and forest habitats,
North Island of New Zealand, 2019-2021.The smoothed lines, accompanied by confidence intervals
(shaded region), trace the variability and trends in fungal recovery over three observation periods—days

7,14, and 21.

Molecular identification of species present in isolates

The gene region encompassing [TS1-5.8S-ITS2 was amplified to identify the species
of Beauveria and Metarhizium present in the samples from Taranaki, Whanganui and

Manawatu sites (Fig. 3.5). BLASTn of the samples resulted to 100 percent identity of the
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Metarhizium isolate to Metarhizium flavoviride var novozelandicum isolate F530 (GenBank
Acc. No. DQ385622.1) while Beauveria isolates resulted in 99.6-100% identity with Beauveria
bassiana (MH165266.1).

Although Metarhizium was identified as Metarhizium flavoviride var novozelandicum,
the problematic taxonomy of this group suggests using a coding gene, such as translation
elongation factor 1-alpha (tefl-a) as a molecular marker to obtain more confidence and
consensus on the identity of obtained isolates. Unfortunately, the amplification of tefl-o has
proven to be challenging, hence the identification of Metarhizium isolates in this study was
based only on ITS. On the other hand, the use of ITS region and BLOC gene provided a reliable
identification for the Beauveria species obtained in this study. Using BLOC locus for
Beauveria isolates resulted in 99% to 100% identity with Beauveria bassiana isolates J2, Mo1
and J18 from New Zealand (GenBank Acc. Nos. MZ703285, MZ703284 and MZ703283).

A 560 bp alignment of the I'TS region using ten Beauveria (TP3, TF3, BP3, BB2, TB2,
TBI1, ToP1, TB3, BF1 and TP1) and six Metarhizium (BB2-G, TF3-G, ToB2-G, BB1-G, TF1-
G and ToF1-G) sequences obtained in this study with eight reference sequence from GenBank
were used to construct a phylogenetic tree using the Neighbor-Joining method and Jukes-
Cantor as a phylogenetically mathematical distance model, with 1000 Bootstrap was created
(Fig. 3.6). Similarly, the phylogenetic tree using BLOC locus with the representative isolates

from sites and habitats is presented in Figure 3.7.

M2 3 4 5 6 7 8 91011121314 15

Figure 3.5. Amplified fragments of the ITS1-5.8S-ITS2 region, approximately 600 bp, from EPF isolates
collected in Taranaki. (lanes 2- 6, 8-9, and 11-15) A 1kb+ ladder (M) was used as a molecular

size standard.
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Figure. 3.6. The phylogenetic tree derived from the partial ITS1-5.8S-ITS2 region from EPF isolates

collected in Taranaki, Whanganui and Manawatu, New Zealand was inferred based on the Neighbor-Joining

method using Juke-Cantor as model. A bootstrap of 1000 replicates was implemented in Geneious tree

builder. The isolates in bold are reference isolates from GenBank. Beauveria bassiana sample codes: TP1,

TP3 — Taranaki Pasture; TB1, TB2 — Taranaki Boundary; TF3 — Taranaki Forest; BP3 — Whanganui Pasture;

BB2 — Whanganui Boundary; BF1 — Whanganui Forest; ToPl — Manawatu Pasture. Metarhizium

flavoviridae var novozealandicum sample codes: TF1G, TF3G — Taranaki Forest; BB1-G, BB2-G —

Whanganui Boundary; ToF1-G — Manawatu Forest; ToB2-G — Manawatu Boundary.
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Figure 3.7. The phylogenetic tree derived from the partial BLOC sequences from purified Beauveria
isolates collected in Taranaki, Whanganui and Manawatu, New Zealand. Tree was inferred
based on the Neighbor-Joining method using Juke-Cantor as a phylogenetically mathematical
distance model, no outgroup, with 1000 replicates bootstrap and the support threshold of 50%
in Geneious tree builder. The isolates in bold are reference isolates from GenBank. Sample
codes: TP1-1, TP2, TP3 are from Taranaki Pasture; TB1 and TB2 — Taranaki Boundary; TF1,
TF2 and TF3 — Taranaki Forest; BP1, BP2 and BPR — Whanganui Pasture; BB2 and BB3 —
Whanganui Boundary; BF1 and BF2 — Whanganui Forest; ToP1 and ToP2 — Manawatu Pasture;
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Ultrastructure observations of Beauveria bassiana and Metarhizium flavoviride var

novozelandicum

Following molecular identification that verified that only two EPF species were present,
Scanning Electron Microscopy (SEM) was conducted on representative Beauveria bassiana
and Metarhizium flavoviride var novozelandicum isolates from Taranaki Forest samples to
obtain detailed images. Beauveria bassiana conidia have a distinctive, uniform, round to oval

shapes and smooth texture (Fig 3.8).

HV  spot det WD mag pressure e—T um

Figure 3.8. Beauveria bassiana conidia obtained through insect baiting from soil in a forest habitat,

Taranaki, NZ. Magnification: 2,500x. SEM was conducted in 2022.
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Figure 3.9 shows germinating B. bassiana conidia showing the initial stage where the
conidium transitions into active growth by developing a germ tube. Beauveria bassiana with a
prominent hyphal filament extending from a conidium is shown in Figure 3.10 indicating the
progression of fungal growth and the beginning of colonization, as the fungus establishes its

filamentous network.

2

Figure 3.9. Germinating Beauveria bassiana conidia from the forest soil in Taranaki, NZ at 33,000X

magnification. SEM was conducted in 2022.

Figure 3.10. Beauveria bassiana conidia from forest soil in Taranaki, showing a prominent hyphal

filament (indicated by an arrow) viewed at 12000X. SEM was conducted in 2022.
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The conidia of Metarhizium flavoviride var. novozelandicum isolated from forest soil
in Taranaki exhibit an elongated, cylindrical morphology, which is characteristic of the genus

Metarhizium (Fig. 3.11).
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Figure 3.11. Metarhizium novozealandicum conidia obtained by insect baiting from soil collected in forest

habitat, Taranaki, NZ A) 10,000X magnification. B) Closer look at 11,000X magnification.

Discussion

Occurrence of Beauveria and Metarhizium in adjacent habitats

The study of entomopathogenic fungi (EPF), particularly Beauveria and Metarhizium,
in adjacent forest-pasture soils of New Zealand's North Island reveals significant insights into
their ecological distribution and potential applications in biological control. The observed
prevalence of Beauveria (31.5%) compared to Metarhizium (5.6%) in positive soil samples
aligns indicates greater ecological adaptability of Beauveria across diverse environments
(Sanchez-Peiia et al., 2011; Sharma et. al., 2018). The prevalence of Beauveria aligns with the
findings of Majchrowska-Safaryan and Tkaczuk (2021) as well as those of Medo and Ludovit
(2011).

The habitat-specific distribution of EPF genera observed in this study underscores the
importance of environmental factors in shaping fungal communities. The higher prevalence of

both genera in forest and boundary soils (vs. pasture) is consistent with previous research that
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highlights the role of soil organic matter and microclimate in supporting fungal diversity
(Quesada-Moraga et al., 2007). Studies have shown that soils with high organic matter tend to
support greater fungal diversity (Hallouti et al., 2020). Forest soils, characterized by higher
organic matter content and favorable microclimatic conditions, exhibit the highest diversity
and abundance of both Beauveria and Metarhizium (Safitri et al., 2018). The co-occurrence of
both fungal species (in 36.1% of samples) , especially in forest and boundary habitats, suggests
that these fungi may engage in complementary ecological interactions that enhance their
survival and infectivity. Fungal species occurrence across different geographical locations
varies, emphasizing the need for localized studies to understand the ecological dynamics of
EPF and optimize their use in pest management strategies (Vega et al. 2009; Parker et al., 2015;
Vaicekonyte & Keesing, 2012).

The methodology employed in this study, utilizing both insect baiting and semi-
selective medium plating techniques, proved essential for a comprehensive survey of fungal
presence and diversity. Baiting, in particular, was found to be slightly more effective. Vega et
al. (2012) stated that the primary benefit of the insect baiting method is its ability to selectively
isolate entomopathogens from other soil microorganisms. Insect baiting is a more effective
technique for isolating entomopathogenic fungi (EPF) compared to culturing soil suspensions
on selective media (Imoulan et al. 2011; Keyser et al. 2015). This dual-method approach is
supported by findings from other studies which indicate that different sampling methods can
yield distinct species from the same environmental samples, highlighting the complexity of
fungal ecology (Bidochka et al., 1998; Sharma et al., 2018). The implications of these findings
are significant for biological control programs, as targeting the application of Beauveria and
Metarhizium in environments where they are naturally abundant could enhance the

sustainability and effectiveness of pest management strategies (Keyser et al., 2015).

Investigating speed of kill and temporal recovery patterns of Beauveria and Metarhizium

in soil samples from adjacent habitats

The analysis of the speed of kill in soil samples from different habitats aimed to
investigate the speed at which the soils kill insects using the "bait survival technique"
introduced by Moriera et al. (2019). This technique indicates that differential insect survival
reflects the suppressive potential of the soil in a particular habitat, providing a practical
approach to assess pest-suppressive capabilities through bait insect mortality, although the

correlation between the speed of kill and natural biological control of soil-dwelling insect pests
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in the field was not directly tested by Moriera et al. (2019). Previous studies have
predominantly focused on EPF abundance or species compositions rather than the activity of
the soil (Klingen et al., 2002; Meyling & Eilenberg, 2006; Garrido-Jurado et al., 2015).

In this study, the observation day factor (i.e., length of incubation) has been a significant
factor in the mortality of Tenebrio larvae exposed to the soil from different habitats. Forest
soils showed the fastest speed of kill, with significant infection (0.40) on day 7, when boundary
soils had 0.2 infection rate and pasture soils had the minimal infection. By day 14, boundary
soils started contributing to peak mortality, and pasture soils began to catch up. On day 21, the
mortality rate in forest soils gradually decreased but an infection could still be recovered from
pasture soils, indicating a slow speed of kill. The variation in the speed of kill across habitats
is consistent with Moriera et al. (2019) highlighting the importance of habitat characteristics in
determining the success of EPF colonization and effectiveness, which is critical for their
application in biological control programs. These findings can help inform strategic placement
of EPF treatments in landscape management for pest control. In Chapter 4, we further tested
these isolates from different habitats against various insects to explore this concept.

The trends observed in this study, suggest that both fungal genera have adapted to
specific habitat conditions, with Beauveria generally performing better in more stable, organic-
rich environments such as forests, while Metarhizium showing considerable adaptability but
excelling in transitional zones, in our case boundaries. The recovery of Beauveria in pasture
habitats was characterized by a slow increase, peaking at day 21, and overall recovery rates
remained lower compared to other habitats. This suggests that pastures may not provide
optimal conditions for Beauveria growth (Hallouti et al., 2020). Previous studies have noted
that entomopathogenic fungi thrive better in soils with higher organic matter (Hallouti et al.,
2020). Forest habitat, characterized by stable microclimates, proves to be the most conducive
environment for Beauveria, where it exhibited robust and sustained recovery throughout the
study period, highlighting the resource-rich environment that promotes its establishment.
Conversely, Metarhizium in pastures showed a sharper increase in recovery by day 14 before
plateauing, indicating a rapid adaptation to the pasture environment, although its growth
potential appears to be limited by the habitat's characteristics (Bidochka et al., 1998). Although
Metarhizium also showed gradual increases in recovery within the forests, it did not reach the
levels observed for Beauveria, indicating differing habitat preferences and ecological niches
between these two fungi (Bidochka et al., 1998).

The boundary habitat, acting as a transitional zone between forest and pasture,

demonstrated a consistent upward trend in recovery for both fungi. This habitat's moderate
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organic content and stable microclimate create favourable conditions for the proliferation of
both Beauveria and Metarhizium, as evidenced by their markedly higher recovery by day 21.
The boundary habitat serves as a critical zone for diverse EPF, facilitating their adaptability
and sustained growth, which is essential for effective pest management strategies (Lee et al.,

2018a).

Species identification of entomopathogenic fungi Beauveria and Metarhizium

The identification of entomopathogenic fungi (EPF) isolates through molecular
characterization is essential for advancing our understanding of their diversity, classification,
and evolutionary relationships. Recent advancements in molecular identification techniques
have significantly expanded the recognized diversity within the genera Beauveria and
Metarhizium, enabling more precise species identification and a better understanding of their
ecological roles (Sanchez-Pena et al., 2011; Litwin et al., 2020).

In this study, Beauveria bassiana and Metarhizium flavoviride var. novozelandicum
showed habitat preferences, which is consistent with findings that B. bassiana strains are more
closely adapted to specific habitat types than to particular hosts (Bidochka et al., 2002; Hallouti
et al., 2020). Conversely, Sharma et al. (2018) found that the type of bait insect used plays a
more significant role than habitat type in isolating B. bassiana from soils (Fisher et al., 2011).
This discrepancy highlights the complex ecology of EPF and the need for further research to
clarify the factors influencing their distribution and abundance.

The sequencing of genomes for Beauveria and Metarhizium has opened new avenues
for molecular research, providing valuable resources for exploring genetic diversity and
pathogenicity (Lee et al., 2018b; Rizal et al., 2024). These genomic insights are crucial for
optimizing the use of these fungi as biopesticides, as they can inform breeding programs aimed
at enhancing virulence and environmental resilience (Safitri et al., 2018). The presence of EPF
in diverse habitats, as observed in this study, suggests that microclimatic variations and habitat
characteristics may significantly influence their infection rates and overall effectiveness as
biological control agents (Rusch et al., 2010; Ennis et al., 2019) Factors such as soil pH,
temperature, and vegetation density have been documented to affect the distribution of EPF in
soil (Vaicekonyte & Keesing, 2012). While these factors were considered in this study, they
were excluded from the generalized linear mixed model (GLM) due to concerns about model
fitness and reliability. Future studies should aim to incorporate these environmental variables

into more robust models to better understand their influence on EPF dynamics.
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Reliable species identification of Beauveria and Metarhizium requires amplifying both
coding and non-coding genes. In this study, Metarhizium was identified using ITS, while
Beauveria was identified with ITS and the BLOC gene. Although Metarhizium was resolved
as Metarhizium flavoviride var. novozelandicum, the complex taxonomy of this group
underscores the need to include coding genes, such as elongation factor 1-alpha (efla), to
enhance accuracy and establish consensus in species identification.

While elongation factor 1-alpha was utilized in this study, the PCR yielded multiple
bands, complicating interpretation. This challenge has been documented in a similar work by
Reason et al. (2020), where multiple bands were also observed. To resolve this, Reason et al.
excised and purified the desired amplicon from the gel. However, this additional step was not
conducted in the present study. Incorporating such refinement techniques in future work could

improve reliability and consistency in molecular identification.

Conclusions

The detection of Beauveria bassiana and Metarhizium flavoviride var. novozelandicum
across diverse habitats underscores their broad ecological distribution and adaptability. This
suggests that these fungi are versatile and capable of thriving in various environmental
conditions, enhancing their potential utility in biological control applications. Additionally, the
investigation into the "speed of kill" of soil samples provides valuable insights into the
interactions between habitats and the pest-suppressive capabilities of EPF. Notably, forest soil
demonstrated significantly higher infectivity towards insect baits, indicating that forest
environments, with their rich organic matter and stable microclimates, may enhance the
efficacy of EPF. These findings emphasize the need to consider habitat-specific factors when
deploying EPF as biocontrol agents, to maximize their effectiveness in pest management

strategies.
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Chapter Four

Comparative microbiomics of the soil in adjacent native forest and exotic pasture
habitats of NZ North Island

Introduction

Soil is one of the most diverse biomes that host large reservoir of microbial diversity
(Dimitrov et al., 2017). Soil serves as an excellent environmental shelter, protecting microbiota
from UV radiation and other adverse abiotic and biotic influences (Sdnchez-Pefia et al., 2011).
Recently, soil microbial communities have been characterized by molecular approaches since
most soil bacteria and fungi cannot be cultured using traditional laboratory techniques
(Feinstein et al., 2009).

The diversity of bacteria in the soil is influenced by various factors, including biotic
factors and the microbiome’s functional profile (Xu et. al. 2023). The fungal component of
microbial communities is referred to as mycobiota while their genomes are called mycobiome
(Orellana, 2013). Fungi heavily influence soil dynamics by the decomposition of organic
substrates by soil saprophytic fungi (Setild & McLean, 2004), symbiotic mycorrhizal
interactions (Sun et al., 2016; Wen et al., 2023) and invasion of the rhizosphere by fungal plant
pathogens. The entomopathogenic fungi (EPF) is one component in soil microbial
communities. An improving understanding and documentation of genomic diversity includes
EPF, which indicates comparative data are becoming available. Among insect-pathogenic
fungi, the Hypocreales (Ascomycota) is by far the best-studied group with genomic data
allowing insight into the molecular details underlying hypocrealean infection processes and
interactions with the host immune system (Kepler et al., 2017). Studies have found
entomopathogenic fungi in the genera Beauveria, Metarhizium, and Isaria commonly found in
soil (Pefia et al., 2011; Sharma et al., 2018). These fungi have been isolated from various
agricultural and natural ecosystems, highlighting their wide distribution (Safitri et al., 2018;
Budiarti & Nuryanti, 2022). Genome of several EPF such as Beauveria bassiana, Cordyceps
militaris, Ophiocordyceps sinensis and several species of Metarhizium have been sequenced
and currently available in the GenBank (Devi et al., 2006; Gao et al., 2011; Zheng et al., 2012;
Wichadakul et al., 2015; Xia et al., 2017).

Understanding the diversity of soil microbial communities and soil fungi in different

ecosystems are essential for their management and conservation (Sevim et al., 2009; Tedersoo
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et al., 2022). Native populations of entomopathogenic fungi in soil can be managed to facilitate
the control of pest insect populations within agroecosystems. Isolating and characterizing
indigenous entomopathogenic fungi also provides insights into the naturally occurring fungal
biodiversity and offers a pool of potential biological control agents for pest control (Sevim et
al., 2009).

Efficient extraction of high-quality DNA from soil is imperative due to the complex
nature of soil matrices and various inhibitors. Several DNA extraction methods have been
developed and used for this purpose, including the CTAB-based method, bead-beating, and
commercial kits (Feinstein et al., 2009). Two types of approaches are commonly used to probe
the genomic diversity of environmental samples: metagenomics uses non-targeted sequencing
of fragmented genomic DNA in the sample, while metabarcoding (amplicon sequencing) uses
Polymerase Chain Reaction (PCR) to target a particular locus (Lear et al., 2018). These
methods provide the means to discover otherwise invisible biological diversity within
environmental samples such as fresh water (Bradford et al. 2013; Mao et al., 2014), animal
guts (Leray et al., 2013; Hibert et al. 2013) and soils (Makiola et al., 2019; Lear et al., 2018).

Metabarcoding from amplicon sequencing and metagenomics from shotgun sequencing
have revolutionized soil microbiome research by enabling high-throughput and culture-
independent approaches for studying microbial communities (Lear et al.,, 2018).
Metabarcoding utilizes short DNA markers, is a useful technique for identifying and
quantifying multiple taxa simultaneously (Escobar-Zepeda et al. 2015). In amplicon
sequencing, the environmental DNA is extracted, and the gene of interest is PCR-amplified
using taxonomically informative primers such as 16S rRNA gene for bacteria and intergenic
transcribed spacers (ITS)/18S for fungi (Lear et al., 2018; Tedersoo et al., 2022). The ITS
region is highly variable and widely used for fungal identification (Tedersoo et al., 2022).
Amplicon sequencing captures the diversity of a single gene of interest, but limitation includes
the universality of the PCR primers chosen for the analysis (Lear et al., 2018; Tedersoo et al.,
2022). These limitations can lead to PCR biases. One potential solution to address these biases
is using PCR-free methods (Miller et al., 2011).

Metagenomics (shotgun sequencing) can provide a more comprehensive and
taxonomically more complete view of the microbial community by sequencing a wide range
of genomic elements and potentially all the DNA present in a sample (Handelsman et al., 1998;
Miller et al., 2011). It is a powerful approach that provides a comprehensive view of the genetic
diversity within a microbial community, including entomopathogenic fungi, but is strongly

influenced by the scale of data generated per sample (read depth). Metagenomics opens new
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possibilities to identify taxonomic composition and metabolic potentials of a microbiome
allowing biological diversity studies without cultivating the individual organisms (Quince et
al., 2017).

In shotgun sequencing, total DNA of a sample is sheared into smaller fragments before
being sequenced at random. One of the advantages of shotgun sequencing is that it can capture
all taxa, permitting the study of both prokaryotic and eukaryotic diversity concurrently (Lear
et al., 2018). In addition, shotgun metagenomics allow species level classification since wide
range of phylogenetic markers can be used to perform taxonomic annotation unlike the
ribosomal markers used in the amplicon sequencing approach (Tedersoo et al., 2022). The
workflow of shotgun metagenomics includes several steps, such as sample collection, library
preparation, sequencing platforms, and bioinformatics analysis (Lear et al., 2018; Tedersoo et
al., 2022).

The diversity of entomopathogenic fungi (EPF) was initially explored in this study
using insect baiting and plating techniques, as detailed in Chapter 2. The species identity of
these EPFs were further established in Chapter 3, providing a foundational understanding of
their presence in adjacent habitats. However, these traditional approaches are insufficient and
limited in their ability to capture the full spectrum of EPF in the soil. To overcome this
limitation, this chapter employs metagenomics and metabarcoding to reveal the hidden
diversity of EPF and other microorganisms in the soils of forest and pasture habitats. Building
on earlier findings, this chapter expands detection and analysis through advanced molecular
methods, offering a more comprehensive understanding of the diversity and composition of

soil microbiome in concert with EPF.

Materials and Methods
Site description

Samples were collected from three regions in the central North Island of New Zealand:
Taranaki, Whanganui, and Manawatu (Fig. 4.1). The sampling locations were in Taranaki
(Mount Egmont National Park in Taranaki), Whanganui (Bushy Park Tarapiihi near Kai Iwi)
and Manawatu (Totara Reserve in Pohangina Valley, Manawatu) (Table 4.1).
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Figure 4.1. Soil collection locations in central North Island, New Zealand, showing Taranaki (Mt. Egmont
National Park), Whanganui (Bushy Park Tarapuhini) and Manawatu (Totara Reserve,

Pohangina) locations.

The Taranaki forest site situated in Mount Egmont National Park, Taranaki, New
Zealand, features a podocarp-broadleaf ecosystem with species such as pukatea (Laurelia
novae-zelandiae), kahikatea (Dacrycarpus dacrydioides), and kamahi (Weinmannia
racemosa), within a climate ranging from warm to cold (Singers & Rogers, 2014). Adjacent to
the forest site is a pasture that is fertilized annually and grazed by young cows. The site in
Whanganui, Bushy Park Tarapuhini, has been a protected area since 2005 and comprises a
diverse podocarp-broadleaf forest dominated by tawa (Beilschmiedia tawa), pukatea (Laurelia
novae-celandine), rimu (Dacrydium cupressinum), and northern rata (Metrosideros robusta)

(https://bushypark.nz/forest/). The site in Manawatu, Totara Reserve in Pohangina Valley,

consists of mature totara (Podocarpus totara), juvenile nikau, and clusters of mamaku
(Cyathea medullaris), along with bracken and shrubs such as koromiko (Hebe salicifolia) and
karamu (Coprosma robusta) (Knight, 2008)

Soil collection in Mount Egmont National Park, Taranaki, was conducted under a
permit issued by the New Zealand Department of Conservation (authorization number 69401-
RES). Environmental data, including soil temperature, moisture, and elevation, were recorded
at each collection site (Table 4.1). Soil temperature and moisture were measured using a
QM7216 Digital Stem Thermometer and a TDR 300 Soil Moisture Probe (Spectrum
Technologies Inc., USA), respectively. Elevation was recorded using a handheld GPS device.

The DNA sequencing approach used for each sample is also detailed in Table 4.1.
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Table 4.1. Environmental and sequencing details of ten soil samples from exotic pasture and
native forest sites across North Island, New Zealand, collected for metagenomic analysis.
Shotgun (Shot.) and ITS2 amplicon (Amp.) sequencing methods were used to generate data.

Code Location Habitat Latitude S Longitude E t:;\l:). mosistlhre Year El(er;rz'csilc)Jn Method
) (%)
TP1 Taranaki Pasture 39°19'12" 174°10'18" 5 24.8 2019 562 Shot., Amp.
TP3 Taranaki Pasture 39°19'12" 174°10'18" 5.7 23.4 2019 562 Shot, Amp.
TF1 Taranaki Forest 39°19'12" 174°10'16" 7.7 30.4 2019 563  Shot, Amp.
TF3 Taranaki Forest 39°19'12" 174°10'16" 7.1 29.8 2019 563  Shot, Amp.
TFS5  Taranaki Forest 39°18'20.46"  174°7'8.83" 5 33.2 2019 880  Shot, Amp.
TFS7  Taranaki Forest 39°18'21.00"  174°6'27.12" 3 32.5 2019 1024  Shot, Amp.
BF1 Whanganui ~ Forest 39°47'54"S  174°55'48" 9.1 26.5 2020 259 Amp.
BF3 Whanganui ~ Forest 39°47'54"S  174°55'48" 9.5 28.8 2020 259 Amp.
ToF1  Manawatuy  Forest 40°09'06"S  175°50'37"  11.1 195 2020 138 Amp.
ToF3  Manawatu  Forest 40°09'06"S  175°50'37"  11.1 195 2020 138 Amp.

At Taranaki, four samples were taken 40 meters apart, two samples under native forest
(TF1, TF3) and two in nearby pasture (TP1, TP3). These forest (39°19'12"S; 174°10'16"E) and
pasture (39°19'12"S; 174°10'18"E) samples were collected approximately 20 m from the
boundary fence near Pembroke Road access to the Mount Egmont National Park. Two further
forest soil samples were collected approximately 5 km further into the Taranaki Forest and at
slightly higher elevation (TFS5, TFS7). At Whanganui (BF1, BF3) and Manawatu (ToFI,
ToF2) paired samples were collected approximately 20 m apart. This design allowed for
comparison of the soil microbiome under native and exotic vegetation within the same soil
horizon, and between locations with similar native vegetation. A rectangular soil corer (5 x 5
cm) with a depth of 10 cm was used to collect soil samples at all sites. Each soil sample was

labelled and placed in clean plastic bags and stored at 5°C until use.

Soil DNA extraction and quantification

Genomic DNA was extracted from ten individual soil samples (six from Taranaki, two from
Manawatu, and two from Whanganui) using the DNeasy PowerMax Soil Kit (Qiagen,
Germany). Each extraction utilized soil from a single core, with no pooling of samples,
ensuring that the DNA represented specific, localized soil conditions. Prior to extraction, soil
samples were carefully cleaned by removing any debris, such as stones, twigs or other organic

material, to enhance DNA purity. For each sample, 10 grams of soil were processed according
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to the manufacturer’s protocol, following established methods (Frey et al., 2016; Resch et al.,
2021) to optimize DNA yield and quality. The extracted genomic DNA was then assessed for
quality by agarose gel electrophoresis using a Bio-Rad electrophoresis system (Bio-Rad, USA)
and visualized on a Bio-Rad molecular imager, verifying DNA integrity. DNA concentration
and purity were quantified using a Qubit Fluorometer (Thermo Fisher Scientific, USA) to
confirm suitability for downstream sequencing. The quantified DNA samples were then
prepared and sent to third-party sequencing service provider for shotgun and/or amplicon

sequencing.

Taranaki samples: shotgun sequencing and data analysis

Due to financial limitations, the shotgun sequencing approach was applied only to six
soil DNA samples collected from Mount Egmont, Taranaki (Table 4.1). The DNA from
pasture samples TP3 and TP1 were sent to Macrogen (Macrogen Inc, South Korea) while
samples TF3, TF1, TES7 and TESS5 were sent to BGI-Hong Kong (BGI Hong Kong Co., Ltd.)
for 150 PE shotgun NGS using HiSeq 2500 system of Illumina (Illumina, Inc., USA). The soil
DNA were processed through massive parallel, high-throughput sequencing using Illumina®
TruSeq Nano DNA Kit. Post-sequencing, reads were de-multiplexed using standard indexes.
The resulting sequences was trimmed of adapters and passed through standard quality filters
using the software Fastp (Chen et al., 2018). Taxonomic profiling of the sequences was used
the Metagenome Analyzer, MEGAN (Community-edition) (Huson et al., 2007). MEGAN
implements sequence-based search (using BLAST) against the reference database and the
lowest common ancestor (LCA) that best matches against each database is assigned to the
sequence. For these raw data, sequences were aligned using DIAMOND, resulting in a .daa
(DIAMOND alignment archive) file. This .daa file was directly transformed into an RMA6
format, which houses both reads and matches associated from query sequence and reference
database. The RMAG6 files were then imported into MEGAN for a refined visualization and
interpretation based on BLASTX-derived alignment. The relative abundances were visualized
in MEGAN.

To obtain resolution to EPF genera and species, KAIJU (http://kaiju.binf.ku.dk/), a

program for sensitive taxonomic classification of high throughput sequencing reads from
metagenomic shotgun sequencing was used with default parameters. Taxonomic assignment to

species level followed the classification of entomopathogenic fungal genera of Sharma (2018).
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Species level was identified as present or absent in the habitat and relative abundance was not
taken into consideration due to low read numbers compared to the whole dataset.

Analysis of alpha and beta diversity was conducted using the Shannon index and Bray-
Curtis dissimilarity, respectively. The non-parametric Wilcoxon rank sum exact test was
applied to assess the significance of individual Shannon index results. For beta diversity at the
phylum level, Bray-Curtis dissimilarity was computed using the vegdist() function in the vegan
package (Oksanen et al., 2020) in R (R Development Core Team, 2023). Following the
dissimilarity computation, a hierarchical clustering approach was employed to create a
dendrogram, visually representing the similarities and disparities among samples. The Analysis
of Similarities (ANOSIM) was then applied to determine the statistical significance of the

observed groupings.

ITS?2 metabarcoding and data analysis

DNA from all ten soil samples from native forests and from pastures (Table 4.1) were
subject to amplicon sequencing. The polymerase chain reaction primers ITS3
(GCATCGATGAAGAACGCAGCG; White et al., 1990) and ITS4
(TCCTCCGCTTATTGATATGC; White et al., 1990) were used to amplify the ITS2 region of
the 45S rRNA cassette and the products sequenced on the Illumina Hiseq2500 platform. Raw
data consisting of 300bp paired-end reads were filtered to remove adapters and generate high
quality clean reads using in-house scripts (BGI-Hongkong). Consensus sequences were
generated for paired end reads that overlap with each other using FLASH (Fast Length
Adjustment of Short reads, v1.2.11). Filtered and demultiplexed sequences were quality
checked using FastQC (Andrews, 2010).

Amplicon sequence analysis was conducted using the New Zealand eScience
Intrastructure (NeSI- https://www.nesi.org.nz/) using Jupyter and terminal-based processing.
Fasta files from each sample were combined into a single file, with sequences renamed
according to sample ID to maintain unique identifiers across samples. The dataset was
dereplicated to group identical sequences and unique sequences was identified based on
abundance using VSEARCH. Subsequently, sequences were denoised to refine the core
dataset, followed by the creation of a frequency table that recorded the occurrence of each
sequence across samples. This table provided essential data for analyzing operational

taxonomic units (OTUs) across different sites.
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For taxonomic assignment, sequences were imported into QIIME2 (Bolyen et al, 2019)
and a consensus BLAST approach was employed to match OTUs to known fungal taxa. The
UNITE database (UNITE version 8.3, Abarenkov et al., 2023;
https://doi.org/10.15156/B10/1264708 ) a curated fungal ITS region database, was used for

reference to enhance fungal specificity and reliability of taxonomy assignments. Output data
were further processed and visualized in R using the phyloseq (McMurdie et al., 2013) and
supplementary packages for data manipulation and graphical representation.

The alpha diversity (Shannon and Simpson index) of the fungal communities was
calculated using the vegan package (Oksanen et al., 2020) in the R environment (R Core Team,
2023). To assess the significance, the non-parametric Wilcoxon rank sum exact test was used.
For the beta-diversity analysis, the fungal composition was analyzed using the UniFrac distance
in phyloseq. A Principal Coordinates Analysis (PCoA) ordination based on the Bray-Curtis
dissimilarity matrix was subsequently performed to visualize the compositional differences in
the microbial communities. To understand the influence of habitat, permutation multivariate
analysis of variance (PERMANOVA) using adonis function in vegan was employed with the

number of permutations fixed at 999. The significance level of 0.05 was used for all tests.
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Results

Taranaki metagenome: Taxonomic domain composition in forest and pasture soils

The taxonomic domain composition of six metagenomes derived from forest and
pasture soils in Taranaki, New Zealand, revealed a predominance of bacterial sequences across
all samples. Out of the 90,914,628 (~91 million) paired-end reads obtained from the six
metagenomes, 45.4% (41,308,825 paired-end reads) were classified into taxonomic domains.
The vast majority of classified sequences were identified as bacteria, accounting for 98-99%
of the total reads across all samples (Table 4.2).

Archaeal sequences comprised a minor proportion (<1%), with the highest abundance
observed in TF3 (1%) from forest soil. Similarly, fungal and other eukaryotic sequences were
rare, contributing <1% to the total reads for each sample. Notably, TF1 and TESS, both from
forest habitats, exhibited slightly higher fungal representation at 1%, potentially indicating
localized fungal activity or distinct microbial dynamics in these sites. The remaining reads
(unassigned) constituted a negligible portion of the data, ranging from 0.09% to 0.2% across

samples.

Table 4.2. Relative abundance (%) of taxonomic domains in soil samples from exotic pasture

and native forest habitats in Taranaki, New Zealand, based on shotgun sequencing data.

Sample Fungi and other

(Habitat) Bacteria Archaea eukaryotes Unassigned
TP1 (Pasture) 98 0.7 0.6 0.2
TP3 (Pasture) 98 0.6 0.5 0.19
TF1 (Forest) 98 0.7 1 0.10
TF3 (Forest) 98 1 0.8 0.10
TESS (Forest) 98 0.1 1 0.10
TES7 (Forest) 98 0.1 0.9 0.10
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Phyla such as Acidobacteria, Proteobacteria, Verrucomicrobia, Chloroflexi,
Bacteroidetes, Planctomycetes, Actinobacteria and Gemmatimonadetes were consistently
found across all six samples. Their ubiquity underscores their adaptability and potentially
essential functions in the soil microbial community. The Acidobacteria were the most abundant
group, contributing a substantial 54.1% of the core microbiome. Proteobacteria represented
27.6% of the core microbiome, while Verrucomicrobia and Chloroflexi accounted for 8.9%
and 5.1%, respectively. Other phyla, such as Bacteroidetes, Planctomycetes, Actinobacteria,
and Gemmatimonadetes comprosed less than 1%.

The phylum Actinobacteria and Protecobacteria exhibited a higher relative abundance
in both pasture and forest metagenome of Taranaki samples. Actinobacteria were noticeably
higher in pasture soils compared to forest soils (Fig. 4.2). Chloroflexi were notably more
abundant in pasture samples and lower elevation forests compared to high elevation forest soils,
where they decreased dramatically to 1.7% in TES7 and 2.2% in TF1 (Fig. 4.2).
Planctomycetes showed consistent relative abundance across both habitats. Certain phyla, such
as Deinococcus-Thermus, were exclusively observed in pasture samples (1.1% in TP1 and
1.0% in TP3). In contrast, Mucoromycota (fungi) were restricted to lower-elevation forest
samples (TF1 and TF3), while Basidiomycota were detected only in high-elevation forest soils
(TES5 and TES7). Unique microbial groups, such as Candidatus Melainabacteria, were
identified exclusively in TESS and TES7. Similarly, Candidatus Saccharibacteria was detected
only in TES7, the sample collected at the highest elevation (1,081 m asl). DNA sequences
attributed to Arthropoda were limited to forest soils at lower elevations.

At the phylum level there was no statistically significant difference in the alpha
diversity (Shannon index) between the forest and pasture metagenomes (Wilcoxon rank sum
test, P = 0.1333). For beta diversity at the phylum level, a dendrogram (Fig. 4.3) visually
represents the (dis)similarities among the samples, reflecting their spatial location. For
example, pasture samples TP1 and TP3 clustered together with the adjacent sample, TF1. The
samples from forests at higher elevations, TESS5 and TES7, are also clustered. The Analysis of
Similarities (ANOSIM) suggesting a moderate degree of separation between the groups (R =
0.6429), however, observed differences were not statistically significant (P = 0.1333).
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Figure 4.3 Relative abundance (%) of sequences classified by Phylum in soil samples from native forest (TF) and exotic

pasture (TP) at the Taranaki site.
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Figure 4.3 Hierarchical clustering of Bray-Curtis Dissimilarities among exotic pasture (TP3 and TP1) and

native forest (TF1, TF3, TESS and TES7) soil metagenomes from Taranaki soil samples.

Taranaki metagenome: Detection of entomopathogenic fungi using KAIJU

Table 4.3 summarizes the entomopathogenic fungi (EPF) identified through KAIJU
analysis of metagenome sequences from six soil samples collected in Taranaki, New Zealand.
EPF were successfully detected in both pasture and forest soils in Taranaki, despite fungi
constituting only a minute proportion of the soil microbiome. The metagenomic analysis
revealed that most EPF genera belonged to the order Hypocreales, which displayed a broader
distribution compared to the more specialized order Entomophthorales. Among the
Hypocreales, several species from the family Clavicipitaceae, particularly the genus
Metarhizium, were consistently identified in both habitat types. In contrast, other genera
exhibited habitat-specific patterns. For example, Beauveria caledonica was exclusively found
in pasture soils, whereas Hypocrella schizostachyi was specific to forest soils. Although the
representation of the order Entomophthorales was limited, several species from this group were

detected in both forest and pasture.
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Table 4.3. Entomopathogenic fungi (EPF) identified through KAIJU analysis of metagenome
sequences from six soil samples collected in Taranaki, New Zealand. Species were detected in
native forest and exotic pasture samples, forest only or pasture only.

Order Family Genus Species

Hypocreales Clavicipitaceae Metarhizium M. anisopliae
M. robertsii
M. brunneum
M. acridum
M. rileyi
M. guizhouense
M. flavoviride
M. majus

Hypocreales Clavicipitaceae Hypocrella H. siamensis
H. schizostachyi

Hypocreales Clavicipitaceae Claviceps C. purpurea
C. paspali
C. gigantea

Hypocreales Clavicipitaceae Epichloe E. festucae

Hypocreales Cordycipitaceae Cordyceps C. fumosorosea
C. militaris

C. javanica

Hypocreales Cordycipitaceae Beauveria B. bassiana
B. brongniartii
B. malawiensis

B. caledonica

Hypocreales Cordycipitaceae Lecanicillium L. psalliotae
L. longisporum
Hypocreales Ophiocordycipitaceae Paecilomyces P. divaricatus
Hypocreales Ophiocordycipitaceae Purpureocillium P. lilacinum
Hypocreales Ophiocordycipitaceae Ophiocordyceps O. sinensis

O. unilateralis s.1.,
O. australis

Hypocreales Ophiocordycipitaceae Tolypocladium T. ophioglossoides
T. capitatum

T. paradoxum

Entomophthorales Ancylistaceae Conidiobolus C. coronatus
C. heterosporus

Entomophthorales Entomophthoraceae Entomophthora E. muscae
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ITS?2 metabarcoding: Entomopathogenic fungi

The metabarcoding approach, employing amplicon sequencing of the ITS2 region from
ten soil DNA samples collected across Taranaki, Manawatu and Whanganui, yielded a total of
671,632 reads, with an average frequency of 67,132 reads per sample (maximum: 67,926;
minimum: 67,132). This dataset generated 2,750 operational taxonomic units (OTUs). Rare
sequences, likely resulting from sequencing errors, were excluded from the analysis, removing
sequences with fewer than 600 reads. This filtering reduced the number of OTUs to 109.
Rarefaction curve analysis was performed to evaluate whether Illumina HiSeq sequencing
sufficiently recovered OTUs (Figure 4.4). The resulting rarefaction curves showed that most
samples reached a saturation plateau, indicating that the sequencing depth of the ITS2 region

was adequate for capturing the diversity of fungal communities.
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Figure 4.4 Rarefaction curve analysis of OTU recovery using [llumina HiSeq amplicon sequencing from
exotic pasture and native forest soil samples. Abbreviations: TP1, TP3 - Taranaki pasture; TF1, TF3, TESS,
TES7 — Taranaki forest; BF1, BF3 — Whanganui forest; ToF1, ToF3 — Manawatu forest.
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At the operational taxonomic unit (OTU) level, alpha diversity was higher in pasture
soils (Shannon index 4.72, Simpson index 0.98) compared to forest soils (Shannon: 3.94,
Simpson: 0.92). However, the differences were not statistically significant (P = 0.089 and P =
0.178, respectively). For the beta-diversity, PCoA revealed that Axis 1 accounted for 19.5% of
the total variation in the dataset, while Axis 2 explained an additional 16.6% (Fig. 4.5).
Together, these axes cumulatively captured 36.1% of the variation in the data, providing
significant insight into the microbial community structure across different habitats. Further, a
permutation-based analysis was conducted to examine the significance of habitat on the sample
data. Habitat was found to significantly influence the sample data (Fis=1.986, P = 0.044) after
999 permutations. The habitat explained 19.9% (R? = 0.1989) of the variance in the sample
data, while the residuals accounted for the remaining 80.1% (R?>= 0.8011).
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Figure 4.5. Principal Coordinate Analysis (PCoA) of fungal OTU composition in forest soils (Taranaki,
Whanganui, Manawatu) and pasture soils (Taranaki). Bray-Curtis dissimilarity measure on metabarcoding

data.
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At the order level, Hypocreales, which includes entomopathogenic fungal genera, were
present across all samples (Fig. 4.6). Their highest abundances were observed in Manawatu
forest samples ToF1 (41.3%) and ToF3 (31.1%). In pasture soils, Hypocreales had a mean
abundance of 14%, whereas their presence was minimal in high-elevation forest soils TESS
(1.1%) and TES7 (1.6%). Agaricales, another order within Agaricomycetes, were highly
abundant in forest samples from Taranaki (TES5) and Whanganui (BF1). Interestingly,
Auriculariales were uniquely present in lower-elevation Taranaki forest samples TF1 and TF3,

emphasizing the impact of elevation on fungal community composition.
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Figure 4.6. Relative abundance (%) of ITS2 sequences at the order level in pasture and forest soil samples

based on metabarcoding analysis. Samples: TP1, TP3 — Taranaki pasture; TF1, TF3, TESS, TES7 — Taranaki
forest; BF1, BF3 — Whanganui forest; ToF1, ToF3 — Manawatu forest.

Amplicon sequences analyzed through QIIME2 with the UNITE database, successfully
detected EPF genera, albeit in low abundance. The three most frequently EPF genera detected
as a proportion of total OTUs were Lecanicillium, Metarhizium and Beauveria, but there was
also signal for Ophiocordyceps, Tolypocladium, Hirsutella, and Paecilomyces (Figure 4.7).
Notably, the genus Lecanicillium exhibited the highest number of reads among the detected
genera, despite not being detected in baiting method and rarely observed in cultures (Chapter

2). Lecanicillium was most abundant in exotic pasture soils (4.4%) while native forest soils in
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Taranaki and Whanganui showed lower abundances (<0.9%). For the genus Metarhizium,
reads were detected in seven out of ten samples, with Taranaki forest soils exhibiting the
highest abundance (1.2%). Interestingly, only Metarhizium marquandii was identified from
amplicon sequence, a species not detected through shotgun sequencing analyzed with KAIJU.
The genus Beauveria exhibited the lowest abundance among the three most frequently detected
EPF genera, which contrasts with the finding of higher prevalence of this genus where culturing

methods were used (Chapter 3). Beauveria was detected in only three samples (0.6% TP1,

0.1% TF1, 0.1%TF3).
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Figure 4.7. Relative frequency (%) of the most abundant EPF genera, Lecanicillum (green) Metarhizium
(pink) and Beauveria (gray) across different soil samples based on Metabarcoding Analysis. Samples: TP1,

TP3 — Taranaki pasture; TF1, TF3, TESS, TES7 — Taranaki forest; BF1, BF3 — Whanganui forest; ToF1,

ToF3 — Manawatu forest.
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ITS2 metabarcoding: Taxonomic composition of soil fungi - higher taxa

Phylum Ascomycota dominated most samples, except for the high-elevation Taranaki
deep native forest samples TESS and TES7, and BF1 from Bushy Park. It was particularly
abundant in BF3 (64.6%), TF1 (66.7%), TP1 (60.1%), TP3 (75.6%), ToF1 (76.4%), and ToF3
(70.2%) (Figure 4.8). Basidiomycota comprised a higher proportion at 68.1% and 67.0% for
forest samples BF1 and TESS, respectively. The Basidiomycota phylum was notably scarce in
samples TP1 and TP3 as also reflected in the metagenomics results where Basidiomycota is

only detected in deep native forest samples.
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Figure 4.8. Relative abundance (%) of ITS2 sequences assigned to fungal phyla in exotic pasture and native
forest soil samples based on metabarcoding analysis. Samples: TP1, TP3 — Taranaki pasture; TF1, TF3,
TESS, TES7 — Taranaki forest; BF1, BF3 — Whanganui forest; ToF1, ToF3 — Manawatu forest.
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At the class level, fungal classes such as Sordariomycetes, which includes
entomopathogenic fungi, and Agaricomycetes exhibited the most variability among samples,
with some showing exceptionally high values (Fig. 4.8). Sordariomycetes are highly abundant
in exotic pasture samples TP1 (25.0%) and TP3 (30.6%), as well as in Manawatu forest samples
ToF1 (49.2%) and ToF3 (37.0%). Their abundance was moderate in native forest samples TF1
(25.4%) and BF3 (18.1%) but low in TF3, TESS5, TES7, and BF1. Agaricomycetes, on the other
hand, were in high abundance in forest samples TESS5 (66.9%) and BF1 (68.0%), with moderate
levels in TF3 (17.3%) and ToF3 (13.8%), while being consistently low in exotic pasture soils.
Tremellomycetes was notably high only in ToF1 (14.0%) and low in all other samples. Other
classes, such as Leotiomycetes and Mortierellomycetes, displayed moderate and consistent
levels in specific samples, while Dothideomycetes, Archacosporomycetes, and Pezizomycetes

were recorded in pasture soils but were minimal to absent in forest soils.
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Figure 4.9. Relative abundance (%) of ITS2 sequences assigned to fungal classes in exotic pasture and native
forest soil samples based on metabarcoding Analysis. Samples: TP1, TP3 — Taranaki pasture; TF1, TF3,
TESS, TES7 — Taranaki forest; BF1, BF3 — Whanganui forest; ToF1, ToF3 — Manawatu forest.
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Discussion

Entomopathogenic fungal diversity in forest and pasture: Insights from metagenomics and
metabarcoding

Recent advancements in molecular methodologies have significantly enhanced our
understanding of entomopathogenic fungal (EPF) diversity in soil ecosystems (Masoudi et al.,
2020). Microorganisms in the soil, such as bacteria, fungi, archaea, viruses, are essential for
preserving soil health and fertility (Islam et al., 2020). These microorganisms are fundamental
to soil ecosystem processes, including the decomposition of organic matter, nutrient recycling,
and the prevention of soil-borne diseases (Khaziev, 2011). Soil ecosystems are complex
microbial hubs, with EPF playing a critical role in regulating arthropod populations.

This study used metagenomics and metabarcoding approaches to identify EPF genera
not detected through traditional baiting and plating methods. Shotgun sequencing revealed the
dominance of EPF within the order Hypocreales, particularly in both pasture and forest soils,
while the order Entomophthorales was represented in lower abundance. This aligns with
findings from previous studies highlighting Hypocreales as the dominant entomopathogenic
group in terrestrial ecosystems, particularly in subtropical and temperate regions, where they
regulate insect populations and contribute to ecosystem balance (Masoudi et al., 2020). Habitat-
specific distributions of certain EPF species were found in this chapter. For example,
Beauveria caledonica was exclusively detected in pasture soils, while Hypocrella
schizostachyi was found solely in forest soils. These patterns suggest that specific ecological
conditions, such as soil physicochemical properties, organic matter content, and microclimatic
variables, may influence the habitat preferences of EPF (Kepler et al., 2015; Sharma et al.,
2019). Such findings underscore the role of habitat heterogeneity in shaping microbial
community structure and emphasize the potential ecological drivers determining fungal
distribution.

The genus Metarhizium (family Clavicipitaceae) was consistently present across both
habitats. Metarhizium species are widely documented for their ability to persist in diverse soil
environments, exhibiting resilience to fluctuating conditions such as temperature, pH, and
organic matter availability (Bidochka et al., 1998; Quesada-Moraga et al. 2007; Sharma et al.,
2019; Fernandez-Bravo et al., 2021). The relatively higher abundance of Metarhizium in
Taranaki Forest soils suggests it may play a key role in regulating arthropod populations in
these ecosystems. Interestingly, Beauveria, despite being prevalent EPF genus detected in

previous chapters of this thesis (which used culturing methods), exhibited lower relative
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abundances in the soil when assessed via metabarcoding. This discrepancy reflects
methodological differences, as culturing may favour fast-growing and culturable EPF strains,
whereas metabarcoding provides a broader, culture-independent snapshot of fungal diversity
(Masoudi et al., 2020).

For metabarcoding, the dominance of Ascomycota in exotic pasture and native forest
margin highlights their crucial role in terrestrial ecosystems, where they contribute to nutrient
cycling and organic matter decomposition through their diverse lifestyles, including
saprotrophic, pathogenic, and mutualistic functions (Li et al., 2022). In high-elevation deep
native forest soils, the notable presence of Basidiomycota can be attributed to the availability
of woody debris, which serves as a substrate for their enzymatic degradation of complex
organic materials (Liu et al., 2022; Zheng, 2024). The heterogeneity in fungal community
composition is further evidenced by the prevalence of Hypocreales, which can indicate the
presence of insect hosts or environmental conditions favourable for entomopathogenic fungi.
The limited representation of Entomophthorales in both forest and pasture soils is also
noteworthy. Entomophthorales have high host specificity, often limited to a single family or
genus, and are challenging to mass-produce in artificial culture, but uniquely eject spores
rapidly under favourable conditions, distinguishing them from Hypocrealeas (Steinkraus,
2007). While Entomophthorales are ecologically significant as insect pathogens, their often-
obligate nature and narrow environmental requirements may explain their lower detectability

compared to Hypocreales (Sharma et al., 2019; Fernandez-Bravo et al., 2021).

Co-occurrence of bacterial communities and entomopathogenic fungi in soil microbiomes

The taxonomic composition of Taranaki pasture and forest soil metagenomes revealed
that bacteria overwhelmingly dominate soil microbial communities, accounting for 98-99%
of the relative abundance in all samples. This dominance highlights the pivotal role of bacteria
in shaping soil ecosystems and maintaining functional stability. The phyla Proteobacteria and
Acidobacteria were consistently dominant, aligning with their ubiquitous presence in soils
(Vaicekonyte & Keesing, 2012). Proteobacteria exhibit remarkable metabolic versatility,
encompassing species involved in nitrogen fixation, nutrient cycling, and pathogenic
interactions (Tkaczuk et al., 2013). Acidobacteria, often underrepresented in culture-based
studies, contribute significantly to nutrient cycling and organic matter decomposition
(Khaziev, 2011; Islam et al., 2020). Bacterial diversity also serves as an indicator of soil

ecosystem stability and resilience to environmental changes (Suman et al., 2022). Variations
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in bacterial community composition across habitats may reflect differences in soil properties
such as pH, carbon-to-nitrogen ratios, and phosphorus availability (Staves & Knell, 2010; Niu
et al.,, 2019; Wilhelm et al., 2023). These microbial interactions underpin key ecosystem
functions that enhances multifunctionality in terrestrial ecosystems (Suman et al., 2022).

EPF genera such as Beauveria, Metarhizium and Lecanicillium were detected
alongside abundant bacterial taxa, suggesting potential relationships that may influence soil
health and invertebrate population dynamics (Wakil et al., 2014; Dong et al., 2016). Co-
occurrence of bacterial communities and entomopathogenic fungi within the same soil
microbiome underscores microbial interactions influencing the persistence and activity of EPF
(Studdert & Kaya, 1990; Brownbridge et al., 2006; Gouli et al., 2013; Cai et al., 2022). For
instance, Huber (1958, cited in Clerk, 1969) observed that Beauveria bassiana conidia failed
to germinate in fresh garden soil but were able to germinate once the soil was sterilized.
Lockwood (1964) reviewed research on soil fungistasis, describing it as the inability of fungal
spores to germinate in natural soil due to microbial competition for nutrients or the production
of antibiotics (Blond, 2012). Clerk (1969) found similar fungistasis affecting B. bassiana and
Isaria farinose, noting that this inhibition could be reduced by filtering soil extracts or adding
extracts from Bombyx mori cocoon silk, a host of B. bassiana (Clerk, 1969) concluded that
soil bacteria and other microorganisms were responsible for this fungistasis, but the presence
of host arthropods could mitigate it. Similarly, Walstad et al. (1970) observed that B. bassiana
and Metarhizium anisopliae conidia could not germinate in non-sterile soil or leaf litter unless
the inhibition was counteracted. Soil microorganisms can also degrade EPF propagules
(Brownbridge et al., 2006; Blond, 2012). These interactions highlight the complex role of soil
microorganisms in modulating the survival, germination, and effectiveness of EPF (Blond,
2012; Cai et al., 2022).

While EPF directly regulate arthropod populations, bacteria contribute indirectly by
modulating soil properties, such as pH and nutrient availability, which in turn affect fungal
growth and activity (Safitri et al., 2018; Afandhi et al., 2020; Hallouti et al., 2020). Diversity
analyses revealed comparable bacterial richness and evenness across forest and pasture soils,
as indicated by alpha diversity indices. Beta diversity, assessed using Bray-Curtis
dissimilarities, indicated subtle but non-significant differences between habitats (Fig. 4.3)
This observation supports previous findings that microbial diversity reflects habitat-specific
environmental conditions (Silva et al., 2015). Forest habitats uniquely supported wood-
decomposing fungi such as Basidiomycota, particularly at higher elevations, likely due to the

presence of lignocellulosic substrates (Vaicekonyte & Keesing, 2012). This suggests that soil
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bacteria and EPF may exhibit complementary ecological functions, with bacteria driving
nutrient cycling and EPF targeting invertebrate hosts (Petzold-Maxwell et al., 2011;
Mantzoukas et al., 2019; Mehrmoradi et al., 2022).

Conclusions

Insect baiting and plating techniques, commonly used to isolate EPF from the soil, may
not fully represent the EPF diversity, especially of temporarily non-infective species.
Metagenomics and metabarcoding, however, provide a more holistic view, allowing for a
broader assessment of the EPF composition in soils. In this Chapter, DNA extracted from forest
and pasture soils underwent shotgun and amplicon sequencing targeting the ITS2 region.
Notable differences in microbial community structure, abundance, and functionality were
detected between forest and pasture habitats. Bacteria overwhelmingly dominated the soil
samples, constituting 98—99% of the microbial content, with Acidobacteria, Proteobacteria, and
Actinobacteria being the most prevalent phyla. Shotgun sequencing highlighted the presence
of various EPF species, especially from the Hypocreales order. Although the MEGAN-based
metagenomic analysis did not identify EPF genera, analysis using KAIJU revealed species
exclusive to either pasture or forest habitats, as well as species that were widespread. Amplicon
sequencing of soil DNA, focusing on the ITS2 region, predominantly revealed Ascomycota
among fungal phyla. EPF genera, undetected through baiting and plating, were also confirmed
through amplicon sequencing. The findings illuminate the diversity of soil microbial
community in different habitats and the importance of using a range of sampling methods to
detect full diversity of EPF.

Entomopathogenic fungi (EPF) diversity further highlighted the utility of molecular
techniques in uncovering previously undetected species and habitat-specific distributions.
These findings emphasize the significance of both culture-based and DNA-based methods to

gain a better understanding of the diversity of soil fungi.
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Chapter Five

Efficacy of Beauveria isolates collected in adjacent forest and pasture habitats in

the North Island, NZ against selected agricultural pests

Introduction

The utilization of entomopathogenic fungi (EPF), such as Metarhizium and Beauveria,
has gained prominence as an eco-friendly alternative for pest control in agriculture.
Entomopathogenic fungi play an important role in the natural regulation of arthropod
populations (Evans, 1982). EPF are naturally found in the soil which serves as an excellent
environmental shelter, protecting fungi from UV radiation and other adverse abiotic and biotic
influences (Keller et al., 1989). Most insect orders are susceptible to fungal diseases, making
EPF an important resource in microbial control of insect pests.

The interactions between soil fungi and arthropods occur in every ecosystem where
they coexist in nature (Gange & Brown, 2002). The virulence of EPF is always strain-specific;
it can differ within the same fungal species and is influenced by the ecological context of the
site, impacting the pathogenicity and host range. Development of the EPF as biological control
agents depends on the selection of a virulent strain. Therefore, collection of native species and
testing the native strains against a target pest is essential for the discovery of effective isolates
to be used in biological control.

The interaction between EPF and their hosts is a complex process that begins with spore
attachment to the insect cuticle, followed by germination, penetration, colonization, and
ultimately the death of the host. The success of these steps depends not only on the virulence
of the fungus but also on the environmental conditions that can either enhance or inhibit fungal
development and virulence (Vega et al., 2009). Meyling and Eilenberg (2007) emphasized the
significance of environmental factors and host specificity in shaping the virulence traits of EPF
populations, suggesting that isolates from habitats with high pest densities may evolve greater
virulence towards those pests. Similarly, Quesada-Moraga et al. (2014) demonstrated that EPF
isolates collected from agricultural soils exhibited specific adaptations that enhanced their
pathogenicity against prevalent pests in those environments, highlighting the potential of

selecting habitat-specific isolates for targeted pest control.
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Understanding the interactions between fungus, target insect pest, and the environment
1s imperative in the control of insect pests using EPF (Vega et al., 2009; Islam et al., 2021).
Isolation of the fungus from the soil or from the infected insects and subsequently employing
biological assays on the target pest are the first step in the selection of EPF strains as microbial
biological control agents. Characterization of the ecological constraints of the candidate
isolates relative to the environment in which insect pests are targeted is an additional parameter
in selecting successful EPF isolates.

This thesis chapter aims to elucidate the efficacy of local Beauveria isolates against a
range of economically significant below-ground and above-ground insect pests, including the
grass grub Costelytra giveni White (Coleoptera: Scarabaeidae), giant willow aphid
Tuberolachnus salignus (Gmelin, 1790) (Hemiptera: Aphididae), locust Locusta migratoria
(Linnaeus, 1758) (Orthoptera: Acrididae), and mealworm Tenebrio molitor Linnaeus 1758
(Coleoptera: Tenebrionidae). By comparing the efficacy of these isolates against both these
below-ground and above-ground pests, this research seeks to identify potential habitat-specific
adaptations that will contribute to valuable insights into the potential application of these fungi

in integrated pest management strategies.

Materials and Methods

Fungal isolates

Cultures of EPF were obtained from the soil samples collected from pasture, boundary,
and forest areas within Mt. Egmont National Park, Taranaki, Bushy Park Sanctuary,
Whanganui, and Totara Reserve, Manawatu (Chapter 2), and were utilized in the bioassays.
Specifically, isolates retrieved from insect baiting (Chapter 2) were chosen for these
experiments. Additionally, commercially available EPF products — Com-A and Com-B were
included for comparison. One representative isolate from each site/habitat combination were
used for Beauveria bioassays. Metarhizium isolates were not utilized for this chapter as
infection by insect baiting was not achieved across all sites.

Conidia were harvested from 15 days old fungal colonies (isolates) grown in PDA
plates at 20 + 2 °C, with eight to ten plates for each isolate. A 5 ml of 0.01% Triton X-100
solution was added onto each plate and conidia suspended in liquid were collected, yielding
approximately 5 ml per plate. Conidial suspensions were quantified using a Neubauer chamber

and adjusted to desired concentration of conidia/ml.
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Insects used in bioassays

Insects utilized for bioassays included below-ground pest — grass grub Costelytra
giveni, and above-ground pests — giant willow aphid Tuberolachnus salignus, locust Locusta

migratoria, and mealworm Tenebrio molitor.

Grass grub. Costelytra giveni, formerly misrepresented as C. zealandica White, are soil
dwelling beetle larvae which cause substantial damage in pastures. The grass grub adults are
only present for a few weeks in spring/early summer each year, when they feed on the young
foliage of a wide range of plants (Specialty Seed Brochure, 2020). Grass grub larvae were
collected from the turf at the Research Dairy Farm at Lincoln University and at Manawatu Golf
Course in Palmerston North in April 2021 and July 2021, respectively (Fig. 5.1). Second and
third instar larvae collected from the field underwent preliminary testing for feeding activity,
ensure free of bacterial disease. Larvae were placed individually in wells in 6-well or 12-well
plates, with each well containing ~7.5 mm carrot cubes as feed (Fig. 5.1) and left overnight at
room temperature (20° C). Larvae were checked for feeding and mortality after three days.

Only larvae displaying active feeding behaviour were used for bioassays.
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Figure 5.1. A and B: Field collection of grass grub in Manawatu Golf Course, Palmerston

North, July 2021. C: Grass grub larvae dug up from Manawatu Golf Course, PN. D: Cell

culture plates used for maintaining individual larvae in the laboratory with carrot cubes as

food.

Giant Willow Aphid. The giant willow aphid (GWA) Tuberolachnus salignus is a large stem-
feeding aphid and is one of the most problematic insects in willow production in New Zealand.
Apart from hindering physiological processes of willow plants from direct feeding, GWA
produces black sooty mould on the leaves due to honeydew deposition which further aggravates
optimum willow production. For mass rearing of giant willow aphid, stem cuttings (I cm
diameter, 25 cm height) of the willow clone NZ 04-116-168 were collected from the National
Willow Collection of the New Zealand Poplar & Willow Research Trust, at the Plant Growth
Unit of Massey University (Palmerston North, New Zealand) in summer 2020 and 2021. The
willows were grown in screw cap plastic containers (8.5 cm diameter, 10 cm height), with 1.5
cm hole in the centre to accommodate the willow cuttings. Approximately three-fourths of the

plastic container was filled with 25% strength Hoagland’s hydroponic solution that was
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replenished as required. Two-month-old stem cuttings were infested with 20 adult GWA as a

starting colony. A total of 40 cuttings were maintained for the experiment.

Mealworm. The mealworm Tenebrio molitor is a damaging pest in stored grain products,
but also serves as a valuable model organism for scientific research and has potential as a
sustainable protein source in animal feed and human nutrition (Moruzzo et al., 2021)
Mealworms used in the experiment were purchased from Biosuppliers (Auckland, NZ) and
were maintained in containers (15 x 10 cm) with wheat bran in a temperature-controlled room

(20°C) until use for assays.

Locust. Locusts are primarily outdoor pests characterized by their swarming behavior and
significant potential to cause agricultural devastation (Le Gall et al., 2019). Locusts can
transition from solitary to gregarious forms, leading to large swarms capable of consuming vast
amounts of crops and pasture. This behaviour makes them one of the most destructive
migratory pests in the world, with the capacity to affect food security and livelihoods on a large
scale. Effective control measures are critical to prevent and mitigate the extensive damage
caused by locust outbreaks. Locusts were also purchased from Biosuppliers (Auckland, NZ)
and were fed with fresh grass every other day and were maintained in small cages in a

temperature-controlled room (20°C) until use for assays (Fig. 5.2).

Figure 5.2. Locusts maintained in a cage in a temperature-controlled lab (20° C) for use in bioassay.
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Bioassays

Bioassay for grass grub larvae were conducted using the method of Glare (1994) with
some modifications. Soil was semi-sterilized at 90°C for 48 hrs and then 10 grams of soil was
added to 50 ml screw cap glass vials. One ml of conidial suspension was added to the soil.
After soil and conidial suspension were mixed, one grass grub larva was added and the cap was
loosely closed to allow gas exchange. Larvae were kept in the dark for at least 35 days at 20 +
2 °C and were checked at day 7, 14, 21 and 35 for mortality and fungal infection (mycosis).
Dead larvae were kept in the glass vials with the lid closed tight to keep the humidity in the
system and were checked for mortality. At the time of assays for grass grubs, commercially
available EPF products were not yet available, hence, only isolates from soil collection were
used. Conidial concentrations of 10°, 107 and 10° conidia/ml was used. This experiment had ten
treatments (nine Beauveria isolates and positive control), with four replicates per treatment.
This experiment was repeated three times with new sets of larvae (so overall 12 replicates per
treatment, per concentration). A total of 360 field-collected grass grubs were utilized for the
experiment.

For giant willow aphid (GWA), the bioassay protocol for green peach aphid Myzus
persicae, developed by the Bio-Protection Research Centre at Lincoln University, was adapted
(Nguyen, 2021). Modifications were made, including the substitution of stem cuttings instead
of leaves, which proved to be more suitable for GWA application. A 100 pl of sterile water
was spread onto the surface of a 90 mm diameter filter paper which was then placed in a
standard 100 mm diameter Petri dish. Conidial concentrations of 10°, 107 and 108 conidia/ml
were used for this assay. Five third-instar aphid nymphs were placed in Petri dishes with a cut
out piece of willow stem. A total of ten treatments (nine Beauveria strains plus positive control)
were used for this assay with four replicates, a total of 20 GWA per treatment. For inoculation,
the conidial suspension was sprayed onto the stem cuttings using an airbrush sprayer (Paasche).
The numbers of live and dead nymphs were recorded at day 3, 7 and 10. A pilot study showed
that aphids are able to survive in this set-up for 12+ days. The experiment was conducted in a
temperature-controlled room at 20° C with photoperiod of 16L: 8D.

For locust bioassays, a conidial concentration of 10° conidia/ml was used. For the
bioassay setup, containers suitable for housing locusts were prepared. A small plant (Phormium
sp.) was housed inside the container as feed for the locusts for the duration of assay.
Subsequently, 1 ml of 10° conidial suspension was applied to the locust body using a

micropipette. Locusts were monitored over 3, 7 and 14 days to assess mortality rates and fungal
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infection. This experiment had 12 treatments: nine field-collected Beauveria strains, two
commercially available products (Com-A and Com-B) and one control (0.01% TritonX-100),
with three replicates per treatment and with five locusts in each replicate (cage) with a total of
15 locusts per treatment. Experiment was conducted in a temperature-controlled room at 20°C
with photoperiod of 16L: 8D.

For mealworm bioassay, Beauveria isolates were used at 10° conidia/ml concentration.
For the bioassay, 100 pl of sterile water was spread onto the surface of a 90 mm diameter filter
paper which was then placed in a standard 100 mm diameter Petri dish. Five mealworm larvae
were placed in each dish. For inoculation, 300 pl of the conidial suspension was sprayed
directly onto the larvae using an airbrush sprayer. For a negative control, 300 pl of sterile 0.01%
TX-100 solution was used. Plates were incubated at 25°C with a 16:8 h light: dark cycle for
the duration of the experiment. There were 12 treatments: nine field collected Beauveria
strains, two commercially available products, Com-A and Com-B and one control, with eight
replicates per treatment and with five mealworms in each replicate (total 40 mealworm larvae
per treatment). Data were recorded at day 3,7 and 10. Experiment was conducted in a

temperature-controlled room at 20°C.

Statistical analysis

The LCS50 values, indicating the concentration required to achieve 50% mortality was
collected for giant willow aphids (GWA) using probit regression analysis. Although three
concentrations were tested on grass grubs, LC50 values could not be determined because
mortality did not reach 50% at most concentrations. As a result, calculating the LC50 was
deemed unnecessary. Abbott's formula, [(%Treatment mortality - %Control mortality) / (100 -
%Control mortality)] was applied to correct for natural mortality before determining LC50
values (Abbott, 1925).

Prior to further statistical analysis, the distribution of the dataset was assessed to check
for normality, which is a common assumption for many parametric statistical tests. This was
done using the Shapiro-Wilk test in R. To analyze the effects of habitat, isolate, and dose
concentration on mortality, a Generalized Linear Model (GLM) with Gaussian family and
identity link function was employed to assess the effect of isolate and concentration on
mortality rates. The dependent variable (mortality) was modeled as a function of independent

variables: isolate, habitat (where EPF was collected) and dose concentration. Post-hoc
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comparisons were conducted using Tukey's HSD test to identify significant differences at p <

0.05 between isolates at each concentration level.

Ultrastructural observations of EPF in target insects

Scanning electron microscopy (SEM) was used to obtain details of EPF infection in
tested insects. SEM imaging was conducted for GWA, locusts and mealworms; grass grubs
were not imaged with SEM as the assay was concluded before SEM services were accessible.
Small segments of EPF infected insects were fixed in 0.1M sodium phosphate buffer with 3%
glutaraldehyde and 2% formaldehyde. These samples were then dehydrated through a graded
ethanol series (50, 70, 80, 90, and 95%). Following dehydration, critical point drying was
performed and the samples were sputter-coated with gold. In some instances, if the samples
seemed adequately dry, they were directly gold-coated without undergoing critical point
drying. The samples were imaged using FEI Quanta 200 SEM operated at a 20 kV accelerating

voltage.
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Results

Grass grub bioassay using field-collected Beauveria isolates

Cumulative mortality. The earliest larval death was observed at 10° conidia/ml conidial
concentrations on day 21. The maximum mortality achieved at day 35 at this concentration was
only 12.5% using pasture isolate TP and forest isolate ToF (Fig. 5.3). Mortality at higher EPF
concentrations of 107 and 10° conidia/ml started on day 7. Increasing the inoculum to 107
conidia/ml increased grass grub mortality to a maximum of 50% using TP isolate. At the
highest concentration of 10° conidia/ml, 100% mortality of grass grub larvae using pasture

isolate TP was observed at 35 days after treatment.

Mean mortality by isolate. The mortality rates varied significantly among Beauveria isolates,
with the effect being concentration-dependent. At the lowest concentration (10° conidia/ml), a
significant effect of isolate was observed (y?(8) =27.0, P <0.05) with pasture isolates TP and
ToP causing significantly higher mortality compared to other isolates (Fig. 5.4). Mortality rates
at 10° conidia/ml concentration remained relatively low across all isolates, suggesting this
concentration may be below the effective threshold for consistent control. At the medium
concentration (107 conidia/ml), significant differences among isolates remained (y? (8) = 38.4,
P <0.05), with some isolates causing notably higher mortality rates. The highest concentration
(10° conidia/ml) showed the most pronounced differences in virulence among isolates (y? (8)
=22.9, P <0.05). At this concentration, grass grub larval mortality rates were generally higher
across all isolates, with pasture isolate ToP achieving up to 100% mortality. The pasture
isolates TP and ToP consistently performed well across all concentrations and particularly at

higher concentrations.

Mean mortality by habitat. Pasture isolates caused the highest mortality rate (55%) in grass
grub larvae across all conidial concentrations, compared to isolates from boundary (30%) and
forest habitats (23%) (¥? (2)= 9.87, P < 0.005) (Fig. 5.5). Boundary isolates showed
intermediate mortality rates, which were not significantly different from either pasture or

forest.
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Figure 5.3. Cumulative mortality of grass grub, Costelytra giveni larvae using field collected Beauveria isolates at three levels of conidia
concentrations, 10°, 107, and 10% Isolate codes: BB — Whanganui boundary, BF — Whanganui forest, BP — Whanganui pasture, TB — Taranaki
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Figure 5.4. Mean mortality (% + SE) of grass grub Costelytra giveni larvae after 35 days exposure to different
Beauveria isolates at three concentrations: (A) 10¢ conidia/ml, (B) 107 conidia/ml, (C) 10° conidia/ml. Different
letters above bars within each concentration indicate significant differences between isolates according to Tukey's
HSD test (P < 0.05). Isolate codes: BB — Whanganui boundary, BF — Whanganui forest, BP — Whanganui pasture,
TB — Taranaki boundary, TF — Taranaki forest, TP — Taranaki pasture, ToB — Manawatu boundary, ToF —
Manawatu forest, ToP — Manawatu pasture.
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Figure 5.5. Mean mortality of grass grub Costelytra giveni larvae at day 35, after exposure to Beauveria isolates

obtained in different habitats through insect baiting. Different letters indicate significant differences according to

Tukey's HSD test (P < 0.05).

Giant Willow Aphid (GWA) bioassay using field-collected Beauveria isolates

Cumulative mortality. At the lowest conidial concentration of 10 conidia/ml, mortality of
GWA began on day 7 with a maximum mortality of 15% using a pasture isolate from
Whanganui (isolate BP) (Fig. 5.6). On day 10, interestingly, boundary isolates BB and TB from
Whanganui and Taranaki exhibited the highest mortality in GWA (20%). Increasing the
conidial concentration to 107 conidia/ml markedly enhanced mortality rates, with pasture
isolates BP and ToP achieving a mortality rate of 50% by day 10. At the highest tested
concentration of 10% conidia/ml, the pasture isolates TP and ToP demonstrated significant

lethality to GWA, causing 80% and 85% mortality, respectively.

Mean mortality by isolate. At the lowest conidial concentration (10° conidia/ml), there were

no significant differences in the mean mortality rates of GWA induced by the isolates. At 107
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conidia/ml concentration, pasture isolates, particularly TP and ToP, consistently caused higher

mean mortality rates in GWA, although the differences among isolates at this concentration

were not statistically significant (Fig. 5.7). At the highest concentration (108 conidia/ml), the

pasture isolates TP and ToP achieved mortality rates exceeding 80%, while isolates from the

boundary and forest areas showed lower efficacy, with GWA mortality rates generally

remaining below 50%. High variability was observed across the data, as indicated by the error

bars in Fig. 5.7. The differences in GWA mortality across isolates were not statistically

significant (y* (8) = 3.44, P=0.90).
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Mean mortality by habitat. In all concentrations, the Beauveria isolates from pasture habitat
tended to cause higher mortality of GWA. However, the mean mortality of GWA from Beauveria
isolates sourced from different habitats was not significantly different across all concentrations

(x*(2)=0.22, P=0.125) (Fig. 5.8).
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Figure 5.8. Mean mortality of giant willow aphid Tuberolachnus salignus at day 10, using Beauveria
isolates obtained in different habitats through insect baiting. Different letters above bars within each

concentration indicate significant differences between isolates according to Tukey's HSD test (P < 0.05).
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Median lethal concentration (LC50) of Beauveria isolates against GWA. The comparative
virulence of Beauveria isolates against GWA was assessed by determining the median lethal
concentration (LC50) necessary to achieve 50% mortality. The results showed that pasture isolates,
namely TP, ToP and BP, exhibited the highest virulence. These isolates required a concentration
of 107 conidia/ml to reach the 50% mortality threshold (Fig. 5.9). Boundary isolates TB and BB
had a moderate level of virulence, although the LC50 for both was achieved at a concentration of
107 conidia/ml as well, they were not as virulent as the pasture isolates. Forest isolates displayed
the lowest virulence among the tested groups — to induce a 50% mortality rate within the GWA

population, a concentration of more than 10% conidia/ml was required (Fig. 5.9).

6.0
55
501
’&? /
N
-
©
7]
=)
Pl -
= 4.5
g
a
Isolate
a0k —e— TP
' —=— TF
—a— TB
ToP
—¥— ToF
—»— ToB
3.5[ BP
—e— BF
—~— BB

10° 107 108
Concentration

Figure 5.9. Dose-response relationships for the determination of LC50 values against giant willow
aphid Tuberolachnus salignus using field-collected Beauveria isolates. Isolate codes: TP — Taranaki
pasture, TB — Taranaki boundary, TF — Taranaki forest, BP — Whanganui pasture, BB — Whanganui
boundary, BF — Whanganui forest, ToP — Manawatu pasture, ToB — Manawatu boundary, ToF —

Manawatu forest.
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Locust bioassay using field-collected Beauveria isolates and two commercially available EPF

products.

Cumulative mortality. The mortality of locusts started at day 7 with most isolates causing lethal
effects (Fig. 5.10). Mortality increased at day 10 with all isolates showing marked increase. On the
last day of observation (day 14), isolates TP, ToP, and BP caused more than 50% mortality.
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Figure 5.10. Cumulative mortality of locust Locusta migratoria exposed to field-collected Beauveria
isolates at 10° conidia/ml concentration and to two commercially available EPF products, Com-A and
Com-B. Isolate codes: BB — Whanganui boundary, BF — Whanganui forest, BP — Whanganui pasture,
Com-A — Commercial Product A, Com-B — Commercial Product B, TP — Taranaki pasture, TB — Taranaki
boundary, TF — Taranaki forest, ToP — Manawatu pasture, ToB — Manawatu boundary, ToF — Manawatu

forest.
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Mean mortality by isolate and comparison with commercial products. The isolates exhibited
a wide range of virulence levels, with locust mortality rates ranging from approximately 17% to
75% (Fig. 5.11). The highest locust mortality rate was observed in pasture BP isolate (75% +
3.2%), which was significantly higher than most other isolates (y* (10)=41.6, P < 0.05). This
was followed by a pasture TP isolate, which caused 63% + 2.8% mortality, demonstrating the
second-highest virulence level among all tested isolates. Notably, the commercial isolates (Com-
A and Com-B) demonstrated the lowest virulence levels among all tested isolates. Com-A and
Com-B induced mortality rates of 17.3% + 1.9% and 30% =+ 2.1%, respectively, significantly
lower than the BP and TP isolates (Fig. 5.11).
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Figure 5.11 Mean mortality (% + SE) of locust, Locusta migratoria at day 14 using field-collected
Beauveria isolates at 10° conidia/ml concentration and to two commercially available EPF products, Com-
A and Com-B. Isolate codes: BB — Whanganui boundary, BF — Whanganui forest, BP — Whanganui
pasture, Com-A — Commercial Product A, Com-B — Commercial Product B, TP — Taranaki pasture, TB
— Taranaki boundary, TF — Taranaki forest, ToP — Manawatu pasture, ToB — Manawatu boundary, ToF —
Manawatu forest. Different letters above bars indicate significant differences between treatments (Tukey's

HSD test, P < 0.05).
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Mean mortality by habitat and comparison with commercial products. The
generalized linear model (GLM) with a binomial distribution and logit link function revealed
significant differences in locust mortality rates exposed to Beauveria isolates from different habitat
types (x*(2) = 18.46, P < 0.001; Fig. 5.12). Mortality rates in locusts exposed to pasture isolates
were significantly higher than from other field-collected isolates and from commercial EPF
products (P <0.001). Mortality from forest isolates and commercial products was not significantly

different (P = 0.338). The boundary isolates showed intermediate virulence between forest and

pasture isolates.
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Figure 5.12 Mean mortality of locust Locusta migratoria at day 14 using Beauveria isolates obtained in
different habitats through insect baiting. Different letters above bars within each concentration indicate

significant differences between isolates according to Tukey's HSD test (P < 0.05).
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Mealworm bioassay using field-collected Beauveria isolates and two commercially available
EPF products.

Cumulative mortality. The mortality of mealworm began at 7 days after inoculation with the
Beauveria isolates at 10® concentration (Fig. 5.13). There was a steady and progressive increase
in mortality as the days progressed, with increases in mortality consistent across the various

isolates. Isolates TP, TF, and TB yielded the highest mortality rates among the mealworms.
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Figure 5.13. Cumulative mortality of Tenebrio molitor, when exposed to field-collected Beauveria
isolates at 10® conidia/ml concentration and to two commercially available EPF products, Com-A and
Com-B. Isolate codes: BB — Whanganui boundary, BF — Whanganui forest, BP — Whanganui pasture,
Com-A — Commercial Product A, Com-B — Commercial Product B, TP — Taranaki pasture, TB — Taranaki
boundary, TF — Taranaki forest, ToP — Manawatu pasture, ToB — Manawatu boundary, ToF — Manawatu

forest.
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Mean mortality by isolate and comparison with commercial products. The Generalized Linear
Model revealed a highly significant effect of isolate on mealworm mortality (y? (10) = 33.7, P <
0.001), indicating that mortality rates varied substantially among isolates (Fig. 5.14). Analysis of
mealworm mortality rates following exposure to different Beauveria isolates revealed significant
variation (Fig. 5.14). Pasture isolate TP showed the highest mortality rates demonstrating
significantly greater effectiveness (P < 0.05), compared to other treatments. Conversely,
commercially available product, Com-A exhibited the lowest mortality rate, significantly differing
from most other isolates (P < 0.05), indicating its comparatively limited efficacy. The pasture
isolates BP and ToP showed marginally significant increase in mealworm mortality rates (+ 30%).
Other isolates showed varying levels of virulence but were not significantly different (P > 0.05)

(Fig. 5.15).
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Figure 5.14. Mean mortality of mealworm Tenebrio molitor, after 14 days exposure to field-collected
Beauveria isolates at 10% conidia/ml. Isolate codes: BB — Whanganui boundary, BF — Whanganui forest,
BP — Whanganui pasture, Com-A — Commercial Product A, Com-B — Commercial Product B, TP —

Taranaki pasture, TB — Taranaki boundary, TF — Taranaki forest, ToP — Manawatu pasture, ToB —
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Manawatu boundary, ToF — Manawatu forest. Different letters indicate significant differences between

means (Tukey's HSD test, P < 0.05).

Mean mortality by habitat and comparison with commercial products. The Generalized
Linear Model analysis of mortality rates of mealworms exposed to field-collected Beauveria
isolates from different habitats and commercial EPF products revealed significant differences
among treatments ( y?(3)=32.5, P <0.001) (Fig. 5.15). With the baseline mortality rate of 58.33%,
pasture isolates caused significantly higher (+28.33%) mortality (P <0.01), followed by forest and
boundary isolates with intermediate levels, and commercial products producing the lowest

(30.83%) mortality rates (P < 0.01).
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Figure 5.15. Mean mortality of mealworm Tenebrio molitor at day 10 using Beauveria isolates obtained
in different habitats through insect baiting. Different letters above bars within each concentration

indicate significant differences between isolates according to Tukey's HSD test (P < 0.05).

Ultrastructural insights of Beauveria pathogenicity in locust and mealworm hosts

The locust treated with the local Beauveria isolate TP exhibited abnormal moulting,
characterized by incomplete shedding of the exoskeleton and disfigured wings (Fig. 5.16A). While
this locust had died, no visible spore growth was observed on its cadaver. Although the death
cannot be directly attributed to the EPF, it may be correlated with previous findings suggesting
that EPF can disrupt the moulting cycle. A mycosed locust caused by the Beauveria soil isolate

TP is shown in Figure 5.16B, displaying fungal colonization and sporulation on the cadaver.

Figure 5.16. Morphological effects of Beauveria bassiana pasture isolate TP from Taranaki on Locusta

migratoria. A. Irregularly moulted locust with visible malformation. B. Mycosed cadaver exhibiting

fungal colonization and sporulation, covering most of the body surface.

Scanning electron microscopy of a mycosed locust leg (Fig. 5.17) reveals conidia attached
to rachi, indicating ongoing fungal growth and the progression toward spore dispersal. The conidia
are yet to be released, suggesting that dispersal has not occurred at this stage. A dense network of
mycelia on the leg demonstrates extensive colonization of the host by the fungus. The locust
abdomen was also visualized in SEM from infection at day 14 (Fig. 5.18) to see what it looks like

internally. The cross-sectional image of EPF infection revealed the extensive infiltration of fungal
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hyphae within the locust's abdominal cavity. The filamentous structures of the hyphae are clearly

visible, intertwined with the host's tissues, indicating a high level of colonization.
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Figure 5.17. Locust leg post- Beauveria bassiana infection, visualized using SEM. A. Conidia attached

to rachi. B. Hyphal network on the leg surface.
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Figure 5.18. Locust (L. migratoria) infected with Beauveria bassiana pasture isolate TP from Taranaki,
NZ. The cross-section of locust abdomen, showing extensive infiltration of fungal hyphae within the

locust's abdominal cavity.
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The SEM also provides visualization of the pathogenic interaction between Beauveria
bassiana and the mealworm host. The SEM image reveals conidia lodged within the spiracles (Fig.

5.19), which are the respiratory openings of the mealworm.
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Figure 5.19. Beauveria bassiana hyphal growth and sporulation on mealworm (7enebrio molitor)

spiracle.

Discussion

Differences between isolates and sources of variation in pathogenecity

The pathogenicity of Beauveria isolates demonstrated significant variability, highlighting
1solate-specific and host-specific nature of pathogenicity. For instance, pasture isolates such as TP
and ToP consistently exhibited higher efficacy across multiple hosts, including grass grubs,
locusts, and mealworms, while isolates BF and TF showed markedly lower virulence, even at
elevated conidial concentrations. These findings align with those of Zemek et al. (2021) who

highlighted the strain-specific characteristics of Beauveria virulence. The differences observed are
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likely driven by genetic variability, environmental adaptation, and specific interactions with local
host species, as suggested by Bidochka et al. (1998).

The observed dose-dependent mortality patterns further elucidate the relationship between
conidial concentration and pathogenicity. For example, isolate TP achieved 100% mortality at 10°
conidia/ml against grass grub larvae, but significantly lower mortality was observed at 10°
conidia/ml, suggesting a critical threshold below which effective pest control is unattainable. Ullah
et al. (2023) similarly reported that sub-lethal concentrations may not adequately overcome host
immune defenses, limiting the efficacy of entomopathogenic fungi (EPF) in biocontrol
applications. These findings reinforce the notion that both isolate selection and conidial
concentration are critical factors in optimizing Beauveria-based treatments for pest control. Higher
concentrations of conidia generally yield better control across most isolates, as evidenced by the
significant mortality rates achieved with elevated doses. This observation is consistent with
previous studies that have demonstrated a direct correlation between spore concentration and
pathogenicity in various entomopathogenic fungi, including Beauveria bassiana (Hassan et al.,
2019; Mantzoukas et al., 2019). The efficacy of higher concentrations can be attributed to the
increased likelihood of successful infection and subsequent fungal proliferation within the host,
which is essential for effective biocontrol.

The origin of the isolates, particularly those recovered from mealworm infections in insect
bait setups, is also a significant factor influencing their virulence. These isolates demonstrated high
efficacy across multiple host species, suggesting that they may possess adaptations that confer
broad-spectrum virulence. This finding aligns with the work of Quesada-Moraga et al. (2024) who
noted that the selection of isolates based on their environmental origins can enhance their
effectiveness against a wider range of pests. The use of insect baiting as a strategy for sourcing
robust biocontrol agents is particularly promising, as it allows for the identification of isolates that
have evolved in the presence of diverse pest challenges, thereby enhancing their potential for
effective pest management (Sharma et al., 2019).

Moreover, the adaptability of these isolates to various environmental conditions further
underscores their potential utility in integrated pest management strategies. Research has shown
that isolates derived from environments with high pest pressure tend to exhibit greater virulence,
likely due to natural selection favouring those strains that can effectively exploit available hosts

(Ullah et al., 2022). This adaptability not only enhances their efficacy but also supports the
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sustainability of pest control measures by reducing reliance on chemical pesticides (Bamisile et

al., 2021).

Differences in pathogenicity across habitats

A comparative analysis of Beauveria isolates derived from different habitats reveals
significant variations in pathogenicity, with pasture-derived isolates generally demonstrating
superior efficacy. For instance, pasture isolates TP and ToP consistently achieved high mortality
rates across multiple hosts, such as grass grubs, locusts, and mealworms. In grass grubs, pasture
isolates achieved the highest mean mortality (55%), although this was not statistically different
from boundary isolates (30%), suggesting shared virulence factors between these habitats
potentially due to ecological overlap or genetic similarities (Bueno-Pallero et al., 2020).
Conversely, forest isolates demonstrated the lowest efficacy, likely reflecting reduced exposure
to target pests in these environments.

For giant willow aphids, mortality rates were not significantly different across isolates
from various habitats, indicating that habitat-specific effects were less pronounced for this host.
However, in locusts and mealworms, pasture isolates significantly outperformed both forest and
boundary isolates (p < 0.05), reflecting the influence of habitat-driven selective pressures in
shaping virulence. Pasture ecosystems, characterized by high densities of soil-dwelling pests,
appear to drive the evolution of more virulent fungal strains, as noted by Xiao et al. (2012).
Bidochka et al. (1998) further emphasized that the distribution of EPF species could be strongly
influenced by habitat-specific ecological pressures.

Boundary isolates exhibited intermediate pathogenicity, suggesting that they possess traits
derived from both adjacent habitats. The transitional nature of boundary habitats may expose
isolates to a mix of environmental conditions and host species, resulting in a hybrid pathogenicity
profile. These findings show the importance of understanding the ecological factors that influence
EPF diversity and pathogenicity, particularly in transitional zones (Bueno-Pallero et al., 2020).

The superior performance of pasture isolates could also be attributed to their adaptation
to agricultural ecosystems, where soil-dwelling pests like C. giveni exert strong selective
pressures. This evolutionary dynamic would favour fungal strains capable of overcoming host
defenses, enabling them to achieve higher efficacy across a range of pests (Bava et al., 2022).

Furthermore, the efficacy of pasture isolates in pest suppression supports the potential for using
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these isolates as targeted biocontrol agents in agricultural systems, particularly in pastures and
golf courses where soil pest damage is a significant challenge (Bueno-Pallero et al., 2020).

Interestingly, despite the observed trends, habitat-specific effects were not universal
across hosts. For example, giant willow aphid mortality rates were comparable across habitats,
suggesting that some pests are less influenced by habitat-derived differences in EPF
pathogenicity. This variability highlights the complex interplay between host susceptibility and
fungal pathogenicity and underscores the need for host-specific studies when developing
biocontrol strategies (Vega et al., 2009).

The critical role of habitat-specific factors in shaping EPF virulence and their implications
for biological pest control is evident in the results of this chapter. The superior efficacy of pasture-
derived isolates highlights their potential as robust biocontrol agents, while the intermediate
performance of boundary isolates suggests a promising role in transitional zones. These results
underscore the necessity of integrating ecological insights into the development of targeted pest

management strategies (Clifton et al., 2015).

Ultrastructural insights

Scanning Electron Microscopy (SEM) analysis has provided critical insights into the
infection mechanisms employed by Beauveria isolates. In locusts, SEM revealed extensive
hyphal colonization within the abdominal cavity, indicative of systemic fungal invasion leading
to host mortality. These findings align with the work of Camara et al. (2022), who studied the
effectiveness of Beauveria strains against locusts, highlighting the role of fungal invasion in host
mortality.

In mealworms, conidia were found lodged within spiracles, disrupting respiratory
functions and providing an alternative route for infection. This mechanism highlights the adaptive
strategies of Beauveria in circumventing host defenses, showcasing its ability to exploit
respiratory entry points. The ability to utilize multiple infection routes emphasizes the potential
of pasture-derived isolates for broad-spectrum pest control, as noted by Bustamante et al. (2019).
This adaptability not only enhances the virulence of these isolates but also suggests a robust

evolutionary response to the selective pressures imposed by their environments.
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Moreover, the interaction between Beauveria isolates and their insect hosts is not merely
a one-way process; the host's immune response also plays a significant role in shaping the
infection dynamics. Research has shown that insects possess a range of immune mechanisms to
combat fungal infections, including the production of antimicrobial peptides and the activation of
phagocytic cells (Wang et al., 2021). The ability of Beauveria to evade or suppress these immune
responses is crucial for its success as a biocontrol agent. For example, the production of specific
enzymes that degrade chitin (Raya-Diaz et al., 2017) This enzymatic activity not only aids in
overcoming physical barriers but also contributes to the overall virulence of the fungus (Wang et

al., 2021).

Superior performance of field-collected isolates and implications for pest management

The superior performance of pasture-derived Beauveria isolates, such as TP and ToP,
compared to commercial EPF products underscores their significant potential for targeted pest
management strategies. Commercial products like Com-A and Com-B exhibited limited efficacy
against tested hosts, including locusts and mealworms, with mortality rates ranging from 0% to
30%. These highlights the ineffectiveness of the NZ commercially available EPF products
compared to the field-collected isolates against locusts. These findings raise concerns about the
efficacy of current commercial products in biological control applications (Mark et al., 2006).

Field-collected isolates, particularly TP and ToP, consistently demonstrated superior
efficacy, achieving mortality rates as high as 100% at optimal concentrations. Qayyum et al.
(2021) emphasized that native isolates often demonstrate higher virulence due to their adaptation
to local pests and environmental conditions, further supporting the use of field-collected strains
in pest management strategies. The potential of pasture-derived isolates to serve as cost-effective
alternatives to current products is particularly relevant for managing high-value crops or pest-
prone ecosystems. Soth et al. (2022) further demonstrated that mixtures of Beauveria isolates
could enhance pest control efficacy, suggesting that combining field-collected isolates with
complementary biocontrol agents may provide synergistic benefits. Moreover, indigenous
Beauveria strains, such as those studied by Bueno-Pallero et al. (2020) and Soth et al. (2022),
have shown significant virulence against a range of pests. Their adaptability to local

environmental conditions makes them particularly effective for biological control applications.
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Conclusions

Soil habitat plays a crucial role in the efficacy and virulence of EPF against insect pests.
Variability in EPF virulence and efficacy is influenced by the fungi's origin and the target pest,
highlighting the need for selecting habitat-specific strains. Pasture-derived EPFs, with their
heightened virulence, are particularly effective against soil grubs, suggesting an evolutionary
adaptation for pest control. The superior efficacy of pasture-derived isolates as biological control
agents can be attributed to the evolutionary pressures within pasture ecosystems that select for
aggressive strains capable of overcoming host defenses. Utlizing habitat-collected isolates presents
a valuable opportunity for targeted pest management, especially in agricultural settings where

rapid and high-impact solutions are crucial.
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Chapter Six

General discussion and recommendations for future work

Comprehensive assessment of entomopathogenic fungi diversity through integrated approaches

Assessing the diversity of entomopathogenic fungi (EPF) through an integrative approach
that combines traditional insect baiting, semi-selective medium plating, and advanced molecular
techniques such as metagenomics and metabarcoding offers a robust and comprehensive
understanding of EPF diversity within soil ecosystems. This comprehensive approach, as
emphasized by Masoudi et al. (2020), not only facilitates the identification of dominant culturable
EPF isolates but also uncovers a significantly broader spectrum of fungal taxa, including rare and
fastidious species that traditional methods alone fail to detect, offering a more complete and
nuanced understanding of EPF diversity and population dynamics. Such an integrative strategy
highlights the importance of employing complementary methods to capture the complexity of EPF
biodiversity within soil ecosystems (Campos-Herrera & Lacey, 2018; Bueno-Pallero et al., 2020).

This thesis provided a more holistic understanding of EPF diversity and their ecological
roles, affirming the necessity of these integrative methodologies in microbial ecology research.
Insect baiting and plating techniques were used to establish a foundational understanding of EPF
presence in the adjacent habitats (Chapter 2). Chapter 3 resolved the species, which were limited
to primarily Beauveria bassiana and Metarhizium novozealandicum.

Molecular advancements, such as metabarcoding enhances our understanding of EPF
diversity in soil ecosystems (Masoudi et al., 2020). In Chapter 4, advanced molecular tools
revealed the further hidden diversity of EPF in forest and pasture soils. Shotgun sequencing
revealed that EPF within the order Hypocreales were predominant in both forest and pasture soils,
while the order Entomophthorales appeared in lower abundance. Metagenomics also identified
additional Beauveria species, including B. brongniartii, B. malawiensis, and B. caledonica, as well
as a wide range of Metarhizium species, such as M. anisopliae, M. robertsii, M. brunneum, M.
acridum, M. rileyi, M. guizhouense, M. flavoviride, and M. majus. Other EPF genera, such as
Cordyceps, Lecanicillium, and Ophiocordyceps, were also detected. Complementary

metabarcoding analyses using ITS2 amplified DNA revealed that Lecanicillium species were more
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abundant than Metarhizium and Beauveria, offering further insights into community composition.
The high abundance of Lecanicillium only in the Taranaki region underscores the site-specific
nature of EPF distribution, which may be attributed to unique ecological or environmental
conditions. Masoudi (2020) demonstrated that Metarhizium anisopliae (sensu lato), Isaria
farinosa, and Beauveria bassiana were consistently abundant as core operational taxonomic units
in their soil sampling sites.

High-throughput sequencing (HTS) has become a useful tool for exploring microbial
diversity in both agricultural and natural environments (Abdelfattah et al., 2017). For instance,
metagenomics has been successfully employed by Friedl & Druzhinina (2012) to
detect Trichoderma, a fungal genus widely recognized for its role in biological control (Howell,
2003), providing valuable data for the development of products targeting soil-borne pathogens.
Similarly, profiling EPF in soils using both metagenomics and metabarcoding, as demonstrated in
this thesis, not only identifies potential reservoirs for biocontrol agents but also provides valuable
insights for developing strategies to integrate these fungi into effective pest management systems.

Comprehensive methods are essential for detecting and understanding the distribution of
EPF, as this knowledge is valuable for developing effective biological control strategies. The
integration of traditional and molecular methodologies provides a robust framework for assessing
EPF diversity. This comprehensive approach not only addresses the limitations of conventional
techniques but also advances our understanding of the ecological roles and habitat-specific
dynamics of EPF, contributing valuable knowledge to microbial ecology and sustainable pest

management.

Habitat influence on EPF abundance

This thesis highlights the critical role of habitat type in shaping the abundance and
distribution of entomopathogenic fungi (EPF) across adjacent forest, boundary, and pasture soils,
with the highest EPF prevalence observed in forests, followed by forest-pasture boundary zones,
and the lowest in pastures. Forest habitats provide nutrient-rich organic matter and stable
microclimatic conditions, such as high humidity and consistent temperatures, which support fungal
growth and activity (Li, 2022). In contrast, agricultural practices in pastures, including soil
disturbance, chemical inputs, and reduced organic content, disrupt EPF populations and limit their

diversity (Tkaczuk et al., 2013; Clifton et al., 2015). The boundary habitat, or ecotone, benefits
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from habitat heterogeneity and the edge effect, which enhance biodiversity and create favourable
conditions for EPF, supported by the convergence of species from forest and pasture ecosystems
These findings are consistent with previous studies showing higher EPF prevalence in undisturbed
or semi-natural habitats compared to agricultural lands (Qeusada-Moraga et al., 2007; Sharma et
al., 2018). The ecological implications of these results underscore the importance of forested and
transitional zones as reservoirs for EPF, which serve as natural pest regulators and contribute to
soil health through nutrient cycling and organic matter decomposition (Li, 2022). Understanding
these dynamics is crucial for integrating EPF into sustainable pest management strategies and

enhancing biodiversity in both agricultural and natural systems.

Importance of local EPF isolates for biological control

This thesis highlights the enhanced pathogenicity of local entomopathogenic fungi (EPF)
isolates. For instance, pasture-derived isolates consistently achieved high mortality rates across
multiple pest species, showcasing their potential as robust, cost-effective alternatives to
commercial biocontrol agents (Imoulan et al., 2011; Mehrmoradi et al., 2022). These findings align
with the growing evidence that local strains, shaped by habitat-specific ecological pressures, offer
distinct advantages in biological pest management (Rosa et al., 2020; Gul et al., 2022). A deeper
understanding of entomopathogen ecology is essential for crafting well-informed strategies to
enhance the field effectiveness of these fungi. The implications of utilizing local isolates for pest
control are profound, as they not only enhance pest management efficacy but also promote
ecological sustainability by reducing reliance on synthetic pesticides (Wakil et al., 2013).
Interestingly, boundary isolates exhibited intermediate pathogenicity, reflecting their transitional
nature and exposure to mixed environmental conditions and host species from adjacent habitats
However, habitat-specific effects were not universal across all hosts, emphasizing the importance
of understanding habitat-driven ecological dynamics and tailoring biocontrol strategies to target

specific pests and environments (Bueno-Pallero et al., 2020).

Future work

The study of EPF in their natural habitats has yielded considerable insights into their

biodiversity and potential as biological control agents. However, there is much more to add to the
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current understanding of EPF distribution, interaction with hosts, and effectiveness in pest control.
Future research should focus on several key areas to enhance our knowledge and application of

EPF in various ecological and agricultural settings:

1. Expanded metagenomics and metabarcoding analyses and utilizing metatransciptomics.
Future studies should incorporate comprehensive metagenomics, metabarcoding, and
metatranscriptomics analyses across a broader sample set to capture a more detailed and
dynamic understanding of EPF community structure, diversity, and functionality. Samples for
High Throughput Sequencing (HTS) should include not only adjacent habitats such forests,
and pastures but also transitional zones, which could reveal critical ecological interactions and
gradients. Expanding the metabarcoding approach with additional molecular markers could
enhance taxonomic resolution and better characterize fungal communities. Furthermore,
integrating metatranscriptomics would provide valuable insights into gene expression patterns

and functional activity of EPF under different environmental and land-use conditions.

2. Ecotone and edge effect dynamics. The boundary habitat, or ecotone, presents a unique
ecological niche that warrants further investigation. Future work should focus on the edge
effect, habitat heterogeneity and reduced disturbance in these zones to understand their role in
supporting EPF diversity and intermediate pathogenicity. Examining changes in EPF
populations in boundary habitats over time could provide insights into how these transitional

zones act as reservoirs for both biodiversity and pest management.

3. Field-Level efficacy studies. Expanding on the laboratory-based findings, field trials are
essential to evaluate the efficacy of local EPF isolates in the field against key agricultural pests.
These studies should consider diverse agricultural systems and environmental conditions to
assess the isolates' performance, environmental persistence, and compatibility with existing
integrated pest management strategies. Collaborating with farmers and agricultural

practitioners could enhance the relevance and scalability of the findings.

4. Formulation development for pasture-derived isolates. Given the demonstrated high

pathogenicity of pasture-derived isolates, future research should focus on developing and
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testing formulations optimized for field application. This includes evaluating shelf life, ease
of application, and environmental stability under various conditions. Formulations should also
be tested for compatibility with other biocontrol agents and for their potential to reduce

reliance on chemical pesticides.

Bioefficacy trials and evolutionary dynamics. Further bioefficacy trials are needed to
validate the observed pathogenicity trends and confirm whether pasture habitats exert
selective pressures favouring more virulent EPF strains. Integrating evolutionary and genetic
analyses could reveal adaptations specific to pasture-derived isolates, shedding light on the
ecological and evolutionary dynamics driving these patterns. Comparative studies between
isolates from different habitats and pest species would further refine our understanding of

EPF-host interactions and inform the development of targeted pest management strategies.
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