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Abstract  

Metarhizium is an insect pathogenic fungus, as well as a plant root symbiont. During 

symbiotic interactions, it can benefit the plant by improving plant growth, antagonizing 

plant pathogens and herbivores, and enhancing plant tolerance to abiotic stresses. In this 

thesis, the interactions between Metarhizium robertsii and Phaseolus vulgaris (haricot 

bean) were studied from two aspects. First, a phenotypically degenerated (low conidia 

production) strain of Metarhizium was serially passaged through bean plant. Second, the 

immune responses of haricot bean during endophytic colonization were assessed. 

Commercial application of Metarhizium for insect biocontrol requires optimal 

production of conidia as infective propagules. It was demonstrated that conidial 

production and virulence of phenotypically degenerated Metarhizium were restored by 

serial passages through bean roots, as well as switchgrass roots, and wax moth larvae. A 

decrease in the expression of fungal DNA methyltransferase was observed in the 

phenotypically degenerated Metarhizium strain through bean passages. Whole genome 

bisulfite sequencing analysis showed differences in the distribution of differentially 

methylated regions in the degenerated and subsequently recovered strains.  

Metarhizium can antagonize the plant pathogen, Fusarium solani f. sp. phaseoli 

during bean root colonization. Using comprehensive plant hormone analysis, 

transcriptional expression, and stomatal size analysis, bean immune responses to 

colonization by Metarhizium and/or Fusarium were assessed. In comparison to un-

inoculated bean, root colonization by Metarhizium resulted in reduction of abscisic acid 

(ABA), increased stomatal size, and decreased expression of plant immunity genes in 
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bean leaves, which is different from those in bean colonized by Fusarium. Furthermore, 

exogenous application of ABA resulted in reduction of bean root colonization by 

Metarhizium but increased colonization by Fusarium, compared to corresponding plants 

without ABA application. Therefore, ABA was implicated in differential responses of 

bean plants to root colonization by Metarhizium and Fusarium. 

 In conclusion, this thesis provided new insights into the study of the interactions 

between Metarhizium and haricot bean. Some novel findings were that fungal DNA 

methyltransferase was implicated in the recovery of phenotypically degenerated 

Metarhizium and a plant hormone, abscisic acid was implicated in differential 

interactions of endophytic colonization by Metarhizium when compared to a pathogenic 

interaction by Fusarium. 
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Metarhizium has been widely applied in agriculture as a commercially available 

fungal product for insect biocontrol. However, Metarhizium is also an endophyte and 

involved in translocation of insect-derived nitrogen to plant hosts, in exchange for 

photosynthate (Behie et al., 2012, 2017). Additionally, Metarhizium has been reported to 

improve the resistance of host plants to biotic and abiotic stresses (Barelli et al., 2016). 

The exploitation of the insect pathogenicity of Metarhizium for insect biocontrol can 

reduce the usage of chemical pesticides. The endophytic capability of this fungus makes 

it a potential biofertilizer for crops. Because of these potential applications in 

agroecosystems, it is important to study the plant immune response to the endophytic 

colonization by Metarhizium during endophytic colonization, which may have promising 

implications in agricultural applications such as improving beneficial colonization by 

endophytes and resisting detrimental colonization by phytopathogens in crops.  

As an obstacle for application of Metarhizium in agricultural settings, 

phenotypically degeneration occurred during the maintenance of this fungus on artificial 

medium. As an entomopathogenic fungus, it has been reported that passages through 

insect host can recover the virulence of degenerated strain (Butt et al. 2006). However, as 

an endophyte, the influence of plant root passages on phenotypically degenerated strain 

has not yet been studied. 

The aim of this thesis is to determine factors in Metarhizium robertsii and haricot 

bean involved in root colonization in an agriculture plant (Figure 1-1). There were two 

objectives in this thesis.  

Firstly, Figure 1-1 shows objective A, which was to study the influence of serial 

bean root passages on the recovery of conidiation and virulence of a spontaneously 
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phenotypically degenerated M. robertsii strain. The endophytic lifestyle of Metarhizium 

can affect fungal nutrient metabolic pathways and the expression of adhesin proteins in 

the fungus. The influence of plant root passages on the conidiation of phenotypically 

degenerated M. robertsii could elucidate our understanding of the effects of plant hosts 

on Metarhizium. 

Secondly, Figure 1-1 shows objective B, which was to determine plant hormonal 

responses implicated in the beneficial endophytic Metarhizium interaction in comparison 

to a pathogenic interaction with Fusarium. Unlike pathogenic fungi, which damage the 

plant, the endophytic colonization of Metarhizium in the plant is asymptomatic and 

sometimes beneficial. It is vital to elucidate these factors in plants, which hold a central 

role in distinguishing mutualistic symbionts from plant pathogens. This research will 

improve our understanding of the interactions of endophytic fungi with a host plant and 

can ultimately inform new and effective agricultural practices.  
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Figure 1- 1 A graphic diagram depicting two objectives of this thesis.  
At the bottom is shown the objective A, which was to study the influence of bean root 
passages on the recovery of conidiation in a phenotypically degenerated (low conidia 
production) M. robertsii strain. At the top is shown the objective B, which was to 
determine the responses of bean plants to the endophytic colonization by M. robertsii. 
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1.1 Overview 

Chapter 2 is a literature review about the interactions between the host plant roots and 

two representative endophytic insect pathogenic fungi, Metarhizium and Beauveria. Five 

aspects of the interactions have been reviewed: (1) rhizosphere colonization, (2) 

signalling factors from the plant and endophytic insect pathogenic fungi, (3) modulation 

of plant defense responses, (4) nutrient exchange, and (5) tripartite interactions with 

insects and other microorganisms. 

Chapter 3 demonstrated the influence of bean root passages on the recovery of conidial 

production and virulence in the phenotypically degenerated M. robertsii strain. The 

mechanism behind this phenomenon was studied by the expression of conidiation-

associated genes. The influence of bean root passages on epigenetic modification, 

specifically fungal DNA methylation, was investigated through whole genome bisulfite 

sequencing. 

Chapter 4 focused on plant immune responses during the endophytic colonization of bean 

plants by M. robertsii. In comparison to the pathogenic colonization by Fusarium solani 

f. sp. phaseoli, the differential changes in the amounts of plant hormones and the 

expression of plant immunity genes, during root colonization by M. robertsii, were 

studied. In addition, how a specific plant hormone affected fungal root colonization and 

the expression of plant hormone catabolic genes and plant immune responses during 

colonization by M. robertsii and/or F. solani was investigated via exogenous application 

experiment. 
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Chapter 5 is a general discussion of the thesis. It concludes the main findings derived 

from this thesis as well as a few suggestions for future research. 

1.2 Co-Authorship 

The contributions of each author to the following chapters have been described below.  

Chapter 2: Root colonization by endophytic insect pathogenic fungi is a review paper 

published in Journal of Applied Microbiology 2019 (doi: 10.1111/jam.14503). This 

review was written by Hu S and revised by Bidochka MJ. 

Chapter 3: DNA methyltransferase implicated in the recovery of conidiation, through 

successive plant passages, in phenotypically degenerated Metarhizium. The work in this 

chapter has been published in Applied Microbiology and Biotechnology 104, 5371–5383. 

Hu S and Bidochka MJ conceived and designed the researches. Hu S conducted 

experiments. Hu S and Bidochka MJ were responsible for the data analysis. The 

manuscript was written by Hu S and Bidochka MJ together. 

Chapter 4: Abscisic acid implicated in differential plant immune responses of Phaseolus 

vulgaris during endophytic colonization by Metarhizium and pathogenic colonization by 

Fusarium. A paper about this chapter has been submitted to Scientific Reports. Hu S and 

Bidochka MJ wrote the manuscript. Hu S and Bidochka MJ designed the research. Hu S 

performed experiments. Hu S and Bidochka MJ were responsible for the data analysis 

and interpretation.
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2.1 Abstract 

Several ascomycetous insect pathogenic fungi, including species in the genera 

Beauveria and Metarhizium, are also plant root symbionts/endophytes and are termed as 

endophytic insect pathogenic fungi (EIPF). The ability of these fungi to infect insects as 

well as colonize plant roots is coupled in that EIPF can translocate insect-derived 

nitrogen from infected insect cadavers in the soil to the host plant in exchange for plant 

photosynthate. This symbiotic interaction offers other benefits to the plant; EIPF can 

improve plant growth, they are antagonistic to plant pathogens and herbivores and can 

enhance plant tolerance to abiotic stresses. The mechanisms and underlying biochemical 

and genetic features of insect pathogenesis are generally well established. However, there 

is a paucity of information regarding the underlying mechanisms in this plant symbiotic 

association. Here we review five aspects of EIPF interactions with host plant roots: (1) 

rhizosphere colonization, (2) signaling factors from the plant and EIPF, (3) modulation of 

plant defense responses, (4) nutrient exchange, and (5) tripartite interactions with insects 

and other microorganisms. The elucidation of these interactions is fundamental to 

understanding this symbiotic association for the effective application of EIPF in an 

agricultural setting.
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2.2 Introduction 

Endophytic insect pathogenic fungi (EIPF) are fungi with multifunctional lifestyles. 

As insect pathogenic fungi, they can infect and kill insects directly by transgressing the 

cuticle or, in some cases through ingestion (Kramm & West, 1982; Aw & Hue, 2017; 

Wang et al., 2019a). Although there are almost 100 genera and 700 species of insect 

fungal pathogens, varying taxonomically from chytridiomycetes to basidiomycetes 

(Humber, 2008), the majority of commercially available fungal products for insect 

biocontrol are in the hypocrealean genera, Metarhizium (family Clavicipitaceae), and 

Beauveria (family Cordycipitaceae). These fungi kill insects by attaching to their 

cuticular surface, germinating and forming specialized infection structures (appressoria), 

penetrating through the cuticle, and colonizing internal host tissues resulting in host death 

and subsequent conidiation on the surface of the cadaver (Wang et al., 2019a). However, 

these fungi can also endophytically colonize plant roots and in some cases, systemically 

colonize above-ground plant tissues (Vega, 2018; Sánchez-Rodríguez et al., 2018). 

Endophytes are defined as microorganisms present in plant tissues without causing 

any visible symptoms of disease and are found in all plant species (Vega, 2018). Some 

are capable of internal migration within plant tissues and inhabit roots, stems, bark as 

well as foliage (Porras-Alfaro & Bayman, 2011). Endophytes can be vertically 

transmitted from plant to seeds, or horizontally transmitted to an uninfected plant by 

either asexual or sexual spores (Saikkonen et al., 2004; Rodriguez et al., 2009). The 

mutualistic interactions between endophytes and host plants have benefits to the plant 

such as enhancement of plant growth and resistance to the biotic and abiotic stresses 
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(Busby et al., 2016; Lata et al., 2018). A specialized group of fungal endophytes 

possesses insect pathogenic capabilities. Among them, the most well studied are in the 

genera Metarhizium and Beauveria (Sasan & Bidochka, 2012; Bamisile et al., 2018). 

Phylogenetic evidence suggests that Metarhizium is related to the fungal grass 

endosymbionts Claviceps and Epichloë (Spatafora et al., 2007) and diverged from these 

Clavicipitacean endosymbionts approximately 100 million years ago (Gao et al., 2011; 

Barelli et al., 2016). The genus Metarhizium contains insect-generalist pathogens as well 

as specialists. For example, Metarhizium acridum is an acridid-specialist pathogen and 

diverged from the generalists approximately 35 million years ago (Gao et al., 2011). A 

survey of insect generalist and specialist pathogens of Metarhizium showed that all 

strains retained the ability to associate with plant roots (Moonjely & Bidochka 2019). 

Furthermore, when different plant species were tested, there was a preference for 

endophytic association in monocots (barley and corn) (Moonjely & Bidochka 2019). This 

suggests that even though Metarhizium diverged as an insect pathogen, it still retained the 

ability to colonize plant roots. 

EIPF are not obligate plant symbionts and can survive without the host plant as 

compared to mycorrhizal fungi, which are obligate plant colonizers. Endophytic 

colonization by Metarhizium or Beauveria has been observed in above and below ground 

parts of a plant after foliar application of conidia (Batta, 2013; Resquín-Romero et al., 

2016; Ríos-Moreno et al., 2016; Vega, 2018), by injection of conidia into the plant stem 

(Cherry et al., 2004), or by soil application of conidia via soil drenching or seed 

immersion (Posadas et al., 2011; Jaber & Enkerli, 2016). Successful endophytic 

colonization in the roots of tomato and potato was also observed via the application of 
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encapsulated mycelia of M. brunneum (Krell et al., 2018a,b). Beauveria bassiana 

(Balsamo) Vuillemin penetrated the leaf of corn, Zea mays L after a conidial spray on 

foliage and was observed between the epidermal cells, the air spaces between 

parenchymal cells, and the vascular element of the xylem (Wagner & Lewis, 2000). 

During root colonization of a host plant, EIPF function in plant growth promotion, 

soil nutrient distribution, enhancement of plant tolerance to biotic stresses, such as 

pathogens and herbivorous pests, as well as abiotic stresses such as salinity and drought 

(Bamisile et al., 2018). EIPF are ubiquitous in soils and have a broad plant host range 

(Roberts & St. Leger 2004; Vega 2018). Interactions with plants play an important 

ecological role and are crucial to the success of their agricultural application as biocontrol 

agents and plant enhancements. Root colonization by Metarhizium and Beauveria has 

been observed in various plants (Table 2-1). Confocal scanning electron micrographs of 

haricot bean (Phaseolus vulgaris) colonization by M. robertsii, expressing the green 

fluorescent protein, revealed rhizoplane and endophytic colonization of root cortical cells 

(Sasan & Bidochka, 2012) (Figure 2-1).
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Table 2-1 Examples of different plant roots colonized by Metarhizium and Beauveria 

Plant EIPF Inoculation method Referenceb 
Tomato (Solanum lycopersicum cv. 
platense) 

Beauveria 
bassiana 

Root dipping; seed 
immersion; leaf 
sprayer 

Allegrucci et al., 
2018 

Marigolda, zinniaa, Knock Out® 
roses (Rosa hybrida L. ‘Radtko’) 

B. bassiana Soil drenching; seed 
immersion 

Heinz et al., 2018 

Maize (Zea mays) B. bassiana Seed immersion Tall & Meyling 
2018 

Peanut (Arachis hypogaea L.) Metarhizium 
anisopliae 

Seed immersion; seed 
coating 

Liu et al., 2017 

Cassava (Manihot esculenta Crantz) M. anisopliae, 
B. bassiana 

Soil drenching Greenfield et al., 
2016 

Cauliflower a B. bassiana, 
M. brunneum 
 

Seed immersion Razinger et al. 
2016 

Cotton (Gossypium hirsutum) B. bassiana Seed immersion Lopez et al. 2015 
Haricot bean (Phaseolus vulgaris), 
soybean (Glycine max), switchgrass 
(Panicum virgatum), wheat (Triticum 
aestivum), 

M. robertsii, 
M. brunneum, 
M. guizhouense 
M. acridum, 
M. flavoviride 
B. bassiana 

Microcosms through 
the roots 

Behie & Bidochka, 
2014 

Coneflower (Echinacea purpurea) B. bassiana Seed treatment Gualandi et al. 
2014 

Opium poppy (Papaver somniferum 
L.) 

B. bassiana Seed immersion Quesada-Moraga et 
al., 2014 

Sorghuma B. bassiana Seed immersion; soil 
drench; leaf drench 

Tefera & Vidal, 
2009 

Banana (Musa spp.) B. bassiana Root dipping; soil 
inoculation; injection 
of rhizome 

Akello et al., 2007 

Coffeea B. bassiana Soil drenching; stem 
injection; leaf sprayer 

Posada et al., 2007 

Cocoa (Theobroma cacao) B. bassiana Radical inoculation Posada & Vega, 
2005 

a The family and species names of the plant have not been clarified in the paper. 
b Rows were ranked based on the publication years. 
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Figure 2- 1 A schematic diagram depicting the interactions between EIPF, 
Metarhizium or Beauveria, and the roots of host plant.  
Here we show proteins, metabolites, and hormones (disk, pentagon and square, 
respectively) from the plant (green) and endophytic insect pathogenic fungi (blue) 
involved in the symbiotic interactions. In this diagram, the insect cadaver above ground 
shows that the root colonization by endophytic insect pathogenic fungi (EIPF) can exert 
detrimental effects on insect pests feeding on foliage. The belowground part shows the 
role of EIPF in the transport of nitrogen from the insect to the plant in exchange for 
photosynthate from the plant to EIPF. On the right, below ground, endophytic 
colonization in the plant roots and the involvement of proteins (Mad2, Hyd1, Hyd2, Mrt, 
MrINV), fungal-derived plant hormone (IAA), and plant hormone (SA) from the roots, 
may play important roles in root colonization by EIPF. The question marks of LCOs from 
EIPF and SLs from the plant indicate these signaling metabolites have not been found in 
this interaction but have been observed in mycorrhizal fungi and/or plant pathogens and 
plants with endophytic colonization. C, carbon sources; Hyd1, Hydrophobin1; Hyd2, 
Hydrophobin2; IAA, indole-3-acetic acid; LCOs, lipochitooligosaccharides; Mad2, 
adhesin in Metarhizium; MrINV, extracellular invertase in Metarhizium; Mrt, 
Metarhizium raffinose transporter; N, nitrogen sources; SA, salicylic acid; SLs, 
strigolactones.  
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Here we review five aspects of the EIPF interactions with the roots of host plant: (1) 

rhizosphere colonization, (2) signaling factors from the plant and EIPF, (3) modulation of 

plant defense responses, (4) nutrient exchange, and (5) tripartite interactions with insect 

and other microorganisms. There is a paucity of information on the mechanisms of 

interactions between EIPF and plant roots. This review aims to comprehensively 

summarize the current state of knowledge of these interactions and highlight what 

remains to be determined. We endeavour to direct future research with information 

founded on more well-established fungal-plant root interactions, such as those involving 

mycorrhizal fungi and/or plant pathogens.  

2.3 Rhizosphere colonization 

Before colonizing the root surface, EIPF inhabit the rhizosphere, the layer of soil 

influenced by root metabolism. Plants interact with rhizosphere microbes through root 

exudates (Huang et al., 2014). The release of these compounds recruits organisms as 

evidence by significantly greater fungal population in the rhizosphere than in the 

surrounding bulk soil (Bruck, 2005). Differential gene expression in the root exudates of 

the host plant may provide information concerning the preparation of EIPF for root 

colonization. M. robertsii showed higher germination rates in bean root exudates than the 

endophytic fungus Trichoderma harzianum (Pava-Ripoll et al. 2011). A specific subset 

of genes involved in extracellular matrix/cell wall proteins, transport proteins, 

carbohydrate metabolism, lipid metabolism, cofactors and vitamins, energy metabolism, 

proteolysis, DNA synthesis, the sexual cycle and stress response were up-regulated in M. 

robertsii grown in bean root exudates. Among these, gene expression of a subtilisin-like 



 15 

protease, Pr1A, also involved in pathogenicity to insects, was up-regulated (Pava-Ripoll 

et al., 2011). The up-regulation of genes in M. robertsii involved in both insect 

pathogenicity and plant root colonization may provide clues concerning the 

commonalities in gene expression in these diverse ecological niches.  

A Metarhizium adhesin gene, Mad2, was up-regulated during growth in root 

exudates (Pava-Ripoll et al., 2011). When fungal conidia contact the root surface, Mad2 

facilitates attachment to the root surface (Figure 2-1). Genetic deletion of Mad2 resulted 

in reduced adhesion of Metarhizium to plant epidermis, but insect pathogenicity was not 

altered compared to the wild type (Wang & St. Leger, 2007). The Mad2 gene deletion 

mutant failed to colonize roots and did not improve plant growth in the wild (Liao et al., 

2014). Heterologous expression of Mad2 in Saccharomyces cerevisiae resulted in the 

ability of yeast to adhere to the onion epidermis but not to the locust cuticle (Wang & St. 

Leger, 2007). Thus, this adhesin appears to play an important role in the initial stages of 

the interaction of Metarhizium with the plant roots. Similarly, the deletion of B. bassiana 

hydrophobin genes, hyd1 or hyd2, significantly decreased colonization of bean roots 

(Moonjely et al., 2018) (Figure 2-1). Expression of bad2, a Beauveria adhesin gene, was 

reduced in all of the hydrophobin gene deletion mutants (Moonjely et al., 2018). 

However, the hydrophobin is involved in nonspecific, hydrophobic, conidial attachment 

to a surface. We may infer that hydrophobins facilitate the initial, hydrophobic, 

attachment to the root surface that is then strengthened with more specific interactions via 

adhesins. 

Whether EIPF interactions with the host plant are similar to that of plant-

rhizosphere-specific associations found in phytopathogens (Borah et al., 2018) is still 
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unknown. Wyrebek et al. (2011) found a non-random association of three Metarhizium 

species (M. robertsii, M. brunneum and M. guizhouense) with the rhizosphere of different 

plant species (identified to species and categorized as grasses, wildflowers, shrubs, and 

trees) at two sites in Ontario, Canada. These associations demonstrated some level of 

plant specificity for the different Metarhizium species. For example, certain species of 

Metarhizium and Beauveria are predominantly associated with the rhizospheres of 

strawberry, blueberry, and Christmas tree, in the USA (Fisher et al., 2011). However, a 

field experiment in Japan demonstrated no significant difference in the densities and 

detection rates of Metarhizium spp. among families and species of Asteraceae and 

Poaceae (Nishi & Sato, 2019). These inconsistent results may be due to differences in the 

microbiome among these sampling sites or the particular plant species with differences in 

root exudates (Mendes et al., 2013). Furthermore, abiotic factors like soil types, thermal 

conditions and UV radiation may affect the spatial distribution of EIPF species (Bidochka 

et al., 2001). 

In the rhizosphere, different strains of M. robertsii exhibit a range of phenotypic 

polymorphisms ranging from highly conidiating colonies to colonies that produce 

relatively more mycelia and fewer conidia (Angelone et al., 2018). These strain-specific 

phenotypic differences suggest different strategies used by fungi for rhizosphere 

colonization and that research done with one strain may provide results that are at odds 

with other strains. In the peanut root zone, the persistence and proliferation of a Chinese 

M. anisopliae s.s. isolate at different distances from the roots during plant development 

was reported (Liu et al., 2016). Therefore, the time point of plant harvest and the 
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rhizosphere location for assessing EIPF association should also be taken into 

consideration. 

During root colonization by EIPF under laboratory conditions, B. bassiana was 

found in aerial tissues of the bean and tomato after root colonization (Behie et al., 2015), 

which may indicate the endophytic growth of EIPF is extensive in the plant. Even though 

Metarhizium was restricted to the roots of bean plant (Behie et al., 2015), there are 

reports on the recovery of Metarhizium spp. in the above-ground part of a plant after soil 

drenching (Kaushik & Dutta, 2016; Barelli et al., 2018). Meanwhile, the vertical 

transmission of B. bassiana in the opium poppy was reported after inoculation of seeds 

(Quesada-Moraga et al., 2014).  

2.4 Signaling factors 

After associating and/or entering the plant, EIPF will face challenges from plant 

defense responses. The signaling molecules involved in symbiosis play important roles in 

engaging compatible interactions with mutualistic symbionts while also deterring plant 

pathogens. 

N-acetylglucosamine based oligomers from mycorrhizal fungi or rhizobia, 

lipochitooligosaccharides (LCOs), and short chain chitin signals, hold a central role in 

distinguishing mutualistic symbionts from pathogens (Amor et al., 2003; Maillet et al., 

2011; Genre et al., 2013). LCOs from fungi also operate as plant growth regulators by 

indirectly impacting plant biomass production, shoot and root growth, lateral root 

branching and seed germination (Oldroyd et al., 2001; Maillet et al., 2011; Khan et al., 

2011; Tanaka et al., 2015). Root colonization by EIPF results in extensive root 

development in the host plant, suggesting EIPF may release a similar symbiosis factor 
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prior to root colonization (Jaber & Enkerli, 2016; Heinz et al., 2018; Razinger et al., 

2018). For example, M. robertsii, M. acridum, M. anisopliae, M. brunneum, and B. 

bassiana produce indole-3-acetic acid (IAA), which promotes plant growth (Liao et al., 

2017). The IAA produced by fungi could improve lateral root growth and root 

development in the host (Figure 2-1). However, it is plausible that there are other 

unknown factors produced by these fungi which facilitate the symbiotic association. 

To overcome host immunity, plant pathogens secrete LysM effector molecules that 

manipulate host physiology, including immune responses, to support host colonization 

(de Jonge et al., 2011; Kombrink & Thomma, 2013). Two LysM proteins in B. bassiana, 

Blys2 and Blys5, are required for full fungal virulence towards insects (Cen et al., 2017). 

Compared to the wild type, gene deletion mutants of Blys2 or Blys5 could not propagate 

in infected insect hemocoel, and the expression of an antifungal gene, Gal (gallerimycin) 

in insects was upregulated. When complemented with Slp1, a LysM protein from the rice 

blast fungus Magnaporthe oryzae, the virulence of ΔBlys2 and ΔBlys5 was restored (Cen 

et al., 2017). This result may indicate that B. bassiana shares a strategy similar to that 

used by plant pathogenic fungi for the effector-mediated evasion of host immune 

defenses to facilitate endophytic colonization. However, whether these genes are 

involved in plant root colonization is unknown. It would be of interest to understand 

whether LysM effectors from Beauveria are also involved in root colonization and would 

suggest that some genes involved in endophytic colonization have been evolutionarily 

expropriated and repurposed for insect pathogenesis. 

Strigolactones, present in the root exudates of plants from diverse taxa are plant 

signaling compounds for the establishment of arbuscular mycorrhizal (AM) symbiosis 
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(Massalha et al., 2017). These compounds, as part of the root exudates, attract AM fungi 

during the presymbiotic phase, both via increasing the metabolic activity and germination 

of spores, and via improving AM fungal hyphal branching that increases the chances of 

contact between the hyphae and the host roots (Kretzschmar et al., 2012; Mori et al., 

2016; López-Ráez et al., 2017). Strigolactones are sesquiterpene lactone plant hormones. 

Interestingly, colonization by B. bassiana in tomato led to enhanced levels of 

monoterpenes and sesquiterpenes in tomato leaves (Shrivastava et al., 2015). The 

increased amount of terpenes may result from the production of the signaling compounds 

triggered by B. bassiana colonization. However, terpene production in tomato roots or 

the rhizosphere was not tested, which may lead to the identification of signaling 

compounds similar to that of strigolactones in the tomato when colonized by B. bassiana. 

2.5 Modulation of plant defense response  

Plant hormones play bifunctional roles in regulating plant growth and defense. IAA 

is best known for its role in plant cell elongation, division and differentiation (Woodward 

& Bartel, 2005) and is also likely to accumulate at the site of insect feeding (Peck & 

Kende, 1998). Abscisic acid (ABA) can regulate signals involved in plant growth and 

stress transduction while it can be affected by the presence of mycorrhizal fungi (Herrera-

Medina et al., 2007). Salicylic acid (SA) and jasmonic acid (JA) are representative 

hormones involved in plant immune responses. The SA response pathway is activated by 

plants in response to pathogen attack (Glazebrook, 2005). JA coordinates the defense 

responses against chewing insects (often termed the ‘wound’ response) and necrotrophic 

pathogens (Ballaré, 2011). Responses of plant hormones to biotic and abiotic are 
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complex, and the same hormone can play a pivotal role in multiple response pathways 

(Ku et al., 2018). The concentration changes of plant hormones may reflect the immune 

status of plants. Compared to the un-inoculated control, the decreased concentration of 

SA in peanut roots colonized by M. anisopliae indicated suppression of plant defense 

during endophytic colonization (Figure 2-1) (Hao et al., 2017). Reduced ABA and 

elevated JA levels were observed in Metarhizium-inoculated soybeans compared to the 

un-inoculated control under salinity stress, which suggests decreased stress in M. 

anisopliae inoculated-plants (Khan et al., 2012). However, it is still unknown whether 

changes in plant hormones during endophytic colonization result from the immune 

response of plants to EIPF, or were directly produced by the EIPF itself (Egamberdieva et 

al., 2017; Liao et al., 2017). Plant hormones also have an effect on the symbiont on 

artificial medium. For example, exposure of Metarhizium conidia to SA resulted in 

conidial thermotolerance but with decreased conidial yield (Rangel et al., 2012). Whether 

plant hormones function on EIPF’s physiological process directly or through the 

recruitment of other factors in the plant is still unknown. 

Differentially expressed genes (DEGs) of peanut roots colonized by M. anisopliae 

were related to three physiological processes: oxidation-reduction, transport and 

metabolism compared to the un-inoculated control (Hao et al., 2017). Peanut responses to 

M. anisopliae included a variety of transcription factors, such as WRKY, MYC, TGA, 

ethylene-responsive transcription factors, dehydration-responsive element-binding 

proteins, and nitrate transporters (Hao et al., 2017). Differential gene expression in the M. 

anisopliae treatment compared to F. oxysporum may signify a decrease in plant immune 

response in symbiotic interactions compared to pathogenic interactions (Hao et al., 2017). 



 21 

Microarray analyses of leaves from B. bassiana-inoculated Arabidopsis thaliana 

provided evidence for transcriptional reprogramming of plant defense pathways and the 

up-regulation of different pattern recognition receptors (Raad et al., 2019). This may be 

indicative of microbe-associated molecular pattern triggered immunity. Gene expression 

of the receptor-like kinase LysM domain-containing protein involved in early defense 

response and WRKY, important regulators of complex defense networks, was up-

regulated (Raad et al., 2019). Phytoalexin, JA, and SA signaling pathways were also up-

regulated in the leaves from root endophyte-inoculated A. thaliana (Raad et al., 2019). 

However, during root colonization of A. thaliana by B. bassiana, there were no 

significant differences in the concentrations of JA and SA or major secondary metabolites 

glucosinalates (Raad et al., 2019). The persistence of Beauveria inoculum in the 

rhizosphere of corn after 30 days was enhanced when plants were subjected to intensive 

wounding of foliage, which crudely simulated herbivory. This was explained as a defense 

against insect herbivory that also has the result of promoting Beauveria colonization in 

the plant (McKinnon et al., 2018). 

2.6 Nutrient exchange 

Metarhizium and Beauveria are able to translocate nitrogen directly from infected 

insect cadavers to the plant host (Behie et al., 2012; Behie & Bidochka, 2014) in 

exchange for photosynthate (Behie et al., 2017) (Figure 2-1). This relationship links 

insect pathogenicity with plant root colonization. Nitrogen is generally considered a 

limiting nutrient for plants, while accessible carbon is a limiting factor for some soil 

fungi (Smith et al., 2009). The photosynthetic capacity of leaves is related to the nitrogen 

content primarily because the proteins of the Calvin cycle and thylakoids represent most 



 22 

of the leaf nitrogen. Plant colonization by EIPF as a nitrogen provider can improve plant 

growth (Liao et al. 2014; Jaber & Enkerli 2016). However, the improvement of plant 

growth resulting from EIPF root colonization may be strain-specific. For example, one 

strain of B. bassiana significantly increased the growth of A. thaliana, while another 

strain had no effect (Raad et al., 2019). 

In addition to the compatibility of species, nutrient availability in the rhizosphere 

can also affect plant growth and root colonization by EIPF. When B. bassiana was 

applied to corn under greenhouse conditions, an improvement in plant growth was 

observed after 6 weeks but only under high nutrient conditions (Tall & Meyling, 2018). 

At low nutrient conditions, the presence of the fungus resulted in reduced plant growth 

and potentially constituted a nutrient sink (Tall & Meyling, 2018). Beauveria was 

isolated more frequently in bean roots from organic fields with the addition of compost, 

animal and green manures (15.0%) compared to bean roots from conventional fields 

using synthetic fertilizers (3.3%) (Ramos et al., 2017). Colonization by B. bassiana and 

M. anisopliae in common bean was most variable in sterile soil:sand:peat and least 

variable in sterile vermiculite (Parsa et al., 2018) and may reflect the nutritional 

variability of organic soil compared to inorganic vermiculite. In a study of sugarcane 

rhizosphere and soil, the concentration of nitrogen fertilizer strongly modified the 

percentages of EIPF in fungal communities (Paungfoo-Lonhienne et al., 2015). The ratio 

of Metarhizium spp. in low nitrogen soil compared to high nitrogen was 0.17, whereas 

the ratio of Beauveria was 7.1, indicating that low-levels of nitrogen fertilizer negatively 

impacts rhizosphere colonization by Metarhizium but positively impacts Beauveria 

(Paungfoo-Lonhienne et al., 2015). 
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Under nutrient starvation conditions, the expression of Mad2, an adhesin associated 

with attachment to the plant epidermis, was up-regulated (Barelli et al., 2011). Sucrose 

and raffinose family oligosaccharides, which comprise the root exudates, allowed for the 

attraction and colonization by Metarhizium to the roots (Jaeger et al. 1999; Fang & St. 

Leger 2010). A Metarhizium raffinose transporter (Mrt) gene deletion mutant grew 

poorly in root exudates and showed greatly reduced rhizosphere competency on grass 

roots (Fang & St. Leger, 2010) (Figure 2-1). Metarhizium employs invertase to 

metabolize sucrose and as such, invertase plays an important role in providing the fungus 

with sugars. Experimentation with an invertase gene deletion mutant resulted in poor 

fungal growth on sucrose, root exudates, and in rhizospheric soils but increased root 

colonization (Liao et al., 2013). The possible reason for the observed increased root 

colonization is that the gene disruption led to catabolite repression, thereby increasing the 

requirement of obtaining carbohydrates directly from the plant roots (Liao et al., 2013). 

Therefore, it can be predicted that genes associated with carbon and nitrogen metabolic 

pathways in EIPF and/or plants may influence root colonization by EIPF. 

EIPF can improve the bioavailability of metallic nutrients. Metarhizium, Beauveria, 

and Isaria were found to increase the Fe availability in calcareous or non-calcareous 

media containing various Fe sources (Raya-Díaz et al., 2017). EIPF can increase the leaf 

chlorophyll content, as well as the Fe content of the aboveground biomass in the plants. 

The total root length and number of fine roots were also increased in response to fungal 

applications (Raya-Díaz et al., 2017). The fungus B. caledonica was highly tolerant to 

toxic metals and solubilized cadmium, copper, lead, and zinc minerals, converting them 

into oxalates (Fomina et al., 2005). However, it is still unknown that whether EIPF can 
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improve the uptake of other essential elements in the plant during root colonization and 

whether the increase of essential elements in the plant with EIPF is directly through 

transferring from the soil or indirectly through improving the health status of the plant. 

2.7 Tripartite interactions 

The innate ability of EIPF to directly infect and kill insects is utilized as an 

alternative to chemical pest control (Figure 2-1). The application of seed dressing, soil 

treatment, and leaf spray with B. bassiana conidia effectively controlled cotton leafworm 

larvae (Sánchez-Rodríguez et al., 2018). A biocontrol effect was observed on Agriotes 

obscurus larvae during colonization by M. brunneum on potatoes under laboratory 

conditions (Mayerhofer et al., 2017). Colonization in the rhizosphere of Picea abies by a 

rhizosphere competent isolate of M. anisopliae provided nearly 80% control of black vine 

weevil larvae within two weeks of exposure to inoculated roots (Bruck, 2005). Since no 

fungal outgrowth was observed in larval cadavers, mortality may be attributed to the 

accumulation of mycotoxins and fungal metabolites in plant tissues (Gurulingappa et al., 

2011). Meanwhile, there is a possibility that decreased insect herbivory after application 

of EIPF may result from induced systemic plant responses that are antagonistic to insects 

(Castillo Lopez et al., 2014; Lopez & Sword, 2015). We cannot exclude the possibility 

that a different insect infection mode is implemented, that is, ingestion of EIPF conidia 

on the foliage, rather than the attachment of conidia to the cuticle and subsequent hyphal 

penetration. Furthermore, infected insect cadavers falling to the soil may be a source of 

nitrogen to the plant that could be transferred via fungal association with the plant roots. 

Counterintuitively, EIPF were also reported to increase the susceptibility of the plant to 

insects (Clifton et al., 2018). M. brunneum (strain F52) seed inoculum increased Aphis 
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glycines populations on soybean plants, but no significant effects were shown with B. 

bassiana (strain GHA) treatment (Clifton et al., 2018). Two potential explanations are as 

follows: decreased efficacy of general plant defenses and improved plant quality for 

aphids during endophytic colonization by M. brunneum. Since different fungal strains, 

host plants and inoculation methods are applied in various studies, further research is 

needed to elucidate the interactions between the EIPF and insects during root 

colonization.  

In addition to insect control, EIPF have demonstrated antagonistic activity against 

various plant pathogens. Colonization by B. bassiana protected tomato and cotton against 

the plant pathogens, Rhizoctonia solani and Phythium myriotylum (Ownley et al., 2008). 

M. robertsii conferred protection against root rot of haricot bean caused by Fusarium 

solani f. sp. phaseoli (Sasan & Bidochka, 2013). B. bassiana enhanced A. thaliana 

resistance against Sclerotinia sclerotiorum (Raad et al., 2019). The antagonistic effects 

that EIPF exert on plant pathogens may result from the bioactive secondary metabolites, 

destruxins (Wang et al., 2019b), cytochalasin, swainsonine and beauvericin through 

direct suppression (Gibson et al., 2014). Another possible mechanism is that phytoalexins 

produced through association with EIPF could alleviate detrimental effects of plant 

pathogens (Ahmed et al., 2000; Dixon, 2001). Significantly higher content of 

isoflavonoid phytoalexins was observed in soybean inoculated with Metarhizium 

compared to the control (Khan et al. 2012). Increased terpenoid biosynthesis in tomato 

plants with B. bassiana has been documented and could potentially act as phytoalexins 

(Shrivastava et al., 2015). There is also the possibility that access to limited nutrient 

sources in the host plant by EIPF competitively excludes and thus suppresses pathogens 
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(Snoeijers et al., 2000; Jaber & Ownley, 2018). Furthermore, resistance to plant 

pathogens may be activated through plant systemic defense pathway which is induced by 

the colonization by EIPF (Hao et al., 2017; Raad et al., 2019) or results from a 

combination of fungal plant metabolites as well as priming of plant immune responses by 

the fungus. 

The relationships between EIPF and other rhizosphere inhabiting microorganisms 

play a role in plant root colonization. Even though specific alkylamides in Echinacea 

purpurea increased 1.7 fold in plants colonized with B. bassiana and up to a 2.4-fold 

increase in plants colonized by both B. bassiana and the arbuscular mycorrhizal fungi 

Rhizophagus intraradices and Gigaspora margarita, the presence of AM fungi did not 

influence the colonization of B. bassiana (Gualandi et al., 2014). However, a detrimental 

effect of AM fungi was observed on the population density of B. bassiana (Zitlalpopoca-

Hernandez et al., 2017). Non-sterile soil can impede root colonization by Metarhizium 

and Beauveria in the common bean compared to sterile soil (Parsa et al., 2018). Higher 

colonization rates of B. bassiana were found in sorghum grown in sterile soil or in 

vermiculite compared to non-sterile soil (Tefera & Vidal, 2009). This may indicate 

antagonism of EIPF by members of the microbial community in non-sterile soils and has 

repercussions for their utility as biological control measures in agriculture. Furthermore, 

there is some research on the effect of EIPF on the diversity of soil fungal community 

(Schwarzenbach et al., 2009; Hirsch et al., 2013) but the influence of root-inhabiting 

EIPF on the rhizosphere microbiome needs to be elucidated. 
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2.8 Conclusion and future prospects 

EIPF are ubiquitous soil fungi, and Metarhizium spp. are among the most abundant 

fungi isolated from the soil (titers reaching 106 conidia per gram of soil) under sparse 

nutrient conditions (Roberts & St. Leger, 2004), and they persist in the field as 

rhizosphere colonizers (Hu and St. Leger 2002). This review summarizes the interaction 

between EIPF and host plant roots by means of host attachment, signaling and 

communication, modulation of plant defense responses, nutrient exchange, and 

interactions with insects or other microorganisms.  

There remains a paucity of information regarding the molecular and biochemical 

interactions between EIPF and plants. However, the interactions between plants and 

mycorrhizal fungi or plant pathogens are relatively well studied and could act as a basis 

for future study. It remains possible that research on EIPF-plant interactions could reveal 

novel mechanisms of association. The enzymes associated with EIPF root colonization, 

signaling compounds (plant and fungal) that allow endophytic colonization, the 

relationship between symbiosis and plant immune response, and the mechanisms of 

nutrient exchange are still largely unknown. In order to clarify these questions, we can 

apply transcriptomics, proteomics, metabolomics or combinations of these to gain 

knowledge about multi-level interactions as well as bioinformatics analysis on the 

changes of rhizosphere microbiome during root colonization by EIPF. Meanwhile, the 

pattern of temporal and spatial colonization by EIPF under different nutrient conditions 

can also contribute to the clarification of the processes involved in endophytic root 

colonization. The elucidation of EIPF and host plant root interactions can give insights 

into strategies for the application of these fungi in agroecosystems.
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3.1 Abstract 

Metarhizium robertsii is a fungus with two lifestyles; it is a plant root symbiont and 

an insect pathogen. A spontaneously phenotypically degenerated strain of M. robertsii 

strain ARSEF 2575 (M. robertsii lc-2575; lc = low conidiation) showed a reduction in 

conidiation and fungal virulence after successive subculturing on agar medium. In order 

to recover conidiation, we experimentally passaged M. robertsii lc-2575 through plant 

(soldier bean and switchgrass) roots or insect (Galleria mellonella) larvae. After five 

passages, the resultant strains had significantly increased conidial yields on agar and 

increased virulence in insect bioassays. Concomitantly, DNA methyltransferase, MrDIM-

2 expression was down-regulated in BR5 (a strain after 5 bean root passages) and isolates 

after switchgrass and insect passages. Bisulfite sequencing showed little difference in 

overall genomic DNA methylation levels (~0.37%) between M. robertsii lc-2575 and 

BR5. However, a finer comparison of the differentially methylated regions (DMRs) 

showed that DMRs of BR5 were more abundant in the intergenic regions (69.32%) 

compared to that of M. robertsii lc-2575 (33.33%). The addition of DNA 

methyltransferase inhibitor, 5-azacytidine, to agar supported the role of DNA 

methyltransferases and resulted in an increase in conidiation of M. robertsii lc-2575. 

Differential gene expression was observed in selected DMRs in BR5 when compared to 

M. robertsii lc-2575. Here we implicated epigenetic regulation in the recovery of 

conidiation through the effects of DNA methyltransferase and that plant passage could be 

used as a method to recover fungal conidiation and virulence in a phenotypically 

degenerated M. robertsii. 
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3.2 Introduction 

Metarhizium robertsii s.l., is an ascomycetous fungus (Bischoff et al., 2009) with a 

diverse lifestyle; it is an insect pathogen and it can also colonize the plant rhizoplane and 

grow endophytically between or within cortical root cells (Sasan & Bidochka, 2012); it is 

also a saprotroph. It is one of the best-studied entomopathogenic fungi and has been used 

as a biological pesticide against a wide array of arthropods (Fang et al., 2012). The 

endophytic capability and insect pathogenicity are coupled in that insect-derived nitrogen 

from the infected insect is transferred to the host plant via fungal mycelia (Behie et al., 

2012; Behie & Bidochka, 2014). Meanwhile, the plant can provide photosynthate to the 

fungus (Behie et al., 2017). This symbiotic association is beneficial to the plant (Hu & 

Bidochka, 2019); it promotes plant growth and antagonizes plant pathogens (Sasan & 

Bidochka, 2013).  

M. robertsii is not an obligate pathogen and is easily cultivated on a variety of 

artificial media where it produces conidia. However, during repeated subculturing on agar 

media, some isolates of M. robertsii spontaneously produce fewer conidia, exhibit a 

decline in fungal virulence, and grow as a fluffy-mycelial phenotype, a phenomenon 

known as phenotypic degeneration (Ryan et al., 2002). Spontaneous phenotypic 

degeneration is not restricted to Metarhizium and is observed after continuous 

propagation of filamentous fungi on artificial agar medium, reportedly as a sign of aging 

(Wang et al., 2005; Li et al., 2014).  From a T-DNA insertion library, disruption of genes 

involved in transporter, transcription regulation, and RNA or energy metabolism can also 

cause colony sectorization in M. robertsii (Zeng et al., 2017). However, commercial 

production of Metarhizium for insect biocontrol requires optimal production of conidia. 
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The conidium plays an important role in pathogenesis because it is the infective 

propagule, and thereby indispensable in disease transmission, and is the active 

component in commercial mycoinsecticides. The conidium germinates on the surface of 

the insect cuticle, followed by penetration through the cuticle to gain access to the 

nutrient-rich hemocoel via mechanical force and hydrolytic enzymes. Insect death results 

from the ramification of fungal growth throughout the insect hemocoel (Small & 

Bidochka, 2005). Thereafter the cadaver is mummified with conidiating mycelia. M. 

robertsii is also being explored as a plant growth promoter (Behie et al., 2017). 

Therefore, the loss or reduction of conidiation is an obstacle to the successful 

implementation of M. robertsii in insect pest control and/or as a plant biofertilizer. 

DNA methylation has been implicated in M. robertsii conidiation where two 

DNMTase genes, MrDIM-2 and MrRID showed significantly different expression in 

mycelia and conidia (Li et al., 2017). The involvement of DNA methylation during 

fungal development has been reported in other fungi. In the entomopathogenic fungus 

Cordyceps militaris, DNA methylation is involved in global reprogramming during 

fungal development (Wang et al., 2015). In the phytopathogenic fungus, Magnaporthe 

oryzae, a causal agent of rice blast disease, methylated domains were found to occur to a 

relatively lesser extent in the DNA of conidia and appressoria compared to mycelia (Jeon 

et al., 2015). Abnormalities in colony morphology, radial growth, and sporulation were 

observed in a mutant with a deletion of the DNA methyltransferase gene in M. oryzae 

(Jeon et al., 2015).  

Here we recovered conidial production and fungal virulence of a phenotypically 

degenerated M. robertsii by serially passaging through a plant (soldier bean and 
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switchgrass) or insect (wax moth) host. During the recovery of conidial production in a 

phenotypically degenerated strain through a plant or insect host, a decrease in the 

expression of DNMTase was observed. We also observed changes in transcriptional 

expression of a protein kinase and functional genes involved in conidiation and 

metabolism. Although we observed no differences in the overall level of genomic 

methylation between two strains (deteriorated vs. recovered) via bisulfite sequencing, a 

finer genomic analysis showed differences in the distribution of differentially methylated 

regions (DMRs) in the intergenic regions of two strains. 

3.3 Materials and Methods 

3.3.1 Fungal Culture  

M. robertsii lc-2575 (lc = low conidiation; Mr lc-2575) was isolated from a 

spontaneous mycelial sector of the M. robertsii ARSEF 2575-GFP expressing green 

fluorescent protein (GFP) after successive subculturing on potato dextrose agar (PDA; 

Difco Laboratories, BD, Mississauga, ON, Canada). The construction of the GFP-

expressing plasmids, as well as the transformation of M. robertsii ARSEF 2575 has been 

previously described (Fang et al., 2006). Mr lc-2575 also expressed GFP. Mr lc-2575 

showed phenotypic degeneration: a reduction in conidiation with fluffy-mycelial growth 

when grown on PDA at 27 °C. Conidia were dislodged from a 12 days old PDA culture 

with 0.01% Triton X-100 and the suspension was passed through a funnel containing 

glass wool in order to obtain a conidial suspension. The concentration of the suspension 

was adjusted to 106 conidia/mL using a hemocytometer for counting. 
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3.3.2 Plant passages and root colonization  

Seeds of Phaseolus vulgaris (haricot bean) and Panicum virgatum (switchgrass) 

were obtained from OSC Seeds, Waterloo, Ontario, Canada. In order to prevent fungal or 

bacterial contamination, the seeds were surface sterilized. Seeds were immersed in sterile 

distilled water for 15 min and subsequently immersed in 4% sodium hypochlorite 

solution three times for 5 min. Each time, the fluid was decanted, and the seeds were 

rinsed with sterile distilled water. Axenically treated seeds were kept overnight at 4 °C to 

allow for synchronization of growth and then placed onto sterile, moist filter paper placed 

in Petri dishes with a photoperiod of 16 h at 25 °C. Sterile water was added as needed to 

keep the filter paper moistened. The sterilized seeds were tested for fungal or bacterial 

contamination by plating onto PDA. Soldier bean seeds developed visible roots in 3 days 

and 5 days for switchgrass seeds. 

Soil (Schultz Potting Mixture, Brantford, ON, Canada) was sterilized by autoclaving 

at 121°C for 20 min for three times at 24-hour interval. Plants were grown in plastic 

garden pots (10 cm in height by 15 cm in diameter). The garden pots were sterilized with 

UV light for 3 h prior to use. The pots were filled with sterile soil to 1 cm from the top 

and moistened with sterile distilled water. Each pot was planted with one sterile 

germinated soldier bean seed or ten sterile germinated switchgrass seeds. A modified soil 

drench method was used to inoculate the soil with conidia (Greenfield et al., 2016). Five 

milliliters of 106 conidia/mL suspension of Mr lc-2575 was pipetted onto the surface of 

the soil surrounding the seedling. The pots were then kept at 25 °C daytime and 18 °C 

nighttime for a photoperiod of 16 h a day with 70% humidity. Plants were watered daily 

with sterile distilled water. 
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The plants were harvested 10 days after placement in the soil and thoroughly 

washed until any remaining soil was removed. The plant roots were then homogenized 

using a rotary homogenizer (Greiner Scientific, Frickenhausen, Germany) in 0.01% 

Triton X-100. After vortexing, four hundred microliters of this homogenate was then 

spread onto selective YPD agar media (2 g/L yeast extract, 10 g/L peptone, 20 g/L 

dextrose, 15 g /L agar, 0.5 g/L cycloheximide, 0.2 g/L chloramphenicol, 0.5 g/L 65% 

dodine, and 0.01 g/L crystal violet) (Behie & Bidochka, 2014) and incubated at 27 °C for 

12 days with four replicates.  

A single colony was randomly isolated from the selective agar plates and transferred 

to PDA plates to collect conidia in order to colonize the successive generation of plants. 

The conidia of each strain were stored in 10% glycerol at -80 °C. Mr lc-2575 was 

passaged, for 5 generations, through soldier bean and switchgrass.  

3.3.3 Insect passages 

For the insect passages, conidia were topically applied to wax moth larvae (Galleria 

mellonella) (Massasauga Imports, Halton, ON, Canada). Individual larvae (N = 20) were 

inoculated on the dorsal surface with 5 µL × 106 conidia/mL Mr lc-2575 and placed 

separately into a 60 mm × 15 mm Petri dish (Fisher Scientific, Toronto, ON, Canada) 

with wet sterile filter paper in order to maintain high humidity and incubated at 27 °C in 

the dark. Conidia were sampled from the first infected insect to die after 5 days that, 

subsequently, showed conidiation on the cadaver. Conidia on the cadaver of the insect 

were removed using a sterile loop and then quadrant streaked onto PDA. From the PDA 

plate, one colony was randomly chosen to continue onto the next passage similar to the 

plant passages resulting in five generations of insect passages. 
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3.3.4 Conidial production  

Conidial production of fungal strains after every passage was assessed (Kamp & 

Bidochka, 2002). The single colony isolates from previously grown 12-day PDA plates 

(10 cm Petri dish with 10 mL potato dextrose agar medium) were point inoculated into 

the center of the PDA plates with a 5 µL conidial suspension (106 conidia/mL of 0.01% 

Triton X-100 solution). For the DNA methyltransferase inhibition experiment, we grew 

Mr lc-2575 on PDA plates amended with 1, 2, 5 and 10 mM 5-azacytidine (Sigma-

Aldrich Co., St. Louis, MO, USA). Conidial production was assessed after 12 days at 27 

°C. In order to quantify conidial production, a 7 mm diameter plug was taken halfway 

between the center of the Petri dish to the perimeter of the colony on day 12. The plug 

was immersed in 0.7 mL 0.01% Triton X-100 and vortexed for approximately 1 min. 

Conidia were then counted using a hemocytometer. Three replicates were counted per 

sample.  

To test whether stress conditions triggered the recovery of conidiation in 

phenotypically degenerated Metarhizium, the Mr lc-2575 was grown on PDA amended 

with 0.5 mM Congo red for cell wall stress, 0.5 M NaCl for hyperosmotic stress 

(Moonjely et al. 2018), and 1/2 PDA (12 g/L Potato Dextrose Broth, 15 g/L agar) for low 

nutrition stress. The colony morphologies were examined after 12 days at 27 °C. 

3.3.5 Bioassays 

Fungal virulence of strains from the plant and insect passages was assayed against 

wax moth (G. mellonella) larvae as previously described (Moonjely & Bidochka, 2019). 

A 5 µL conidial suspension (106 conidia/mL of 0.01% Triton X solution) of passages 1, 3, 

and 5 of the soldier bean, switchgrass and the insect, was topically applied on the cuticle 
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of the wax moth larvae. Therefore 3 strains of each passage were assayed, together with 

Mr lc-2575 and the un-inoculated control (0.01% Triton X-100 solution). Each larva was 

placed individually in a 60 mm × 15 mm Petri dish. Humidity was maintained in each 

Petri dish with a piece of moistened filter paper. The treated insect was placed at 25 °C, 

and the mortality was recorded daily over a 10-day period. Each replicate contained 20 

larvae and performed in 5 replicates. The experiment was repeated twice. The mean lethal 

time to death (LT50) was calculated using Probit analysis  (Finney 1971). 

3.3.6 Inhibition of DNMTase activity 

 Mr lc-2575 and BR5 (resultant strain after 5 generations of bean root passage) were 

cultured on the PDA plates amended with 1 mM 5-azacytidine (5AZ) (Lin et al., 2013) 

and incubated at 27 °C. The conidial yield was assessed on day 12. Meanwhile, fungal 

biomass was harvested on day 12 and the expression of functional genes was tested by 

reverse-transcribed quantitative PCR (RT-qPCR). Three replicates were performed 

independently for each test. 

3.3.7 Bisulfite sequencing (BS-Seq) library construction and high-throughput 

sequencing 

We compared genomic methylation in Mr lc-2575 and BR5 using bisulfite 

sequencing. Here the genomic DNA was randomly sheared to 200–400 bp using a 

Covaris M220 Focused-ultrasonicator™ (Covaris Inc., Woburn, MA, USA), followed by 

end-repairing, adding A tail, and ligating the sequencing linker in which all cytosines are 

methylated according to the manufacturer’s instructions (Illumina Inc., San Diego, CA, 

USA). The bisulfite treatment was carried out with ZYMO EZ DNA Methylation Gold 

Kit (Zymo Research, Orange, CA, USA). The PCR amplification was performed to 



 37 

obtain a final whole genome bisulfite sequencing library. After the preparation of the 

library, Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, US) and Agilent 2100 

Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) were used respectively to 

detect the concentration of the library and the insert size, and the effective concentration 

(>2nM) of the library was quantitatively determined by quantitative-PCR to ensure the 

library quality. The resulting DNA was paired-end sequenced by Illumina HiSeq, PE150 

(Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. 

3.3.8 Initial processing and mapping of BS-Seq reads 

Prior to mapping, short reads from Illumina sequencing were subjected to a filter. 

Trimming software was used to remove the sequencing adapter and low-quality data of 

the sequencing data, and the clean data obtained was used for subsequent analysis. All 

clean BS-Seq reads were mapped to the reference genome M. robertsii strain ARSEF 

2575 by the BSMAP aligner (Whole Genome Bisulfite Sequence MAPping Program) (Xi 

& Li, 2009). 

3.3.9 Bioinformatic analysis of BS-Seq data  

According to the method previously reported (Li et al., 2017), differentially 

methylated regions (DMRs) were identified. With the C-site methylation level results 

files, the DNA methylation levels in Mr lc-2575 were compared with methylation levels 

in BR5 using a sliding window approach with a 200 bp window sliding at 50 bp intervals. 

Statistical analysis (t-test) was performed on the difference in methylation levels at all C 

sites in the sliding window. Finally, the DMRs are obtained by screening. (P-value < 

0.01, the inter-sample difference level (diff) >0.005). 
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3.3.10 Reliability assessment of methylation level detection 

The reliability of methylation site levels was assessed before analysis by detection 

results of cytosine in the CHH complex (H: A, T, or C) in the mitochondrial DNA 

sequence detected in the library. The bisulfite conversion efficiency of Mr lc-2575 and 

BR5 were both above 99%. 

3.3.11 Availability of BS-Seq supporting data 

The raw Illumina sequencing data in this study were deposited in Gene Expression 

Omnibus (http://www.ncbi.nlm.nih.gov/geo/) at the National Center for Biotechnology 

Information with the accession number GSE146251. 

3.3.12 Reverse-transcribed quantitative PCR (RT-qPCR) 

To study the relationship between differentially methylated levels and the expression 

of genes in Mr lc-2575 and BR5, total RNA was prepared from fungal material of the two 

strains, scraped from cultures at day 12 on PDA plates and PDA plates plus 1 mM 5AZ. 

RNA was extracted from frozen fungus using QIAzol Lysis Reagent (QIAGEN, Toronto, 

ON, Canada), and all samples were DNase-treated using RNase-Free DNase (Promega, 

Madison, WI, USA). We identified 5 genes that were differentially methylated and 

potentially involved in the reversal of phenotypic degeneration; FAD (X797_006789, 

FAD-dependent oxidoreductase), MFS (X797_006759, Major facilitator superfamily 

transporter), MIT (X797_000073, Mitochondrial inner membrane protease complex 

subunit Yme1), PKAM (X797_010917, Protein kinase) and ZNAD (X797_011491, Zn-

dependent alcohol dehydrogenase family protein) together with MrDIM-2 (MAA_04944, 

DNA methyltransferase) and MrRID (MAA_03836, DNA methyltransferase). Primers are 

listed in Table 3-1. The expression of other reported genes involved in the conidiation 
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were also tested in Mr lc-2575 and BR5 on PDA plates. They are cag8 (DQ826044, a 

regulator of a G protein signaling) (Fang et al., 2007), Hyd2 (MAA_01182, hydrophobin) 

(Sevim et al., 2012), Mero-Hog1 (MAA_05126, a gene in mitogen-activated protein 

kinase cascades) (Chen et al., 2016), Mr-Pks1 (MAA_07745, a polyketide synthase) 

(Zeng et al., 2017). Primers are listed (Supporting Information Table S3-1). To confirm 

the role of DNA methylation during the recovery of conidiation in switchgrass passages 

and insect passages, the expression of two DNA methyltransferases was also examined in 

the isolates after switchgrass or insect passages grown on PDA at day 12.
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Table 3- 1 PCR primers used in this study 

ID Gene Forward/Reverse Sequence (5rward Function 

X797_006789 FAD TCAATCGTGACGCCAAACTG 
FAD-dependent oxidoreductase 

  GGGTATAGGGAGGGCTTGAC 

MAA_04944 MrDIM-2 TCGGCTTCAGGATTCTACC 
DNA methyltransferase 

  CCGTGTGTTTACGCTGATG 

MAA_07675 Gpd GACTGCCCGCATTGAGAAG Oxidoreductase in glycolysis and 

gluconeogenesis 
  AGATGGAGGAGTTGGTGTTG 

X797_006759 MFS GGCACAAGACAGTACACGAC 
Major facilitator superfamily transporter 

  CGACAGAGTGAAAGGCAAGG 

X797_000073 MIT CAACACGGTCGCTCATCTTT Mitochondrial inner membrane protease 

complex subunit Yme1 
  GCCTCATCGCATCCATGTAC 

X797_010917 PKAM GTCTGTTGAAGCTTGCGGAA 
Protein kinase 

  CAGCCTCAGGTAGTCGCATA 

X797_011491 ZNAD	 AATCAGTTCACCATCTGCGG	 Zn-dependent alcohol dehydrogenase 

family protein	  CTTGCAATTTCCCCTGGTCC	
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The RNA concentration was determined spectrophotometrically using Qubit 

(Invitrogen, Carlsbad, CA, USA). Total RNA was transcribed into complementary DNA 

(cDNA) with High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster 

City, CA, USA), following the manufacturer’s instructions. Real-time PCR was 

conducted using a SensiFAST™ SYBR No-ROX kit (Bioline USA Inc., Taunton, MA, 

USA) in a volume of 10 µL, including 5 µL 2x SensiFAST SYBR® No-ROX Mix, 2 µl 

cDNA, 0.5 µl of each forward and reverse primers (5.0 µM). The PCR protocol included 

a 2 min initial denaturation step at 95 °C, followed by 40 cycles of 5 s at 95 °C and 30 s 

at 68 °C. Fluorescence measurements were collected at each polymerization step then 

held at 95 °C for 10s. The melting curve (65–95 °C) was taken at 0.5 °C intervals. PCR 

products were checked with melt curve analysis after quantification. The relative 

expression level of each gene was normalized against the reference gene, glyceraldehyde 

3-phosphate dehydrogenase (Gpd) (Fang & Bidochka, 2006) by Bio-Rad CFX Manager 

software (Bio-Rad, Hercules, CA, USA). For the expression of the regulator of G-protein 

signaling (cag8), the melting temperature was 60.7 °C, and the reference gene was the 

translation elongation factor (Tef) (Fang & Bidochka, 2006). Four biological replicates 

with two technical replicates were performed independently for each gene tested.   

3.4 Results 

3.4.1 Conidial production after plant and insect passage 

Colony morphology of M. robertsii lc-2575 (lc = low conidiation; Mr lc-2575) 

exhibited phenotypic degeneration (Figure 3-1). Conidial production of Mr lc-2575 was 

0.94 ± 0.37 (× 106 conidia/cm2) on potato dextrose agar (PDA) plates after 12 days at 27 
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°C. When the degenerated strain was passaged through soldier bean 5 times, successively 

higher conidial production was observed (Figure 3-1). After one passage through bean 

roots, Mr lc-2575 recovered at 19.71 ± 7.44 (× 106 conidia/cm2). After five passages 

through bean roots, conidial production was 41.86 ± 8.17 (× 106 conidia/cm2). Conidial 

production of Mr lc-2575 after passages through switchgrass roots was greater than 

through the soldier bean roots with 26.69 ± 10.25 (× 106 conidia/cm2) after one passage, 

36.70 ± 6.90 (× 106 conidia/cm2) after two passages and 41.55 ± 6.01 (× 106 conidia/cm2) 

after five passages (Figure 3-1). During insect passages, conidial production was 8.35 ± 

2.06 (× 106 conidia/cm2) after one passage and after two passages was 25.17 ± 5.22 (× 

106 conidia/cm2). After four passages through the insect, conidial production was 30.18 ± 

14.31 (× 106 conidia/cm2) (Figure 3-1).  Thereafter fewer conidia were produced after 

five passages than four passages. The conidial yields of all the strains in plant and insect 

passages showed significant increases compared to that of Mr lc-2575 (P < 0.05). 
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Figure 3- 1 Colony morphology and conidial production of Mr lc-2575 after plant 
and insect passages.  
Colony morphology and conidial production were examined from 12-day PDA colonies 
in triplicate of Mr lc-2575, isolates after soldier bean passages [B], switchgrass passages 
[S] and insect passages [I] from passage 1 to passage 5 (P1 to P5). Generally, the darker 
the colony, the more conidia are being produced. Standard deviations are shown. Data 
were analyzed by one-way ANOVA with Fisher's least-significant difference (LSD) test. 
Statistical differences shown; Asterisks indicate statistically significant differences 
relative to Mr lc-2575. (P < 0.05)
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Conidial production of Mr lc-2575 grown on PDA amended with 1, 2 and 5 mM 

5AZ increased significantly with values of 18.36 ± 2.20, 19.18 ± 1.89 and 12.68 ± 0.59 

(× 106 conidia/cm2) respectively (P < 0.001), compared to Mr lc-2575 grown on PDA. 

The conidial productions of Mr lc-2575 on 1 mM and 2 mM were similar. And there was 

no significant difference in the conidial production between Mr lc-2575 on PDA and Mr 

lc-2575 on PDA with 10 mM 5AZ, 0.29 ± 0.03 (× 106 conidia/cm2) (Supporting 

Information Figure S3-1). Therefore 1 mM 5AZ was used for the inhibition of DNMTase 

enzyme activity in Mr lc-2575. 

As for the conidiation of Mr lc-2575 under different stress conditions, there were no 

differences in the morphology of Mr lc-2575 under cell wall disturbing stresses, 

hyperosmotic stress, and low nutrient conditions compared to Mr lc-2575 grown on PDA 

plates (Supporting Information Figure S3-2). 

3.4.2 Bioassays 

Insect bioassays via topical application of conidia on wax moth larvae assessed the 

virulence of Mr lc-2575 and isolates from the plant and insect passages. Compared to Mr 

lc-2575, fungal virulence increased significantly after plant or insect passages (P < 0.05) 

(Figure 3-2A). Mr lc-2575 showed a LT50 of 7.35 ± 0.46 days, while the LT50 of isolates 

from bean passages decreased significantly with 3.96 ± 0.48, 3.70 ± 0.44, and 3.98 ± 0.29 

days in passage one, three and five, respectively (P < 0.05) (Figure 3-2A). The LT50 of 

isolates from switchgrass passage one, three and five decreased 40%, 47%, and 39%, 

respectively, compared to LT50 of Mr lc-2575 (Figure 3-2A). At day 6, insect mortality of 

isolates from insect passage one, three and five was 77%, 75%, and 96%, respectively. 



 45 

On the same day, insect mortality of Mr lc-2575 and the un-inoculated control was 33% 

and 8%, respectively (Figure 3-2B). 

During fungal passages through the insect, fungal virulence increased significantly 

in passage five compared to Mr lc-2575 and in isolates from passage one and three (P < 

0.05) (Figure 3-2A). However, fungal virulence showed no significant differences 

amongst the three strains in bean passages. Similar statistical results were observed with 

the three isolates from the switchgrass passages. There was no significant difference in 

LT50 amongst the isolates from bean, switchgrass or insect passages in passage one. The 

LT50 of the isolates from bean passage three was lower than that of the isolates from 

insect passage three (P < 0.05). The virulence of isolates from the insect passage was 

higher than the isolate from switchgrass passage five (P < 0.05) (Figure 3-2A). 
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Figure 3- 2 The calculated LT50 (day) values (A) and daily insect (G. mellonella 
larvae) mortality (B) after treatment with M. robertsii conidia.  
Standard deviations are shown. Data were analyzed by one-way ANOVA with Fisher’s 
LSD test. Bars indicated by different letters in Figure 3-2A are significantly different (P 
< 0.05).  
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3.4.3 Transcriptional expression of DNMTases 

MrDIM-2 and MrRID are two DNMTases in M. robertsii, which code for proteins 

with putative DNMTase domains (MAA_04944 and MAA_03836) (Li et al., 2017). 

These genes are closely related to DIM-2 and RID sequences in M. oryzae (Li et al., 

2017). Transcriptional expression of these two genes was down-regulated in conidia, 

compared to mycelia in M. robertsii, which indicated different methylation levels in 

conidia and mycelia (Li et al., 2017).  

We observed a change from mycelial phenotype to conidiating phenotype in Mr lc-

2575 after passed through the bean roots. Expression of these DNA methyltransferase 

genes in Mr lc-2575 and BR5 was assessed by quantitative real-time PCR. Compared to 

Mr lc-2575, the expression of MrDIM-2 was down-regulated significantly after five 

passages through bean roots (BR5) (P < 0.01), with an expression value -4.135 of the 

relative normalized expression (log2) (Figure 3-3C), while expression of MrRID in fungi 

showed no significant difference after bean passages (Data not shown). A similar down-

regulation in the expression of MrDIM-2 in isolates after 5 switchgrass or 5 insect 

passages on PDA was observed with the expression values -2.918 and -1.304 of the 

relative normalized expression (log2) compared to Mr lc-2575 on PDA (Supporting 

Information Figure S3-3). Meanwhile, the expression of MrRID decreased significantly 

in isolate after switchgrass passages with an expression value of -2.884 of the relative 

normalized expression (log2) compared to Mr lc-2575 (P < 0.001) (Supporting 

Information Figure S3-3).
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Figure 3- 3 DNA methyltransferase activity inhibition experiments with 5-
azacytidine.  
(A) Colony morphology of Mr lc-2575 and fungi after 5 bean passages (BR5) at day 12 
on PDA and PDA plus 1 mM 5-azacytidine (PDA + 1 mM 5AZ). (B) Conidial 
production from 12-day PDA colonies (in triplicate; with or without 1 mM 5AZ) of Mr 
lc-2575 and BR5. Standard deviations are shown. Data were analyzed by one-way 
ANOVA with Fisher’s LSD test. Bars indicated by different letters are significantly 
different (P < 0.001). (C) Expression levels of DNA methyltransferase, MrDIM-2 in Mr 
lc-2575 and BR5 grown on PDA with or without 1 mM 5AZ. RNA was extracted from 
12-day colonies. The relative expression level of the genes in Mr lc-2575 on PDA was set 
to 1. Standard errors are shown. Data were analyzed with standard t-test in Bio-Rad CFX 
Manager software; Statistical differences are shown; * P < 0.05; ** P < 0.01; *** P < 
0.001. The experiment was repeated three times with similar results.
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3.4.4 Inhibition of DNMTase enzyme activity 

When the phenotypically degenerated strain Mr lc-2575 was grown on PDA 

amended with 1 mM 5-azacytindine, a DNMTase enzyme inhibitor, the morphology of 

the colony showed increased conidiation (Figure 3-3A). The conidial yield increased 

significantly to 18.36 ± 2.20 (× 106 conidia/cm2) in Mr lc-2575 with 5AZ compared to 

that of Mr lc-2575 without 5AZ (P < 0.001). However, the conidial yield of BR5 

significantly decreased to 18.52 ± 1.21 (× 106 conidia/cm2) in the presence of 1 mM 5AZ 

compared to 41.86 ± 8.17 (× 106 conidia/cm2) when grown on PDA (P < 0.001) (Figure 

3-3B).  

The expression of MrDIM-2 decreased significantly in BR5 and this expression 

level was similar to that in Mr lc-2575 grown in the presence of 1 mM 5AZ (Figure 3-

3C). There was no change in expression of MrRID, another DNA methyltransferase, for 

any of the treatments in Mr lc-2575 and BR5 (Data not shown).  

3.4.5 Global mapping of DNA methylation  

To further investigate the role of DNA methylation during the recovery of 

conidiation in Mr lc-2575 after bean root passage, we compared genomic methylation in 

Mr lc-2575 and BR5 using bisulfite sequencing. The genome-wide DNA methylation 

maps were profiled by high throughput bisulfite sequencing (BS-Seq) for genomic DNA 

extracted from Mr lc-2575 and BR5. In total, BS-Seq yielded about 30.66 million and 

31.02 million raw reads for Mr lc-2575 and BR5, respectively. After filtering adapter 

contaminants and low-quality reads via Trimmomatic software 

(http://www.usadellab.org/cms/?page=trimmomatic), about 30.51 million and 30.84 
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million clean reads were obtained for Mr lc-2575 and BR5. The total mapping rates were 

88.0% and 75.5% for the Mr lc-2575 and BR5, respectively (Supporting Information 

Table S3-2). The genome-wide average methylation level reflected the overall 

characteristics of the genomic methylation profile. From the analysis of BS-Seq files, the 

percentages of methylated cytosines in Mr lc-2575 and BR5 was 0.375% and 0.379%, 

respectively. The most methylated sites were found at CHH residues (75.00% for Mr lc-

2575 and 77.78% for BR), followed by CHG (16.67%) and CpG (8.33%) in Mr lc-2575, 

CpG (14.81%), and CHG (7.4%) in BR5 (H: A, T, and C). As for the CG, CHG, and 

CHH contexts, there were no differences in the methylated level of cytosines between Mr 

lc-2575 and BR5 (Table 3-2). 
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Table 3- 2 Average global DNA methylation levels of different types of cytosine. 

Type of 
cytosines (%) C CpG CHGa CHHa 

Mr lc-2575 0.374804544 
0.370952172 

(8.33%) 

0.367891757 

(16.67%) 

0.378714010 

(75.00%) 

BR5 0.379456546 
0.37292909 

(14.81%) 

0.371142210 

(7.41%) 

0.384921021 

(77.78%) 

a H: A, T, or C. 
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3.4.6 DNA methylation patterns in Mr lc-2575 and BR5 

Although the methylated levels of cytosines in the overall genome of Mr lc-2575 

and BR5 were similar, the distribution of differentially methylated regions (DMRs) 

throughout the genic regions and intergenic regions showed differences. For all the 

detected DMRs, the percentage of intergenic regions in hypermethylated DMRs in BR5 

was 69.32% compared with 33.33% for the hypermethylated DMRs in Mr lc-2575 

(Supporting Information Table S3-3). The percentages of promoter, exon, intron, 2k-

upstream and 2k-downstream in the hypermethylated DMRs of Mr lc-2575 were all 

higher than these in the hypermethylated DMRs of BR5 (Figure 3-4). 
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Figure 3- 4 The distribution of differentially methylated regions (DMRs) in fungi 
after 5 bean passages (BR5) and Mr lc-2575. 
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3.4.7 Gene ontology (GO) and KEGG pathway enrichment analysis 

Based on the results of the DMRs annotation, functional enrichment analysis was 

performed on genes and 2k-upstream and 2k-downstream regions that overlapped with 

hypermethylated DMRs in Mr lc-2575. 65.5% identified DMR genes were categorized in 

databases. Gene Ontology (referred to as GO, http://www.geneontology.org) enrichment 

analysis of related genes in DMRs can uncover biological processes related to biological 

problems studied. The results showed that hypermethylated DMRs in Mr lc-2575 were 

functionally categorized into three GO domains: molecular functions (25), cellular 

component (10), and biological process (19) (Supporting Information Table S3-4). KEGG 

(Kyoto Encyclopedia of Genes and Genomes) was applied for the functional analysis of 

hypermethylated DMRs in Mr lc-2575. We found 31 predicted pathways involved in 

amino acid, carbohydrate, and fatty acid metabolism as well as mitogen-activated protein 

kinases (MAPK) signaling pathway, autophagy, and biosynthesis of secondary 

metabolites (Supporting Information Table S3-5). 

3.4.8 Transcriptional expression of putative methylated genes and conidiation genes 

Based on the BS-Seq results, 5 genes were chosen for the gene transcription 

analysis. The expression of FAD, MFS, MIT, PKAM, and ZNAD were significantly up-

regulated in BR5 with expression values, 0.786, 0.655, 0.553, 0.445, and 0.748 compared 

to the relative normalized expression (log2) in Mr lc-2575 (P < 0.05). Similar expression 

patterns of all five genes were observed in Mr lc-2575 grown in the presence of 5AZ, 

with the expression values of 1.821, 2.191, 1.842, 2.157, and 1.111 of the relative 

normalized expression (log2) compared to Mr lc-2575 (P < 0.01), which supports the BS-

Seq results (Figure 3-5).
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Figure 3- 5 Relative expression of five genes with higher methylated levels in Mr lc-
2575 compared to that of fungi after 5 bean passages (BR5).  
RNA was extracted at 12 days post-inoculation on PDA plates and PDA plus 1 mM 5-
azacytidine [5AZ]. For each gene, the expression level in Mr lc-2575 on PDA plates was 
set to 1. Standard errors are shown. Data were analyzed with standard t-test in Bio-Rad 
CFX Manager software. Statistical differences are shown; * P < 0.05; ** P < 0.01; *** P 
< 0.001. FAD-dependent oxidoreductase (FAD), major facilitator superfamily transporter 
(MFS), mitochondrial inner membrane protease complex subunit Yme1 (MIT), protein 
kinase (PKAM), Zn-dependent alcohol dehydrogenase family protein (ZNAD). The 
experiment was repeated twice with similar results. 
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As for the expression of functional genes involved in conidiation, cag8, Hyd2, 

Mero-Hog1, and Mr-Pks1 showed up-regulation in BR5 with relative normalized 

expression (log2) values 9.761, 1.535, 1.361, 6.328 compared to their expression in Mr 

lc-2575 (Supporting Information Figure S3-4), which may indicate that other pathways 

contribute to the recovery of conidiation and virulence in isolates after bean root passage. 

3.5 Discussion 

Here we found that conidial production and insect virulence in a phenotypically 

degenerated strain of M. robertsii (Mr lc-2575) could be increased by passage through a 

plant or an insect host. We also observed a decrease in DNMTase expression with 

increased conidiation after plant root and insect passages. Although the overall genomic 

methylated levels of Mr lc-2575 and BR5 showed no difference by BS-Seq, a finer 

comparison of the differentially methylated regions (DMRs) showed DMRs were more 

abundant in the intergenic regions in BR5 (69.32%) when compared to Mr lc-2575 

(33.33%). We speculated that epigenetic modification occurred during successive bean 

passages of phenotypically degenerated M. robertsii observed as changes in the 

distribution of DMRs through the genome.  

The change from a degenerated phenotype to a conidiating phenotype in M. robertsii 

through plant root and insect passages is a flexible and rapid phenotypic process. The 

frequency and nature of this phenomenon suggest that this is neither a gene mutation nor 

a genetic reversion process, in the classical genetic context, and could involve epigenetic 

factors. We implicated epigenetic modification, through DNA methylation, after the 

passage of phenotypically degenerated M. robertsii through plant and insect host.  
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The expression of two DNA methyltransferases (DNMTases), MrDIM-2 and 

MrRID, was downregulated in conidia compared to mycelia in M. robertsii strain ARSEF 

23 with a resultant increase in genomic methylation in mycelia than in conidia (Li et al., 

2017). Similarly, the density of methylated cytosine was higher in the mycelial stage than 

the conidial stage in the rice blast fungus M. oryzae (Jeon et al., 2015). The sectored 

progeny (mycelial phenotype) exhibited genome-wide DNA hypomethylation with down-

regulated expression of DNMTases in Cryphonectria parasitica, the chestnut blight 

fungus (So et al., 2018). DNA methylation may be involved in the colony phenotype 

changes in M. robertsii. The down-regulation of expression of MrDIM-2 in M. robertsii 

after bean passages and the recovery of conidiation of Mr lc-2575 on agar medium with a 

DNMTase inhibitor are consistent with the implication of DNA methylation in the 

transition from mycelial to conidial colony phenotype. The similar down-regulation of 

MrDIM-2 observed after switchgrass passages and insect passages supports the 

hypothesis that DNA methylation plays a role in the recovery of conidiation and 

virulence of the phenotypically degenerated strain after host passages. The analysis 

showed that MrDIM-2 was responsible for the majority of DNA methylation events, 

while MrRID regulated the specificity of DNA methylation (Wang et al., 2017). The 

decreased expression of MrRID after switchgrass passages may indicate more specific 

DNA demethylation events. 

We observed no differences in the overall levels of genomic methylation between 

Mr lc-2575 and BR5 (~0.37%), and this is similar to the reported levels of 0.38% and 

0.42%, in the conidia and mycelia of M. robertsii ARSEF 23, respectively (Li et al., 

2017). The methylation levels in Metarhizium anisopliae were 0.60% in the saprophytic-
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like condition and 0.89% in tick-mimicked infection condition (Sbaraini et al., 2019). 

The percentage of methylated cytosines in the genome varies among fungi, with about 

1.5% in Neurospora and 0.22% in Magnaporthe (Rountree & Selker, 2010; Wang et al., 

2015). However, the distribution of DMRs was more frequent on intergenic regions in 

BR5 (69.32%) compared to that of Mr lc-2575 (33.33%).  A causal association between 

the genomic DNA methylation and gene expression has been reported (Yang et al., 

2014a). We observed that more than half of the hypermethylated regions in BR5 were 

intergenic.  

In Mr lc-2575 and BR5, the methylated cytosine sites had a strong preference for the 

CHH complex compared to CHG and CpG, which implies double-stranded DNA 

methylation. The proportions of methylated sites in the CHG and CpG were ca. 17% and 

8% in Mr lc-2575, compared to about 7% and 15% in BR5. The proportion of methylated 

cytosines in CHG and CpG were similar in Metarhizium spp., with around 20% and 23% 

in M. robertsii ARSEF 23, and 18% and 21% in M. anisopliae (Li et al., 2017; Sbaraini 

et al., 2019). Greater CpG methylation occurred when Mr lc-2575 was passaged through 

the bean plants, which was still lower than the reported CpG methylation in Metarhizium 

spp. (Li et al., 2017; Sbaraini et al., 2019). 

As an analog of cytidine, 5-azacytidine can inhibit the activity of DNMTases. In the 

presence of 5AZ, Aspergillus niger, Aspergillus nidulans, Aspergillus fumigatus and 

Aspergillus flavus, developed an inheritable “fluffy” phenotype and the overexpression of 

various enzymes (Albertyn et al., 1994; Yang et al., 2014a; Harold et al., 2019). The 

patterns and roles of DNA methylation vary significantly amongst diverse taxa. Our 

research found the 5AZ restored conidiation in a phenotypically degenerated M. robertsii.  



 59 

Demethylation of Mr lc-2575 after bean passages also triggered the up-regulation of 

genes involved in molecular functions, cellular components, and biological processes. 

Recent studies showed that hypermethylated DNA could repress transcription (Bird, 

2002). The up-regulation of genes in our study is consistent with decreased methylation 

in BR5 compared to Mr lc-2575. FAD is a putative gene of FAD-dependent 

oxidoreductase,  involved in the oxidative pathways in microorganisms (Harold et al., 

2019). The expression of the FAD gene can be regulated by a homolog of mitogen-

activated protein kinases (MAPK) Hog1 induced by osmostress in yeast (Albertyn et al., 

1994). A mutant of M. robertsii Mero-Hog1, a gene in the MAPK cascades, showed 

reduced conidial yield (Chen et al., 2016). Increasing expression of FAD by 

demethylation of DNA or a signal pathway through MAPK may have contributed to the 

recovery of conidiation in M. robertsii. As a putative mitochondrial inner membrane 

protease complex, the activity of MIT is required for mitophagy, a cellular process of 

autophagic degradation of mitochondria (Wang et al., 2013). The decreasing activity of 

MIT in Mr lc-2575 would suggest declining mitophagy, a sign of aging for the 

phenotypically degenerated strain (Diot et al., 2016). A Zn-dependent alcohol 

dehydrogenase family protein in M. anisopliae was required for the full virulence 

(Callejas-Negrete et al., 2015). A protein kinase A has also been implicated in 

appressorium development and fungal virulence in M. anisopliae (Fang et al., 2009). The 

recovery of fungal virulence after bean passages may result from the up-regulated 

expression of ZNAD and PKAM in BR5. It has been reported that the major facilitator 

superfamily of transporters functioned in the secretion of virulence factors or protection 

against plant defense compounds in filamentous phytopathogenic fungi (Stergiopoulos et 



 60 

al., 2002). Further colony sectorization has been shown in transformants of a disrupted 

MFS transporter gene in M. robertsii (Zeng et al., 2017). The up-regulation of MFS may 

involve an interaction between plant immune responses and endophytic colonization of 

Mr lc-2575. More research is required to elucidate the function of other genes with 

DMRs in order to improve the understanding of epigenetic modification on fungal 

development and morphology. The up-regulation of conidiation genes, G protein-coupled 

receptors (cag8), hydrophobin (Hyd2), mitogen-activated protein kinase (Mero-Hog1), 

and polyketide synthase (Mr-Pks1) after bean root passage, is consistent with their 

reported roles in improving conidial production of Metarhizium (Chen et al., 2016; Fang 

et al., 2007; Sevim et al., 2012; Zeng et al., 2017). However, the methylation levels of 

these genes did not differ between Mr lc-2575 and BR5, which may indicate there are 

other pathways together with DNA methylation that trigger conidiation in a strain after 

bean root passage. It has been reported that colony sectorization due to a mutation in the 

mitogen-activated protein kinase signaling pathway was accompanied by changes in the 

expression of DNA methyltransferase and DNA methylation in C. parasitica (So et al., 

2018). There is also the possibility that expression of DNA methyltransferase may be 

regulated by an enzyme in the MAPK cascade such as Mero-Hog1. 

The molecular mechanisms that result in the decrease of conidial yield and virulence 

in phenotypically degenerated fungi after successive passages on artificial medium 

remain unclear. There is some evidence to suggest that phenotypic degeneration is the 

result of culture medium (i.e. nutrient status), the age of the culture, or method of 

propagation (Wang et al., 2005). Conidiation and Pr1 (extracellular protease) production 

in Beauveria bassiana were reduced after fifteen transfers on Sabouraud dextrose agar 
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(Safavi, 2012). Phenotypically degenerated M. robertsii was found to contain reduced 

levels of cAMP and destruxins (insecticidal peptides) and may be under oxidative stress 

when compared to the wild type (Wang et al., 2005).  Real-time qPCR results showed 

significantly lower expression of the pathogenicity-related gene pr1A in M. robertsii 

colony sector compared to the parental strains (Shah & Butt, 2005). Conidial proteomics 

of B. bassiana revealed that successive subculturing markedly increased protein levels for 

oxidative stress response elements, autophagy, amino acid homeostasis, and apoptosis, 

but resulted in decreased protein levels involved in DNA repair, ribosome biogenesis, 

energy metabolism, and virulence (Jirakkakul et al., 2018). Other studies suggested 

altered genetic characteristics involving transposon activity and dsRNA viruses were 

associated with conidiation in fungi (Butt et al., 2006). Our research suggests that DNA 

methylation might be intrinsically involved in phenotypic degeneration as well as the 

recovery of conidiation in M. robertsii.  

 DNA methylation is also implicated in insect pathogenesis in Metarhizium spp. 

(Sbaraini et al., 2019). The factor/compound/gene product in plant or insect host, or its 

immediate environment that triggers the decreased expression of DNMTase is unknown. 

We did not observe a recovery of conidiation in Mr lc-2575 grown under conditions of 

cell wall disturbing stress, hyperosmotic stress and low nutrient stress, which suggest that 

other factors play a role in the recovery of conidiation. Epigenetic modification can be 

regarded as a connection between genetic components and environmental changes (Bock 

& Lengauer, 2008). Environmental parameters such as the special nutrient status of the 

growth medium can trigger conidiation in Metarhizium spp. SDA (C/N =35) was optimal 

for conidial production on agar cultures for M. anisopliae strains V245 and V27 (Shah et 
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al., 2005). In solid media, culture conditions such as substrate, humidity and pH can be 

manipulated for optimal production of conidia (Bhanu Prakash et al., 2008). Increased 

oxygen concentration pulses allowed greater levels of conidiation in M. anisopliae 

(Tlecuitl-Beristain et al., 2010). Also, carbon type and availability can influence conidial 

virulence. Growth of Metarhizium on a preferred carbon source such as glucose in potato 

dextrose agar with yeast extract improved conidial yield (Rangel et al., 2006). During 

Metarhizium-plant association, the fungus incorporated 13C photosynthate and 

subsequently translocated the 13C into fungal-specific carbohydrates (trehalose and 

chitin) (Behie et al., 2017). An oligosaccharide transporter, Metarhizium raffinose 

transporter (mrt) played a role in the uptake of raffinose in the rhizosphere (Fang & St. 

Leger, 2010). Thus, the availability and uptake of a carbon source during the passages 

through insect or plant host (i.e. as an insect pathogen or a rhizosphere 

colonizer/endophyte) may result in stress responses, which could trigger the inhibition of 

DNA methylation in Metarhizium. 

The benefits of producing highly virulent conidia on the nutritive medium are offset 

by decreased conidial production and virulence (Rangel et al., 2006, 2008) after 

successive subculturing on this media. We suggest that plant or insect passage may be an 

effective method to improve virulence and conidiation simultaneously. DNA 

methyltransferase activity was associated with the recovery of conidiation after the 

successive bean passages through changes in the distribution of DMRs. The involvement 

of epigenetic modification provides a new aspect of focus in the study of interactions 

between M. robertsii and the plant rhizosphere.
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Supporting Information 

Table S3- 1 PCR primers used in this study 

ID Gene Sequence (5′–3′) Function 

DQ826044 cag8-F 
AAGCTGATGGCTAG
CGATTC 

Regulates the GTPase activity 
of G protein 

 
cag8-R 

TTGCGGTTGGAACG
ACTTTG 

 
MAA_01182 Hyd2-F 

AGTGCTGCTCTACT
GTTATTA Hydrophobin 

 
Hyd2-R 

TCCTCAAGTCCGTG
CCATC 

 
MAA_07675 Gpd-F 

GACTGCCCGCATTG
AGAAG 

Oxidoreductase in glycolysis 
and gluconeogenesis 

 
Gpd-R 

AGATGGAGGAGTT
GGTGTTG   

MAA_05126 Mero-Hog1-F 
CTCGTATTCGACCC
CAAGAA 

Mitogen-activated protein 
kinase cascades 

 
Mero-Hog1-R 

CGAACTTCTCTTCA
GCCACC 

 
MAA_07745 Mr-Pks1-F 

AACTACTTTGGAGA
CGGCCA Polyketide synthase 

 
Mr-Pks1-R 

ACCAAGAGGCCAA
CTTTGAG 

 
AY445082 Tef-F 

CTTTTGTCGTTTCCA
AGGGCA 

Delivery of aa-tRNA to the 
elongating ribosome 

  Tef-R 
GCCTTTTAGCGCCA
TGTTGT   
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Table S3- 2 Main features of M. robertsii genomes for BS-Seq 

 Mr lc-2575 BR5 
Raw reads 30661268 31016784 
Clean reads 30508015 30844569 

Total map rate 88% 75.50% 
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Table S3- 3 Distribution of DMRs 

 
Intergenic 
regions Promoter Upstream 

2k Exon Intron Downstream 
2k 

Hypermethylated 
DMRs in Mr lc-

2575 
Percentage 

33.33% 40.00% 33.33% 33.33% 3.33% 46.67% 

Hypermethylated 
DMRs in BR5 
Percentage 

69.32% 17.13% 16.73% 3.39% 0.20% 17.53% 
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Table S3- 4 List of GO functional categories of DMR-associated genes 

Term Term_Name GeneList Methylated level 
in Mr lc-2575 

GO:0008270 molecular_function:zinc ion binding X797_011491 Hyper 

GO:0003978 molecular_function:UDP-glucose 4-
epimerase activity X797_002920 Hyper 

GO:0016740 molecular_function:transferase 
activity X797_002921 Hyper 

GO:0003735 molecular_function:structural 
constituent of ribosome X797_003168 Hyper 

GO:0003964 molecular_function:RNA-directed 
DNA polymerase activity X797_011021 Hyper 

GO:0000339 molecular_function:RNA cap binding X797_003167 Hyper 

GO:0004672 molecular_function:protein kinase 
activity X797_010917 Hyper 

GO:0046982 molecular_function:protein 
heterodimerization activity X797_003170 Hyper 

GO:0046983 molecular_function:protein 
dimerization activity 

X797_011929;X7
97_012446 Hyper 

GO:0031177 molecular_function:phosphopantethei
ne binding X797_008468 Hyper 

GO:0004609 molecular_function:phosphatidylserin
e decarboxylase activity X797_003449 Hyper 

GO:0016627 
molecular_function:oxidoreductase 
activity, acting on the CH-CH group of 
donors 

X797_008469 Hyper 

GO:0016657 
molecular_function:oxidoreductase 
activity, acting on NAD(P)H, 
nitrogenous group as acceptor 

X797_003448 Hyper 

GO:0016491 molecular_function:oxidoreductase 
activity X797_011491 Hyper 

GO:0003676 molecular_function:nucleic acid 
binding 

X797_001857;X7
97_011021;X797
_000071 

Hyper 

GO:0004222 molecular_function:metalloendopeptid
ase activity X797_000073 Hyper 

GO:0016810 
molecular_function:hydrolase activity, 
acting on carbon-nitrogen (but not 
peptide) bonds 

X797_004936 Hyper 

GO:0016787 molecular_function:hydrolase activity X797_004579 Hyper 
GO:0071949 molecular_function:FAD binding X797_006789 Hyper 

GO:0003677 molecular_function:DNA binding X797_003170;X7
97_000071 Hyper 
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GO:0050662 molecular_function:coenzyme binding X797_002920 Hyper 
GO:0003824 molecular_function:catalytic activity X797_002920 Hyper 

GO:0004176 molecular_function:ATP-dependent 
peptidase activity X797_000073 Hyper 

GO:0005524 molecular_function:ATP binding 
X797_000073;X7
97_010917;X797
_010916 

Hyper 

GO:0004040 molecular_function:amidase activity X797_011492 Hyper 
GO:0005840 cellular_component:ribosome X797_003168 Hyper 

GO:0005634 cellular_component:nucleus 
X797_003170;X7
97_003167;X797
_001856 

Hyper 

GO:0000786 cellular_component:nucleosome X797_003170 Hyper 

GO:0005846 cellular_component:nuclear cap 
binding complex X797_003167 Hyper 

GO:0005739 cellular_component:mitochondrion X797_010916;X7
97_003449 Hyper 

GO:0005762 cellular_component:mitochondrial 
large ribosomal subunit X797_003168 Hyper 

GO:0031305 
cellular_component:integral 
component of mitochondrial inner 
membrane 

X797_003449 Hyper 

GO:0016021 cellular_component:integral 
component of membrane 

X797_006759;X7
97_000073;X797
_008470;X797_0
02921'X797_004
579;X797_00796
6;X797_000532;
X797_004935;X7
97_008469 

Hyper 

GO:0031942 cellular_component:i-AAA complex X797_000073 Hyper 

GO:0005737 cellular_component:cytoplasm X797_003169;X7
97_008469 Hyper 

GO:0055085 biological_process:transmembrane 
transport 

X797_006759;X7
97_007966;X797
_000532;X797_0
08470 

Hyper 

GO:0006515 
biological_process:protein quality 
control for misfolded or incompletely 
synthesized proteins 

X797_000073 Hyper 

GO:0051604 biological_process:protein maturation X797_000073 Hyper 

GO:0030150 biological_process:protein import into 
mitochondrial matrix X797_000073 Hyper 

GO:0045041 biological_process:protein import into 
mitochondrial intermembrane space X797_000073 Hyper 
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GO:0006457 biological_process:protein folding X797_000073 Hyper 

GO:0016540 biological_process:protein 
autoprocessing X797_003449 Hyper 

GO:0008654 biological_process:phospholipid 
biosynthetic process X797_003449 Hyper 

GO:0006646 biological_process:phosphatidylethano
lamine biosynthetic process X797_003449 Hyper 

GO:0006334 biological_process:nucleosome 
assembly X797_003170 Hyper 

GO:0045292 biological_process:mRNA cis splicing, 
via spliceosome X797_003167 Hyper 

GO:0032543 biological_process:mitochondrial 
translation X797_003168 Hyper 

GO:0034551 
biological_process:mitochondrial 
respiratory chain complex III 
assembly 

X797_010916 Hyper 

GO:0006629 biological_process:lipid metabolic 
process X797_008469 Hyper 

GO:0006012 biological_process:galactose 
metabolic process X797_002920 Hyper 

GO:0006888 biological_process:ER to Golgi 
vesicle-mediated transport X797_003169 Hyper 

GO:0006352 biological_process:DNA-templated 
transcription, initiation X797_003170 Hyper 

GO:0015074 biological_process:DNA integration X797_011021 Hyper 

GO:0034599 biological_process:cellular response to 
oxidative stress X797_003448 Hyper 
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Table S3- 5 List of the KEGG pathways of DMR-associated genes 

Term Term_Name Gene List Methylated level in 
Mr lc-2575 

ko04144 Endocytosis X797_000533 Hyper 
ko04141 Protein processing in 

endoplasmic reticulum 
X797_007967 Hyper 

ko04139 Mitophagy - yeast X797_000073 Hyper 
ko04138 Autophagy - yeast X797_010917 Hyper 
ko04011 MAPK signaling 

pathway - yeast 
X797_006789;X797_00
2921 

Hyper 

ko03040 Spliceosome X797_001856;X797_00
3167 

Hyper 

ko03030 DNA replication X797_007967 Hyper 
ko03020 RNA polymerase X797_010917 Hyper 
ko03015 mRNA surveillance 

pathway 
X797_003167 Hyper 

ko03013 RNA transport X797_009095;X797_00
3167 

Hyper 

ko01130 Biosynthesis of 
antibiotics 

X797_011491;X797_00
8470 

Hyper 

ko01110 Biosynthesis of 
secondary metabolites 

X797_011491;X797_00
8470;X797_003449 

Hyper 

ko01100 Metabolic pathways X797_002920;X797_00
8470;X797_010917;X7
97_003449;X797_0114
92;X797_000533;X797
_011491;X797_004935
;X797_007967;X797_0
09095 

Hyper 

ko00970 Aminoacyl-tRNA 
biosynthesis 

X797_011492;X797_00
7967 

Hyper 

ko00791 Atrazine degradation X797_011492 Hyper 
ko00790 Folate biosynthesis X797_010917 Hyper 
ko00600 Sphingolipid 

metabolism 
X797_007967 Hyper 

ko00564 Glycerophospholipid 
metabolism 

X797_003449 Hyper 

ko00520 Amino sugar and 
nucleotide sugar 
metabolism 

X797_002920;X797_00
9095;X797_004935;X7
97_000533 

Hyper 

ko00513 Various types of N-
glycan biosynthesis 

X797_007967 Hyper 

ko00510 N-Glycan biosynthesis X797_007967 Hyper 
ko00380 Tryptophan metabolism X797_011492 Hyper 



 70 

ko00360 Phenylalanine 
metabolism 

X797_011492 Hyper 

ko00350 Tyrosine metabolism X797_011491 Hyper 
ko00330 Arginine and proline 

metabolism 
X797_011492 Hyper 

ko00240 Pyrimidine metabolism X797_010917;X797_00
7967 

Hyper 

ko00230 Purine metabolism X797_007967;X797_01
0917;X797_008470 

Hyper 

ko00220 Arginine biosynthesis X797_011492 Hyper 
ko00071 Fatty acid degradation X797_011491 Hyper 
ko00052 Galactose metabolism X797_002920 Hyper 
ko00010 Glycolysis / 

Gluconeogenesis 
X797_011491 Hyper 
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Figure S3- 1 Colony morphology and conidial production of Mr lc-2575 on PDA 
amended with 5-azacytidine (5AZ).  
Data were analyzed by one-way ANOVA with Fisher’s LSD test. Bars indicated by 
different letters in Figure are significantly different (P < 0.05). 
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Figure S3- 2 Colony morphology of Mr lc-2575 under different stress conditions. 
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Figure S3- 3 Expression levels of DNMTase genes, MrDIM-2 and MrRID, in Mr lc-
2575 and isolate after 5 switchgrass passages and isolate after 5 insect passages. 
Expression levels of DNA methyltransferase, MrDIM-2 and MrRID in Mr lc-2575, 
isolate after 5 switchgrass passages and isolate after 5 insect passages grown on PDA. 
RNA was extracted from 12-day colonies. The relative expression level of the genes in 
Mr lc-2575 on PDA was set to 1. Standard errors are shown. Data were analyzed with 
standard t-test in Bio-Rad CFX Manager software; Statistical differences are shown; * P 
< 0.05; ** P < 0.01; *** P < 0.001. 
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 Figure S3- 4 Relative expression of functional genes involved with conidiation.  
For each gene, the expression level in Mr lc-2575 was set to 1. Standard errors are 
shown. Data were analyzed with standard t-test in Bio-Rad CFX Manager software. 
Statistic differences are shown, * P < 0.05; **P < 0.01. G protein-coupled receptors 
(cag8), hydrophobin (Hyd2), mitogen-activated protein kinase (Mero-Hog1), polyketide 
synthase (Mr-Pks1) 
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Chapter 4 

 

Abscisic acid implicated in differential plant immune responses 
of Phaseolus vulgaris during endophytic colonization by 
Metarhizium and pathogenic colonization by Fusarium 
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4.1 Abstract 

Metarhizium robertsii is an insect pathogen as well as an endophyte, and can 

antagonize the phytopathogen, Fusarium solani, during bean colonization. However, 

plant immune responses to endophytic colonization by Metarhizium are largely 

unknown. Here, we applied comprehensive plant hormone analysis, transcriptional 

expression, and stomatal size analysis in order to examine plant immune responses to 

colonization by M. robertsii and/or F. solani. In order to evaluate the influence of 

abscisic acid (ABA) on fungal colonization, root colony-forming units were assessed 

after exogenous application of ABA. In comparison to the un-inoculated bean, root 

colonization by M. robertsii resulted in the reduction of ABA and increased stomatal 

size in leaves. Alternately, increased ABA and reduced stomatal size were observed in 

the plant during root colonization by F. solani. Meanwhile, expression of plant 

immunity genes was repressed by M. robertsii and, alternately, triggered by F. solani 

compared to the un-inoculated plant. Furthermore, exogenous application of ABA 

resulted in the reduction of bean root colonization by M. robertsii but increased 

colonization by F. solani compared to the control without ABA application. Our study 

suggested that ABA plays a central role in differential responses to endophytic 

colonization by M. robertsii and pathogenic colonization by F. solani and, also affects 

stomatal size and expression of plant immunity genes.  
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4.2 Introduction 

Metarhizium robertsii is an entomopathogenic fungus, but it can also colonize the 

plant root rhizoplane and grow endophytically between or within cortical root cells 

(Sasan & Bidochka, 2012). This symbiotic interaction offers benefits to the plant by 

improving plant growth, antagonizing plant pathogens and herbivores, and enhancing 

plant tolerance to abiotic stresses (Hu & Bidochka, 2019). This fungus is able to 

translocate nitrogen directly from infected insect cadavers to the plant host in exchange 

for plant photosynthate (Behie et al., 2012, 2017). M. robertsii also confers protection 

against root rot of haricot bean caused by Fusarium solani f. sp. phaseoli (Sasan & 

Bidochka, 2013). F. solani can cause up to 84% yield loss in bean due to root rot when 

left unmitigated (Schneider et al., 2001).  

There are few studies about plant immune responses to endophytic colonization by 

Metarhizium. For example, root colonization by M. anisopliae in peanuts triggered 

differential expression of genes involved in ethylene responsive transcription factors, 

dehydration-responsive element-binding proteins, nitrate transporters, and transcription 

factors, such as WRKY, MYC, TGA (Hao et al., 2017). Plant hormones play bifunctional 

roles in regulating plant growth and defense. The salicylic acid (SA) response pathway is 

activated by biotrophic pathogen attack, and jasmonic acid (JA) and ethylene coordinate 

defense responses against necrotrophic pathogens and herbivores (Glazebrook, 2005). M. 

anisopliae can decrease the concentration of SA in peanut roots compared to the un-

inoculated control, which indicated suppression of plant defense during endophytic 
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colonization (Hao et al., 2017), However, increased levels of SA and JA in maize roots 

was reported during endophytic colonization by M. anisopliae (Rivas-Franco et al., 

2020). Reduced abscisic acid (ABA) and elevated JA levels were observed in 

Metarhizium-inoculated soybeans compared to the un-inoculated control under salinity 

stress, which suggests decreased stress in M. anisopliae inoculated-plants (Khan et al., 

2012). Recent transcriptomic analysis revealed that the plant immune response to F. 

solani in common bean was mediated through PAMP-triggered immunity and effector-

triggered immunity and resulted in cell wall modification, ROS generation, and a 

synergistic hormone-driven defense response (Chen et al., 2020b).  

Abscisic acid (ABA) is a major plant hormone, which plays a central role in plant 

physiological processes, as well as responses to abiotic and biotic environmental stresses. 

It is involved in different stages of plant growth, such as seed germination, leaf 

senescence, and bud dormancy (Chen et al., 2020a). Adaptation to drought, low 

temperature, and salt stress is regulated by ABA signaling pathways in plants (Chen et 

al., 2020a). Increasing ABA levels promotes the closure of stomata that in turn minimizes 

transpirational water loss (Tardieu & Davies, 1992). ABA can also influence infection by 

regulating the size of the stomatal aperture which is an entry portal for pathogens (Lim et 

al., 2015). 

ABA plays complex roles during plant-microbe interactions. ABA usually exerts a 

negative effect on plant resistance to pathogens by suppressing host immune responses 

(Lievens et al., 2017), such as with Botrytis cinerea in tomato (Audenaert et al., 2002; 

Sivakumaran et al., 2016), Ralstonia solanacearum in tobacco (Zhou et al., 2008), and 

Magnaporthe oryzae in barley (Ulferts et al., 2015). However, ABA can increase 
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resistance of Arabidopsis to the necrotrophic fungus, Alternaria brassicicola (Fan et al., 

2009). In mutualistic plant-microbe interactions, ABA can promote colonization and 

establishment of compatible interactions with arbuscular mycorrhizal fungus Glomus 

intraradices in tomato (Herrera-Medina et al., 2007). During root nodule symbiosis, 

ABA acts as a negative regulator by inhibiting root nodule formation by rhizobia after 

exogenous ABA application (Suzuki et al., 2004). 

Here we investigated immune responses of bean plants to endophytic colonization 

by M. robertsii and pathogenic colonization by F. solani. The influence of ABA on 

stomatal size, expression of ABA catabolic genes, and immune response genes was 

assessed during endophytic (Metarhizium) and pathogenic (Fusarium) colonization as 

well as co-colonization by Metarhizium and Fusarium. Our findings suggest that ABA is 

implicated in modulating diverse plant-pathogen and plant-endophyte interactions. 

4.3 Materials and Methods 

4.3.1 Fungal Culture  

M. robertsii ARSEF 2575-GFP (M. robertsii) expressed green fluorescent protein 

(GFP) (Fang et al., 2006). Fusarium solani f. sp. phaseoli (DAOM170970) was obtained 

from the Canadian Culture Collections, Agriculture Canada, Ottawa, which was initially 

isolated from infected bean roots. F. solani and M. robertsii were grown at 27°C on 

potato dextrose agar (PDA; Difco Laboratories, BD, Mississauga, Ontario, Canada). 

Conidia of these fungi were dislodged from a 12 day old agar culture with 0.01% Triton 

X-100. To enrich for conidia, the slurry was passed through a funnel containing glass 
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wool. The concentration of the suspension was adjusted to 106 conidia mL-1 using a 

hemocytometer for counting.  

4.3.2 Plant materials and growth condition 

Seeds of Phaseolus vulgaris were obtained from OSC Seeds, Waterloo, Ontario, 

Canada. The seeds were surface sterilized in order to prevent fungal or bacterial 

contamination. Seeds were immersed in sterile distilled water for 15 min and subsequently 

immersed in 4% sodium hypochlorite solution three times for 5 min. Each time, after 

decanting the fluid, the seeds were rinsed with sterile distilled water. Axenically treated 

seeds were kept at 4°C overnight to allow for synchronization of growth and then placed 

onto the 1.5% water agar medium with a photoperiod of 16 h at 25 °C. The sterilized seeds 

were tested for contamination by fungi or bacteria by plating onto PDA. Beans developed 

visible roots in 5 days on 1.5% water agar. 

Soil (Schultz Potting Mixture, Brantford, ON, Canada) was sterilized by autoclaving 

at 121°C for 20 min three times. Plants were grown in plastic garden pots (10 cm in height 

by 15 cm in diameter). The garden pots were sterilized with UV light in biosafety cabinet 

for 3 h prior to use. The pots were filled with sterile soil to 9 cm from the bottom, and 

moistened with sterile distilled water. Each pot was planted with one sterile germinated 

soldier bean seed. A modified soil drench method was used to inoculate the soil with 

fungal conidia suspension (Greenfield et al., 2016). The seedlings were grown in the 

presence or absence of the conidial suspension in four conditions: (i) 5 mL of 106 conidia 

mL-1 suspension of M. robertsii (M); (ii) 5 mL of 106 conidia mL-1 suspension of F. solani 

(F); (iii) 5 mL of 106 conidia mL-1 suspension of M. robertsii together with 5 mL of 106 

conidia mL-1 suspension of F. solani (FM); (iv) 5 mL 0.01% Triton X-100 as the control. 
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The fungal suspension was pipetted onto the surface of the soil surrounding the seedling. 

The pots were then kept at 25°C for a photoperiod of 16 h a day with 70% humidity in the 

growth chamber. Light in the chamber was provided by fluorescent tubes (Sylvania 17W 

T8 4100K). Plants were watered daily with sterile distilled water.  

Because the highest root colonization has been observed at day 14 in bean plants 

during the early stage of endophytic colonization by M. robertsii (Barelli et al., 2018), the 

first bean leaves with no visible disease symptoms were collected at day 14 post-

inoculation, quickly frozen in liquid nitrogen and then stored in a deep freezer (-80oC) until 

lyophilization.  

4.3.3 Plant hormone analysis 

The quantification of cis-abscisic acid (ABA), abscisic acid glucose ester (ABAGE), 

dihydrophaseic acid (DPA), phaseic acid (PA), 7’-hydroxy-abscisic acid (7’OH-ABA), 

neo-phaseic acid (neo-PA), trans-abscisic acid (t-ABA), cytokinins, auxins, gibberellins 

and 1-aminocyclopropane-1-carboxylic acid (ACC) in bean foliar tissue was performed 

using an ultra-performance liquid chromatography-electrospray tandem mass 

spectrometry (UPLC-ESI-MS/MS) (Chauvaux et al., 1997; Lulsdorf et al., 2013) at the 

National Research Council of Canada-Saskatoon. The analyses utilize the Multiple 

Reaction Monitoring (MRM) function of the MassLynx v4.1 (Waters Inc) control 

software. The resulting chromatographic traces were quantified off-line by the QuanLynx 

v4.1 software (Waters Inc). Each trace was integrated and the resulting ratio of signals 

(non-deuterated/internal standard) was compared with a previously constructed 

calibration curve to yield the amount of analyte present (ng per sample). Calibration 

curves were generated from the MRM signals obtained from standard solutions based on 
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the ratio of the chromatographic peak area for each analyte to that of the corresponding 

internal standard. The quality control samples, internal standard blanks and solvent 

blanks were also prepared and analyzed along each batch of tissue samples. The 

experiments were done with 2 replicates. Each replicate pooled 6 biological samples with 

2 experimental replicates (3 biological replicates for each experimental replicates) in 

order to assess plant hormones for each group. The plant hormones were quantified in 

nanograms per gram of dry weight of bean foliar tissue (ng g-1 DW). 

4.3.4 Stomatal size assays 

Two week old bean plants grown under the same conditions described above for the 

quantification of plant hormones were used for measuring stomatal aperture index (SAI) 

with modified protocols (Hilu & Randall, 1984; Eisele et al., 2016). Briefly, clear nail 

polish was applied to the abaxial surface of the first true leaves. When the polish was dry, 

it was peeled with transparent tape (Duramax Inc.) and attached to a glass slide. The width 

and length of the stomatal apertures in the stomatal impression were measured using an 

ocular meter with a Leitz Diaplan light microscope at 1000 × magnifications. SAI was 

calculated as the division of the stomatal aperture width by the length. Stomata (N=63) of 

each stomatal impression were examined with 14 to 16 leaf impressions in each treatment. 

Red fluorescence microscopy was performed by dying the abaxial surface of the leaves 

with 1 µM rhodamine 6G (Sigma-Aldrich Co., St. Louis, MO, USA) (Eisele et al., 2016). 

The images were taken under a Leitz Diaplan microscope equipped with light filters 

(TXRED-4040B; excitation filter: 562nm, dichroic mirror: 593 nm, emission filter: 624 

nm). All images were captured with a Leica DFC-400, Microsystems using Leica 

Application Suite V3 software. 
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4.3.5 ABA application experiment 

To confirm the role of ABA during the endophytic colonization by M. robertsii and 

pathogenic colonization by F. solani, ABA was applied to the bean plants and root 

colonization by fungi was assessed. A modified ABA application method was used on each 

bean plant (Arney & Mitchell, 1969). Briefly, doses of ABA 1.5 µg, 7.5 µg, and 20 µg in 

10 µL of 25% aqueous ethanol were placed in the nodes of the first true leaf on each plant 

at day 7 after placement in the soil. The 10 µL drop was delivered using a 26G 1/2 needle 

(BD, Franklin Lakes, NJ) and allowed to sit on the wounded node until it had been 

absorbed. 

To further confirm the influence of ABA itself on fungi in vitro, the morphology of 

M. robertsii and F. solani on PDA plates were checked in presence of ABA. 5 µL conidial 

suspension (106 conidia/mL of 0.01% Triton X-100 solution) was inoculating into the 

center of PDA plates (10 cm Petri dish with 10 mL potato dextrose agar medium) amended 

with 20 µg, 100 µg in 10 µL of 25% aqueous ethanol. The plates were incubated at 27 °C.  

The colony morphology of M. robertsii and F. solani was examined at day 14. The 

conidial yields of M. robertsii and F. solani were assessed as described in chapter 3. 

Briefly, a 7 mm diameter plug was taken half way between the center of colony to the edge 

of colony at day 14. The plug was immersed in 1.0 mL 0.01% Triton X-100 and vortexed 

to count the conidia concentration via hemocytometer.  

4.3.6 Root colonization experiment 

Plants were harvested at day 14 and thoroughly washed until any remaining soil was 

removed from the roots. The plant roots were weighed and then homogenized using a 

rotary homogenizer (Greiner Scientific, Frickenhausen Germany) in 0.01% Triton X-100. 
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After vortexing, two hundred microliters of this homogenate, in duplicate, was then spread 

onto a Petri dish containing media. For quantification of M. robertsii potato dextrose agar 

supplemented with 1 g L-1 yeast extract, 0.5 g L-1 chloramphenicol, 0.25 g L-1 

cycloheximide and 4 mg L-1 thiabendazole (Fernandes et al., 2010) was used and colony-

forming units (CFU) were counted. Colonies of M. robertsii were further confirmed by 

visualization of GFP fluorescence. To quantify CFU of F. solani, Malachite Green Agar 

2.5 ppm (MGA 2.5) selective medium was used (15 g L-1 peptone, 1.0 g L-1 KH2PO4, 0.50 

g L-1 MgSO4 7H2O, 15 g L-1 agar, 0.50 g L-1 chloramphenicol, 0.30 g L-1 streptomycin 

sulfate salt, and 2.5 mg L-1 malachite green oxalate) (Castellá et al., 1997). The CFU were 

counted on day 4 and confirmed on day 12. 

4.3.7 Reverse-transcribed quantitative PCR (RT-qPCR) 

Total RNA was prepared from the first bean leaves and roots under the same 

conditions described above for the quantification of plant hormones at day 14 for the 

expression of PvCYP707A1 (ABA 8’-hydroxylase, DQ352541) and PvCYP707A3 (ABA 

8’-hydroxylase, DQ352543) (Yang & Zeevaart, 2006). The bean leaves and roots were 

separately frozen in liquid nitrogen and ground to fine powder using a mortar and pestle. 

The QIAzol Lysis Reagent (QIAGEN, Toronto, ON, Canada) was used for RNA 

extraction, and all samples were DNase-treated using RNase-Free DNase (Promega, 

Madison, WI, USA). The RNA concentration was determined spectrophotometrically 

using Qubit (Invitrogen, Carlsbad, CA, USA). Total RNA was transcribed into 

complementary DNA (cDNA) with High Capacity cDNA reverse transcription kit 

(Applied Biosystems, Foster City, CA, USA), following the manufacturer’s instructions. 

Real-time PCR was conducted using a SensiFAST™ SYBR No-ROX kit (Bioline USA 
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Inc., Taunton, MA, USA) in a volume of 10 µL, including 5 µL 2x SensiFAST SYBR® 

No-ROX Mix, 2 µL cDNA, 0.5 µL of each forward and reverse primers (5.0 µM). The 

PCR protocol included a 2 min initial denaturation step at 95 °C, followed by 40 cycles of 

5 s at 95 °C and 30 s at 63 or 68 °C. Fluorescence measurements were collected at each 

polymerization step then held at 95 °C for 10s. The melting curve (65–95 °C) was taken at 

0.5 °C intervals. PCR products were checked with melt curve analysis after quantification. 

Primers are listed in Supporting Information Table S4-2. The expression of PR1 

(Pathogenesis related protein 1, XM_007154263), PR2 (Beta 1-3 endoglucanase, 

XM_007154264), PR3 (Chitinase class I, XM_007137247), PR4 (Pathogenesis related 

protein 4, XM_007147114), ERF1 (Ethylene-Responsive Transcription Factor 1, 

XM_007144028), ERF5 (Ethylene-Responsive Transcription factor 5, XM_007157197), 

and HPL (Hydroperoxide lyase, XM_007149930) was tested on bean leaves (Mayo et al., 

2016). The relative expression levels of each gene were normalized against the reference 

gene, actin (XM_007162263) (Wen et al., 2005) by Bio-Rad CFX Manager software. 

After gradient PCR with annealing temperatures from 55 °C to 68 °C, 63 °C was chosen 

for annealing temperature to determine the transcript levels of ERF1, PR1, PR2, PR3, and 

PvCYP707A, and 68 °C was chosen for the transcript levels of ERF5, HPL, PR4 and 

PvCYP707A3. These conditions excluded amplification of DNA from M. robertsii or F. 

solani. Four biological replicates with two technical replicates were performed 

independently for each gene tested.  
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4.4 Results 

4.4.1 Quantification of bean hormones in foliar tissues 

Comprehensive hormone profiling of 39 plant hormones were examined in 14 days 

bean foliar tissues, including abscisic acid and abscisic acid metabolites, auxins, 

cytokinins, gibberellins, and 1-aminocyclopropane-1-carboxylic acid (Supporting 

Information Table S4-1). The detected cytokinins were (trans) zeatin-O-glucoside and (cis) 

zeatin-O-glucoside showing a maximum amount of 20 ng g-1 DW (dry weight) with no 

significant differences in the fungal colonized plant compared to the un-inoculated control 

plant. The only detected auxin was indole-3-acetic acid, which showed no significant 

differences among fungal treatment plant groups compared to the un-inoculated control 

plant. The ethylene precursor, 1-aminocyclopropane-1-carboxylic acid, showed 

significantly greater amounts in bean plants colonized by M. robertsii (89.65 ng g-1 DW) 

compared to the un-inoculated control plant (58.61 ng g-1 DW) (Supporting Information 

Figure S4-1). The amount of tested gibberellins was low and showed no significant 

changes in infected samples (data not shown) compared to the un-inoculated plant. 

ABA and ABA metabolites were detected in relatively greater levels compared to 

other plant hormones. The amount of ABA and ABA metabolites showed significant 

differences in bean leaves between the un-inoculated control and bean plants colonized by 

M. robertsii or/and F. solani (Figure 4-1A,B). The total amount of detected ABA and ABA 

metabolites decreased significantly in bean leaves by plants colonized by M. robertsii 

(6125. 86 ng g-1 DW) and increased significantly in bean plants colonized by F. solani 

(10630.94 ng g-1 DW), compared to the un-inoculated control (8272.00 ng g-1 DW) (Figure 

4-1A). The amount of ABA decreased significantly in the M. robertsii colonized bean 
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leaves (220.37 ng g-1 DW) and increased significantly in those co-colonized by M. 

robertsii and F. solani (473.71 ng g-1 DW) compared to the un-inoculated control bean 

plants (331.44 ng g-1 DW) (Figure 4-1B). The main metabolite detected in the ABA 

metabolism pathway was DPA, which showed significantly lower levels in bean plants 

colonized by M. robertsii (4387.25 ng g-1 DW) and higher levels in bean plants colonized 

by F. solani (6915.40 ng g-1 DW) compared to the un-inoculated control (5894.13 ng g-1 

DW). The amount of PA and ABAGE increased significantly in the bean plants co-

colonized by M. robertsii and F. solani (1158.29 and 2153.64 ng g-1 DW) compared to the 

un-inoculated bean plants (768.17 and 1275.15 ng g-1 DW) (Figure 4-1B).



 88 

 

 

 

Figure 4- 1 ABA and metabolites and stomatal apertures sizes in bean leaves.  
Bean leaves were collected at 14 days in un-inoculated control (C), plants colonized by 
M. robertsii (M), F. solani (F), or M. robertsii together with F. solani (FM). Figure 4-1A 
Total amount of ABA metabolites in bean leaves of un-inoculated control and bean 
colonized by different fungi. Figure 4-1B Details of ABA and ABA metabolites in bean 
leaves of un-inoculated control and bean colonized by different fungi. cis-Abscisic acid 
(ABA), Dihydrophaseic acid (DPA), Phaseic acid (PA), Abscisic acid glucose ester 
(ABAGE). Figure 4-1 C The stomatal aperture index in bean leaves after 14 days in un-
inoculated control and bean colonized by different fungi. Standard deviations are shown. 
Data were analyzed by one-way ANOVA with Fisher's least-significant difference (LSD) 
test. Statistical differences shown; Asterisks indicate statistically significant differences 
relative to un-inoculated control, * P ≤ 0.05; ** P < 0.01; *** P < 0.001. Figure 4-1D 
Light microscopy (upper panel) and fluorescence microscopy after staining with 
rhodamine 6G (lower panel) of stomatal apertures in bean under 250 × magnifications. 
Scale bar is 15 µm. 
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4.4.2 Analysis of SAI  

An increase in the level of ABA can initiate a signaling cascade which results in a 

decrease in the size of the leaf stomatal aperture (Leckie et al., 1998; Munemasa et al., 

2015). Based on the observation of decreased levels of ABA in bean leaves during 

endophytic colonization by M. robertsii, we tested the size of stomatal apertures in the 

bean plants colonized by different fungi, which was expressed as SAI (stomatal aperture 

index) (Eisele et al., 2016). The SAI significantly increased in bean leaves when the plant 

roots were colonized by M. robertsii (43.97 ± 1.36 %; P < 0.001) and significantly 

decreased in the plant colonized by F. solani (31.94 ± 1.56 %; P < 0.001), compared to the 

leaves in the un-inoculated bean plants (37.25 ± 1.93 %). These results were consistent 

with the decreased amount of total ABA metabolites amount in bean plants colonized by 

M. robertsii and increased amounts of ABA in F. solani colonized bean (Figure 4-1 A, C, 

D). Colonization of the plant roots by M. robertsii resulted in decreased ABA in bean 

leaves, which is correlated with the opening of the stomatal aperture. While pathogenic 

colonization by F. solani resulted in increased ABA in bean leaves and closure of the 

stomata.  

4.4.3 Root colonization of M. robertsii and F. solani after exogenous ABA application 

After exogenous application of ABA, root colonization by fungi was determined by 

counting the CFU in root homogenates. All values are in CFU g-1 of bean root. Compared 

to the control plant with 10 µL 25% aqueous ethanol, the fungal colonized plant without 

ABA application showed no significant differences in the fungal root colonization 

(Supporting Information Figure S4-2), which suggests that the application of ABA did not 
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affect root colonization by fungi in bean plants. Compared to the control plant root 

colonized by M. robertsii without ABA application (CFU = 2034.37 ± 139.28), the CFU g-

1 root of M. robertsii decreased significantly after application of 1.5 µg ABA per bean 

plant with value of 539.03 ± 201.31 (P < 0.01) and 7.5 ABA µg per bean plant with value 

of 961.08 ± 230.15 (P < 0.05), and increased after application of 20 µg ABA per bean 

plant (3442.91 ± 942.86; P < 0.01) (Figure 4-2A). However, application of ABA increased 

root colonization of F. solani in the bean plant (Figure 4-2B). In comparison to the control 

bean colonized by F. solani without ABA application (680.70 ± 83.98), root colonization 

of F. solani increased significantly with values of 5184. 85 ± 905.96 (P < 0.05), 16691.12 

± 302.19 (P < 0.001) and 25032.97 ± 4219.45 (P < 0.001) after application of 1.5 µg, 7.5 

µg and 20 µg ABA, respectively. In the bean plant co-colonized by M. robertsii and F. 

solani, a similar decrease in root colonization by M. robertsii and increased root 

colonization by F. solani was observed after exogenous ABA application compared to the 

corresponding fungal colonized bean plants without ABA application (Figure 4-2C, D). 

Specifically, compared to the control plant colonized by M. robertsii and F. solani without 

ABA application (3755.23 ± 647.43), root colonization of M. robertsii decreased 

significantly with values of 618.25 ± 115.24 (P < 0.001), 807.71 ± 200.99 (P < 0.001) and 

129.86 ± 32.70 (P < 0.001) after application of 1.5 µg, 7.5 µg and 20 µg ABA in the bean 

colonized by M. robertsii and F. solani after ABA colonization (Figure 4-2C). Meanwhile, 

after the application of 7.5 µg and 20 µg ABA, root colonization of F. solani increased 

significantly with values of 34723.63 ± 14053.01 (P <0.001) and 25578.51 ± 4203.43 (P < 

0.01) in the bean co-colonized by M. robertsii and F. solani compared to the bean plants 

colonized by M. robertsii and F. solani without ABA application (1314.93 ± 343.13) 
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(Figure 4-2D). Decreased root colonization of M. robertsii and increased root colonization 

of F. solani after the exogenous application of 7.5 µg ABA indicated that ABA plays a 

negative role in root colonization by M. robertsii but improves root colonization by F. 

solani in bean plants. 

During ABA application in vitro, there are no differences on colony morphology and 

conidial production of M. robertsii and F. solani compared to the growth of fungi on PDA 

without ABA application (Supporting Information Figure S4-3). 
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Figure 4- 2 CFU of M. robertsii or F. solani in bean root homogenate after 
exogenous application of ABA.  
The x-axis represents values of ABA µg per bean plant. FM: F. solani and M. robertsii 
treatment group. Standard error bars are shown. Data were analyzed by one-way 
ANOVA with Fisher's least-significant difference (LSD) test. Statistical differences 
shown; Asterisks indicate statistically significant differences relative to corresponding 
fungus colonized plant without ABA application * P < 0.05; ** P < 0.01; *** P < 0.001 
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4.4.4 Expression of genes involved in ABA catabolism pathway 

DPA is the end product of the ABA metabolic pathway through 8’-hydroxylation, and 

the high levels of DPA observed suggested that initially high levels of ABA were produced 

and subsequently metabolized. PvCYP707As are cytochrome P450 monooxygenases, 

which catalyze the hydroxylation of ABA at the 8’ position (Yang & Zeevaart, 2006) 

during the catabolism from ABA to DPA. The expression levels of PvCYP707A1 and 

PvCYP707A3 were assessed in bean leaves and roots during endophytic colonization by M. 

robertsii and pathogenic colonization by F. solani compared to the un-inoculated control 

bean plants (Figure 4-3). Figure 4-3A and Figure 4-3B show relative transcript levels of 

PvCYP707A1 and PvCYP707A3 in bean leaves among different treatments of bean plants. 

The expression of PvCYP707A1 and PvCYP707A3 in bean leaves increased significantly in 

the plant treatments with different fungi, when compared to the un-inoculated control plant 

leaves. Specifically, plant treatment with M. robertsii resulted in significantly greater 

normalized expression (log2) values for PvCYP707A1 (1.94 ± 0.24; P < 0.001) and for 

PvCYP707A3 (1.68 ± 0.05; P < 0.001) compared with the un-inoculated control bean 

leaves. Plant treatment with F. solani showed increased relative normalized expression 

(log2) values 4.43 ± 0.20 (P < 0.001) and 2.54 ± 0.13 (P < 0.001) for PvCYP707A1 and 

PvCYP707A3 when compared to the un-inoculated control bean leaves. M. robertsii 

together with F. solani showed increased relative normalized expression (log2) values 3.15 

± 0.24 (P < 0.001) for PvCYP707A1 and 1.70 ± 0.09 (P < 0.001) for PvCYP707A3 in 

comparison to the un-inoculated control bean leaves. Treatment with M. robertsii together 

with F. solani significantly decreased the expression of PvCYP707A1 (P < 0.01) and 
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PvCYP707A3 (P < 0.01) in bean leaves, compared to the plant infected only by F. solani 

(Figure 4-3 A, B). In bean roots, significantly increased expression of PvCYP707A1 and 

PvCYP707A3 was also observed in the plant colonized by F. solani with relative 

normalized expression (log2) values 3.83 ± 0.26 (P < 0.001) and -4.47 ± 0.35 (P < 0.05) 

compared to the expression of these two genes in un-inoculated control bean roots with 

relative normalized expression (log2) values 1.34 ± 0.14 and -5.51 ± 0.15, respectively 

(Figure 4-3C, D). Meanwhile, the significantly decreased expression of PvCYP707A1 was 

also found in the bean roots treated with M. robertsii and F. solani with relative 

normalized expression (log2) values 1.27 ± 0.26 (P < 0.001) in comparison to the bean 

roots colonized only by F. solani (Figure 4-3C).  

The exogenous ABA application experiment showed that application of ABA can 

differentially affect root colonization by Metarhizium and Fusarium. Exogenously applied 

ABA (7.5 µg) was used to assess the transcriptional expression of genes associated with 

ABA catabolic pathways in the bean plant during fungal colonization. The differential 

changes in the expression of PvCYP707A1 and PvCYP707A3 were observed after 

exogenous ABA application in the plant colonized by M. robertsii and F. solani (Figure 4-

3). In bean leaves and roots, the expression of PvCYP707A1 was significantly up-regulated 

after exogenous ABA application in the un-inoculated control plant group (P < 0.001 for 

both leaves and roots) and bean plants colonized by M. robertsii (P < 0.05 for both leaves 

and roots) when compared to the corresponding plants without ABA application (Figure 4-

3A, C ). While significant down-regulation of PvCYP707A1 was observed in roots and 

leaves of bean plants colonized by F. solani (P < 0.05 for leaves, P <0.01 for roots) and 

bean plants colonized by M. robertsii together with F. solani (P < 0.01 for leaves, P < 0.05 
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for roots) after ABA application, in comparison to the corresponding fungal colonized 

plant without ABA application (Figure 4-3A, C). For the expression of PvCYP707A3 in 

bean leaves, significant up-regulation was observed after ABA application in un-inoculated 

control bean (P < 0.001), bean colonized by M. robertsii (P < 0.001), and bean colonized 

by M. robertsii together with F. solani (P < 0.01) compared to the corresponding bean 

plants without ABA application (Figure 4-3B). Similar to the expression of PvCYP707A1 

in bean colonized by F. solani during the ABA application, the expression of PvCYP707A3 

in bean leaves was significantly down-regulated in F. solani colonized after ABA 

application (P < 0.05), compared to bean colonized by F. solani without ABA application 

(Figure 4-3B). The only significant difference of the expression of PvCYP707A3 in bean 

roots after ABA application was found in the un-inoculated control bean plants, which 

showed significant up-regulation (P < 0.01) after ABA application compared to the un-

inoculated plant without ABA application (Figure 4-3D). Similar trends were observed in 

the expression of PvCYP707A1 and PvCYP707A3 in un-inoculated control plant and plant 

colonized by M. robertsii during the exogenous ABA application and indicated similar 

regulation of ABA catabolic genes during endophytic colonization by M. robertsii and un-

inoculated control plant, which is different from that in the plant colonized by F. solani. 

The up-regulation of PvCYP707A1 and PvCYP707A3 in plant colonized by M. robertsii 

and down-regulation of PvCYP707A1 and PvCYP707A3 in plant colonized by F. solani 

after exogenous expression of ABA further confirm the differential roles of ABA in the 

bean plant during colonization by these two fungi after exogenous application.  
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Figure 4- 3 Relative expression of genes involved in the ABA catabolic pathway in 
bean leaves (A, B) and roots (C, D).  
RNA was extracted at 14 days bean leaves and roots in un-inoculated control (C), 
colonized by M. robertsii (M), F. solani (F), and M. robertsii together with F. solani 
(FM). For each gene, the expression level in un-inoculated control bean leaf was set to 1. 
Standard errors are shown. Data were analyzed with standard t-test in Bio-Rad CFX 
Manager software. Statistical differences are shown; * P < 0.05; ** P < 0.01; *** P < 
0.001. Asterisk alone indicates a significant difference in gene expression in the tested 
group when compared to that of the un-inoculated control. Asterisk above the black line 
indicates significant differences in gene expression in the plant with exogenous ABA 
application compared to the corresponding plant without ABA application. Asterisk 
above blue line indicates a significant difference in gene expression in the plant co-
colonized by M. robertsii and F. solani compared to that in the plant colonized only by F. 
solani or M. robertsii. ABA 8’-hydroxylase 707A1 (PvCYP707A1) and ABA 8’-
hydroxylase 707A3 (PvCYP707A3). The experiment was repeated twice with similar 
results. 
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4.4.5 Expression of genes associated with the immune response 

To further examine differential immune responses of bean plant involved in the 

endophytic colonization by M. robertsii and pathogenic colonization by F. solani, we 

tested the expression of immune genes, which were reportedly involved in immune 

responses associated with ABA (Ali et al., 2018). The expression of immune response 

genes was significantly down-regulated in plants colonized by M. robertsii in comparison 

to the un-inoculated control bean plants (Figure 4-4). 

The expression of PR1, PR2, PR3, PR4, ERF1, ERF5, and HPL were significantly 

down-regulated in plants colonized by M. robertsii with relative normalized expression 

(log2) values of -1.25 ± 0.24 (P < 0.01), -2.89 ± 0.36 (P < 0.01), -2.21 ± 0.21 (P < 0.001), -

3.02 ± 0.04 (P < 0.001), -2.96 ± 0.53 (P < 0.01), -0.91 ± 0.20 (P < 0.05) and -1.35 ± 0.32 

(P < 0.05) in comparison to the un-inoculated control plant. The expression of HPL was 

also significantly down-regulated in F. solani colonized bean plants with relative 

normalized expression (log2) values -1.06 ± 0.13 (P < 0.01) compared to the un-inoculated 

control plant. However, in comparison to the un-inoculated control plant, PR2 and PR3 

showed significantly up-regulated expression in plant colonized by F. solani with relative 

normalized expression (log2) values of 1.89 ± 0.28 (P < 0.05) and 1.24 ± 0.16 (P < 0.001). 

When treated with M. robertsii together with F. solani, PR2, PR3 and PR4 showed 

significant different expression with relative normalized expression (log2) values of -1.55 

± 0.47 (P < 0.01), 0.31 ± 0.24 (P <0.05) and -1.77 ± 0.31 (P <0.01), compared to the plants 

only infected by F. solani or M. robertsii. PR2, PR3, and PR4 may be involved in the 
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interactions between M. robertsii and F. solani in bean plants when bean is concomitantly 

colonized by both fungi (Sasan & Bidochka, 2013). 

Changes in plant immune responses after ABA application were observed. In bean 

plants colonized by M. robertsii, a significant up-regulation was observed after ABA 

application in the following immune genes; PR1 (P < 0.05), PR2 (P < 0.001), PR3 (P < 

0.001), PR4 (P < 0.05), ERF1 (P < 0.01), ERF5 (P < 0.01) and HPL (P < 0.01), compared 

to the plant colonized by M. robertsii without ABA application (Figure 4-4). In the bean 

plants colonized by F. solani after exogenous ABA application, gene expression was 

significantly down-regulated in PR2 (P < 0.01), PR3 (P < 0.01), PR4 (P < 0.001), and 

significantly up-regulated in HPL (P < 0.001), in comparison to the plant colonized by F. 

solani without ABA application. In the plant co-colonized by M. robertsii and F. solani, 

the expression of PR1 (P < 0.01) and PR3 (P < 0.01) was significantly down-regulated and 

the expression of HPL (P < 0.01) was significantly up-regulated after ABA application 

compared to the plant colonized by both fungi without ABA application. The application 

of ABA altered the expression of ERF1, PR1, and HPL in un-inoculated control plant 

compared to the un-inoculated bean plants without ABA application, showing significant 

up-regulation of ERF1 (P < 0.05) and HPL (P < 0.001) and significant down-regulation of 

PR1 (P < 0.01). 
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Figure 4- 4 Relative expression of genes involved in plant immune responses in bean 
leaves.  
RNA was extracted at 14 days from bean leaves in un-inoculated control (C), colonized 
by M. robertsii (M), F. solani (F), and M. robertsii together with F. solani (FM). For 
each gene, the expression level in un-inoculated control bean leaf was set to 1. Standard 
errors are shown. Data were analyzed with standard t-test in Bio-Rad CFX Manager 
software. Statistical differences are shown; * P < 0.05; ** P < 0.01; *** P < 0.001. 
Asterisk alone indicates a significant difference in gene expression in the tested group 
when compared to that in the un-inoculated control. Asterisk above black line indicates 
significant differences in gene expression in the plant with exogenous ABA application 
compared to that in the corresponding plant without ABA application. Asterisk above 
blue line indicates a significant difference in gene expression in the plant co-colonized by 
M. robertsii and F. solani compared to that in the plant colonized only by F. solani or M. 
robertsii. Pathogenesis related protein 1 (PR1), Beta 1-3 endoglucanase (PR2), Chitinase 
class I (PR3), Pathogenesis related protein 4 (PR4), Ethylene-Responsive Transcription 
Factor 1 (ERF1), Ethylene-Responsive Transcription factor 5 (ERF5), and 
Hydroperoxide lyase (HPL). The experiment was repeated twice with similar results. 
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4.4.6 SAI after exogenous ABA application 

SAI in bean leaves decreased significantly in the un-inoculated control plant and all 

fungi-treated group after ABA application when compared to the corresponding plant 

without ABA application (Supporting Information Figure S4-4).  

4.5 Discussion  

Phytopathogens, by definition, damage the plant during colonization, on the other 

hand, endophytes can live in the plant asymptomatically. How the plant differentiates and 

allows colonization by endophytes, but mounts an immune response to phytopathogens, is 

still largely unknown. Our model system allows for an investigation into the differential 

plant immune responses to endophytic and pathogenic fungal colonization. Metarhizium is 

an insect biocontrol agent (Wang et al., 2019a) as well as an agricultural biofertilizer 

(Kabaluk & Ericsson, 2007; Behie & Bidochka, 2014). Understanding plant immune 

responses to this fungus can have promising implications in agricultural applications such 

as improving beneficial colonization by endophytes and resisting detrimental colonization 

by phytopathogens in crops (Hu & Bidochka, 2019). Here we applied M. robertsii, an 

endophytic insect-pathogenic fungus to bean roots. This fungus is also an antagonist of 

Fusarium solani f. sp. phaseoli, a pathogenic fungus that causes Fusarium root rot (Sasan 

& Bidochka, 2013). Our findings showed that the bean plant had relatively reduced ABA 

as well as larger stomatal openings during endophytic colonization by Metarhizium. 

Alternatively, increased ABA levels and smaller stomatal openings, and the triggering of 

general immune response genes was observed during a pathogenic response to Fusarium 
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(Figure 4-5). The exogenous application of ABA differentially influenced root 

colonization, transcriptional expression of catabolic genes of ABA and plant immune 

response genes in bean colonized by M. robertsii and F. solani respectively, which 

confirmed the different roles of ABA during endophytic and pathogenic colonization 

(Figure 4-5).
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Figure 4- 5 A schematic diagram depicting the differential plant immune responses 
during colonization by M. robertsii and F. solani.  
The left part of the diagram shows immune response of bean plants to colonization by M. 
robertsii. This endophytic colonization resulted in a reduction in abscisic acid (ABA), 
increased stomatal size and decreased relative expression of immune response genes in 
bean plants. The exogenous application of ABA decreased root colonization of M. 
robertsii and triggered the expression of immune response genes, which confirmed the 
role of ABA during endophytic colonization. The right part of the diagram shows 
immune responses of bean plants to colonization by F. solani. This pathogenic 
colonization resulted in an increase of ABA, reduced stomatal size and triggered the 
expression of immune response genes. This response was opposite to that found in 
endophytic colonization by M. robertsii. Exogenous ABA application increased root 
colonization by F. solani and repressed the expression of immune response genes, which 
suggests an important role of ABA modulation during endophytic colonization or 
pathogenic colonization. Pathogenesis related protein 1 (PR1), Beta 1-3 endoglucanase 
(PR2), Chitinase class I (PR3), Pathogenesis related protein 4 (PR4), Ethylene-
Responsive Transcription Factor 1 (ERF1), Ethylene-Responsive Transcription factor 5 
(ERF5), and Hydroperoxide lyase (HPL). 
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Bean plant concentrations of ABA, PA, and DPA that we observed were similar to 

that observed in unwilted bean leaves, which was much lower than that in wilted leaves 

(Harrison & Walton, 1975; Qin & Zeevaart, 1999; Yang & Zeevaart, 2006). Based on our 

results of the total amounts of ABA metabolites (Figure 4-1A), we calculated that each 

bean plant contained ca. 4 µg, 3 µg, and 5 µg of ABA metabolites respectively in the un-

inoculated control, Metarhizium colonized and Fusarium colonized plant, respectively. 

Therefore, the amounts of 1.5, 7.5 and 20 µg ABA which we experimentally applied to the 

bean plant bracket the range of ABA levels found in bean plants. 

ABA can control stomatal aperture during plant response to abiotic and biotic stresses 

(Lim et al., 2015). Increased levels of ABA in the guard cells can induce stomatal closure 

and an increase in stomata size was observed in an ABA deficient mutant of Arabidopsis 

(Tanaka et al., 2013). Increased stomatal openings during colonization by M. robertsii and 

decreased stomatal openings during colonization by F. solani are consistent with ABA 

levels in bean leaves during fungal colonization (Figure 4-1). At early stages of Fusarium 

infection, stomatal closure was mainly responsible for decreased CO2 assimilation which 

was attributed to leaf water deficit (Nogués et al., 2002; Yang et al., 2014b). M. robertsii 

has been reported to translocate nitrogen directly from infected insect cadavers to the plant 

host in exchange for photosynthate (Behie et al., 2012, 2017). As an entryway for carbon 

dioxide, the opening of stomata during colonization by M. robertsii may facilitate 

photosynthesis by improving intake of carbon dioxide, which may, in turn, benefit the 

fungus with more carbohydrate supplied from the plant. On the other hand, many 

pathogens can exploit stomata and cause them to open which facilitates entry (Du et al., 

2014), and indicates a passive process as stomatal opening is a sign of a compromised 
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plant immune response (McLachlan et al., 2014). The endophytic colonization by M. 

robertsii was observed through foliar application in soybean (Russo et al., 2019), which 

indicated that opening of stomata during root colonization may also facilitate the 

subsequent entry of M. robertsii through the surface of bean leaves. 

PvCYP707As which functions in the hydroxylation of ABA, plays a major regulatory 

role in controlling the level of ABA in plants, which can be transcriptionally induced in 

response to rehydration, submergence and developmental processes (Yang & Zeevaart, 

2006). During plant infection, the up-regulation of CYP707A3 was reported as a defense 

response by Arabidopsis against B. cinerea (Windram et al., 2012). In our study, the up-

regulation of PvCYP707A1 and PvCYP707A3 was observed in bean leaves during 

colonization by F. solani or M. robertsii in comparison to the un-inoculated plant.  

Application of ABA can induce the expression of CYP707As in bean, maize, 

Arabidopsis and potato (Gergs et al., 1993; Windsor & Zeevaart, 1997; Krochko et al., 

1998; Kushiro et al., 2004; Yang & Zeevaart, 2006), which is consistent with our 

observations of increased expression of PvCYP707A1 and PvCYP707A3 in bean leaves 

after exogenous application of ABA in the un-inoculated and Metarhizium colonized bean 

plants compared to plants without exogenous ABA application. Exogenous ABA 

application resulted in decreased expression of PvCYP707A1 and PvCYP707A3 in leaves 

during colonization by F. solani compared to bean colonized by F. solani without ABA 

application. The expression of ABA 8’-hydroxylase was also triggered by the increasing 

concentrations of NADPH and oxygen (Krochko et al., 1998) and inhibited by osmotic 

stresses and phytochrome-dependent signaling pathways. (Kraepiel et al., 1994; Cutler et 

al., 1997). This down-regulation of PvCYP707As after ABA application in Fusarium 



 105 

colonized bean may indicate other factors are involved in the regulation of ABA 

catabolism in bean plants under the disease state during exogenous ABA application. 

Endogenous ABA content may be maintained by a balance between biosynthetic and 

catabolic activities. ABA biosynthesis was reported by a representative enzyme nine-cis 

epoxycarotenoid dioxygenase (NCEDs) (Qin & Zeevaart, 1999), which showed no 

significant differences in the un-inoculated bean plants and fungal colonized bean plants 

(Supporting Information Figure S4-5). This result indicated that there may be other 

enzymes or factors in the ABA biosynthetic pathway, which might be influenced by fungal 

colonization (Nambara & Marion-Poll, 2005; Lievens et al., 2017). Research needs to be 

directed at target key enzymes or fungal effectors that can affect the ABA biosynthetic and 

catabolic pathways during endophytic colonization and/or pathogenic colonization. 

Pathogenesis related proteins play a fundamental role in compromising the cell wall 

of the fungal pathogen and are downstream components of systemic acquired resistance 

(Mauch et al., 1988; Durrant & Dong, 2004). Transcriptional profiles showed the up-

regulation of PR genes after fungal infection in agricultural plants (Ali et al., 2018). 

Meanwhile, the overexpression of PR genes in plants leads to increased resistance to 

biotrophic and necrotrophic fungal phytopathogens (Antony Ceasar & Ignacimuthu, 2012). 

The down-regulation of PR1, PR2, PR3, and PR4 indicated a compromised immune 

response to endophytic colonization by M. robertsii in bean plants. Thus, the cell wall of 

M. robertsii may avoid recognition and subsequent attack from plant degradative enzymes, 

thereby bypassing the plant immune system. On the other hand, plant colonization by F. 

solani triggered the expression of PR2 and PR3, which results in a plant response to this 

phytopathogen. Exogenous ABA application induced transcriptional expression of PR2, 
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PR3, and PR4 in plants colonized by M. robertsii whereas these genes were repressed in 

the plant colonized by F. solani compared to the corresponding fungal colonized plant 

without ABA application. The induced and repressed expressions of PRs may result in 

decreased root colonization by M. robertsii and increased colonization by F. solani after 

the exogenous application of ABA compared to the control without ABA application. 

ABA is involved in differential expression of PRs during the endophytic colonization and 

pathogenic colonization. PR1 can be repressed by exogenous ABA in the un-inoculated 

bean. A similar situation has been reported in tobacco cell cultures where ABA can inhibit 

the transcription of a beta 1-3 glucanase (Rezzonico et al., 1998). The complex effects of 

ABA on the transcriptional expression of PRs have been reported during different 

pathogenic processes. PR2 was negatively regulated by ABA in response to the 

hemibiotrophic fungus Leptosphaeria maculans in Arabidopsis (Oide et al., 2013). While 

the expression of PR4 and PR1 family members was induced by exogenous ABA 

application in healthy wheat as well as wheat infected by F. graminearum (Qi et al., 2016).  

The ethylene-responsive transcription factors can regulate transcription of defense 

genes by integrating signals from the ethylene and JA pathways during induced systemic 

resistance (Lorenzo et al., 2003). The overexpression of ERF1 shows selective resistance 

to different fungi and bacteria in Arabidopsis, which enhanced resistance to necrotrophic 

pathogens such as B. cinerea, F. oxysporum, and Plectospherella cucumerina, and reduced 

tolerance to the hemibiotrophic bacterium Pseudomonas syringae pv. tomato (Huang et al., 

2016). Constitutive expression of ERF5 resulted in significantly increased resistance 

against B. cinerea in Arabidopsis (Moffat et al., 2012). The expression of ERFs can be 

induced by ABA in cotton, tobacco and tomato (Wang et al., 2004; Zhang et al., 2004; Lee 
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et al., 2015). We have also observed the up-regulation of ERF1 after exogenous ABA 

application in un-inoculated bean. Meanwhile, the exogenous application of ABA 

significantly increased expression of ERF1 and ERF5 during colonization by M. robertsii. 

However, no significant differences in the expression of ERF1 and ERF5 were observed 

during colonization by F. solani, which indicated these two genes are not involved in the 

early stage of plant immune responses to the pathogenic colonization by F. solani. 

The significant down-regulation of PR2, PR3 and PR4 in bean co-colonized by M. 

robertsii and F. solani compared to plant colonized only by F. solani or M. robertsii may 

indicate that these genes play a profound role in the interactions between M. robertsii and 

F. solani in the bean plants at the early stages of colonization. Our results expand upon the 

potential mechanisms of Fusarium disease suppression by Metarhizium within the plant, 

besides the direct antagonistic effect of Metarhizium on Fusarium (Sasan & Bidochka, 

2013). These mechanisms include the indirect effects on the regulation of gene expression 

involved in immune defense responses in the plant host during endophytic and pathogenic 

colonization.  

In conclusion, the present work suggests that ABA plays a central role in reducing 

immune responses during endophytic colonization by M. robertsii and inducing immune 

responses to pathogenic colonization by F. solani during the early stages of fungal 

infection in bean plants. Decreased fungal root colonization together with the increased 

expression of plant immune response genes PR1, PR2, PR3, PR4, EFR1, ERF5 and HPL in 

M. robertsii-colonized bean plants after exogenous application of ABA indicated that ABA 

treatment can increase plant resistance to the endophytic colonization by M. robertsii. 

However, increased root colonization of F. solani and reduced expression of PR2 and PR3 
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in F. solani-colonized bean after ABA treatment suggested that the exogenous application 

of ABA could increase plant susceptibility to pathogenic colonization by F. solani. This 

information can potentially be utilized in agriculture to increase beneficial colonization by 

endophytes and also increase plant protection from phytopathogens through the 

modification of ABA pathways, or the alteration of ABA, in agricultural plants.
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Supporting Information 

Table S4- 1 Plant hormones tested in this study 

Group Abbreviation Full Name 
ABA and ABA 
metabolites 

ABA cis-Abscisic acid 
ABAGE Abscisic acid glucose ester 

 
DPA Dihydrophaseic acid 

 
PA  Phaseic acid 

 
7'OH-ABA 7'-Hydroxy-abscisic acid 

 
neo-PA neo-Phaseic acid  

 
t-ABA trans-Abscisic acid 

Auxins IAA Indole-3-acetic acid 

 
IAA-Asp N-(Indole-3-yl-acetyl)-aspartic acid 

 
IAA-Glu N-(Indole-3-yl-acetyl)-glutamic acid 

 
IAA-Ala N-(Indole-3-yl-acetyl)-alanine 

 
IAA-Leu N-(Indole-3-yl-acetyl)-leucine 

 
IBA Indole-3-butyric acid 

Cytokinins t-ZOG (trans) Zeatin-O-glucoside 

 
c-ZOG (cis) Zeatin-O-glucoside 

 
t-Z (trans) Zeatin 

 
c-Z (cis) Zeatin 

 
dhZ Dihydrozeatin 

 
t-ZR (trans) Zeatin riboside 

 
c-ZR (cis) Zeatin riboside 

 
dhZR Dihydrozeatin riboside 

 
iP Isopentenyladenine 

 
iPR Isopentenyladenosine 

 
KIN Kinetin 

Ethylene ACC 1-aminocyclopropane-1-carboxylic acid 
Gibberellins GA1 Gibberellin 1 

 
GA3 Gibberellin 3 

 
GA4  Gibberellin 4  

 
GA7 Gibberellin 7 

 
GA8 Gibberellin 8 

 
GA9 Gibberellin 9 

 
GA19 Gibberellin 19 

 
GA20 Gibberellin 20 
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GA24 Gibberellin 24 

 
GA29 Gibberellin 29 

 
GA34 Gibberellin 34 

 
GA44 Gibberellin 44 

 
GA51 Gibberellin 51 

  GA53 Gibberellin 53 
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Table S4- 2 Primers sequences of Phaseolus vulgaris used for RT-PCR analysis 

Gene NCBI Sequence 
ID 

Size 
(bp) Forward Sequence  Reverse Sequence  

Act XM_007162263 126 CACCGAGGCACCGC
TTAATC 

CGGCCACTAGCGTA
AAGGGAA 

ERF1 XM_007144028 161 CGCTCTCAAGAGGA
AACACTCC 

TGAATCAGAAGGA
GGAGGGAAT 

ERF5 XM_007157197 151 GGCTCCAAGTGGAT
TGAGAAC 

TCAGAATCAGATAA
CTACAAAGCACAA 

HPL XM_007149930 153 TCAAGGCTACATTT
GTATTTCCA 

TGGTGCACATTTCT
TAGTAGCAA 

PR1 XM_007154263 98 TGGTCCTAACGGAG
GATCAC 

TGGCTTTTCCAGCT
TTGAGT 

PR2 XM_007154264 246 GTGAAGGACGCCG
ATAACAT 

ACTGAGTTTGGGGT
CGATTG 

PR3 XM_007137247 111 TGGAGTTGGTTATG
GCAACAA 

ATTCTGATGGGATG
GCAGTGT 

PR4 XM_007147114 140 CGCAGTGAGTGCAT
ATTGCT 

TGGTGCACATTTCT
TAGTAGCAA 

NCED1 AF190462 162 CTCCTTTTCTACGCT
CGCAG 

GGTGGTTAAGTCGC
CGTTAG 

PvCYP707A1 DQ352541 111 GCCTTTTGGCAGTG
GGATTCAT 

GCACCCACAACAG
ACCACCT 

PvCYP707A3 DQ352543 121 AGACTACCACACTC
GCCTCA 

GCCATCACCCCAAG
AGTTCA 
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Figure S4- 1 The concentration of important plant hormones during endophytic or 
pathogenic colonization.  
cis-Abscisic acid (ABA), Dihydrophaseic acid (DPA), Phaseic acid (PA), Abscisic acid 
glucose ester (ABAGE), neo-PA (neo-Phaseic acid ), (trans) zeatin-O-glucoside (t-ZOG), 
(cis) zeatin-O-glucoside (c-ZOG), indole-3-acetic acid (IAA), 1-aminocyclopropane-1-
carboxylic acid (ACC). 
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Figure S4- 2 CFU of M. robertsii or F. solani in bean root homogenate after 
exogenous application of 25% ethanol.  
M: M. robertsii, F: F. solani, FM: F. solani and M. robertsii treatment group. Standard 
error bars are shown 
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Figure S4- 3 Colony morphology and conidial production of M. robertsii and F. 
solani under different amount of ABA.  
ABA, abscisic acid. X-axis represents values of ABA µg per PDA plate. 
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Figure S4- 4 Analysis of stomatal aperture during the exogenous application of ABA 
on bean leaves. 
The stomatal aperture index in the bean leaves after 14 days of un-inoculated control (C) 
and bean colonized by M. robertsii (M), F. solani (F), and M. robertsii together with F. 
solani (FM). Standard deviations are shown. Data were analyzed by one-way ANOVA 
with Fisher's least-significant difference (LSD) test. Statistical differences shown; * P < 
0.05; ** P < 0.01; *** P < 0.001. Asterisks alone indicate statistically significant 
differences relative to un-inoculated control. Asterisk above black line indicate the 
significant differences of stomatal aperture index with exogenous ABA application 
compared to that in corresponding plants without ABA application. 
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Figure S4- 5 Relative expression of genes involved in ABA biosynthetic pathway in 
bean leaves and roots.  
RNA was extracted at 14 days bean leaves and roots in un-inoculated control (C), 
colonized by M. robertsii (M), F. solani (F), and M. robertsii together with F. solani 
(FM). For each gene, the expression level in un-inoculated control bean leave was set to 
1. Standard errors are shown. Figure Data were analyzed with standard t-test in Bio-Rad 
CFX Manager software. No statistical differences are shown nine-cis epoxycarotenoid 
dioxygenases 1 (NCED1).
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Chapter 5 

 

 

General Discussion 
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In this thesis, we studied interactions between Metarhizium robertsii and Phaseolus 

vulgaris (haricot bean) from two aspects. Firstly, the effect of bean root passages on the 

conidiation and virulence of phenotypically degenerated M. robertsii was studied. The 

conidial yield and insect virulence of phenotypically degenerated M. robertsii can be 

recovered via passages through bean roots as well as switchgrass roots, and wax moth 

larvae. The down-regulation of fungal DNA methyltransferase was observed in recovered 

isolates after plant root and insect passages compared to the phenotypically degenerated 

strain. Secondly, the responses of bean plant to root colonization by M. robertsii were 

investigated. A plant hormone, abscisic acid, was involved in the differential plant 

responses to endophytic colonization by M. robertsii and pathogenic colonization by 

Fusarium solani. Abscisic acid played different roles on fungal root colonization and 

expression of plant immunity genes during endophytic and pathogenic colonization. 

(Figure 5-1)
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Figure 5- 1 A schematic diagram depicting the major findings in this thesis.  
At the bottom is shown the effect of bean root passages on a phenotypically degenerated 
(low conidia production) M. robertsii strain. The fungal DNMTase (DNA 
methyltransferase) was implicated in the recovery of conidiation in the degenerated M. 
robertsii after passages through bean roots. At the top is shown how the bean plant 
responds to the root colonization by M. robertsii. A reduction of ABA, increased stomatal 
size, as well as repressed expression of plant immunity genes were observed in bean 
leaves during endophytic colonization by M. robertsii. 
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5.1 Literature review-interactions between endophytic insect pathogenic 

fungi and plant roots. 

The literature review of this thesis included the current knowledge of interactions 

between plant roots and endophytic insect pathogenic fungi (EIPF), Metarhizium and 

Beauveria. The review of the interactions focused on host attachment, signalling and 

communication, modulation of plant defence responses, nutrient exchange, and 

interactions with insects or other microorganisms. 

Previous research on the interaction of Metarhizium with host plants focused on the 

expression of fungal genes involved in the attachment to plant roots and fungal nutrient 

metabolic pathways via microarray data analysis in plant root exudates, and deletion 

mutant strains of related genes. The adhesin gene, Mad2, has been discovered to be 

instrumental in the attachment to plant roots (Pava-Ripoll et al., 2011). The Metarhizium 

extracellular invertase (MrINV) gene, involved in sugar metabolism in fungi, and 

Metarhizium raffinose transporter (Mrt) gene, were both reported to play an important 

role in root colonization of Metarhizium (Fang & St. Leger, 2010). During growth in 

bean root exudates, a specific subset of genes involved in extracellular matrix/cell wall 

proteins, transport proteins, carbohydrate metabolism, lipid metabolism, cofactors and 

vitamins, energy metabolism, proteolysis, DNA synthesis, the sexual cycle and stress 

response, were up-regulated in M. robertsii (Pava-Ripoll et al., 2011). However, the 

direct influence of plant roots on the Metarhizium has not yet been reported. 
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On the other hand, plant response to endophytic colonization by EIPF is complex, 

and includes changes in the amounts of salicylic acid (SA) and jasmonic acid (JA), as 

well as changes in the transcriptome of plant roots during colonization by EIPF. There is 

a reduction in the concentration of SA in peanuts roots colonized by Metarhizium 

compared to the un-inoculated control (Hao et al., 2017). Elevated levels of JA were 

reported in Metarhizium inoculated soybean (Khan et al., 2012). Transcriptomic analysis 

showed that genes involved in plant-pathogen interactions and plant hormone interactions 

were down-regulated in Metarhizium colonized plant in comparison to the un-inoculated 

control (Hao et al., 2017), which may indicate the suppression of plant immunity during 

endophytic colonization. However, the up-regulation of phytoalexin, JA, and SA 

signalling pathways was observed in the leaves of Arabidopsis during root endophytic 

colonization by B. bassiana (Raad et al., 2019). How the plant differentiates an 

endophyte from a phytopathogen is still largely unknown.  

5.2 DNA methyltransferase implicated in the recovery of conidiation in 

phenotypically degenerated M. robertsii. 

The application of Metarhizium as a commercial biocontrol agent requires optimal 

production of conidia, which are infective propagules. However, spontaneous 

degeneration which results in reduced conidial production and a concomitant reduction in 

virulence during repeated subculturing on agar media, obstructs the successful 

implementation of Metarhizium in insect pest control and/or as a plant biofertilizer. In 

chapter 3, it was demonstrated that conidial production and insect virulence of a 

phenotypically degenerated Metarhizium strain could be recovered after passages through 
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bean and switchgrass roots, as well as passages through insects. During this recovery, a 

decrease in the expression of DNA methyltransferase, MrDIM-2, was observed in 

isolates after successive plant root and insect passages. The addition of the DNA 

methyltransferase inhibitor, 5-azacytidine, to agar supported the role of DNA 

methyltransferases and resulted in an increase in conidiation of the degenerated 

M.robertsii strain. Meanwhile, changes in transcriptional expression of a protein kinase 

and functional genes involved in conidiation and metabolism, were shown in the isolate 

after bean root passages. Even though we observed no differences in the overall level of 

genomic methylation (~0.37%) between two strains (deteriorated vs. recovered) via 

bisulfite sequencing, a finer genomic analysis revealed differences in the distribution of 

differentially methylated regions (DMRs) in the intergenic regions of two strains. 

Specifically, DMRs of strain after bean root passages were more abundant (69.32%) in 

the intergenic regions compared to that of degenerated strain (33.33%).  

A higher level of DNA methylation in mycelia compared to that in conidia was 

observed in M. robertsii ARSEF 23, (Li et al., 2017). Global reprograming of DNA 

methylation occurred during fungal development in Magnaporthe oryzae (Jeon et al., 

2015). The down-regulated expression of MrDIM-2 in M. robertsii after bean passages is 

consistent with the implication of DNA methylation in the transition from a mycelial 

colony phenotype to a conidial colony phenotype. This was confirmed with the recovery 

of conidiation of the degenerated M. robertsii strain when grew on agar medium with a 

DNMTase inhibitor. The similar recovery of conidiation and virulence, together with 

down-regulation of DNMTase was observed in passages through switchgrass and insect 
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hosts. Different host passages may share a similar mechanism for the regulation of fungal 

DNMTase in mycelial and conidial phenotypes. 

The down-regulated expression of genes within hypermethylated regions, MFS 

(major facilitator superfamily transporter), FAD (Flavin adenine dinucleotide), MIT 

(mitochondrial inner membrane protease complex subunit Yme1), PKAM (Protein 

kinase) and ZNAD (Zn-dependent alcohol dehydrogenase family protein) in the 

phenotypically degenerated M. robertsii strain compared to the isolate after bean 

passages, is consistent with the reported silencing transcription in hypermethylated DNA 

regions (He et al., 2020). This confirmed that demethylated DNA regions of the M. 

robertsii genome after bean passages could increase transcriptional expression of these 

genes. These genes were associated with protection against plant defense compounds 

(Stergiopoulos et al., 2002), oxidative pathways (Harold et al., 2019), mitophagy (Wang 

et al., 2013), appressorium development and insect virulence (Fang et al., 2009; Callejas-

Negrete et al., 2015) in fungi. The differential transcriptional expression of functional 

genes connected the regulation of DNMTase to the phenotype of improved conidiation 

and insect virulence in the isolate after successive bean root passages. 

The up-regulated expression of other genes has been observed in fungi after bean 

passages, when compared to that in the phenotypically degenerated M. robertsii. These 

genes were previously reported to be involved in the conidiation of Metarhizium, which 

included cag8 (a regulator of a G protein signaling) (Fang et al., 2007), Hyd2 

(hydrophobin) (Sevim et al., 2012), Mero-Hog1 (a gene in mitogen-activated protein 

kinase cascades) (Chen et al., 2016), and Mr-Pks1 (a polyketide synthase) (Zeng et al., 

2017). These up-regulations were consistent with increased conidiation in the isolate after 
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bean root passages. However, no differences in the methylation levels of these genes 

were observed between the degenerated M. robertsii strain and the isolate after bean 

passages, which may indicate that other pathways together with DNMTase are involved 

in the recovery of conidiation of phenotypically degenerated M. robertsii. 

Phenotypic degeneration of cultured fungi can occur due to the culture medium, age 

of the culture, method of propagation (Wang et al., 2005), and oxidative stresses (Shah et 

al., 2005). It has also been reported that the special nutrient status of the growth medium 

can trigger conidiation in Metarhizium spp. (Shah et al., 2005). The environmental factor/ 

compound/gene products, which triggered this switch from the mycelial phenotype to the 

conidial phenotype, requires further investigation. In term of the cause for the reversal of 

the conidial phenotype, the environmental stresses, such as cell wall stress, hyperosmotic 

stress, and low nutrition stress were tested and showed no influence on the conidiation of 

phenotypically degenerated M. robertsii. These results suggested that other factors in 

plant root passages, such as the changes in the availability and uptake of different nutrient 

sources (Behie et al., 2017; Moonjely et al., 2019) during endophytic colonization, in 

comparison to the artificial medium, might be a potential trigger of phenotypic changes 

through the modification of DNA methylation, in M. robertsii. 

5.3 Abscisic acid modulates responses of bean plants during endophytic 

colonization by Metarhizium 

M. robertsii is antagonistic to the plant pathogen, Fusarium solani f. sp. phaseoli, in 

haricot bean (Sasan & Bidochka, 2013). Through comprehensive plant hormone analysis, 

a reduction of ABA and increased stomatal size in leaves were observed in M. robertsii 
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colonized bean plants, when compared to the un-inoculated control. Alternatively, root 

colonization by F. solani resulted in increased ABA and reduced stomatal size. 

Endophytic colonization can trigger the expression of ABA catabolic genes, ABA 8’-

hydroxylase (PvCYP707A1 and PvCYP707A3) in bean plants. In addition, the expression 

of plant immunity genes, pathogenesis related protein (PR1, PR2, PR3, and PR4), and 

ethylene-responsive transcription factor (ERF1 and ERF5), was repressed by colonization 

of M. robertsii when compared to the un-inoculated control. Furthermore, the exogenous 

application of ABA resulted in the reduction of bean root colonization by M. robertsii but 

increased the colonization by F. solani when compared to the corresponding plants 

without ABA application. 

The modulation of plant defense response may be reflected by changes in the 

concentrations of plant hormones. ABA plays a complex role during plant-microbe 

interactions (Lievens et al., 2017). We observed a decrease in ABA in bean leaves during 

root colonization by M. robertsii, Alternatively, an increase in ABA in F. solani 

colonized bean plants was observed. The tested auxins, cytokinins, and gibberellins 

showed no differences among fungal colonized bean plants and the un-inoculated control. 

These results suggested that ABA played a role in plant responses to root colonization by 

M. robertsii and F. solani. 

Increased stomatal openings during colonization by M. robertsii and decreased 

stomatal openings during colonization by F. solani are consistent with ABA levels in 

bean leaves during fungal colonization. During Fusarium infection, stomatal closure 

resulted in decreased CO2 assimilation, which was attributed to leaf water deficit (Nogués 

et al., 2002). As an entryway for CO2, the opening of stomata during endophytic 
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colonization may be associated with the carbon translocation from the plant to M. 

robertsii, which may facilitate photosynthesis in the host plant by improving intake of 

CO2, in turn, benefiting the fungus with more photosynthate supplied from the plant. 

Root colonization of M. robertsii resulted in up-regulation of ABA 8’-hydroxylase 

compared to the un-inoculated control. A similar trend has been observed in Arabidopsis 

when challenged with Botrytis cinerea (Windram et al., 2012). We suggest that the 

different levels of ABA resulted from the differential expression of ABA catabolic genes 

during root colonization by M. robertsii. After exogenous application of ABA, the un-

inoculated control and M. robertsii colonized bean plants showed similar up-regulated 

expression of PvCYP707A1 and PvCYP707A3 compared to the corresponding plants 

without ABA application. However, the down-regulation of ABA 8’-hydroxylase was 

observed in F. solani colonized plant after ABA application, compared to the 

corresponding plant without ABA application. These results may indicate other factors 

are involved in the regulation of ABA catabolism in bean plants under disease state 

during exogenous ABA application. 

The down-regulation of PRs in bean plants during colonization by M. robertsii, 

which are generally associated with the destruction of pathogen cell wall (Durrant & 

Dong, 2004), indicated the M. robertsii might avoid recognition and subsequent attack 

from the host plant. These repressed plant immune responses during endophytic 

colonization might be associated with the production of potential effector proteins in M. 

robertsii. A similar down-regulation of pathogenesis related genes has been reported in 

peanut roots colonized by M. anisopliae (Hao et al., 2017). The decreased expression of 

PRs, ERFs, and HPL, during the endophytic colonization by M. robertsii in bean roots 
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has similarly been reported in bean plants during root colonization by another endophyte, 

Trichoderma velutinum (Mayo et al., 2016). This may indicate that a similar plant 

immune response may be shared by haricot bean during the colonization by endophytes. 

The decreased root colonization of M. robertsii and increased root colonization of F. 

solani during exogenous application of ABA were consistent with the induced 

transcriptional expression of PR2, PR3, and PR4 in plants colonized by M. robertsii and 

repressed expression of these genes in plants colonized by F. solani, when compared to 

the corresponding fungal colonized plants without ABA application. The exogenous 

application of ABA confirmed different roles of ABA during root colonization by M. 

robertsii and F. solani.  

Even though no differences in conidial production by M. robertsii and F. solani 

during ABA amended on PDA plates were observed, more investigations are required to 

exclude the direct influence of ABA on these fungi on artificial medium. The decreased 

conidial yield has been reported in Metarhizium during exposure to SA (Rangel et al., 

2012). Additionally, ABA decreased mycelium growth of Sclerotinia sclerotiorum in 

vitro on PDA amended with a concentration range of 25–150 µg/mL (Al‐Masri et al., 

2002). Our experiment indicated that the differential root colonization of M. robertsii and 

F. solani during exogenous application of ABA, might not result from the direct effect of 

plant ABA on the fungi, and may instead be associated with the different plant responses 

triggered by exogenous application of ABA such as differential expressions and/or post 

translation regulation of plant immunity genes. 
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5.4 Conclusions and Future directives 

In this thesis, the role of fungal DNA methylation and the plant hormone, ABA, 

have been elucidated during interactions between roots of haricot bean and M. robertsii. 

Fungal DNA methylation, an epigenetic modifier, was implicated in the recovery of 

conidiation of phenotypically degenerated M. robertsii through bean root passages. ABA 

was involved in an important role in responses of bean plants to root colonization by M. 

robertsii. A deeper understanding of fungal and plant factors involved in the interactions 

between endophytes and plant roots could improve the application of EIPF as insect 

biocontrol agents and enhance plant resistance to plant pathogens in agriculture. Other 

elements, such as signalling molecules, that occur during symbiosis are another 

promising direction for research into the interactions during endophytic colonization, 

symbiotic signals such as lipochitooligosaccharides found in mycorrhizal fungi and 

Rhizobium, and effector proteins such as LysM found in phytopathogens, as well as plant 

signaling compounds, such as strigolactones found in root exudates. 
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