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Abstract
Members of the Metarhizium genus exist as both insect pathogens and plant
endophytes. Agricultural formulations of these fungi are utilized for their biocontrol of insect
pests and numerous additional benefits for crop plants (i.e., nutrient transfer, pathogen
antagonism, increased biomass, etc.). In order to develop improvements to these
formulations, it is vital to understand how specific factors, such as the nutrient availability
and microbial community of the soil, as well as production of secondary metabolites,
influence the interaction of Metarhizium with target crop species.
Metarhizium is capable of translocating nitrogen obtained through insect parasitism
to plant hosts in exchange for carbohydrates. Using wax moth larvae (Galleria mellonella)
injected with 15N-ammonium sulfate, it was demonstrated that nutrient-rich soil effectively
inhibited transfer of insect-derived

15

N from Metarhizium into the leaves of haricot bean,

Phaseolus vulgaris. Colonization was maintained under all conditions and was not correlated
with nitrogen transfer. Nitrogen application reduced initial colonization, but it recovered at
later timepoints.
The persistence of Metarhizium within the rhizosphere is influenced by the microbial
community but, reciprocally, the structure of the community may respond to Metarhizium
application. Although soil amendment with M. robertsii did not affect overall diversity of
the root microbiome of P. vulgaris, Illumina sequencing demonstrated significant effects on
particular bacterial and fungal taxa. The relative abundance of several plant growth
promoting microorganisms (e.g. Bradyrhizobium) increased after Metarhizium application.
When challenged with the specific bean root rot pathogen Fusarium solani f. sp. phaseoli,
both the microbiome and M. robertsii were able to suppress disease.

iii

The production of fungal secondary metabolites such as destruxins may dictate
interactions with plant hosts. During co-culture with bean or corn, destruxin production
varied by species of Metarhizium and plant. Similar to previous reports, M. robertsii and M.
acridum generally produced relatively high and low levels of destruxins, respectively.
However, numerous destruxins were synthesized by M. acridum during co-culture with corn.
Unraveling the metabolomic profile of these fungal-plant interactions may provide insight
into mechanisms behind maintaining symbioses and patterns of strain compatibility, as well
as aid in strain selection for agriculture and discovery of novel bioactive metabolites.
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Chapter 1
Introduction

1

Alterations to current agricultural methods are being developed to circumvent the
reliance on chemical pesticides. One such method is harnessing the innate ability of
pathogenic microorganisms for the biocontrol of pest populations. Metarhizium is a genus
of fungi whose members possess the capacity to act as both insect pathogens and plant
endophytes. This perfectly situates these fungi as not only a method for the biocontrol of
insect pests, but also as a means to improve plant health and productivity. A commercial
formulation of Metarhizium spores is available as a strategy to reduce agricultural pest
populations, however, it is not without drawbacks, such as a slower kill time compared to
chemical counterparts. In addition, the complex interactions that occur within the
environment render the biocontrol agent less effective compared to laboratory trials. In
order to develop improvements to these formulations, it is vital to gain a fundamental
understanding of how environmental factors influence the interaction of Metarhizium with
target crop species.
The aim of this thesis is to examine the consequences of three major factors on the
symbiosis of Metarhizium robertsii with the roots of the host plant, Phaseolus vulgaris
(haricot bean) (See Figure 1-1). Objective 1: determine the influence of carbon and
nitrogen availability in the soil on the transfer of insect-derived nitrogen to the plant.
Objective 2: to determine the effects that occur in the microbial community of the plant
root rhizosphere after the application of M. robertsii conidia, in the presence and absence
of an insect host. Objective 3: to determine if differences exist in the production of fungal
metabolites (i.e., destruxins) during colonization of different plant species.

2

Figure 1-1. A graphical overview of the thesis objectives. The influence of three major
factors (soil carbon (C) and nitrogen (N) availability, the rhizosphere community, and
fungal secondary metabolites) on the symbiotic interaction of Metarhizium with the roots
of the haricot bean, Phaseolus vulgaris.

3

Overview
Chapter 2 is a review of the literature surrounding endophytic, insect pathogenic
fungi (EIPF), with a focus on two main genera: Metarhizium and Beauveria. The
evolutionary, proteomic, and genetic basis for these lifestyles is examined through the
exploration of adhesion, nutrient exchange with plant hosts, and plant growth promotion.
In addition, the potential for EIPF as reservoirs of economically important secondary
metabolites is discussed.

Chapter 3 examines colonization of the haricot bean rhizoplane over the course of
14 days by M. robertsii. A real-time quantitative assay for determining the level of
colonization is described and compared to the standard plate technique to determine colony
forming units. Endophytic colonization was determined using this assay and visualized
using confocal microscopy.

Chapter 4 illustrates the impact of carbon and nitrogen availability in the soil on the
level of M. robertsii root colonization of haricot bean and the transfer of insect-derived
nitrogen within this symbiosis. In addition, gene expression of fungal nutrient transporter
genes is also examined when Metarhizium is grown in pure culture compared to during
root colonization of haricot bean.

Chapter 5 is a study of the rhizosphere microbiome of haricot bean. The changes to
the microbiome that occur during the growth of bean plants in field-collected soil after
treatment with M. robertsii, both in the presence and absence of an insect host, are

4

examined. The ability of the microbiome and/or M. robertsii to suppress the activity of the
bean root rot pathogen, Fusarium solani f. sp. phaseoli is evaluated.

Chapter 6 outlines a pipeline for the analysis of secondary metabolites from
biological samples. This communication describes a recommended pathway to follow in
identifying metabolites from large metabolomic studies for novice users. The process of
working with the recommended software is demonstrated using data collected from cocultures of Metarhizium robertsii and Fusarium solani f. sp. phaseoli.

Chapter 7 is an examination of the metabolomic profiles of four species of
Metarhizium (M. acridum, M. brunneum, M. flavoviride, M. robertsii) during co-culture
with different plant hosts (haricot bean, corn) on agar plates. The group of insecticidal
compounds, destruxins, is the main focus as their role in the endophytic lifestyle of
Metarhizium is not well understood.

Chapter 8 concludes this thesis by summarizing the main findings of each chapter
and suggests directions for future study.
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Chapter 2
Literature Review
Fungi with multifunctional lifestyles: Endophytic insect pathogenic fungi

____________________
Published as: Barelli L, Moonjely S, Behie SW, Bidochka MJ. (2016). Fungi with
multifunctional lifestyles: Endophytic insect pathogenic fungi. Plant Molecular
Biology, 90(6), 657-664.
The manuscript was written by Barelli, Moonjely, and Behie with revision and edits guided
by Bidochka. Barelli created the figures under the guidance of Bidochka.
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2.1. Abstract
This chapter examines the symbiotic, evolutionary, proteomic and genetic basis for
a group of fungi that occupy a specialized niche as insect pathogens as well as endophytes.
We focus primarily on species in the genera Metarhizium and Beauveria, traditionally
recognized as insect pathogenic fungi but are also found as plant symbionts. Phylogenetic
evidence suggests that these fungi are more closely related to grass endophytes and
diverged from that lineage ca. 100 million years ago (MYA). We explore how the dual life
cycles of these fungi as insect pathogens and endophytes are coupled. We discuss the
evolution of insect pathogenesis while maintaining an endophytic lifestyle and provide
examples of genes that may be involved in the transition toward insect pathogenicity. That
is, some genes for insect pathogenesis may have been co-opted from genes involved in
endophytic colonization. Other genes may be multifunctional and serve in both lifestyle
capacities. We suggest that their evolution as insect pathogens allowed them to effectively
barter a specialized nitrogen source (i.e., insects) with host plants for photosynthate. These
ubiquitous fungi may play an important role as plant growth promoters and have a potential
reservoir of secondary metabolites.
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2.2. Introduction
In terms of ecological interactions and evolutionary history, fungi that infect and kill
insects are plainly fascinating. Most infect the host insect by penetrating the cuticle, that
is, they do not have to be ingested to cause infection in the insect. This allows infection of
insects with sucking mouthparts such as aphids (Chandler 1997) and adult mosquitoes
(Blanford et al. 2005). The breadth of variety of insect pathogenic fungi is tremendous, a
group that comprises over 100 fungal species (Samson et al. 2013). There are examples of
insect pathogenic fungi found in most major fungal taxonomic groups from
chytridiomycetes to basidiomycetes (Samson et al. 2013). However, there is no underlying
phylogenetic relationship that suggests a basal group from which all insect pathogenic
fungi arose. Even within the Hypocreales, the taxonomic group with the largest number of
insect pathogenic fungi, there is little evidence to suggest that there is a singular common
origin (Humber 2008). Some of these insect pathogenic fungi are obligate pathogens while
many are facultative. Adding further intrigue into their ecology is a subset of insect
pathogenic fungi that additionally function as endophytic symbionts of plants.
Two genera of insect pathogenic fungi that fall within the category of endophytes are
Metarhizium and Beauveria. There is considerable divergence within the genus
Metarhizium and some species (e.g., M. acridum) have restricted insect host ranges while
other species (e.g., M. robertsii) have broad host ranges, and not all species show
equivalent endophytic capabilities. The potential of Metarhizium and Beauveria to control
insect pests in agroecosystems has been known since the early 20th century (Pilat 1938;
Pospelov 1938), and numerous formulations of Metarhizium and Beauveria have been
approved for use in crop protection (Faria and Wraight 2007; Castrillo et al. 2011).
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Phylogenetic analysis has shown that Metarhizium and Beauveria are related to the
fungal grass endosymbionts Claviceps and Epichloë (Spatafora et al. 2007). Furthermore,
comparative genomic analyses have shown that Metarhizium spp. are more closely related
to endophytes and plant pathogens than to animal pathogens (Gao et al. 2011), and that
Metarhizium lineages diverged from the lineage of the mutualistic plant endophyte
Epichloë festucae approximately 88–114 MYA (Gao et al. 2011). This strongly suggests
that Metarhizium evolved from fungi that were plant associates and that insect
pathogenicity is a more recently acquired adaptation (Figure 2-1). Metarhizium may have
evolved from a plant symbiont lineage and subsequently acquired the ability to infect and
kill insects. This is supported by genomic analysis that shows a large number of genes for
plant degrading enzymes within Metarhizium genomes (Gao et al. 2011).
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Figure 2-1. Major transitions in the evolution of Metarhizium species. Transitions are
based upon the phylogenetic analyses of Spatafora et al. (2007) and Gao et al. (2011).
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Genes involved in insect pathogenicity may have been co-opted from genes involved
in plant colonization or from horizontal gene transfer (Screen and St Leger 2000). Figure
2-2 shows hypothetical mechanisms by which genes involved in insect pathogenesis may
have been co-opted, evolved, or acquired by horizontal gene transfer from a plantassociated fungus. The evolution of insect pathogenic Metarhizium spp. must have
involved adaptations that enabled degradation of insect cuticle and host body components,
as there exist numerous proteases, lipases, and chitinases within the Metarhizium and
Beauveria genome. Furthermore, comparative analysis of plant and insect adhesin genes
in Metarhizium spp. suggest that, while other abiotic and biotic factors cannot be excluded
in contributing to divergence within the genus, plant relationships, rather than insect host,
have been a driving factor in the divergence of the genus Metarhizium (Wyrebek and
Bidochka 2013).
Why evolution toward insect pathogenicity? There is some speculation of
interkingdom jumping by these fungi from plants back to arthropods and then back to
plants (Humber 2008). We suggest that many of these fungi have never left the role as plant
symbionts and subsequently gained the ability to infect insects. We hypothesize that insect
pathogenicity is an adaptation that allowed certain species of endophytic fungi to access a
specialized source of nitrogen (i.e. insects), or other insect derived nutrients, and
effectively barter these insect-derived nutrients for access to plant carbohydrates.

2.3. Insect pathogenesis
Metarhizium, Beauveria, and related insect pathogenic fungi, penetrate the insect
cuticle and infect insect hosts through a combination of mechanical penetration and
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Figure 2-2. Potential model for the evolution (from top to bottom) of genetic events
that lead to multifunctional lifestyles of EIPF. The accumulation of plant pathogenic
genes potentially allowed for the root colonizing ability of saprotrophs (Gao et al. 2011);
selection pressure could have then pushed plant pathogens toward symbiosis with the plant
host, ultimately resulting in a mutualistic relationship; symbiotic pressure from the plant to
receive nutrients (e.g. nitrogen) from the fungus could have led to the evolution of insect
pathogenesis – an extension of its ability to breakdown organically bound nutrients or the
co-option of genes involved in plant pathogenesis/symbiosis (Screen and St Leger 2000;
Bagga et al. 2004; Xiao et al. 2012). Proteases are illustrated as an example of one of the
gene families that likely allowed for the evolution of EIPF. In Metarhizium spp. they are
one of the most numerous and diverse enzymes that allow this fungus to adapt to various
habitats and enables its multifunctional lifestyle (Wang, Hu and St. Leger 2005). The
occurrence of plant pathogenic homologous proteases in Metarhizium may be utilized in
initial endophyte colonization and/or immune evasion but does not lead to pathogenesis
(Reddy, Lam and Belanger 1996). Coloured bars indicate genes involved in saprotrophic
(orange) lifestyle, plant pathogenesis (green), plant symbiosis/endophytism (blue), and
insect pathogenesis (red). The asterisk indicates a lifestyle not observed with the organisms
discussed as the focus of this review (i.e. Metarhizium, Beauveria, Lecanicillium), but is a
theoretical evolutionary transitional lifestyle.
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degradation of cuticular components by employing enzymes such as proteases, esterases,
N-acetylglucosaminidases, chitinases and lipases (St Leger et al. 1996; Schrank and
Vainstein 2010; Pedrini et al. 2013). The infection strategies of insect pathogens, such as
Metarhizium and Beauveria, are well documented and understood (Small and Bidochka
2005; Ortiz-Urquiza and Keyhani 2013). During the initial stages of infection, hydrophobic
conidia adhere to the insect cuticle and germinate to form a germ tube and holdfast
infection structures termed appressoria (Holder and Keyhani 2005; Small and Bidochka
2005; Holder et al. 2007), similar to those found in plant pathogenic fungi (Deising, Werner
and Wernitz 2000). Two of the critical genes involved in facilitating conidial adherence to
the insect cuticle are identified as Metarhizium adhesion protein 1 (Mad1) and ssgA, a
hydrophobin (St Leger, Staples and Roberts 1992; Wang and St. Leger 2007a), and the
hydrophobin genes, hyd1 and hyd2, in Beauveria (Zhang et al. 2011). Fungal penetration
of the insect cuticle is primarily facilitated through enzymatic degradation by proteases,
and by the expression of different isoforms of endoproteinases. During growth on insect
cuticle, the major proteases produced by Metarhizium includes cuticle degrading subtilisinlike protease (Pr1A), a thermolysin-like metalloproteinase, a trypsin-like serine protease
(Pr2) and other exo-acting peptidases (St Leger, Joshi and Roberts 1998). Expressed
sequence tag (EST) analysis showed that M. anisopliae expressed 11 subtilisin-like
proteases during growth on insect cuticle (Bagga et al. 2004). Furthermore, proteases also
play a significant role in nutrient acquisition, evasion of host defense by degrading
antifungal proteins, and regulation of micro-environmental pH (St Leger, Nelson and
Screen 1999).
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Beneath the appressoria, hyphae penetrate through the insect cuticle and once in the
insect hemolymph, the hyphae differentiate into yeast-like bodies termed blastospores
(Small and Bidochka 2005; Lewis, Robalino and Keyhani 2009; Wanchoo, Lewis and
Keyhani 2009). Enzymatic degradation, as well as mechanical pressure, has been
implicated in cuticular penetration. For example, the expression of Mpl1 (perilipin) is
implicated in the transport of lipid bodies to the appressoria thereby increasing turgor
pressure (Wang and St. Leger 2007b). Once in the hemocoel, Metarhizium evades the
insect immune system by expressing a collagen-like protein (MCL1) (Wang and St. Leger
2006) and adapts to the osmotic pressure in the hemolymph through expression of Mos1,
an osmosensor-like protein (Wang, Duan and St. Leger 2008). The expression of genes
involved in insect pathogenesis is coordinately expressed as microarray analysis on mutant
strains lacking MaPKA1 (Metarhizium protein kinase A1) showed the down-regulation of
244 genes involved in cuticular infection processes (Fang et al. 2009). The complexities of
signaling pathways and genes involved in stress and virulence responses in Beauveria, are
examined by Ortiz-Urquiza and Keyhani (2015). Metarhizium kills insect hosts within 3-7
days by producing toxins and absorbing nutrients. Once hemocoelic nutrients are depleted,
hyphae emerge from the insect cadaver and conidiate, resulting in the mummification of
the insect host (Small and Bidochka 2005; Schrank and Vainstein 2010).
Metarhizium is an excellent example of a fungus with a multifunctional lifestyle.
It is an insect pathogen, a saprobe, and an endophyte. Metarhizium displays genotypic
plasticity when exposed to dissimilar environments, thereby enabling the fungus to
effectively persist saprobically or as a colonizer of plant or insect hosts (Wang and St.
Leger 2005; Wang, Hu and St. Leger 2005; Pava-Ripoll et al. 2011). For instance,
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Metarhizium uses two different proteins, MAD1 and MAD2 to facilitate adherence on
insect and plant surfaces, respectively (Wang and St. Leger 2007a). EST and cDNA
microarray analysis revealed that Metarhizium expressed different, yet overlapping,
subsets of genes when grown on different insect cuticles, insect hemolymph, or in root
exudate media (Freimoser et al. 2003; Wang and St. Leger 2005; Wang, Hu and St. Leger
2005).
Notable in Metarhizium is the large number of proteases that it produces, and of
these, 18 out of 43 protease genes are differentially expressed on insect cuticle and in root
exudate (Wang, Hu and St. Leger 2005). One significant exception is the subtilisin-like
protease, pr1A, which was highly expressed in insects and root exudate (Wang, Hu and St.
Leger 2005). This suggests that pr1A is an example of a gene for a multifunctional lifestyle.
Similar differential gene expression has been reported in B. bassiana (Luo et al. 2015).
Ortiz-Urquiza, Luo and Keyhani (2015) examine the multitude of genes implicated in
insect pathogenesis of both Metarhizium and Beauveria from a mycoinsecticide
perspective and highlight that the success and survivability of these biocontrol agents in
the environment is tightly connected to their capacity as plant symbionts. The adaptation
of these fungi to insect and/or plant hosts could be the result of gene duplication or
horizontal gene transfer events (Figure 2-2) (Screen and St Leger 2000; Bagga et al. 2004;
Xiao et al. 2012). A detailed understanding of the molecular mechanisms involved in
fungal colonization of plant roots could provide an overall description of genes required
by a fungus as a plant symbiont as well as an insect pathogen. That is, it could provide
evolutionary insight into genes used for plant colonization that have been co-opted for
insect pathogenicity.
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2.4. Plant root colonization by insect pathogenic fungi
A number of insect pathogenic fungi are also plant endophytes (Vega 2008;
Ownley, Gwinn and Vega 2010; Sasan and Bidochka 2012). We term these fungi
endophytic, insect pathogenic fungi (EIPF). Colonization of plants roots by EIPF may
have evolved as a way to survive in soils, in the absence of an insect host (Hu and St. Leger
2002). However, a more likely explanation is that the Metarhizium evolutionary lineage
initially adapted as an endophyte (> 100 MYA), and insect pathogenesis is more recently
acquired trait (< 100 MYA). While there is little information on the specific evolutionary
history of EIPF, recent work has suggested evolutionary pressure to maintain broad-range
insect pathogenesis, indicating strong selection by the plant host to acquire nutrients from
the broadest range of soil insects (Hu et al. 2014). However, under certain environmental
conditions several Metarhizium spp. have evolved as specialists to certain insect species
(i.e., M. acridum).
The ability of EIPF to infect insects is predicated on adherence to the insect cuticle
(Wang and St. Leger 2007a), a mechanism that holds true for plant colonization as well, as
successful association is dependent on adherence to the plant surface (Nicholson and
Epstein 1991). For example, in M. robertsii the gene Mad2 encodes a plant adhesin that is
crucial for attachment to plant roots and is up regulated when Metarhizium is grown in root
exudate media (Wang and St. Leger 2007a). An orthologue of Mad2 was found within the
genome of B. bassiana, suggesting Mad2 plays a role in Beauveria plant adhesion as well
(Xiao et al. 2012).
Metarhizium is capable of growing internally within plant tissue (Sasan and
Bidochka 2012), and evidence has shown M. robertsii endophytically colonizes the roots

16

of switchgrass (Sasan and Bidochka 2012) as well as wheat, haricot bean, and soybean
(Behie, Jones and Bidochka 2015). In field conditions in Ontario, three species of
Metarhizium (M. robertsii, M. brunneum, and M. guizhouense) were found to associate
with grasses, shrubs, and trees, respectively (Wyrebek et al. 2011). B. bassiana is capable
of endophytic colonization of roots, stems, and leaf tissues of tomato, cotton, snap bean,
and haricot bean (Ownley et al. 2008; Behie, Jones and Bidochka 2015). Typically, it has
been thought that B. bassiana gains entry through naturally occurring openings (e.g.
stomata), however, evidence of distortions in the cell wall of corn (Zea mays) around
penetration sites suggests enzymatic activity, similar to that observed during cuticular
invasion of corn earworm (Heliothis zea), may play a role in plant invasion (Pekrul and
Grula 1979; Wagner and Lewis 2000).
Proteases are a key component of cuticular penetration during insect infection but
may also play a role in plant colonization. The Pr1 subtilisin-like protease of Metarhizium
and a protease produced by B. bassiana are homologous to the fungal protease, At1, from
Acremonium typhinum, a grass endophyte (Reddy, Lam and Belanger 1996). At1 is
believed to facilitate symbiotic development by aiding in the degradation of the plant cell
wall and/or apoplastic proteins, to allow fungal colonization (Reddy, Lam and Belanger
1996). Homologs of At1 are also observed in the mycoparasite Trichoderma harzianum
and the nematode-trapping fungus Arthrobotrys oligospora (Geremia et al. 1993; Tunlid
et al. 1994), both of which are also endophytes (Bordallo et al. 2002). Sequence variations
in regions coding for substrate specificity would yield proteases with differing substrate
specificities and may reflect evolutionary changes allowing fungi to adapt to various
lifestyles as pathogens or endophytes (St Leger et al. 1992).
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Protease functionality is highly dependent on environmental pH (Mayerhofer,
Fraser and Kernaghan 2015) and may help partition fungi into different ecological niches
based on utilizable proteins. Metarhizium is able to grow over a wide pH range (2.5-10.5)
(Hallsworth and Magan 1996), and can modulate the pH of its immediate environment
through the production of ammonia (St Leger, Nelson and Screen 1999). The alteration of
environmental pH allows for optimum activity of the extracellular subtilisin-like proteases
(St Leger, Nelson and Screen 1999), and may be a factor in the success of this ubiquitous
EIPF.
Once inside the plant, endosymbiotic EIPF must avoid plant host defenses. Plants
are able to detect the presence of a pathogen and increase defense pathways, resulting in
the expulsion, suppression, or death of the invading fungus (Dangl and Jones 2001). Fungal
endophytes and other fungal root colonizers, however, are able to communicate with the
plant, indicating they are not pathogens. The arbuscular mycorrhizal fungus, Glomus
intraradices releases a diffusible factor that primes the plant for root colonization. This
diffusible communication molecule, named myc (mycorrhizal) factor, was identified as a
lipochitooligosaccharide (LCO), and resembles Nod factors found in rhizobia (Maillet et
al. 2011). Myc factors have been shown to prepare the root for fungal colonization by
inducing transcriptional changes, such as those that activate the SYM (symbiotic) signaling
pathway, and by inducing morphological changes that increase contact between plant roots
and hyphae, such as increased root hair growth (Kosuta et al. 2003; Oldroyd, Harrison and
Paszkowski 2009). M. robertsii root colonization causes extensive root hair development
in switchgrass, a notable indication of root priming (Sasan and Bidochka 2012), suggesting
Metarhizium releases a myc-like factor prior to root colonization.
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2.5. Nutrient exchange between EIPF and their plant hosts
In most ecosystems, soil nutrients are limited, thus competition among plants for
nutrients is high (Clark and Zeto 2000). The majority of plant species are able to overcome
this insufficient supply of nutrients by forming symbiotic associations with soil bacteria,
mycorrhizal fungi, and fungal endophytes (Clark and Zeto 2000). Typically, in plant-fungal
symbioses, fungal partners transfer limiting soil nutrients, such as phosphorus and nitrogen
(Govindarajulu et al. 2005; Guether et al. 2009; Behie and Bidochka 2014), to their host
plant in exchange for plant-derived carbohydrates (Bonfante and Genre 2010).
The dual life cycle of Metarhizium and Beauveria, suggested that insect
pathogenesis and plant root colonization are coupled to provide plant hosts with insect
derived nitrogen. EIPF are able to infect insects and subsequently translocate insect derived
nitrogen to a host plant (Behie, Zelisko and Bidochka 2012; Behie and Bidochka 2014). In
this manner, plants colonized by EIPF have access to a specialized nitrogen reservoir
present in soil ecosystems, organically bound in insects, and are able to reacquire nitrogen
lost through insect herbivory.
What is the fungus gaining in return for providing insect-derived nitrogen to the
plant? Freely available carbon is very difficult to access in the soil and is generally bound
into complex carbohydrates such as cellulose and lignin. We hypothesized that EIPF gain
access to simple plant carbohydrates in return for nitrogen. To confirm this we used plants
colonized with EIPF and tracked 13C, through the introduction of 13CO2 in plant growth
chambers, into plant carbohydrates and ultimately into fungal carbohydrates in the
root/endophyte complex (trehalose and chitin) (Behie et al. 2017). Metarhizium mutants
deficient in a raffinose transporter gene (mrt) showed reduced rhizosphere competency,
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suggesting that fungal carbon acquisition is critical to Metarhizium/plant symbioses, and
that MRT is a potential a route for the uptake of plant derived carbohydrates (Fang and St.
Leger 2010).

2.6. EIPF as plant growth promoters
Not only have EIPF been shown to be involved in plant acquisition of nitrogen,
plants grown in the presence of these fungal partners have shown increased growth and
productivity (Behie and Bidochka 2014). Plants colonized by Metarhizium showed
significantly greater number of lateral roots and root hair formations when compared to
untreated plants (Sasan and Bidochka 2012), and increased leaf collar formation and
foliage biomass have been reported in corn seeds treated with different Metarhizium strains
(Liao et al. 2014). The effect of Metarhizium on the growth of tomato plants has also been
evaluated, and Metarhizium-colonized plants showed significantly greater plant height,
root length, and shoot/root dry weights (Elena et al. 2011). Kabaluk and Ericsson (2007)
reported highest corn yields when corn plants were treated with both Metarhizium and a
conventional insecticide as compared to corn treated with just the insecticide. These studies
suggested that Metarhizium confers plant growth promotion properties beyond protection
from insects and help to increase primary production in agricultural systems.
EIPF also confer protection to plants against microbial pathogens. Metarhizium is
antagonistic towards the bean root rot fungus Fusarium solani (Sasan and Bidochka 2013)
and Beauveria was found to stimulate plant defense responses (Ownley et al. 2008;
Ownley, Gwinn and Vega 2010). Metarhizium also promoted soybean growth during salt
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stress, where Metarhizium treated plants showed significantly greater biomass and
comparatively lower levels of the plant stress hormone abscisic acid (Khan et al. 2012).

2.7. Potential source of economically important secondary metabolites
Genomic data of Metarhizium and Beauveria showed that these EIPF are rich in
secondary metabolite gene clusters when compared to fungi with other trophic associations
(Gibson et al. 2014). Metarhizium spp. produce secondary metabolites that are toxic to
insects as well as other microbes (Carollo et al. 2010). There are 85 and 52 core genes
putatively involved in secondary metabolite biosynthesis in M. robertsii and M. acridum,
respectively (Gibson et al. 2014). Both pharmaceutically active and insecticidal secondary
metabolites are reported from Metarhizium and include compounds such as destruxins,
fusarin-like compounds (NG39x), cytochalasin, and swainsonine (Gibson et al. 2014). In
Beauveria, the best-studied secondary metabolite is beauvericin, which was shown to have
antibacterial, anti-tumor, antifungal and insecticidal activities (Wang and Xu 2012).
Furthermore, in vitro studies revealed beauvericin has cytotoxic activity against human cell
lines, reverses the multidrug resistance phenotype in yeast, and the flucanazole resistance
phenotype in Candida albicans (Gibson et al. 2014).
Several EIPF have been identified in the biotransformation of various chemical
substrates and of these, Beauveria spp. have been frequently used for such purposes
(Grogan and Holland 2000). Specific gene clusters, predicted in Metarhizium spp. and
Beauveria spp, show potential to be exploited for biotransformation, or as biocatalysts, that
may be utilized in bioremediation and drug discovery (Gibson et al. 2014). There are also
examples of endophytes capable of synthesizing pharmaceutically active metabolites when
associated with plants. For example, taxol, an anticancer drug produced by endophytic
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fungi when associated with yew trees (Taxus family) (Garyali, Kumar and Reddy 2013).
Hence, more focus on metabolite production analysis during plant root colonization is
needed, as the specific interaction between fungus and plant may yield commercially
relevant bioactive metabolites.

2.8. Conclusions
Traditional research on insect pathogenic fungi has focused almost exclusively on
insect virulence, and on increasing virulence, focusing on a faster acting biological control
agent. Recent advances, however, have indicated that a number of insect biocontrol agents,
such as Beauveria and Metarhizium, are also plant colonizers, and may play a larger role
in the ecosystem than previously realized. These ubiquitous fungi may play be critical to
processes such as soil nutrient cycling. It has also been suggested that a number of other
insect pathogenic fungi have a plant colonization life cycle, and therefore, the complete
role of these fungi must be further elucidated in order to develop strong, industry
applicable, biological control agents and pharmaceuticals. Future research into EIPF as
biological control agents (BCA) requires consideration of their role in the ecosystem, in
order to exploit the genetic history of these fungi, leading to more powerful research and
industrial applications that could potentially be exploited in a myriad of positive ways.
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Chapter 3
Time-course analysis of Metarhizium colonization and development of
a real-time PCR quantification assay of total root colonization.
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3.1. Abstract
Here we assessed the time course of rhizoplane colonization by the endophytic
insect pathogenic fungus Metarhizium robertsii. We describe a method of quantifying root
colonization of bean plants by M. robertsii using quantitative polymerase chain reaction
(qPCR). Results of this method were compared with the standard plate count method using
colony forming units (CFU). Both the CFU and qPCR methods were used to monitor the
time course of haricot bean (Phaseolus vulgaris) colonization by a strain of M. robertsii
that expressed the green fluorescent protein (ARSEF 2575-GFP) for colony verification.
There was a strong correlation between the results of the CFU and qPCR methods
indicating both methods are well suited for the determination of colonization of P. vulgaris
roots by M. robertsii. Primers for a catalase gene (cat) amplified DNA from M. robertsii,
M. brunneum, and M. guizhouense. Primers for a nitrogen response-regulator (nrr)
additionally detected M. acridum and M. flavoviride, whereas Metarhizium perilipin-like
protein (mpl) primers were specific to M. robertsii alone. However, cat was the only target
that specifically amplified Metarhizium in experiments utilizing nonsterile soil. Endophytic
colonization of P. vulgaris at 60 days post-inoculation with M. robertsii was detected from
surface-sterilized roots with more sensitivity using our qPCR technique over the CFU
method. Our results suggest that there is a prolonged period of rhizoplane colonization by
Metarhizium with transient, low-level endophytic colonization of the root system of P.
vulgaris that persists for the entirety of the plant life cycle.
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3.2. Introduction
The insect pathogenic fungus Metarhizium has been extensively used as a
biological control agent (Shah and Pell 2003) and many of the biochemical and molecular
factors involved in insect pathogenesis have been elucidated (Gao et al. 2011). However,
there are many instances where Metarhizium has not performed optimally as a biological
control agent in the field (Meyling and Eilenberg 2007). One of the main reasons for this
may be that the ecological role of this fungus has generally been neglected (Vega et al.
2009). Regardless of the potential utility of the fungus as an insect biocontrol agent, its
phylogenetic history is one of a relative of plant endophytes (Behie, Padilla-Guerrero and
Bidochka 2013) and this must be considered in any bio-control effort. The discovery of
Metarhizium as an endophyte (Sasan and Bidochka 2012), as well as its ability to transfer
nitrogen to plants from insect cadavers (Behie, Zelisko and Bidochka 2012), highlights its
importance in the ecosystem. The endophytic capability of Metarhizium is now being
evaluated alongside its use in biological control and is potentially critical in developing
novel and effective biological control strategies.
Endophytes play key roles in the ecosystem and influence health, evolution, and
ecology of the host plant (Brundrett 2006). For example, Metarhizium was reported as plant
growth promoter (Khan et al. 2012; Sasan and Bidochka 2012; Liao et al. 2014), a plant
pathogen antagonist (Sasan and Bidochka 2013), and can facilitate nitrogen transfer to a
broad plant host range (Behie and Bidochka 2014). However, the mechanisms involved in
endophytic associations have not been fully elucidated.
To accurately assess the ability of Metarhizium to colonize plant roots, it is critical
to quantify endophytic association, which may be dependent on environmental factors
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(Lovett and St Leger 2014), plant species, and plant localization (Behie, Jones and
Bidochka 2015), as well as fungal strain and species variation. Typically, plant colonization
may be quantified through cultivation-dependent techniques such as the percentage of the
plant that is colonized as assessed by colony forming units (CFU) from homogenized plant
tissues. Cultivation techniques have serious limitations, specifically when trying to
quantify endophytic association under non-axenic conditions which could potentially lead
to an inaccurate estimation of plant colonization (Porras-Alfaro and Bayman 2011).
Quantitative real-time polymerase chain reaction (qPCR) is an accurate method for
assessing fungal colonization in plant tissues, and it is reportedly more reliable than
culture-based methods and less labour intensive than microscopy-based methods (MaciáVicente et al. 2009; Tellenbach, Grünig and Sieber 2010). Here we show a method for the
detection and quantification of M. robertsii on the rhizoplane and within plant roots based
on qPCR utilizing SYBR® Green fluorescence. Primers were designed and tested
according to their sensitivity, reproducibility, and specificity in target (M. robertsii), related
(Metarhizium species), and non-target (plant) genomic DNA. The method was verified by
quantifying the time-course of colonization of bean roots (Phaseolus vulgaris) by M.
robertsii. qPCR values were compared with traditional CFU quantification methods. We
found that the initial stages of plant interaction with Metarhizium involves extensive
rhizoplane colonization followed by endophytic growth.

3.3. Methods
3.3.1. Fungal and plant material preparation
M. robertsii (ARSEF 2575) transformed with green fluorescence protein (GFP)
(Landa et al. 2013) was used for qPCR calibration and quantification experiments. M.
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acridum 7486, M. brunneum KTU60, M. guizhousense B77ai, and M. flavoviride 380189
were used to evaluate primer utility for Metarhizium species. P. vulgaris (haricot bean var.
soldier) was used as the host plant (OSC Seeds, Ontario, Canada). The fungal strains were
maintained on potato dextrose agar (PDA). For standard curve calibration, pure fungal
DNA was obtained from mycelia grown from 100 µL of a conidial suspension (107 conidia
mL-1 0.01% Triton-X) inoculated into 50 mL YPD broth (0.2% (w/v) yeast extract, 1%
peptone, 2% glucose) and incubated at 27°C for 4 days on a rotary shaker (180 rpm). Pure
bean DNA was obtained from sterile seeds germinated on 1% agar plates incubated in a
plant growth chamber (16-hour light cycle, 25°C, 50-60% humidity).
Bean seeds were surface sterilized by submersion in a 0.35% NaOCl for 5 minutes
followed by a thorough rinse in sterile water. This was repeated twice more followed by
submersion in 15% hydrogen peroxide for 10 minutes. The seeds were then washed
thoroughly three times and the water was decanted. The bean seeds were placed at 4°C for
24 hours to synchronize germination. Surface-sterilized been seeds were placed in a 30 cm
by 23 cm aluminum foil tray that contained fine vermiculite (JVK, St. Catharines) to a
depth of 2.5 cm. Vermiculite was steam-sterilized a total of three times at 121°C and 15
psi, with 24 hours between each sterilization. Seeds were evenly spread out throughout the
tray and lightly covered with a thin layer of vermiculite. The tray was enclosed with a clear,
plastic lid that was sterilized by UV irradiation and sealed with Parafilm M® to ensure air
exchange. The tray was kept at 25°C and 50-60% humidity, with a 16-hour photoperiod
for 3 days, to obtain seedlings.
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Table 3-1. Primers for use in quantitative PCR detection of Metarhizium colonization
of haricot bean, Phaseolus vulgaris.
Name

Target

Primer Sequence (5’-3’)

Length
(bp)

GenBank Accession

cat

M. robertsii catalase

(F) TGTAAAGGCTAATACGCATC
(R) TAGTTTTCCAGTGCCATTTT

101

FN641683.1

mpl

M. robertsii perilipin
MPL1-like protein

(F) GTCAAGCAGTAGATTTCCAA
(R) AAGAAAGAGGGTGAAAAAGG

109

HM055471.1/
DQ837583.1

nrr

M. robertsii nitrogen
response regulator

(F) TCAGGCGATCTCGTGGTAAG
(R) GGGGTGTACTTGAGGAATGGG

193

XM_007819132.1

actin

P. vulgaris actin

(F) CACCGAGGCACCGCTTAATC
(R) CGGCCACTAGCGTAAAGGGAA

126

XM_007162263.1/
AB067722.1
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3.3.2. Quantitative real-time PCR
The primers for detection of M. robertsii by real-time PCR (Table 3-1) were chosen
arbitrarily from a large selection of previously designed primers and examined for
specificity in the presence of P. vulgaris DNA, as well as their utility in amplifying DNA
from other Metarhizium species. Primers for the amplification of P. vulgaris DNA for use
in normalization of the data were also evaluated. All primers were known to have an
annealing temperature of 60°C from previous studies conducted in the lab. The primary
screening was a standard PCR reaction with the following recipe: 2 µL of template DNA
(10 ng/µL), 12.5 µL Jump Start Taq Ready Mix (Sigma), 0.2 µM of forward and reverse
primers and PCR-grade water to a final volume of 20 µL. The cycling conditions were: 2
minutes 95 °C, 40 cycles of 95°C for 15 seconds, 60°C for 30 seconds and 72°C for 30
seconds, and a final extension at 72°C for 2 minutes. The amplicons were visualized on a
1.5% agarose gel stained with GelRed™ (Thermo Fisher). The primers that proved to be
specific for each template DNA were further evaluated for qPCR performance. The
unsuccessful primer candidates are listed in Table S3-1 (Supplemental Information).
The performance of cat, mpl, nrr, and actin (Wen et al. 2005) primers (Table 3-1)
in a SYBR® Green qPCR assay was determined by creating standard curves of fungal and
plant genomic DNA with concentration gradients that ranged from 20 ng to 2 pg. qPCR
was done in triplicate and the assay was repeated twice. The qPCR reaction utilized the 2X
Real-Time PCR Master Mix (Norgen), 0.2 µM each primer, 2 µL of template DNA (20 ng
total) and PCR-grade water to a final volume of 20 µl. The thermal cycling conditions
were: 2 minutes 95°C, 35 cycles of 95°C for 15 seconds, 60°C for 30 seconds (real-time
detection step) and 72°C for 30 seconds, with a final extension of 2 minutes at 72°C. The
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qPCR reactions were performed using a CFX Connect™ (Bio-Rad). The threshold cycle
(Ct) and standard curves were automatically generated by CFX Manager™ 3.1 (Bio-Rad),
where the Ct values were plotted against the logarithmic starting DNA concentration.
In addition, a spike test was conducted in order to verify the ability of the fungal
primers to recognize target DNA with an overwhelming concentration of non-target plant
DNA, without a loss in performance. Fungal DNA concentrations ranging from 20 to 0.002
ng were spiked with 40 ng of plant DNA and subjected to qPCR. The primers cat and actin
were confirmed suitable for qPCR determination of Metarhizium colonization of P.
vulgaris in accordance with the MIQE® guidelines (Huggett et al. 2013). Quantification
of Metarhizium colonization was expressed as a ratio of fungal DNA to plant DNA (µg/g)
for normalization.

3.3.3. Nonsterile soil primer test
Field-collected soil (St. Catharines, Ontario) was used to evaluate the utility of the
primers chosen for qPCR under nonsterile conditions. Eight plants inoculated with M.
robertsii were prepared as described below and grown for 14 days. DNA was extracted
from rhizospheric soil using the soil DNA extraction kit (Norgen Biotek) as per the
standard protocol. DNA from root tissue was extracted using a modified CTAB protocol
(described below) (Healey et al. 2014). DNA concentrations were measured, and sample
DNA was diluted to between 2-10 ng/µL for use in qPCR. Amplicons were subjected to
1.5% agarose gel electrophoresis.
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3.3.4. CTAB DNA extraction
Modifications were made to a previously described extraction protocol (Healey et
al. 2014). 2X CTAB solution [2% (w/v) hexadecyltrimethylammonium bromide, 100 mM
Tris (pH 8.0), 20 mM EDTA (pH 8.0), and 1.4 M NaCl were autoclaved sterile, to which
2% (w/v) of polyvinylpyrrolidone (Mw 40,000) and 1% 2-mercaptoethanol were added]
was preheated to 65°C and applied to lyophilized root pieces at a volume of 5:1 (i.e., 5 mL
2X CTAB per 1 g of fresh root weight) and vortexed for 1 minute. The tube was incubated
in a 65°C water bath for 30 minutes. After incubation, the tube was vortexed again for 10
seconds to homogenize the solution, and then a 1 mL aliquot was transferred to a 2 mL
tube. One volume of chloroform:isoamyl alcohol (24:1) was added to the supernatant and
vigorously shaken to form an emulsion, followed by centrifugation at 14,000 rpm for 2
minutes. This step was repeated once. The supernatant was transferred to a 1.5 mL
microfuge tube and 0.7 volumes of isopropanol were added and mixed by inversion to
precipitate the DNA. The tube was centrifuged at 14,000 rpm for 5 minutes. The DNA
pellet was washed once with 70% ethanol and once with 100% ethanol, being centrifuged
at 14,000 rpm for 2 minutes each time. The ethanol was decanted, and the pellet was
allowed to dry for 10 minutes on the bench top. The pellet was resuspended in 50 µL of
1X TE buffer pH 8.0.

3.3.5. CFU versus qPCR time-course
Seedlings were potted in sterile soil (Mix 1, JVK) and, using a modified version of
the soil drench method (Greenfield et al. 2016), 5 mL of a 106 conidia mL-1 suspension of
M. robertsii (2575-GFP) was pipetted onto the surface of the soil surrounding the seedling.
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Ten plants each were harvested at 3, 7, 10, 14 and 60 days for control plants and plants
with M. robertsii for a total of 100 plants. The experiment was repeated twice.
Bean plants from 3 to 14 days were gently removed from pots and shaken over a
collection jar to obtain 1.0 g of soil that was most closely associated with the roots
(rhizospheric soil). The roots were then washed free of soil in dishes of tap water that
allowed the root strands to easily spread out and they were gently manipulated by hand
until no soil remained. The plants were laid out on paper towel and gently pressed dry.
When no more moisture was seen on the towel pressing, the roots were severed from the
base of the stem and chopped into fine pieces (3 mm or less) with a single edge razor blade
(No. 9, VWR). The root pieces were placed into a 50 mL Falcon tube and the fresh weight
was taken.
A 2:1 volume of 0.01% Triton X-100 was added to the root pieces and homogenized
using a rotary homogenizer (Tissue Tearor, Greiner Scientific). An aliquot of 200 uL of
root homogenate was spread, in duplicate, onto CTC (39 g/L potato dextrose agar, 1 g/L
yeast extract, 0.5 g/L chloramphenicol, 0.25 g/L cyclohexamide, 0.004 g/L thiabendazole)
(Fernandes et al. 2010). The plates were incubated at 27°C for 5 days and M. robertsii
CFUs were counted and confirmed by GFP-fluorescence. The remaining root homogenate
was immediately frozen and lyophilized in preparation for DNA extraction. DNA was
isolated from whole bean roots using a modified CTAB extraction protocol (described
above) (Healey et al. 2014).
Fungal colonization for each time point was determined using the described qPCR
assay with DNA from eight replicates, run in triplicate. The CFX Manager™ (Bio-Rad)
software quantified the amount of fungal (cat) and bean (actin) DNA present in each
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sample from the standard curve. Metarhizium colonization was expressed as a ratio of
fungal DNA to plant DNA (µg/g) for normalization. The quantity of fungal DNA to bean
root DNA calculated from the qPCR assay was plotted against the average CFU counts,
obtained from the same root samples, to determine whether a correlation existed between
the two methods.

3.3.6. Endophytic analysis
Plants harvested on 60 days were washed free of soil and surface-sterilized by
immersion in 0.5% NaOCl with 0.1% Triton X-100 for 30 seconds and washed thoroughly
three times with sterile distilled water. Sterilization efficacy was confirmed by the absence
of growth on PDA from 100 µL of the final rinse water. Roots were then processed as
stated above to be evaluated for endophytic colonization of Metarhizium by both the
culturing and qPCR methods. Only 60 days post-inoculation (dpi) plants were evaluated
for endophytic growth as previous attempts failed to isolate CFUs from 7 to 28 dpi bleached
roots (data not shown) but M. robertsii was first shown to be endophytic in beans at 60 dpi
(Sasan and Bidochka 2012). Random selection of leaves, stems, pods, and seeds from each
60 day plant were surface-sterilized as stated above, placed on CTC (Fernandes et al. 2010)
media, and sliced in cross-sections with a razor blade to evaluate whether Metarhizium
endophytically colonized any of these above ground tissues.

3.3.7. Confocal imaging
Images of root colonization were obtained with a Zeiss LSM 510 confocal
microscope at the Microscopy and Microanalysis Unit of the Federal University of Viçosa
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(Núcleo de Microscopia e Microanálise da Universidade Federal de Viçosa — NMMUFV). Plant-Metarhizium root associations at 7 and 14 dpi were harvested and three plants
from each time point were harvested and processed for laser scanning confocal microscopy.
The GFP was excited with a 488 nm laser and emission was detected at 505-530 nm. Root
cell wall auto-fluorescence was detected at 580-620 nm. Images were processed using
Zeiss LSM Image Browser.

3.3.8. Statistical analyses
All data was verified to have a normal distribution using the Shapiro-Wilk test.
ANOVA (α = 0.05) was used to test for differences in colonization. All statistics were
performed using the software StatPlus:mac version 6.2.50 (AnalystSoft Inc.).

3.4. Results
3.4.1. Primer specificity and utility
Primers utilized in the qPCR assay for M. robertsii and P. vulgaris are shown in
Table 3-1. A list of primers screened but found to be unsuitable for qPCR due to cross
amplification can be found in Table S3-1 (Supplemental Information). From the eleven M.
robertsii primers tested, only three (cat, mpl, nrr) were without non-specific amplification.
Actin was the only suitable target for P. vulgaris amplification from those examined. When
these four primer sets were evaluated in qPCR, they were reproducible within replicate
samples, had a high PCR efficiency, and had a strong linear relationship. An absence of
non-specific amplification of opposing DNA template or primer dimers can be seen from
the disassociation curve for each amplicon (Figure 3-1A). These results, as well as
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amplicon size, were confirmed by agarose gel electrophoresis (Figure 3-1B). The mpl
primer set was specific to M. robertsii whereas cat was able to amplify M. brunneum, M.
guizhouense, and M. robertsii, and the nrr primer set amplified all five Metarhizium species
tested. Actin primers were specific to P. vulgaris and did not amplify any of the
Metarhizium species tested.
Amplification of a dilution series of both M. robertsii and P. vulgaris DNA (20, 2,
0.2, 0.02, 0.002 ng) showed a strong linear relationship between the Ct value (qPCR
amplification) and DNA concentration (Figure S3-1, Supplemental Information). The 103
bp M. robertsii cat amplicon was amplified over a log concentration range showing a
correlation coefficient of 0.9969 and PCR efficiency of 97% (Figure S3-1A, Supplemental
Information). The PCR efficiency of nrr was 91% and 104.5% for mpl (data not shown),
which led to the preferential selection of the cat primer set for use in the qPCR assay. The
126-bp P. vulgaris fragment was amplified with a correlation coefficient of 0.9996 and a
PCR efficiency of 93% (Figure S3-1B, Supplemental Information).
In the spike test, the concentration of bean genomic DNA used (40 ng) was 20,000
times greater than the smallest amount (0.002 ng) of fungal DNA. Figure S3-1C
(Supplemental Information) shows that the cat gene of M. robertsii was selectively and
efficiently amplified in the presence of an abundance of plant DNA, with a high regression
coefficient.

3.4.2. QPCR performance in nonsterile soil
Primer specificity was challenged with amplifying target DNA from soil samples
(cat, mpl, nrr) or root tissue (actin) with an abundance of natural organisms present.
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Figure 3-1. QPCR evaluation of mpl, cat, nrr, and actin performance. A)
Disassociation curves for mpl, cat, nrr, and actin. B) 1.5% agarose gel electrophoresis of
qPCR amplicons generated from DNA template from different species of Metarhizium and
of haricot bean (“Soldier” variety; Phaseolus vulgaris). MA = M. acridum 7486; MB = M.
brunneum KTU60; MF= M. flavoviride 380189; MG = M. guizhouense B77ai; MR = M.
robertsii 2575-GFP; PV = P. vulgaris.
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Amplicons from qPCR assay were confirmed to be of the correct size by running them on
a 1.5% agarose gel (Figure S3-2, Supplemental Information). Of the three Metarhizium
primers tested, only the cat primers showed reproducibility in targeting only the
Metarhizium DNA (Figure S3-2A, Supplemental Information). Evidence of non-specific
binding was confirmed for mpl and nrr with multiple banding (Figure S3-2A, Supplemental
Information), which agreed with the melt-curve analysis (Figure S3-2D,E). P. vulgaris
DNA was specifically amplified from root tissues which were only washed free of soil and
not surface sterilized (Figure S3-2B, Supplemental Information) which indicated that it
was a suitable choice for normalization of fungal DNA.

3.4.3. Correlation between qPCR and culturing methods for quantification of M.
robertsii colonization
The real-time PCR assay, performed with the cat primer set and template DNA
from whole-root experimental samples, showed significant amplification of fungal DNA
in inoculated plants with no detection of fungal DNA in uninoculated control plants. Fungal
colonization was detected in all inoculated plants by both the qPCR assay as well as the
CFU plate method (Figure 3-2). Both methods showed a significant decline in colonization
from 3 to 10 dpi followed by an increase at 14 dpi (Figure 3-2). CFU were also determined
from rhizospheric soil (Figure 3-2C) to ensure the presence and persistence of M. robertsii
after the soil-drench application method. The number of replicates for each time point
varies due to exclusion of plates for which bacterial contamination prevented CFU
determination. All plates from 60 day plants were excluded as contamination caused large
variability in the recovery of Metarhizium colonies between replicates, even though
Metarhizium was observed from each sample. Surface-sterilized roots from 60 dpi plants
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were confirmed to have endophytic growth of Metarhizium (Figure 3-2D) by the qPCR
assay. The amount of rhizoplane colonization (unsterilized minus endophytic) by
Metarhizium was approximately ten times greater than that observed for only endophytic
growth (Figure 3-2D). When the amount of fungal DNA quantified by the qPCR assay was
plotted against CFU g-1 bean root (Figure 3-3), a strong linear correlation was obtained (R2
= 0.9737), validating the efficacy of this qPCR assay for detection of M. robertsii
colonization of P. vulgaris roots.
Metarhizium endophytic colonization was detected in stems (n = 2 of 20) and leaves
(n = 2 of 20) of P. vulgaris plants after placing stems or leaves on CTC media (Figure 3-4).
Endophytic colonization in above-ground tissue was only observed in plants that were 60
days old. Colonies were confirmed to be Metarhizium by visualization of GFP
fluorescence.
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Figure 3-2. Time-course quantification of M. robertsii colonization of P. vulgaris roots
at 3, 7, 10, 14, and 60 days post inoculation (dpi) using, A) CFU plate method and B) qPCR
quantification expressed as microgram fungal DNA (cat gene) per gram plant DNA (actin
gene). C) M. robertsii CFU determination in rhizospheric soil. D) qPCR quantification of
Metarhizium growth on P. vulgaris roots with and without surface sterilization with 0.5%
sodium hypochlorite of 60 dpi roots (n = 6). Bars represent standard error. Bars with same
letter are not significantly different (ANOVA, p > 0.05). In a) sample sizes vary due to
contamination preventing CFU determination (3 dpi, n = 6; 7 dpi, n = 6; 10, n = 5; 14, n =
3; 60 dpi, all plates excluded).
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Figure 3-3. Correlation between CFU plate method and qPCR assay. Correlation
between CFU plate method and qPCR quantification for determination of total root
colonization of P. vulgaris by M. robertsii at 3, 7, 10, and 14 days post inoculation. 60 dpi
were excluded due to loss of CFU plates to contamination.
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Figure 3-4. Endophytic outgrowth of Metarhizium robertsii (2575-GFP) from stems
and/or leaves of Phaseolus vulgaris grown for 60 days post-inoculation. Plant tissue
randomly selected from each plant was surface-sterilized by submersion in 0.5% NaOCl
with 0.1% Triton X-100 for 30 seconds and washed thoroughly with sterile distilled water.
Of a total of 20 plants, only the four shown had endophytic colonization in tissues above
the root. M. robertsii was confirmed by GFP fluorescence.
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3.4.4. Confocal imaging of rhizoplane and endophytic colonization
Discrimination between GFP fluorescence and root auto-fluorescence was possible
due to the differential detection of fluorescence wavelengths. M. robertsii rapidly colonized
bean root surfaces (Figure 3-5). On the seventh day, an extensive hyphal network
colonizing the root meristematic region (Figure 3-5A) and on root surface was observed
(Figure 3-5B). On the seventh and fourteenth days, hyphae were observed internally in the
root (Figure 3-5D, E). Hyphal specialized structures were not observed at all time points.
The minimal level of internal colonization relative to rhizoplane colonization, as visualized
by confocal microscopy, supported the results obtained by culturing and qPCR
quantification.
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Figure 3-5. Confocal images of haricot bean (P. vulgaris) root colonization by M.
robertsii 2575 expressing green fluorescent protein (GFP) at, A) 7 days post-inoculation
(dpi) external root tip, B) 7 dpi external root length, C) 14 dpi external root length, D) 7
dpi internal root length, and E) 14 dpi internal root length. All scale bars are 50µm, except
for image D) which is 10µm. Total magnification is 200X.
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3.5. Discussion
We described a qPCR method that detects and quantifies M. robertsii in haricot
bean root tissues. Cultivation methods relying on CFUs are time-consuming, subject to
contamination, and challenging under non-axenic conditions (Porras-Alfaro and Bayman
2011). Using the method described here, it was possible to detect and quantify the level of
colonization of total root tissue of P. vulgaris by the root-associating fungus, M. robertsii,
with high sensitivity (2 pg Metarhizium DNA detected) and for a large number of samples.
The degree of specificity seen under spiked test conditions with a fixed surplus of nonspecific DNA as well as in the nonsterile, field-soil experiment, is a strong indication of
the consistency and sensitivity of the qPCR assay (Figure S3-1, Figure S3-2, Supplemental
Information). The standard plate count method has the advantage of isolating actively
growing fungi, but requires selective media to minimize the growth of non-target
microorganisms that may slow or inhibit the growth of the target species (Behie, Jones and
Bidochka 2015). To obtain countable and statistically relevant colony numbers requires
serial dilutions of homogenized root samples, increasing time, materials, and manual
labour. In addition, the plate incubation time will vary by media type and it may take days
to weeks for colonies to appear. In the case of Metarhizium, other studies required
incubation of root homogenate on selective media from between 7-20 days whereas CTC
(Fernandes et al. 2010) reproducibly produced distinct CFUs at 5 days (Behie, Jones and
Bidochka 2015; Mutune et al. 2016). The reduced incubation time required for CTC was
the reason for its use in this study. However, even with the use of this selective media some
sample plates were lost to bacterial contamination and had variable inhibition of
Metarhizium growth.
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Metarhizium has been shown to not only colonize the rhizosphere but to grow
endophytically in roots of several plant species including crops, wild flowers, and grasses
(Sasan and Bidochka 2012; Behie, Jones and Bidochka 2015; Greenfield et al. 2016).
Metarhizium is often found localized to the roots of plants, however, there have been
instances of isolation of Metarhizium from the roots, stems, and leaves of plants, including
tomato, cow pea, and cucumber, originating from seeds treated with a conidial suspension
(Golo et al. 2014; Dutta et al. 2015). We isolated M. robertsii from stems and leaves in
20% of our 60 dpi P. vulgaris plants (Figure 3-4). Cases of Metarhizium endophytic
colonization of above-ground tissues reported thus far have occurred from artificial
inoculation of plants with conidia by seed treatment, soil-drench, or aerial spray (Sasan and
Bidochka 2012; Golo et al. 2014; Dutta et al. 2015; Greenfield et al. 2016; Kaushik and
Dutta 2016). Previous work in which 60 day bean plants were inoculated with agar plugs
of Metarhizium mycelia did not obtain any endophytic colonization of the phyllosphere of
P. vulgaris (Behie, Jones and Bidochka 2015). Within the same study, a survey of 82 plant
species examined for tissue distribution of Metarhizium and Beauveria, revealed that only
root samples harbored Metarhizium indicating that in the environment it appears restricted
to the rhizosphere (Behie, Jones and Bidochka 2015). The variability in the occurrence of
Metarhizium in aboveground plant parts may be a function of random opportunism towards
tissues not commonly encountered but auspiciously enabled by high inoculum
applications. Metarhizium species have a broad range of plant hosts when evaluated in vitro
but tend to show preference towards certain groups in field collected samples (Wyrebek et
al. 2011). A study conducted in Ontario, Canada found that M. guizhouense was isolated
from roots of trees, M. brunneum was isolated from both tree and shrub roots, and M.
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robertsii was isolated predominantly from grasses and wildflowers, but was also found
from roots of trees and shrubs (Wyrebek et al. 2011). The specialist species, M. acridum
possesses very low rhizosphere competence (Pava-Ripoll et al. 2011) but can colonize
plant roots in vitro (Golo et al. 2014). Similar to M. acridum, M. flavoviride is infrequently
isolated from plants (Keyser et al. 2015) however, in agricultural crops in Denmark, M.
flavoviride was the most abundant species isolated (Keyser et al. 2015). The distribution
of Metarhizium species, similar to other endophytes, is a product of numerous factors
including soil type, climate, plant species, rhizospheric microbial community, and the
presence of competing endophytes (Hardoim et al. 2015). The success of these endophytes
for use as biological control agents will depend on identifying the influence of these factors
and understanding the ecological niches of these fungi.
Our previous attempts to detect Metarhizium from surface-sterilized bean roots
harvested at 7, 14, 21 and 28 dpi yielded no colony forming units from ten replicates each
(data not shown) indicating that the majority of growth was on the rhizoplane. Failure to
recover Metarhizium in those instances was likely due to excessive time or concentration
of sodium hypochlorite, a known pitfall in using chemical treatments (Hyde and Soytong
2008; McKinnon 2016), relative to the low level of growth observed in the confocal images
(Figure 3-5). Visual inspection of confocal images shown in Figure 3-5 supported that
Metarhizium extensively colonizes the root surface, however, Figure 3-5D shows that there
was some endophytic colonization even as early as seven days. We had previously
observed endophytic M. robertsii in bean roots after a 60 day incubation (Sasan and
Bidochka 2012). The level of endophytic colonization could be transient and succeed a
lengthy colonization of the rhizoplane similar to that observed with the colonization of the
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cuticle of the tick species, Hyalomma excavatum, by Metarhizium (Ment et al. 2012). H.
excavatum was shown to be resistant to infection (i.e., cuticle breach) by M. robertsii as a
result of excreted compounds to the cuticle surface, however, there was extensive mycelial
growth over the entire cuticle for the duration of the experiment (14 dpi) (Ment et al. 2012).
The fungal development on P. vulgaris roots may mimic these interactions and be evidence
of interplay between host-pathogen immune responses that limits fungal introgression and
the eventual success of overcoming these barriers by Metarhizium. There is evidence that
the initial interactions of plants with beneficial microorganisms initiates induced systemic
resistance in the plant which is modulated by the symbiont that allows colonization
(Hardoim et al. 2015). In some instances, the induction of systemic resistance by the
beneficial organism confers protection against other pathogens (Zamioudis and Pieterse
2012).
A high level of colonization of the rhizoplane and rhizosphere was not unexpected
as this area is high in nutrients excreted by the plant (Mwajita et al. 2013). The rhizosphere
is the interface between the host plant and the microbial community in which both parties
actively influence each other (Morgan, Bending and White 2005). Rhizosphere-competent
microorganisms do not need to be endophytic to affect plant growth, nutrition,
development or disease resistance (Morgan, Bending and White 2005). Previous work
demonstrated the ability of various species of Metarhizium to transfer nitrogen to P.
vulgaris at 7 dpi (Behie and Bidochka 2014) and our confocal images showed endophytic
colonization to be present, but minimal at that time. The sites of intercellular endophytic
colonization may be the site of nutrient transfer, similar to ectomycorrhizal symbioses, but
without the extensive hartig net and root deformations (Smith and Read 2008). Otherwise,
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Metarhizium may influence the plant host by contributing to or altering the composition of
nutrients within the rhizosphere (Lareen, Burton and Schäfer 2016). The time-course
analysis showed the level of Metarhizium colonization decreased over time from 3 to 10
dpi, significantly increased at 14 dpi, and was relatively lower at 60 dpi as measured by
both CFU and qPCR (Figure 3-2). This undulating level of colonization may be indicative
of repetitive colonization events observed in arbuscular mycorrhizal symbioses in order to
maintain continual colonization (Kobae and Fujiwara 2014). Rhizophagus irregularis
arbuscules have an average lifespan of only 2.5 days in rice and after collapse, they are
withdrawn from host cells, and the fungus colonizes anew (Kobae and Fujiwara 2014).
Since Metarhizium is not an obligate plant symbiont or insect pathogen and is able to
survive in the absence of a host, perhaps maintaining colonization on plants includes
periods of sporulation that would provide new sources of inoculum. The longevity of
Metarhizium hyphae on and within root tissue and whether they traverse the length of the
root or recolonize the same area, remains to be determined. The influence Metarhizium has
on the host plant may be based on the level of rhizoplane colonization, however the ability
to grow endophytically would confer the advantage of allowing Metarhizium to
competitively exclude other microorganisms for plant sugars (Rodriguez et al. 2009).
Another possibility is that Metarhizium is an opportunistic endophyte similar to species of
Trichoderma (Druzhinina et al. 2011). But more probable is that Metarhizium belongs to
the vast majority of facultative endophytes (Hardoim et al. 2015) since it is compatible
with a broad range of plant species (Elena et al. 2011; Behie and Bidochka 2014; Dutta et
al. 2015; Greenfield et al. 2016).
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The utilization of SYBR® Green fluorescence detection has proven effective in
previous studies to detect other fungal endophytes (Pasche et al. 2013), plant pathogens
(Alkan et al. 2004), and arbuscular mycorrhizal fungi (Schneider et al. 2011).
Quantification and detection of Metarhizium in soils (Entz, Johnson and Kawchuk 2005)
and insect tissues (Bell et al. 2009) has been performed in previous works using real-time
PCR; however, this is the first time that this technology is applied to quantify Metarhizium
association in total plant root tissue using a high resolution molecular technique. QPCR
has the advantage of being a relatively more rapid and a less laborious detection method
that can be applied to a wide variety of sample types. In cases where the standard plate
count method requires fresh tissue and viable cells, the qPCR assay can be applied to any
sample from which DNA can be extracted (e.g. frozen or fixed stored samples). The
method of CTAB DNA extraction (Healey et al. 2014) was chosen as it was easily modified
to accommodate the atypically large tissue samples. Commercial spin-column technology,
such as the DNeasy Plant Mini Kit (Qiagen) are not suitable as they are limited to 100 mg
fresh tissue, requiring numerous columns or pooling of several extractions (some DNA is
always bound to the column and lost) and thus can become quite expensive. In addition,
the component PVP in CTAB effectively binds phenolics and polysaccharides known to
reduce DNA extraction efficiency from plant sources (Healey et al. 2014). However, there
still exists the possibility that chemical surface sterilization can leave behind amplifiable
DNA that will confound the classification of endophytic growth by qPCR (Guo 2010;
Burgdorf et al. 2014). We suggest that any residual DNA on the surface of the root was
negligible as the low level of colonization was supported with confocal images and the
correlation between the qPCR assay and the CFU data was strong (R2 = 0.9737). Where
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longer exposure time to the disinfectant is not an option due to reduction in endophytic
recovery or tissue damage, physical treatments or use of propidium monoazide (renders
nucleic acids unavailable for PCR) prior to DNA extraction, are possible alternatives
(Burgdorf et al. 2014; McKinnon 2016).

3.6. Conclusions
The ecological interactions of endophytic, insect pathogenic fungi are in the initial
stages of exploration. Fungal-plant dynamics that affect the initiation, establishment, and
sustainment of the plant-fungal symbiosis will become a main focus. Methods described
here will be an invaluable tool for comparing colonization potential of different fungal
strains with different plant hosts, under various conditions of environmental change.
Although next generation sequencing and mass data collection is topical within this field
of research, attributing the contributions of an individual microorganism to an effect is
much more difficult. A gnotobiotic approach is a useful starting point and relevant target
genes can be easily designed and optimized for use with this assay.
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Supplemental Information
Table S3-1. Unsuccessful primers resulting in cross-amplification in qPCR for
quantification of Metarhizium colonization of Phaseolus vulgaris.
Name

Target
Sequence

Primer Sequences
(5’-3’)

Length
(bp)

Genbank
Accession

Metarhizium robertsii
cag8§

Regulator of G-protein
signalling

AAGCTGATGGCTAGCGATTC
TTGCGGTTGGAACGACTTTG

128

DQ826044.1

gpd§

GACTGCCCGCATTGAGAAG
AGATGGAGGAGTTGGTGTTG

149

XM_007825673.1

icl

Glyceraldehyde 3phosphate
dehydrogenase
Isocitrate lysase

CCAACCAGACCCTTTATTAC
TACCTTTAAGCAAATCTCCG

109

FN796523

mcl1

Collagen-like protein

GACAACTCAAAAACACCATC
TAATCTTCTGGTCAAAGCAC

144

DQ238489.1

mos1

Osmosensor

CCTAGCAACTATCTCATCCT
TGTTCGTCCAAAGTCATATC

116

EU106866.1

mad2

Adhesin-like protein 2

GCCTCGTCTCCCGCAGTTGTCGTTCTC
CCCCTCCCCCTCCTCTCCAGTTTTACAC

370

XM_007821805.1

mrt†

Raffinose transporter

TCTCTTTCGAGGCAAGGT
ATGCCAACTATGTTGTAG

468

GQ167043.1

ssgA§

Hydrophobin

GTGTATTGCTGCAACAAAG
AGACCATTTTGCTGGACATTG

164

M85281.1

Phaseolus vulgaris
Chs‡

Chalcone synthase

CAAACTCTTGGGACTTCGGC
CTGGGTGTCACTTGGCCC

180

X06411.1

Gluc‡

1,3-β-D-glucanase

GCTGTAAGGGCTCAAGGCCTC
CCAAGTACACACGTGCGTTGTC

427

X53129.1

Pal‡

Phenylalanine ammonia
lyase

AAGCCATGTCCAAAGTGCTG
GAGTTCTCCGTTGCCACCT

240

M11939.1

Primer sets without a listed reference were designed in-house.
§

(Fang and Bidochka 2006)
(Fang and St. Leger 2010)
‡
(Wen et al. 2005)
†

51

Figure S3-1. Primer performance in real-time qPCR assay. The PCR efficiency (E%)
and correlation coefficient (R2) determination for: (A) cat amplicon from Metarhizium
DNA, (B) actin amplicon from Phaseolus vulgaris DNA, and (C) cat amplicon from
Metarhizium DNA spiked with 40 ng of P. vulgaris DNA.
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Figure S3-2. Evaluation of qPCR primer specificity. Primers were challenged with
DNA from non-sterilized (A) soil or (B) root tissue, in the qPCR assay. Amplicons were
visualized by 1.5% agarose gel electrophoresis to confirm their size and to evaluate nonspecific amplification, in addition to the melt-curve analysis. (C) cat; (D) mpl, (E) nrr, and
(F) actin.
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Chapter 4
Availability of carbon and nitrogen in soil affects Metarhizium robertsii root
colonization and transfer of insect-derived nitrogen

____________________
Published as: Barelli L, Behie SW, Bidochka MJ. (2019). Availability of carbon and
nitrogen in soil affects Metarhizium robertsii root colonization and transfer of insectderived nitrogen. FEMS Microbiology Ecology, 95(10), fiz144.
Barelli performed all experimentation and analyses under the supervision of Behie and
Bidochka. The manuscript was written by Barelli with revision and edits from Behie and
Bidochka. Bidochka conceptualized the work and provided the necessary funding.
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4.1. Abstract
The endophytic, insect pathogenic fungus, Metarhizium, exchanges insect-derived
nitrogen for photosynthate as part of a symbiotic association similar to well-known
mycorrhizal relationships. However, little is known about this nitrogen transfer in soils
where there is an abundance of nitrogen and/or carbon. Here, we applied D-glucose and
ammonium nitrate to soil to examine the effect on root colonization and transfer of labelled
nitrogen (15N) from an insect (injected with

15

N-ammonium sulfate) to Metarhizium

robertsii, and into leaves of the common bean, Phaseolus vulgaris, over the course of 28
days. Application of exogenous carbon and/or nitrogen to soils significantly reduced
detectable

15

N in plant leaves. Metarhizium root colonization, quantified with real-time

PCR, revealed colonization persisted under all conditions but was significantly greater on
roots in soil supplemented with glucose and significantly lower in soil supplemented with
ammonium nitrate. Fungal gene expression analysis revealed differential expression of
sugar and nitrogen transporters (mrt, st3, nrr1, nit1, mep2) when Metarhizium was grown
in pure broth culture or in co-culture with plant roots under various carbon and nitrogen
conditions. The observation that Metarhizium maintained root colonization in the absence
of nitrogen transfer, and without evidence of plant harm, is intriguing and indicates
additional benefits with ecological importance.
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4.2. Introduction
Nitrogen is often the most limiting nutrient for plant growth in temperate soils
(Brant and Chen 2015; Feng et al. 2015). In addition, a substantial amount of nitrogen can
be lost by plants due to insect herbivory. Although the nitrogen is ultimately returned to
the environment as insect frass, this organic form is unavailable to plants (Grüning et al.
2017). In order to circumvent this limitation, plants have formed symbiotic relationships
with microorganisms such as rhizobia and mycorrhizal fungi that are capable of providing
nitrogen to the plant (Leigh, Hodge and Fitter 2009; Udvardi and Poole 2013). A relatively
recent extension of the nitrogen cycle that allows plants to reacquire nitrogen lost to insect
herbivory was found with endophytic, insect pathogenic fungi (EIPF; Behie and Bidochka
2014).
EIPF such as Metarhizium and Beauveria spp. are soil-inhabiting fungi that infect
and kill insects, endophytically colonize roots of various plants and transfer insect-derived
nitrogen to their host plant (Behie, Zelisko and Bidochka 2012; Behie and Bidochka 2014).
This relationship is a mutualistic symbiosis in that the EIPF receives photosynthate in
return for the nitrogen supplied to the plant (Behie et al. 2017). Metarhizium colonization
has been shown to provide other benefits to the plant such as growth promotion (Elena et
al. 2011; Dutta et al. 2015), mitigation of salt-stress (Khan et al. 2012), and antagonism to
root pathogens (Sasan and Bidochka 2013). The extent to which a plant benefits from
fungal colonization is dependent on the fungal species; there are variations across plant
species in terms of their preferences for colonizing fungi (Wyrebek et al. 2011) and
differing capacities for fungi to promote plant growth (Behie and Bidochka 2014; Liao et
al. 2014). In addition, nutrient availability in the soil influences the plant-fungal
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relationship and the appearance of growth-promoting effects. Tall and Meyling (2018)
showed that in nutrient-rich soils Beauveria bassiana increased corn growth but under the
same greenhouse conditions in nutrient-poor soils, no growth benefit was observed. A
contradictory trend was observed in arbuscular- (AM) and ectomycorrhizal symbioses
where high soil nitrogen levels were shown to inhibit colonization or formation of
specialized symbiotic structures, without which no plant benefit is conferred (Brunner and
Scheidegger 1995; Rasmussen et al. 2007; Fellbaum et al. 2012). Pinus sylvestris L.
seedlings showed reduced colonization by the mycorrhizal fungus Laccaria bicolor with
increased soil nitrogen levels, and this was attributed to the high metabolic cost of nitrogen
assimilation (Wallander and Nylund 1991). However, there are other instances in which
low levels of nitrogen caused competition between plants and AM fungi resulting in
reduced or inhibited colonization; this trend was reversed upon treating the soil with
nitrogen (Püschel et al. 2016). Understanding the dynamics of how the soil nutrient
economy, especially nitrogen, influences root association of agriculturally relevant fungal
species is important in determining appropriate agricultural fertilizer application and
ultimately plant health and vitality.
Here, we evaluated the transfer of insect-derived nitrogen to common bean plants
via mycelium of Metarhizium robertsii under nutrient-rich and nutrient-poor soil
conditions in a greenhouse. We hypothesized that similar to other plant-fungal symbioses,
nitrogen transfer from the fungus to the plant would occur only under nutrient-limited
conditions. We also evaluated plant growth promotion and resource allocation using the
root-to-shoot (R:S) ratio metric and quantified the level of colonization of M. robertsii
under these conditions to determine if there was a correlation between nitrogen transfer
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and root colonization. Gene expression of several fungal nutrient transporters was
examined when grown in pure culture in comparison to growth during root colonization.

4.3. Materials and Methods
4.3.1. Organic materials
Phaseolus vulgaris (haricot bean, cultivar ‘Soldier’) seeds were obtained from OSC
Seeds (Waterloo, Ontario, Canada). A stable lab strain of M. robertsii ARSEF 2575 that
expresses green fluorescent protein (GFP) was originally obtained from the U.S.
Department of Agricultural Research Service Collection of Entomopathogenic Fungal
Cultures (Ithaca, New York). The construction of the GFP-expressing plasmids as well as
transformation of Metarhizium has been previously described (Fang, Pei and Bidochka
2007). Potting soil was a mixture of peat and perlite (Mix 1; JVK, St. Catharines, Ontario).
Galleria mellonella (wax moth) larvae were purchased from Massassauga Imports (Erin,
Ontario). All solutions were prepared using distilled water unless otherwise noted.

4.3.2. Seed sterilization and planting
Seeds were immersed in sterile, distilled water for 30 min in a 250 mL Erlenmeyer
flask and subsequently immersed in a 4% sodium hypochlorite solution for 5 min (x3).
After each sodium hypochlorite wash, seeds were rinsed with sterile, distilled water. Seeds
were then placed in a 15% hydrogen peroxide solution for 10 min and subsequently rinsed
three times to remove all hydrogen peroxide. Seeds were kept overnight at 4°C to allow
for synchronization of growth and then plated on 1.5% water agar and kept at 25°C until
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seedlings were obtained. The seedlings were then placed into soil microcosms as described
by Behie and Bidochka (2014) and harvested at 7, 14, 21 and 28 days after planting.

4.3.3. Insect injection and infection
Insect injections with [15N]-ammonium sulfate was performed as described by
Behie and Bidochka (2014). Briefly, G. mellonella larvae were injected with 10 µL of a
5% [15N]-ammonium sulfate solution through the rear proleg using a 32 ½ gauge sterile
needle. After allowing the injection wound to heal for 48 h, live larvae were infected with
fungal conidia by agitating them for 2 min on a 10-day-old conidiating fungal culture of
M. robertsii 2575-GFP. Five insects were then placed into a Petri dish filled with soil. In
control treatments that were devoid of insects, five agar plugs from a conidiated fungal
culture of M. robertsii 2575-GFP were sealed within the Petri dish. The Petri dish had a
30-micron mesh covering which allowed passage of fungal hyphae but prevented the
passage of bean roots.

4.3.4. Time-course analysis of nitrogen transfer with added carbon/nitrogen
For each condition, ten microcosms were prepared, and plants were harvested after
7, 14, 21 and 28 days. Microcosms consisting of bean plants and

15

N-injected insects,

infected with Metarhizium, were treated with 50 mL of: sterile, distilled water, 0.5%
glucose (w/v), 0.5% ammonium nitrate (w/v), or 0.5% glucose and 0.5% ammonium nitrate
every 3 days. Microcosms consisting of bean plants without 15N-injected insects, and bean
plants with 15N-injected insects but without Metarhizium infection acted as controls (i.e.,
no 15N transfer).
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4.3.5. Measurement of nitrogen transfer
To prepare samples for 15N analysis, above-ground plant tissue (stems and leaves)
was removed, weighed and dried in an oven at 60°C for 48 hours. The plant material was
then crushed into a fine powder using a mortar and pestle. The powdered plant material
was encapsulated in 4 mm x 4 mm tin cups (Isomass Scientific, Calgary, Alberta) and
analyzed for 15N content by using an NOI-5 emission spectrophotometer (Stable Isotope
Facilities, Saskatchewan, Canada).

4.3.6. Soil colony forming unit determination
Each plant was removed from the pot over an aluminum pan and the bulk soil was
gently removed from the plant roots with gloved hands. The roots were then shaken free
and 1.0 gram of soil was funneled into a container and suspended in 10 mL of a 0.01%
Triton-X. The samples were vortexed vigorously and 0.1 mL of the suspension was plated,
in duplicate, on selective YPD (2 g yeast autolysate, 10 g peptone, 20 g dextrose, 15 g agar,
0.01 g crystal violet, 0.2 g chloramphenicol, 0.5 g cycloheximide and 0.3 g dodine adjusted
to 1 L with distilled water) medium. Plates were incubated at 27°C for 10 days in the dark.
The number of colony-forming units (CFUs) was recorded on day 10. Colonies were
confirmed to be M. robertsii by green fluorescence (Behie and Bidochka 2014).

4.3.7. DNA extraction from roots
After rhizospheric soil was collected, the roots were washed, lightly pressed dry
with paper towel and weighed, and then flash-frozen in liquid nitrogen for DNA extraction.

60

DNA was extracted using a cetyl trimethylammonium bromide (CTAB) protocol
previously described (Barelli, Moreira and Bidochka 2018). DNA was quantified using the
Qubit® 3.0 fluorometer (Thermo Fisher, Mississauga, Ontario) and diluted to 1-10 ng µL-1
with molecular grade water for use in real-time, polymerase chain reaction (PCR).

4.3.8. Quantification of root colonization by real-time PCR
The quantitative (qPCR) assay had been previously reported (Barelli, Moreira and
Bidochka 2018). The qPCR reactions utilized the 2X SensiFAST™ SYBR® No-Rox kit
(Bioline Meridian Bioscience, London, UK), 0.125 µM of each primer (Table S4-1,
Supplemental Information), 2 µL of template DNA (1-10 ng total), and PCR-grade water
to a final volume of 20 µL. The thermal cycling conditions were as follows: 2 minutes at
95°C, 35 cycles of 95°C for 15 seconds, 62-65°C for 30 seconds (real-time detection step),
and 72°C for 30 seconds, with a final extension of 2 minutes at 72°C. Each reaction was
performed in triplicate and controls were included in each reaction set. The qPCR reactions
were performed using a CFX Connect™ real-time PCR system (Bio-Rad, Mississauga,
Ontario) and the threshold cycle (Cq) was automatically calculated by the CFX Manager™
software. Fungal colonization was quantified as the ratio of Metarhizium DNA (catalase)
to P. vulgaris root DNA (actin) (Wen et al. 2005) (Table S4-1Table S4-1, Supplemental
Information).

4.3.9. Gene expression analysis
Primers for fungal genes involved in nutrient transport, both characterized and
putative, are found in Table S4-1 (Supplemental Information).
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Two flasks of 200 mL YPD broth (2 g yeast autolysate, 10 g peptone, 20 g dextrose
per 1 L) and thirty-six flasks of 50 mL YPD were inoculated with 200 µL and 50 µL of a
1.5x106 conidia mL-1 suspension of M. robertsii 2575-GFP, respectively. To each 50 mL
YPD flask, a single bean seedling was suspended using a piece of stainless-steel wire so
that only the roots were submerged in the broth. All flasks were incubated on a rotary
shaker at 180 rpm for 4 days. The mycelium from the two 200 mL cultures was filter
collected and a 0.25 g portion of the mycelium was added to a new flask containing 50 mL
of either bean root exudate (10%; v/v), glucose (1%, 0.5%, 0.1%; w/v), ammonium nitrate
(1%, 0.5%, 0.1%; w/v), 1:1 glucose:ammonium nitrate (1%, 0.5%, 0.1%; w/v), sterile
distilled water or potato dextrose broth (PDB). YPD from each of the 36 bean-seedling
broths was decanted and the colonized seedling was rinsed with sterile, distilled water. The
colonized seedlings were then transferred to new flasks corresponding to the treatments
listed above. Bean root exudate was collected from 50 bean seedlings suspended in 500
mL sterile distilled water and incubated at room temperature on a rotary shaker for 7 days
and used at a 10% v/v concentration. Experimental flasks were incubated at room
temperature for 12 hours on a rotary shaker (180 rpm).
Mycelia were isolated by filtration and colonized seedling roots were decanted,
rinsed, and immediately frozen and ground using a mortar and pestle under liquid nitrogen.
RNA was extracted using Trizol® following the standard procedure (Thermo Fisher). RNA
was quantified using a Qubit® 3.0 fluorometer (Thermo Fisher) and 1 µg of RNA was
treated with RQ1 RNase-free DNase (Promega, Madison, Wisconsin) and reverse
transcribed into cDNA using the Applied Biosystems high-capacity cDNA reverse
transcription kit. The total cDNA was diluted 2-fold for use in real-time PCR. The qPCR
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reactions utilized the 2X SensiFAST SYBR No-Rox kit (FroggaBio), 0.125 µM of each
primer (Table S4-1, Supplemental Information), 2 µL of template cDNA, and PCR-grade
water to a final volume of 20 µL. The thermal cycling conditions were: 2 minutes 95°C,
40 cycles of 95°C for 15 seconds, and 62-65°C for 30 seconds (real-time detection step),
followed by the standard melt-curve protocol. Each reaction was performed in triplicate
and controls were included in each reaction set. The qPCR reactions were performed using
a CFX Connect™ real-time PCR system (Bio-Rad) and the threshold cycle (Cq) was
automatically calculated by the CFX Manager™ software. Fungal gene expression was
normalized to two reference genes, try and gpd (Fang and Bidochka 2006), and expressed
as the fold-change relative to the control sample of sterile, distilled water.

4.3.10. Statistical analyses
All statistical analyses were performed with StatPlus v.6 for Mac. All data were
confirmed to have a normal distribution using the Shapiro-Wilk test and homogeneity of
variance was confirmed with Bartlett’s test. A one-way ANOVA followed by Scheffe’s
post hoc test was used to determine differences in treatments for growth measurements,
quantification of colonization, and amount of

15

N transfer. In instances when variables

failed normality or equal variance testing, data were square root transformed prior to
analysis.
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4.4. Results
4.4.1. Growth measurements
The average fresh weight of plant material and the R:S ratio of each treatment is
shown in Figure 4-1. The fresh weights of roots, stems and leaves with statistical results
are available in Table S4-2 (Supplemental Information). The total plant biomass of beans
treated with a combination of glucose and ammonium nitrate was significantly higher than
all other conditions at 21- and 28 days post inoculation (dpi). Whether this effect was due
to fungal growth promotion or soil supplementation alone remains to be determined. At 7
dpi, glucose-treated plants had a larger R:S than 50% of treatments but at 14 dpi, the R:S
ratio for plants treated with glucose was significantly larger than all other treatments
(ANOVA, α = 0.05). At 21 and 28 dpi, plants treated with ammonium nitrate had a R:S
ratio significantly lower than all other treatments. There was a statistically higher R:S ratio
for plants in soil supplemented with glucose in comparison to those in soil with a
combination of glucose and ammonium nitrate or simply water. However, this difference
was not significant in comparison to the plants lacking insects and/or fungal inoculation.
At 28 dpi, plants being supplemented with nitrogen had a R:S ratio that was significantly
smaller than all other treatments (ANOVA, P < 0.01). Plants grown in the presence of
Metarhizium-infected insects and supplemented simply with water had a significantly
smaller R:S ratio when compared with the glucose-treated plants (ANOVA, P < 0.02).
Overall, the addition of M. robertsii or insect larvae independently had no influence on the
R:S ratio. The introduction of supplementary nitrogen, alone or in combination with
glucose, was the only factor to cause a significant reduction in the R:S ratio of bean plants;
this was apparent only at later growth stages (i.e. 21 and 28 dpi).
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Figure 4-1. Haricot bean fresh weight measurements. The top panel shows the average
whole plant fresh weight (g) of different treatments. The bottom panel is the root:shoot
(R:S) ratio of different treatments. Treatments consisted of bean plants grown alone (B) or
with: insect (Galleria mellonella) larvae placed in the soil (BI); Metarhizium robertsii
conidial suspension (BF); Metarhizium-infected larvae with soil treated with water (BFI),
or 0.5% glucose (BFI + C), 0.5% ammonium nitrate (BFI + N), or both (BFI + C + N).
Standard deviation bars are shown (n = 3). Bars indicated by different letters are
significantly different, no letter indicates not significantly different from any other
condition (ANOVA, Scheffe post-hoc, α = 0.05).
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4.4.2. Fungal colonization of soil and roots
CFUs were determined from rhizospheric soil of each treatment for all time points
to verify the persistence of Metarhizium in the rhizosphere (Figure 4-2). M. robertsii was
detected at similar concentrations for all treatments at 7, 14 and 28 dpi, with the exception
of a greater number of CFUs in glucose + ammonium nitrate-treated plants at 7 dpi. After
21 dpi there was a greater number of M. robertsii CFUs g-1 soil detected with glucose, and
glucose + ammonium nitrate supplementation. Soil from plants grown in the presence of
Metarhizium-infected larvae that received only water had a significantly greater number of
M. robertsii CFUs than the equivalent sample populations that received ammonium nitrate,
as well as plants grown in the absence of insect larvae (Figure 4-2). After 28 dpi, there
was little variation in the level of M. robertsii in rhizospheric soil. M. robertsii was not
detected in uninoculated soils (data not shown).
PCR quantification detected fungal root colonization in all treatments (Figure 4-3).
A summary of statistical values is available in Table S4-3 (Supplemental Information).
Roots were colonized to a high degree at 7 dpi; after 7 dpi fungal colonization gradually
decreased over time. Roots from soil supplemented with a combination of glucose and
ammonium nitrate had a significantly greater level of colonization than all other treatments
at 7 dpi (P < 0.0001). At 14 dpi, the application of glucose typically resulted in a greater
level of fungal colonization compared to plants grown in the absence of supplementary
glucose. Supplementation with glucose alone resulted in significantly greater fungal
colonization at 21 and 28 dpi (P < 0.01). A consistent, low-level of fungal colonization was
seen in samples treated with ammonium nitrate that, although significantly lower at 7, 14,
and 28 dpi (P < 0.005), was not significantly different from other treatments at 21 dpi.
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Figure 4-2. Colony forming units (CFU) of Metarhizium robertsii from rhizospheric
soil of haricot bean plants 7, 14, 21, and 28 days post-inoculation. Closed squares =
bean with M. robertsii-infected larvae (Galleria mellonella) with 0.5% glucose and 0.5%
ammonium nitrate added to soil; Open circles = bean with M. robertsii-infected larvae with
0.5% glucose added to soil; Open squares = bean with M. robertsii-infected larvae with
soil treated with sterile, distilled water; Closed circles = bean with M. robertsii-infected
larvae with 0.5% ammonium nitrate added to soil; Closed triangles = bean with M.
robertsii. Standard error bars shown (n = 9).
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Figure 4-3. PCR quantification of Metarhizium robertsii colonization of Phaseolus
vulgaris roots at 7, 14, 21, and 28 days post inoculation (dpi). Open squares=bean with
M. robertsii-infected larvae (Galleria mellonella) and soil treated with sterile, distilled
water; Closed squares = bean with M. robertsii-infected larvae with 0.5% glucose and 0.5%
ammonium nitrate added to soil; Open circles = bean with M. robertsii-infected larvae with
0.5% glucose added to soil; Closed circles = bean with M. robertsii-infected larvae with
0.5% ammonium nitrate added to soil; Closed triangles = bean with M. robertsii and no
larvae. Average quantification, expressed as microgram fungal DNA (cat gene) per gram
plant root DNA (actin gene), is shown with standard deviation (n = 5).
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4.4.3. Transfer of insect-derived nitrogen
There were significant differences in the level of insect-derived nitrogen detected
in leaves of bean plants of different treatments grown over the course of 28 days (Figure
4-4; Table S4-4, Supplemental Information). Plants grown with Metarhizium-infected
insects and supplemented with only water had a significantly greater percentage of 15N in
their leaves in comparison to controls and all other treatment conditions (P < 0.001). The
level of nitrogen transfer observed under these conditions was similar to previous reports
for P. vulgaris roots colonized by M. robertsii (Behie and Bidochka 2014). The application
of glucose or ammonium nitrate to the soil resulted in a 15N level that was no different than
control conditions (i.e., plants without 15N-larvae or Metarhizium) at all time points. The
levels of

15

N in bean leaves grown in soil with a combination of glucose + ammonium

nitrate was significantly greater than control conditions after 14 dpi (P < 0.005) but
remained lower than plants being supplemented with only water. Continual supply of
accessible carbon and/or nitrogen to the soil effectively inhibited the transfer of insectderived nitrogen to bean plants via the fungal mycelium.
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Figure 4-4. Insect-derived nitrogen transfer from Metarhizium robertsii mycelium to
the leaves of common bean plants, Phaseolus vulgaris, with and without soil nutrient
supplementation. Galleria mellonella larvae were injected with 15N-ammonium sulfate
(15N Insect) as the source of traceable nitrogen. The roots of bean plants were physically
separated from the mycelium of M. robertsii 2575-GFP by a 30 µm mesh to prevent roots
from accessing the 15N-source. Open squares = bean with M. robertsii-infected larvae and
soil treated with sterile, distilled water; Closed squares = bean with M. robertsii-infected
larvae with 0.5% glucose and 0.5% ammonium nitrate added to soil; Closed circles = bean
with M. robertsii-infected larvae with 0.5% ammonium nitrate added to soil; Open circles
= bean with M. robertsii-infected larvae with 0.5% glucose added to soil; Closed
triangles=bean with M. robertsii and no larvae; Open triangles = bean with uninfected
larvae. The average amount of transferred nitrogen is shown with standard deviation.
Asterisks indicate significance (one-way ANOVA with Scheffe’s post-hoc, α = 0.05) (n =
6).
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4.4.4. Gene expression analysis
Several known nutrient transporter genes as well as putatively identified
transporters (Table S4-1, Supplemental Information), were examined for differential
expression when Metarhizium was grown in broth culture alone or in the presence of bean
roots (Figure 4-5). Metarhizium colonized the roots of all bean plants (Figure S4-1,
Supplemental Information). A Metarhizium raffinose transporter (mrt) was upregulated
under all root broth conditions. In comparison, mrt was only upregulated in pure cultures
of M. robertsii containing bean root exudate and various concentrations of ammonium
nitrate. A Major Facilitator Superfamily (MFS) sugar transporter (st3) was differentially
upregulated in pure culture broths of ammonium nitrate and 10% bean root exudate. Under
all other conditions, expression of st3 was the same between culture types, with the
exception of increased expression in PDB during root colonization. A formate-nitrite
transporter (nit1), as well as a putative ammonium-ammonia transporter (mep2), was
upregulated when M. robertsii was grown in a glucose broth in pure culture but
downregulated in the presence of bean roots. In the glucose + ammonium nitrate broth, M.
robertsii pure culture had a level of nit1 and mep2 expression relatively equivalent to the
water control. In comparison, mep2 was downregulated in the ammonium nitrate broth with
inclusion of plant roots whereas nit1 remained unchanged (Figure 4-5). A nitrogen
response regulator (nrr1) had higher levels of expression in M. robertsii-colonized root
broths compared to pure culture broths. Nrr1 was highly downregulated in pure fungal
cultures when carbon and nitrogen were both available (i.e. glucose and ammonium nitrate,
PDB) but had higher expression in the presence of bean roots.
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Figure 4-5. Expression of fungal transporter genes. Comparison of the expression of
Metarhizium robertsii nutrient transport-related genes after 12 hours in broth cultures with
and without bean root colonization. Gene expression was normalized to gpd and try and
the relative fold-change compared to control (water) is displayed. Nit1; formate-nitrite
transporter; nrr1: nitrogen response regulator 1; mrt: Metarhizium raffinose-like
transporter; st3: sugar transporter 3; mep2: ammonium/ammonia transporter; gpd:
glyceraldehyde-3-phosphate dehydrogenase; try: tryptophan biosynthesis enzyme.
Average relative gene expression is shown with standard error bars (n = 3).
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4.5. Discussion
The capacity of Metarhizium species to transfer insect-derived nitrogen to rootcolonized plants (Behie, Zelisko and Bidochka 2012; Behie and Bidochka 2014) has
implications for the use of chemical fertilizers in agricultural fields. Research is still needed
to completely elucidate the relationship between Metarhizium and plant hosts with respect
to nutrient transfer and the availability of nutrients in the soil. However, here we
demonstrated that insect-derived nitrogen transfer by Metarhizium to the plant was greatly
reduced under soil conditions with abundant carbon and/or nitrogen.
Transfer of insect-derived nitrogen via Metarhizium was observed only when the
soil was not supplemented with nutrients and may indicate that reciprocal exchange is a
driving force in the symbiosis between M. robertsii and P. vulgaris, which is similar to the
relationships observed in arbuscular mycorrhizal (AM) symbioses (Kiers et al. 2011;
Fellbaum et al. 2012). Fellbaum et al. (2012) showed that nitrogen transfer from the fungus
Rhizophagus (formerly Glomus) intraradices was dependent upon the receipt of carbon
across the mycorrhizal interface formed with the host plant (Daucus carota). When the
mycelium of R. intraradices was supplied with carbon directly, nitrogen transfer was not
stimulated (Fellbaum et al. 2012). The regulation of nutrient exchange is bidirectional in
that the plant also exerts control and will reward productive fungal partners with more
carbohydrates (Kiers et al. 2011). For example, the relationship between R. intraradices
and Medicago truncatula is dependent on the fair trade of phosphorous in exchange for
carbohydrates between the symbionts (Kiers et al. 2011).
The mechanisms, however, regulating nutrient transfer in both AM symbioses and
EIPF may be unique as there are differences in their phylogenetic histories and their

73

biology, such as the obligate nature of AM fungi and the production of specialized
structures (i.e. arbuscules) (Smith and Read 2008). The regulation of nutrient transfer with
EIPF such as Metarhizium, may be a product of unbalanced requirements within the
mutualism in that if only one partner is in need, exchange is inhibited but if both partners
are either deprived or satisfied, a partnership can be maintained. This hypothesis would
help to explain the observed exception in our experiment in which there was a transfer of
insect-derived nitrogen under supplemented soil conditions when glucose and ammonium
nitrate were given in equal amounts every 3 days (Figure 4-4). Fellbaum et al. (2014)
postulated that even though productive partners are rewarded, colonization is still
maintained with what were deemed ‘low-quality’ hosts and nutrients were still transferred
from the fungal partner. This may be a strategy to ensure that if at any point nutrient
availability conditions change, the relationship is still intact (Fellbaum et al. 2014).
In AM symbioses, maintaining colonization appears to be required for most, if not
all, beneficial associations (Wilson and Hartnett 1998; Gange and Ayres 1999). In some
cases, high nitrogen availability reduces and eventually inhibits mycorrhizal development
(Brunner and Scheidegger 1995; Rasmussen et al. 2007; Smith and Read 2008; Fellbaum
et al. 2014). The application of ammonium nitrate in our study significantly lowered early
bean root colonization by M. robertsii, however, the level of colonization was not
significantly different from any other experimental condition at 21 and 28 dpi (Figure 4-3).
Nitrogen transfer was not correlated with M. robertsii root colonization since colonization
was maintained at each time point and under every condition, and nitrogen transfer only
occurred under nutrient-deprived conditions. As the level of insect-derived 15N in leaves
varies by plant host and Metarhizium species (Behie and Bidochka 2014), further
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evaluation of the effects of soil supplementation should focus on the varying
ecophysiological responses of EIPF in agricultural systems.
Plant growth promotion by microorganisms is highly context-dependent and may
depend on the availability of soil nutrients. In a study with the similar EIPF B. bassiana,
promotion of plant growth was only observed under high nutrient availability (Tall and
Meyling 2018). Maize seeds treated with B. bassiana and grown in soils fertilized daily, or
not at all, revealed that after 6 weeks in the absence of fertilizer, B. bassiana did not provide
any growth benefits (Tall and Meyling 2018). Behie and Bidochka (2014) showed that
haricot bean plants, treated weekly with a nutrient solution, in the presence of M. robertsiiinfected larvae had greater leaf, root and total plant weights compared to plants grown with
insect or fungus alone. This was also observed for Triticum aestivum (winter wheat) and
Panicum virgatum (Blackwell switchgrass), however, the degree of plant growth
promotion and the age by which this became significant varied between the different plant
species (Behie and Bidochka 2014). Growth of tomatoes (Lycopersicom esculentum) was
enhanced by Metarhizium anisopliae under greenhouse conditions that included
Hoagland’s nutrient solution (Elena et al. 2011) and yet growth was also enhanced when
plants were given only sterile water (Dutta et al. 2015). The influence of nutrient
availability on plant growth promotion by the symbiotic partner is clearly dependent on
both the plant and fungal species.
The R:S ratio reflects partitioning of resources to either compartment during plant
growth and is an indication of plant response to nutritional changes (Fageria and Moreira
2011). Although R:S ratios are typically displayed as dry weights, fresh weights were used
for this study as drying can cause variability in DNA extraction (Dighton and White 2017);
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DNA was required for PCR quantification of fungal colonization. Overall, treatment of
bean plants with M. robertsii did not significantly influence the R:S ratio (Figure 4-1).
Under conditions of nitrogen-deficiency, the R:S ratio will increase as the plant allocates
more photosynthate to increase root growth in order to gain more nitrogen (Fageria and
Moreira 2011). In agreement with this, supplementing the soil with ammonium nitrate
significantly reduced the R:S ratio in comparison to plants receiving only distilled water.
In addition, the R:S ratio of the trials supplemented with glucose was not significantly
different from plants without insect, fungus or both at later timepoints, all conditions under
which nitrogen was not available to the plant. In cases where nitrogen becomes limiting,
the plant and fungus may become competitors for the resource. AM symbioses with the
North American grass species, Andropogon gerardii, were found to alleviate phosphorus
deficiency in the plant host only under non-limiting nitrogen conditions (Püschel et al.
2016). Püshel et al. (2016) showed that plants competed for nitrogen with AM fungi when
its supply was low and resulted in decreased uptake by colonized plants; a condition
reversible upon nitrogen fertilization as colonization was maintained under all conditions.
Our results are consistent with the notion that mutualistic organisms confer benefits to the
plant under certain conditions but can shift along the symbiosis spectrum toward parasitism
depending on environmental changes (Kiers et al. 2011).
The response of Metarhizium to varying nutritional conditions was examined
through gene expression analysis. A Metarhizium raffinose transporter gene (mrt) has been
shown to be required for rhizosphere competency and growth in root exudate (Fang and St.
Leger 2010). Expression of mrt was up-regulated in all conditions of Metarhiziumcolonized roots in comparison to pure cultures, with the exception of growth in 10% bean

76

root exudate in which mrt was expressed (Figure 4-5). The expression of mrt was not
induced by the presence of glucose, which was in agreement with Fang and St. Leger’s
(2010) observation that mrt specifically responds to galactosides and sucrose. Upregulation
of mrt and st3 (MFS sugar transporter) in ammonium nitrate compared to glucose may be
the result of activation under carbon type-specific limitation (Leandro, Fonseca and
Gonçalves 2009). Unlike mrt, st3 was not differentially upregulated during root
colonization and its expression appeared to be solely regulated by carbon-limiting
conditions.
NRR1 is a global regulator of nitrogen metabolism that is functionally homologous
to AREA of Aspergillus nidulans (Screen et al. 1998). Nrr1 was differentially upregulated
in Metarhizium root cultures under all conditions suggesting that Metarhizium was
deficient in preferred nitrogen sources (Fang and Bidochka 2006). Ammonium nitrate was
chosen to avoid complications arising from the preference of bean plants for a certain
nitrogen mineral type, as this is known to vary by plant species (Wallander and Nylund
1991). Since bean roots are able to directly take up ammonium and nitrate, plant uptake of
nitrogen would reduce the amount available for the fungus in co-culture. Similarly, nit1
was upregulated in fungal root cultures grown in broth containing both glucose and
ammonium nitrate and nit1 differentially upregulated in Metarhizium pure culture of
various glucose concentrations further supports that nit1 is induced under conditions of
nitrogen deprivation (Maeda et al. 2015). However, the lack of unambiguous up-regulation
of nit1 in all root broth cultures indicates that nit1 is regulated by certain forms of nitrogen
and not globally as in nrr1. This is similar in the regulation of mep2 which was
differentially upregulated in pure culture broths of glucose or ammonium nitrate. MEP2 is
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an analogue of plant and bacterial ammonia transporters AMT (Khademi and Stroud 2006).
Mep2 is induced under low ammonium conditions which explains why glucose broths
resulted in up-regulation of this gene. The upregulation of mep2 in ammonium nitrate
broths is likely due to the requirement of carbon to efficiently assimilate nitrogen under
non-limiting nitrogen conditions (Ekblad et al. 2013; Garcia et al. 2015). This is supported
by the lower expression of mep2, nit1 and nrr1 in broths that contained glucose and
ammonium nitrate in a 1:1 ratio.
Maintenance of the mutualistic relationship between Metarhizium and roots of
common bean is complex and influenced by numerous factors. Our data suggest that soil
economy is one of the driving forces behind the exchange of insect-derived nitrogen for
photosynthate in that under high nutrient availability, transfer was not observed. This has
ramifications for the utility of Metarhizium in agricultural practices that incorporate
nitrogen fertilizers. Although Metarhizium colonization was maintained with application
of ammonium nitrate to the soil under greenhouse conditions, the ability of Metarhizium
to stay competitive under natural environmental conditions with an abundance of available
nitrogen is yet to be determined.
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Supplemental Information
Table S4-1. Primers for quantification of Metarhizium robertsii root colonization and
analysis of nutrient transporter-related genes.
Gene Target

Sequence 5’-3’

Sequence ID§

Size (bp)

M. robertsii catalase (cat)

TGTAAAGGCTAATACGCATC
TAGTTTTCCAGTGCCATTTT

FN641683.1

103

P. vulgaris actin (actin)†

CACCGAGGCACCGCTTAATC
CGGCCACTAGCGTAAAGGGAA

XM_007162263.1

126

Ammonium transporter
(mep2)

TTCTCAACCCCTGCGTTTCT
TCGATCCAGCCGATAGGAGA

MAA_05002,
NW_011942149.1

150

Metarhizium raffinose
transporter (mrt)

AATACCGACCTTGCCTTCCG
ACATCCATCCCAGCCTGTTG

MAA_08765,
GQ167043.1

227

Formate/nitrite transporter
(nit1)

CTTTGTGTCGCTGGGGTTTG
CAACAGCCAGAAACAGCGTC

MAA_07741,
NW_011942149.1

193

Nitrogen response regulator
(nrr1)

TCAGGCGATCTCGTGGTAAG
GGGGTGTACTTGAGGAATGGG

MAA_01134,
XM_007819132.1

101

MFS sugar transport
(st3)

GCCCGCTCAATATCTGCTGT
CAAAAGCGTCGGGAGAAACC

MAA_08436,
NW_011942160.1

171

Tryptophan biosynthesis
enzyme (reference gene) (try)‡

TTGCAATGCATGTTTGATGTC
CAAAGAGTGGTATCGAGTTAC

AY245100

147

Glyceraldehyde 3-phosphate
dehydrogenase (reference gene)
(gpd)‡

GTATTGGCCGCATCGTCTTC
TCCTTCTTGATGTCGCCCTT

AY461523

149

Colonization Quantification

Fungal Gene Expression

§Sequence ID prefaced with MAA_ are RefSeq identifiers for Metarhizium robertsii 23; all others are
Genbank accession numbers.
‡ (Fang and Bidochka 2006)
† (Wen et al. 2005)
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Table S4-2. Average biomass of aboveground, belowground, and total plant material amongst different soil amendment
treatments.

7 dpi

14 dpi

80
21 dpi

28 dpi

Average weight (grams) ± standard deviation
BFI + C + N
BFI + N
BF

BFI

BFI + C

BI

B

Root
Phyllosphere
Total Plant
p < 0.05

0.82 ± 0.19
2.77 ± 0.64
3.58 ± 0.82
ab

0.89 ± 0.12
2.64 ± 0.41
3.53 ± 0.48
ab

0.59 ± 0.19
2.49 ± 0.56
2.49 ± 0.56
a

0.82 ± 0.15
2.86 ± 0.42
3.68 ± 0.55
ab

0.83 ± 0.17
2.95 ± 0.43
3.79 ± 0.59
ab

0.88 ± 0.13
3.34 ± 0.70
4.22 ± 0.82
b

0.88 ± 0.10
3.21 ± 0.62
4.09 ± 0.68
ab

Root
Phyllosphere
Total Plant
p < 0.05

0.83 ± 0.23
4.40 ± 0.45
5.22 ± 0.52
b

1.35 ± 0.17
4.15 ± 0.56
5.50 ± 0.71
b

1.33 ± 0.08
6.19 ± 0.62
7.51 ± 0.62
a

0.87 ± 0.16
5.14 ± 0.83
6.01 ± 0.92
ab

0.79 ± 0.14
4.26 ± 1.67
5.06 ± 1.74
b

1.08 ± 0.15
5.48 ± 0.61
6.56 ± 0.47
ab

1.02 ± 0.14
5.27 ± 0.67
6.30 ± 0.54
ab

Root
Phyllosphere
Total Plant
p < 0.05

0.68 ± 0.14
5.46 ± 0.62
6.13 ± 0.53
b

1.56 ± 0.47
5.63 ± 1.05
7.20 ± 1.35
b

2.17 ± 0.37
10.85 ± 2.25
13.02 ± 2.54
a

0.81 ± 0.24
6.69 ± 1.40
7.50 ± 1.62
b

1.29 ± 0.27
5.57 ± 1.15
6.49 ± 0.68
b

0.70 ± 0.33
4.64 ± 1.52
5.34 ± 1.62
b

0.7 ± 0.27
4.52 ± 1.08
5.23 ± 1.05
b

Root
Phyllosphere
Total Plant
p < 0.05

1.14 ± 0.27
4.31 ± 0.57
5.45 ± 0.70
b

1.65 ± 0.54
3.80 ± 0.50
5.45 ± 0.93
b

1.49 ± 0.64
10.29 ± 4.25
11.78 ± 4.86
a

0.67 ± 0.16
6.27 ± 1.47
6.94 ± 1.64
b

1.78 ± 0.16
4.92 ± 1.52
6.70 ± 1.68
b

1.35 ± 0.27
3.84 ± 0.42
5.19 ± 0.47
b

1.33 ± 0.08
3.86 ± 0.82
5.19 ± 0.36
b

Significant differences in total plant weight of treatments at the same timepoint were calculated by a one-way ANOVA (α = 0.05) with
Scheffe’s post-hoc test. Significant variables are bolded and are indicated with different letters. BF = bean (Phaseolus vulgaris) with
fungus (Metarhizium robertsii); BFI = bean with fungus and insect larvae (Galleria mellonella) treated with water; C = BFI with carbon
(0.5% glucose) treatment; N = BFI with nitrogen (0.5% ammonium nitrate) treatment; C+N = BFI with carbon and nitrogen (0.5%
glucose + 0.5% ammonium nitrate) treatment. Dpi = days post inoculation.

Table S4-3. Summary of one-way ANOVA and Scheffe post-hoc tests on fungal
colonization quantification.
One-way ANOVA – 7 dpi
Source of variation
Between groups
Scheffe post-hoc
Groups
BF vs BFI
BF vs C
BF vs CN
BF vs N
BFI vs C
BFI vs CN
BFI vs N
C vs CN
C vs N
CN vs N

One-way ANOVA – 14 dpi

d.f.
4

F
76.681

test statistic

P value

3.170
1.239
8.125
7.024
2.462
13.187
4.931
11.107
7.320
17.105

0.06253
0.81858
<0.0001
<0.0001
0.22289
<0.0001
0.00105
<0.0001
<0.0001
<0.0001

P value
<0.0001

Scheffe post-hoc
Groups
BF vs BFI
BF vs C
BF vs CN
BF vs N
BFI vs C
BFI vs CN
BFI vs N
C vs CN
C vs N
CN vs N

One-way ANOVA – 21 dpi
Source of variation
Between groups

d.f.
4

BF vs BFI
BF vs C
BF vs CN
BF vs N
BFI vs C
BFI vs CN
BFI vs N
C vs CN
C vs N
CN vs N

d.f.
4

F
185.467

test statistic

P value

4.530
3.249
11.185
13.551
1.239
17.644
10.699
15.593
11.251
26.845

0.0029
0.0533
<0.0001
<0.0001
0.8186
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

P value
<0.0001

One-way ANOVA – 28 dpi
F
7.530

Scheffe post-hoc
Groups

Source of variation
Between groups

P value
0.00014

Source of variation
Between groups

d.f.
4

F
190.107

test statistic

P value

3.409
19.342
6.075
0.999
22.556
2.515
4.681
25.8
19.769
7.663

0.0452
<0.0001
0.0002
0.9070
<0.0001
0.2146
0.0032
<0.0001
<0.0001
<0.0001

P value
<0.0001

Scheffe post-hoc
test statistic

P value

Groups

1.419
4.594
2.711
0.339
4.121
1.813
1.083
2.2
4.428
2.465

0.7333
0.0018
0.1417
0.9983
0.0061
0.5196
0.8807
0.3227
0.0028
0.2162

BF vs BFI
BF vs C
BF vs CN
BF vs N
BFI vs C
BFI vs CN
BFI vs N
C vs CN
C vs N
CN vs N

BF = bean with fungus (M. robertsii); BFI = Bean with fungus and insect larvae (Galleria mellonella)
treated with water; C = BFI with carbon (0.5% glucose) treatment; N = BFI with nitrogen (0.5%
ammonium nitrate) treatment; CN = BFI with carbon and nitrogen (0.5% glucose + 0.5% ammonium
nitrate) treatment. Dpi = days post inoculation. Significant variables are bolded (n = 5-10). All data was
square-root transformed to obtain a normal distribution (calculated by the Shapiro-Wilk test) and
homogeneity of variance (calculated by Bartlett’s test).
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Table S4-4. Summary of one-way ANOVA and Scheffe post-hoc tests on 15N content
in bean leaves transferred via mycelium of Metarhizium robertsii from parasitized
larvae injected with 15N-ammonium sulfate.
One-way ANOVA – 7 dpi
Source of variation
Treatments
Scheffe post-hoc
Groups
BF vs BFI
BF vs BI
BF vs C
BF vs CN
BF vs N
BFI vs BI
BFI vs C
BFI vs CN
BFI vs N
BI vs C
BI vs CN
BI vs N
C vs CN
C vs N
CN vs N

d.f.
5
test statistic
13.621
3.559
3.037
0.393
0.768
9.428
10.584
12.595
12.219
0.663
3.032
2.672
2.503
2.127
0.36

One-way ANOVA – 14 dpi
F
51.407

P value
<0.00001

Scheffe post-hoc
Groups

P value
<0.00001
0.05273
0.13771
0.99947
0.98726
<0.00001
<0.00001
<0.00001
<0.00001
0.99351
0.13896
0.24626
0.31252
0.49228
0.99965

BF vs BFI
BF vs BI
BF vs C
BF vs CN
BF vs N
BFI vs BI
BFI vs C
BFI vs CN
BFI vs N
BI vs C
BI vs CN
BI vs N
C vs CN
C vs N
CN vs N

One-way ANOVA – 21 dpi
Source of variation
Groups
Scheffe post-hoc
Groups
BF vs BFI
BF vs BI
BF vs C
BF vs CN
BF vs N
BFI vs BI
BFI vs C
BFI vs CN
BFI vs N
BI vs C
BI vs CN
BI vs N
C vs CN
C vs N
CN vs N

d.f.
5
test statistic
16.384
1.83
0.715
6.408
0.385
14.271
15.558
8.984
15.939
1.115
4.579
1.444
5.693
0.33
6.023

Source of variation
Treatments

d.f.
5
test statistic
9.587
0.811
1.167
5.002
2.009
10.425
9.298
3.566
6.64
0.476
5.743
2.749
5.457
2.844
2.771

F
33.691

P value
<0.00001

P value
<0.00001
0.98391
0.92453
0.00189
0.55371
<0.00001
<0.00001
0.04931
0.00003
0.99867
0.0003
0.2158
0.00061
0.18557
0.20852

One-way ANOVA – 28 dpi
F
97.798

P value
<0.00001

Source of variation
Groups
Scheffe post-hoc
Groups

P value
<0.00001
0.64954
0.99087
0.00006
0.99952
<0.00001
<0.00001
<0.00001
<0.00001
0.9372
0.00546
0.83284
0.00037
0.99978
0.00016

BF vs BFI
BF vs BI
BF vs C
BF vs CN
BF vs N
BFI vs BI
BFI vs C
BFI vs CN
BFI vs N
BI vs C
BI vs CN
BI vs N
C vs CN
C vs N
CN vs N

d.f.
5
test statistic
12.244
0.343
2.699
8.751
1.714
11.566
9.375
2.681
10.658
2.281
8.217
1.312
6.134
1.044
7.248

F
48.115

P value
<0.00001

P value
<0.00001
0.99973
0.22861
<0.00001
0.70957
<0.00001
<0.00001
0.23515
<0.00001
0.40933
<0.00001
0.88239
0.00007
0.95246
<0.00001

BF = bean with fungus (M. robertsii); BFI = Bean with fungus and insect larvae (Galleria mellonella) treated
with water; C = BFI with carbon (0.5% glucose) treatment; N = BFI with nitrogen (0.5% ammonium nitrate)
treatment; CN = BFI with carbon and nitrogen (0.5% glucose + 0.5% ammonium nitrate) treatment. Dpi = days
post inoculation. Significant variables are bolded (n = 5-10). All data was square-root transformed to obtain a
normal distribution (calculated by the Shapiro-Wilk test) and homogeneity of variance (calculated by Bartlett’s
test).
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Figure S4-1. Metarhizium and Metarhizium-colonized bean broth setup for fungal
gene analysis. Sterile, germinated bean seedlings were suspended with a 20-gauge
galvanized steel wire so only the roots remained submerged in the broth. Images taken after
4 days of growth in potato-dextrose broth (PDB). After 4 days, PDB was decanted from
cultures and the treatment solutions were added; after a 12-hour incubation, mycelia and
colonized roots were removed from solution and snap-frozen in liquid nitrogen for RNA
extraction.
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Chapter 5
Plant microbiome analysis after Metarhizium amendment reveals increases in
the abundance of plant growth-promoting organisms and the
maintenance of disease-suppressive soil

____________________
Published as: Barelli, L., Waller, A.S., Behie, S.W., and Bidochka, M.J. (2020). Plant
microbiome analysis after Metarhizium amendment reveals increases in abundance of plant
growth-promoting organisms and maintenance of disease-suppressive soil. PLOS ONE,
15(4): e0231150
Barelli performed all experimentation under the supervision of Bidochka. Data analysis
and the interactive website was completed by Waller in consultation with Barelli and
Behie. The manuscript was written by Barelli with revision and edits from Behie, Waller,
and Bidochka.
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5.1. Abstract
The microbial community in the plant rhizosphere is vital to plant productivity and
disease resistance. Alterations in the composition and diversity of species within this
community could be detrimental if microbes suppressing the activity of pathogens are
removed. Species of the insect-pathogenic fungus, Metarhizium, commonly employed as
biological control agents against crop pests, have recently been identified as plant root
colonizers and provide a variety of benefits (e.g., growth promotion, drought resistance,
nitrogen acquisition). However, the impact of Metarhizium amendment on the rhizosphere
microbiome has yet to be elucidated. Using Illumina sequencing, we examined the
community profiles (bacteria and fungi) of common bean (Phaseolus vulgaris) rhizosphere
(loose soil and plant root) after amendment with M. robertsii conidia, in the presence and
absence of an insect host. Although alpha diversity was not significantly affected overall,
there were numerous examples of plant growth-promoting organisms that significantly
increased with Metarhizium amendment (Bradyrhizobium, Flavobacterium, Chaetomium,
Trichoderma). Specifically, the abundance of Bradyrhizobium, a group of nitrogen-fixing
bacteria, was confirmed to be increased using a qPCR assay with genus-specific primers.
In addition, the ability of the microbiome to suppress the activity of a known bean root
pathogen was assessed. The development of disease symptoms after application with
Fusarium solani f. sp. phaseoli was visible in the hypocotyl and upper root of plants grown
in sterilized soil but was suppressed during growth in microbiome soil and soil treated with
M. robertsii. Successful amendment of agricultural soils with biocontrol agents such as
Metarhizium necessitates a comprehensive understanding of the effects on the diversity of
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the rhizosphere microbiome. Such research is fundamentally important towards sustainable
agricultural practices to improve overall plant health and productivity.
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5.2. Introduction
Current agricultural practices are often damaging to the surrounding environment
and require large energy inputs in the forms of fertilizers and pest control agents (Shaviv
and Mikkelsen 1993). Therefore, in order to establish increasingly sustainable agricultural
practices, the development of techniques designed to decrease these energy inputs is of
immediate importance. One way to facilitate these goals would be through the increased
integration of beneficial plant microbiomes (i.e., those enhancing plant growth, nutrient
use efficiency, abiotic stress tolerance, and disease resistance) in the rhizosphere.
Agricultural plants utilize the complex community of rhizospheric microbes to
maintain health and primary production (Jacoby et al. 2017). These microbes vary in their
ecological roles, and provide benefits that include the stimulation of plant growth (Brown
1972), competitive suppression of pathogens through secondary metabolites or spatial
restriction (Tan et al. 2015), increased resistance to biotic and abiotic stress by induced
systemic resistance (Saijo and Loo 2020), and solubilization and transport of nutrients that
would otherwise be unavailable to the plant (Jacoby et al. 2017; Nassal et al. 2018).
The diversity of the rhizospheric community gives rise to a complex web of
microbial interactions. This suggests a paucity of information regarding the cause of the
observed plant phenotype relative to the current microbial community. There are numerous
studies where microbial amendments have been applied to the rhizosphere in benefit of the
plant. These include rhizobia inoculants for increasing nitrogen fixation (Maier and Brill
1978; Keller and Lau 2018), Azospirillum treatments that are phytostimulatory
(Dobbelaere et al. 1999; De Morais et al. 2016), mycorrhizal inoculants that deliver
nutrients to the host plant (Marschner and Dell 1994; Klironomos and Hart 2001; Smith
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and Read 2008) and biocontrol inoculants such as Trichoderma harzianum that
demonstrate antagonism against fungal diseases (Elad, Chet and Henis 1982; Vinale et al.
2008; Monteiro et al. 2010). However, the extent to which these inoculants affect the
microbial (bacteria and fungi) rhizospheric community is influenced by numerous factors
and remains an area of great interest and in need of research. Major questions remain
regarding how the impact of microbial taxonomic groups can be related to the functional
capabilities of the root microbiome.
Metarhizium is a genus of rhizosphere inhabiting, insect-pathogenic fungi that are
ubiquitous in soil and currently used as a biocontrol agents against crop pests through crop
or seed treatment with conidial formulations (Sasan and Bidochka 2012). Metarhizium
also provides benefits to a variety of host plants including resistance to salt stress (Khan et
al. 2012), increased plant biomass and growth (Elena et al. 2011; Khan et al. 2012),
stimulation of root growth (Sasan and Bidochka 2012; Dutta et al. 2015), acquisition of
insect-derived nitrogen (Behie, Zelisko and Bidochka 2012; Behie and Bidochka 2014),
and antagonism of plant pathogens (Sasan and Bidochka 2013). The plant growthpromoting qualities of Metarhizium coupled with its ability to parasitize insects make it an
attractive candidate as a rhizospheric inoculant.
Here we grew common bean plants, Phaseolus vulgaris, in unsterilized
Metarhizium amended soil, under laboratory conditions. As the plant associating lifestyle
of Metarhizium may converge with the insect pathogenic lifestyle to differentially affect
the microbiome, such as when insect-derived nitrogen is available for exchange with the
plant (Behie and Bidochka 2014), we also included Galleria mellonella larvae as a
treatment. The bacterial and fungal community profiles from both rhizospheric soil and
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the plant root (rhizoplane and endosphere) were analyzed by Illumina sequencing. A
generalized linear model was used to assess whether Metarhizium amendment had a
significant effect. A quantitative PCR was performed to confirm the results of Illumina
sequencing for the bacterial genus, Bradyrhizobium; identified as being significantly
affected by Metarhizium application. To determine whether the described community had
the capacity to suppress disease, plants were challenged with the known bean pathogen,
Fusarium solani f. sp. phaseoli. An interactive website was created (https://metarhizmicrobiome.shinyapps.io/shiny3/) that allows for user-directed data analysis. This research
is a necessary step in understanding the influence that amendment with Metarhizium has
on the rhizospheric community under controlled conditions and could help elucidate other
potential means of plant growth promotion through secondary interactions with
microorganisms within the rhizospheric community.

5.3. Materials and Methods
5.3.1. Biological Materials
Haricot bean seeds (Phaseolus vulgaris var. soldier) were purchased from OSC
seeds (Ontario, Canada). The fungal lab strain Metarhizium robertsii (ARSEF 2575-GFP)
that expresses green fluorescent protein (GFP), and Fusarium solani f. sp. phaseoli, were
grown on potato dextrose agar (PDA) for 14 days to obtain conidia. The transformation of
the Metarhizium strain has been previously described (Fang, Pei and Bidochka 2006).
Conidia were harvested with 0.01% Triton X-100 and the suspensions were adjusted to a
final concentration of 1.5 x 106 conidia/mL. Wax moth larvae (Galleria mellonella) were
purchased from a local bait shop (Massassauga Imports). Unsterilized soil (clay:loam mix)
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collected from a farm (Pelham, Ontario) in April before any crop had been planted and was
sifted to remove large debris and used directly in the experiment. The farm grew corn the
previous year and before that the land was fallow for at least 10 years.

5.3.2. Experimental Setup
Bean seeds were surface sterilized by immersion in 2% NaOCl for 5 minutes, rinsed
with sterile water and then immersed in 15% H2O2 for 20 minutes. Seeds were rinsed a
minimum of three times with sterile water until no peroxide remained. A 100uL aliquot of
the last water rinse was plated on PDA to ensure sterility. Bean seeds were germinated on
water agar and individually placed in 9-cm plastic pots filled with field-collected soil, for
a total of 36 potted plants (Table S5-1, Supplemental Information). To eighteen pots, 3
larvae each were buried in the soil below the seedling and of these pots, nine had 5 mL of
a 1.5 x 106 conidia/mL suspension of M. robertsii 2575-GFP added to the soil surface, and
nine received only water. To the remaining eighteen pots without larvae, nine pots were
amended with 5mL conidial suspension, and nine pots received only water. A final nine
pots were filled with only the field-collected soil (“bulk soil”; no plant, no treatment).
Plants were incubated at 25°C with 50-60% humidity, and under a 16/8-hour light/dark
cycle for 14 days.

5.3.3. Plant harvest and DNA extraction
Rhizospheric soil was collected by removing bulk soil from the roots with gloved
hands and gently shaking the root above a weigh dish until 1 g was obtained. The soil was
sieved through a 1 mm2 mesh and 250 mg of soil was taken from each sample, including
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the pots without a bean plant, and processed as recommended by the manufacturer for
extraction of DNA using the Soil Plus DNA mini kit (Norgen Biotek). The remaining root
was washed gently under running tap water to remove residual soil and DNA was extracted
from the entire root system using the CTAB protocol described below. Samples were
pooled in groups of three for a total of 27 samples (15 soil, 12 root). DNA was quantified
using Qubit 3.0™ (Thermo Fisher).

5.3.4. CTAB DNA extraction
The fresh root tissue was weighed and then immediately flash frozen in liquid
nitrogen and ground to a fine powder using a mortar and pestle. A 2X CTAB solution [2%
(w/v) hexadecyltrimethylammonium bromide (CTAB), 100 mM Tris (pH 8.0), 20 mM
EDTA (pH 8.0), and 1.4 M NaCl was autoclaved sterile, to which 2% (w/v) of
polyvinylpyrrolidone (Mw 40,000) and 1% 2-mercaptoethanol were added] was preheated
to 65°C and applied to the root powder at a volume of 5:1 (i.e. 5 mL 2X CTAB per 1 g of
fresh root weight) and vortexed for 1 minute. The tube was incubated in a 65°C water bath
for 30 minutes. After incubation, the tube was vortexed again for 10 seconds to homogenize
the solution, and then a 1 mL aliquot was transferred to a 2 mL tube. One volume of
chloroform:isoamyl alcohol (24:1) was added to the supernatant and vigorously shaken to
form an emulsion, followed by centrifugation at 14,000 rpm for 2 minutes. This step was
repeated once. The supernatant was transferred to a 1.5 mL microfuge tube and 0.7 volumes
of isopropanol were added and mixed by inversion to precipitate the DNA. The tube was
centrifuged at 14,000 rpm for 5 minutes. The DNA pellet was washed once with 70%
ethanol and once with 100% ethanol, being centrifuged at 14,000 rpm for 2 minutes each

91

time. The ethanol was decanted, and the pellet allowed to dry for 10 minutes on the bench
top. The pellet was resuspended in 50 µL of 1X TE buffer pH 8.0.

5.3.5. CFU determination of fungal inoculum
To the remaining 0.75 g sieved soil of each sample, 5 mL of 0.01% Triton X-100
was added and the sample vortexed vigorously. A 100 uL aliquot was plated, in duplicate,
on CTC (Fernandes et al. 2010) agar plates and incubated at 27°C for 5 days. Colonies of
M. robertsii were verified by visualization of GFP fluorescence and counted.

5.3.6. Next generation sequencing, sequence processing, and statistical analyses
DNA samples were sent to Microbiome Insights (Vancouver, Canada) for analysis.
The 16S ribosomal RNA genes (V4 region) and ITS2 region genes were sequenced on an
Illumina MiSeq (v. 2 chemistry) using the dual barcoding protocol (Kozich et al. 2013).
Primers and PCR conditions used for 16S sequencing are identical to those of Kozich et al.
(Kozich et al. 2013);those used for ITS2 sequencing were described by Gweon et al.
(Gweon et al. 2015). Bacterial Raw Fastq files were quality-filtered and clustered into 97%
similarity operational taxonomic units (OTUs) using the mothur software package (Schloss
et al. 2009). Sequences were processed and clustered into operational taxonomic units
(OTUs) with the mothur software package (v. 1.39.5) (Schloss et al. 2009), following the
recommended procedure (https://www.mothur.org/wiki/MiSeq_SOP; accessed Aug.
2018). Paired-end reads were merged and curated to reduce sequencing error (Huse et al.
2010). Chimeric sequences were identified and removed using VSEARCH (Rognes et al.
2016). The curated sequences were assigned to OTUs at 97% similarity using the OptiClust
algorithm (Westcott and Schloss 2017) and classified to the deepest taxonomic level that
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had 80% support using the naive Bayesian classifier trained on the Greengenes taxonomy
outline (version 13.8) (DeSantis et al. 2006). A total of 189,365 high-quality bacterial reads
was obtained with a final 16S dataset of 16,356 OTUs (including those occurring once with
a count of 1) and a read range of 2,442 and 12,606. High quality reads were classified using
Greengenes (v. 13.8) (DeSantis et al. 2006) as the reference database. There were 914,945
high-quality fungal reads with a final ITS2 dataset containing 3,409 OTUs (including those
occurring once with a count of 1) and a read range of 10,613 and 68,269. The processing
pipeline was identical as the one used for bacteria, except for the following differences:
paired-end reads were trimmed at the non-overlapping ends, and high quality reads were
classified using UNITE (v. 7.1) (Kõljalg et al. 2005) as the reference database. A consensus
taxonomy for each OTU was obtained and the OTU abundances were then aggregated at
multiple taxonomic levels (genus, family, phylum) (Available from the online version of
this manuscript; Barelli et al. 2020). Data analysis was performed using R statistical
programming language (R Foundation for Statistical Computing. 2018). OTU abundances
were summarized with the Bray-Curtis index and a principle coordinate analysis (PCoA)
was performed to visualize microbiome similarities and a permutational analysis of
variance (PERMANOVA) was done to test the significance of groups. Alpha diversity was
calculated using Shannon’s diversity index. For analysis of differential OTU abundances
the R package ALDEX2 (Fernandes et al. 2014) was used in which technical variation is
assessed by Monte-Carlo sampling from a Dirichlet distribution, returning a multivariate
probability distribution, from which the centred log-ratio is then calculated.

The

development version was used as it allows for generalized linear models that test for
interactions between two covariates. The results of GLM and Welch’s t-tests are
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summarized in Table S5-3 to Table S5-8 (Supplemental Information). The interactive
website (https://metarhiz-microbiome.shinyapps.io/shiny3/) allows for examination of the
data and download of the R scripts. Raw sequences are available from the Short Read
Archive (NCBI) (Accession: PRJNA558088).

5.3.7. Bradyrhizobium qPCR confirmation and culturing
To confirm the results of Illumina sequencing that detected an increase in
abundance of Bradyrhizobium, a real-time PCR was performed using the genus-specific
primers

691-709fAP

(5’-GTGAAATDCGTAGAKATT-3’)

and

907r

(5’-

CCGTCAATTCMTTTRAGTTT-3’) (Morales and Holben 2009). A 20 µL qPCR reaction
utilized the SensiFAST SYBR no-rox kit (Bioline), 0.125uM of each primer, and 10 ng of
DNA from the original extracted samples. A standard curve was created from DNA
extracted from a culture of Bradyrhizobium japonicum generously provided by Dr. Edward
Topp (Agriculture and Agri-Food Canada). The qPCR protocol followed the standard
manufacturer’s conditions and results were analyzed using CFX™ Manager version 3.1
(Bio-Rad). To ensure that the presence of Bradyrhizobium was not from DNA
contamination (Laurence, Hatzis and Brash 2014) 100 µL aliquots of soil samples
(described above in CFU determination of fungal inoculum) were plated on yeast-mannitol
selective media [(g L-1): mannitol (10.0); K2HPO4 (0.25); KH2PO4 (0.35); yeast extract
(1.7); MgSO4•7H2O, (0.15); NaCl (0.1); CaCl2•2H2O (0.08); Chloramphenicol (0.03);
Tetracycline (0.01); Cycloheximide (0.05)] (Gault and Schwinghamer 1993) and incubated
at 27°C for 14 days. Colony PCR was performed on all colonies that appeared similar to
the B. japonicum strain using the universal bacteria primers 27F/1492R in a standard PCR
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reaction (New England Biolabs) according to manufacturer instructions. The
approximately 1500 nucleotide amplicon was sent for Sanger sequencing (TCAG,
Sickkids, Toronto) and identified through BLASTn analysis.

5.3.8. Microbiome disease-suppression activity assay
To determine the ability of the soil microbiome to suppress disease, the known bean
root rot pathogen, Fusarium solani f. sp. phaseoli was applied via the soil-drench method
to bean plants growing in autoclaved- or unautoclaved field-collected soil (Weller et al.
2002; Schlatter et al. 2017). Small batches of the microbiome soil were autoclaved three
times, with a period of 24 hours between cycles (121°C, 15 psi, 60 minutes). The soildrench application consisted of a final volume of 5 mL of: F. solani, F. solani + M.
robertsii, or water. A total of 3.75 x 106 spores was applied for each fungus. Each condition
had a total of three biological replicates. Co-inoculation of F. solani with M. robertsii was
performed to confirm the ability of M. robertsii to antagonize F. solani (Sasan and
Bidochka 2013). Plants were incubated in the conditions stated above. After 14 days, plants
were harvested and the roots were washed and examined for signs of root-rot disease such
as discolouration of hypocotyl/upper tap root, lesion formation, and necrosis (Hagedorn
and Inglis 1986). Two measures of disease severity were performed as previously described
(Sasan and Bidochka 2013). Root rot disease was scored from 0-1, with 0 indicating no
root-rot symptoms and 1.0 indicating greater than 75% of rotted root area (Hassan Dar,
Zargar and Beigh 1997). The disease index based on necrotic lesions was scored from 0-5,
with 0 = no disease symptoms; 1 = slight browning, or <50% discolouration of the
hypocotyl and firm upon pressure from thumb and forefinger, and slight root pruning; 2 =
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as 1 but >50% surface discolouration; 3 = discoloured hypocotyl and roots collapsing under
pressure and extensive root pruning; 4 = darkly discoloured hypocotyl and roots completely
collapsed or collapsing easily under pressure and severe root pruning; and 5 = dead or
dying plant (Filion, St-Arnaud and Jabaji-Hare 2003). The difference between mean values
for each disease index was evaluated with an ANOVA and Scheffe’s post-hoc (α = 0.05; n
= 3).

5.3.9. Data availability
The data has been made available for further on an interactive website at:
https://metarhiz-microbiome.shinyapps.io/shiny3/ (created by Dr. Alison S. Waller). Here
the trends between different treatments for bacterial and fungal OTUs of interest (at the
genus, family and phylum level) can be examined. Alternatively, a factor of interest can
be selected (e.g. Metarhizium addition, insect or sample type), and a P value and a list of
OTUs that have significantly different abundances, based on generalized linear model
(GLM) or distance-based Welch’s t-test, can be viewed. The raw data is available for
download on this site and from the Short Read Archive of NCBI (Accession:
PRJNA558088). Matrices of OTU abundance for bacteria and fungi at phylum, family, and
genus level are available for download as well.

5.4. Results
5.4.1. Metarhizium inoculum is able to establish within native microbiota
As an internal control measure, colony forming units (CFU) g-1 soil of the fungal
inoculum M. robertsii 2575-GFP was quantified, utilizing GFP fluorescence of colonies in
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order to ensure there was no cross contamination of sample treatments (Figure 5-1A). M.
robertsii 2575-GFP was only detected in pots that received the conidial inoculum. This
was necessary to confirm that any Metarhizium detected by Illumina sequencing in
uninoculated samples was due to the natural occurrence of this fungus. Figure 5-1B shows
the relative abundance of Metarhizium detected in all conditions as determined from
Illumina sequencing. Overall, there was a higher abundance of Metarhizium detected in
rhizospheric soil than with the root (rhizoplane and endosphere). Conidial inoculation
resulted in a statistically significant increase in the abundance of Metarhizium when G.
mellonella larvae were present (Welch’s t-test, P = 0.04).
Growth measurements determined that there were no significant differences in the
dry weight of plants between any treatment (ANOVA, P = 0.39, n = 9) (Table 5-1).

5.4.2. Identification and diversity of bacteria in treatments
Through Illumina sequencing, a total of 533 bacterial OTUs were identified, with
84 and 9 enriched in the root and rhizosphere soil compartments, respectively (Figure
5-1C). The list of OTUs and the corresponding taxonomic classification can be viewed in
Table S5-2 (Supplemental Information). The composition of bacterial phyla and the
predominant genera (relative abundance above 1%) of the different treatments can be seen
in Figure 5-2. In all treatments, the major phyla were Proteobacteria, Actinobacteria, and
Bacteriodetes (Figure 5-2). However, there was a larger proportion of Acidobacteria and
Verrucomicrobia in soil (~10-20%) compared to root (~2%). At the genus level, rare taxa
(<1% abundance) accounted for nearly 70% of all taxa in soil, and approximately 35% in
roots. Aside from the large proportion of lower-abundance taxa, Streptomyces,
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Sphingobacterium

and

unclassified

Oxalobacteraceae

and

Comamonadaceae

predominated in root samples (Figure 5-2). In contrast, DA101 and unclassified
Gaiellaceae, Chitinophagaceae, and Acidobacteria (subdivision 6; iii1.15) were most
abundant in soil samples.
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Table 5-1. Dry weight measurements for bean plants.
Dry weight (g)
Treatment
Root
Phyllosphere
Total
Bean
0.11 ± 0.04
0.44 ± 0.14
0.54 ± 0.15
Bean + insect
0.11 ± 0.03
0.33 ± 0.11
0.44 ± 0.10
Bean + Metarhizium
0.11 ± 0.02
0.35 ± 0.09
0.46 ± 0.10
Bean + Metarhizium + insect
0.12 ± 0.02
0.34 ± 0.18
0.46 ± 0.17
Plants were treated with Metarhizium robertsii with and without insect larvae (Galleria
mellonela) and grown in field-collected soil for 14 days. There was no significant
difference between the conditions (ANOVA, P = 0.39; n = 9).
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Figure 5-1. Determination of (A) CFU of M. robertsii 2575-GFP recovered from soil of potted bean plant treatments after 14
days, (B) relative abundance of Metarhizium species from Illumina sequencing, and (C) counts of bacterial and fungal OTUs
enriched in the root and rhizospheric soil compartments. Treatment conditions: M = M. robertsii 2575-GFP; I = Insect, Galleria
mellonella larvae. Statistically significant differences in CFU g-1 soil of M. robertsii are shown by asterisks (ANOVA, F = 9.41, P <
0.001; n = 9).
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Figure 5-2. Proportional distribution of the major (abundance greater than 1%) bacterial phyla and genera present in P. vulgaris
root (R) and rhizospheric soil (S). M: M. robertsii 2575. I: Insect, Galleria mellonella, larvae. Bulk soil represents original potting
substrate (no bean plant). All conditions have three replicates which are pools of three samples each. “Others” signifies lower-abundance
taxa. Un. = unclassified.

To visualize microbiome similarities between the treatments, a principle coordinate
analysis (PCoA) was performed on Bray-Curtis indexed OTUs (Figure 5-3). The
PERMANOVA revealed significant separation between sample type (F = 18.83, P < 0.001)
and treatment type (F = 1.82, P < 0.001). The treatments distinctly clustered based upon
sample type (soil vs. root) and supported the dissimilar diversity that was visualized in
Figure 5-2. Moreover, ANOVA analysis of Shannon’s diversity (H’) revealed statistically
higher bacterial diversity in the rhizospheric soil than in the root (F = 453.79, P < 0.001).
However, the addition of Metarhizium did not result in significant changes to bacterial
diversity, nor did any of the treatments (Figure 5-4). Similar trends were seen at the family
and phylum level.

5.4.3. Metarhizium effects on bacterial communities
Welch’s t-tests were performed to examine if Metarhizium amendment
significantly affected the abundance of specific bacteria (Figure 5-5). Figure 5-5 shows the
significant (α = 0.05) increase or decrease of bacterial Families (identified genera shown
in brackets) after M. robertsii addition, in rhizospheric soil and root tissue. The P values
were corrected for false-discovery rate (fdr). Summarized statistical analyses are available
in Table S5-5 (Supplemental Information).
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Figure 5-3. Principal coordinate analysis (PCoA) of bacterial and fungal genera from root and soil compartments. M: M. robertsii
2575-GFP. I: Insect, Galleria mellonella, larvae. Bulk soil represents original potting substrate (no bean plant). All conditions have
three replicates which are pools of three samples each.
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Figure 5-4. Shannon’s alpha diversity index between treatment groups for bacterial and fungal genera. I = insect
larvae (Galleria mellonella). Asterisk denotes a significant difference (t-test, α = 0.05, n = 3).

Figure 5-5. Bacteria significantly affected by Metarhizium robertsii amendment. The
effect size from Welch’s t-tests using a corrected (fdr) P value (α = 0.05) is shown
indicating relative abundance of bacterial Families (genus shown in brackets if known)
significantly affected by Metarhizium robertsii amendment in (A) rhizosphere soil and root
samples. Light bars = absence of larvae; dark bars = larvae present (n = 3). (B) The
significant increase in the abundance of Bradyrhizobium in Metarhizium treated versus
untreated root samples was confirmed with a SYBR® green PCR assay using
Bradyrhizobium-specific primers. Error bars are standard deviation (n = 3). Conditions
with different letters are significantly different (Scheffe’s post-hoc, α = 0.05). M: M.
robertsii 2575-GFP. I: Insect, Galleria mellonella. (C) Bradyrhizobium (circled in yellow)
cultured from potting soil on selective yeast-mannitol agar.
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Rhizospheric soil had a total of 11 (11/517 = 2.1%) bacterial taxa whose abundance
was significantly reduced by Metarhizium amendment. There were seven OTUs
significantly affected when Galleria larvae were absent (Figure 5-5), belonging to a variety
of phyla including Actinobacteria, Chloroflexi, Latescibacteria (previously WS3),
Planctomycetes, Proteobacteria, and Verrucomicrobia. Only two of these OTUs were able
to be identified to genus level and these were Kaistobacter and DA101. Within rhizospheric
soil treated with a combination of Galleria larvae and fungal inoculum, there was a total
of four bacterial families that were significantly affected (Figure 5-5), Rhodospirillaceae,
Syntrophobacteraceae, X0319.6A21, and Chthoniobacteraceae (genus DA101). In all
cases, the relative abundance of these bacteria decreased significantly after Metarhizium
amendment.
In root tissue there was a lower number of bacteria whose abundance was
significantly affected by Metarhizium amendment (7/400 = 1.8%) (Figure 5-5A) and these
changes only occurred in the absence of Galleria larvae. Actinosynnemataceae,
Microbacteriaceae,

Promicromonosporaceae

(genus

Promicromonospora),

and

Ruminococcaceae were reduced in root samples of beans grown in Metarhizium-amended
soil. The relative abundance of Bradyrhizobiaceae, A4b, and Flavobacteriaceae (genus
Flavobacterium) increased after fungal treatment. Flavobacterium was increased
approximately 4-fold in Metarhizium-treated roots. An unclassified Bradyrhizobiaceae
(genus Bradyrhizobium matched through BLASTn analysis) and unclassified A4b were
not detected in root tissue of uninoculated bean plants but were present in root tissue of
beans grown in Metarhizium-treated soil (Figure 5-5A). The increase in Bradyrhizobium
was confirmed with qPCR using genus-specific primers (Morales and Holben 2009) in a
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SYBR® green assay (Figure 5-5B). Bradyrhizobium was cultured on a selective medium
(Moreira et al. 1993) to confirm its detection was not from artificial DNA contamination
(Laurence, Hatzis and Brash 2014) (Figure 5-5C).

5.4.4. Identification and diversity of fungi in treatments
A total of 446 fungal OTUs were identified through Illumina sequencing, with 42
and 47 enriched in the root and rhizosphere soil compartments, respectively (Figure 5-1C).
The list of OTUs and the corresponding taxonomic classification can be viewed in Table
S5-2 (Supplemental Information). The proportional abundance of the major fungal phyla
and genera (abundance greater than 1%) is shown in Figure 5-6. In root samples,
unclassified fungi accounted for approximately half of all OTUs at the phylum level with
the remainder being mainly Ascomycota (Figure 5-6). In rhizospheric soil, the abundance
of unclassified fungi was lower than in the root and was in approximately equal proportion
to Ascomycota, Basidiomycota, and Zygomycota. Within the distribution of fungal genera,
there remained a high proportion of unclassified fungi in root (~61%) and rhizospheric soil
(~34%). In addition, root samples were predominated by Fusarium (>30%) and
Clonostachys. Rhizospheric soil appeared more diverse in all treatments in comparison to
root samples and proportionally different when compared to field-collected soil that was
without a bean plant (i.e. original bulk soil) (Figure 5-6). Fusarium, Mortierella,
Hygrocybe, unclassified Basidiomycota/Ascomycota/Eurotiomyctes/ Stephanosporaceae,
Apiotrichum, Clonostachys, and Metarhizium were all in high abundance in rhizospheric
soil of all treatments. The highest abundances of Metarhizium were unsurprisingly the soil
samples from amended treatments, however, Metarhizium was detected in all samples as
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seen in Figure 5-1B and the fungal OTU relative abundance matrix (available from the
online version of this manuscript; Barelli et al. 2020).
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Figure 5-6. Proportional distribution of major (abundance greater than 1%) fungal phyla and genera present in P. vulgaris root
(R) and rhizosphere soil (S). M: M. robertsii 2575-GFP. I: Insect, Galleria mellonella. Bulk soil represents samples of the original
potting substrate (no bean plant). All conditions have three replicates which are pools of three samples each. “Others” signifies lowerabundance taxa.

Ordination analysis using the abundance profile of fungal genera shows the
treatments distinctly clustered based upon sample type, similar to bacterial taxa, in the
Bray-Curtis indexed PCoA analysis (Figure 5-3). The PERMANOVA revealed significant
separation between sample type (F = 70.59, P < 0.001) and treatment type (F = 3.83, P <
0.001). Unlike bacteria, fungal taxa of bulk soil and rhizosphere soil, from all treatments,
clustered separately from each other indicating that the bean plant altered the fungal
community profiles; all treatments with a bean plant had lower diversity (Figure 5-4).
Interestingly, this separation driven by the variance of axis 2 [9.6%] does not result in any
further separation of the root fungal communities.
Similar to bacterial diversity, the diversity of fungi in soil (H’= 2.7–3.9) was higher
than that of the root (H’= 1.2–1.5) (ANOVA, F = 657.71, P < 0.001). Shannon’s diversity
revealed complex effects on global fungal diversity depending on treatment and sample
type (Figure 5-4). In root samples, when an insect was present, there was no change in
diversity with the amendment of Metarhizium (t-test, P = 0.4), however, without
Metarhizium, the addition of larvae significantly decreased diversity (t-test, P = 0.02). In
comparison, the addition of larvae did not reduce diversity in rhizospheric soil (Figure 5-4).
Overall, Metarhizium amendment did not significantly alter fungal diversity.

5.4.5. Metarhizium effects on fungal communities
Of the 384 identified fungal genera, pairwise comparisons showed that only 7
OTUs (7/259 = 2.7%) from rhizospheric soil and 1 OTU (1/361 = 0.3%) from root were
significantly altered (fdr-adjusted, α = 0.05) upon Metarhizium amendment. Figure 5-7
shows the effect size, as calculated by distance-based Welch’s t-test, of fungal OTUs that
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could be classified to a minimum of family level, with a significant change in abundance
after M. robertsii addition. FUNGuild assignment revealed that the majority of
significantly affect taxa were saprotrophic (Figure 5-7). A summary of statistical analyses
is available in Table S5-4, Table S5-6, and Table S5-8 (Supplemental Information).
In the absence of Galleria larvae, a single fungal OTU from root tissue was
significantly reduced by Metarhizium amendment, Stephanosporaceae (t-test, P = 0.01). In
root samples from beans treated with a combination of Galleria larvae and Metarhizium,
there were no OTUs that could be resolved to family level that were significantly affected.
Metarhizium amendment significantly increased the abundance of fungi in soil (in
absence

of

larvae)

from

the

families

Clavicipitaceae,

Chaetomiaceae,

and

Spizellomycetaceae (genus Spizellomyces) (Figure 5-7). The relative abundance of three
unclassified species from the families Hygrophoraceae (Hygrocybe), Geoglossaceae
(Trichoglossum), and Heterogastridiaceae (Pycnopulvinus) significantly decreased in
rhizospheric soil from plants treated with Metarhizium; Pycnopulvinus was not detected in
Metarhizium-amended samples.
Bean plants treated with a combination of Metarhizium amendment and Galleria
larvae had a reduction in Cunninghamellaceae (Cunninghamella) (t-test, P = 0.04) and
Ascobolaceae (t-test, P = 0.03) from rhizospheric soil (Figure 5-7). Cunninghamella was
represented by a single OTU and BLAST analysis of the corresponding sequence revealed
the species, Cunninghamella elegans.
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Figure 5-7. Fungi significantly affected by Metarhizium robertsii amendment. The
effect size from Welch’s t-tests using a corrected (fdr) P value (α = 0.05) is shown
indicating relative abundance of fungal Families (specific genus shown in brackets)
significantly affected by Metarhizium robertsii amendment in rhizosphere soil and root
samples. Light bars = absence of larvae; dark bars = larvae present (n = 3). Fungi were
classified into lifestyle guilds using FUNGuild.
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5.4.6. Metarhizium-Galleria interaction
In addition to Metarhizium or the larvae amendments affecting microbe
abundances, GLM analysis revealed that for some microorganisms there was an interaction
when combining both treatments (Table S5-3 to Table S5-4, Supplemental Information).
In some cases, opposing effects were seen when either Metarhizium or Galleria were added
independently compared to when they were combined in the treatment. An example of this
is shown in Figure 5-8 with the bacteria Solitalea in root and an unclassified
Chaetomiaceae (fungus) in rhizospheric soil. For Solitalea, when larvae were present the
addition of Metarhizium resulted in an increase in abundance, whereas, when there were
no larvae, the addition of Metarhizium resulted in a decrease in Solitalea (GLM, P = 0.01)
(Figure 5-8). Similarly, in the root, an unclassified Chaetomiaceae increased upon
Metarhizum addition if larvae were also present, whereas there was no change in the
abundance of Chaetomiaceae with the addition of either Metarhizum or Galleria
independently (GLM, P = 0.03) (Figure 5-8).
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Figure 5-8. Interaction between the effect of adding Metarhizium and insect larvae as
visualized by a box plot for Solitalea (bacteria) and Chaetomiaceae (fungi). The
resultant effect on relative abundance from addition of fungus and insect together opposes
the effect of either one applied individually. I = insect (Galleria mellonella) larvae. Bulk
soil represents samples of the original potting substrate (no bean plant). Un. = unclassified.
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5.4.7. Microbiome disease-suppressive activity
The capability of the microbiome to supress the action of a known fungal pathogen,
Fusarium solani f. sp. phaseoli, to which Metarhizium robertsii has been shown to be
antagonistic towards (Sasan and Bidochka 2013), was evaluated. Figure 5-9 shows the
hypocotyl and upper root section for each treatment condition, as F. solani causes root-rot
in Phaseolus vulgaris (Hagedorn and Inglis 1986) and Table 5-2 shows the calculated
disease scores. The hypocotyl of plants grown in autoclaved soil treated with F. solani
showed the initial signs of disease. At 14 days, the hypocotyl and upper region of the
taproot had reddish-brown, darkly discoloured lesions, indicating signs of necrosis
(necrotic lesion index (NLI), 1.600 ± 0.414). These lesions were absent in Fusariumtreated plants that were grown in raw microbiome soil (NLI, 0.155 ± 0.042), indicating
suppressive activity by the microbial community. Similarly, plants grown with
Metarhizium in addition to Fusarium had noticeably less severe signs of disease (i.e. slight
browning of upper tap root and tiny, sporadic lesions on hypocotyl) or completely lacked
symptoms, in autoclaved soil (NLI, 0.450 ± 0.376). In microbiome soil, FusariumMetarhizium treated plants were free of any disease symptoms and were no different than
control plants (NLI, 0.160 ± 0.047). There were no disease symptoms on above-ground
tissues of any treatment. There was no difference in the dry weight of plants from any
treatment (ANOVA, P = 0.94, n = 3) (Table S5-9, Supplemental Information).
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Figure 5-9. Evidence of disease-suppressive activity of the microbiome. Bean plants
treated with either Fusarium, Fusarium and Metarhizium, or water, were grown for 14 days
in microbiome soil or microbiome soil that was autoclaved (in triplicate). Evidence for
disease symptoms (i.e., discolouration, lesions, necrosis) on the hypocotyl and/or roots was
examined as Fusarium causes root-rot in bean plants. There were no indications of disease
on the above-ground tissues. Fusarium: F. solani f. sp. phaseoli; Metarhizium: M. robertsii
2575-GFP.
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Table 5-2. Disease scoring of bean roots from disease-suppressive assay.
Disease Indices†
Necrotic lesion
Root rot index‡
index§
Autoclaved soil
Bean
Bean + Fusarium
Bean + Fusarium + Metarhizium

0.005 ± 0.004a
0.225 ± 0.117b
0.040 ± 0.039a

0.258 ± 0.163a
1.600 ± 0.414b
0.450 ± 0.376a

Microbiome soil
Bean
0.014 ± 0.011a
0.175 ± 0.065a
a
Bean + Fusarium
0.020 ± 0.014
0.155 ± 0.042a
Bean + Fusarium + Metarhizium
0.020 ± 0.008a
0.160 ± 0.047a
† Plants were treated with Fusarium solani f. sp. phaseoli with or without Metarhizium
robertsii and grown in microbiome soil or autoclaved soil for 14 days. The average of each
disease metric ± the standard deviation, is shown. Values followed by the same letter are
not significantly different (Scheffe’s post hoc, α = 0.05; n = 3)
‡Dar et al. (1997) root rot disease index scored from 0 = no disease, to 1.00 = greater than
75% root area rotted.
§Filion et al. (2003) necrotic lesions scored from 0-5; 0 = no disease symptoms; 1 = slightly
brown or <50% surface discoloration of the hypocotyl, firm upon pressure from thumb and
forefinger, and slight root pruning; 2 = as 1 but >50% surface discoloration; 3 = discolored
hypocotyl and roots collapsing under considerable pressure and extensive root pruning; 4
= darkly discolored hypocotyl and roots completely collapsed or collapsing easily under
pressure and severe root pruning; 5 = dead or dying plant.
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5.5. Discussion
M. robertsii is the most abundant Metarhizium species isolated from farmland and
open fields in Ontario (Wyrebek et al. 2011). Many studies have been conducted to
determine its ability to persist in soil or to colonize plants (Fang and St. Leger 2010; PavaRipoll et al. 2011; Behie, Jones and Bidochka 2015) in order to determine ways to improve
its survivability and thus, its utility as a biocontrol agent. Experimental trials under
laboratory conditions often fail to translate to successful application under environmental
settings. For example, in sterile laboratory conditions M. brunneum was capable of killing
infected wireworms, however, when implemented in the field, M. brunneum was
suppressed by symbiotic bacteria (Kabaluk, Li-Leger and Nam 2017) and rendered
ineffective. Moreover, a study comparing endophytic colonization of M. anisopliae and
Beauveria bassiana in bean plants showed unpredictable and highly variably levels in nonsterilized soil compared to sterile soil (Parsa et al. 2018) indicating an influence from the
microbial community. The success of EIPF agricultural amendments is constrained by a
lack of understanding of the complex interactions within the existing microbiome of crops.
This dynamic population can include organisms that will compete with or antagonize the
applied biological control agent and thus limit its potential. This study presents an
important step towards understanding the larger roles played by Metarhizium within its
microbial community.
Diversity within a localized microbial community depends upon various
mechanisms that restrict domination of the population by only a few competitive species
(Reynolds et al. 2003). Alterations that upset these mechanisms, whether biotic or abiotic
factors, can lead to a decrease in diversity as a select few species become dominant; if these
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dominant organism(s) are pathogenic, plant disease develops (Reynolds et al. 2003).
However, a decrease in diversity is not always unfavourable. Plants shape the microbiome
towards their specific requirements by means of their root exudate and thus rhizospheric
soil is typically less diverse than the surrounding bulk soil (Broeckling et al. 2008; Huang
et al. 2014; Keller and Lau 2018). The decrease in diversity of rhizosphere soil compared
to bulk soil within this study likely reflects this recruitment of select organisms best suited
to the needs of the growing plant.
M. robertsii amendment did not affect diversity and may be due to the presence of
naturally occurring strains of Metarhizium. In contrast, fungal diversity of the root
decreased when Galleria mellonella larvae were independently added to the soil (Figure
5-4). The inclusion of an insect to the system was to approximate naturally occurring
tripartite Metarhizium-insect-plant interactions. Although G. mellonella is a parasite of
beehives, thus not typically found in soil, it has been used consistently as a source of
nitrogen for Metarhizium in nitrogen transfer experimentation (Behie et al. 2017). Even in
field-trials, M. robertsii was able to transfer insect-derived nitrogen to bean plants within
14 days post inoculation (Behie and Bidochka 2014). Insect presence in the system altered
the overall composition of the microbiome and further amendment with Metarhizium,
increasingly changed it structure. Specifically, there was an increase in the fungal species
Chaetomium, Trichoderma, and an unclassified Chaetomiaceae, which are ecologically
important endophytic, plant growth promoting fungi. Chaetomium helps to support
tolerance to copper toxicity in maize (Abou Alhamed and Shebany 2012) and is
antagonistic to plant pathogens such as apple scab (Cullen, Berbee and Andrews 1984).
The plant growth promoting effects of Trichoderma are numerous and include conferring
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tolerance to salinity stress, in wheat (Zhang, Gan and Xu 2016), suppression of root knot
nematodes (Zhang et al. 2017), induction of plant systemic resistance (Hermosa et al.
2012), and increased biomass and yield of soybean (Harman 2000). These tripartite
interactions between plant-Metarhizium-insect require further experimentation to elucidate
the total ecophysiological effects of these community changes within this system.
Metarhizium will persist in the rhizosphere of numerous plant species, often as a
mutualistic endophyte (Behie and Bidochka 2014; Dutta et al. 2015; Kaushik and Dutta
2016). Benefits of Metarhizium root colonization include tolerance to salt stress (Khan et
al. 2012), increased biomass (Elena et al. 2011), and antagonism towards a fungal
pathogen (Sasan and Bidochka 2013). In the environment, disease suppression is a
phenomenon in which the total microbial community prevents or suppresses the ability of
pathogens to grow to sufficient number to infect their host (Berendsen, Pieterse and
Bakker 2012). Suppression arising from the action of a certain organism is “specific”
suppression. For example, a high abundance of Pseudomonas spp. in soil is suppressive
to take-all disease of wheat by the fungal pathogen Gaeumannomyces gramminis var.
tritici through the action of the antifungal compound 2,4-diacetylphloroglucinol (DAPG)
(Weller et al. 2002). Production of secondary metabolites can also act indirectly, such as
lytic enzymes from Proteobacteria that specifically target a phytotoxin from F.
oxysporum (fusaric acid) preventing its interaction with tomato plants and causing wilt
(Toyoda et al. 1988). Cell-free culture extracts from Metarhizium were shown to
antagonize the growth of F. solani while the specific bioactive metabolite has yet to be
identified (Sasan and Bidochka 2013). Although non-pathogenic strains exist, F.
oxysporum and F. solani are commonly plant root pathogens (Roy 1997; Monteiro et al.
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2010; Kari Dolatabadi et al. 2012; Gordon 2017). Both species were identified in the
bean root by Illumina sequencing (Table S5-10, Supplemental Information), yet all bean
plants were healthy and free of disease symptoms (i.e., root discolouration/necrosis, leaf
spots; data not shown) (Hagedorn and Inglis 1986) which is indicative of disease
suppression. However, even species-level identification is often insufficient to identify
the lifestyle of a given organism, as evident by the variable FUNGuild classification of
the fungi detected in this study. Towards this end, we challenged the microbiome with the
known bean-specific pathogen, Fusarium solani f. sp. phaseoli. The phenomenon of
disease-suppression by the microbial community was evident as Fusarium was unable to
cause hypocotyl and upper root discolouration/necrosis when plants were grown in
microbiome soil. Even at this early time point, disease symptoms were apparent in roots
grown in sterilized soil; a condition greatly reduced or absent with application of
Metarhizium. These results support the work done previously by Sasan and Bidochka
(2013), who showed that Metarhizium antagonized F. solani f. sp. phaseoli in dual plate
culture, in broth culture and in planta. The formation of root-rot disease symptoms
observed by Sasan and Bidochka (2013) was more severe than we observed in our study
(disease index 3.93 ± 0.07 and 1.60 ± 0.41, respectively) as their results were obtained
after 4 weeks. Given that native Metarhizium spp. were present in all samples, it is likely
that Metarhizium plays an important role with respect to disease suppression in this
system.
In combination with the action of ‘specific’ suppression, is the collective activity
of the soil microbiome in competing with or antagonising pathogens. This type of
community activity is termed “general” suppression (Schlatter et al. 2017). A large
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classification of bacteria noted for their contributions to disease suppression are better
known as plant growth promoting bacteria (PGPB); notable genera include Agrobacterium,
Arthrobacter, Bacillus, Burkholderia, Caulobacter,

Flavobacterium, Pseudomonas,

Rhizobium, Serratia, and Streptomyces (Gray and Smith 2005; Reddy 2014). The majority
of members of these genera have been shown to be PGPB, however, there still remains the
existence of intraspecies variation (symbiotic/pathogenic) that is discernable only by
identification of the specific strain (Marx 2016). The role of each taxa is discussed as
potential means of PGP based upon the referenced information but whose true functionality
remains to be proven. The abundance of Flavobacterium, Bradyrhizobium and unclassified
bacteria in the family A4b (class Anaerolineae) were significantly increased (Welch’s ttest, α = 0.05) in root tissues after Metarhizium robertsii amendment (Figure 5-5).
Agrobacterium, Arthrobacter, Bacillus, Burkholderia, Caulobacter, Pseudomonas,
Rhizobium, Serratia, and Streptomyces were present in all root and soil samples yet
remained unaffected by Metarhizium treatment (see online version of this manuscript;
Barelli et al., 2020). The ecological role of members of the bacterial family A4b remains
to be determined, however, sequencing techniques have detected them in ectomycorrhizal
roots (Vik et al. 2013) and the Anaerolineae lineage of Chloroflexi from which they reside
are known anaerobic digesters (Xia et al. 2016). Flavobacterium species have been found
in diverse aquatic and terrestrial habitats and are frequently one of the most abundant taxa
to be detected in rhizospheric soils of numerous plant species (Johansen and Binnerup
2002; Kolton et al. 2016). Flavobacterium are believed to play an important role in plant
growth and protection (Kolton et al. 2016). Flavobacterium species possess numerous
extracellular macromolecular degrading enzymes that facilitate organic matter turnover
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(Bernardet and Nakagawa 2006) that can be crucial during the initial stages of plant growth.
In addition, these bacteria can synthesize plant-growth stimulating hormones
(Umamaheswari et al. 2013) as well as biologically active compounds against plant
pathogens, such as Phytophthora capsici of pepper (Sang, Chun and Kim 2008).
Flavobacterium was detected in high abundance in all plants, which is in agreement with
previous reports that Flavobacterium colonization is relatively high during early plant
development (14 days) (Kolton et al. 2016; Qin et al. 2016). However, given that the
abundance of Flavobacterium was significantly increased in roots after Metarhizium
amendment (Figure 5-5), using Metarhizium to facilitate an increase in Flavobacterium
root colonization could be a more favorable strategy over directly applying Flavobacterium
strains as they are also fish and opportunistic human pathogens (Kolton et al. 2016).
M. robertsii may contribute to general disease suppression and plant growth
promotion in concert with PGPB members of the community. Of note, it was found that
Bradyrhizobium was significantly increased in roots after Metarhizium amendment (Figure
5-5). Bradyrhizobium are classically viewed as important PGPB that are capable of
nodulation and nitrogen fixation for leguminous plants, however, the dominant ecotype in
natural populations do not form these typical symbioses (VanInsberghe et al. 2015; GanoCohen et al. 2016) and indeed no nodules were observed in this study (data not shown).
One hypothesis for the ecological importance of non-nodulating Bradyrhizobium species
is the ability to increase plant host fitness by suppressing overproduction of nodules by
prolific nodulating strains that would otherwise be energetically costly to the plant (GanoCohen et al. 2016). Co-inoculation of nodulating and non-nodulating strains of
Bradyrhizobium isolated from Acmispon strigosus revealed that non-nodulating strains
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competitively colonized A. strigosus and depending on strain combination, could reduce
the fitness of nodulating symbionts (Gano-Cohen et al. 2016). The plant growth promoting
ability of Bradyrhizobium has also been shown for wild rice, Oryza breviligulata
(Chaintreuil et al. 2000), and indicates that their ecological role is greater than their
classical taxonomy indicates.
The roots of plant are known to be capable of housing numerous endophytes.
Metarhizium amendment increased the abundance of an unclassified Helotiales (family
Incertae sedis) and an unclassified Xylariales isolated from roots. Fungi of these orders
are typically aquatic hyphomycetes that function to increase nutrient cycling in streams but
are now recognized to possess a dual lifestyle as endophytes of terrestrial plants (Selosse,
Vohník and Chauvet 2008; Zhang and Yao 2015). Occupation of plant tissues and
utilization of resources by endophytes can competitively exclude pathogenic organisms to
the benefit of the host. Antagonists can also have a direct negative effect on plant
pathogens. Species of the fungal genus Spizellomyces (Phlyctochytrium) are parasites of
nematodes (Kenneth, Cohn and Shahor 1975), oospores of Sclerospora sorghi (Kenneth,
Cohn and Shahor 1975) and Peronspora tabacina (Person, Lucas and Koch 1955), and the
potato wart pathogen, Synchytrium endobioticum (Karling 1960), in addition to their
saprotrophic role (Lozupone and Klein 2002). Here, an increased abundance of
Spizellomyces in soil after Metarhizium amendment was observed. Taken together these
results suggest that in addition to the benefits conferred directly by Metarhizium such as
promotion of disease suppression (Fusarium root rot) and exchanging insect-derived
nitrogen for photosynthate (Behie, Zelisko and Bidochka 2012; Behie et al. 2017),
Metarhizium may act indirectly by promoting and maintaining an environment rich in
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numerous PGPB, facilitating the up-take of nutrients and minerals, and integrating into the
microbial community thus maintaining general disease suppressive activity of the soil.
Metarhizium is a broad-range insect pathogen used as a biological control agent. Its
ability to beneficially colonize plant roots and persist in the rhizosphere permit its stability
and longevity as a treatment, and further understanding of its role in larger microbiome
communities will enhance its use as an agricultural treatment. The plant microbiome has
been revealed as an important determinant of plant health and productivity, and next
generation sequencing has overcome the limitation of culture-based analyses allowing for
comprehensive analyses of plant associated microbial communities. Identifying the
specific bacteria and fungi that are linked to beneficial plant properties, and how these inter
and intra kingdom interactions relate to plant health, will fuel the development of synthetic
communities and disease-suppressive soils for use in agriculture. By focusing this research
on multifaceted microbial species, such as endophytic, insect pathogenic fungi,
comprehensive treatments can be developed to ensure plant health in numerous ways.
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providing a culture of Bradyrhizobium for the confirmation assay.
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Supplemental Information

Table S5-1. Experimental treatment setup for microbiome analysis.
Total Root Total Soil
Total Pots
Treatment Bean Metarhizium Insect
(pooled samples)
Samples
Samples
M+I+
+
+
+
9 (3)
3
3
M+I+
+
9 (3)
3
3
M-I+
+
+
9 (3)
3
3
M-I+
9 (3)
3
3
Bulk Soil
9 (3)
N/A
3
M: Metarhizium robertsii 2575; I: insect larvae, Galleria mellonella; N/A: not applicable.
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Table S5-2. OTUs enriched in root and rhizosphere soil.
Target

Location

Fungi

Rhizosphere
Soil

Effect

Adj-P

3.43
2.97
2.54
2.50
2.39
2.39
2.39
2.22
2.17
2.00
1.80
1.79
1.76
1.76
1.63
1.60
1.54
1.50
1.46
1.45
1.40
1.38
1.37
1.34
1.31
1.29
1.28
1.27
1.26
1.25
1.24
1.24
1.20
1.19
1.17
1.17
1.17
1.14
1.13
1.12
1.11
1.07
1.05
1.04

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
<0.001
<0.001
0.001
<0.001
0.002
<0.001
0.002
0.002
0.002
0.001
0.002
0.008
0.006
0.004
0.004
0.006
0.006
0.013
0.002
0.010
0.003
0.006
0.004
0.006
0.005
0.010
0.018
0.009
0.007
0.017
0.011
0.007
0.005
0.037
0.011
0.031

OTU
Otu0004
Otu0029
Otu0030
Otu0027
Otu0015
Otu0021
Otu0020
Otu0028
Otu0074
Otu0036
Otu0040
Otu0052
Otu0104
Otu0075
Otu0116
Otu0091
Otu0114
Otu0047
Otu0106
Otu0082
Otu0022
Otu0129
Otu0152
Otu0205
Otu0220
Otu0006
Otu0043
Otu0123
Otu0065
Otu0230
Otu0101
Otu0174
Otu0133
Otu0194
Otu0025
Otu0229
Otu0080
Otu0084
Otu0056
Otu0060
Otu0035
Otu0012
Otu0203
Otu0071
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Taxonomic classification
s__Hygrocybe_sp
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
c__Eurotiomycetes_un.
s__Spizellomyces_sp
o__Agaricales_un.
s__Staphylotrichum_coccosporum
k__Fungi_un.
p__Ascomycota_un.
s__Spizellomyces_sp
k__Fungi_un.
p__Basidiomycota_un.
s__Hygrocybe_glutinipes
k__Fungi_un.
s__Orbiliomycetes_sp
c__Sordariomycetes_un.
k__Fungi_un.
k__Fungi_un.
c__Agaricomycetes_un.
g__Mortierella_un.
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
g__Mortierella_un.
s__Trichoglossum_sp
k__Fungi_un.
f__Ustilaginaceae_un.
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
k__Fungi_un.
f__Chaetomiaceae_un.
k__Fungi_un.
p__Ascomycota_un.
p__Ascomycota_un.
c__Eurotiomycetes_un.
g__Staphylotrichum_un.
k__Fungi_un.
s__Mortierella_exigua
p__Ascomycota_un.
s__Eurotiomycetes_sp

Target

Location

Effect

Adj-P

Fungi

Fungi

OTU

Rhizosphere
Soil

1.04
1.01

0.029
0.034

Otu0090
Otu0177

s__Geoglossales_sp
p__Ascomycota_un.

Root

-1.00
-1.01
-1.06
-1.13
-1.18
-1.21
-1.22
-1.24
-1.26
-1.31
-1.42
-1.46
-1.48
-1.52
-1.56
-1.56
-1.59
-1.62
-1.67
-1.67
-1.72
-1.79
-1.98
-2.00
-2.03
-2.06
-2.13
-2.21
-2.22
-2.53
-2.65
-2.66
-2.94
-2.96
-3.08
-3.12
-3.30
-3.36
-3.97
-4.61
-6.16
-6.94

0.014
0.022
0.020
0.007
0.017
0.013
0.005
0.007
0.005
0.005
0.016
0.005
0.002
0.002
0.008
0.006
0.002
0.004
0.008
0.003
0.008
0.001
<0.001
<0.001
0.002
0.023
<0.001
<0.001
0.008
0.001
0.036
<0.001
<0.001
0.007
0.003
<0.001
<0.001
0.033
0.035
0.013
0.024
0.001

Otu0350
Otu0332
Otu0270
Otu0111
Otu0377
Otu0153
Otu0086
Otu0240
Otu0273
Otu0416
Otu0050
Otu0584
Otu0241
Otu0368
Otu0275
Otu0108
Otu0199
Otu0122
Otu0151
Otu0443
Otu0057
Otu0250
Otu0209
Otu0202
Otu0163
Otu0081
Otu0544
Otu0014
Otu0164
Otu0373
Otu0010
Otu0083
Otu0165
Otu0058
Otu0062
Otu0185
Otu0046
Otu0039
Otu0005
Otu0011
Otu0001
Otu0002

s__Ceratobasidiaceae_sp
p__Ascomycota_un.
o__Agaricales_un.
s__Chaetothyriaceae_sp
s__Trichoderma_longibrachiatum
s__Laetisaria_arvalis
s__Marasmius_curreyi
s__Acremonium_stromaticum
f__Helotiales_fam_Incertae_sedis_un.
s__Ophiosphaerella_korrae
s__Gibberella_tricincta
s__Metarhizium_marquandii
s__Flagelloscypha_minutissima
k__Fungi_un.
s__Codinaea_acaciae
s__Gibberella_intricans
g__Periconia_un.
s__Xylariales_sp
g__Fusarium_un.
k__Fungi_un.
s__Paraphoma_chrysanthemicola
s__Roussoella_hysterioides
s__Ilyonectria_robusta
k__Fungi_un.
k__Fungi_un.
s__Gibellulopsis_nigrescens
g__Fusarium_un.
o__Pleosporales_un.
s__Cylindrocarpon_sp
p__Ascomycota_un.
s__Fusarium_solani
s__Dactylonectria_anthuriicola
g__Fusarium_un.
o__Xylariales_un.
s__Ilyonectria_macrodidyma
s__Fusarium_oxysporum
k__Fungi_un.
s__Fusarium_solani
s__Clonostachys_rosea
f__Helotiales_fam_Incertae_sedis_un.
k__Fungi_un.
s__Fusarium_oxysporum
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Taxonomic classification

Target

Location

Effect

Adj-P

OTU

Bacteria

Rhizosphere
Soil

1.96
1.21
1.20
1.19
1.19
1.15
1.09
1.07
1.05

<0.001
0.010
0.011
0.008
0.014
0.011
0.013
0.012
0.022

Otu00002
Otu00027
Otu00024
Otu00070
Otu00013
Otu00062
Otu00056
Otu00007
Otu00072

o__iii1-15_un.
f__Ellin5301_un.
o__Myxococcales_un.
f__0319-6A21_un.
o__SC-I-84_un.
f__0319-6A21_un.
f__C111_un.
o__iii1-15_un.
o__SC-I-84_un.

Bacteria

Root

-1.06
-1.10
-1.22
-1.23
-1.24
-1.31
-1.32
-1.35
-1.36
-1.37
-1.38
-1.40
-1.46
-1.46
-1.55
-1.55
-1.55
-1.60
-1.61
-1.62
-1.63
-1.68
-1.70
-1.73
-1.74
-1.78
-1.80
-1.83
-1.85
-1.86
-1.88
-1.95
-1.95
-1.99
-2.12

0.012
0.015
0.006
0.020
0.008
0.003
0.004
0.005
0.011
0.014
0.003
0.012
0.002
<0.001
0.015
0.004
0.002
0.006
0.002
<0.001
<0.001
<0.001
0.001
0.002
<0.001
0.001
<0.001
<0.001
<0.001
0.002
<0.001
<0.001
<0.001
<0.001
<0.001

Otu00415
Otu00102
Otu00182
Otu00544
Otu00111
Otu00011
Otu00484
Otu00594
Otu00411
Otu00082
Otu00064
Otu00552
Otu00257
Otu00012
Otu00455
Otu00395
Otu00260
Otu00310
Otu00261
Otu00053
Otu00126
Otu00001
Otu00569
Otu00568
Otu00289
Otu00550
Otu00158
Otu00117
Otu00041
Otu00483
Otu00474
Otu00486
Otu00236
Otu00133
Otu00457

g__Dyadobacter_un.
s__Serratia_marcescens
g__Olivibacter_un.
f__Cytophagaceae_un.
g__Pedobacter_un.
g__DA101_un.
f__Chitinophagaceae_un.
f__Chitinophagaceae_un.
s__Microbacterium_chocolatum
g__Pedobacter_un.
g__Lysobacter_un.
s__Bosea_genosp.
g__Dyadobacter_un.
s__Flavobacterium_succinicans
f__Micromonosporaceae_un.
g__Aminobacter_un.
s__Flavobacterium_succinicans
f__Sphingobacteriaceae_un.
f__Sphingomonadaceae_un.
g__Chryseobacterium_un.
s__Arthrobacter_psychrolactophilus
g__DA101_un.
s__Duganella_nigrescens
f__Chitinophagaceae_un.
f__Oxalobacteraceae_un.
g__Chitinophaga_un.
g__Agrobacterium_un.
s__Chitinophaga_arvensicola
f__Enterobacteriaceae_un.
g__Pedobacter_un.
f__Chitinophagaceae_un.
f__Chitinophagaceae_un.
s__Luteibacter_rhizovicinus
g__Kribbella_un.
g__Promicromonospora_un.
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Taxonomic classification

Target

Location

Bacteria

Root

Effect
-2.13
-2.15
-2.20
-2.21
-2.22
-2.23
-2.23
-2.32
-2.43
-2.46
-2.49
-2.62
-2.64
-2.64
-2.65
-2.65
-2.69
-2.74
-2.79
-2.79
-2.80
-2.81
-2.82
-2.95
-2.96
-3.00
-3.13
-3.23
-3.27
-3.37
-3.39
-3.61
-3.64
-3.99
-4.01
-4.17
-4.18
-4.20
-4.33
-4.93
-4.98
-5.13
-5.30
-5.48
-6.23

Adj-P
<0.001
<0.001
0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

OTU
Otu00078
Otu00383
Otu00197
Otu00206
Otu00025
Otu00386
Otu00138
Otu00085
Otu00431
Otu00370
Otu00141
Otu00513
Otu00337
Otu00460
Otu00029
Otu00023
Otu00080
Otu00054
Otu00336
Otu00156
Otu00280
Otu00017
Otu00305
Otu00442
Otu00229
Otu00036
Otu00003
Otu00096
Otu00060
Otu00108
Otu00168
Otu00149
Otu00219
Otu00039
Otu00015
Otu00032
Otu00129
Otu00218
Otu00083
Otu00066
Otu00016
Otu00018
Otu00042
Otu00009
Otu00008
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Taxonomic classification
g__Ochrobactrum_un.
f__Cytophagaceae_un.
g__Achromobacter_un.
g__Labrys_un.
f__Comamonadaceae_un.
k__Bacteria_un.
s__Acinetobacter_rhizosphaerae
s__Bacillus_flexus
g__Dyadobacter_un.
g__Niastella_un.
g__Dyadobacter_un.
o__Actinomycetales_un.
o__Actinomycetales_un.
s__Duganella_nigrescens
g__Yersinia_un.
g__Novosphingobium_un.
g__Mycobacterium_un.
g__Sphingomonas_un.
g__Streptomyces_un.
s__Burkholderia_bryophila
f__Actinosynnemataceae_un.
g__Ochrobactrum_un.
f__Sphingobacteriaceae_un.
o__Rhizobiales_un.
s__Glycomyces_harbinensis
s__Stenotrophomonas_retroflexus
s__Sphingobacterium_multivorum
f__Sphingobacteriaceae_un.
f__Sphingobacteriaceae_un.
g__Arthrobacter_un.
g__Chitinophaga_un.
g__Mesorhizobium_un.
f__Sphingobacteriaceae_un.
g__Pseudomonas_un.
f__Comamonadaceae_un.
s__Methylotenera_mobilis
g__Dyadobacter_un.
g__Amycolatopsis_un.
s__Caulobacter_henricii
f__Comamonadaceae_un.
g__Bradyrhizobium_un.
g__Agrobacterium_un.
g__Streptomyces_un.
f__Oxalobacteraceae_un.
g__Streptomyces_un.

Target

Location

Bacteria

Root

Effect

Adj-P

OTU

Taxonomic classification

-6.67
<0.001
Otu00010
g__Niastella_un.
-7.07
<0.001
Otu00005
f__Oxalobacteraceae_un.
-7.36
<0.001
Otu00021
s__Rhizobium_leguminosarum
-8.03
<0.001
Otu00004
s__Streptomyces_mirabilis
Note: Enriched OTUs were determined by GLM analysis. A positive effect indicates OTU is enriched in
soil, a negative effect indicates OTU is enriched in the root. Adj-P = Benjamini-Hochberg adjusted P value;
un. = unclassified.
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Table S5-3. Summary of generalized linear model (GLM) of bacterial taxa significantly affected by treatment (fdr-adjusted, α = 0.05).
Factor

Location Coeff. adj-P Taxon

Metarhizium*
Galleria

Root

132

-10.20 0.03 k__Bacteria; p__Chloroflexi; c__TK10; o__AKYG885; f__Dolo_23
-4.15 0.04 k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
Soil
8.78 0.01 k__Bacteria; p__Bacteroidetes; c__Sphingobacteriia; o__Sphingobacteriales; f__Sphingobacteriaceae; g__Olivibacter
10.20 0.01 k__Bacteria; p__Bacteroidetes; c__Sphingobacteriia; o__Sphingobacteriales; f__Sphingobacteriaceae; g__Solitalea
0.80 0.04 k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Isosphaeraceae
2.05 0.02 k__Bacteria; p__Chloroflexi; c__Thermomicrobia; o__JG30-KF-CM45; f_un.
0.90 0.03 k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; f_un.
Metarhizium
Root
3.75 0.01 k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
5.35 0.02 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Rhizobiaceae; g_un.
3.89 0.03 k__Bacteria; p__Bacteroidetes; c__Flavobacteriia; o__Flavobacteriales; f__Weeksellaceae; g__Chryseobacterium
5.02 0.04 k__Bacteria; p__Verrucomicrobia; c__Pedosphaerae; o__Pedosphaerales; f_un.
4.90 0.04 k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; f__Microbacteriaceae; g__Microbacterium
Soil
0.75 0.00 k__Bacteria;p__Verrucomicrobia;c__Spartobacteria;o__Chthoniobacterales;f__Chthoniobacteraceae;g__DA101
c__Nitrospira;o__Nitrospirales;f__X0319.6A21; g_un.
0.73 0.01 k__Bacteria;p__Nitrospirae;
0.70 0.02 k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodospirillales;f__Rhodospirillaceae; g_un.
0.67 0.02 k__Bacteria; p__Acidobacteria; c__Chloracidobacteria; o__RB41; f_un.
0.66 0.02 k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Syntrophobacterales;f__Syntrophobacteraceae; g_un.
1.44 0.03 k__Bacteria; p__Nitrospirae; c__Nitrospira; o__Nitrospirales; f__Nitrospiraceae; g__Nitrospira
0.51 0.03 k__Bacteria; p__Acidobacteria; c__Acidobacteria-6; o__iii1.15; f_un.
1.00 0.03 k__Bacteria; p__Proteobacteria; c__Gammaproteobacteria; o__Legionellales; f__Coxiellaceae
Galleria
Root
3.76 0.01 k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Pseudomonadales;f__Moraxellaceae;g__Acinetobacter
5.33 0.02 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Rhizobiaceae; g_un.
5.18 0.03 k__Bacteria; p__Verrucomicrobia; c__Pedosphaerae; o__Pedosphaerales; f_un.
2.32 0.04 k__Bacteria; p__Planctomycetes; c__Planctomycetia; o__Planctomycetales; f__Planctomycetaceae; g__Planctomyces
Soil
-0.91 0.01 k__Bacteria;p__Actinobacteria;c__Thermoleophilia;o__Solirubrobacterales_un.
-0.76 0.01 k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Gaiellales; f__Gaiellaceae
-0.92 0.01 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Bradyrhizobiaceae; g__Bradyrhizobium
-0.82 0.02 k__Bacteria;p__Actinobacteria;c__Thermoleophilia;o__Solirubrobacterales; f_Solirubrobacteraceae
-1.48 0.02 k__Bacteria; p__Chloroflexi; c__Thermomicrobia; o__JG30-KF-CM45; f_un.
-0.64 0.03 k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Gemmataceae; g_un.
-0.68 0.03 k__Bacteria; p__Chloroflexi; c__Ellin6529_un.
0.49 0.03 k__Bacteria; p__Acidobacteria; c__Chloracidobacteria; o__RB41; f_un.
-0.69 0.03 k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Hyphomicrobiaceae; g__Rhodoplanes
-0.58 0.04 k__Bacteria; p__Bacteroidetes; c__Sphingobacteriia; o__Sphingobacteriales; f__Sphingobacteriaceae; g__Solitalea
-1.62 0.04 k__Bacteria; p__Actinobacteria; c__Actinobacteria; o__Actinomycetales; f__Frankiaceae; g_un.
Note: Coeff. = GLM coefficient; adj-P = adjusted P value; un. = unclassified

Table S5-4. Summary of generalized linear model (GLM) of fungal taxa significantly affected by treatment (fdr-adjusted, α = 0.05).
Factor

Location

Metarhizium*
Galleria

Root

-9.79

0.05

k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae;g__Chaetomium

Soil

-3.88
3.90
-10.20
-2.81
7.82
-5.61

0.00
0.01
0.02
0.03
0.04
0.05

k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae;g__Chaetomium
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Hypocreaceae
k__Fungi;p__Chytridiomycota;c__Rhizophlyctidomycetes;o__Rhizophlyctidales;f__Rhizophlyctidaceae;g__Rhizophlyctis
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae
k__Fungi;p__Basidiomycota;c__Tremellomycetes;o__Filobasidiales;f__Piskurozymaceae
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Hypocreaceae; g_Trichoderma

Root

3.83
-4.57
-0.95

0.00
0.04
0.05

k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Russulales;f__Stephanosporaceae
k__Fungi;p__Basidiomycota;c__Agaricomycetes; f_un.
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Nectriaceae; g_Ilyonectria

Soil

6.27

0.03

k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Hymenochaetales;f__Schizoporaceae

Root

3.33

0.01

k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Russulales;f__Stephanosporaceae

Soil

-5.60
4.08
-1.90
-5.15
7.42

0.04
0.04
0.04
0.03
0.03

k__Fungi;p__Chytridiomycota; c_Chytridiomycetes; o_un.
k__Fungi;p__Basidiomycota;c__Cystobasidiomycetes;o__Erythrobasidiales;f__Erythrobasidiales_famIncertaesedis;g_Sakaguchia
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Chaetosphaeriales;f__Chaetosphaeriaceae
k__Fungi;p__Ascomycota;c__Dothideomycetes;o__Pleosporales;f__Phaeosphaeriaceae
k__Fungi;p__Zygomycota;c__Mucoromycotina_cls_Incertae_sedis;o__Mucorales;f__Cunninghamellaceae;
g__Cunninghamella;s__Cunninghamella_elegans

Metarhizium

Galleria

Coeff.

adj-P

Taxon
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Note: Coeff. = GLM coefficient; adj-P = adjusted P value; un. = unclassified

Table S5-5. Bacterial taxa significantly affected by Metarhizium robertsii amendment determined by Welch’s t-test.
Comparison

Location

M+ I- vs.
M- I-

Soil

Root
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M+ I+ vs.
M- I+

Soil

Effect Size

adj-P

Taxon

-2.98
-2.10
-2.43
-2.77
-2.43
-2.29
-2.22
-2.10
-1.99
-2.03

0.02
0.02
0.03
0.03
0.03
0.03
0.04
0.04
0.04
0.04

k__Bacteria;p__Actinobacteria;c__Acidimicrobiia;o__Acidimicrobiales; f__C111

6.33
3.03
2.57

0.00
0.03
0.04

k__Bacteria;p__Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__Flavobacteriaceae;g__Flavobacterium
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Bradyrhizobiaceae; g_[Bradyrhizobium]
k__Bacteria;p__Chloroflexi; c__Anaerolineae;o__SBR1031;f__A4b

-4.13
-2.56
-1.96
-2.57

0.01
0.03
0.04
0.04

k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Promicromonosporaceae;g__Promicromonospora
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Actinosynnemataceae
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Microbacteriaceae
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae

-2.97
-3.40
-2.86
-2.48
-2.05

0.01
0.01
0.02
0.03
0.05

k__Bacteria;p__Verrucomicrobia; c__Spartobacteria;o__Chthoniobacterales;f__Chthoniobacteraceae;g__DA101

k__Bacteria;p__Actinobacteria;c__Thermoleophilia;o__Solirubrobacterales; f_un.
k__Bacteria;p__Chloroflexi;c__Thermomicrobia;o__JG30-KF-CM45; f_un.
k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Gemmataceae
k__Bacteria;p__Planctomycetes;c__Planctomycetia;o__Gemmatales;f__Isosphaeraceae
k__Bacteria;p__Verrucomicrobia;c__Spartobacteria;o__Chthoniobacterales;f__Chthoniobacteraceae;g__DA101
k__Bacteria;p__Actinobacteria;c__MB-A2-108;o__0319-7L14; f_un.
k__Bacteria;p__Latescibacteria(WS3);c__PRR-12;o__Sediment-1;f__PRR-10
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodospirillales;f__Rhodospirillaceae
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Sphingomonadales;f__Sphingomonadaceae;g__Kaistobacter

k__Bacteria;p__Proteobacteria;c__Deltaproteobacteria;o__Syntrophobacterales;f__Syntrophobacteraceae
k__Bacteria;p__Nitrospirae;
c__Nitrospira;o__Nitrospirales;f__0319-6A21
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhodospirillales;f__Rhodospirillaceae; g_un.
k__Bacteria; p__Acidobacteria; c__Chloracidobacteria; o__RB41; f_un.

Note: Significant taxa determined by pairwise Welch’s t-tests with a P value adjusted for false discovery (adj-P, α = 0.05).

Table S5-6. Fungal taxa significantly affected by Metarhizium robertsii amendment determined by Welch’s t-test.
Comparison

Location

M+ I- vs.
M- I-

Soil

M+ I+ vs.
M- I+

Effect Size

adj-P

Taxon
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2.88
2.64
-2.04
2.03
2.04
-2.04
-2.28
-1.92
2.88

0.02
0.02
0.03
0.04
0.04
0.04
0.04
0.05
0.02

k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Clavicipitaceae

Root

-5.50

0.01

k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Russulales;f__Stephanosporaceae

Soil

-2.38

0.03

-2.16

0.04

k__Fungi;p__Ascomycota;c__Pezizomycetes;o__Pezizales;f__Ascobolaceae
k__Fungi;p__Zygomycota;c__Mucoromycotina_cls_Incertae_sedis;o__Mucorales;f__Cunninghamellaceae;
g__Cunninghamella;s__]Cunninghamella_elegans]

-1.86

0.05

Root

k__Fungi;p__Chytridiomycota; c_Chytridiomycetes; o_un.
k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Agaricales;f__Hygrophoraceae;g__Hygrocybe
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae
k__Fungi;p__Chytridiomycota;c__Chytridiomycetes;o__Spizellomycetales;f__Spizellomycetaceae;g__Spizellomyces
k__Fungi;p__Ascomycota;c__Geoglossomycetes;o__Geoglossales;f__Geoglossaceae;g__Trichoglossum
k__Fungi;p__Ascomycota;c__Geoglossomycetes;o__Geoglossales;f__un.
k__Fungi;p__Basidiomycota;c__Microbotryomycetes;o__Heterogastridiales;f__Heterogastridiaceae;g__Pycnopulvinus
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Clavicipitaceae

k__Fungi;p__Ascomycota;c__Leotiomycetes;o__Helotiales_famIncertaesedis; f_un.

Note: Significant taxa determined by pairwise Welch’s t-tests with a P value adjusted for false discovery (adj-P, α = 0.05).

Table S5-7. Bacterial taxa significantly affected by Galleria mellonella treatment determined by Welch’s t-test.
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Comparison

Location

I+ M- vs.
I- M-

Soil

-2.03

0.03

k__Bacteria; p__Bacteroidetes; c__Sphingobacteriia; o__Sphingobacteriales; f__Sphingobacteriaceae; g__Olivibacter

Root

-4.16
2.35
-2.45
-3.59
2.85
1.93
1.88
2.49
2.35
-2.22
-2.55
-2.17

0.01
0.02
0.02
0.02
0.03
0.03
0.04
0.04
0.04
0.05
0.05
0.05

k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Ellin329; f_un.
k__Bacteria;p__Bacteroidetes;c__Flavobacteriia;o__Flavobacteriales;f__[Weeksellaceae];g__Chryseobacterium
k__Bacteria;p__Bacteroidetes;c__[Saprospirae];o__[Saprospirales];f__Chitinophagaceae;g__Niastella
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Rhizobiaceae;g__Shinella
k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Legionellales;f__Coxiellaceae;g__Aquicella
k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Bacillaceae;g__Bacillus
k__Bacteria;p__Verrucomicrobia;c__[Spartobacteria];o__[Chthoniobacterales];f__[Chthoniobacteraceae];g__Chthoniobacter
k__Bacteria;p__Armatimonadetes;c__[Fimbriimonadia];o__[Fimbriimonadales];f__[Fimbriimonadaceae];g__Fimbriimonas
k__Bacteria;p__Actinobacteria;c__Actinobacteria;o__Actinomycetales;f__Sporichthyaceae
k__Bacteria;p__Acidobacteria;c__[Chloracidobacteria];o__RB41
k__Bacteria;p__Firmicutes;c__Clostridia;o__Clostridiales;f__Ruminococcaceae
k__Bacteria;p__Verrucomicrobia;c__Verrucomicrobiae;o__Verrucomicrobiales;f__Verrucomicrobiaceae

Soil

-0.92
3.42
2.69
2.21

0.01
0.01
0.02
0.04

k__Bacteria; p__Proteobacteria; c__Alphaproteobacteria; o__Rhizobiales; f__Bradyrhizobiaceae; g__Bradyrhizobium

I+ M+ vs.
I- M+

Effect Size

adj-P

Taxon

k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Solirubrobacterales; g_un.
k__Bacteria; p__Actinobacteria; c__Thermoleophilia; o__Gaiellales; f__Gaiellaceae; g_un.
k__Bacteria;p__Proteobacteria;c__Alphaproteobacteria;o__Rhizobiales;f__Hyphomicrobiaceae

Note: Significant taxa determined by pairwise Welch’s t-tests with a P value adjusted for false discovery (adj-P, α = 0.05).

Table S5-8. Fungal taxa significantly affected by Galleria mellonella treatment determined by Welch’s t-test.
Comparison

Location

Effect Size

adj-P

I+ M- vs.
I- M-

Soil

-2.39
-2.06
2.48
2.91
-2.61
-1.84

0.03
0.04
0.04
0.04
0.04
0.05

k__Fungi;p__Ascomycota;c__Geoglossomycetes;o__Geoglossales;f__Geoglossaceae;g__Trichoglossum

Root

2.53
-3.05

0.05
0.01

k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae;g__Chaetomium
k__Fungi;p__Basidiomycota;c__Agaricomycetes;o__Russulales;f__Stephanosporaceae

Soil

1.83
-2.06

0.04
0.05

k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Sordariales;f__Chaetomiaceae;g__Chaetomium

I+ M+ vs.
I- M+

Taxon
k__Fungi;p__Basidiomycota;c__Microbotryomycetes;o__Heterogastridiales;f__Heterogastridiaceae;g__Pycnopulvinus
k__Fungi;p__Chytridiomycota;c__Rhizophlyctidomycetes;o__Rhizophlyctidales;f__Rhizophlyctidaceae;g__Rhizophlyctis
k__Fungi;p__Ascomycota;c__Sordariomycetes;o__Hypocreales;f__Hypocreaceae
k__Fungi;p__Ascomycota;c__Eurotiomycetes;o__Chaetothyriales;f__Chaetothyriaceae
k__Fungi;p__Ascomycota;c__Archaeorhizomycetes;o__Archaeorhizomycetales;f__Archaeorhizomycetaceae;g__Archaeorhizomyces

k__Fungi;p__Kickxellomycota;c__Kickxellomycetes;o__Kickxellales; f_un
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Note: Significant taxa determined by pairwise Welch’s t-tests with a P value adjusted for false discovery (adj-P, α = 0.05).

Table S5-9. Dry weight measurements for bean plants from disease-suppressive soil
assay.
Autoclaved soil
Bean
Bean + Fusarium
Bean + Fusarium + Metarhizium

Root
0.12 ± 0.01
0.12 ± 0.04
0.11 ± 0.04

Dry weight (g)
Phyllosphere
Total
0.47 ± 0.08
0.59 ± 0.09
0.52 ± 0.10
0.64 ± 0.13
0.50 ± 0.11
0.61 ± 0.14

Microbiome soil
Root
Phyllosphere
Total
Bean
0.08 ± 0.02
0.35 ± 0.10
0.43 ± 0.12
Bean + Fusarium
0.13 ± 0.03
0.50 ± 0.06
0.63 ± 0.07
Bean + Fusarium + Metarhizium
0.11 ± 0.02
0.52 ± 0.08
0.63 ± 0.08
Plants were treated with Fusarium solani f. sp. phaseoli with or without Metarhizium
robertsii and grown in microbiome soil or autoclaved soil for 14 days. There was no
significant difference between the conditions (ANOVA, P = 0.94; n = 3).
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Table S5-10. Proportional distribution of Fusarium species OTUs.
Fusarium species (match percent)
Fusarium_brasiliense(100)
Fusarium_keratoplasticum(100)
Fusarium_neocosmosporiellum(100)
Fusarium_oxysporum(100)
Fusarium_poae(100)
Fusarium_solani(100)
Fusarium_unclassified(100)

Number of
OTUs

Total
Fusarium
OTUs

17
3
2
184063
1
2429
1151
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187,666

Percentage of
total Fusarium
OTUs
0.009%
0.002%
0.001%
98.080%
0.001%
1.294%
0.613%

Chapter 6
Diagnostic pipeline for analysis of secondary metabolites from biological samples: A
tutorial demonstrated with an experimental dataset obtained from dual plate
cultures of Metarhizium and Fusarium.
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6.1. Abstract
Mass spectrometry analysis of biological samples provides an overwhelming
amount of information that requires proper analysis to prevent the misidentification of
previously characterized compounds as novel, and the misidentification of compounds
from unlikely biological origins. Here we describe a method of analysis for novice users
that combines the freely available tools, MS-DIAL and MZmine2, for the preprocessing of
tandem mass spectrometry (MS2) data, for subsequent analyses such as creation of featurebased molecular networks (FBMNs) utilizing the Global Natural Product Social Molecular
Networking (GNPS) site and statistical analysis using of MetaboAnalyst (v. 4.0). This
tutorial is a step-by-step walkthrough of a diagnostic pipeline that can be followed to
provide the user with confidence in compound identification. This process is demonstrated
using metabolites extracted from co-cultures of Metarhizium robertsii and Fusarium solani
f. sp. phaseoli. The focus of this communication is culturable, filamentous fungi but is
applicable to other biological samples.
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6.2. Background
This work describes the currently prevailing methods utilized in the analysis of
targeted and untargeted metabolomics. Processing of tandem mass spectra can be done
with vendor specific software or using one of a collection of freely available online
programs. This pipeline uses a combination of the two freeware programs MZmine2
(Pluskal et al. 2010) and MS-DIAL (Tsugawa et al. 2015), however, the overall process
can be done with any comparable program ensuring the same steps are performed. Both
these programs are excellent tools for the preprocessing of mass spectrometry data,
however, there were aspects of each program that were found to be best for a novice user
without a background in analytical chemistry. Ultimately, the data was run through MSDIAL for the creation of feature-based molecular networks (FBMNs) and extraction of the
peak height table for use with MetaboAnalyst (v. 4.0). MS-DIAL was chosen because of
its superior speed of analysis, coverage of adducts detected, and the ability to compare MS2
spectra with publicly available database entries. However, after processing with MS-DIAL,
matched compounds were critically examined to confirm their identity using MZmine2
given its flexible nature and interactive capabilities with the chromatograms and MS2
spectra. The settings used for the initial comparison using MZmine2 are shown in Table
S6-1, Supplemental Information. The same number of destruxins were detected with both
programs, however, MZmine2 networks had more adducts present as only the default
selection was applied (this can be modified to include more user defined adducts). This
communication reviews the steps involved in processing raw data to metabolite
identification with the goal that non-expert users may have guidelines beyond the standard
manuals, written with simplified explanations of parameter settings.
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6.2.1. MS-DIAL
Mass Spectrometry – Data Independent AnaLysis software (MS-DIAL) (Tsugawa
et al. 2015) was initially created for the deconvolution of fragment ions to extract original
spectra and to re-associate the precursor-fragment links in data independent acquisition
(DIA) studies. It has the ability to process data from various vendors by converting all
formats to a useable ABF binary format (Reifycs Abf converter). Compound identification
is integrated using a curated list of publicly available mass spectra from libraries such as
Massbank and LipidBlast, provided by MS-DIAL. This library file can be edited to include
spectra of specific targets of interest to the research group. It is this flexibility that was
exploited to examine plate cultures of Metarhizium robertsii when grown alone or in coculture with the plant pathogen, Fusarium solani. The MS2 information for a group of
known Metarhizium metabolites (destruxins) was compiled from several different
databases but the majority were obtained from published papers (See database curation of
destruxins below). Compound identification necessitates MS2 (or MSn) given the increased
ability to differentiate between structural isomers that possess the same molecular formula
when compared to using only MS1. This requirement is currently limited in available
libraries but is expanding with the advent of GNPS.

6.2.2. GNPS
The platform, Global Natural Products Social Molecular Networking (GNPS), is a
web-based, community-driven repository and analysis environment for fragmentation
spectra (MS2) of mass spectrometry (Wang et al. 2016). The Feature-based Molecular
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Networking (FBMN) tool of GNPS organizes preprocessed, tandem mass spectra datasets
based upon similarity between fragmentation patterns of related precursor ions. This
information is then visualized as a network using Cytoscape (Shannon et al. 2003). This
network facilitates annotation of structural isomers when spectra from known compounds
are included. Each pair of spectra with a minimum of six matching peaks are given a cosine
score that reflects their vector similarity (includes relative fragment ion intensity and
precursor m/z difference) and will result in these molecules being connected in the network.
In addition, FBMN utilizes publicly available spectral databases to identify molecules
and/or analogues. As there is no single, searchable database that contains fragmentation
spectra of most known microorganisms, GNPS is the best representative for a mass spectra
repository equivalent to the publicly available genomic database, GenBank (NCBI). It
curates spectra into gold, silver, or bronze level status based upon whether the spectra
originate from a compound standard, peer-reviewed annotation, or public deposition,
respectively (Wang et al. 2016). There are numerous in silico tools available on GNPS that
allow compound identification based upon matching to MS2 spectra to the entire collection
of natural products (publicly available).

6.2.3. Database curation for destruxin identification
There are numerous databases available with tandem mass spectra from identified
compounds but many require the purchase of a user licence (Reviewed in Weber and Kim
2016). There is a movement towards expanding the freely available databases that are
currently limited in scope. Curation of a laboratory database is often necessary to allow the
identification of specific compounds of interest, especially when coming from a small-
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scale research group as funding limitations may not allow for the use of more expansive
databases. However, the required information is often published in journal articles and
provides the means by which to create the required files for computational analyses.
The MS-DIAL program has a collection of publicly available MS2 spectra available
and for the sample dataset reported here, the spectra for ESI-LC-MS-MS in positive ion
mode was used. This MSP file was supplemented with peak lists for known destruxins that
were obtained from MoNA (http://mona.fiehnlab.ucdavis.edu/) and the GNPS library
(https://gnps.ucsd.edu/). MS2 spectra for many destruxins could not be found and were
curated from the experimental dataset using the strategy depicted in Figure 6-1 and
information from Arroyo-Manzanares et al. (2017). The list of distinct fragment ions and
the molecular ion for known destruxins, obtained from Arroyo-Manzanares et al. (2017),
has been updated and is shown in Table 6-2.
In order to create a complete list of destruxins for the database MSP file, a
preliminary round of MS-DIAL processing was performed, along with the creation of a
FBMN to identify destruxin analogues (Figure 6-1). Firstly, the MSP file was updated with
entries for all destruxins, containing only the name and molecular mass of the molecular
ion (MS1) if no MS2 information was available (See Table 6-1). This allowed MS-DIAL
to identify potential destruxins without having to manually sift through the precursor ion
list of the processed data. Peaks matched with MS1 to destruxins in MS-DIAL were crossreferenced with the destruxin cluster of the FBMN from GNPS. Matching precursor ions
were manually curated by examination of the MS2 spectra, using Table 6-2 (adapted from
Arroyo-Manzanares et al. 2017), in MZmine2 (Pluskal et al. 2010). MZmine2 allowed for
closer inspection of the raw MS2 spectra and had greater interactive capabilities over the
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MS-DIAL interface. The MZmine2 parameters for analysis are shown in Table S6-1
(Supplemental Information). Once experimental MS2 spectra were confirmed to match
published MS2 spectra (Arroyo-Manzanares et al. 2017), each spectrum was curated and
submitted directly to the public database of GNPS through the MZmine2 program. The
peak information of confirmed metabolites was then input into the database library file
(MSP format) originally obtained from MS-DIAL. This preliminary round was required as
there currently is no method to import the GNPS metabolite identities back into MS-DIAL
or to easily combine the identities with the peak height table prior to further analyses. This
finalized in-house database file was used in the complete processing of the metabolomic
data through the pipeline described below.
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Figure 6-1. Schematic for compound identification from processed metabolomic data. A structural outline for the progression from
processed metabolomic data to compound identification, at a level of confidence as defined by GNPS (gold, silver, bronze). Gold = MS2
matched to compound standard; Silver = MS2 match to peer-reviewed published spectra; Bronze = user defined. GNPS = global natural
products social molecular networking. FBMN = feature-based molecular networking; RT = retention time; MS = mass spectrum.

Table 6-1. Sample spectra table for creation of database entries in MSP format.
Compounds with known MS2 peak information (destruxin B) and compounds with only
MS1 (destruxin A5) information are both included for initial identification by MS-DIAL.
NAME: Destruxin_B
RETENTIONTIME: 7.57
PRECURSORMZ: 594.3850
PRECURSORTYPE: [M+H]+
IONMODE: Positive
SMILES:
FORMULA: C30H51N5O7
Comments: MS2 from MZmine2, scan#2671 file 6
Num Peaks: 24
58.07
11.14
70.07
0.62
86.06
11.46
86.1
10.5
87.06
0.44
114.06
39.67
115.06
1.77
157.1
29.9
194.12
64.84
199.14
2.8
210.15
2.98
271.16
16.65
272.17
2.11
340.22
15.54
341.23
3.43
368.22
4.56
368.25
11.82
453.31
100.00
454.31
26.54
481.3
37.58
482.3
10.53
509.33
0.64
550.39
0.64
594.39
2.05
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NAME: Destruxin_A5
RETENTIONTIME:
PRECURSORMZ: 606.3867
PRECURSORTYPE: [M+H]+
IONMODE: Positive
SMILES:
FORMULA: C31H51N5O7
Comments:
Num Peaks:

Table 6-2. Theoretical parent and most abundant product ions from known destruxins (adapted from Arroyo-Manzanares et al., 2017)
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Destruxin

Formula (M)

Mass [M+H]

A
B
C
D
E
Ed
F
G
A1
B1
C1
D1
E1
Ed1
G1
A2
B2
C2
D2
E2
Ed2
A3
A4
B4
A5
DesmA
DesmB
DesmC
DesmB2
CHL
E2 CHL
A4 CHL
[beta-MePro] E CHL
ProtoB
Dihydro A
Pseudo A
Pseudo B
Pseudo C
[Phe3,N-MeVal5] B

C29H47N5O7
C30H51N5O7
C30H51N5O8
C30H49N5O9
C29H47N5O8
C29H49N5O9
C29H49N5O8
C31H52N5O9
C30H49N5O7
C31H53N5O7
C31H54N5O8
C31H51N5O9
C30H49N5O8
C30H51N5O9
C32H54N5O9
C28H45N5O7
C29H49N5O7
C29H49N5O8
C29H47N5O9
C30H49N5O8
C28H48N5O9
C28H47N5O7
C30H49N5O7
C31H53N5O7
C31H51N5O7
C28H45N5O7
C29H49N5O7
C28H48N5O7
C29H49N5O8
C29H48CLN5O8
C28H46CLN5O8
C30H50CLN5O8
C30H50CLN5O8
C28H47N5O7
C29H49N5O7
C37H57N5O7
C36H55N5O7
C36H55N5O7
C35H53N5O7

578.3554
594.3867
610.3816
624.3609
594.3503
612.3609
596.3659
638.3755
592.3710
608.4023
624.3960
638.3765
608.3659
626.3765
652.3906
564.3397
580.3710
596.3659
610.3452
580.3346
598.3439
566.3554
592.3710
608.4023
606.3867
564.3397
580.3710
596.3659
566.3553
630.3270
616.3103
644.3426
644.3426
566.3554
580.3710
684.4339
670.4180
670.4180
656.4023

4-5

b5

465.27
481.30
497.30
511.28
481.27
499.28
483.28
525.29
479.29
495.32
511.31
525.29
495.28
513.29
539.31
451.26
467.29
483.28
497.26
467.25
485.26
453.27
465.27
481.30
479.29
465.27
481.30
497.30
467.29
517.24
503.23
517.24
531.26
467.29
467.29
557.33
557.33
557.33
543.32

4-5

a5

437.28
453.31
469.30
483.28
453.27
471.28
455.29
497.30
451.29
467.32
483.32
497.30
467.29
485.30
511.31
423.26
439.29
455.29
469.27
439.26
457.26
425.28
437.28
453.31
451.29
437.28
453.31
469.30
439.29
489.25
475.23
489.25
503.26
439.29
439.29
529.34
529.34
529.34
515.32

4-5

b4

352.19
368.22
384.21
398.19
368.18
386.19
370.20
412.21
366.20
382.23
398.23
412.21
382.20
400.21
426.22
352.19
368.22
384.21
398.19
368.18
386.19
340.19
352.19
368.22
366.20
352.19
368.22
384.21
368.22
404.16
404.16
404.16
418.17
354.20
354.20
410.27
410.27
410.27
396.25

4-5

a4

7486.19
340.22
356.22
370.20
340.19
358.20
342.20
384.21
338.21
354.24
370.23
384.21
354.20
372.21
398.23
7486.19
340.22
356.22
370.20
340.19
358.20
312.19
7486.19
340.22
338.21
7486.19
340.22
356.22
340.22
376.16
376.16
376.16
390.18
326.21
326.21
382.27
382.27
382.27
368.25

Desm = desmethyldestruxin; CHL = chlorodestruxin; Dihydro= dihydroxydestruxin

4-5

b3

255.13
271.17
287.16
301.14
271.13
289.14
273.15
315.16
255.13
271.17
287.16
301.14
271.13
289.14
315.16
255.13
271.17
287.16
301.14
271.13
289.14
255.13
255.13
271.17
255.13
255.13
271.17
287.16
271.17
307.11
307.11
307.11
307.11
257.15
257.15
313.21
313.21
299.20
299.20

4-5

b2

157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.07
157.10
157.07
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
157.10
143.08
157.10
199.14
199.14
185.13
185.13

4-5

b1

4-5

a1

5-6

a4

3-4

b2

3-4

a1

86.06
58.07 352.22 199.14 86.10
86.06
58.07 368.25 199.14 86.10
86.06
58.07 384.25 199.14 86.10
86.06
58.07 398.23 199.14 86.10
86.06
58.07 368.21 199.14 86.10
86.06
58.07 386.23 199.14 86.10
86.06
58.07 370.23 199.14 86.10
86.06
58.07 412.24 199.14 86.10
86.06
58.07 366.24 199.14 86.10
86.06
58.07 382.27 199.14 86.10
86.06
58.07 398.27 199.14 86.10
86.06
58.07 412.24 199.14 86.10
86.06
58.07 382.23 199.14 86.10
86.06
58.07 400.24 199.14 86.10
86.06
58.07 426.26 199.14 86.10
86.06
58.07 338.21 199.14 86.10
86.06
58.07 354.24 199.14 86.10
86.06
58.07 370.23 199.14 86.10
86.06
58.07 384.21 199.14 86.10
86.06
58.07 354.20 199.14 86.10
86.06
58.07 372.21 199.14 86.10
86.06
58.07 340.22 199.14 86.10
86.06
58.07 352.22 199.14 86.10
86.06
58.07 368.25 199.14 86.10
86.06
58.07 366.24 199.14 86.10
86.06
58.07 352.22 185.13
86.06
58.07 368.25 185.13
86.06
58.07 384.25 185.13
86.06
58.07 354.24 185.13
86.06
58.07 404.20 199.14 86.10
86.06
58.07 390.18 199.14 86.10
86.06
58.07 404.20 199.14 86.10
86.06
58.07 418.21 199.14 86.10
72.04
44.05 368.25 171.11 72.08
86.06
58.07 354.24 199.14 86.10
128.11 100.11 402.24 255.21 100.11
128.11 100.11 402.24 241.19 86.10
114.09
86.10 416.25 227.18 86.10
114.09
86.10 402.24 227.18 86.10

1-2

a1

D+

D2+

70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
84.08
84.08
70.07
84.08
84.08
84.08
84.08
70.07
70.07
70.07
70.07
70.07
70.07
58.07
70.07
70.07
84.08
70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
70.07
84.08
70.07

178.09
194.12
210.11
224.09
194.08
212.09
196.10
238.11
192.10
208.13
224.13
238.11
208.10
226.11
252.12
178.09
194.12
210.11
224.09
194.08
212.09
166.09
178.09
194.12
192.10
178.09
194.12
210.11
194.12
230.06
230.06
230.06
244.07
194.12
180.10
194.12
194.12
208.13
194.12

114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
144.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06
114.06

6.3. Processing samples through the pipeline
6.3.1. Experimental dataset
Cultures of Metarhizium robertsii 2575 and Fusarium solani f. sp. phaseoli were
maintained on potato dextrose agar (PDA). Spore suspensions were obtained by scraping
conidia from plate cultures into 0.01% Triton X-100 and adjusting to a final concentration
of 2.0 x 106 conidia mL-1. Dual-plate cultures consisted of a total of four 10 µL aliquots of
each fungal species plated equidistant along the center of a PDA plate, with 1 cm between
the two species. Pure culture plates were inoculated with the same volume of spores and
PDA control plates were inoculated with Triton X-100. Plates were made in triplicate and
incubated in the dark for 7 days at 25°C. The total contents of the plate were extracted with
methanol. Samples were analyzed using an untargeted metabolomic approach on the Q
Exactive™ quadrupole orbitrap mass spectrometer (Thermo Fisher). The data was obtained
with data-dependent acquisition using ESI-LC-MS-MS in positive ion mode. The raw data
files were exported for analysis.

6.3.2. MS-DIAL
The following describes step-by-step the processing of metabolomic data prior to creation
of a FBMN and statistical analysis.

1. LC/MS/MS raw data files from the Q Exactive™ (Thermo Fisher) were converted
to ABF files using MSFile Reader (Thermo Fisher) and the Analysis Base File
(ABF) Converter (Reifycs).
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2. ABF files were imported into MS-DIAL for pre-processing prior to creation of a
feature-based molecular network. All file types were listed as “sample” except the
solvent and agar medium controls were changed to “blank”. There were no
standards or QC samples. The analytical order followed the sequential numbering
of the samples which had a solvent control run every eighth sample. The class ID
was changed to reflect each treatment, control, or blank (media or solvent), to
ensure proper group assignment.
3. A project for data-dependent acquisition (DDA) with the soft-ionization,
electrospray ionization (ESI), run in positive ion mode was selected. The data type
for MS1 and MS2 was centroid (Q Exactive™). Initially, data type was selected as
profile (default), however, after processing was complete, this was noticeably
incorrect as the MS2 spectra of most parent ions had only 4-5 peaks. The “target
omics” selected was metabolomics.
4. The analysis parameter settings were adjusted from default settings (bolded), as
necessary, to account for the high-resolution of the Q Exactive™ mass
spectrometer and for the conditions of the experiment. The settings and descriptions
are as follows:
a. Data collection parameters
The MS1 and MS2 tolerance is used by the peak detection algorithm. The
MS2 tolerance value is also used to build the MS/MS chromatogram for a
certain m/z trace. The default range (i.e. MS1 0.01 Da, MS2 0.025 Da) from
each peak top is integrated into the respective spectrum. An appropriate
range for secondary metabolites, is 150-2000 Da; known destruxins are
between 500 – 700 Da.
Mass accuracy
MS1 tolerance
MS2 tolerance

0.01 Da
0.025 Da
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Advanced
Data collection parameters
RT begin
RT end
Mass range begin
Mass range end

0
100
150
2000

Isotope recognition
Maximum charged number
Consider CL and Br elements

2
<no>

Multithreading
Number of threads

2

Execute retention time corrections

<no>

b. Peak detection
Linear-weighted moving average is the default detection method for
determining peak edges. High-resolution mass spectrometers (i.e., Q
Exactive™ utilized in this study) typically result in peaks with greater
intensity over other machines and thus it is recommended to increase the
minimum peak height to reduce computing time and detection of false peaks
within the noise of the machine. The suitability of this amplitude setting was
verified using MZmine2 because it gives a preview of the raw data and the
applied parameter before processing. MS-DIAL processes all parameters as
a batch, thus, to compare the effects of changes to the settings, the entire
process must be re-run – greatly increasing the processing time.
Min. peak height
Mass slice width

10,000 amplitude
0.1 Da

Advanced
Smoothing method
Smoothing level
Min. peak width
exclusion mass list

Linear weighted moving average
3
5
<none>

c. MS2Dec
This tab is mainly applicable for data-independent acquisition (DIA) (not
performed). However, to reduce MS noise, a cut off value can be set.
Deconvolution window value
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Sigma window value
MS/MS abundance cut off

0.5
0 amplitude

Advanced
Exclude after precursor ion
Keep the isotopic ions until
Keep the isotopic ions w/o MS2Dec

<yes>
0.5 Da
<no>

d. Identification
The MSP file provided by MS-DIAL was updated to include destruxin MS2
peak information (dtxs; See Table 6-1, for an example of a database entry
in MSP format).
MSP file and MS/MS identification setting
MSP file:
Retention time tolerance
Accurate mass tolerance (MS1)
Accurate mass tolerance (MS2)
Identification score cut off
Use retention time for scoring
Use retention time for filtering

MSMS-Public-Pos-VS11-dtxs.msp
100 min
0.01 Da
0.05 Da
80%
<yes>
<no>

Advanced
Text file and post ID (RT and
accurate mass based setting)
Text file:
RT tollerance
Accurate mass tolerance
Identification score cut off

<none>
0.1 min
0.01 Da
85%

Spectrum cut off and report option
Relative abundance cut off
Only report the top hit

0%
<yes>

e. Adduct ion setting
All default adducts were selected as well as user defined adducts for TritonX (spore suspension solution) (See Table 6-3). Correct identification of
adducts reduces the formation of redundant nodes in the molecular network
and improves the visualization of compounds of interest.
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Table 6-3. Adducts available for use in analysis using MS-DIAL.
Ion name
[M+H]+
[M+NH4]+
[M+Na]+
[M+CH3OH+H]+
[M+K]+
[M+Li]+
[M+ACN+H]+
[M+H-H2O]+
[M+H-2H2O]+
[M+2Na-H]+
[M+IsoProp+H]+
[M+ACN+Na]+
[M+2K-H]+
[M+DMSO+H]+
[M+2ACN+H]+
[M+IsoProp+Na+H]+
[M-C6H10O4+H]+
[M-C6H10O5+H]+
[M-C6H8O6+H]+
[2M+H]+
[2M+NH4]+
[2M+Na]+
[2M+3H2O+2H]+
[2M+K]+
[2M+ACN+H]+
[2M+ACN+Na]+
[M+2H]2+

Charge
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
2

Mass
1.0078
18.0344
22.9898
33.0340
38.9637
7.0160
42.0344
-17.0027
-35.0133
44.9717
61.0653
64.0163
76.9196
79.0218
83.0609
84.0551
-145.0501
-161.0450
-175.0243
1.0078
18.0344
22.9898
56.0473
38.9637
42.0344
64.0163
2.0157

Ion name
[M+H+NH4]2+
[M+H+Na]2+
[M+H+K]2+
[M+ACN+2H]2+
[M+2Na]2+
[M+2ACN+2H]2+
[M+3ACN+2H]2+
[M+3H]3+
[M+2H+Na]3+
[M+H+2Na]3+
[M+3Na]3+

Charge

Mass

2
2
2
2
2
2
2
3
3
3
3

19.0422
23.9976
39.9715
43.0422
45.9795
84.0687
125.0953
3.0235
25.0054
46.9874
68.9693

1
1
1
1
1
1
1
1
1
1
1
1
1
1

251.2006
273.1825
295.2268
317.2087
339.2530
361.2349
383.2792
265.2162
287.1982
309.2424
331.2244
353.2686
375.2506
397.2949

Triton-X adducts1
[M+C16H26O2+H]+
[M+C16H26O2+Na]+
[M+C18H30O3+H]+
[M+C18H30O3+Na]+
[M+C20H34O4+H]+
[M+C20H34O4+Na]+
[M+C22H38O5+H]+
[M+C17H28O2+H]+
[M+C17H28O2+Na]+
[M+C19H32O3+H]+
[M+C19H32O3+Na]+
[M+C21H36O4+H]+
[M+C21H36O4+Na]+
[M+C23H40O5+H]+

(Keller et al. 2008): The adducts for Triton-X were manually input into MS-DIAL as it
was the solution used for spore suspensions.
1
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f. Alignment parameter setting
The longer the duration of separation of compounds and the more
samples/frequency of use of the column, will result in ‘drift’ of the retention
time of compounds across samples. Alignment of the chromatograms is
performed to correct this drift. If blank samples are included (e.g.
media/solvent extracted samples), matched peaks that occur in a sample can
be removed. If gap-filling is performed, MS-DIAL attempts to retrieve the
intensity of a peak from the raw data, for missing peaks after alignment. If
performed, verification for peaks of interest should be manually done to
ensure gap-filling was not done in error (e.g., noise used as a peak).
Alignment parameters setting
Result name
Reference file
RT tolerance
MS1 tolerance

default
default
0.05 min
0.015 Da

Advanced
RT factor (0-1)
MS1 factor (0-1)
Peak count filter

0.5
0.5
0%

N% detected in at least one group
Remove feature based on blank information

0%
<yes>

If blank sample present:
Sample max/blank average
Keep 'identified' metabolite features
Keep 'annotated' (wo MS2) metabolite features
Keep removable features and assign the tag

5 fold change
<yes>
<no>
<no>

Gap filling by compulsion

<yes>

g. Mobility
This tab is for ion-mobility mass spectrometry (not performed here) and
requires the IBF file format. This tab becomes available if this file format
is recognized.
h. Isotope tracking
This tab is for data that contains labelled isotopes (not performed).
Tracking of isotope labels

<no>
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5. Once MS-DIAL processing was completed, the aligned MS2 spectral file (MGF
format) and the feature quantification table (TXT format) were exported for featurebased molecular networking (FBMN) with the web-based tool Global Natural
Products Social Molecular Networking (GNPS, http://gnps.ucsd.edu/) (See Figure
6-2).

6. To export data for statistical analysis, the data was first normalized (Data
visualization > Normalization > mTIC). The only two options without standards or
QC samples include “Total ion chromatogram (TIC)” or “TIC of identified
metabolites (mTIC)”. In TIC, all metabolites in a sample are divided by the total
number of ions observed in the sample (Wulff and Mitchell 2018). This method,
although popular, tends to be overly influenced by a small number of abundant
features and has been reported to be worse than not performing normalization
(Wulff and Mitchell 2018). The second option, mTIC, divides the peak height of a
compound by the sum peak height of all annotated compounds within that sample.
This method uses genuine metabolites in order to avoid using potential nonbiological artifacts for normalization (e.g., plasticizers, contaminants) (Fiehn
2016).

This

normalization

permits

a

semi-quantitative

comparison

of

metabolites/features between samples. The normalized peak height data table (TXT
file) was exported (Export > Alignment result > Normalized data matrix) for use
with the online software, MetaboAnalyst (v. 4.0) (http://www.metaboanalyst.ca)
(Chong, Wishart and Xia 2019) for statistical analysis and graph creation. To
minimize non-biological feature annotations, the option for Filtering by the ion
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abundance of blank samples was chosen. To avoid issues during statistical analysis
encountered with datasets containing a large number of zero values, the option to
replace zero values with 1/10 of minimum peak height over all samples was chosen
(See Figure 6-2). If this option is not selected in MS-DIAL, zero-correction can be
done in MetaboAnalyst as well.
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Figure 6-2. Exporting data from MS-DIAL for further analysis using GNPS and
MetaboAnalyst. Filtering parameters and missing value options are optional selections.
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6.3.2. Feature-based molecular network creation with GNPS
An account was created on the GNPS website. To create a feature-based molecular
network (FBMN), feature networking was selected under advanced analysis tools. The
project was given a unique file name and the MS-DIAL-processed files were uploaded with
the corresponding input selection. A metadata file (TXT format) was also uploaded to
allow customization of the network during visualization with Cytoscape (See Table S6-2,
Supplemental Information). The metadata file can have as many columns as necessary, but
the column labels must be preceded with Attribute prior to any specific grouping (e.g.,
Attribute_treatment). Note: an FTP client application (FileZilla was used) is required to
upload files to the MassIVE server (Mass Spectrometry Interactive Virtual Environment;
http://massive.ucsd.edu), utilized by GNPS, when the quantity of files exceeds five. The
user accounts for GNPS and MassIVE are the same.

1. The default options for HRMS were selected and are as follows:
a. Basic Options
Quantification table source: MS-DIAL
Precursor ion mass tolerance: 0.02 Da
Fragment ion mass tolerance: 0.02 Da
b. Advanced Network Options
Min pairs cos: 0.7
Minimum matched fragment ions: 6
Maximum shift between precursors: 500 Da
2. Once the GNPS job was completed, the network file suitable for Cytoscape™ was
downloaded from the status page (See Figure 6-3).
a. To get the entire network: Export/Download Network Files > Download
GraphML for Cytoscape.
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b. To get only a specific cluster from the network, such as the Metarhizium
metabolites, destruxins: Networking Visualizations > View Spectral
Families (In Browser Network Visualizer) > AllIDs (e.g. destruxin) >
Visualize Network > Download GraphML of Network for Cytoscape.
3. A list of the identified metabolites was obtained by downloading the TXT file:
Default Molecular Networking Results Views > View Unique Library Compounds
> Download
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Figure 6-3. Status page for feature-based molecular network generated with GNPS.
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6.3.3. Visualization of FBMN using Cytoscape
1. The .graphmL file was opened directly in Cytoscape (Shannon et al. 2003) using
the drag-and-drop function. Other data formats (such as Excel files) can be used by
following the online instructions (http://manual.cytoscape.org/en/stable/).
2. Features are represented as nodes and those features with similar MS2 spectra (as
measured by a cosine score greater than 0.7) are connected by edges. Nodes were
changed to appear as pie charts indicating the relative contribution of each sample
to a particular pseudo-molecular ion. In order to be able to do this, a file containing
the metadata of the spectra must have been uploaded to GNPS along with the MGF
file and quantification table.
a. Under the style tab, the default value (Def.) for Image/Chart was clicked
and changed to Charts > Pie Chart.
b. The sample groups were selected from the Available Columns list under the
Data tab and the colour scheme was chosen from the Options tab.
3. Nodes were labelled with the compound ID (Label > Column = Compound name
> Mapping Type = Passthrough Mapping).
4. Node label positions were changed to above the node for better viewing of the pie
chart. From the dropdown menu of Properties, Node Position was chosen and
edited.
5. The final network (See Figure 6-4) was exported as a PDF to retain highest
resolution.
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The final network contained 6,812 features/nodes with 1,775 connected components
(5,037 singlet nodes). There were 125 annotated nodes, representing 1.83% of the total
network. A cluster of destruxin analogues was identified (Figure 6-4). The pie charts gave
a quick overview of their distribution among the sample types. Two destruxin analogues
appeared to be detected in Fusarium cultures, however, there have not been any reports of
destruxin production by Fusarium (Wang et al. 2012). Before any further conclusions were
made or subsequent experiments performed, the annotation of the feature assigned as
destruxin B1 and its detection in Fusarium culture needed to be further evaluated back in
the MS-DIAL program. The primary concern is in the MS-DIAL gap-filling that was
performed (See MS-DIAL alignment parameter settings). Figure 6-5 shows the extracted
ion chromatograms for one Fusarium and one Metarhizium sample that destruxin B1 was
detected in. The gap-filling option appeared to have incorrectly assigned a peak that arose
from noise signals of the Fusarium sample that would have originally been ignored by the
minimum peak height requirement of 10,000; a properly assigned peak can be seen in the
Metarhizium sample. This assignment can be manually corrected by deleting the peak (See
Figure 6-5) by right-clicking the EIC of aligned spot viewer and selecting Table viewer for
curating each chromatogram. After all manual adjustments have been made, the corrected
data needs to be exported and re-analyzed in GNPS to create a new network. In addition,
analysis in MetaboAnalyst should be postponed until the user has completed these manual
adjustments. After statistical analysis, features of interest to the researcher will need to be
evaluated by manual curation as described, to ensure the accuracy of their assignment.
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Figure 6-4. Feature-based molecular network of Metarhizium and Fusarium dualplate cultures visualized in Cytoscape. An overview of the entire network is shown
however, the majority of singlet nodes appearing at the bottom of the network have been
removed for simplicity. A cluster of known Metarhizium metabolites (destruxins) is
emphasized within the red section to show pie chart nodes and compound identity. Pie
charts represent the relative abundance of a feature within a particular sample type (green
= Metarhizium pure culture; red = Fusarium pure culture; blue = Metarhizium-Fusarium
co-culture). Plate cultures were extracted with methanol and analyzed with LC-MS2, using
an untargeted metabolomic approach. Networks were generated with GNPS and visualized
in Cytoscape.
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Figure 6-5. Manual check for error in gap-filling by MS-DIAL program for destruxin
B1. Extracted ion chromatogram (EIC) for the putatively identified destruxin B1 from a
Fusarium sample (top panel) and from a Metarhizium sample (bottom panel). The gapfilling option incorrectly identified the peak in the Fusarium sample (top panel) that fell
within the noise of that sample that was originally eliminated by the minimum peak height
of 10,000. The correct peak identification is seen in the Metarhizium sample (bottom
panel).
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6.3.4. MetaboAnalyst (v. 4.0)
The following outlines the processing parameters utilized for MetabolAnalyst (v. 4.0)
(Chong, Wishart and Xia 2019) statistical analysis of the peak height table exported from
MS-DIAL for metabolites from dual-cultures of Metarhizium – Fusarium.
1. File upload. See Table 6-4 for data layout.
Data type: concentrations
Format: samples in columns (unpaired)
Currently there is no export from MS-DIAL specifically for MetaboAnalyst, so the
normalized peak height table needs to be adjusted to conform to certain
specifications. For the options selected above, the peak height table (CSV or TXT
format) must have “Sample” in cell A1 and “Label” in cell A2. The “Sample” row
refers to the unique sample names (e.g., the original mass spectrum filename)
whereas, “Label” is the grouping variable/ sample type (e.g., MR indicates all M.
robertsii samples). All other columns of information need to be deleted.
MetaboAnalyst requires a minimum of 3 replicates for each condition for the
upload to succeed. Each row is the metabolite/feature and each column an
independent sample. For the majority of the features, compound identities will be
unknown and are thus changed to the retention time and mass-to-charge ratio
(RT_m/z) as an identifier.
Table 6-4. Example CSV file setup for upload to MetaboAnalyst.
Sample
filename1
filename2
filename3
Label
MR
MR
MR
RT_m/z1
peak height
peak height
peak height
RT_m/z2
peak height
peak height
peak height
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2. Data integrity check. The data was verified to be uploaded properly and by default,
any feature (an ion denoted by its retention time and m/z, or an identified
compound) with a constant or single value across samples, was deleted.
3. Data filtering. The maximum allowed number of variables is 5000. Large
metabolomic datasets are characterized by numerous non-informative variables
(often baseline noise) and filtering is done to improve the results. By default, the
data was filtered using the interquartile range (Hackstadt and Hess 2009).
4. Data editor. Specific samples, features, or groups can be excluded from analysis
with this option (e.g., outliers). After any changes, the normalization process must
be redone prior to proceeding with analysis. If after removing a sample the replicate
number falls below three (the standard requirement of MetaboAnalyst for
uploading data), statistical analyses and graphing can still be performed but a
warning will be displayed that certain options will no longer be available. This is
one method to circumvent the n = 3 requirement if you have only two replicates.
5. Normalization

overview.

Sample

normalization

allows

general-purpose

adjustment for differences among samples and can also be done by most preprocessing software. Since normalization was performed in MS-DIAL (mTIC
method), ‘none’ was selected. Data transformation and scaling are two different
approaches to make individual features more comparable. These options were
selected on a trial-and-error basis until the graphical output appeared to have a
relatively Gaussian distribution (See Figure 6-6).
a. Sample normalization: none
b. Data transformation: cube-root transform
c. Data scaling: mean centering
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Figure 6-6. Example of visual verification of normalization settings. Normalization
parameters were selected in MetaboAnalyst until the distribution appeared to have a
Gaussian (“bell”) shape.
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6. Principal Component Analysis (PCA). PCA is a method to reduce the
dimensionality of the data or cluster it in an unsupervised way in order to project
the data into a new coordinate system so that the majority of the variance is
explained in the first few principal components (PCs) (Chong, Wishart and Xia
2019). This method visualizes sample patterns or groupings. The scores represent
the original data in the new coordinate system, the loadings are the weights applied
to the original data.

Figure 6-7 shows the PCA for the metabolite profiles of M. robertsii, F. solani, and
fungal co-cultures after growth on PDA for 7 days. There is a clear separation
between all three groups indicating that there are significant differences between
the metabolites produced by Metarhizium and Fusarium in pure culture compared
to in co-culture with each other. From the loading plot, the most influential
compounds can be identified by selecting the outermost data points along the main
direction of separation (Chong, Wishart and Xia 2019). The influential features
were not identified but the spectra can be traced back in MS-DIAL using the RT
and m/z values if further investigations are desired.
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Figure 6-7. PCAs of metabolite profiles from Metarhizium and Fusarium plate
cultures. (A) PCA scores plot and (B) PCA loading plot with the most influential features
circled in blue. The identity of the influential features in the loading plot were identified
through the interactive graph within MetaboAnalyst (v. 4.0). Fungi were inoculated onto
potato-dextrose agar (PDA) plates and incubated for 7 days at 25°C in complete darkness.
Cultures were extracted with methanol and analyzed with LC-MS2 using an untargeted
metabolomic approach. MR: M. robertsii 2575; FS: F. solani f. sp. phaseoli.
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7. Heatmap generation. A heatmap provides a visualization of the data in an intuitive
way

to

quickly

identify

samples/features

with

exceptionally

high/low

concentrations. Each cell on the map corresponds to a concentration value from the
data table. Outliers can be detected by displaying individual samples, otherwise,
overall trends are seen with the group average option. The settings for the
generation of Figure 6-8 are shown below. In order to be able to see the labels of
the features, less than 100 top features need to be chosen.
a. Distance Measure: Euclidean (or Pearson, Minkowski)
b. Clustering Algorithm: Ward (or Average, Complete, Single)
c. Color Contrast: Default
d. Data Source: Normalized data
e. Standardization: None
f. View Mode: Use top 100 (t-test/ANOVA)
g. View Options: Show only group averages.

The average intensities for the top 100 metabolites (identified by ANOVA) for each
group is shown in Figure 6-8. There are metabolites that may be particular to each
species as seen with those that occur in high abundance in pure culture, however, the
metabolites that are in high abundance in co-culture of Metarhizium and Fusarium may
contain novel bioactive metabolites and warrant further study (Tan et al. 2019).
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Figure 6-8. Heatmap showing group averages for the top 100 metabolites identified
with ANOVA from Metarhizium and Fusarium plate cultures. Features are named by
their compound identity or else their average retention time and mass-to-charge ratio
(RT_m/z). MR: M. robertsii 2575; FS: Fusarium solani f. sp. phaseoli. DLC: destruxinlike compound.
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8. Significant differences between means.
a. ANOVA or t-test. To test whether there are any statistically significant
differences between the group means, there is the option of a t-test for twogroup analysis, or ANOVA for three or more groups. As this dataset
contains three groups, an ANOVA with Tukey HSD, was chosen for
analysis. An adjusted P value is required for multiple tests.
i. Adjusted P value (FDR) cutoff: 0.05 (adjustable)
ii. Post-hoc analysis: Fisher LSD or Tukey HSD
iii. Non-parametric ANOVA: post hoc tests are disabled for this
option.

The results of ANOVA with this dataset yielded a total of 5380 features identified as
significantly different. With a cutoff of 0.05, this results in 269 features potentially
falsely identified as significantly different. The results of the significance testing were
exported as a CSV file. The top ten results of those features significantly different
between co-culture and pure cultures are shown in Table 6-5.
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Table 6-5. Top ten co-culture features identified by Tukey HSD.
Feature (RT_m/z)
7.283_471.13025
7.152_381.26108
4.687_465.23166
3.917_427.2897
3.616_459.27835
16.067_849.51123
10.716_725.48273
0.644_220.14429
3.628_481.25992
3.616_504.33597

f.value
3067.7
3460.6
3697.1
3475.9
2492.9
2493.2
2893.6
2764.4
2458.3
2442.2

p.value
9.33E-10
6.50E-10
5.33E-10
6.41E-10
1.74E-09
1.74E-09
1.11E-09
1.27E-09
1.81E-09
1.85E-09

-log(P value)
9.0303
9.1872
9.2733
9.193
8.7603
8.7605
8.9543
8.8949
8.7421
8.7336

FDR
1.12E-08
1.12E-08
1.12E-08
1.12E-08
1.12E-08
1.12E-08
1.12E-08
1.12E-08
1.13E-08
1.13E-08

Tukey's HSD
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR

Note: RT = retention time; m/z = mass-to-charge ratio; FDR: false-discovery rate
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b. Significance Analysis of Microarray (SAM). When the sample size is
less than 8, the SAM analysis is recommended (Chong, Wishart and Xia
2019). The SAM method addresses the issue of an unstable estimate of
variance that occurs in high-dimensional data analysis with small sample
sizes.
i. Delta value (FDR control): 7.0. This value is chosen after View
details is selected and the parameters for SAM analysis and the
Delta plots is displayed. A Delta value is chosen based upon an
acceptable FDR (closer to zero the better). As seen in Figure 6-9, a
Delta value for SAM can be chosen that reflects near zero false
positives. The top ten significant features are listed in Table 6-6.

The SAM method resulted in a total of 460 significant features with 7 potential
false positive results (FDR = 0.016). If the Delta was reduced to 1.4 (FDR =
0.047), the number of significant features was 3,647 with 172 potential false
positives. The results of both ANOVA and SAM were very similar, but SAM
does not include a post hoc test and makes identifying co-culture specific
features laborious. The two methods can be compared to utilize the results of
Tukey HSD and as per the recommendation by Chong et al. (2019), the SAM
results would ultimately be chosen to be more conservative and reduce the
number of features to be further examined. The results of the significance
testing can be exported as a CSV file.
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Table 6-6. Top ten features identified by SAM analysis.
Feature (RT_m/z)
4.126_564.35443
3.975_520.32892
4.255_608.3808
4.205_608.38269
3.819_476.3027
6.334_200.2364
4.361_652.40686
3.748_476.30457
4.307_652.40906
4.448_696.43274

d.value
65.384
61.812
61.196
60.583
53.918
52.792
51.712
46.361
42.629
40.091

st. dev
0.0017852
0.0016931
0.001685
0.0016499
0.0014886
0.013553
0.0014368
0.0012657
0.001217
0.0011242

rawp
0
0
0
0
0
4.97E-06
4.97E-06
4.97E-06
4.97E-06
4.97E-06

q.value
0
0
0
0
0
0.002
0.002
0.002
0.002
0.002

[Tukey HSD cross-reference]
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR
MR-FS; MR_FS-FS; MR_FS-MR

Features were cross-referenced with Tukey HSD results to determine which groups were
statistically different. SAM = Significance analysis of microarrays; RT = retention time;
m/z = mass-to-charge ratio; q.value = false-discovery rate adjusted P value; rawp =
unadjusted P value.
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Figure 6-9. Parameters for SAM analysis and the Delta plots in MetaboAnalyst. This
visual output can be used to estimate an appropriate Delta value to choose for the analysis
that results in a suitably low false discovery rate (FDR) (left panel). The number of
significant features for the chosen Delta value are shown in the right panel.
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6.4. Putting it all together
Once the steps outlined above are completed, the utility of the FBMN that was
created with GNPS becomes evident. The features that were identified as significant
through statistical testing can be cross-referenced in the network to determine compound
identity. If there was no spectral match, adjacent node(s) may have been identified which
will give an idea of the structure or chemical class of the feature (edges are based on cosine
> 0.7). Utilizing molecular networks in untargeted metabolomics provides structural
landmarks from which to work from to annotate features and discern known compounds
from potential novel compounds. The difficultly with untargeted metabolomics is that it
requires extensive manual validation of every metabolite of interest. This means that the
user must examine the EICs and MS/MS spectra for features that they have identified as of
particular interest. Among other attributes to examine beyond gap-filling are the initial
parameter settings for peak picking and retention time and mass tolerance. The parameters
chosen will dictate how stringent the assignments are to known compounds as well as how
spectra are fundamentally assigned to EICs and aligned to each other. MS-DIAL does
provide some recommendation for the setup of parameters however, as stated in the
manual, the settings should be tested for the dataset under evaluation (Tsugawa et al. 2015).
This means that it is largely based on trial-and-error and up to the user to select appropriate
parameters. It is thus recommended to identify compounds from the FBMN that matched
to known compounds (i.e., destruxins) to see how altering the various algorithms available
in the program, affect its annotation. Currently, the steps outline above will need to be
repeated, as necessary, as more information is gathered at each stage or confirmations are
made. As the programs become more advanced, future versions may include a way to keep
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MS-DIAL annotations during network creation and/or upload GNPS identifications back
into MS-DIAL, without the need to manually change individual features.
6.5. Conclusions
The methods described here are a how-to for analyzing large metabolomic datasets
for novice users. The freely available tools described do not require computer coding
knowledge nor a deep understanding of analytical chemistry in order to use them. This
communication highlights how users should set parameters for analysis and the steps taken
to obtain meaningful results. The combination approach described ultimately utilized MSDIAL for the preprocessing of raw metabolomic data due to the superior speed and ability
to identify compounds with an in-house curated database. MZmine2 was the preferred tool
when examination of EICs or MS/MS spectra was required as the user interface was much
more detailed and interactive. The advantageous use of FBMNs to facilitate compound
identification and reduce re-isolation of previously known compounds was demonstrated
and is a fundamental strategy of GNPS. The analysis of these high-dimensional
metabolomic datasets was completed with relative ease using the free online software
utility, MetaboAnalyst (v. 4.0). From the example dataset, features identified from cocultures of Metarhizium and Fusarium as being significantly different from pure cultures
could contain novel bioactive metabolites that are synthesized under competitive growth
conditions. Future experimentation would need to confirm production of the identified
features and to isolate these compounds from the crude extracts to further test for
bioactivity.
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Supplemental Information
Table S6-1. MZmine2 parameter settings.
1.

Mass detection
a. MS1 level: noise 1.0E4
b. MS2 level: noise 0

2.

Chromatogram ADAP builder (Myers et al., 2017)
a. Minimum group size: 5
b. Group intensity threshold: 5.0E2
c. Min highest intensity: 1.0E3
d. m/z tolerance: 0.005 Da or ppm: 5.0

3.

Chromatogram deconvolution
a. Algorithm: Wavelets (ADAP) (Myers et al., 2017)
i. S/N threshold: 10
ii. S/N estimator: Intensity Window S/N
iii. Min feature height: 1,000
iv. Coefficient/area threshold: 100
v. Peak duration range: 0.02 – 0.8
vi. RT wavelet range: 0.1 – 0.2
b. M/z center calculation: median
c. m/z range for MS2 scan pairing (Da): 0.005
d. RT range for MS2 scan pairing (min): 0.1

4.

Isotopic peaks grouper
a. m/z tolerance: 0.005 or 5.0 ppm
b. Retention time tolerance: 0.1 (absolute (min))
c. Monotonic shape: not selected
d. Maximum charge: 3
e. Representative isotope: most intense

5.

Alignment: RANSAC aligner
a. M/z tolerance: 0.005 or 5 ppm
b. Weight for m/z: 75%
c. Retention time tolerance: 0.1 min
d. Weight for RT: 25%

6.

Filtering
a. “Keep only peaks with MS2 scan (GNPS)”

7.

Gap-filling
a. Intensity tolerance: 10%
b. M/z tolerance: 0.005 or 5 ppm
c. Retention time tolerance: 0.2 (absolute min)

8.

Export files for networking
a. Export CVS file
i. Export common elements: row ID, row m/z, row retention time
ii. Export data file elements: peak area
b. Export for GNPS (select mass list)

9. Export files for MetaboAnalyst: Feature list methods > Export
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Table S6-2. Metadata table example for GNPS.
filename
FS1
FS2
FS3
MR1
MR2
MR3
MR_FS1
MR_FS2
MR_FS3
PDA1
PDA2
MEOH1
MEOH2

ATTRIBUTE_group
Fusarium
Fusarium
Fusarium
Metarhizium
Metarhizium
Metarhizium
MR_FS
MR_FS
MR_FS
blank
blank
blank
blank

ATTRIBUTE_strain
F. solani f. sp. phaseoli
F. solani f. sp. phaseoli
F. solani f. sp. phaseoli
M. robertsii 2575
M. robertsii 2575
M. robertsii 2575
M. robertsii 2575 and F. solani f. sp. phaseoli
M. robertsii 2575 and F. solani f. sp. phaseoli
M. robertsii 2575 and F. solani f. sp. phaseoli
na
na
na
na
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ATTRIBUTE_dpi
7 days
7 days
7 days
7 days
7 days
7 days
7 days
7 days
7 days
7 days
7 days
na
na

Chapter 7
Profiling of destruxin synthesis by Metarhizium during co-culture with plants.
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7.1. Abstract
Metarhizium is a genus of plant endophytic, insect-pathogenic fungi that is ideally
suited for use as a biological control agent. The dual lifestyle of these fungi combines the
parasitism of insect pests, with the provision of insect-derived nitrogen to host plants. The
chemical arsenal for insect parasitism and fungal virulence is well studied and is dominated
by a group of cyclic depsipeptides, the destruxins (DTXs). A few studies have screened
plant tissue for detectable DTXs as this has implications in food safety, however, the role
of DTXs during plant interactions is still largely unknown. Here we examined the
metabolomic profile of Metarhizium, with special emphasis on DTX production, using
untargeted, liquid chromatography-tandem mass spectrometry (LC-MS2). Four
Metarhizium species (M. acridum 7486, M. brunneum 2974, M. flavoviride 380189, M.
robertsii 2575) were inoculated onto minimal media (M-100) agar plate cultures containing
either haricot bean (Phaseolus vulgaris) or corn (Zea mays) and grown for 4 and 7 days.
The metabolites in the agar plates were extracted with methanol and analyzed using HPLCESI-MS-MS on the Q Exactive® quadrupole-orbitrap. In so doing, we describe a decisionmaking strategy that utilizes feature-based molecular networking (FBMN) to obtain
destruxin identification as defined by the Global Natural Products Social Molecular
Networking (GNPS). A total of 25 destruxin analogues, including a putative isomer of
DTX B2, were identified. Metarhizium species differed in the amount and type of DTXs
they produced. The production of these metabolites also varied between cultures of
different age and plant host. Conditions that influence the production of destruxins is
discussed. As the genetic arsenal of natural products relates to the lifestyle of the organism,
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uncovering conditions with an ecological context may reveal strategies for producing novel
compounds or precursors suitable for synthetic biology.

7.2. Introduction
Filamentous fungi are prolific producers of bioactive secondary metabolites (SMs).
SMs have great medical importance as they are sources of valuable antimicrobials (e.g.,
Penicillins and cephlasporins), cholesterol-reducers (e.g., statins), immunosuppressants
and more.

The complex structure of many natural products are typically economically

unfeasible for chemical synthesis due to low yields and high cost for energy input, catalysts
and precursor materials (Alberti, Foster and Bailey 2017). A cost-effective alternative is
the large-scale fermentation tank culturing of these organisms or of model species that have
been modified to be a host for heterologous gene expression (Alberti, Foster and Bailey
2017).
The production of natural products often requires cooperation of numerous
enzymes, as a result microbial SM are often produced non-ribosomally, with the genes
being organized into large gene clusters. Genetic analysis for identification of these
biosynthetic gene clusters (BGCs) in the filamentous fungus Metarhizium, revealed the
presence of 34-67 BGS (Xu et al. 2016), depending on the species, revealing substantial
potential to produce numerous bioactive natural products. It is estimated that the total
synthetic potential of all fungi to produce bioactive metabolites is in the range of several
million, based upon an estimate of the number of BGCs (Keller 2019). Therefore, the
probability of revealing compounds with clinical or industrial value should be high, yet the
majority of these BGCs remain silent under laboratory conditions (Brakhage and
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Schroeckh 2011; Okada and Seyedsayamdost 2017) even within well studied organisms.
In the opportunistic human pathogen Aspergillus fumigatus, which has been extensively
studied due to its toxigenic potential, just over 50% of secondary metabolites have been
assigned to known BGCs (Keller 2019). Secondary metabolites function to equip an
organism for survival in competitive, niche, and stressful environments, as virulence
factors, and as a means of communication (e.g., symbiotic partners) (Fox and Howlett
2008; Macheleidt et al. 2016). The presence of factors encountered in these specialized
situations and a lack of their representation in vitro, likely accounts for the inability to
trigger expression of the majority of BGCs.
Xu et al. (2016) showed that the metabolomic profile of Metarhizium species was
linked to insect host specificity. Generalist species of Metarhizium (M. robertsii, M.
anisopliae, M. brunneum) clustered separately from specialists (M. acridum, M. album) in
a multivariate analysis of the metabolome, which was supported by genomic analysis that
showed the loss of certain BGCs in specialist species (Xu et al. 2016). A major group of
insecticidal SMs produced by Metarhizium and other fungi are the destruxins. Destruxins
are cyclic hexadepsipeptides composed of an α- hydroxy acid and five amino acid (AA)
residues that act by suppressing both cellular and humoral immune responses and induce
flaccid paralysis and visceral muscle contraction in insects (Wang et al. 2012). Wang et al.
(2012) and Donzelli et al. (2012) both reported the nonribosomal peptide synthetase,
DtxS1, gene cluster responsible for destruxin production in Metarhizium robertsii (ARSEF
23 and 2575, respectively). The acrid specialist, M. acridum (CQMa 102), lacks dtxS1 and
is thus incapable of producing destruxins and is narrow in its insect host range (Wang et
al. 2012). However, destruxin production can differ between strains of the same species;
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M. acridum ARSEF 324 has been reported to produce low-levels of destruxins in vitro
(Kershaw et al. 1999).
The dual lifestyle of Metarhizium species involves endophytic colonization of
plants but the role of destruxins during these interactions is not well understood. Golo et
al. (2014) was the first to describe destruxin production by M. robertsii in endophytically
colonized cowpea, Vigna unguiculate. Determining how the metabolome, or a subset there
of (i.e., destruxins), is linked to plant host preference and colonization has implications in
future functional studies and may uncover novel therapeutic compounds whose production
is elicited only under co-cultivation.
Here we examined the metabolomic profile, with special emphasis on destruxin
production, using an untargeted metabolomic approach of four Metarhizium species (M.
acridum, M. brunneum, M. flavoviride, M. robertsii) during plate culture with haricot bean
(Phaseolus vulgaris) and corn (Zea mays) after 4 and 7 days. In so doing, we describe a
decision-making strategy that utilizes feature-based molecular networking (FBMN) to
obtain destruxin identification to a confidence-level as defined by Global Natural Products
Social Molecular Networking (GNPS) (i.e., gold, silver, or bronze). As the genetic arsenal
of natural products relates to the lifestyle of the organism, uncovering conditions with an
ecological context may reveal strategies for producing novel compounds or precursors
suitable for synthetic biology.

7.3. Materials and Methods
7.3.1. Fungal and plant materials
The fungal species used in this study were: Metarhizium acridum (7486), M.
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brunneum (2974), M. flavoviride (380189), and M. robertsii (2575). All cultures were
maintained on potato-dextrose agar (PDA; Bioshop, Canada). Plant seeds of corn (Zea
mays) and haricot bean (Phaseolus vulgaris var. Soldier) were purchased from Stoke Seeds
(Ontario, Canada). Prior to use, all plant seeds were surface sterilized by submersion in 2%
sodium hypochlorite for 5 minutes and rinsed with sterile, distilled water (x3), followed by
submersion in 15% hydrogen peroxide for 20 minutes. Seeds were rinsed and stored at 4°C
overnight for stratification. Seeds were germinated on water agar plates incubated at 25°C
for 5–7 days.
7.3.2. Sample preparation
Germinated seedlings of corn and bean were placed in pairs onto 20 mL M-100
agar plates. The radicle of the seedling was dipped into sterile 0.01% Triton-X before
placement for better dispersion of the conidial suspension. Eight 10 µL droplets of a 1.5 x
106 conidia/mL suspension were dispersed over the radicles and lower portion of the plate
where the roots would develop. M-100 plates inoculated with an equivalent amount of
spore suspension or seedlings treated only with Triton-X, were controls. Samples were run
in duplicate and plates were sealed with parafilm and incubated at 25°C in a 16/8 hour
light/dark cycle for 4 and 7 days.
7.3.3. Metabolite extraction
The plant material was cut 1 cm above the hypocotyl and discarded. The remaining
contents of the agar plate was transferred to a mortar and ground under liquid nitrogen. The
contents were transferred to a 150 mL flask to which 50 mL of HPLC-grade methanol was
added, and the flask was placed into a sonicating water bath set to 40 kHz for 15 minutes.
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The solution was then filtered twice (Whatman filter followed by a 0.2 um filter) and
reduced to a volume of 5 mL by rotary evaporation. A 1 mL aliquot was transferred to a 2
mL LC-MS vial (Thermo Scientific) for analysis.
7.3.4. LC-MS2 analysis
High-performance liquid chromatography (LC) coupled to tandem mass
spectrometry (MS2) was performed on the Q Exactive® Quadrupole-Orbitrap (Thermo
Fisher). The ionization source was electrospray (ESI) and the samples were analyzed in
positive ion mode. The LC column was SB-C18 (2.1 x 50 mm x 1.8 um, Thermo Fisher)
at a column temperature of 50°C. The mobile phase consisted of phase A (water with 0.1%
formic acid) and B (acetonitrile with 0.1% formic acid). The gradient program was as
follows: 0–2 min, 10 % B; 2-17 min, 10–100 % B; 17 – 18 min, 100–10 % B. The flow
rate was set at 0.4 mL/min. A 10 μL aliquot of supernatant was injected for each individual
analysis. The MS analysis conditions were as follows: mass range: m/z 150-2000; ion spray
voltage: 4500 V; electrospray ionization probe temperature: 425°C; heated capillary
temperature: 300°C; sheath gas: 50 arb (arbitrary units); auxillary gas: 15 arb; collision
energy: 30 V; resolution: 70,000; MS/MS resolution: 17,500; isolation window: 4 m/z; and
(S)-lens RF level: 55.
7.3.5. Processing of LC/MS2 data and statistical analysis
Detailed methodology on the use of the software for processing of data files and
creation of feature-based molecular networks (FBMN) is outlined in Chapter 6. The raw
data files were preprocessed using the program MS-DIAL (Tsugawa et al. 2015) for
baseline correction, peak picking, alignment, and adduct identification. In addition, MS-
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DIAL has the ability to identify compounds by both accurate mass (MS1) and MS-MS
spectral similarity (MS2) to all publicly available spectra (29,269 spectra, as of June 2019;
http://prime.psc.riken.jp/Metabolomics_Software/MS-DIAL/http://prime.psc.riken.jp/).
This spectra file was combined with the inhouse database curations of known destruxin
analogues. A table with peak height information for each sample was normalized using the
mTIC method within MS-DIAL and then exported for transformation, data scaling and
analysis using the web-based server, MetaboAnalyst (v. 4.0) (Chong, Wishart and Xia
2019). MetaboAnalyst (v. 4.0) was used to generate the principal component analyses
(PCAs), heatmaps and to determine significant differences in metabolite production
between groups using ANOVA (Tukey HSD post hoc). Feature-based molecular
networking (FBMN) was performed using the Global Natural Product Social Molecular
Networking (GNPS) site. The default parameters for high-resolution mass spectrometry
(HRMS) data were used in GNPS to create a FBMN using the super-quick start interface.

7.4. Results
7.4.1. Destruxin identification
After the raw metabolomic data was processed using MS-DIAL (See Chapter 6 for
the detailed methodology), MS2 spectra that were matched to database entries within MSDIAL were manually verified using methods of Arroyo-Manzanares et al. (2017). As well,
the distribution of these destruxins among the samples was checked to ensure no errors
occurred due to gap-filling performed by MS-DIAL (i.e. noise identified as a peak of
interest).
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The FBMN that was created from the processed data showed a cluster of features
that surrounded matched destruxin compounds (Figure 7-1). The precursor mass and
estimated molecular formula of these unknown features were checked against a list of
destruxins and putative matches were verified using the characteristic fragment ions of the
MS2 (Arroyo-Manzanares et al. 2017). The remaining spectra that could not be identified
were renamed as “destruxin-like compound”, with the accompanying mass-to-charge ratio
(DLC_m/z), due to their clustering with known destruxins.

7.4.2. Feature based molecular networks (FBMN)
The destruxin-containing cluster of the FBMNs is shown in Figure 7-1. The DTX
cluster consisted of 28 GNPS-identified destruxins with a remaining 48 nodes classified as
DLCs in the haricot bean associated samples. In the corn associated network, there was a
total of 96 nodes, with 24 being identified as destruxins. The nodes were created as pie
charts to visualize the contribution of each sample type to each feature (Figure 7-1).
In a comparison among bean samples (See Figure 7-1A), the majority of features
had an abundance originating from M. robertsii or M. robertsii-bean co-culture. M.
flavoviride noticeably contributed to 14 features, with a predominance in DLC_722.2604.
M. brunneum visibly contributed to six features, the largest being DLC_552.3366. M.
acridum dominated only a single feature in the destruxin-containing cluster,
DLC_596.3407.
Similar to the destruxin-containing cluster of haricot bean associated samples, the
features of the corn samples were predominantly obtained from M. robertsii or M. robertsii
co-culture with corn (Figure 7-1B). In comparison, one third of the features came from M.
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brunneum co-culture with corn; the majority were unidentified DLCs. M. flavoviride
metabolites were readily observed in 20 features of the FBMN with the single predominant
DLC_722.2604 being almost exclusive to this species. The contribution of M. acridum to
the network was observed in four nodes, all unidentified DLCs, and of which the same
DLC_596.3407 was predominantly obtained from M. acridum. The differences observed
in the raw intensity values displayed in the FBMNs indicated that there may be significant
differences between destruxin production of Metarhizium species when grown with plants.
In addition, the destruxin profile of a single species of Metarhizium may differ depending
on the plant host.
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Figure 7-1. Destruxin cluster from a GNPS generated feature-based molecular
network of Metarhizium co-culture with (A) haricot bean or (B) corn. The cluster of
destruxins (DTX) and destruxin-similar features (precursor mass shown) identified through
MS-DIAL, GNPS, and manual curation. Pie charts display the proportion of a feature (raw
peak intensity) by culture type. MAC = M. acridum 7486; MB = M. brunneum 2974; MF
= M. flavoviride 380189; MR = M. robertsii 2575.
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7.4.3. Destruxins detected in plant co-cultures
Figure 7-2 shows the growth of Metarhizium and plant seedlings on M-100 plate
cultures after 4- and 7-days post inoculation. The growth of all Metarhizium species was
primarily mycelial on roots and on the plate at the sites of inoculation on day 4. In
comparison, there was an abundance of conidia produced by day 7. The morphology of the
fungal strains appeared the same between that of the pure culture and when growing in the
presence of either bean or corn (Figure 7-2).
Identified destruxins detected from the metabolite analysis and their average raw
peak intensity among the sample types is shown in Figure 7-3 and Figure 7-4. Of the four
strains tested, M. robertsii 2575 was the most prolific producer of destruxins. There were
several potential isomers as identified by GNPS, such as a potential isomer of DTX B2 that
eluted at 7.08 and 7.21 minutes (See Figure 7-1 and Table S7-2 (Supplemental
Information). Although the possibility that a double-peak for DTX B2 occurred due to
overloading of the column, the EIC pattern was reproducible even in samples with lower
abundance (i.e. M. acridum). In comparison, a distinction could not be made between
destruxin C2 and F from the aligned file as they co-eluted and resulted in a mixed MS2
spectrum (data not shown). Destruxins were not detected from uninoculated plants. The
representative spectra for all putative detected destruxins were submitted to the GNPS
public spectral library (Table S7-1, Supplemental Information).
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Figure 7-2. Metarhizium-plant co-culture plates for untargeted metabolite analysis. Germinated seedlings of haricot bean (P.
vulgaris var. “soldier”) and corn (Z. mays var. sunny vee) were placed onto M-100 agar plates and inoculated with a spore suspension
of M. acridum 7486, M. brunneum 2974, M. flavoviride 380189, or M. robertsii 2575. Plates were incubated at 25°C in a 16/8 hour
light/dark cycle for 4 and 7 days. Control plates contained the plant or fungus alone.
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Figure 7-3. Heatmap of destruxins and destruxin-like compounds (DLC) from plate
cultures. Metarhizium species were grown on M-100 plates singly and in co-culture with
bean or corn. Heatmap was created from normalized and scaled peak intensities from LCMS2 analysis of samples harvested at 4- and 7- days post inoculation. DTX = Destruxin;
Desm = Desmethyldestruxin; CHL= Chlorodestruxin; MAC = M. acridum 7486; MB = M.
brunneum 2974; MF = M. flavoviride 380189; MR = M. robertsii 2575.
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7.4.3.1. M. robertsii cultures
A total of 25 destruxins were detected from the entire study. All destruxins were
detected from cultures of M. robertsii, both in pure culture and during co-culture with
haricot bean and corn (Figure 7-4). Univariate analysis of M. robertsii compared to M.
robertsii co-cultured with bean after 4 days, showed a significant reduction in the detection
of destruxins C2/F, D, D2, E2, Ed, Ed1, desmethyldestruxin (Desm) A, DesmC,
chlorodestruxin (CHL), and CHL-E2 (Tukey HSD, adj-P, α = 0.05; See Table S7-4). The
remaining destruxins were not significantly different between the cultures. In contrast, 13
of the 25 destruxins were increased in bean co-culture compared to fungal culture at 7 days,
including destruxins C2/F, D2, E2, CHL-E2, and DesmC (Table S7-4). A comparison of
4-day and 7-day bean co-cultures showed significantly higher destruxin levels in 7-day cocultures for all but destruxin G (Table S7-4).
Corn co-cultures after 4 days had significantly lower destruxin levels of Ed1, CHL,
and CHL-E2 than M. robertsii alone (Table S7-4). Destruxin G was detected in 4-day corn
co-culture but was not detected in M. robertsii pure culture. At 7 days, all but five
destruxins (CHL, CHL-E2, Ed1, G) were increased in corn co-culture in comparison to
fungal pure culture. There were no significant differences in destruxin production between
4-day and 7-day corn co-cultures.
M. robertsii 4-day co-cultures of bean and corn were significantly different for all
but destruxin C1. Corn co-culture had a greater abundance of each destruxin in comparison
to bean co-cultures; destruxins G and CHL-E2 were not detected from bean samples.
However, after 7-days, the level of each destruxin was not significantly different between
bean and corn co-cultured with M. robertsii; with the exception of destruxin E2 which was
more abundant in bean samples.
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Figure 7-4. Dot plot of destruxins detected in Metarhizium pure and co-cultures. Seedlings of bean and corn were grown on M-100
agar plates for 4- and 7-days after treatment with a conidial suspension of M. acridum 7486 (MAC), M. brunneum 2974 (MB), M.
flavoviride 380189 (MF), or M. robertsii 2575 (MR). Culture plates were methanol extracted and analyzed with LC-MS2 and the average
raw peak intensities are shown.

7.4.3.2. M. brunneum cultures
All 25 destruxins were detected in M. brunneum co-culture with corn however, the
level of destruxin production in co-culture with bean as well as in pure culture was minimal
(Figure 7-4). In 4-day pure culture, destruxins A, B, Ed, Ed1, B2, and DesmB were
detected. After 7 days, only destruxin B and D were found. Due to the large variation in
destruxin levels at 4 days, only destruxin D was significantly different between timepoints
of M. brunneum pure cultures.
During co-culture with haricot bean, there was a significantly greater abundance of
destruxin DesmA and E2 detected at day 4 (Table S7-5). The same was seen at day 7, in
addition to the production of destruxin B2.2. After 7 days, destruxin D was not detected
from bean co-culture. The abundance of destruxin B2.2 was the only significant difference
between 4- and 7-day co-cultures of bean; 22 of the 25 destruxins were not detected in bean
co-culture.
M. brunneum co-culture with corn produced significantly greater levels of
destruxin than M. brunneum alone or grown with bean (Table S7-5). At 4 days, 11 of the
25 destruxins were identified in corn co-culture. After 7 days, all destruxins were detected
in greater abundance. In comparison to day 4 corn co-culture, day 7 had significantly
greater amounts of destruxin DesmA, DesmC, A, A2, A4, C, C1, C2/F, Ed1. The
abundance of the remaining destruxins was not significantly different between corn cocultures.
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7.4.3.3. M. flavoviride cultures
The total number of DTXs detected from M. flavoviride was 24; DTX A1 and G
were not detected from any of the cultures containing M. flavoviride (Figure 7-4). There
was a sharp contrast in the production of DTXs by M. flavoviride between 4 and 7 days.
There were no detectable DTXs at 4 days in pure culture, but all of the 24 DTXs were
detected from 7-day pure culture.
DTXs CHL-E2, DesmA, and E2 were detected in 4-day bean co-culture at levels
significantly greater than M. flavoviride pure culture plates (Table S7-6, Supplemental
Information). In comparison to the relatively high level of DTX production in 7-day pure
culture plates, bean co-culture plates had significantly less DTX DesmB, DesmC, A, B2,
B2.2, C, C2/F, D, D1, D2, E1, Ed, and Ed1. In comparison to 4-day bean co-cultures, 7day co-cultures had less detectable CHL-E2 and DesmA DTXs but greater amounts of
DTX A, C, and D. Similar to M. flavoviride pure culture and co-culture with haricot bean,
4-day co-culture with corn detected few DTXs (A, B, B2.2, DesmC). In comparison, 7-day
corn co-culture had 17 DTXs detected but there was a high degree of variation in peak
intensity (orders of magnitude in some cases). As a result, only CHL was statistically
significant in 7-day co-culture of corn compared to 4-day.

7.4.3.4. M. acridum cultures
A total of 18 DTXs were detected from among the M. acridum samples. The peak
intensities of the detected DTXs was orders of magnitude smaller than those observed for
M. robertsii, and similar to those observed for M. flavoviride (Figure 7-4). DTXs A, B, D,
Ed, and B2/B2.2 were identified in both 4-day and 7-day fungal cultures. Although DTX
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B4 and DesmC were only detected in 7-day M. acridum pure culture, the difference was
not statistically significant compared to 4-day (Table S7-7, Supplemental Information).
There was minimal production of DTXs in bean co-culture at 4 days, however
compared to M. acridum pure culture, there was a significant increase in DesmA (Table
S7-7, Supplemental Information). Similarly, DesmA as well as E2, and CHL-E2 were
detected in 7-day bean co-culture but were not detected in 7-day fungal culture. In
comparison to 4-day bean co-culture, 7-day co-culture had a greater amount of destruxins
DesmA and E2.
Corn co-cultures with M. acridum were similarly low in the number of DTXs
detected (Figure 7-4). At 4-days, E2 was the only DTX that was significantly increased in
corn co-culture compared to the fungal culture (Table S7-7, Supplemental Information).
However, DTX E2 was not detected in 7-day co-culture nor was it detected from M.
acridum plates after 7 days.
Bean co-cultures and corn-co-cultures significantly differed in the DTXs that were
identified. After 4 days, bean co-cultures contained DesmA whereas corn co-cultures
contained DTX E2. At 7-days, DTXs DesmA, E2 and CHL-E2 were detected from M.
acridum in bean co-culture but not with corn.

7.4.3.5. Metabolite profiles of different Metarhizium species in bean co-culture
Principal component analysis (PCA) of the DTX- and total metabolomic profiles
for co-cultures of haricot bean with the four strains of Metarhizium is shown in Figure 7-5.
M. robertsii 7-day co-culture clustered separately from all other samples with respect to
both the DTX profile and the total metabolomic profile (Figure 7-5). The minimal
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separation of M. brunneum, M. acridum, and M. flavoviride in the PCA was as expected as
these three strains produced minimal DTXs during co-culture with haricot bean (Figure
7-4).
The number and type of DTX s produced by the four species of Metarhizium (M.
acridum 7486, M. brunneum 2974, M. flavoviride 380189, M. robertsii 2575) differed
significantly during plate co-culture with haricot bean (Tukey HSD, adjusted P value, α =
0.05; n = 2). The DTX profile of M. robertsii differed from all other 4-day co-cultures,
with the exception of DesmA and G; DTX G was not detected (Table S7-8, Supplemental
Information). The profile of M. acridum was not statistically different from that of M.
brunneum or M. flavoviride during co-culture, except that M. acridum did not produce
detectable DTX E2. In addition, 4-day bean co-cultures with M. brunneum and M. robertsii
lacked CHL-E2 as compared to M. acridum and M. flavoviride.
Similar to 4-day bean co-cultures, 7-day co-culture with M. robertsii was
significantly different in the production of all DTX s and was the only strain from which
destruxin G was detected in bean co-culture (See Table S7-9, Supplemental Information).
There were no significant differences between 7-day bean co-cultures of M. acridum, M.
brunneum and M. flavoviride.
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Figure 7-5. PCA of metabolite profiles of 4- and 7-day plant-fungal co-cultures. The
destruxin profile and the total metabolomic profile of haricot bean (P. vulgaris) or corn (Z.
mays) co-cultured with different strains of Metarhizium. Samples are labelled with the
duration of incubation (days). MAC = M. acridum 7486; MB = M. brunneum 2974; MF =
M. flavoviride 380189; MR = M. robertsii 2575.
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7.4.3.6. Metabolite profiles of different Metarhizium species in corn co-culture
Principal component analysis (PCA) of the destruxin and total metabolomic
profiles for corn co-cultures with the four Metarhizium strains is shown in Figure 7-5.
Unlike the destruxin profiles from bean co-cultures, M. robertsii and M. brunneum both
clustered separately from those of M. acridum and M. flavoviride (Figure 7-5). In
comparison to the clustering of 4- and 7-day destruxin profiles of M. robertsii co-cultures,
M. brunneum co-cultures were well separated by duration of incubation. The PCA of the
total metabolomic profile of corn co-cultures was similar to the destruxin PCA in that M.
robertsii again was well separated from the other strains (Figure 7-5). M. brunneum was
similarly separated however, the replicates were not as tightly clustered with regard to the
total metabolomic profile. Co-cultures of M. acridum and M. flavoviride (except 7-day M.
flavoviride), clustered with uninoculated corn. This may be a result of low levels of fungal
metabolite production due to the relatively lower level of growth as seen in the culture
plates (Figure 7-2).
Statistical analysis of the DTX profiles revealed that, similar to bean co-culture, M.
robertsii 4-day corn co-culture differed significantly from all other cultures (Table S7-10,
Supplemental Information). As was seen in 4-day bean co-culture, M. acridum and M.
flavoviride corn co-cultures were not significantly different for any destruxins. Among all
the strains, DTXs CHL, CHL-E2, and G were not significantly different. M. brunneum and
M. robertsii differed in 60% of destruxins, with M. robertsii having detected higher levels
for all destruxins. The destruxins that differed between all species (except between M.
acridum and M. flavoviride) were DesmA, DesmC, A, A1, A2, A4, B1, B2.2, B4, C, C1,
C2/F, and Ed1.
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After 7 days in co-culture with corn, both M. robertsii and M. brunneum were
significantly different for nearly all destruxins in comparison to M. acridum and M.
flavovirdae (Table S7-11, Supplemental Information). Even though there were 17
destruxins detected from M. flavoviride 7-day corn cultures, the destruxin profile was not
significantly different from that of M. acridum. To resolve this discrepancy the sample
chromatograms were investigated, and it was noted that one replicate had much lower
intensity throughout the run (data not shown). As the statistical power was limited by the
number of replicates (n=2), the difference between the profiles of M. acridum and M.
flavoviride was not significant. The difference between cultures of M. robertsii and M.
brunneum was significant for 56% (14/25) destruxins. All were detected in higher
abundance in M. robertsii cultures, except for CHL-E2, Ed, Ed1 and G which were in
greater abundance in M. brunneum cultures.

7.5. Discussion
Here we examined the production of DTX analogues from four strains of
Metarhizium in Metarhizium-colonized bean and corn plate cultures. There are currently
over 40 known DTXs and of those, a total of 24 were detected in this study (with one
additional potential analogue, B2.2, a putative isomer of DTX B2). M. robertsii 2575 was
the most prominent producer of DTXs under all conditions. Previous reports on DTX
production by this strain demonstrated that it produces relatively high levels of DTXs
compared to other Metarhizium species (Moon et al. 2008). Each destruxin was detected
in every culture containing M. robertsii with few exceptions. The three remaining strains
produced destruxins in various combinations. M. brunneum 2974 produced all 25
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destruxins but the majority occurred during co-culture with corn. Few DTXs were detected
from M. brunneum during growth in co-culture with bean or in isolation on M-100 agar;
similar results were obtained for M. flavoviride and M. acridum. With the exception of 7day cultures of M. flavoviride and M. robertsii, DTX production was minimal on M-100
agar for these strains. In addition to differences arising due to the species investigated, the
type of growth media can influence the observed chemical diversity (Wang, Skrobek and
Butt 2004; Ríos-Moreno et al. 2016a). In addition, Hu et al (2006) observed that not only
the type of media is important but the length of time for production of destruxins will vary
among isolates. Growth in Czapek’s Dox media + 0.5% peptone for 10 days was found
optimal for a strain of M. anisopliae (MaQ10) (Hu et al. 2006) yet 20 days were required
for M. anisopliae (V245) (Moon et al. 2008). Here, two time points were evaluated and
there were clear differences and particular patterns for each strain, when DTX synthesis
was detectable.
Studies comparing the production of destruxin by various Metarhizium spp. have
found that M. acridum is a relatively low producer (Kershaw et al. 1999). Our results
agreed as M. acridum 7486 had the least amount of detected DTXs (16/25) overall. Caution
must be used when making comparisons of DTX production between Metarhzium species
as there exists inter- and intra-specific variation (Amiri-Besheli et al. 2000). M. acridum
CQMa 102 lacks the gene, dtxS1, that encodes the nonribosomal peptide synthetase
responsible for the biosynthesis of DTX B (and subsequently DTX C, D, A, E); Czapek
Dox broth cultures lacked any detectable destruxins (Wang et al. 2012). However, Kershaw
et al. (1999) detected low levels of DTX A and E in Czapek Dox broth cultures from M.
acridum 324 after nine days of growth. In this study, M. acridum 7486 produced DTXs A,
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B, B2, B2.2, B4, D, and DesmC on M-100 grown for 4 or 7 days (Figure 7-4). In some
cases, there was a substantial difference in the amount of destruxin detected between
biological replicates. This occurred frequently with M. flavoviride cultures. Although the
possibility exists that this may be due to matrix effects, biological variation is also likely.
In a study done by Carpio et al. (2016), only 25% of samples from each of the four types
of potato tissue (leaf, stem, tuber, root) tested, yielded detectable levels of DTX A and B.
The extraction of the DTXs was validated prior to the analysis and recovery of injected
standards was between 91.6-99.3% (Carpio et al. 2016). Our study did not validate the
extraction procedure but the frequency of isolation of destruxins from other species, lends
support to this being due to sample variation.
The species of the plant host influenced the observed DTXs profiles. Plant roots
exude a plethora of compounds including primary and secondary metabolites, root border
cells, and mucilage (Canarini et al. 2019). The majority of primary metabolites are amino
acids, organic acids, and carbohydrates bu`t the volume and composition of root exudates
differ by species, cultivar, age, and environmental factors (Canarini et al. 2019). As growth
media highly influences the DTXs that are produced, the effect of the plant species may
reflect the nutritional components of the root exudates and their suitability for the
associated microorganisms. For example, DTX production was shown to be highly
influenced by nitrogen availability in M. anisopliae var. anisopliae Bipesco 5 (Wang et al.
2009). DTXs A, B, and E, measured from shaken flask cultures and normalized to fungal
biomass, showed significant reduction during growth on media with reduced amounts of
nitrate, in contrast to increased production with glucose exhaustion (Wang et al. 2009).
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The dynamics of nutrient utilization and stress experienced by Metarhizium during plant
colonization may be reflected in the destruxins produced.
Xu et al. (2016) showed that when Metarhizium species were grown in nutrient rich
broth, PCA plotting of the metabolite profiles resulted in separation of insect specialists
and insect generalists. In our study, PCA plots revealed that M. acridum and M. flavoviride
were typically well separated from the other species in regard to metabolite production.
There was no clear separation of M. acridum and M. flavoviride even when different
principle components were selected (data not shown). In contrast to the trend observed by
Xu et al. (2016), M. robertsii and M. brunneum were also well separated after 7 days of
growth in plant co-culture. The lack of separation of Metarhizium species in plant culture
based upon insect host range is not unexpected. Generalist and specialist strains are both
capable of colonizing the roots of numerous plant hosts (Moonjely and Bidochka 2019)
and there was no significant difference in the colonization of the rhizosphere or root
(rhizoplane and endosphere) of bean or corn, between species of Metarhizium (7486, 2575,
380189 are of relevance to this study). The one exception was that M. acridum 7486
showed decreased rhizosphere persistence and rhizoplane colonization of bean, as
compared to M. robertsii 2575; the reduced competency of M. acridum has been observed
previously (Pava-Ripoll et al. 2011). All strains colonized both haricot bean and corn but
were found to have greater levels of colonization on corn, including endophytic
colonization not observed in bean (Moonjely and Bidochka 2019). The question that arises
is whether the production of destruxins influences the capability of a particular strain to
colonize a plant host.
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The plant pathogen Alternaria brassicae produces DTX B during colonization and
elicits “blackspot” infection in leaves of Brassica species (Pedras, Irina Zaharia and War
2002). However, the phytotoxicity of DTX B appears to be host-selective with resistant
strains performing detoxification of DTX B through hydroxylation and glucosylation
(Pedras et al. 2001). No cases of Metarhizium causing disease symptoms in plants have
been reported (Zimmermann 2007). Studies that utilized aerial sprays, the typical method
of deployment for commercial formulations of Metarhizium, did not indicate any chlorosis
of leaves or symptomology similar to that of A. brassicae (Dutta et al. 2015; Wilcken et
al. 2019). This study screened for DTX production among Metarhizium species during
growth with different plants but did not evaluate if metabolism of DTXs occurred.
Destruxins have been identified in the tissues of potato (Carpio et al. 2016; Ríos-Moreno
et al. 2016b), tomato (Resquín-Romero et al. 2016), melon (Garrido-Jurado et al. 2017),
cowpea and cucumber (Golo et al. 2014) during colonization by Metarhizium. M. robertsii
2575 was able to endophytically colonize both cowpea and cucumber however DTXs A,
B, and E, were detectable only in plant tissue from cowpea (Golo et al. 2014). In addition,
M. acridum 324 which did not produce detectable DTXs in either broth culture or in planta,
was also able to endophytically colonize both cowpea and cucumber (Golo et al. 2014).
Although we did not evaluate endophytic colonization of bean or corn in this study,
previous reports of colonization of these plants by the strains used (Moonjely and Bidochka
2019) taken together with the variability in DTX production observed here, supports the
idea that DTX production is not related to the colonization capability of Metarhizium.
However, as the synthesis of DTXs is energetically costly for Metarhizium, their
production during interactions with plant hosts indicates an unknown ecological function.
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DTXs have been shown to have various bioactivities including antiviral activity
towards Hepatitis B (Chen et al. 1997), antiproliferative effect on leukemic cells (Odier,
Vey and Bureau 1992), phytotoxicity (Buchwaldt and Green 1992), and suppression of
immune responses (Pal, St Leger and Wu 2007) and toxicity in insects (reviewed in Pedras,
Irina Zaharia and Ward 2002). Treatment of Chinese cabbage leaves with destruxin A, B,
or E resulted in toxicity when ingested but also revealed significant antifeedant behaviour
by Plutella xylostella and Phaedon cochleariae (Amiri, Ibrahim and Butt 1999). The effect
was dose-dependent and the DTXs differed in the strength of the response, with DTX B
having the lowest antifeedant index. The synthesis of secondary metabolites (e.g. DTXs)
during plant colonization may confer protection from insect herbivory. Maize plants
endophytically colonized by the related entomopathogenic fungus, Beauveria bassiana,
had reduced damage from tunneling larvae, Ostrina nubilalis (Bing and Lewis 1991) and
reduced consumption by the defoliator, Rachiplusia nu (Russo et al. 2019). B. bassiana
can naturally grow systemically within plant hosts whereas Metarhizium is typically
restricted to root tissues (Behie , Jones and Bidochka 2015). However, artificial
inoculations with Metarhizium (e.g., seed treatment, aerial spray) have resulted in
incidence of phyllosphere colonization (Dutta et al. 2015; Greenfield et al. 2016; Kaushik
and Dutta 2016). This has important implications for strain selection for use in food
production. Thorough evaluation of the level of DTXs (and other metabolites) within
tissues of a particular cultivar, when treated with a particular fungal strain, is prudent as
the results have been shown to be highly variable. Golo et al. (2014) also suggest that
continued research would allow selection of non-DTX producing strains or cultivars that
possess the ability to detoxify DTXs for use in this industry.

209

The production of secondary metabolites by plant colonizing fungi can act as
communication with the host, as modulators of the immune system, or as a means by which
to confer antifeedant protection (Kusari, Hertweck and Spiteller 2012). Destruxins are but
one, albeit well-known, major class of bioactive metabolites produced by numerous
Metarhizium species. Apart from their importance in insecticidal and phytotoxic activity,
they have valuable pharmaceutical applications. As there is a cost associated with their
production, the plethora of destruxins detected in culture with plants dictates that there is a
yet to be defined function in this association. Furthermore, there were clear differences in
the production of destruxins by Metarhizium when grown with different plant species. The
understanding of the plant symbiotic nature of insect pathogens, such as Metarhizium, is
still in its infancy. Decoding the chemical ecology of prominent secondary metabolites
(destruxins) and how they influence plant association will lend to increasing the effective
and safe usage of these biocontrol agents in the field.
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Supplemental Information
Supplemental Tables
Table S7-1. GNPS spectra submissions. List of MS2 spectra for identified destruxins
submitted to the public spectral library of global natural products social molecular
networking (GNPS) site.
User:

Sign in

Pass:

Don't have an account? Register!

MassIVE Datasets | Documentation | Forum | Contact

GNPS Public Spectral Library
Spectra
Select columns
View

Filter

Hits 1 ~ 24 out of 24
Lib

Go to

Name

Go

Adduct

MZ

Inst

PI

Quality

~

User

Time

lbarelli

1

CCMSLIB00005464626

GNPSLIBRARY

Destruxin_A2

M+H

564.34

Orbitrap

Bidochka/Traxler

3

lbarelli

2019-11-11
18:46:07.0

2

CCMSLIB00005691873

GNPSLIBRARY

Chlorodestruxin

M+H

630.33

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
21:52:52.0

CCMSLIB00005691874

GNPSLIBRARY

Desmethyldestruxin_A

M+H

564.34

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:05:35.0

CCMSLIB00005691875

GNPSLIBRARY

Desmethyldestruxin_B

M+H

580.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:09:42.0

5

CCMSLIB00005691876

GNPSLIBRARY

Desmethyldestruxin_C

M+H

596.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:15:17.0

6

CCMSLIB00005691877

GNPSLIBRARY

Destruxin_A

M+H

578.35

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:20:17.0

CCMSLIB00005691878

GNPSLIBRARY

Destruxin_B

M+H

594.39

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:29:12.0

8

CCMSLIB00005691879

GNPSLIBRARY

Destruxin_B2

M+H

580.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:40:49.0

9

CCMSLIB00005691880

GNPSLIBRARY

Destruxin_C

M+H

610.38

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:47:48.0

CCMSLIB00005691881

GNPSLIBRARY

Destruxin_D

M+H

624.36

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
22:57:03.0

CCMSLIB00005691882

GNPSLIBRARY

Destruxin_D2

M+H

610.34

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
23:01:23.0

12

CCMSLIB00005691883

GNPSLIBRARY

Destruxin_E1

M+H

608.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
23:04:08.0

13

CCMSLIB00005691884

GNPSLIBRARY

Destruxin_Ed

M+H

612.36

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
23:08:06.0

CCMSLIB00005691885

GNPSLIBRARY

Destruxin_Ed1

M+H

626.38

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-15
23:14:34.0

15

CCMSLIB00005691895

GNPSLIBRARY

Destruxin_G

M+H

638.38

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
17:05:41.0

16

CCMSLIB00005691896

GNPSLIBRARY

Destruxin_D1

M+H

638.38

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
15:59:36.0

CCMSLIB00005691899

GNPSLIBRARY

Chlorodestruxin_E2

M+H

616.31

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
16:41:04.0

CCMSLIB00005691901

GNPSLIBRARY

Destruxin_A1

M+H

592.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
16:46:01.0

19

CCMSLIB00005691902

GNPSLIBRARY

Destruxin_A4

M+H

592.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
16:53:32.0

20

CCMSLIB00005691903

GNPSLIBRARY

Destruxin_B4

M+H

608.40

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
17:00:18.0

CCMSLIB00005691904

GNPSLIBRARY

Destruxin_C1

M+H

624.39

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
17:12:06.0

22

CCMSLIB00005691905

GNPSLIBRARY

Destruxin_E2

M+H

580.33

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
17:25:11.0

23

CCMSLIB00005691906

GNPSLIBRARY

Destruxin_F

M+H

596.37

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
17:48:58.0

CCMSLIB00005691907

GNPSLIBRARY

Destruxin_B1

M+H

608.40

Orbitrap

Bidochka/Traxler

3

lbarelli

2020-01-17
18:24:47.0

3
4

7

10
11

14

17
18

21

24
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Table S7-2. M-100 agar recipe.
Trace Element Solution (L-1)
boric acid
H3BO3
manganese chloride
MnCl2·4H2O
zinc chloride
ZnCl2
sodium molybdate dihydrate
Na2MoO4·2H2O
ferric chloride anhydrous
FeCl3
cupric sulfate
CuSO4·5H2O
distilled H2O
H2O

60 mg
140 mg
400 mg
40 mg
60 mg
400 mg
bring to 1 L

M-100 Salt Solution (L-1)
potassium phosphate monobasic
KH2PO4
sodium sulfate anhydrous
Na2SO4
potassium chloride
KCl
magnesium sulfate anhydrous
MgSO4
calcium chloride anhydrous
CaCl2
M-100 trace element solution
M-100 TES
distilled H2O
H2O

16 g
4g
8g
0.9757 g
1g
8 mL
bring to 1 L

glucose
potassium nitrate
agar
M-100 Salt Solution
distilled water

M-100 Agar (L-1)
glucose
KNO3
agar
M-100 SS
H2O
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10 g
3g
15 g
62.5 mL
bring to 1 L

Table S7-3. The formula, retention time, mass-to-charge ratio (m/z) and ppm
difference of destruxins detected from Metarhizium cultures.
Destruxin

Formula
(M)

Theoretical m/z
[M+H]

A
B
C
D
Ed
G
A1
B1
C1
D1
E1
Ed1
A2

C29H47N5O7
C30H51N5O7
C30H51N5O8
C30H49N5O9
C29H49N5O9
C31H52N5O9
C30H49N5O7
C31H53N5O7
C31H54N5O8
C31H51N5O9
C30H49N5O8
C30H51N5O9
C28H45N5O7

578.3554
594.3867
610.3816
624.3609
612.3609
638.3755
592.3710
608.4023
624.3960
638.3765
608.3659
626.3765
564.3397

RT
(min)

Detected M/Z
[M+H]

ppm
difference

6.71
578.35266
4.69
7.46
594.38446
3.72
6.03
610.37866
4.80
6.06
624.35797
4.62
5.31
612.35852
3.81
6.74
638.37451
1.55
7.36
592.36993
1.85
8.11
608.40149
1.37
6.45
624.39526
1.19
6.47
638.375
2.35
6.37
608.36426
2.76
5.74
626.37408
4.38
6.35
564.33789
3.25
7.08
580.36932
2.94
B2
C29H49N5O7
580.3710
7.21
580.36938
2.83
C2/F
C29H49N5O8
596.3659
5.73
596.3642
2.92
D2
C29H47N5O9
610.3452
5.73
610.34326
3.18
E2
C30H49N5O8
580.3346
5.63
580.37486
3.79
A4
C30H49N5O7
592.3710
7.07
592.36951
2.56
B4
C31H53N5O7
608.4023
7.85
608.4021
0.33
DesmA
C28H45N5O7
564.3397
6.24
564.33972
0.01
DesmB
C29H49N5O7
580.3710
6.99
580.36865
4.09
DesmC
C28H48N5O7
596.3659
5.59
596.36407
3.13
CHL
C29H48CLN5O8
630.3270
6.12
630.748622
4.36
E2 CHL C28H46CLN5O8
616.3103
5.80
616.30981
2.44
The molecular formula and theoretical m/z were obtained from (Arroyo-Manzanares et al. 2017)
and the PubChem compound database (Kim et al. 2019). Desm: Desmethyldestruxin; CHL:
chlorodestruxin/ chlorohydrin
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Table S7-4. Tukey HSD comparisons for M. robertsii cultures.
4-day comparisons
Destruxin

MR vs.
+Bean

MR vs.
+Corn

+Bean vs.
+Corn

7-day comparisons
MR vs.
+Bean

MR vs.
+Corn

+Bean vs.
+Corn

4- vs. 7-day comparisons
MR vs.
MR

+Bean vs.
+Bean

+Corn vs.
+Corn

CHL

0.0108

0.0296

0.0296

0.0599

0.0751

0.0793

0.0832

0.0415

0.3781

CHL-E2

0.0105

0.0347

0.0295

0.0466

0.9353

0.0470

0.0225

0.0270

0.3859

DesmA

0.0080

0.2545

0.0227

0.0579

0.0044

0.1561

0.0267

0.0396

0.8446

DesmB

0.1222

0.5001

0.0424

0.0627

0.0159

0.1420

0.0453

0.0434

0.2767

DesmC

0.0414

0.9761

0.0232

0.0400

0.0034

0.0916

0.0267

0.0327

0.9473

A

0.1484

0.8456

0.0286

0.0365

0.0047

0.1481

0.0344

0.0273

0.7193

A1

0.4287

0.7596

0.0454

0.0296

0.0040

0.5441

0.0290

0.0426

0.1088

A2

0.0743

0.6287

0.0495

0.0359

0.0223

0.1039

0.1039

0.0285

0.7107

A2(2)

0.7302

0.6005

0.4631

0.1689

0.4302

0.7387

0.1906

0.8644

0.5670

A4

0.0842

0.2526

0.0082

0.0940

0.0248

0.5843

0.0526

0.0466

0.0919

B

0.1586

0.7195

0.0328

0.0709

0.0282

0.3286

0.0580

0.0465

0.3842

B1

0.3667

0.8015

0.0124

0.0111

0.0187

0.1115

0.0080

0.0167

0.4433

B2

0.1170

0.5048

0.0433

0.0642

0.0166

0.1410

0.0462

0.0447

0.2783

B2(2)

0.0562

0.4499

0.0435

0.0323

0.0371

0.0562

0.7127

0.0306

0.8423

B4

0.1136

0.5943

0.0077

0.0585

0.0163

0.3577

0.0580

0.0491

0.0842

C

0.1744

0.6266

0.0323

0.0227

0.0073

0.0755

0.0317

0.0185

0.9376

C1

0.5195

0.4452

0.0567

0.0342

0.0045

0.4155

0.0479

0.0469

0.1660

C2/F

0.0192

0.7223

0.0185

0.0344

0.0001

0.0870

0.0132

0.0247

0.8127

D

0.0077

0.4806

0.0243

0.0550

0.0292

0.1242

0.0272

0.0276

0.6021

D1

0.1251

0.4604

0.0401

0.0530

0.0273

0.5693

0.5511

0.0417

0.0702

D2

0.0011

0.1464

0.0332

0.0494

0.0056

0.0894

0.0046

0.0263

0.7470

E1

0.1264

0.9239

0.0302

0.0242

0.0194

0.0757

0.3571

0.0220

0.9830

E2

0.0210

0.0799

0.0429

0.0197

0.0105

0.0429

0.0200

0.0210

0.6210

Ed

0.0280

0.7354

0.0427

0.0700

0.0176

0.1464

0.0176

0.0354

0.2828

Ed1

0.0010

0.0005

0.0051

0.0982

0.1007

0.2602

0.0414

0.0236

0.0712

G

NA

0.0219

0.0219

0.3419

0.8050

0.3153

0.0098

0.1117

0.1888

Adjusted P values for Tukey HSD test (α = 0.05) of normalized, transformed and scaled peak
intensity values, are shown. Significant comparisons are highlighted in gray. Data was normalized
using the mTIC method (MS-DIAL) and then transformed and scaled (MetaboAnalyst v. 4.0), prior
to analysis. The top 5000 features (lowest variance) were retained and analyzed. Significant
differences are highlighted in gray. MR: Metarhizium robertsii 2575; +Bean: fungal co-culture with
Phaseolus vulgaris; +Corn: fungal co-culture with Zea mays.
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Table S7-5. Tukey HSD comparisons for M. brunneum cultures.
4-day comparisons
Destruxin

7-day comparisons

4- vs. 7-day comparisons

MB vs.
+Bean

MB vs.
+Corn

+Bean vs.
+Corn

MB vs.
+Bean

MB vs.
+Corn

+Bean vs.
+Corn

MB vs.
MB

+Bean vs
+Bean

+Corn vs.
+Corn

CHL

NA

0.4694

0.4694

NA

0.0296

0.0296

NA

NA

0.4694

CHL-E2

NA

0.4701

0.4701

NA

0.0270

0.0270

NA

NA

0.4701

DesmA

0.0396

0.0134

0.2869

0.0032

0.0023

0.0092

NA

0.43

0.0308

DesmB

0.2767

0.1766

0.0673

NA

0.0019

0.0019

0.2767

NA

0.1420

DesmC

NA

0.0061

0.0061

NA

0.0032

0.0032

NA

NA

0.0150

A

0.3693

0.1390

0.0047

NA

0.0003

0.0003

0.3693

NA

0.0066

A1

NA

0.0320

0.0320

NA

0.0003

0.0003

NA

NA

0.1680

A2

NA

0.0001

0.0001

NA

0.0002

0.0002

NA

NA

0.0007

A4

NA

0.0052

0.0052

NA

0.0012

0.0012

NA

NA

0.0094

B

0.3658

0.2992

0.1153

0.3141

0.0122

0.0041

0.4311

NA

0.2734

B1

NA

0.0080

0.0080

NA

0.0027

0.0027

NA

NA

0.2286

B2

0.2783

0.1790

0.0683

NA

0.0019

0.0019

0.2783

NA

0.1410

B2(2)

NA

0.0567

0.0567

0.0220

0.0047

0.0051

NA

0.0220

0.0742

B4

NA

0.0570

0.0570

NA

0.0031

0.0031

NA

NA

0.3022

C

NA

0.0326

0.0326

NA

0.0005

0.0005

NA

NA

0.0257

C1

NA

0.0036

0.0036

NA

0.0001

0.0001

NA

NA

0.0089

C2/F

NA

0.0004

0.0004

NA

0.0007

0.0007

NA

NA

0.0024

D

NA

0.1521

0.1521

0.0178

0.0030

0.0030

0.0178

NA

0.6477

D1

NA

0.0810

0.0810

NA

0.0004

0.0004

NA

NA

0.6841

D2

NA

0.1367

0.1367

NA

0.0010

0.0010

NA

NA

0.5714

E1

NA

0.0757

0.0757

NA

0.0194

0.0194

NA

NA

0.1929

E2

0.0429

0.0395

0.3151

0.0082

0.0082

0.0419

NA

0.67

0.4465

Ed

0.3049

0.2951

0.2221

NA

0.0000

0.0000

0.3049

NA

0.1374

Ed1

0.0689

0.0336

0.0115

NA

0.0007

0.0007

0.0689

NA

0.0116

NA

0.1209

0.1209

NA

0.0146

0.0146

NA

NA

0.7290

G

Adjusted P values for Tukey HSD test (α = 0.05) of normalized, transformed and scaled peak
intensity values, are shown. Significant comparisons are highlighted in gray. Data was normalized
using the mTIC method (MS-DIAL) and transformed and scaled (MetaboAnalyst v. 4.0) prior to
analysis. The top 5000 features (lowest variance) were retained and analyzed. Significant
differences are highlighted in gray. MB: Metarhizium brunneum 2974; +Bean: fungal co-culture
with Phaseolus vulgaris; +Corn: fungal co-culture with Zea mays.

215

Table S7-6. Tukey HSD comparisons for M. flavoviride cultures.
4-day comparisons
Destruxin
CHL

MF vs.
+Bean

MF vs.
+Corn

7-day comparisons

4- vs. 7-day comparisons

+Bean vs.
+Corn

MF vs.
+Bean

MF vs.
+Corn

+Bean
vs. +Corn

MF vs.
MF

+Bean vs
+Bean

+Corn vs.
+Corn

NA

NA

NA

0.3781

0.4691

0.0296

0.3781

NA

0.0296

CHL-E2

0.0105

NA

0.0105

0.4128

0.4128

NA

0.4128

0.0105

NA

DesmA

0.0015

NA

0.0015

0.0997

0.3265

0.7674

0.0191

0.0235

0.2869

DesmB

NA

NA

NA

0.0060

0.4132

0.4204

0.0060

NA

0.4204

DesmC

NA

0.4406

0.4406

0.0061

0.4406

0.4406

0.0667

NA

0.6261

A

NA

0.1678

0.1678

0.0181

0.4077

0.5869

0.0184

0.0047

0.4546

A1

NA

NA

NA

NA

NA

NA

NA

NA

NA
0.3048

A2

NA

NA

NA

0.0743

0.6535

0.3048

0.0743

NA

A4

0.4320

0.4320

NA

0.1868

0.1868

NA

0.1868

NA

NA

B

NA

0.4724

0.4724

0.1422

0.3658

0.7027

0.1172

0.0199

0.4724

B1

NA

NA

NA

0.1301

0.1301

NA

0.1301

NA

NA

B2

NA

NA

NA

0.0064

0.3960

0.4427

0.0064

NA

0.4427

B2.2

NA

0.4499

0.4499

0.0492

0.5393

0.4499

0.0635

NA

0.5163

B4

NA

NA

NA

0.1296

0.1296

NA

0.1296

NA

NA

C

NA

NA

NA

0.0312

0.4217

0.6240

0.0189

0.0005

0.3852

C1

NA

NA

NA

0.4302

0.4302

NA

0.4302

NA

NA

C2/F

NA

NA

NA

0.0036

0.2608

0.4336

0.0036

NA

0.4336

D

NA

NA

NA

0.0356

0.2123

0.5101

0.0276

0.0101

0.3212

D1

NA

NA

NA

0.0016

0.0016

NA

0.0016

NA

NA

D2

NA

NA

NA

0.0216

0.2731

0.3947

0.0216

NA

0.3947

E1

NA

NA

NA

0.0061

0.0061

NA

0.0061

NA

NA

E2

0.0082

NA

0.0082

0.2974

0.5547

0.7401

0.1991

0.1353

0.3550

Ed

NA

NA

NA

0.0354

0.1961

0.3049

0.0354

NA

0.3049

Ed1

NA

NA

NA

0.0081

0.1106

0.4288

0.0081

NA

0.4288

G

NA

NA

NA

NA

NA

NA

NA

NA

NA

Adjusted P values for Tukey HSD test (α = 0.05) of normalized, transformed and scaled peak
intensity values, are shown. Significant comparisons are highlighted in gray. Data was normalized
using the mTIC method (MS-DIAL) and transformed and scaled (MetaboAnalyst v. 4.0) prior to
analysis. The top 5000 features (lowest variance) were retained and analyzed. Significant
differences are highlighted in gray. MF: Metarhizium flavoviride 380189; +Bean: fungal co-culture
with Phaseolus vulgaris; +Corn: fungal co-culture with Zea mays.
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Table S7-7. Tukey HSD comparisons for M. acridum cultures.
4-day comparisons
Destruxin
CHL

7-day comparisons

4- vs. 7-day comparisons

MAC
vs.
+Bean

MAC
vs.
+Corn

+Bean
vs.
+Corn

MAC
vs.
+Bean

MAC
vs.
+Corn

+Bean
vs.
+Corn

MAC
vs.
MAC

+Bean
vs
+Bean

+Corn
vs.
+Corn

NA

0.4694

0.4694

0.7378

0.4694

0.1788

0.4694

0.1788

0.4694

CHL-E2

0.0709

NA

0.0709

0.0225

NA

0.0225

NA

0.3082

NA

DesmA

0.0015

NA

0.0015

0.0005

NA

0.0005

NA

0.0032

NA

DesmB

NA

0.4385

0.4385

0.1313

NA

0.1313

NA

0.1313

0.4385

DesmC

NA

NA

NA

0.4450

0.0909

0.0909

0.0909

0.0909

NA

A

0.3911

0.7193

0.3411

0.6587

0.4626

0.1033

0.7445

0.1033

0.3411

A1

NA

NA

NA

NA

NA

NA

NA

NA

NA

A2

NA

NA

NA

NA

NA

NA

NA

NA

NA

A4

NA

NA

NA

NA

NA

NA

NA

NA

NA

B

0.2561

0.4311

0.3658

0.5068

0.4359

0.2172

0.9140

0.1534

0.8486

B1

NA

NA

NA

NA

NA

NA

NA

NA

NA

B2

0.2608

0.2608

NA

0.1170

NA

0.1170

0.2608

0.1170

NA

B2.2

0.0931

0.4499

0.2521

0.4499

0.2981

0.0668

0.2981

0.1886

0.4499

B4

NA

NA

NA

0.3129

0.3129

NA

0.3129

NA

NA

C

NA

NA

NA

0.0517

NA

0.0517

NA

0.0517

NA

C1

NA

NA

NA

NA

NA

NA

NA

NA

NA

C2/F

NA

NA

NA

0.0546

NA

0.0546

NA

0.0546

NA

D

0.1123

0.3118

0.2016

0.4306

0.1242

0.1123

0.3496

0.1123

0.2016

D1

NA

NA

NA

NA

NA

NA

NA

NA

NA

D2

NA

NA

NA

0.0894

NA

0.0894

NA

0.0894

NA

E1

NA

NA

NA

NA

NA

NA

NA

NA

NA

E2

NA

0.0219

0.0219

0.0210

NA

0.0210

NA

0.0210

0.0219

Ed

0.4404

0.4404

NA

0.9645

0.3078

0.1387

0.3967

0.1387

NA

Ed1

NA

NA

NA

0.4288

NA

0.4288

NA

0.4288

NA

G

NA

NA

NA

NA

NA

NA

NA

NA

NA

Adjusted P values for Tukey HSD test (α = 0.05) of normalized, transformed and scaled peak
intensity values, are shown. Significant comparisons are highlighted in gray. Data was normalized
using the mTIC method (MS-DIAL) and transformed and scaled (MetaboAnalyst v. 4.0) prior to
analysis. The top 5000 features (lowest variance) were retained and analyzed. Significant
differences are highlighted in gray. MAC: Metarhizium acridum 7486; +Bean: fungal co-culture
with Phaseolus vulgaris; +Corn: fungal co-culture with Zea mays.
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Table S7-8. Statistical comparisons of 4-day bean co-cultures with different
Metarhizium species.
Metarhizium species comparisons among 4-day bean co-cultures
Destruxin

MB vs.
MAC

MF vs.
MAC

MF vs.
MB

MR vs.
MAC

MR vs.
MB

MR vs.
MF

CHL
CHL-E2
DesmA
DesmB
DesmC
A
A1
A2
A4
B
B1
B2
B2.2
B4
C
C1
C2/F
D
D1
D2
E1
E2
Ed
Ed1
G

1.0000
0.0135
0.6225
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0627
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0063
1.0000
1.0000
0.5918

1.0000
0.2870
0.9997
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0627
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.0200
1.0000
1.0000
0.5918

1.0000
0.0044
0.6667
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.3232
1.0000
1.0000
1.0000

0.0005
0.0135
0.4475
0.0003
0.0000
0.0001
0.0000
0.0001
0.0000
0.0007
0.0000
0.0003
0.0004
0.0000
0.0002
0.0000
0.0001
0.0001
0.0013
0.0000
0.0000
0.0003
0.0001
0.0001
0.5918

0.0005
1.0000
0.9788
0.0003
0.0000
0.0001
0.0000
0.0001
0.0000
0.0007
0.0000
0.0003
0.0002
0.0000
0.0002
0.0000
0.0001
0.0001
0.0013
0.0000
0.0000
0.0036
0.0001
0.0001
1.0000

0.0005
0.0044
0.4848
0.0003
0.0000
0.0001
0.0000
0.0001
0.0000
0.0007
0.0000
0.0003
0.0002
0.0000
0.0002
0.0000
0.0001
0.0001
0.0013
0.0000
0.0000
0.0016
0.0001
0.0001
1.0000

Adjusted P values for Tukey HSD tests (α = 0.05) is shown. Significant differences are highlighted
in gray. Data was normalized using the mTIC method (MS-DIAL) and then transformed and scaled
(MetaboAnalyst), prior to analysis. The top 5000 features (lowest variance) were retained and
analyzed. Bean: Phaseolus vulgaris var. Soldier; MAC: M. acridum 7486; MB: M. brunneum 2974;
MF: M. flavoviride 380189; MR: M. robertsii 2575.
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Table S7-9. Statistical comparisons of 7-day bean co-cultures with different
Metarhizium species.
Metarhizium species comparison among 7-day bean co-cultures
Destruxin
CHL
CHL-E2
DesmA
DesmB
DesmC
A
A1
A2
A4
B
B1
B2
B2.2
B4
C
C1
C2/F
D
D1
D2
E1
E2
Ed
Ed1
G

MB vs.
MAC
0.7699
0.4151
0.9949
0.4306
0.6552
0.2512
1.0000
1.0000
1.0000
0.1987
1.0000
0.4424
0.4147
1.0000
0.2946
1.0000
0.4625
0.3804
1.0000
0.4660
1.0000
0.8339
0.6270
0.7698
1.0000

MF vs.
MAC
0.7699
0.4151
0.4639
0.4306
0.6552
0.5718
1.0000
1.0000
1.0000
0.5641
1.0000
0.4424
0.2651
1.0000
0.5836
1.0000
0.4625
0.6075
1.0000
0.4660
1.0000
0.4083
0.6270
0.7698
1.0000

MF vs.
MB
1.0000
1.0000
0.5687
1.0000
1.0000
0.8149
1.0000
1.0000
1.0000
0.7037
1.0000
1.0000
0.9625
1.0000
0.8760
1.0000
1.0000
0.9488
1.0000
1.0000
1.0000
0.8023
1.0000
1.0000
1.0000

MR vs.
MAC
0.0015
0.0012
0.0056
0.0013
0.0015
0.0005
0.0006
0.0004
0.0026
0.0008
0.0001
0.0012
0.0004
0.0011
0.0002
0.0010
0.0011
0.0008
0.0012
0.0011
0.0002
0.0005
0.0010
0.0012
0.0346

MR vs.
MB
0.0010
0.0007
0.0050
0.0008
0.0010
0.0003
0.0006
0.0004
0.0026
0.0004
0.0001
0.0007
0.0003
0.0011
0.0002
0.0010
0.0007
0.0005
0.0012
0.0007
0.0002
0.0004
0.0007
0.0009
0.0346

MR vs.
MF
0.0010
0.0007
0.0027
0.0008
0.0010
0.0003
0.0006
0.0004
0.0026
0.0005
0.0001
0.0007
0.0002
0.0011
0.0002
0.0010
0.0007
0.0006
0.0012
0.0007
0.0002
0.0003
0.0007
0.0009
0.0346

Adjusted P values for Tukey HSD tests (α = 0.05) is shown. Significant differences are highlighted
in gray. Data was normalized using the mTIC method (MS-DIAL) and then transformed and scaled
(MetaboAnalyst), prior to analysis. The top 5000 features (lowest variance) were retained and
analyzed. Bean: Phaseolus vulgaris var. Soldier; MAC: M. acridum 7486; MB: M. brunneum 2974;
MF: M. flavoviride 380189; MR: M. robertsii 2575.
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Table S7-10. Statistical comparisons of 4-day corn co-cultures with different
Metarhizium species.
Metarhizium species comparison among 4-day corn co-cultures
Destruxin

MB vs.
MAC

MF vs.
MAC

MF vs.
MB

MR vs.
MAC

MR vs.
MB

MR vs.
MF

CHL
CHL-E2
DesmA
DesmB
DesmC
A
A1
A2
A4
B
B1
B2
B2.2
B4
C
C1
C2/F
D
D1
D2
E1
E2
Ed
Ed1
G

0.5427
0.5570
0.0053
0.0149
0.0027
0.0028
0.0142
0.0100
0.0009
0.0237
0.0003
0.0136
0.0172
0.0091
0.0093
0.0112
0.0019
0.0762
0.0315
0.0692
0.1022
0.8778
0.1287
0.0002
0.0611

1.0000
1.0000
1.0000
0.9992
0.8954
0.9999
1.0000
1.0000
1.0000
0.9992
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
1.0000
0.9990
1.0000
1.0000
1.0000
0.7461
1.0000
1.0000
1.0000

0.5243
0.5570
0.0053
0.0138
0.0037
0.0028
0.0142
0.0100
0.0009
0.0218
0.0003
0.0136
0.0169
0.0091
0.0093
0.0112
0.0019
0.0682
0.0315
0.0692
0.1022
0.4036
0.1287
0.0002
0.0611

0.6259
0.6536
0.0002
0.0023
0.0003
0.0002
0.0006
0.0007
0.0000
0.0032
0.0000
0.0021
0.0011
0.0007
0.0011
0.0005
0.0001
0.0377
0.0111
0.0368
0.0005
0.0008
0.0280
0.0001
0.2001

0.9979
0.9969
0.0019
0.0626
0.0072
0.0021
0.0057
0.0100
0.0002
0.0667
0.0006
0.0618
0.0127
0.0122
0.0249
0.0057
0.0019
0.8155
0.4631
0.8521
0.0015
0.0010
0.3599
0.0180
0.5939

0.6063
0.6536
0.0002
0.0022
0.0003
0.0002
0.0006
0.0007
0.0000
0.0030
0.0000
0.0021
0.0011
0.0007
0.0011
0.0005
0.0001
0.0342
0.0111
0.0368
0.0005
0.0006
0.0280
0.0001
0.2001

Adjusted P values for Tukey HSD tests (α = 0.05) is shown. Significant differences are highlighted
in gray. Data was normalized using the mTIC method (MS-DIAL) and then transformed and scaled
(MetaboAnalyst v. 4.0), prior to analysis. The top 5000 features (lowest variance) were retained
and analyzed. Corn: Zea mays var. Sunnyvee; MAC: M. acridum 7486; MB: M. brunneum 2974;
MF: M. flavoviride 380189; MR: M. robertsii 2575.
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Table S7-11.Statistical comparisons of 7-day corn co-cultures with different Metarhizium
species.
Metarhizium species comparison among 7-day corn co-cultures
Destruxin

MB vs.
MAC

MF vs.
MAC

MF vs.
MB

MR vs.
MAC

MR vs.
MB

MR vs.
MF

CHL
CHL-E2
DesmA
DesmB
DesmC
A
A1
A2
A4
B
B1
B2
B2.2
B4
C
C1
C2/F
D
D1
D2
E1
E2
Ed
Ed1
G

0.0011
0.0010
0.0025
0.0027
0.0013
0.0012
0.0000
0.0014
0.0000
0.0022
0.0016
0.0033
0.0048
0.0000
0.0002
0.0000
0.0006
0.0006
0.0000
0.0009
0.0010
0.4905
0.0001
0.0002
0.0003

0.6795
1.0000
0.2811
0.4907
0.5620
0.3532
1.0000
0.3396
1.0000
0.5639
1.0000
0.5627
0.5601
1.0000
0.4790
1.0000
0.5585
0.3368
1.0000
0.4800
1.0000
0.3962
0.2539
0.5634
1.0000

0.0016
0.0010
0.0066
0.0054
0.0022
0.0024
0.0000
0.0031
0.0000
0.0040
0.0016
0.0064
0.0099
0.0000
0.0003
0.0000
0.0010
0.0010
0.0000
0.0014
0.0010
0.9949
0.0001
0.0003
0.0003

0.0316
0.0593
0.0006
0.0016
0.0010
0.0007
0.0000
0.0011
0.0000
0.0010
0.0002
0.0020
0.0032
0.0000
0.0005
0.0000
0.0008
0.0004
0.0000
0.0008
0.0000
0.0024
0.0002
0.0009
0.0010

0.0074
0.0047
0.0387
0.5635
0.8514
0.4252
0.0000
0.8912
0.0001
0.3041
0.0040
0.6134
0.8024
0.0001
0.0869
0.0000
0.7893
0.7448
0.0000
1.0000
0.0002
0.0048
0.0208
0.0232
0.0264

0.0783
0.0593
0.0011
0.0029
0.0016
0.0013
0.0000
0.0023
0.0000
0.0017
0.0002
0.0035
0.0061
0.0000
0.0008
0.0000
0.0013
0.0007
0.0000
0.0014
0.0000
0.0054
0.0003
0.0014
0.0010

Adjusted P values for Tukey HSD tests (α = 0.05) is shown. Significant differences are highlighted
in gray. Data was normalized using the mTIC method (MS-DIAL) and then transformed and scaled
(MetaboAnalyst v. 4.0), prior to analysis. The top 5000 features (lowest variance) were retained
and analyzed. Corn: Zea mays var. Sunnyvee; MAC: M. acridum 7486; MB: M. brunneum 2974;
MF: M. flavoviride 380189; MR: M. robertsii 2575.
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Supplemental Figures

Figure S7-1. PCA of M-100 agar plate cultures of Metarhizium. The total metabolomic
profile obtained from methanol extraction of M-100 agar plate cultures of M. acridum 7486
(MAC), M. brunneum 2974 (MB), M. flavoviride 380189 (MF), and M. robertsii 2575 (MR)
incubated for 4 and 7 days at 25°C in 16hr/8hr light/dark cycle.
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Chapter 8
Concluding Discussion
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The overall hypothesis of this thesis was that Metarhizium root colonization is
contingent upon various biotic and abiotic factors. The symbiosis of Metarhizium with plants
was found to be influenced by the nutrient conditions of the soil, indigenous microbial
communities, and by variations in the secondary metabolite profile of a given Metarhizium
species. Each chapter was presented as a manuscript that discusses the influence of each of the
factors described.
Literature surrounding endophytic, insect pathogenic fungi (EIPF) was reviewed in
chapter 2, with particular attention to the genera Metarhizium and Beauveria. The evolutionary,
proteomic and genetic basis for these lifestyles was examined through the exploration of
adhesion, nutrient exchange with plant hosts, and plant growth promotion. The insect
pathogenic and plant endophytic lifestyles of Metarhizium are linked through the harnessing
of insect-derived nitrogen in exchange for carbohydrates from a plant host (Behie and
Bidochka 2014; Behie et al. 2017). Phylogenetic analyses have shown that insect pathogenicity
was a recent evolutionary divergence and the EIPF Metarhizium and Beauveria are related
most closely to the mutualistic plant endophyte Epichloë festucae (Spatafora et al. 2007; Gao
et al. 2011). It is suggested that plant relationships rather than insect hosts have been the main
driving force in the divergence of the genus Metarhizium (Wyrebek and Bidochka 2013).
Adaptations allowing for insect pathogenicity provide Metarhizium access to a specialized
source of nitrogen, or other nutrients, to effectively barter for simple plant carbohydrates. Such
plant carbohydrates are an easily utilizable form of carbon in comparison to the carbon
naturally present in the soil which is generally bound into complex carbohydrates such as
cellulose and lignin. Environmental conditions, such as nutrient availability in the soil, have
been shown to both positively and negatively influence the exchange of nutrients within
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arbuscular mycorrhizal symbioses (Kiers et al. 2011; Fellbaum et al. 2014; Püschel et al. 2016)
and will need to be evaluated for their influence on EIPF symbioses.
In addition to plant acquisition of nitrogen, Metarhizium and Beauveria have been
shown to increase the growth and productivity of plants (Behie and Bidochka 2014). The
numerous benefits conferred to host plants vary by plant and fungal species, but include
increased biomass of corn and tomato (Elena et al. 2011; Liao et al. 2014), increased yield of
corn (Kabaluk and Ericsson 2007), stimulation of plant defense responses (Ownley et al.
2008), increased tolerance of soybean to salt stress (Khan et al. 2012), and antagonism of plant
pathogens, such as Fusarium solani (Sasan and Bidochka 2013). However, laboratory trials
often fail to translate to successful application under environmental settings. For example,
Metarhizium brunneum was capable of killing infected wireworms under sterile laboratory
conditions; however, in the field, M. brunneum was suppressed by symbiotic bacteria and
rendered ineffective (Kabaluk, Li-Leger and Nam 2017). In addition, the level of endophytic
colonization of Metarhizium anisopliae and Beauveria bassiana was unpredictable and highly
variable in non-sterilized soil indicating an influence from the microbial community (Parsa et
al. 2018). The success of EIPF agricultural amendments is constrained by a lack of
understanding of the complex interactions within the existing microbiome of crops.
Fungal endophytes and other root colonizers are able to communicate with the plant
via secondary metabolites (SMs) to signal that they are not pathogens. The arbuscular
mycorrhizal fungus, Glomus intraradices releases a diffusible factor (myc factor) that primes
the plant for root colonization and resembles Nod factors found in rhizobia (Maillet et al.
2011). Myc factors have been shown to prepare the root for fungal colonization by inducing
transcriptional (symbiotic signaling pathway) and morphological changes (e.g., increased root
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hair growth) that increase contact between plant roots and hyphae (Kosuta et al. 2003; Oldroyd,
Harrison and Paszkowski 2009). Metarhizium root colonization causes extensive root hair
priming (Sasan and Bidochka 2012), suggesting that Metarhizium releases a myc-like factor
prior to root colonization. Genomic data of Metarhizium and Beauveria showed that these EIPF
are rich in SM gene clusters (Gibson et al. 2014). Both pharmaceutically active and insecticidal
SMs are reported for Metarhizium and include compounds such as destruxins, fusarin-like
compounds (NG39x), cytochalasin, and swainsonine (Gibson et al. 2014). Several EIPF have
been identified in the biotransformation of various chemical substrates (Grogan and Holland
2000), and genetic analysis shows the potential of these organisms to be exploited for
biotransformation as biocatalysts, and for bioremediation and drug discovery (Gibson et al.
2014). There are also examples of endophytes capable of synthesizing pharmaceutically active
metabolites when associated with plant, such as the anticancer drug Taxol (Garyali, Kumar
and Reddy 2013). This highlights the need for research in EIPF to focus more on metabolite
production during plant colonization as the specific interaction between fungus and plant may
yield commercially relevant bioactive metabolites.
Chapter 3 compared two methods for quantifying M. robertsii colonization of haricot
bean root tissue over the course of 14 days. A real-time quantitative assay for determining the
level of colonization was described and compared to the standard plate technique to determine
colony forming units (CFU). The DNA extraction method was modified to accommodate the
entire root system so that both assays could utilize the same sample. Typically, molecular
methods remove small portions of the roots for DNA extraction using silica membrane
technology, however this approach is limited by the amount of starting material. The ability to
extract the entire root system circumvented this limitation and ensured that fungal colonization

226

was not overlooked. The growth of Metarhizium was observed via confocal microscopy to be
extensive during initial colonization of bean roots (day 3), decreased over the course of ten
days, and then began to increase again at day 14. Colonization quantified by the qPCR assay
was determined to occur in a similarly undulating pattern over the course of 60 days on the
rhizoplane. The same pattern of growth was obtained with the CFU assay, however the
occurrence of bacterial contamination resulted in the loss of many samples, including all from
60 dpi. Low-level endophytic colonization at day 60 was observed with confocal microscopy
and was confirmed using the molecular assay. Attempts to detect endophytic colonization prior
to 60 dpi were unsuccessful and indicated that M. robertsii endophytic colonization was
transient, as observed with M. brunneum colonization of melon plants (Garrido-Jurado et al.
2017) and potato (Ríos-Moreno et al. 2016b). The reliability and specificity demonstrated by
the qPCR assay in the presence of non-target DNA warranted its use over the standard plate
count method in subsequent experiments.
Chapter 4 determined that carbon and nitrogen availability in the soil have an impact
on the level of M. robertsii root colonization of haricot bean and the transfer of insect-derived
nitrogen within this symbiosis. This form of nitrogen acquisition from EIPF, such as
Metarhizium, is hypothesized to be an important method by which plants (re)acquire nitrogen
– typically a limited resource for plants (Behie, Zelisko and Bidochka 2012). As colonization
is required for the receipt of benefits by the plant, it was imperative to determine how bean
root colonization by Metarhizium was affected by soil nutrient supplementation. Utilizing the
qPCR assay described in chapter 3, it was found that the level of Metarhizium colonization
was reduced early in the association when nitrogen was supplied but was not significantly
different at later timepoints (21 and 28 dpi; Figure 4-3). As colonization was achieved under
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all conditions and at all timepoints, the transfer of insect-derived nitrogen was not correlated
with colonization which occurred only under nutrient-poor conditions.
The application of exogenous carbon or nitrogen to the soil significantly reduced the
translocation of insect-derived nitrogen into the leaves of bean plants (Figure 4-4). This finding
may indicate an upset to the symbiosis and may have implications in the utility of Metarhizium
in agricultural practices that use fertilizers. Under nitrogen-rich conditions, the plant would
likely reduce its transfer of carbohydrates to the symbiont due to the requirement of reciprocal
exchange that characterizes other plant-fungal symbioses (Kiers et al. 2011; Fellbaum et al.
2014). Similarly, carbon supplementation suppressed the transfer of traceable nitrogen to bean.
This supports previous evidence that reciprocal exchange between symbiotic partners is
bidirectionally controlled. For instance, the development of an arbuscular mycorrhizal
association between Rhizophagus intraradices and Daucus carota was inhibited under
conditions where nitrogen was directly available to the plant (Rasmussen et al. 2007).
Additionally, when the mycelium of R. intraradices was directly supplied with carbon,
nitrogen was not transferred to Daucus carota (Fellbaum et al. 2012). The exchange of
nutrients between Metarhizium and bean appears to be maintained by reciprocity and an
unbalance in the needs of either partner; when soil conditions favour one symbiont over the
other, the exchange is disrupted. Further supporting this theory was the observation of low
levels of traceable nitrogen transferred to bean plants when both carbon and nitrogen were
added to the soil (Figure 4-4).
The capability of Metarhizium, as well as other EIPF, to furnish plants with organicallyderived nitrogen could allow a reduction in the use of artificial fertilizers and improve the
sustainability of agricultural practices. Future investigation into the variability in nitrogen
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transfer within this symbiosis, both in laboratory and field conditions, is needed. Different
genera and species of EIPF have displayed a capability to transfer nitrogen, however the
efficacy of doing so varied among them (Behie and Bidochka 2014). Fertilizer regimens and
common agricultural practices will further confound this phenomenon and must be evaluated
to gain an accurate understanding of the utility of these biological control agents (BCA) in the
field.
Benefits conferred to plants through colonization of EIPF extend beyond nitrogen
acquisition and include growth promotion (Dutta et al. 2015; Tall and Meyling 2018), stress
tolerance (Khan et al. 2012), and antagonism of plant pathogens (Sasan and Bidochka 2013;
Barra-Bucarei et al. 2020). In addition to being species-specific, they are also influenced by
nutrient availability. For example, B. bassiana plant growth promotion of maize was observed
only under high nutrient availability (Tall and Meyling 2018), yet M. anisopliae enhanced
growth of Lycopersicom esculentum in nutrient poor conditions (Dutta et al. 2015). Nutrient
availability may influence the symbiosis between EIPF and plants at the fundamental level of
how the fungus is perceived by the plant and may dictate where on the spectrum of activity
(from plant pathogen to beneficial symbiont) the fungal partner falls. The presence of
Metarhizium colonization in the absence of nitrogen transfer may indicate that there exist
additional benefits unaccounted for in previous experimentations. In contrast, this may reflect
a general strategy to maintain the relationship in anticipation of changing nutrient conditions
(Fellbaum et al. 2014).
The identification and investigation of specific genes responsible for nutrient exchange
within this symbiosis would facilitate identification of potential targets for genetic
modification, in addition to broadening our understanding of the biology of EIPF. For example,
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the expression of the Metarhizium gene nrr1 was found to be upregulated under all conditions
during root colonization compared to during growth in pure culture, similar to mrt (Figure 4-5).
As mrt has been shown to be required for rhizosphere competency, further explanation of the
influence of nrr1 on plant colonization should be investigated. The focus of genetic
modification of EIPF has historically been on increasing insect virulence, yet their efficacy in
the field is still suboptimal. The persistence of BCAs in the environment directly influences
the probability of contacting an insect host. The persistence of EIPF in the absence of an insect
host is maintained through the association with plant roots. Thus, the extent to which these
fungi can benefit plants and exert control over pest populations ultimately requires
understanding the mechanisms of plant association and tailoring of BCAs towards specific
crop species, in addition to insect hosts.
Chapter 5 was a study of the rhizosphere microbiome of haricot bean. The changes to
the microbiome that occurred during growth of bean plants in field-collected soil after
treatment with M. robertsii, both in the presence and absence of an insect host, were examined.
The diversity of the bacterial and fungal communities was not significantly altered with the
addition of M. robertsii and may be due to the presence of naturally-occurring Metarhizium
species. The presence of insect larvae (without fungal inoculation) reduced the diversity of
fungi in root tissue. Additionally, the diversity of fungi in rhizospheric soil was reduced in
comparison to bulk soil. This indicates selective recruitment by the plant; plants shift the
structure of the microbial community in their rhizosphere towards their current needs by means
of root exudate (Broeckling et al. 2008; Huang et al. 2014; Keller and Lau 2018). For example,
it was found that changes in the root exudate of Arabidopsis from a carbohydrate majority to
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more phenolics caused recruitment of PGPMs, nitrogen-fixing bacteria, and metal-remediating
bacteria (Badri et al. 2009).
Metarhizium amendment resulted in an increase in the relative abundance of several
PGPMs. Bacterial taxa identified in the rhizosphere microbiome of haricot bean included
Bradyrhizobium, capable of nitrogen fixation (Gano-Cohen et al. 2016) and Flavobacterium,
found to produce extracellular macromolecular degrading enzymes that facilitate organic
matter turnover and compounds antagonistic towards plant pathogens, such as Phytophthora
capsici (Sang, Chun and Kim 2008). Fungal genera that increased following Metarhizium
amendment included Spizellomyces, whose members are known parasites of nematodes and
oospores of plant pathogens (Kenneth, Cohn and Shahor 1975). There was an interaction
between M. robertsii and Galleria mellonella that differentially affected the microbial
community in comparison to either one alone. Specifically, Chaetomium and Trichoderma
were significantly increased; members of these fungal genera have been found to promote plant
growth and productivity in several ways (Cullen, Berbee and Andrews 1984; Abou Alhamed
and Shebany 2012; Zhang et al. 2017). A major limitation of microbiome studies, including
the one described here, is the reliance on genetic targets such as 16s rRNA gene and ITS2,
which have expansive databases for sequence similarity searches but possess limited
taxonomic resolution (Golob et al. 2017). Even if species-level identification is achieved, there
still remains the existence of intraspecies variation that is discernable only by identification of
the specific strain (Marx 2016). It is with this understanding that the explanation for the role
of each of the taxa described are taken to be hypotheses based upon the referenced information
but whose true functionality remains to be proven.
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Fusarium oxysporum and F. solani are common plant pathogens (Roy 1997; Monteiro
et al. 2010; Gordon 2017), and were detected in a relatively high abundance in bean roots under
all treatment conditions. As all bean plants were without signs of disease, it was initially
hypothesized that the microbiome was suppressing the action of these species. However, as
stated prior, the possibility remained that these strains could be non-pathogenic. In order to
determine the ability of the microbiome and/or M. robertsii to suppress disease, the
microbiome was challenged with the specific bean root rot pathogen, Fusarium solani f. sp.
phaseoli. The appearance of necrotic lesions and hypocotyl browning occurred only in beans
grown in autoclaved soil and treated with F. solani f. sp. phaseoli. Plants grown in microbiome
soil, or in autoclaved soil treated with M. robertsii, were not significantly different from
uninoculated plants. General disease suppression by the total microbial community can occur
by prevention or suppression of the ability of pathogens to grow to sufficient numbers to infect
their host (Berendsen, Pieterse and Bakker 2012). This phenomenon can also occur due to the
specific action arising from a certain organism. M. robertsii has been shown to antagonize F.
solani f. sp. phaseoli in plate culture, in planta, and by cell-free culture extracts (Sasan and
Bidochka 2013). The ability of M. robertsii to significantly reduce the development of disease
symptoms in autoclaved soil supports previous reports of this activity (Sasan and Bidochka
2013), and the detection of native Metarhizium species in all samples indicates that
Metarhizium may play an important role with respect to disease suppression in this system.
Future studies should combine metagenomic sequencing with functional analyses to
determine not only the structure of the microbiome, but how this relates to the observed
phenotype. In order to identify significantly contributing individuals, strain-level identification
is necessary. The software tools CONCOCT and DESMAN (De novo Extraction of Strains
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from Metagenomes) attempt to identify organisms to strain-level from shotgun metagenomic
data (Marx 2016). In addition, RNA sequencing may be an advantageous strategy, as
transcriptional profiles can provide an understanding of which genes are expressed by
organisms in the rhizosphere; this may provide hints as to the function of such organisms in
the system. Community profiling that follows the example of this study should determine the
effect of Metarhizium species on the microbiome of other important crop species to determine
if the trend of increased PGPMs is a common occurrence.
Chapter 6 outlined a pipeline for the analysis of secondary metabolites from biological
samples using open-access metabolomic tools. This communication described a recommended
pathway to follow in data processing and identification of metabolites analyzed by liquidchromatography-tandem mass spectrometry (LC-MS2) that is applicable to users of all skill
levels. The process of working with the recommended software is demonstrated using data
collected from co-cultures of Metarhizium robertsii and Fusarium solani f. sp. phaseoli.
The way in which samples are prepared, cultured, extracted, and processed via LC-MS2
all have an impact on the resulting metabolites detected, but is not discussed in this chapter.
Once the raw data was obtained, it was converted for upload to MS-DIAL (ABF format) and
MZmine2 (MZXML format). Both programs were initially used to compare their functionality
and to verify results but ultimately MS-DIAL was chosen for complete preprocessing of the
metabolite dataset. The batch processing time was much faster with MS-DIAL, taking
approximately 40-60 minutes to complete the analysis on 20-26 files, whereas MZmine2
required 3+ hours and in some cases had to be left overnight to run. However, MS-DIAL is
limited to running in batch mode (all steps are successively linked) which did incur more time
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lost when optimizing the parameters, as the entire set of steps had to be run together even if
only one parameter required adjustment.
The analysis was untargeted, meaning that the approach attempted to obtain the
broadest range of metabolites possible. In comparison, targeted metabolomics aims to analyze
a specific set or limited number of metabolites, typically by extraction procedures that select
for these compounds from the biological matrix. The great value to untargeted metabolomics
is the ability to revisit the data to mine for compounds of interest at a later date. However, the
major drawback is the hundreds to thousands of variables that are obtained that include not
only biologically relevant compounds but also contaminants and aberrant signals from machine
noise (Lamichhane et al. 2018). This is why preprocessing of the data is imperative prior to
identification, quantification, and statistical analysis. The basic steps performed by all software
(MS-DIAL, MZmine2 etc.) include: (1) MS peak detection above a baseline (noise) threshold,
(2) creation of an extracted ion chromatogram (EIC) for the detected MS peaks, (3)
deconvolution of multiple peaks (similar m/z) from the same EIC, (4) isotope grouping, (5)
alignment of individual EICs (i.e. features), (6) adduct identification, and (7) optional gapfilling of features that were excluded based on the previous criteria. There have been some
evaluations of the different peak picking algorithms of the various programs (Samra 2015) but
they are all modified so frequently (even monthly in the case of MS-DIAL) that users are
recommended to review the latest publications regarding these changes to determine which
program will best suit their needs. The advanced versions often contain the latest algorithms
and incorporate user-requested features.
MS-DIAL had the additional capability to identify compounds by comparing the MS2
of features to a database file that contained all publicly available MS2 spectra. This function
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was used in conjunction with the feature-based molecular network (FBMN) created through
GNPS (global natural products social molecular networking) in order to identify destruxins
based upon similarity of MS2 spectra. GNPS uses the dereplicator tool (Mohimani et al. 2017)
to annotate known peptidic natural products in MS2 data; this tool is supported by an expansive
user-curated database (Wang et al. 2016). The MS2 visualizer of MZmine2 was found to be
superior to that of MS-DIAL as it was much more interactive and functional. This was a
fundamental part of being able to manually curate the MS2 spectra of destruxin analogues (refer
to Arroyo-Manzanares et al. 2017) that were found through the FBMN but were not annotated
due to lack of comparable spectra in the database. The interface of MZmine2 allowed
verification of the spectra and its curation and subsequent upload directly to the GNPS
database. The MS2 spectra were exported (MSP format) and combined with the database file
for detection using MS-DIAL.
Both MS-DIAL and MZmine2 are able to create PCA plots, however for more
comprehensive statistical analyses, MetaboAnalyst (v. 4.0) (Chong, Wishart and Xia 2019)
was found to be an exceptional resource. MetaboAnalyst allows users to perform a wide array
of normalization techniques and statistics, as well as create and customize of numerous figures
(e.g. heatmaps, PCAs), all with the security of built-in safeguards against using the incorrect
tools and without requiring knowledge of computer coding. Exportation of files from MSDIAL in the correct format for MetaboAnalyst is not currently available (as it is in MZmine2)
but will likely be released in upcoming versions.
It would be immensely advantageous if MS-DIAL and GNPS were bidirectionally
compatible. Currently, GNPS-compatible files are able to be exported from MS-DIAL for use
in creating the network and identifying compounds using the public database. However, the
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processing of these files does not retain the identifications from MS-DIAL and GNPS gives
unique identifiers to each spectrum that do not have a counterpart in the MS-DIAL program.
This results in the user having to manually find individual matches (using m/z and RT) and
input the identification into MS-DIAL in order to validate the assignments (e.g. gap-filling
accuracy). It would greatly expedite manual curation of results if GNPS and MS-DIAL would
coordinate to develop a file that could be exported from a completed GNPS run that contains
the newly identified compounds, and which could be uploaded back into MS-DIAL. A user
with greater knowledge of computer programing could develop a code that consolidates the
identified compounds from these programs into a single document based upon the RT and m/z
values, as these values are unique to each feature.
Chapter 7 examined the metabolomic profiles of four species of Metarhizium (M.
acridum, M. brunneum, M. flavoviride, M. robertsii) during plate co-culture (M-100 agar) with
two plant hosts, haricot bean and corn, for 4 and 7 days. Analysis of the metabolite profiles
was performed using the pipeline described in Chapter 6. A group of insecticidal compounds,
destruxins (DTXs), was the main focus as their role in the endophytic lifestyle of Metarhizium
is not well understood. Golo et al. (2014) were the first to describe DTX production (A, B, and
E) in endophytically colonized cow pea and cucumber. Since then, a few studies have
identified some of these major destruxins in potato (Carpio et al. 2016), tomato (Ríos-Moreno
et al. 2016b), and melon (Garrido-Jurado et al. 2017). This study utilized an untargeted
metabolomic approach to generate a comprehensive overview of DTX synthesis using highresolution mass spectrometry (HRMS). This approach was capable of detecting 23 out of a
known 40 DTX analogues, without the need for selective extraction, and thus the dataset
remains available for mining of other compounds of interest in the future. The DTXs were
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identified using the strategy of Arroyo-Manzanares et al. (2017) and the compiled fragment
ion list. The DTXs detected include: A, B, C, D, Ed, G, A1, B1, C1, D1, E1, Ed1, A2, B2, D2, E2,
A4, B4, DesmA, DesmB, DesmC, CHL, and CHL-E2. DTXs C and F co-eluted and resulted in
a mixed MS2 spectrum. Additionally, there were two potential isomers of DTX B2 that were
detected (RT = 7.08 and 7.21).
Metarhizium robertsii 2575 was the most prolific producer of DTXs out of the four
strains tested, with all identified analogues having been isolated from this strain (Figure 4).
This was in agreement with reports of M. robertsii 2575 producing relatively high levels of
DTXs in shaken broth culture, compared to other species (Moon et al. 2008). The pattern of
DTX production was highly variable between fungal strains and between different plant
cultures colonized by the same fungal strain. M. brunneum 2974 produced minimal DTXs in
pure culture and during co-culture with bean, however numerous DTXs were detected during
growth with corn. M. flavoviride 380189 synthesized very few DTXs in any culture after 4
days, yet after 7 days nearly all DTXs were produced. M. acridum 7486 was a relatively low
DTX producer which was in agreement with previous reports for other strains of this species
(Kershaw et al. 1999). In comparison to M. brunneum and M. flavoviride which produced more
DTXs during corn co-culture, there appeared to be an overall trend of more DTXs produced
by M. acridum during 7-day co-culture with bean.
In addition to the variability in DTX production by Metarhizium due to differences in
culture media (Wang, Skrobek and Butt 2004; Carpio et al. 2016), incubation time (Hu et al.
2006), and species (Moon et al. 2008), there also exists intraspecific variation (Amiri-Besheli
et al. 2000). For instance, M. acridum 7486 produced numerous DTX in this study similar to
M. acridum 324 (Kershaw et al. 1999); however, cultures of M. acridum CQMa 102 lacked

237

any detectable DTXs due to the absence of gene dtxS1, which is responsible for synthesizing
DTX B (precursor to C, D, A, E, Ed; Wang et al. 2012).
This intraspecific variation in DTX synthesis makes comparisons across the literature
difficult as results must be interpreted with caution and with regard to specific strains.
However, further research into the production of fungal metabolites (i.e. DTXs) during plant
colonization by strains with potential for commercial use is crucial. Research must thoroughly
investigate the chemical potential of these organisms with various plant hosts to gain an
appreciation of the extent to which Metarhizium will produce these compounds. The study of
Metarhizium has historically been one-sided, with the focus of investigations being on insect
virulence and how genetic modification can create more efficient biopesticides. The true
potential of EIPF as agricultural amendments has yet to be realized. Strains of Metarhizium
selected for agricultural applications should not only be directed towards certain insect hosts
but should also be tailored for specific plants in order to maximize the benefits of this EIPF as
an agricultural amendment, capable of promoting plant growth and productivity. This research
will not only provide a fundamental understanding of the ecophysiological role of EIPF within
the environment but will ultimately determine their safety with regard to use on crops fit for
human consumption.

238

Bibliography
Abou Alhamed MF, Shebany YM. Endophytic Chaetomium globosum enhances maize
seedling copper stress tolerance. Plant Biol 2012;14:859–63.
Alberti F, Foster GD, Bailey AM. Natural products from filamentous fungi and production by
heterologous expression. Appl Microbiol Biotechnol 2017;101:493–500.
Alkan N, Gadkar V, Coburn J et al. Quantification of the arbuscular mycorrhizal fungus
Glomus intraradices in host tissue using real-time polymerase chain reaction. New Phytol
2004;161:877–85.
Amiri-Besheli B, Khambay B, Cameron S et al. Inter- and intra-specific variation in destruxin
production by insect pathogenic Metarhizium spp., and its significance to pathogenesis.
Mycol Res 2000;104:447–52.
Amiri B, Ibrahim L, Butt TM. Antifeedant properties of destruxins and their potential use with
the entomogenous fungus Metarhizium anisopliae for improved control of crucifer pests.
Biocontrol Sci Technol 1999;9:487–98.
Arroyo-Manzanares N, Diana Di Mavungu J, Garrido-Jurado I et al. Analytical strategy for
determination of known and unknown destruxins using hybrid quadrupole-Orbitrap highresolution mass spectrometry. Anal Bioanal Chem 2017;409:3347–57.
Badri D, Quintana N, El Kassis EG et al. An ABC transporter mutation alters root exudation
of phytochemicals that provoke an overhaul of natural soil microbiota. Plant Physiol
2009;151:2006–17.
Bagga S, Hu G, Screen SE et al. Reconstructing the diversification of subtilisins in the
pathogenic fungus Metarhizium anisopliae. Gene 2004;324:159–69.
Barelli L, Behie SW, Bidochka MJ. Availability of carbon and nitrogen in soil affects
Metarhizium robertsii root colonization and transfer of insect-derived nitrogen. FEMS
Microbiol Ecol 2019;95:fiz144.
Barelli L, Moonjely S, Behie SW et al. Fungi with multifunctional lifestyles: endophytic insect
pathogenic fungi. Plant Mol Biol 2016;90:657–64.
Barelli L, Moreira CC, Bidochka MJ. Initial stages of endophytic colonization by Metarhizium
involves rhizoplane colonization. Microbiology 2018;164:1531–40.
Barelli L, Waller AS, Behie SW et al. Plant microbiome analysis after Metarhizium
amendment reveals increases in abundance of plant growth-promoting organisms and
maintenance of disease-suppressive soil. PLoS One 2020;15:e0231150.
Barra-Bucarei L, Iglesias AF, González MG et al. Antifungal activity of Beauveria bassiana
endophyte against Botrytis cinerea in two Solanaceae crops. Microorganisms 2020;8:1–
15.
Behie SW, Bidochka MJ. Ubiquity of insect-derived nitrogen transfer to plants by endophytic

239

insect-pathogenic fungi: An additional branch of the soil nitrogen cycle. Appl Environ
Microbiol 2014;80:1553–60.
Behie SW, Jones SJ, Bidochka MJ. Plant tissue localization of the endophytic insect
pathogenic fungi Metarhizium and Beauveria. Fungal Ecol 2015;13:112–9.
Behie SW, Moreira CC, Sementchoukova I et al. Carbon translocation from a plant to an
insect-pathogenic endophytic fungus. Nat Commun 2017;8:14245.
Behie SW, Padilla-Guerrero IE, Bidochka MJ. Nutrient transfer to plants by phylogenetically
diverse fungi suggests convergent evolutionary strategies in rhizospheric symbionts.
Commun Integr Biol 2013;6:6–9.
Behie SW, Zelisko PM, Bidochka MJ. Endophytic insect-parasitic fungi translocate nitrogen
directly from insects to plants. Science (80- ) 2012;336:1576–7.
Bell AS, Blanford S, Jenkins N et al. Real-time quantitative PCR for analysis of candidate
fungal biopesticides against malaria: Technique validation and first applications. J
Invertebr Pathol 2009;100:160–8.
Berendsen RL, Pieterse CMJ, Bakker PAHM. The rhizosphere microbiome and plant health.
Trends Plant Sci 2012;17:478–86.
Bernardet J-F, Nakagawa Y. An introduction to the Family Flavobacteriaceae. The
Prokaryotes: Volume 7: Proteobacteria: Delta, Epsilon Subclass. 2006, 455–80.
Bing LA, Lewis LC. Suppression of Ostrinia nubilalis (Hübner) (Lepidoptera: Pyralidae) by
endophytic Beauveria bassiana (Balsamo) Vuillemin. Environ Entomol 1991;20:1207–
11.
Blanford S, Chan BHK, Jenkins N et al. Fungal pathogen reduces potential for malaria
transmission. Science (80- ) 2005;308:1638–41.
Bonfante P, Genre A. Mechanisms underlying beneficial plant-fungus interactions in
mycorrhizal symbiosis. Nat Commun 2010;1:1–11.
Bordallo JJ, Lopez-Llorca L V., Jansson HB et al. Colonization of plant roots by egg-parasitic
and nematode-trapping fungi. New Phytol 2002;154:491–9.
Brakhage AA, Schroeckh V. Fungal secondary metabolites - Strategies to activate silent gene
clusters. Fungal Genet Biol 2011;48:15–22.
Brant AN, Chen HYH. Patterns and mechanisms of nutrient resorption in plants. CRC Crit Rev
Plant Sci 2015;34:471–86.
Broeckling CD, Broz AK, Bergelson J et al. Root exudates regulate soil fungal community
composition and diversity. Appl Environ Microbiol 2008;74:738–44.
Brown ME. Plant growth substances produced by micro‐organisms of soil and rhizosphere. J
Appl Bacteriol 1972;35:443–51.

240

Brundrett M. Understanding the roles of multifunctional mycorrhizal and endophytic fungi.
Microb Root Endophytes 2006;9:387.
Brunner I, Scheidegger C. Effects of high-nitrogen concentrations on ectomycorrhizal
structure and growth of seedlings of Picea abies (L.) Karst. New Phytol 1995;129:83–95.
Buchwaldt L, Green H. Phytotoxicity of destruxin B and its possible role in the pathogenesis
of Alternaria brassicae. Plant Pathol 1992;41:55–63.
Burgdorf RJ, Laing MD, Morris CD et al. A procedure to evaluate the efficiency of surface
sterilization methods in culture-independent fungal endophyte studies. Brazilian J
Microbiol 2014;45:977–83.
Canarini A, Kaiser C, Merchant A et al. Root exudation of primary metabolites: Mechanisms
and their roles in plant responses to environmental stimuli. Front Plant Sci 2019;10:1–
19.
Carollo CA, Calil ALA, Schiave LA et al. Fungal tyrosine betaine, a novel secondary
metabolite from conidia of entomopathogenic Metarhizium spp. fungi. Fungal Biol
2010;114:473–80.
Carpio A, Arroyo-Manzanares N, Ríos-Moreno A et al. Development of a QuEChERS-based
extraction method for the determination of destruxins in potato plants by UHPLCMS/MS. Talanta 2016;146:815–22.
Castrillo LA, Griggs MH, Ranger CM et al. Virulence of commercial strains of Beauveria
bassiana and Metarhizium brunneum (Ascomycota: Hypocreales) against adult
Xylosandrus germanus (Coleoptera: Curculionidae) and impact on brood. Biol Control
2011;58:121–6.
Chaintreuil C, Giraud E, Prin Y et al. Photosynthetic Bradyrhizobia are natural endophytes of
the African wild rice Oryza breviligulata. Appl Environ Microbiol 2000;66:5437–47.
Chandler D. Selection of an isolate of the insect pathogenic fungus Metarhizium anisopliae
virulent to the lettuce root aphid, Pemphigus bursarius. Biocontrol Sci Technol
1997;7:95–104.
Chen HC, Chou CK, Sun CM et al. Suppressive effects of destruxin B on hepatitis B virus
surface antigen gene expression in human hepatoma cells. Antiviral Res 1997;34:137–44.
Chong J, Wishart DS, Xia J. Using MetaboAnalyst 4.0 for comprehensive and integrative
metabolomics data analysis. Curr Protoc Bioinforma 2019;68:e86.
Clark RB, Zeto SK. Mineral acquisition by arbuscular mycorrhizal plants. J Plant Nutr
2000;23:867–902.
Cullen D, Berbee FM, Andrews JH. Chaetomium globosum antagonizes the apple scab
pathogen, Venturia inaequalis, under field conditions. Can J Bot 1984;62:1814–8.
Dangl JL, Jones JDG. Plant pathogens and integrated defence responses to infection. Nature

241

2001;411:826.
Deising HB, Werner S, Wernitz M. The role of fungal appressoria in plant infection. Microbes
Infect 2000;2:1631–41.
DeSantis TZ, Hugenholtz P, Larsen N et al. Greengenes, a chimera-checked 16S rRNA gene
database and workbench compatible with ARB. Appl Environ Microbiol 2006;72:5069–
72.
Dighton J, White JF eds. The Fungal Community: Its Organization and Role in the Ecosystem.
Fourth. CRC Press, 2017.
Dobbelaere S, Croonenborghs A, Thys A et al. Phytostimulatory effect of Azospirillum
brasilense wild type and mutant strains altered in IAA production on wheat. Plant Soil
1999;6:155–64.
Donzelli BGG, Krasnoff SB, Moon Y-S et al. Genetic basis of destruxin production in the
entomopathogen Metarhizium robertsii. Curr Genet 2012;58:105–16.
Druzhinina IS, Seidl-Seiboth V, Herrera-Estrella A et al. Trichoderma: The genomics of
opportunistic success. Nat Rev Microbiol 2011;9:749–59.
Dutta P, Kaushik H, Bhawmick P et al. Metarhizium anisopliae as endophyte has the ability
of plant growth enhancement. Int J Curr Res 2015;7:14300–4.
Ekblad A, Wallander H, Godbold DL et al. The production and turnover of extramatrical
mycelium of ectomycorrhizal fungi in forest soils: Role in carbon cycling. Plant Soil
2013;366:1–27.
Elad Y, Chet I, Henis Y. Degradation of plant pathogenic fungi by Trichoderma harzianum.
Can J Microbiol 1982;28:719–25.
Elena GJ, Beatriz PJ, Alejandro P et al. Metarhizium anisopliae (Metschnikoff) Sorokin
promotes growth and has endophytic activity in tomato plants. Adv Biol Res 2011;5:22–
7.
Entz SC, Johnson DL, Kawchuk LM. Development of a PCR-based diagnostic assay for the
specific detection of the entomopathogenic fungus Metarhizium anisopliae var. acridum.
Mycol Res 2005;109:1302–12.
Fageria NK, Moreira A. The role of mineral nutrition on root growth of crop plants. Advances
in Agronomy. Vol. 110. Academic Press, 2011, 251–331.
Fang W, Bidochka MJ. Expression of genes involved in germination, conidiogenesis and
pathogenesis in Metarhizium anisopliae using quantitative real-time RT-PCR. Mycol Res
2006;110:1165–71.
Fang W, St. Leger RJ. Mrt, a gene unique to fungi, encodes an oligosaccharide transporter and
facilitates rhizosphere competency in Metarhizium robertsii. Plant Physiol
2010;154:1549–57.

242

Fang W, Pava-ripoll M, Wang S et al. Protein kinase A regulates production of virulence
determinants by the entomopathogenic fungus, Metarhizium anisopliae. Fungal Genet
Biol 2009;46:277–85.
Fang W, Pei Y, Bidochka MJ. A regulator of a G protein signalling (RGS) gene, cag8, from
the insect-pathogenic fungus Metarhizium anisopliae is involved in conidiation virulence
and hydrophobin synthesis. Microbiology 2007;153:1017–25.
Faria MR d., Wraight SP. Mycoinsecticides and Mycoacaricides: A comprehensive list with
worldwide coverage and international classification of formulation types. Biol Control
2007;43:237–56.
Fellbaum CR, Gachomo EW, Beesetty Y et al. Carbon availability triggers fungal nitrogen
uptake and transport in arbuscular mycorrhizal symbiosis. Proc Natl Acad Sci
2012;109:2666–71.
Fellbaum CR, Mensah JA, Cloos AJ et al. Fungal nutrient allocation in common mycorrhizal
networks is regulated by the carbon source strength of individual host plants. New Phytol
2014;203:646–56.
Feng Z, Rütting T, Pleijel H et al. Constraints to nitrogen acquisition of terrestrial plants under
elevated CO2. Glob Chang Biol 2015;21:3152–68.
Fernandes AD, Reid JNS, Macklaim JM et al. Unifying the analysis of high-throughput
sequencing datasets: Characterizing RNA-seq, 16S rRNA gene sequencing and selective
growth experiments by compositional data analysis. Microbiome 2014;2:1–13.
Fernandes ÉKK, Keyser CA, Rangel DEN et al. CTC medium: A novel dodine-free selective
medium for isolating entomopathogenic fungi, especially Metarhizium acridum, from
soil. Biol Control 2010;54:197–205.
Fiehn O. Metabolomics by gas chromatography-mass spectrometry: Combined targeted and
untargeted profiling. Curr Protoc Mol Biol 2016;114:30.4.1-30.4.32.
Filion M, St-Arnaud M, Jabaji-Hare SH. Quantification of Fusarium solani f. sp. phaseoli in
mycorrhizal bean plants and surrounding mycorrhizosphere soil using real-time
polymerase chain reaction and direct isolations on selective media. Phytopathology
2003;93:229–35.
Fox EM, Howlett BJ. Secondary metabolism: regulation and role in fungal biology. Curr Opin
Microbiol 2008;11:481–7.
Freimoser FM, Screen S, Bagga S et al. Expressed sequence tag (EST) analysis of two
subspecies of Metarhizium anisopliae reveals a plethora of secreted proteins with
potential activity in insect hosts. Microbiology 2003;149:239–47.
Gange AC, Ayres RL. On the relation between arbuscular mycorrhizal colonization and plant
“benefit". Oikos 1999;87:615–21.
Gano-Cohen KA, Stokes PJ, Blanton MA et al. Nonnodulating Bradyrhizobium spp. modulate

243

the benefits of legume-Rhizobium mutualism. Appl Environ Microbiol 2016;82:5259–68.
Gao Q, Jin K, Ying SH et al. Genome sequencing and comparative transcriptomics of the
model entomopathogenic fungi Metarhizium anisopliae and M. acridum. PLoS Genet
2011;7:e1001264.
Garcia K, Delaux PM, Cope KR et al. Molecular signals required for the establishment and
maintenance of ectomycorrhizal symbioses. New Phytol 2015;208:79–87.
Garrido-Jurado I, Resquín-Romero G, Amarilla SP et al. Transient endophytic colonization of
melon plants by entomopathogenic fungi after foliar application for the control of Bemisia
tabaci Gennadius (Hemiptera: Aleyrodidae). J Pest Sci (2004) 2017;90:319–30.
Garyali S, Kumar A, Reddy MS. Taxol production by an endophytic fungus, Fusarium
redolens, isolated from Himalayan yew. J Microbiol Biotechnol 2013;23:1372–80.
Gault RR, Schwinghamer EA. Direct isolation of Bradyrhizobium japonicum from soil. Soil
Biol Biochem 1993;25:1161–6.
Geremia RA, Goldman GH, Jacobs D et al. Molecular characterization of the proteinase‐
encoding gene, prb1, related to mycoparasitism by Trichoderma harzianum. Mol
Microbiol 1993;8:603–13.
Gibson DM, Donzelli BGG, Krasnoff SB et al. Discovering the secondary metabolite potential
encoded within entomopathogenic fungi. Nat Prod Rep 2014;31:1287–305.
Golo PS, Gardner DR, Grilley MM et al. Production of destruxins from Metarhizium spp. fungi
in artificial medium and in endophytically colonized cowpea plants. PLoS One
2014;9:e104946.
Golob JL, Margolis E, Hoffman NG et al. Evaluating the accuracy of amplicon-based
microbiome computational pipelines on simulated human gut microbial communities.
BMC Bioinformatics 2017, DOI: 10.1186/s12859-017-1690-0.
Gordon TR. Fusarium oxysporum and the Fusarium wilt syndrome. Annu Rev Phytopathol
2017;55:23–39.
Govindarajulu M, Pfeffer PE, Jin H et al. Nitrogen transfer in the arbuscular mycorrhizal
symbiosis. Nature 2005;435:819–23.
Gray EJ, Smith DL. Intracellular and extracellular PGPR: Commonalities and distinctions in
the plant-bacterium signaling processes. Soil Biol Biochem 2005;37:395–412.
Greenfield M, Gómez-Jiménez MI, Ortiz V et al. Beauveria bassiana and Metarhizium
anisopliae endophytically colonize cassava roots following soil drench inoculation. Biol
Control 2016;95:40–8.
Grogan GJ, Holland HL. The biocatalytic reactions of Beauveria spp. J Mol Catal - B Enzym
2000;9:1–32.
Grüning MM, Simon J, Rennenberg H et al. Defoliating insect mass outbreak affects soil N
244

fluxes and tree N nutrition in Scots pine forests. Front Plant Sci 2017;8:954.
Guether M, Neuhäuser B, Balestrini R et al. A mycorrhizal-specific ammonium transporter
from Lotus japonicus acquires nitrogen released by arbuscular mycorrhizal fungi. Plant
Physiol 2009;150:73–83.
Guo L-D. Molecular diversity and identification of endophytic fungi. Molecular Identification
of Fungi. Berlin, Heidelberg: Springer Berlin Heidelberg, 2010, 277–96.
Gweon HS, Oliver A, Taylor J et al. PIPITS: An automated pipeline for analyses of fungal
internal transcribed spacer sequences from the Illumina sequencing platform. Methods
Ecol Evol 2015;6:973–80.
Hackstadt AJ, Hess AM. Filtering for increased power for microarray data analysis. BMC
Bioinformatics 2009;10:11.
Hagedorn DJ, Inglis DA. Handbook of Bean Diseases. University of Wisconsin-Extension
Service, 1986.
Hallsworth JE, Magan N. Culture Age, temperature, and pH affect the polyol and trehalose
contents of fungal propagules. Appl Environ Microbiol 1996;62:2435–42.
Hardoim PR, van Overbeek LS, Berg G et al. The hidden world within plants: Ecological and
evolutionary considerations for defining functioning of microbial endophytes. Microbiol
Mol Biol Rev 2015;79:293–320.
Harman GE. Myths and dogmas of biocontrol changes in perceptions derived from research
on Trichoderma harzinum T-22. Plant Dis 2000;84:377–93.
Hassan Dar G, Zargar MY, Beigh GM. Biocontrol of Fusarium root rot in the common bean
(Phaseolus vulgaris L.) by using symbiotic Glomus mosseae and Rhizobium
leguminosarum. Microb Ecol 1997;34:74–80.
Healey A, Furtado A, Cooper T et al. Protocol: a simple method for extracting next-generation
sequencing quality genomic DNA from recalcitrant plant species. Plant Methods
2014;10:1–8.
Hermosa R, Viterbo A, Chet I et al. Plant-beneficial effects of Trichoderma and of its genes.
Microbiology 2012;158:17–25.
Holder DJ, Keyhani NO. Adhesion of the entomopathogenic fungus Beauveria (Cordyceps)
bassiana to substrata. Appl Environ Microbiol 2005;71:5260–6.
Holder DJ, Kirkland BH, Lewis MW et al. Surface characteristics of the entomopathogenic
fungus Beauveria (Cordyceps) bassiana. Microbiology 2007;153:3448–57.
Hu G, St. Leger RJ. Field studies using a recombinant mycoinsecticide (Metarhizium
anisopliae) reveal that it is rhizosphere competent. Appl Environ Microbiol
2002;68:6383–7.
Hu QB, Ren SX, Wu JH et al. Investigation of destruxin A and B from 80 Metarhizium strains
245

in China, and the optimization of cultural conditions for the strain MaQ10. Toxicon
2006;48:491–8.
Hu X, Xiao G, Zheng P et al. Trajectory and genomic determinants of fungal-pathogen
speciation and host adaptation. Proc Natl Acad Sci U S A 2014;111:1–6.
Huang X-F, Chaparro JM, Reardon KF et al. Rhizosphere interactions: root exudates,
microbes, and microbial communities. Botany 2014;92:267–75.
Huggett JF, Foy CA, Benes V et al. The digital MIQE guidelines: Minimum information for
publication of quantitative digital PCR experiments. Clin Chem 2013;59:892–902.
Humber RA. Evolution of entomopathogenicity in fungi. J Invertebr Pathol 2008;98:262–6.
Huse SM, Welch DM, Morrison HG et al. Ironing out the wrinkles in the rare biosphere
through improved OTU clustering. Environ Microbiol 2010;7:1889–98.
Hyde KD, Soytong K. The fungal endophyte dilemma. Fungal Divers 2008;33:e173.
Jacoby R, Peukert M, Succurro A et al. The role of soil microorganisms in plant mineral
nutrition—current knowledge and future directions. Front Plant Sci 2017;8:1617.
Johansen JE, Binnerup SJ. Contribution of Cytophaga-like bacteria to the potential of turnover
of carbon, nitrogen, and phosphorus by bacteria in the rhizosphere of barley (Hordeum
vulgare L.). Microb Ecol 2002;43:298–306.
Kabaluk JT, Ericsson JD. Metarhizium anisopliae seed treatment increases yield of field corn
when applied for wireworm control. Agron J 2007;99:1377–81.
Kabaluk T, Li-Leger E, Nam S. Metarhizium brunneum – An enzootic wireworm disease and
evidence for its suppression by bacterial symbionts. J Invertebr Pathol 2017;150:82–7.
Kari Dolatabadi H, Mohammadi Goltapeh E, Mohammadi N et al. Biocontrol potential of root
endophytic fungi and Trichoderma species against Fusarium wilt of lentil under in vitro
and greenhouse conditions. J Agric Sci Technol 2012;14:407–20.
Karling JS. Parasitism among the chytrids. II Chytriomyces verrucosus sp. nov. and
Phlyctochytrium synchytrii. Bull Torrey Bot Club 1960;87:326–36.
Kaushik H, Dutta P. Establishment of Metarhizium anisopliae, an entomopathogen as
endophyte for biological control in tea. Res Crop 2016;17:375–87.
Keller BO, Sui J, Young AB et al. Interferences and contaminants encountered in modern mass
spectrometry. Anal Chim Acta 2008;627:71–81.
Keller KR, Lau JA. When mutualisms matter: Rhizobia effects on plant communities depend
on host plant population and soil nitrogen availability. J Ecol 2018;106:1046–56.
Keller NP. Fungal secondary metabolism: regulation, function and drug discovery. Nat Rev
Microbiol 2019;17:167–80.

246

Kenneth RE, Cohn E, Shahor G. A species of Phlyctochytrium attacking nematodes and
oospores of downy mildew fungi. Phytoparasitica 1975;3:106.
Kershaw MJ, Moorhouse ER, Bateman R et al. The role of destruxins in the pathogenicity of
Metarhizium anisopliae for three species of insect. J Invertebr Pathol 1999;74:213–23.
Keyser CA, De Fine Licht HH, Steinwender BM et al. Diversity within the entomopathogenic
fungal species Metarhizium flavoviride associated with agricultural crops in Denmark.
BMC Microbiol 2015;15:249.
Khademi S, Stroud RM. The Amt/MEP/Rh Family: Structure of AmtB and the mechanism of
ammonia gas conduction. Physiology 2006;21:419–21.
Khan AL, Hamayun M, Khan SA et al. Pure culture of Metarhizium anisopliae LHL07
reprograms soybean to higher growth and mitigates salt stress. World J Microbiol
Biotechnol 2012;28:1483–94.
Kiers ET, Duhamel M, Beesetty Y et al. Reciprocal rewards stabilize cooperation in the
mycorrhizal symbiosis. Science (80- ) 2011;333:880–2.
Kim S, Chen J, Cheng T et al. PubChem 2019 update: Improved access to chemical data.
Nucleic Acids Res 2019;47:D1102-1109.
Klironomos JN, Hart MM. Food-web dynamics: Animal nitrogen swap for plant carbon.
Nature 2001;410:651–2.
Kobae Y, Fujiwara T. Earliest colonization events of Rhizophagus irregularis in rice roots
occur preferentially in previously uncolonized cells. Plant Cell Physiol 2014;55:1497–
510.
Kõljalg U, Larsson KH, Abarenkov K et al. UNITE: A database providing web-based methods
for the molecular identification of ectomycorrhizal fungi. New Phytol 2005;166:1063–8.
Kolton M, Erlacher A, Berg G et al. The Flavobacterium genus in the plant holobiont:
Ecological, physiological, and applicative insights. Microbial Models: From
Environmental to Industrial Sustainability. Springer, Singapore, 2016, 189–207.
Kosuta S, Chabaud M, Lougnon G et al. A diffusible factor from arbuscular mycorrhizal fungi
induces symbiosis-specific MtENOD11 expression in roots of Medicago truncatula.
Plant Physiol 2003;131:952–62.
Kozich JJ, Westcott SL, Baxter NT et al. Development of a dual-index sequencing strategy
and curation pipeline for analyzing amplicon sequence data on the miseq illumina
sequencing platform. Appl Environ Microbiol 2013;79:5112–20.
Kusari S, Hertweck C, Spiteller M. Chemical ecology of endophytic fungi: Origins of
secondary metabolites. Chem Biol 2012;19:792–8.
Lamichhane S, Sen P, Dickens AM et al. An overview of metabolomics data analysis: Current
tools and future perspectives. Comprehensive Analytical Chemistry. Vol 82. Elsevier,

247

2018, 387–413.
Landa BB, López-Díaz C, Jiménez-Fernández D et al. In-planta detection and monitorization
of endophytic colonization by a Beauveria bassiana strain using a new-developed nested
and quantitative PCR-based assay and confocal laser scanning microscopy. J Invertebr
Pathol 2013;114:128–38.
Lareen A, Burton F, Schäfer P. Plant root-microbe communication in shaping root
microbiomes. Plant Mol Biol 2016;90:575–87.
Laurence M, Hatzis C, Brash DE. Common contaminants in next-generation sequencing that
hinder discovery of low-abundance microbes. PLoS One 2014;9:e97876.
Leandro MJ, Fonseca C, Gonçalves P. Hexose and pentose transport in ascomycetous yeasts:
An overview. FEMS Yeast Res 2009;9:511–25.
Leigh J, Hodge A, Fitter AH. Arbuscular mycorrhizal fungi can transfer substantial amounts
of nitrogen to their host plant from organic material. New Phytol 2009;181:199–207.
Lewis MW, Robalino I V., Keyhani NO. Uptake of the fluorescent probe FM4-64 by hyphae
and haemolymph-derived in vivo hyphal bodies of the entomopathogenic fungus
Beauveria bassiana. Microbiology 2009;155:3110–20.
Liao X, O’Brien TR, Fang W et al. The plant beneficial effects of Metarhizium species
correlate with their association with roots. Appl Microbiol Biotechnol 2014;98:7089–96.
Lovett B, St Leger RJ. Stress is the rule rather than the exception for Metarhizium. Curr Genet
2014;61:253–61.
Lozupone CA, Klein DA. Molecular and cultural assessment of chytrid and Spizellomyces
populations in grassland soils. Mycologia 2002;94:411–20.
Luo F, Wang Q, Yin C et al. Differential metabolic responses of Beauveria bassiana cultured
in pupae extracts, root exudates and its interactions with insect and plant. J Invertebr
Pathol 2015;130:154–64.
Macheleidt J, Mattern DJ, Fischer J et al. Regulation and role of fungal secondary metabolites.
Annu Rev Genet 2016;50:371–92.
Maciá-Vicente JG, Jansson H-B, Talbot NJ et al. Real-time PCR quantification and live-cell
imaging of endophytic colonization of barley (Hordeum vulgare) roots by Fusarium
equiseti and Pochonia chlamydosporia. New Phytol 2009;182:213–28.
Maeda S, Murakami A, Ito H et al. Functional characterization of the FNT family nitrite
transporter of marine picocyanobacteria. Life 2015;5:432–46.
Maier RJ, Brill WJ. Mutant strains of Rhizobium japonicum with increased ability to fix
nitrogen for soybean. Science 1978;201:448–50.
Maillet F, Poinsot V, André O et al. Fungal lipochitooligosaccharide symbiotic signals in
arbuscular mycorrhiza. Nature 2011;469:58–63.
248

Marschner H, Dell B. Nutrient uptake in mycorrhizal symbiosis. Plant Soil 1994;159:89–102.
Marx V. Microbiology: The road to strain-level identification. Nat Methods 2016;13:401–4.
Mayerhofer MS, Fraser E, Kernaghan G. Acid protease production in fungal root endophytes.
Mycologia 2015;107:1–11.
McKinnon AC. Plant tissue preparation for the detection of an endophytic fungus in planta.
Microbial-Based Biopesticides: Methods and Protocols. 2016, 167–73.
Ment D, Churchill ACL, Gindin G et al. Resistant ticks inhibit Metarhizium infection prior to
haemocoel invasion by reducing fungal viability on the cuticle surface. Environ Microbiol
2012;14:1570–83.
Meyling N V., Eilenberg J. Ecology of the entomopathogenic fungi Beauveria bassiana and
Metarhizium anisopliae in temperate agroecosystems: Potential for conservation
biological control. Biol Control 2007;43:145–55.
Mohimani H, Gurevich A, Mikheenko A et al. Dereplication of peptidic natural products
through database search of mass spectra. Nat Chem Biol 2017;13:30–7.
Monteiro VN, do Nascimento Silva R, Steindorff AS et al. New insights in Trichoderma
harzianum antagonism of fungal plant pathogens by secreted protein analysis. Curr
Microbiol 2010;61:298–305.
Moon YS, Donzelli BGG, Krasnoff SB et al. Agrobacterium-mediated disruption of a
nonribosomal peptide synthetase gene in the invertebrate pathogen Metarhizium
anisopliae reveals a peptide spore factor. Appl Environ Microbiol 2008;74:4366–80.
Moonjely S, Bidochka MJ. Generalist and specialist Metarhizium insect pathogens retain
ancestral ability to colonize plant roots. Fungal Ecol 2019;41:209–17.
De Morais TP, De Brito CH, Brandão AM et al. Inoculation of maize with Azospirillum
brasilense in the seed furrow. Rev Cienc Agron 2016;47:290–8.
Morales SE, Holben WE. Empirical testing of 16S rRNA gene PCR primer pairs reveals
variance in target specificity and efficacy not suggested by in silico analysis. Appl Environ
Microbiol 2009;75:2677–83.
Moreira FMS, Gillis M, Pot B et al. Characterization of Rhizobia isolated from different
divergence groups of tropical Leguminosae by comparative polyacrylamide gel
electrophoresis of their total proteins. Syst Appl Microbiol 1993;16:135–46.
Morgan JAW, Bending GD, White PJ. Biological costs and benefits to plant-microbe
interactions in the rhizosphere. Journal of Experimental Botany. Vol 56. 2005, 1729–39.
Mutune B, Ekesi S, Niassy S et al. Fungal endophytes as promising tools for the management
of bean stem maggot Ophiomyia phaseoli on beans Phaseolus vulgaris. J Pest Sci
2016;89:993–1001.
Mwajita MR, Murage H, Tani A et al. Evaluation of rhizosphere, rhizoplane and phyllosphere
249

bacteria and fungi isolated from rice in Kenya for plant growth promoters. Springerplus
2013;2:1–9.
Nassal D, Spohn M, Eltlbany N et al. Effects of phosphorus-mobilizing bacteria on tomato
growth and soil microbial activity. Plant Soil 2018;427:17–37.
Nicholson RL, Epstein L. Adhesion of Fungi to the Plant Surface. In: Cole GT, Hoch HC
(eds.). The Fungal Spore and Disease Initiation in Plants and Animals. Springer, Boston,
MA, 1991, 3–23.
Odier F, Vey A, Bureau J. In vitro effect of fungal cyclodepsipeptides on leukemic cells: study
of destruxins A, B and E. Biol Cell 1992;74:267–71.
Okada BK, Seyedsayamdost MR. Antibiotic dialogues: Induction of silent biosynthetic gene
clusters by exogenous small molecules. FEMS Microbiol Rev 2017;41:19–33.
Oldroyd GED, Harrison MJ, Paszkowski U. Reprogramming plant cells for endosymbiosis.
Science (80- ) 2009;324:753–4.
Ortiz-Urquiza A, Keyhani NO. Action on the surface: Entomopathogenic fungi versus the
insect cuticle. Insects 2013;4:357–74.
Ortiz-Urquiza A, Keyhani NO. Stress response signaling and virulence: insights from
entomopathogenic fungi. Curr Genet 2015;61:239–49.
Ortiz-Urquiza A, Luo Z, Keyhani NO. Improving mycoinsecticides for insect biological
control. Appl Microbiol Biotechnol 2015;99:1057–68.
Ownley BH, Griffin MR, Klingeman WE et al. Beauveria bassiana: Endophytic colonization
and plant disease control. J Invertebr Pathol 2008;98:267–70.
Ownley BH, Gwinn KD, Vega FE. Endophytic fungal entomopathogens with activity against
plant pathogens: Ecology and evolution. BioControl 2010;55:113–28.
Pal S, St Leger RJ, Wu LP. Fungal peptide destruxin a plays a specific role in suppressing the
innate immune response in Drosophila melanogaster. J Biol Chem 2007;282:8969–77.
Parsa S, Ortiz V, Gómez-Jiménez MI et al. Root environment is a key determinant of fungal
entomopathogen endophytism following seed treatment in the common bean, Phaseolus
vulgaris. Biol Control 2018;116:74–81.
Pasche JS, Mallik I, Anderson NR et al. Development and validation of a real-time PCR assay
for the quantification of Verticillium dahliae in potato. Plant Dis 2013;97:608–18.
Pava-Ripoll M, Angelini C, Fang W et al. The rhizosphere-competent entomopathogen
Metarhizium anisopliae expresses a specific subset of genes in plant root exudates.
Microbiology 2011;157:47–55.
Pedras MSC, Irina Zaharia LI, Ward DE. The destruxins: Synthesis, biosynthesis,
biotransformation, and biological activity. Phytochemistry 2002;59:579–96.

250

Pedras MSC, Zaharia IL, Gai Y et al. In planta sequential hydroxylation and glycosylation of
a fungal phytotoxin: Avoiding cell death and overcoming the fungal invader. Proc Natl
Acad Sci USA 2001;98:747–52.
Pedrini N, Ortiz-Urquiza A, Huarte-Bonnet C et al. Targeting of insect epicuticular lipids by
the entomopathogenic fungus Beauveria bassiana: Hydrocarbon oxidation within the
context of a host-pathogen interaction. Front Microbiol 2013;4:24.
Pekrul S, Grula EA. Mode of infection of the corn earworm (Heliothis zea) by Beauveria
bassiana as revealed by scanning electron microscopy. J Invertebr Pathol 1979;34:238–
47.
Person L, Lucas G, Koch W. A chytrid attacking oospores of Peronospora tabacina. Plant Dis
Report 1955;39:887–8.
Pilat MV. Permeability of the chitin of insects to entomogenous fungi. Lenin Acad Agr
Sci(Med) Russ 1938;8:73–5.
Pluskal T, Castillo S, Villar-Briones A et al. MZmine 2: Modular framework for processing,
visualizing, and analyzing mass spectrometry-based molecular profile data. BMC
Bioinformatics 2010;11:1–11.
Porras-Alfaro A, Bayman P. Hidden fungi, emergent properties: endophytes and microbiomes.
Annu Rev Phytopathol 2011;49:291–315.
Pospelov VP. Methods of infecting insects with entomogenous fungi. Lenin Acad Agt Sci Russ
1938:64–7.
Püschel D, Janoušková M, Hujslová M et al. Plant–fungus competition for nitrogen erases
mycorrhizal growth benefits of Andropogon gerardii under limited nitrogen supply. Ecol
Evol 2016;6:4332–46.
Qin Y, Fu Y, Dong C et al. Shifts of microbial communities of wheat (Triticum aestivum L.)
cultivation in a closed artificial ecosystem. Appl Microbiol Biotechnol 2016;100:4085–
95.
R Foundation for Statistical Computing. R: A Language and Environment for Statistical
Computing., 2018.
Rasmussen S, Parsons AJ, Bassett S et al. High nitrogen supply and carbohydrate content
reduce fungal endophyte and alkaloid concentration in Lolium perenne. New Phytol
2007;173:787–97.
Reddy P V., Lam CK, Belanger FC. Mutualistic fungal endophytes express a proteinase that
is homologous to proteases suspected to be important in fungal pathogenicity. Plant
Physiol 1996;111:1209–18.
Reddy PP. Plant Growth Promoting Rhizobacteria for Horticultural Crop Protection. Springer
India, 2014.

251

Resquín-Romero G, Garrido-Jurado I, Delso C et al. Transient endophytic colonizations of
plants improve the outcome of foliar applications of mycoinsecticides against chewing
insects. J Invertebr Pathol 2016;136:23–31.
Reynolds HL, Packer A, Bever JD et al. Grassroots ecology: Plant-microbe-soil interactions
as drivers of plant community structure and dynamics. Ecology 2003;84:2281–91.
Ríos-Moreno A, Carpio A, Garrido-Jurado I et al. Production of destruxins by Metarhizium
strains under different stress conditions and their detection by using UHPLC-MS/MS.
Biocontrol Sci Technol 2016a;26:1298–311.
Ríos-Moreno A, Garrido-Jurado I, Resquín-Romero G et al. Destruxin A production by
Metarhizium brunneum strains during transient endophytic colonisation of Solanum
tuberosum. Biocontrol Sci Technol 2016b;26:1574–85.
Rodriguez RJ, White JF, Arnold a E et al. Fungal endophytes: diversity and functional roles.
New Phytol 2009;182:314–30.
Rognes T, Flouri T, Nichols B et al. VSEARCH: a versatile open source tool for
metagenomics. PeerJ 2016:e2584.
Roy KW. Fusarium solani on soybean roots: nomenclature of the causal agent of Sudden Death
Syndrome and identity and relevance of F. solani form B. Plant Dis 1997;81:259–66.
Russo ML, Scorsetti AC, Vianna MF et al. Endophytic effects of Beauveria bassiana on corn
(Zea mays) and its herbivore, Rachiplusia nu (lepidoptera: Noctuidae). Insects
2019;10:110.
Saijo Y, Loo EP-I. Plant immunity in signal integration between biotic and abiotic stress
responses. New Phytol 2020;225:87–104.
Samra SN. Comparative evaluation of open access software used in liquid chromatographymass spectrometry based untargeted metabolomics. (Doctoral dissertation, California
State University–Sacramento). 2015.
Samson RA, Evans HC, Latgé J-P. Atlas of Entomopathogenic Fungi. Springer Science &
Business Media, 2013.
Sang MK, Chun SC, Kim KD. Biological control of Phytophthora blight of pepper by
antagonistic rhizobacteria selected from a sequential screening procedure. Biol Control
2008;46:424–33.
Sasan RK, Bidochka MJ. The insect-pathogenic fungus Metarhizium robertsii
(Clavicipitaceae) is also an endophyte that stimulates plant root development. Am J Bot
2012;99:101–7.
Sasan RK, Bidochka MJ. Antagonism of the endophytic insect pathogenic fungus Metarhizium
robertsii against the bean plant pathogen Fusarium solani f. sp. phaseoli. Can J Plant
Pathol 2013;35:288–93.

252

Schlatter D, Kinkel L, Thomashow L et al. Disease suppressive soils: New insights from the
soil microbiome. Phytopathology 2017;107:1284–97.
Schloss PD, Westcott SL, Ryabin T et al. Introducing mothur: Open-source, platformindependent, community-supported software for describing and comparing microbial
communities. Appl Environ Microbiol 2009;75:7537–41.
Schneider S, Rehner SA, Widmer F et al. A PCR-based tool for cultivation-independent
detection and quantification of Metarhizium clade 1. J Invertebr Pathol 2011;108:106–
14.
Schrank A, Vainstein MH. Metarhizium anisopliae enzymes and toxins. Toxicon
2010;56:1267–74.
Screen S, Bailey A, Charnley K et al. Isolation of a nitrogen response regulator gene (nrr1)
from Metarhizium anisopliae. Gene 1998;221:17–24.
Screen SE, St Leger RJ. Cloning, expression, and substrate specificity of a fungal
chymotrypsin. Evidence for lateral gene transfer from an actinomycete bacterium. J Biol
Chem 2000;275:6689–94.
Selosse MA, Vohník M, Chauvet E. Out of the rivers: Are some aquatic hyphomycetes plant
endophytes? New Phytol 2008;178:3–7.
Shah P, Pell J. Entomopathogenic fungi as biological control agents. Appl Microbiol
Biotechnol 2003;61:413–23.
Shannon P, Markiel A, Ozier O et al. Cytoscape: A software Environment for integrated
models of biomolecular interaction networks. Genome Res 2003;13:2498–504.
Shaviv A, Mikkelsen RL. Controlled-release fertilizers to increase efficiency of nutrient use
and minimize environmental degradation - A review. Fertil Res 1993;35:1–12.
Small CLN, Bidochka MJ. Up-regulation of Pr1, a subtilisin-like protease, during conidiation
in the insect pathogen Metarhizium anisopliae. Mycol Res 2005;109:307–13.
Smith SE, Read D. Mycorrhizal Symbiosis. 3rd ed. Academic Press New York, 2008.
Spatafora JW, Sung GH, Sung JM et al. Phylogenetic evidence for an animal pathogen origin
of ergot and the grass endophytes. Mol Ecol 2007;16:1701–11.
St Leger RJ, Frank DC, Roberts DW et al. Molecular cloning and regulatory analysis of the
cuticle‐degrading‐protease structural gene from the entomopathogenic fungus
Metarhizium anisopliae. Eur J Biochem 1992;204:991–1001.
St Leger RJ, Joshi L, Bidochka MJ et al. Characterization and ultrastructural localization of
chitinases from Metarhizium anisopliae, M. flavoviride, and Beauveria bassiana during
fungal invasion of host (Manduca sexta) cuticle. Appl Environ Microbiol 1996;62:907–
12.
St Leger RJ, Joshi L, Roberts D. Ambient pH is a major determinant in the expression of
253

cuticle-degrading enzymes and hydrophobin by Metarhizium anisopliae. Appl Environ
Microbiol 1998;64:709–13.
St Leger RJ, Nelson JO, Screen SE. The entomopathogenic fungus Metarhizium anisopliae
alters ambient pH, allowing extracellular protease production and activity. Microbiology
1999;145:2691–9.
St Leger RJ, Staples RC, Roberts DW. Cloning and regulatory analysis of starvation-stress
gene, ssgA, encoding a hydrophobin-like protein from the entomopathogenic fungus,
Metarhizium anisopliae. Gene 1992;120:119–24.
Tall S, Meyling N V. Probiotics for plants? Growth promotion by the entomopathogenic
fungus Beauveria bassiana depends on nutrient availability. Microb Ecol 2018;76:1002–
8.
Tan S, Gu Y, Yang C et al. Bacillus amyloliquefaciens T-5 may prevent Ralstonia
solanacearum infection through competitive exclusion. Biol Fertil Soils 2015;52:341–51.
Tan ZQ, Leow HY, Lee DCW et al. Co-culture systems for the production of secondary
metabolites: Current and future prospects. Open Biotechnol J 2019;13:18–26.
Tellenbach C, Grünig CR, Sieber TN. Suitability of quantitative real-time PCR to estimate the
biomass of fungal root endophytes. Appl Environ Microbiol 2010;76:5764–72.
Toyoda H, Hashimoto H, Utsumi R et al. Detoxification of Fusaric acid by a Fusaric acidresistant mutant of Pseudomonas solanacearum and its application to biological control
of Fusarium wilt of tomato. Dis Control Pest Manag 1988;78:1307–11.
Tsugawa H, Cajka T, Kind T et al. MS-DIAL: data independent MS/MS deconvolution for
comprehensive metabolome analysis. Nat Methods 2015;12:523.
Tunlid A, Rosen S, Ek B et al. Purification and characterization of an extracellular serine
protease from the nematode-trapping fungus Arthrobotrys oligospora. Microbiology
1994;140:1687–95.
Udvardi M, Poole PS. Transport and metabolism in legume-rhizobia symbioses. Annu Rev
Plant Biol 2013;64:781–805.
Umamaheswari T, Anbukkarasi K, Hemalatha T et al. Studies on phytohormone producing
ability of indigenous endophytic bacteria isolated from tropical legume crops. Int J Curr
Microbiol App Sci 2013;2:127–36.
VanInsberghe D, Maas KR, Cardenas E et al. Non-symbiotic Bradyrhizobium ecotypes
dominate North American forest soils. ISME J 2015;9:2435–41.
Vega FE. Insect pathology and fungal endophytes. J Invertebr Pathol 2008;98:277–9.
Vega FE, Goettel MS, Blackwell M et al. Fungal entomopathogens: new insights on their
ecology. Fungal Ecol 2009;2:149–59.
Vik U, Logares R, Blaalid R et al. Different bacterial communities in ectomycorrhizae and
254

surrounding soil. Sci Rep 2013;3:3471.
Vinale F, Sivasithamparam K, Ghisalberti EL et al. Trichoderma-plant-pathogen interactions.
Soil Biol Biochem 2008;40:1–10.
Wagner BL, Lewis LC. Colonization of corn, Zea mays, by the entomopathogenic fungus
Beauveria bassiana. Appl Environ Microbiol 2000;66:3468–73.
Wallander H, Nylund J-E. Effects of excess nitrogen on carbohydrate concentration and
mycorrhizal development of Pinus sylvestris L. seedlings. New Phytol 1991;119:405–11.
Wanchoo A, Lewis MW, Keyhani NO. Lectin mapping reveals stage-specific display of
surface carbohydrates in in vitro and haemolymph-derived cells of the entomopathogenic
fungus Beauveria bassiana. Microbiology 2009;155:3121–33.
Wang B, Kang Q, Lu Y et al. Unveiling the biosynthetic puzzle of destruxins in Metarhizium
species. Proc Natl Acad Sci U S A 2012;109:1287–92.
Wang C, Duan Z, St. Leger RJ. MOS1 osmosensor of Metarhizium anisopliae is required for
adaptation to insect host hemolymph. Eukaryot Cell 2008;7:302–9.
Wang C, Hu G, St. Leger RJ. Differential gene expression by Metarhizium anisopliae growing
in root exudate and host (Manduca sexta) cuticle or hemolymph reveals mechanisms of
physiological adaptation. Fungal Genet Biol 2005;42:704–18.
Wang C, St. Leger RJ. Developmental and transcriptional responses to host and nonhost
cuticles by the specific locust pathogen Metarhizium anisopliae var. acridum. Eukaryot
Cell 2005;4:937–47.
Wang C, St. Leger RJ. A collagenous protective coat enables Metarhizium anisopliae to evade
insect immune responses. Proc Natl Acad Sci U S A 2006;103:6647–52.
Wang C, St. Leger RJ. The MAD1 adhesin of Metarhizium anisopliae links adhesion with
blastospore production and virulence to insects, and the MAD2 adhesin enables
attachment to plants. Eukaryot Cell 2007a;6:808–16.
Wang C, St. Leger RJ. The Metarhizium anisopliae perilipin homolog MPL1 regulates lipid
metabolism, appressorial turgor pressure, and virulence. J Biol Chem 2007b;282:21110–
5.
Wang C, Skrobek A, Butt TM. Investigations on the destruxin production of the
entomopathogenic fungus Metarhizium anisopliae. J Invertebr Pathol 2004;85:168–74.
Wang H, Hutwimmer S, Strasser H et al. Destruxin production of Metarhizium anisopliae
under carbon and nitrogen exhaustion. J Basic Microbiol 2009;49:404–11.
Wang M, Carver JJ, Phelan V V. et al. Sharing and community curation of mass spectrometry
data with Global Natural Products Social Molecular Networking. Nat Biotechnol
2016;34:828.
Wang Q, Xu L. Beauvericin, a bioactive compound produced by fungi: A short review.
255

Molecules 2012;17:2367–77.
Weber T, Kim HU. The secondary metabolite bioinformatics portal: Computational tools to
facilitate synthetic biology of secondary metabolite production. Synth Syst Biotechnol
2016;1:69–79.
Weller DM, Raaijmakers JM, Gardener BBM et al. Microbial populations responsible for
specific soil suppressiveness to plant pathogens. Annu Rev Phytopathol 2002;40:309–48.
Wen K, Seguin P, St-Arnaud M et al. Real-time quantitative RT-PCR of defense-associated
gene transcripts of Rhizoctonia solani-infected bean seedlings in response to inoculation
with a nonpathogenic binucleate Rhizoctonia isolate. Phytopathology 2005;95:345–53.
Westcott SL, Schloss PD. OptiClust, an improved method for assigning amplicon-based
sequence data to operational taxonomic units. mSphere 2017;2:e00073-17.
Wilcken CF, Dal Pogetto MHF do A, Lima ACV et al. Chemical vs entomopathogenic control
of Thaumastocoris peregrinus (Hemiptera: Thaumastocoridae) via aerial application in
eucalyptus plantations. Sci Rep 2019;9:1–7.
Wilson GWT, Hartnett DC. Interspecific variation in plant responses to mycorrhizal
colonization in tallgrass prairie. Am J Bot 1998;85:1732–8.
Wulff JE, Mitchell MW. A comparison of various normalization methods for LC/MS
metabolomics data. Adv Biosci Biotechnol 2018;9:339–51.
Wyrebek M, Bidochka MJ. Variability in the insect and plant adhesins, Mad1 and Mad2,
within the fungal genus Metarhizium suggest plant adaptation as an evolutionary force.
PLoS One 2013;8:e59357.
Wyrebek M, Huber C, Sasan RK et al. Three sympatrically occurring species of Metarhizium
show plant rhizosphere specificity. Microbiology 2011;157:2904–11.
Xia Y, Wang YY, Wang YY et al. Cellular adhesiveness and cellulolytic capacity in
Anaerolineae revealed by omics-based genome interpretation. Biotechnol Biofuels
2016;9:111.
Xiao G, Ying SH, Zheng P et al. Genomic perspectives on the evolution of fungal
entomopathogenicity in Beauveria bassiana. Sci Rep 2012;2:483.
Xu YJ, Luo F, Li B et al. Metabolic conservation and diversification of Metarhizium species
correlate with fungal host-specificity. Front Microbiol 2016;7:2020.
Zamioudis C, Pieterse CMJ. Modulation of host immunity by beneficial microbes. Mol PlantMicrobe Interact 2012;25:139–50.
Zhang S, Gan Y, Ji W et al. Mechanisms and characterization of Trichoderma longibrachiatum
T6 in suppressing nematodes (Heterodera avenae) in wheat. Front Plant Sci 2017;8:1491.
Zhang S, Gan Y, Xu B. Application of plant-growth-promoting fungi Trichoderma
longibrachiatum T6 enhances tolerance of wheat to salt stress through improvement of
256

antioxidative defense system and gene expression. Front Plant Sci 2016;7:1405.
Zhang S, Xia YX, Kim B et al. Two hydrophobins are involved in fungal spore coat rodlet
layer assembly and each play distinct roles in surface interactions, development and
pathogenesis in the entomopathogenic fungus, Beauveria bassiana. Mol Microbiol
2011;80:811–26.
Zhang T, Yao Y-F. Endophytic fungal communities associated with vascular plants in the high
arctic zone are highly diverse and host-plant specific. PLoS One 2015;10:e0130051.
Zimmermann G. Review on safety of the entomopathogenic fungus Metarhizium anisopliae.
Biocontrol Sci Technol 2007;17:879–920.

257

