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 Metarhizium fungi have dual lifestyles as insect pathogens and as rhizospheric 

plant symbionts. Since these fungi can vary widely in their virulence and host-specificity, 

they provide a powerful model for host-pathogen interactions. Today, it is clear the 

greatest potential of these fungi lies in their application as transgenic biotechnologies. 

Biotechnologies are rightly subjected to increased scrutiny, and this dissertation seeks 

to assess the risks and benefits of applying transgenic Metarhizium fungi using 

bioinformatics. After sequencing the early-diverged generalist Metarhizium frigidum, 

comparative genomics has upended our understanding of the trajectory of Metarhizium 

evolution. Using a functional gene microarray, I assessed the impacts these fungi have 

on the soil microbial community, establishing a protocol for evaluating possible risks of 

applying transgenic entomopathogenic fungi. To inform the evaluation and 

development of next-generation transgenic Metarhizium strains in the future, I 

evaluated the specific mosquito immune response to Metarhizium pingshaense during 



 

early infection with and without Plasmodium falciparum (the human malaria parasite) 

using transcriptomics. A strain of this fungus engineered to express a potent arthropod-

derived, insect-specific neurotoxin in mosquito hemolymph, was also evaluated for 

mosquito control efficacy in semi-field trials in West Africa. Together, this body of work 

offers a comprehensive view of the evolution of this fungal genus and how transgenic 

fungi interact with insects, plants and microbes. The results herein comprise a 

framework for evaluating the risks and efficacy of transgenic fungi. 
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Introduction 

Insects are the most species-rich group of eukaryotes, and this diversity grants 

these animals profound power to influence ecosystems. The great research interest in 

insects arises from their ability to negatively impact human society: as vectors for 

disease in humans and livestock and as destroyers of crops and stored products. It is 

estimated that insects destroy approximately 18% of the world annual crop production 

(1), and vector borne diseases kill millions every year (2). The antagonistic relationship 

some insects have with our society has, for better or worse, focused the majority of 

entomology research efforts and funding on the management of pest insects. Thus, 

pathogens of insects and insect immune responses have been long-standing research 

pursuits. 

The importance of mass-production of insect pathogens for development of 

economically viable biocontrol agents was recognized immediately, so research has 

focused on hypocrealean ascomycetes from the genera Metarhizium and Beauveria 

(family Clavicipitaceae and Cordycipitaceae, respectively). These genera are readily 

cultivatable and collectively can infect a wide range of hosts, allowing them to be 

applied en masse against vectors of human disease and multifarious agricultural pests. 

In 1880, the pioneer immunologist Elie Metchnikoff was among the first to propose 

practical methods of microbial biological control of an insect crop pest, initiating trials of 

the fungus Metarhizium anisopliae against grain beetles (3). Beauveria bassiana was 

described by Agostino Bassi in 1835 as the cause of the devastating muscardine disease 

of silkworm, and it was instrumental in his development of the germ theory of disease 
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(4).  Numerous registered mycoinsecticide formulations are based on Beauveria and 

Metarhizium species, and these entomopathogenic fungi are routinely applied for crop 

protection on millions of hectares of land. Fungi are the commonest disease-causing 

agents in insects. We need to understand and be able to manipulate the interactions of 

insects with fungi in order to lengthen the life expectancy of useful insects and manage 

pests, helping to feed the world and prevent disease. 

Entomopathogenicity has evolved independently and repeatedly in all major phyla 

of fungi (5,6). The diversity of entomopathogenic fungi probably derives from these fungi 

and their hosts both having short generation times, i.e. rapidly responding to selective 

pressures with each generation driving their occupation of a wide range of habitats, with 

near ubiquity in the soil and on plants. Interactions among entomopathogenic fungi, their 

hosts and the environment are therefore diverse and dynamic, which complicates 

comparisons between different fungi infecting different insects since their interactions 

may be necessarily disparate. Despite this, research on these fungi has historically 

investigated the insect-pathogen interactions of a couple of experimentally tractable 

fungal species intensively, and then extrapolated these results to distantly related species. 

Consequently, most of what we know about the biochemical and molecular basis of 

interactions between fungi and insects has been determined with Metarhizium species and 

Beauveria species. The genus Metarhizium, as an important plant endosymbiont and insect 

pathogen with genome sequences available for multiple species, has also recently emerged 

as an excellent model to explore a broad array of questions in ecology, evolution and 

pathology.  
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Entomopathogenic fungi including Beauveria and Metarhizium species have well 

recognized weaknesses as biological control agents. These fungi, particularly those that 

have specialized to a specific insect host, characteristically take a long time to kill. This is 

not prohibitive for agricultural systems where the crop remains sellable after sustaining 

a small amount of damage (i.e., before the fungal infection progresses sufficiently for 

the targeted agricultural pest to lose its appetite). However, in insect vectors of human 

disease, lives can be lost in the intervening time before fungal infection disrupts 

pathogen transmission. While several research groups have explored entomopathogenic 

ŦǳƴƎƛ ŦƻǊ ŀǇǇƭƛŎŀǘƛƻƴ ƛƴ ǾŜŎǘƻǊ ōƛƻƭƻƎȅΣ ǘƘŜ άǎƭƻǿ-ƪƛƭƭ ǎǘǊŀǘŜƎȅέ ƻŦ Ƴƻǎǘ 

entomopathogenic fungi has been a major hurdle for prevention of human disease 

transmission by insects. 

To mitigate this quandary and facilitate their emergence as a model system for 

host-pathogen interactions, reliable techniques for the transformation of 

entomopathogenic fungi have been developed. These techniques have allowed 

scientists to experimentally conduct reverse genetics on these fungi in the lab, but they 

have also opened the door for the development of genetically engineered 

entomopathogenic fungi aimed at field application. In a direct effort to circumvent the 

slow-kill strategy, the vast majority of modified entomopathogenic fungi have been 

engineered to have hypervirulence (7). These hypervirulent entomopathogenic fungi 

have been modified to kill their hosts more quickly: either through altered expression of 

endogenous host genes or expression of genes from another organism (transgenic 

expression) during some stage of infection. By circumventing the natural slow-kill 
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strategy of entomopathogenic fungi, hypervirulent, transgenic entomopathogens are 

poised to become invaluable tool in integrated vector control programs, subject to 

social acceptance and regulatory approval (8). 

Before these transgenic technologies are widely applied in the field to prevent 

the spread of disease, it is imperative that we address safety concerns for the use of 

transgenic entomopathogenic fungi. It is equally important that we leverage the full 

potential of genetic engineering to ensure the containment (i.e. the prevention of 

unintentional spread) of transgenic entomopathogenic fungi and natural biopesticides 

alike. While the concerns raised by transgenic entomopathogenic fungi are greater than 

those of their natural counterparts, there is much overlap, particularly when it comes to 

the containment of these fungi. We all have a responsibility to clean up after our 

technology and to pre-emptively ask the sometimes-difficult question: what happens if 

our plan goes awry? When many millions of entomopathogenic spores are applied in a 

vector control program, a one in a million chance becomes likely. The allowable level of 

risk is up to scientists, regulators and the general public to decide; however, there are 

already many strategies available to ameliorate risks in biopesticides and to allay 

common concerns regarding their application. More such strategies are sure to emerge 

with continued investigation into the genetics and molecular biology of 

entomopathogenic fungi. 

 Comparative genomics has facilitated the identification of fungal fitness traits and 

the selective forces that act upon them (9),  which has improved our understanding of how 

entomopathogenic fungi interact with insects and the environment. In particular, sequence 
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data has provided crucial information on the poorly understood ways that these organisms 

reproduce and persist in the environment, identified the genes involved in ecologically 

relevant traits and illuminated the nature, timing, and architecture of the genomic changes 

governing the origin and processes of local adaptation. Alongside the recent availability of 

genomic resources, the wide array of experiments that can be performed with 

entomopathogenic fungi make them ideal models for answering basic questions on the 

genetic and genomic processes behind adaptive phenotypes. In addition, insects and their 

fungal pathogens could be used as model systems for exploring metapopulation theory via 

experimental and predictive models: consideration of the interactions insect pathogenic 

fungi have with their host and the broader community enables ecological questions to be 

probed from a unique perspective (10). 

As models for host specialization and pathogenesis, they offer enormous 

potential to answer intractable questions about biology; however, they offer the most 

value as a versatile and easy-to-customize biocontrol technology. To maximize their 

benefit as genetically engineered insect pathogens, it is critical that we direct and design 

applications of these fungi with a global perspective: one that considers all their lifestyle 

options and applies a broad array of classical and modern approaches to unravel how 

these fungi interact with the world around them. Richard Feynman left wise words on 

Ƙƛǎ ōƭŀŎƪōƻŀǊŘ ǿƘŜƴ ƘŜ ŘƛŜŘΥ άǿƘŀǘ L Ŏŀƴƴƻǘ ŎǊŜŀǘŜΣ L Řƻ ƴƻǘ ǳƴŘŜǊǎǘŀƴŘΦέ ¢ƘŜ ŎƻǊƻƭƭŀǊȅ 

also holds: what we do not understand about the biology of Metarhizium fungi, we 

cannot take advantage of or prevent from happening. Development of transgenic 

Metarhizium requires a comprehensive and diverse approach that integrates our 
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understanding of how these pathogens evolved with novel approaches to risk 

assessment, new host-specific targets for virulence enhancement and evaluation of 

their efficacy under field conditions. Combatting insect vectors of disease and 

agricultural pests is among the foremost challenges to our civilization, and Metarhizium 

fungi, particularly when genetically enhanced, offer a powerful way forward. 
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Chapter 1: Sequencing Metarhizium frigidum: a cold-active member of the M. flavoviride 

complex 

Sequencing Metarhizium frigidum: a cold-active member of the M. flavoviride 
complex 
Brian Lovett1, Bruno Donzelli1, Philipp Weismann2, Nancy Keller2, Chengshu Wang3, 
Raymond St. Leger1 
 
1Department of Entomology, University of Maryland, College Park, Maryland 20742, USA 
2Department of Plant Pathology, University of WisconsinςMadison, 882 Russell Labs, 1630 Linden 
Drive, Madison, 53706, Wisconsin, USA 
3Key Laboratory of Insect Developmental and Evolutionary Biology, Institute of Plant Physiology and 
Ecology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai, China 

 
Abstract 

The fungal genus Metarhizium contains species ranging from specialists with very 

narrow host ranges to generalists that attack a wide range of insects, and members of 

the genus, including M. frigidum, have been used as biological insecticides. In this study, 

we sequenced M. frigidum as a representative of the M. flavoviride species complex and 

conducted a genome-wide phylogenetic analysis to demonstrate the relationship of M. 

frigidum to sequenced species. Current knowledge suggests that generalist members of 

the M. anisopliae species complex evolved from specialists. Counter to this, we found 

that M. frigidum is an early-diverged generalist containing many gene expansions found 

in more recently diverged generalists. This alters the trajectory of evolution in the 

Metarhizium genus to suggest that specialism is derived from generalism via a process 

that includes gene loss. Generalization was associated with loss of genome-defense 

mechanisms and protein-family expansion such that M. frigidum has, for example, more 

trypsin genes (42, including 8 putative pseudogenes) than any other sequenced 

microbe. Comparative studies revealed that saprophytes, specialists and plant 
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endophytes have in general lost genes associated with pathogenicity and insect biomass 

degradation. Other highlights included the horizontal transfer of a functional 

sterigmatocystin cluster from an Aspergillus spp., which M. frigidum expresses during 

sporulation on the insect cadaver. These results advance understanding of speciation 

and genomic signatures that underlie host shifts and pathogen adaptation. 

 
Background 

The majority of species in the family Clavicipitaceae (Sordariomycetes: 

Hypocreales) are pathogenic, infecting hosts across three kingdoms of the tree of life, 

often with ecological and economic impact. The Plant-Hemiptera clade of the 

Clavicipitaceae contains pathogens and symbionts of plants or scale insects [1]. The 

other clade of Clavicipitaceae is composed of the genus Metacordyceps and largely 

comprises a radiating lineage of asexual Metarhizium spp. [2].  

Most Metarhizium spp. are entomopathogens that act as regulators of a broad 

range of insect populations in nature and are frequently used as biological insecticides 

to control arthropod pests [3,4]. The pathogen enters the host body by forming an 

appressorium and using a penetration peg to enter the hemocoel, after which the 

internal tissues of the host are consumed [5]. aŜǘŀǊƘƛȊƛǳƳ ǎǇǇΦ ǎŜŎǊŜǘŜ ŀ ƭŀǊƎŜ ƴǳƳōŜǊ 

ƻŦ ǇǊƻǘŜŀǎŜǎ ŘǳǊƛƴƎ ŎǳǘƛŎƭŜ ǇŜƴŜǘǊŀǘƛƻƴ ǘƘŀǘ ŦǳƴŎǘƛƻƴ ǊŜŘǳƴŘŀƴǘƭȅ ǘƻ ŘŜƎǊŀŘŜ ŎǳǘƛŎǳƭŀǊ 

ǇǊƻǘŜƛƴǎ ώсϐΦ Many species are readily isolated from soil, and species in the M. anisopliae 

complex that have broad host ranges can also colonize the roots of plants, consistent 

with increased phenotypic flexibility [7,8]. 
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The Metarhizium clade contains early diverged species such as the hemipteran 

pathogen M. album and the noctuid pathogen M. rileyi, and the more recently diverged 

M. pingshaense, M. anisopliae, M. robersii and M. brunneum (PARB) clade that share a 

sister relationship [2]. Phylogenomic analysis of M. album and six species in the M. 

anisopliae complex suggested that the generalism is a derived trait M. robertsii, M. 

brunneum, and M. anisopliae and specialism is ancestral (M. album and M. acridum) 

with transitional species (M. guizhouense and M. majus) with intermediate host ranges 

[9]. The M. flavoviride complex has received less phylogenomic attention. However, 

Bischoff et al. (2006) [10] recognized M. frigidum as a member of the M. flavoviride 

complex. M. frigidum is a cold (i.e. рɕ/ύ active species that appears to be restricted to 

Australia and is known to be associated with coleopterans [11]. We sequenced ARSEF 

4124 because it is the type-isolate of M. frigidum [10] and source of biological control 

agent BioGreen GranulesTM [11].  

 

Results 

Genome features 

 Due to a sequencing approach that incorporated both long-reads (Pacific 

Biosciences single-molecule real-time sequencing) and short-reads (Illumina HiSeq), the 

M. frigidum ARSEF 4124 assembly is the most contiguous in the genus Metarhizium. This 

assembly consists of 52 contigs with all 16 expected telomeric regions (TTAGGG9+ or 

reverse) present and four telomere-to-telomere chromosomes. Genome statistics 

comparing the M. frigidum genome to other representative sequenced Metarhizium 
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species is reported in Table 1. Strikingly, the G-C content of this cold-active fungus is the 

lowest across the entire genus. The assembly was found to be 96.1% complete when 

assessed using the BUSCO ascomycete dataset which searches for conserved single copy 

orthologs within Ascomycetes across the genome: only nine single-copy orthologs were 

missing (supplemental tables). These contigs were further manually assembled to create 

a 20-contig genome. This assembly contains 6 full chromosomes, and four long scaffolds 

with a single telomeric end (each comprising half of one of the two remaining 

chromosomes expected in a Metarhizium spp. genome), and a full circular mitochondrial 

sequence (31,778 bp in length from 14 scaffolds in the original assembly). The telomeric 

scaffolds range in size from 679,240 bp to 5,350,860 bp with the largest telomeric 

scaffolds exceeding the length of two fully assembled chromosomes. Due to ambiguity 

in how these telomeric contigs pair, it is not possible to assign a definitive chromosome 

number to the assembled chromosomes. However, Chromosome 1 

(Contig0000000116), is sufficiently large it would not be exceeded by the sum of the 

two largest telomeric contigs. The gapless assembly including all of the telomeric 

contigs, chromosomes and mitochondrial region is 48,059,087 bp, which is over 96% of 

the manual assembly. The remaining 9 contigs range from 552,663 bp and 20,598 bp in 

length, containing ~2% of the 12,347 predicted genes in the genome. 

 

Genome structure 

The large number of contigs in previous Metarhizium spp. assemblies have made 

it difficult to assess the synteny of chromosomes through the course of Metarhizium 
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evolution. However, with our nearly completely gapless assembly, we can align the M. 

frigidum genome with representative Metarhizium species (M. rileyi, M. album, M. 

acridum, M. guizhouense, M. majus, M. brunneum, M. anisopliae and M. robertsii) and 

two informative outgroups (Pochonia chlamydosporia and Epichloë festucae). These 

alignments using the manually assembled M. frigidum as a reference (Figure 1) suggest 

the structure of the genome has remained relatively conserved. Alignment identity with 

the E. festucae genome was low (7.78% of the genome aligned with <25% identity, but 

this may underestimate the true synteny as the available genome of E. festucae is highly 

fragmented so structural information is lacking among contigs. In contrast, the P. 

chlamdosporia contigs consist of a mix of sequences syntenous with M. frigidum 

chromosomes and telomeric regions (Figure 1). This pattern was not present in 

Metarhizium spp. alignments nor E. festucae, suggesting that these large-scale genomic 

rearrangements occurred in P. chlamdosporia after it diverged from the ancestral 

Metarhizium clade. An inversion 7 Mbp into the largest M. frigidum chromosome is 

present in all Metarhizium species, except for M. acridum that has a smaller inversion in 

this region (Figure 1; marked with red arrows). This large inversion likely reflects the 

ancestral state for this chromosome, so M. acridum may have lost most of this region 

during specialization. Other notable rearrangements occurred in the Metarhizium PARB-

complex (i.e., M. pingshaense, M. anisopliae, M. robertsii and M. brunneum) of recently-

diverged generalist species and are marked with colored arrows (Figure 1). Aligning the 

PARB-genomes to the M. frigidum genome does not reveal many duplications, but 
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deletions are apparent in specialist genomes (e.g., M. acridum and M. majus), 

suggesting that loss of sequence may be a characteristic of specialization. 

As M. frigidum diverged early in the phylogeny, the pairwise similarity in all 

these alignments was overall relatively low: ranging from 7.78% (E. festucae) to 58.0% 

(M. guizhouense) of the genome with syntenous sequences (Table 2). Since the M. 

frigidum genome is the most contiguous genome in these alignments, it spans intergenic 

and telomeric regions that are missing in other genomes. Thus, the telomeric regions of 

the M. frigidum alignments has few sections that align with previous assemblies, which 

may explain why the M. robertsii genome, which was re-assembled for higher 

resolution, has the highest percent identity to M. frigidum in the PARB clade. We 

conclude that the high contiguity of our M. frigidum genome plus the early divergence 

of M. frigidum have both contributed to the overall low percent identities we observe 

from these whole genome alignments.  

 

Phylogenetic reconstruction 

Using a maximum-likelihood analysis based on 4334 single-copy orthologs, we 

placed M. frigidum in the context of other Clavicipitaceae taxa and provide a timeline 

for reconstructing their evolutionary history (Figure 2). Consistent with previous 

multigene phylogenetic analyses [2] and phylogenomic approaches [9], these results 

confirmed that the monophyletic Metarhizium lineage diverged from Clavicipitacean 

endophytes (e.g., share a common ancestor with Epichloe spp.). However, our tree, 

which includes additional early diverged and a fuller set of Metarhizium spp., places this 
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divergence about 307 million years ago (MYA) when newly evolved seed plants where 

rapidly colonizing the earth [12], as compared to 231 MYA reported in [9]. Kepler et al., 

(2014) [2] report that the genus Pochonia chlamydosporia is closely related to the core 

Metarhizium lineage, but for pragmatic reasons, that include not inconveniencing the 

scientists working on these nematode pathogens, they do not place Pochonia 

chlamydosporia in the genus Metarhizium. Our analysis indicates that Pochonia 

chlamydosporia diverged from the core Metarhizium species about 180 MYA. The 

caterpillar-specific Metarhizium (formerly Nomuraea) rileyi diverged 143 MYA at the 

onset of the Cretaceous period; approximately 40 MY after the appearance of 

lepidopterans and 30 MY before the angiosperm radiation [13]. The hemipteran-

specialist M. album and the generalist M. frigidum split from the M. anisopliae complex 

113 and 85 MYA, respectively, at a time of massive diversification of flowering plants 

and associated insects [13]. The natural distribution of M. frigidum is presently 

restricted to cooler regions in Southern Australia. Perhaps pertinent to the cold-activity 

of M. frigidum, Southern Australia during the late Cretaceous period was within the 

Antarctic Circle and featured a cooling trend (mean annual temperature of 4ς8 °C by 66 

MYA) [14]. The acridid-specialist M. acridum is the earliest diverged member of the M. 

anisopliae complex and diverged 50 MYA, approximately 10 MY after acridids first 

appeared [15] and during the PalaeoceneςEocene Thermal Maximum of global warming 

[16]. The natural distribution of M. acridum is presently restricted to tropical and 

subtropical regions, including regions of Australia, where temperatures resemble those 

during this thermal maximum. Other M. anisopliae complex species diverged over the 
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course of the last 17 MY and most of these have generalist lifestyles and cosmopolitan 

distributions. The divergence times estimated for the early diverged M. album and 

species within the M. anisopliae complex are very close to the values estimated 

previously from fewer representatives [9], and these species bracket M. frigidum in the 

phylogeny. 

 

Gene family contraction, expansion and evolution 

 Proteins from the genomes in Figure 1 were aligned using blastp and clustered 

with mcl for CAFE analysis. This analysis, informed by an ultrametric phylogenetic tree, 

identified gene family expansions and contractions at each node of the phylogeny (Table 

3). Protein-family expansion is one of the recognized mechanisms of adaptive 

innovation [17]. The 12,528 protein families spanning from early diverged E. festucae to 

recently diverged M. robertsii move the start of expansion of gene families in 

Metarhizium spp. to the last common ancestor of M. acridum and M. frigidum. This 

expansion encompassing 67 gene families is the largest on any node of the phylogeny, 

and we estimate occurred sometime between 113 and 85 MYA concomitantly with the 

early diversification of flowering plants. With the genomes currently available to us, this 

time period marks the emergence of a generalist common ancestor to M. frigidum and 

the more recently diverged species. The highest numbers of shared gene families among 

these species follow the known phylogenetic relationships; however, generalists share 

many gene families which are not present in specialists, providing further proof for this 

generalist gene family proliferation predating the divergence of M. frigidum (Figure S1). 
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A second major expansion (52 gene families) occurred in the last common ancestor of 

M. acridum and the clade spanning M. majus and M. robertsii in a period that includes 

the K-Pg crisis. Interestingly, a third major expansion occurred during the last common 

ancestor of M. majus and M. guizhouense (66 gene families). However, the evolution of 

Metarhizium spp. has been marked by contractions as well as expansions, and this node 

also represents the largest contraction among gene families (682), so this is a period of 

net loss. This contraction dwarfs those observed in other nodes, which range from 0 in 

the last common ancestor of P. chlamydosporia and M. rileyi to 426 when M. anisopliae 

and M. robertsii diverged from M. brunneum. Subtracting the gene family contractions 

from the gene family expansions gives an estimate of the trajectory of gene family 

expansions/contractions at each of these nodes. A clear signal emerges of early gene 

family contraction starting from the base of the phylogeny where gene families contract 

less with each subsequent node, until the last common ancestor between M. frigidum 

and M. acridum (Table 3). At this node, the trajectory of gene families is a net positive 

(22 gene families), following which the trajectory again shows a net loss of gene families 

averaging at ~340 gene families contracting across all nodes with the last common 

ancestor of M. majus and M. guizhouense contracting a net 616 gene families. As 

expected, those gene families found to be expanding and contracting by CAFE were the 

same families identified as significantly different in our gene annotation enrichment 

analyses below.  

 Gene family evolution at tips of the phylogeny, representing each fungal species, 

are also estimated by CAFE. These results track the evolution of each strain after they 
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diverged from the rest, so expansions and contractions likely reflect adaptation to the 

individual lifestyles of each fungus. Here we see specialists M. album and M. rileyi 

showing low levels of expansion (50 and 75 gene families, respectively) and high levels 

of contraction (4366 and 4489 gene families, respectively), indicating gene loss as 

specialization evolved. In contrast, generalists M. frigidum and M. robertsii show higher 

levels of expansion (395 and 162 gene families, respectively) and lower levels of 

contraction (2111 and 319 gene families, respectively). M. anisopliae, a member of the 

recently evolved PARB clade of generalists, exhibited low levels of expansion (71) and 

contraction (797). This suggests most adaptive changes facilitating its generalist lifestyle 

had already been acquired before it diverged, perhaps by a common ancestor of the 

PARB clade. E. festucae and P. chlamydosporia, specialist pathogens outside the genus 

Metarhizium, had the highest number of expansions (478 and 427 gene families, 

respectively), but also among the highest number of contractions (5472 and 3088, 

respectively). Across the tips, the trajectory of gene families is net negative for all 

species, but the degree of this negative trajectory decreases in the more recently 

diverged fungi. As an example, the trajectory for E. festucae is -4994 gene families, by 

far the largest net contraction across all nodes and tips of the tree, and the smallest net 

contraction is for M. robertsii with -157 gene families. Among generalists, we conclude 

that adaptation based on gene family expansion and contraction largely preceded their 

divergence as species.  

Rapidly evolving gene families, i.e. those with a greater than expected gain or 

loss of genes according to CAFE analysis, ranged from 0 to 4471 across tips of the 
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phylogeny. Apart from E. festucae, M. robertsii had the highest number of rapidly 

evolving gene families (147). M. majus and M. guizhouense were intermediate (43 and 

21 gene families, respectively) and M. rileyi and M. acridum had 2 and 3, respectively. P. 

chlamydosporia, M. album and M. brunneum had zero rapidly evolving families. Analysis 

at the nodes showed a different pattern, with the last common ancestor of P. 

chlamydosporia and M. rileyi having no rapidly evolving gene families, which was also 

the case for last common ancestor of M. frigidum and M. acridum. The number of 

rapidly evolving gene families at the nodes began more recently at the last common 

ancestor of M. acridum and M. majus, M. guizhouense and M. brunneum, M. majus and 

M. guizhouense and M. robertsii and M. anisopliae (7, 7, 14 and 8 gene families, 

respectively). The node linking M. brunneum and M. robertsii (1 rapidly evolving gene 

family) was an exception to this. Rapidly evolving gene families at the tips of the 

phylogeny reflect millions of years of evolution unique to each species. Overall, the 

results suggest that common ancestors of recently diverged PARB generalist species 

experienced a couple of bursts of expansion, but families have been contracting since 

the delineation of M. robertsii and M. anisopliae as species.  

Codeml was used to test site models for the single copy orthologs (SCOs). From 

this analysis, 282 SCOs (6.51%) were identified to be under positive selection in the 

phylogeny (supplemental tables). A similar analysis was conducted using a branch model 

to test for genes in M. frigidum under positive selection relative to the rest of the 

phylogeny. These results revealed 427 (9.85%) genes under positive selection since M. 

frigidum diverged. The number of genes under positive selection reported here is higher 
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than previous reports [9], but the number of genes tested is also higher in this analysis 

and the taxonomic scope extended through E. festucae. The percent of genes under 

positive selection in M. frigidum is still larger than that reported for the specialist M. 

acridum (6.91%) previously [9]. 

 

Gene Duplication, Repeat-Induced Point Mutation and Transposable Elements 

Metarhizium spp. differ from each other in host range. Our previous 

phylogenomic analysis suggested that there was an evolutionary trajectory from early 

diverged specialists to recently diverged generalist species in the M. anisopliae complex 

[9]. As M. frigidum is bracketed by specialist species in our maximum likelihood tree, 

and M. frigidum ARSEF 4124 was isolated from an Adoryphorus spp. beetle, we 

postulated that this isolate of M. frigidum may be a beetle specialist. However, in the 

laboratory we found that M. frigidum ARSEF 4124 infected caterpillars (Galleria 

mellonella) and flies (Drosophila melanogaster), whereas the hemipteran specialist M. 

album infects neither. M. frigidum strains have been isolated from Tasmanian pasture 

soils and these appear only to have been tested for pathogenicity against redheaded 

cockchafer [18], and it is therefore possible that the suggested association of M. 

frigidum with beetles is because only beetles were screened. We compared the genome 

of M. frigidum with specialist and generalist Metarhizium species for evidence that 

either M. frigidum independently evolved a broad host range, or alternatively that 

specialists had ancestors with broad host ranges. 
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Chromosomal or genome duplication, gene retroposition, or unequal crossing-

over can result in gene duplication that leads to protein-family expansion [17]. Our 

previous analysis of gene paralogy showed that compared to M. album and M. acridum 

generalists have more paralogs with >50% nucleotide identity, consistent with their 

resulting from recent gene duplication events [9]. M. frigidum has 1065 paralogous pairs 

of similar coding sequences (>50% nucleotide identity), whereas M. acridum has only 

294 such pairs. Repeat-induced point mutation (RIP) is a fungal defense against 

transposable element (TEs) that will also inactivate duplicated genes during meiosis 

[19]. RIP is highly active in Metarhizium spp. with narrow host ranges, but Metarhizium 

species with a broad host range have fewer genomic indicators of active RIP [5]. The 

level of RIP is also low in M. frigidum (supplemental tables). RIP only occurs during 

meiosis, so the low level of RIP in the M. frigidum genome suggests the sexual cycle is 

rare in this fungus, further linking M. frigidum with the more recently evolved species 

with wide host ranges. 

RIP is a defense against TEs cause gene mutation, gene duplication, or genome-

structure reorganization [20]. Consistent with RIP operating predominantly in 

specialists, M. rileyi, M. majus, M. album and M. acridum have fewer transposable 

elements TEs encoding either DNA-type transposons (averages ~159 in specialists vs. 

173 in generalists) or retroelements (averages 247 vs. ~493) (Figure 3, supplemental 

tables). M. frigidum in particular has the largest amount of long interspersed nuclear 

elements (262, LINEs); significantly more E. festucae (53), M. rileyi (30), M. album (33), 

M. acridum (34) and M. brunneum. M. brunneum (28) and M. majus (149) break with 
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the general trend of having many LINEs and specialists having few. M. frigidum has 1184 

LTRs as compared to an average of ~289 in P. chlamydosporia and other Metarhizium 

spp. Across all genomes, the commonest LTR was Gypsy/DIRS1 and the second 

commonest was Ty1/Copia. Notable DNA transposons across these genomes include M. 

acridum having the most (51) PiggyBac repeats (a cut and paste transposon). A high 

number of Hobo-Activator repeats occurred in P. chlamydosporia (120), M. guizhouense 

(68) and M. majus (74). Tc1-IS630-Pogo repeats occurred in every species and ranged 

from 10 in E. festucae to 178 in P. chlamydosporia (M. guizhouense was not far behind 

with 101). As shown in Figure 3, M. frigidum contains the most repeats overall (2998), 

closely followed by E. festucae (2952), with M. guizhouense (1802) at a distant third. M. 

frigidum has more small RNA repeats (58) than the other genomes (~11 on average). 

The only SINE repeat identified in this analysis was present in M. robertsii. 

 

Gene annotation and enrichment in M. frigidum 

 Due to their economic importance and potential as a model for host-pathogen 

interactions, the genomes of Metarhizium species are not only the most intensively 

studied among entomopathogens, but also among Ascomycetes in general. The M. 

frigidum genome reported here represents the ninth Metarhizium genome deposited at 

NCBI, with multiple assemblies for a number of species. As such, many publications have 

already reported on patterns of gene enrichment and content among these species 

[9,21ς24]. However, M. frigidum offers a unique perspective as it is the earliest-

divergent generalist in this genus to be sequenced, and is cold-active. Since its 
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divergence from the M. anisopliae complex circa 85 MYA, M. frigidum has maintained 

12,347 genes, the largest number in the genus. Figure 4 shows the core, shared and 

unique genes among E. festucae, P. chlamydosporia, and the available Metarhizium 

genomes, according to OrthoMCL groups. Metarhizium species genomes were 

annotated using the databases associated with Pfam, eggNOG and MEROPS. Beauveria 

bassiana (Cordycipitaceae), a broad host-range generalist that evolved 

entomopathogenicity independently from Metarhizium spp., was included for all 

analyses. Beauveria brongniartii was also included in the Pfam analysis as a related 

specialist (specific to certain scarab beetles). Results from these annotations and 

enrichments are reported in supplemental tables. 

 Pfam analysis showed a number of enrichments in M. frigidum compared to the 

other fungal species. Generalist entomopathogenic fungi in particular are distinguished 

by chymotrypsin/trypsin (S1) and subtilisin (S8) expansions [25]. M. frigidum has more 

trypsins than any other sequenced microbe, including other Metarhizium spp. that are 

known to have many trypsin genes. Overall, M. frigidum, M. guizhouense, M. brunneun 

and M. robertsii were significantly enriched in trypsins (42, 27, 28 and 38, respectively) 

as compared to E. festucae that has 3. Three trypsins are typical for plant associated 

fungi; many saprophytic fungi lack trypsins altogether [25,26]. M. frigidum and M. 

robertsii ǿŜǊŜ ŦƻǳƴŘ ǘƻ ƘŀǾŜ ǎƛƎƴƛŦƛŎŀƴǘƭȅ όǇғлΦлм ŦǊƻƳ ƘƻƭƳ ŀŘƧǳǎǘŜŘ ǇŀƛǊǿƛǎŜ ŦƛǎƘŜǊΩǎ 

test) more trypsins than P. chlamydosporia (9). The diverse trypsins in the M. frigidum 

genome are discussed below. M. rileyi, M. album and E. festucae had significantly fewer 

Ank_2 ankyrin repeats (33, 34, and 22, respectively) than M. frigidum with 153 and P. 
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chlamydosporia with 123. Ankyrin repeats mediate protein-protein interactions, and 

play essential roles in the localization and membrane stabilization of transporters, 

pumps and channels, and therefore biogenesis and adaptation to osmotic and oxidative 

stress [27,28]. As therefore expected, M. frigidum and P. chlamydosporia have many 

pumps and transporters e.g., M. frigidum and P. chlamydosporia have 246 and 312 

major facilitator superfamily transporters (MFS; MFS_1 family), respectively, while M. 

rileyi has 148, M. album has 131 and E. festucae has 104. Among Metarhizium species, 

M. guizhouense had the most major facilitator superfamily transporters with 250; 

however, M. frigidum was found to have the most ABC_tran family ABC transporter 

domains in the genus with 61 (supplemental tables). ABC transporters are a highly-

diverse family of transporters that can protect fungi against host-derived secondary 

metabolites, and MFS transport substrates that typically function as nutrient sensors 

[21,29]. The number of ankyrin repeats and transporters in M. frigidum are similar to 

those in the PARB generalists. 

The family Dimer_Tnp_hAT is conserved in hAT DNA type II transposases, and 

they are significantly enriched in B. bassiana (24), P. chlamydosporia (100), M. frigidum 

(22), M. guizhouense (79), M. majus (52) and M. robertsii (32), as compared to the other 

fungi which have less than three of these domains on average, with zero in M. rileyi and 

M. brunneum. The transposable element related domain MULE is enriched in M. album 

(42), P. chlamydosporia (33) and M. guizhouense (30). M. frigidum has 11 of these 

domains. HTH_Tnp_Tc5 is a Tc5 transposable element helix-turn-helix domain that that 

is enriched in P. chlamydosporia (37) and M. album (29), but M. frigidum has only 5. 
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Retroviral transposases (RVT_1 and RVT_2) were found to be enriched in P. 

chlamydosporia (28 and 19, respectively) and M. guizhouense (44 and 52, respectively) 

as compared to M. frigidum (3 and 2, respectively). Rve, a retroviral integrase domain 

was also enriched in P. chlamydosporia (23) and M. guizhouense (67): M. frigidum has 

only 3 of these domains. A similar integrase (gag_pre-integrs) is also significantly 

enriched in M. guizhouense (36) compared to these other fungi, except for P. 

chlamydosporia (15) and M. majus (16). M. majus and M. guizhouense were enriched 

for the Helitron_like_N domain, which is part of a rolling-circle amplifying transposase 

Helitron.  

Specialist fungi have comparatively few heterokaryon incompatibility protein 

(HET) domains, with M. rileyi, M. album and M. acridum containing ~17 on average and 

generalists M. frigidum, M. anisopliae and M. robertsii containing 42 on average (41 in 

M. frigidum). E. festucae has four HET domains, M. album has 8 and P. chlamydosporia 

has 96. HETs play an important role in restricting mating among ascomycetes, and 

scarcity of these genes in specialists may be a function of their lifestyle. The mating type 

in M. frigidum is MAT-1-2-1 (ST25_05682) with the conserved hypothetical protein 

(ST25_05681) in this region between APN2 and SLA2. E. festucae was found to have 

significantly fewer beta-lactamase domains (1) than B. bassiana (23), P. chlamydosporia 

(31), M. frigidum (25), M. acridum (20), M. guizhouense (22), M. majus (20) and M. 

anisopliae (20). Fungal lactamases degrade xenobiotic compounds from plants or 

microbes, and soil borne fungi often show amplification of lactamase genes compared 

to those fungi found in less biologically complex environments [30]. M. frigidum (89) has 
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the most APH domains, which are phosphotransferase protein domains that also are 

involved in resistance to xenobiotic compounds. These genes are fairly common 

throughout these fungi, averaging ~69 APH genes per genome: M. album only has 24, 

which was significantly fewer than E. festucae and all other Metarhizium species, except 

for M. guizhouense. Very little is known about the ecology and habitat of M. frigidum. 

However, it retains the profile of plant degrading enzymes that allow M. robertsii and M. 

brunneum to live as soil saprophytes and plant endophytes (supplemental tables). Thus, 

M. frigidum has 8 cellulase genes to degrade the plant cell wall, B. bassiana, M. majus, 

M. guizhouense, M. brunneum, M. anisopliae and M. robertsii have 7 each, P. 

chlamydosporia and M. acridum have 9, E. festucae has 4 and M. rileyi has 3. Analysis of 

enrichment using Pfam clans were consistent with the Pfam enrichments described 

above. 

Enrichment in MEROPS (supplemental tables) revealed enrichments in peptidase 

families among these fungi. E. festucae has by far the fewest S12 serine peptidases (3). 

In comparison to E. festucae, significant enrichment was detected in Beauveria bassiana 

(25), P. chlamydosporia (33), M. frigidum (30), M. acridum (22), M. guizhouense (27), M. 

majus (26) and M. anisopliae (25). M. frigidum had the most S12 serine peptidases 

among Metarhizium species analyzed. This serine peptidase codes for D-Ala-D-Ala 

carboxypeptidase B, which can play a range of roles in the cell growth and pathogenesis, 

including chitinase degradation [31]. The serine proteinase S1C family, encoding DegP 

peptidases, were found to be particularly enriched in M. frigidum (48 of which 18 are 

unique to M. frigidum) and M. robertsii (41; 6 are unique to this species), when 
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compared to either P. chlamydosporia with 15 or E. festucae with 7. DegP peptidases act 

as a temperature-dependent switch that functions as a peptidase at high temperatures 

and as a chaperone at low temperatures [32]. M. frigidum has by far the most (114) S1A 

family peptidases (the chymotrypsin and trypsin family) of any sequenced Metarhizium 

species (114). This finding was surprising because Metarhizium fungi are known to be 

enriched in chymotrypsin A family genes that facilitate their pathogenic lifestyle. 

Significant enrichment in this chymoytrypsin family was found when comparing M. 

frigidum and P. chlamydosporia which has 71. The specialist Metarhizium rileyi was 

found to have the lowest number of S8A family subtilisins (8) overall, while generalist M. 

robertsii contained the most with 82.  

E. festucae has 81 ubiquitin-specific peptidases (family C19 of cysteine 

peptidases), which is significantly more than M. brunneum, M. anisopliae and M. 

robertsii with 60, 59 and 64, respectively. The most metalloprotease site-2 protease 

genes (M50A family) are in E. festucae (16) and B. bassiana (19), which is significantly 

more than the number in M. majus with 2. Metarhizium species generally had fewer of 

these M50A family peptidases (~5 on average), which are involved in regulating 

transmembrane signaling [33]. The number of peptidases across all genomes in this 

study ranged from 1089 (M. album) to 1940 (P. chlamydosporia). M. frigidum has 1760 

peptidases, which is consistent with generalists Metarhizium spp. having more than 

specialists. Thus, collectively, generalists (M. robertsii, M. anisopliae, M. brunneum and 

M. frigidum) average 1731 peptidases and specialists (M. acridum, M. majus, M. album 
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and M. rileyi) average ~1330. M. guizhouense with 1793 has the most peptidases in the 

genus. 

Annotations with databases included with eggNOG are provided in supplemental 

tables. Enrichment in the Clusters of Orthologous Groups (COGs) database revealed 

different metabolic potentials of entomopathogens that suggest different ecological 

roles and relationships with hosts. Thus, B. bassiana has significantly fewer genes 

involved in coenzyme transport and metabolism (182) than M. frigidum (331), M. 

acridum (278), M. guizhouense (320), M. majus (317), M. brunneum (303), M. anisopliae 

(300) and M. robertsii (311). Interestingly, this phylogenetic signal reflects the expansion 

of gene families in the last common ancestor of M. acridum and M. frigidum predicted 

by our CAFE analysis, which is when the generalist lifestyle of Metarhizium spp. likely 

evolved. E. festucae and P. chlamydosporia each have an intermediate number of genes 

in the COG coenzyme transport and metabolism category with 229 and 291, 

respectively. The COG category for signal transduction mechanisms was found to be 

highest in E. festucae (330 genes) and P. chlamydosporia (308) and lowest in M. album 

(229). E. festucae was significantly enriched in this category compared to P. 

chlamydosporia, M. album, M. frigidum (318), M. guizhouense (291), M. majus (299), M. 

brunneum (274), M. anisopliae (273) and M. robertsii (282): specialists M. rileyi (287) 

and M. acridum (294) were not significantly different from E. festucae in this category.  

Specialized species with narrowly defined environments (e.g., specific hosts) may 

need fewer genes for metabolism than those living in multiple habitats. However, M. 

album was enriched in genes from the COG category for inorganic ion transport and 
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metabolism (265 genes; Figure S2) when compared to B. bassiana (202), E. festucae 

(197), M. rileyi (193), M. frigidum (246), M. acridum (217), M. majus (233), M. 

guizhouense (233), M. brunneum (229), M. anisopliae (228) and M. robertsii (231). P. 

chlamydosporia contained the highest number of genes in the carbohydrate transport 

and metabolism COG category (773) followed by M. robertsii with 637. These fungi are 

known to live in soil where resources may be scarce, but diverse. P. chlamydosporia was 

significantly enriched in this category when compared to B. bassiana (468), E. festucae 

(396) and M. album (398). These genes have a clear link to the diversity of substrates 

these fungi would be able to metabolize, and specialists E. festucae, M. rileyi (434), M. 

album and M. acridum (556) contained the fewest genes in this COG category. This is in 

line with the narrow host-range associated environment being more consistent and the 

broad host range associated environment, particularly the soil habitat, being more 

diverse. 

CAZy database EggNOG annotations further demonstrates the expanded 

carbohydrate range of generalist fungal pathogens. This annotation supported our 

findings from previous studies that generalists have more carbohydrate active enzymes 

overall (supplemental tables). These enzymes were distributed fairly evenly across 62 

families in sequenced Metarhizium species, B. bassiana, E. festucae and P. 

chlamydosporia. No CAZy family enrichments were identified among these genomes. 

However, CAZy families GH18 (chitinase), GT2 (cellulose synthase/chitin synthase) and 

GH76 (h -1,6-mannanase) were the most abundant families in these fungi. M. frigidum 

and M. guizhouense had the most CAZy family enzymes in the genus Metarhizium (156 
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total). The generalist M. robertsii contained 149 of these enzymes, while specialists M. 

rileyi and M. album had the least with 121 and 114 CAZy family enzymes, respectively. P. 

chlamydosporia contained the most enzymes in these families overall with 186 genes 

across 58 CAZy families, six of these were unique to P. chlamydopsoria in our analysis: 

AA9/CBM1 (lytic cellulose monooxygenase), GH12 (xyloglucan hydrolase), GH19 

(chitinase), GH30 (endo- -̡1,4-xylanase), GH6 (endoglucanase), and GH7 (endo- -̡1,4-

glucanase). These enzymes may help to facilitate the nematode pathogenic and plant 

symbiotic lifestyles of P. chlamydosporia. M. robertsii was the only Metarhizium species 

in our analysis with a unique CAZy family enzyme: dextranase (GH66). CAZy entries for 

this family have only been reported from bacteria and bacteriophages, and this M. 

robertsii gene (MAA_10157) has been implicated as a potential horizontal gene transfer 

in a previous study [34]. 

 

Early diversification of chymotrypsins 

 Metarhizium spp. are known to have an abundance of serine peptidases that 

nutritionally facilitate entomopathogenicity by allowing solubilization of host tissues, 

including the protein-chitin matrix that comprises the cuticle [21]. Our MEROPS analysis 

identified 114 genes in the diverse chymotrypsin family of S1A peptidases, which 

includes chymotrypsins and trypsins [35]. Only one Metarhizium chymotrypsin (MaChy1 

from M. robertsii ARSEF 2575) has been characterized in detail [36]. Using MaChy1 as a 

query, BLAST hits from the NCBI non-redundant protein database (nr) were limited to 

other ascomycetes, notably plant and insect pathogenic members of this phylum, and 
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two Actinoplanes species. To interrogate the diversification of functional members this 

remarkably large peptidase family in M. frigidum, we compared protein sequences from 

all chymotrypsins identified from M. robertsii, M. frigidum and M. rileyi via MEROPS. In 

this analysis, we excluded chymotrypsins that were less than half the length of the 

functional MaChy1 gene and included informative bacterial chymotrypsins and MaChy1 

to help identify known chymotrypsin families [36]. We aligned these chymotrypsin 

proteins to produce a phylogenetic tree (Figure S3). In this tree, trypsins cluster together 

with strong bootstrap (n=10,000) support, while other proteins clustered into clades 

present in multiple Metarhizium species supported strongly only near the tips of the 

phylogeny. We ran NCBI protein BLAST against nr for these strongly-supported clades to 

reveal diverse functions unrelated to chymotrypsin activity (e.g., hemolysin III, 

cytochrome p450, pre-mRNA splicing prp5). This finding is underscored by many of 

these proteins annotated as S1A family peptidases which lack a known catalytic triad. 

The MEROPS database reliably identifies proteins that are structurally similar, so this 

may indicate structural, not functional, similarity among proteins identified as part of 

the S1A chymotrypsin family [37]. 

Surprisingly, our analysis of MEROPS chymotrypsins found that M. frigidum does 

not contain an ortholog for the MaChy1. We used BLAST to align MaChy1 against a 

database containing all sequenced Metarhizium species, E. festucae and P. 

chlamydosporia to identify which other genomes contained this ortholog (supplemental 

alignment). We found seven MaChy1 orthologs (>60% percent identity): one each from 

M. robertsii, M. brunneum, M. guizhouense, M. majus and P. chlamydosporia and two 
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from M. anisopliae. Five other proteins (two each from P. chlamydosporia and M. album 

and one from M. acridum) were identified as similar to MaChy1 in these genomes 

(ranging 22.7-33.3% percent identity). We used these genes to produce a phylogenetic 

tree including animal and bacterial trypsins and chymotrypsins (Figure S4). This well-

supported tree grouped these proteins into distinct families: secreted chymotrypsins 

(including MaChy1), trypsins, sister chromatid cohesion protein (mis4 or Scc2), ornithine 

aminotransferases (OAT; involved in biosynthesis of proline) and endocellular serine 

endoproteases (DegQ). Secreted proteins (trypsins and secreted chymotrypsins) form a 

distinct clade with eukaryotic, endocellular mis4 (from M. acridum and P. 

chlamydosporia) at the base. Each Metarhizium genome in our analysis contained single 

orthologs for both mis4 and OAT, while MaChy1 orthologs were only present in P. 

chlamydosporia, M. majus, M. guizhouense, M. brunneum, M. anisopliae (2 orthologs) 

and M. robertsii. The derivation of secreted chymotrypsins from endocellular 

chymotrypsin-like proteases has been previously described [36], but the possible 

relationship between mis4 proteins and secreted chymotrypsins is novel. 

Enrichment of trypsins is a particular hallmark of generalist Metarhizium spp. [9]. 

Our Pfam analysis revealed that M. frigidum has 42 trypsins: more than any other 

sequenced a microbe, and consistent with a generalist host range, assuming these 

trypsins expand the range of substrates this fungus can digest, and/or contain 

sequences resistant to the protease inhibitors deployed in insect defense to these fungi 

[38]. We aligned trypsin protein sequences for the trypsins of Beauveria bassiana (an 

independently evolved entomopathogen from Cordycipitaceae), E. festucae, P. 



 31 

chlamydosporia, and the nine sequenced Metarhizium spp. (supplemental alignment). 

Visual inspection of an alignment of all trypsins present in M. frigidum revealed that 8 

putative M. frigidum trypsin sequences are lacking a critical amino acid in the catalytic 

triad, suggesting that these genes are no longer functional as trypsin proteases. We 

produced a phylogenetic tree comprising trypsins identified in this study to determine if 

the proliferation of trypsins seen in M. frigidum occurred before or after the species 

diverged (Figure S5).  The M. frigidum trypsins were separated into distinct clades that 

appeared ancestral to both Clavicipitaceae and Cordycipitaceae, as members of these 

clades tracked the phylogenetic relatedness of these fungi. 

Our previous comparative genomics revealed dynamic gene gain and loss in 

putative virulence genes, with large gene families in PARB generalists [9]. This M. 

frigidum genome shifts the emphasis to gene lost in specialists, rather than gene gain in 

generalists. While there are examples of M. frigidum trypsins that appear to have 

duplicated in M. frigidum alone (e.g., ST25_00074 and ST25_11110), these are 

distributed throughout both clades. This suggests that the abundance of trypsins in M. 

frigidum is not principally due to a proliferation of trypsins within this species; rather, 

ancestral trypsins have been maintained in the M. frigidum genome. Mapping all 

trypsins to the manually assembled genome revealed that a majority of the 42 M. 

frigidum trypsins reside in the subtelomeric regions (Figure 5). As subtelomeric regions 

are rearrangement hotspots, this may make redundant subtelomeric trypsins without a 

clear fitness benefit easy to lose. Generalist M. frigidum, M. brunneum, M. anisopliae, 

and M. robertsii boast on average ~33 trypsins as compared to 12 trypsins on average in 
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the specialists M. acridum, M. rileyi and M. album. Likewise, the generalist 

entomopathogen B. bassiana maintains 22 trypsins. This abundance of B. bassiana 

trypsins also seems to reflect retention of ancestral sequences, as most are interspersed 

with Metarhizium trypsin sequences (Figure S5). E. festucae is typical of non-

entomopathogenic fungi in having few trypsins (3), and these were also interspersed 

throughout the trypsin phylogenic tree. Overall, these results suggest that ancestral 

trypsins are maintained in generalist Metarhizium spp. and B. bassiana, but lost in fungi 

that have adopted specialized lifestyles. 

 The eight M. frigidum trypsin genes lacking the full catalytic triad are also 

interspersed throughout the tree, with only two (ST25_04101 and ST25_07962) forming 

their own clade. Three of the 8 putative trypsins are in tandem (paired) with sequences 

with intact active sites, indicative of duplication events. ST25_01980 is next to 

ST25_01981, ST25_04101 is next to ST25_04102, and ST25_07962 is next to 

ST25_07961. The functional trypsin component of these tandem pairs (comprising one 

putative trypsin and one trypsin), are grouped together in a clade in the trypsin 

phylogeny that contains predominantly M. frigidum sequences (this clade has 8 M. 

frigidum sequences), but contains representatives from other fungi, as well. These 

tandem pairs are located on different chromosomes with two pairs (ST25_04101 and 

ST25_07962) located in subtelomeric regions 325 kb from the telomeres. This suggests 

that an ancestral trypsin was duplicated in tandem ancestrally, a copy then lost function 

and these tandem pairs were duplicated twice more. This interpretation is further 

supported by the loss of the serine residue component of the trypsin catalytic triad in 
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these three trypsin-like sequences, the high similarity of these putative trypsins to one 

another and the similar length of putative trypsins (ranging from 155 to 164 AA) and 

their adjacent functional trypsins (81 to 94 AA). 

 

Subtilisin homology 

Subtilisin-like serine proteases (S8) are known to have diverse functions, but 

most are promiscuous, secreted proteinases that are essential for host degradation and 

antimicrobial inactivation in entomopathogenic fungi [6,39]. Their evolution is an 

important indicator of the trajectory of Metarhizium spp. evolution [9]. A phylogenetic 

tree of the subtilase families for M. frigidum, M. acridum and M. robertsii shows where 

subtilisins have expanded in these species (Figure 9). Most subtilisin clades follow the 

known phylogenetic relationship of these species, which suggests these clades predate 

the divergence of M. frigidum from the rest of the genus. We then looked for evolution 

of individual sequences in divergent fungal species by identifying substitutions in amino 

acids in subtilisins previously shown to be expressed during infection of host cuticles 

(Pr1A-K alignments are included as supplemental files) [6]. Most of these are class II 

subtilisins in subfamily 2. Residues of the catalytic triad Asp32, His64 and Ser221 were 

completely conserved in all the subtilisins, except for XP_007813180.1, one of two M. 

acridum Pr1K sequences, that has a Cys at the His64 site and long inserts, and M. album 

Pr1D sequence (KHO00403.1) that has a large deletion that includes His64. KHO00403.1 

and XP_007813180.1 are thus likely pseudogenes. The second M. acridum Pr1K 
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sequence, XP_007811482.1, has a very large (~80 amino-acids) duplication of the 

immediately adjacent region, but is otherwise conserved with Pr1K orthologs. 

In fungi, Proteinase K from Tritirachium album represents peptidase subfamily 

S8A, and it is the most highly expressed subtilisin in that fungus [40]. Pr1A is an ortholog 

of Proteinase K and the most highly expressed M. robertsii ARSEF 2575 subtilisin [6]. 

Pr1A is believed to function in both saprophytism (scavenging proteinaceous nutrients) 

and infection. Pochonia chlamydospora uniquely has three Pr1A paralogs that 

apparently arose from duplications following the split from Metarhizium species, one of 

these named VCP1 has been shown to be functionally related to the Metarhizium Pr1A, 

by degrading the nematode eggshell early in infection [41,42]. This P. chlamydospora 

Pr1A paralog (XP_018147141.1) is highly conserved with Metarhizium sequences, 

whereas the other two paralogs have acquired mutations affecting active site pockets 

that will likely change how they function. Subtilisin S1 and S4 active-site pockets 

primarily determine their proteolytic specificity: these sites are numbered sequentially 

with their substrate amino acids labeled toward the N-terminus as P1 through Pn 

[39,43]. The walls of the bacterial subtilisin S1 pocket are Ser125ςGly127 and Ala152ς

Asn155 form the walls of the S1 pocket ending with Gly166 [39,43]. 

Except for Arg127 in XP_018136817.1 (P. chlamydospora), Ser125, Gly127 and 

Gly166 are completely conserved in the Pr1A sequences. Except for Ser152 in 

XP_018136817.1 and XP_018138661.1 (P. chlamydospora), Ala152, Ala153, Gly 154 and 

Asn 155 are conserved in the Pr1A sequences, including P. chlamydospora 

XP_018147141.1. The substitutions in P. chlamydospora XP_018136817.1 and 
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XP_018138661.1 have charged or polar side chains that could affect binding of charged 

P1 substrate residues [44]. Leu96, a hydrophobic S4 pocket in the S2 site in bacterial 

subtilisins, formed by Tyr104, Ile107, Leu126, Gly127 and Gly128 (also part of the S1 

site) [45] is conserved in most Pr1A sequences, or residues are conservatively replaced 

with other hydrophobic side chains, i.e., Ile96 (in P. chlamydospora XP_018136817.1) 

and Val107 in M. frigidum Pr1A. Exceptionally, the M. rileyi Pr1A has a small hydrophilic 

Ser at residue 104 at the pocket entrance. This smaller residue at the entrance may 

allow large amino acids to enter the S4 pocket. Residue 104 is known to vary 

considerably among the Pr1A-J, with hydrophobic, hydrophilic, and even positively 

charged residues [6,45,46]. 

Except for the variable 104 site, active site pockets of Pr1B and Pr1I orthologs 

were highly conserved: indicating conservation of function. A notable deviation from the 

bacterial consensus sequence in all Pr1B isoforms was Gly substituting for the oxyanion 

hole residue Asn155; this will probably reduce the ability to cleave after charged amino 

acids [39]. Thr/Ser33, the His64 side chain, Leu96, and Gly100 comprise the bacterial 

subtilisin S2 binding pocket, which is largely hydrophobic [45]. These are all conserved in 

Pr1A, Pr1B and Pr1I subtilases. Phe96 replacing Leu96 in Pr1D, Pr1F and Pr1J hinders 

large residue binding in favor of small residues by reducing the S2 subsite size [45]. 

Position 31, next to the active site residue Asp32, requires branched chain hydrophobic 

residues for activity (preference Leu>Ile>Val) [47]. An exception being Met31 in HSIPC2, 

the human Kexin. These branched residues are used at position 31 variously in 

Metarhizium subtilisins, including Met31 in Pr1D of recently diverging Metarhizium spp. 
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(M. robertsii, M. brunneum, M. anisopliae and M .majus). In Pr1D sequences, the S1 

pocket walls Ser125, Gly127 and Ala152ςAsn155 are completely conserved, except 

Ala127 (M. acridum) and Arg127 (M. guizhouense). In M. album, M. rileyi and E. 

festucae, Gly166 in Pr1D is replaced with Ala166. In M. album, M. rileyi and E. festucae, 

Gly166 in Pr1D is replaced with Ala166. This conservative substitution at the bottom of 

the S1 pocket is characteristic of subtilisins that specifically cleave large hydrophobic 

amino acids (e.g., Phe and Leu: the principal Pr1A structures) [39].  Apolar Ala152 in Pr1J 

orthologs is retained in early diverged E. festucae and P. chlamydosporia, but this 

residue is replaced with hydrophilic Ser152 in Metarhizium orthologs. Although Pr1F has 

hydrophilic or charged residues at 128 (Arg, Ser, Trp) as well as Gly or Ala, ther Pr1 

subtilisins retain hydrophobic or non-polar side chains. 

E. festucae lacks Pr1B, Pr1E and Pr1F orthologs. Pr1E and Pr1F genes are only 

present in Metarhizium spp. and are linked in tandem in some Metarhizium genomes 

(e.g., M. acridum), suggesting that they resulted from recent gene duplication. Likewise, 

the three orthologous copies of Pr1E in M. anisopliae, M. robertsii and M. brunneum, 

and multiple Pr1F genes in M. album (2), M. acridum (2), M. frigidum (3), M. robertsii 

(2), M. brunneum (3) and M. anisopliae (2). Gene redundancy allows considerable 

variation in functional sequence; thus, instead of a hydrophobic S4 pocket formed by 

Leu96, Tyr104, Ile107, Leu126, Gly127 and Gly128, M. frigidum ST25_05074 has Phe96, 

Arg104, Ala107, Gly126, Gly127 and Gly128, i.e., a larger pocket with a positive charge. 

Positively-charged Arg is generally preferred in P3 of subtilisins over negatively-charged 

Asp60 [43]. In Metarhizium spp., Asp60 is conserved in one Pr1E ortholog each from M. 
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anisopliae (KID60678.1), M. robertsii (XP_007823684.1) and M. brunneum 

(XP_014539593.1), and in other subtilisins except for Asn60 (M. acridum, Pr1F 

XP_007815269.1) and Tyr60 (M. anisopliae Pr1E KID69427.1). Other Metarhizium Pr1E 

orthologs have replaced Asp60 with His60, which is predicted to reverse the S3 charge 

preference in these Pr1E  orthologs [6,43]. 

 

Characterization of a functional sterigmatocystin biosynthesis cluster in M. frigidum 

 While functionally annotating the predicted M. frigidum genes, we discovered a 

26-gene sterigmatocystin (ST) biosynthetic cluster near a telomere of one chromosome 

starting at ST25DFT_09462. These genes have >70% sequence similarity to an aflatoxin 

(AF) biosynthetic cluster in Aspergillus ochraceoroseus. The synteny between this M. 

frigidum biosynthetic cluster and other known AF/ST clusters is shown in Figure 6 with 

cluster modules labeled. A. ochraceoroseus and A. rambelli produce AFB1 and aflP and 

aflQ genes required for the ST conversion are not found within their ST clusters [48]. 

Notably, the aflQ gene is located outside of the A. ochraceoroseus cluster. UHPLC-MS 

analysis of metabolites extracted from M. frigidum confirmed this strain produces ST, 

but not AF, which is consistent with a cluster lacking aflQ (Figure S6). A candidate aflQ 

ortholog was identified in the M. frigidum genome; however, the similarity to aflQ 

found in aflatoxin-producing Aspergillus species was low, consistent with the production 

of ST and the absence of AFB1 in M. frigidum. While production of AF/ST is not 

uncommon in filamentous fungi [49], this is the first report of ST production and the 

responsible cluster in an entomopathogenic fungus. 
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 Analysis of repeats in the vicinity of the M. frigidum ST cluster revealed a 

Mariner DNA Transposon (Mariner-2_ROr reported from Rhizopus oryzae) inside of the 

cluster and gypsy LTR retrotransposons (Gypsy1-I_AO reported from Aspergillus oryzae) 

flanking the OPQR+LMN module in M. frigidum. This module is one of two modules 

translocated when comparing the M. frigidum ST cluster to other known AF/ST clusters. 

Within this cluster, the most significant motif (evalue = 1.3e-002) was a dyad almost 

identical to that found in the ST cluster in A. nidulans (TCG(N5)CGA) and binding site for 

the transcriptional regulator aflR [50]. Based on sequence similarity, the cluster that 

originally transferred from an Aspergillus spp. to M. frigidum has boundaries 18 and 31 

nucleotides from the stop codons of aflN/stcS and aflY, respectively. Regions flanking 

the left of this cluster were conserved in all other Metarhizium species, and the right 

flank is similar to a small scaffold in M. acridum (Figure 7). M. acridum and M. album 

contain a transposase and pseudogenes, respectively, within this region, suggesting it 

underwent rapid change early in Metarhizium evolution. However, the region had 

stabilized in the the radiation leading to M. guizhouense, M. majus, M. brunneum and 

M. robertsii. 

 To study the distribution of the AF and ST-type biosynthetic clusters, and predict 

the source of the M. frigidum ST cluster, we constructed a species tree using 3008 

concatenated genes from known AF/ST clusters with Glarea lozoyensis, a Leontiomycete 

carrying a ST-like cluster, as an outgroup (Figure 8A). Some species carrying an ST cluster 

are actually aflatoxigenic, including A. ochraceoroseus, as genes required to produce 

aflatoxin are found elsewhere in the genome. Species and gene trees using four genes 
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present in all clusters were reconciled with T-REX, which predicted that the M. frigidum 

ST cluster originated from HGT from a common ancestor of A. ochraceoroseus and A. 

rambellii. The syntenic blocks among these three known ST clusters comprise 4 distinct 

blocks that have been variously inverted (Figure S7). Phylogenetic analysis strongly 

correlates with structure of biosynthetic gene clusters found in the analyzed species. 

Genes predicted to define the ST biosynthetic pathway in M. frigidum (Figure 8B): 1. 

aflN/stcS (p450), 2. hypE (uncharacterized), 3. stcT (elongation factor 1 gamma), 4. 

aflM/stcU (dehydrogenase),  5. aflE/stcV (reductase), 6. aflW/stcW (p450), 7. aflB/stcK 

όC! ǎȅƴǘƘŀǎŜ ʲύΣ уΦ ŀŦƭ!κstcJ όC! ǎȅƴǘƘŀǎŜ ʰύΣ  фΦ aflJ/stcI (esterase), 10. stcH, 11. 

aflH/stcG (dehydrogenase),  12. aflG/stcF (p450), 13. aflS (regulator), 14. aflR 

(regulator), 15. aflD/stcE (reductase), 16. stcC (peroxidase),  17. aflV/  stcB (p450), 18. 

aflC/stcA (PKS), 19. predicted protein, 20. aflL/stcL (desaturase), 21. predicted protein, 

22. aflK/stcN (reductase), 23.aflI/stcO (dehydrogenase), 24. aflO/omtB 

(methyltransferase), 25. aflX/stcQ (dehydrogenase), 26. aflY (predicted protein).  

 

Investigation of possible impacts of M. frigidum ARSEF 4124 ST cluster on insect 

virulence 

 We used standard Agrobacterium-mediated transformation methods to 

construct M. frigidum strains with the ST cluster knocked-out (MFR-KO: aflC PKS 

deletion) or over-expressed (MFR-OE: knock-in of the aflR transcriptional regulator 

under the control of a constitutive promoter). Following transformation, these 
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modifications were confirmed using PCR, and we used LCMS to confirm that MFR-KO no 

longer produced ST and MFR-OE displayed increased expression of ST (Figure S8). 

We infected Drosophila melanogaster and Galleria mellonella with 1x106 

conidia/mL wild-type M. frigidum, MFR-KO or MFR-OE. We found no significant 

differences among strains, with LT50s against D. melanogaster ranging from 7.75±0.137 

days (MFR-KO) to 9.59±0.602 days (wild-type), and against Galleria, ranging from 

13.2±0.457 to 15.0±0.609 days. These bioassays show that M. frigidum can kill both 

insect species, albeit slowly, and that the ST cluster does not strongly impact virulence.  

We analyzed ST production within insects. For this analysis, we froze Galleria 

cadavers at -80C at two time-points: when fungal outgrowth was apparent, but before 

sporulation, and following sporulation on the cadaver. UHPLC-MS using tissue from 

these cadavers revealed that ST was not detectable in any insects prior to sporulation. 

After sporulation, ST was detected in both the wild-type M. frigidum and MFR-OE, with 

MFR-OE producing far more ST (Figure S9). These results suggest that ST was not 

expressed prior to sporulation on the cadaver, and any role it may play impacts fungal 

fitness during the necrotrophic stage (i.e., after the host has died), not during the 

biotrophic phase. 

 

Discussion 

 Unraveling the evolution of Metarhizium species is critical if we are to leverage 

the full potential of these insect pathogens to our advantage. With a fuller 

understanding of how the assemblage of generalist and specialist Metarhizium spp. 
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came to be, we can better predict how they may continue to evolve. This perspective 

will inform ongoing efforts to apply, modify and assess risks of deploying these fungi in 

biocontrol programs. Transgenic, hypervirulent strains of these fungi are already under 

development to control economically important insect pests, with a mosquito-killing 

strain demonstrated to be effective in semi-field trials [51,52]. By spanning the interface 

between insects and plants as insect pathogenic plant root symbionts [8], these fungi 

have contributed to our understanding of our interconnected world. 

In this context, we sequenced the cold-active, early divergent generalist M. 

frigidum. We have produced a nearly gapless assembly of this fungus, which allowed us 

to interrogate its evolutionary history with other Metarhizium spp. and revise our 

understanding of the trajectory of Metarhizium evolution. Our phylogenomic approach 

also incorporated E .festucae and P. chlamydosporia as informative outgroups: E. 

festucae represents the plant symbiotic ancestry of Metarhizium species [53], and P. 

chlamydosporia is a nematode pathogen that employs many of the same enzymes and 

infection structures that enable Metarhizium to kill insects [42,54]. Our genome 

alignments revealed a dramatic re-shuffling [55] the genome of P. chlamydosporia after 

it diverged from the phylogeny. This conclusion is further supported by the Pfam 

enrichment of transposable elements (e.g, hAT DNA type II tranposases, MULE, and Tc5 

transposable element helix-turn-helix domains), as well as retroviral associated genes 

(RVT_1, RVT_2 and Rve) in the P. chlamydosporia genome. M. guizhouense was similarly 

enriched in these as well as gag_pre-integrs, a retroviral integrase. These two species 

also contained the highest number of Tc1-IS630-Pogo DNA transposon repeats in our 
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analysis. These mobile genetic elements may have driven the enrichment of proteinases 

we found in P. chlamydosporia (containing the most proteinases in our study) and M. 

guizhouense (containing the most proteinases among Metarhizium species) [20]. LTRs 

were found to be highly enriched in M. frigidum, but they can be used as an index for 

measuring completeness of a genome assembly, so the high numbers may partly reflect 

the contiguity of this genome [56]. LTRs are difficult to assemble, but they can reveal 

important information, such as the gypsy LTR retrotransposons (Gypsy1-I_AO reported 

from Aspergillus oryzae) flanking the OPQR+LMN module in M. frigidum ST cluster. 

Intriguingly, there is a gap in the M. acridum genome where an LTR is located in M. 

frigidum (Figure 7). 

M. frigidum is so named because it is cold-active. An objective of sequencing this 

genome was to determine what factors contributed to this defining ability of this 

species. Why this ability emerged may be linked to the temperature at time and location 

where M. frigidum emerged. Still today, this fungus is limited to Southern Australia. 

When M. frigidum diverged, this landmass was experiencing a cooling trend that 

overlaps with the cold-active temperature range of M. frigidum. While they can grow at 

low temperatures, these fungi can be cultured under normal conditions for Metarhizium 

species. Since growth of M. frigidum is not limited to the cold, this ability may not have 

a strong genomic signature. However, M. frigidum was found to be highly enriched in in 

DegP peptidases, which function as chaperones at low temperatures and digest 

peptides at higher temperatures [32]. Expansion of these temperature-dependent 
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peptidases, particularly the 18 that are specific to M. frigidum, may play a role in helping 

M. frigidum to remain active at low temperatures. 

The discovery of the ST biosynthetic cluster in M. frigidum provides an 

independent example of this well-studied biosynthetic cluster. Its presence in a 

Metarhizium species further confirms the unfortunate adaptability of this highly 

carcinogenic cluster to a new sub-telomeric home in a distant relative of Aspergillus spp. 

While our bioassays did not suggest this cluster is not employed by M. frigidum as a 

virulence factor, they did reveal that expression is concomitant with sporulation. The 

lack of ST production in our MFR-OE strain prior to sporulation suggests a repression of 

this cluster is overriding our transgenic intervention. M. frigidum not only has the same 

genes that have been shown in Aspergillus spp. to repress ST production (PkaA) and to 

coordinate expression during sporulation (FluG) [57], but this circuitry has been shown 

be functionally conserved in closely-related Metarhizium acridum [58]. Evidence from 

plant pathogens [59] suggest that HGT between fungi can involve type II DNA 

transposons, like the Mariner-2_ROr repeat region within the M. frigidum cluster. 

Transposition of these mobile genetic elements and transformation competence in fungi 

are both increased by heat stress [60,61]. Synchronization of transposition and 

competence among fungi when experiencing a shared local stress may benefit both 

fungi and the mobile genetic element. The presence of this ST cluster in a strain of 

Metarhizium which has been commercialized (i.e. BioGreen GranulesTM) is a cautionary 

tale. The breadth of secondary metabolites of entomopathogenic fungi [62], with many 

as-yet disconnected pathways and products, makes it difficult to anticipate and mitigate 
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the production of an unwanted secondary metabolite. However, assaying strains for 

critical genes in worrisome biosynthetic pathways may be a responsible practice in 

future development of biocontrol fungi, particularly now that ST has been identified in 

an entomopathogen. 

Multiple subtilisin and trypsin genes are expressed by Metarhizium infection 

structures on and in insect cuticle [24]. Trypsin and subtilisin activities complement one 

another: hydrophilic Arg-Y or Lys-Y units that are susceptible to trypsins are mostly 

found on the periphery of globular proteins. This may open up a significant proportion 

of the hydrophobic residues susceptible to subtilisins for further hydrolysis [63]. 

However, secreted trypsins are more localized to penetrant hyphae than the subtilisins, 

and unlike subtilisins the trypsins are only effective against solubilized cuticle proteins 

[63]. The importance of Metarhizium chymotrypsin proteinases has not been well-

characterized, but M. frigidum has an unprecedented number for a fungus. We 

previously demonstrated that the M. robertsii enzyme Chy has specificity for branched 

aliphatic and aromatic C-terminal amino acids resembling multiple M. robertsii 

subtilisins [36]. The abundance of secreted proteases in generalist Metarhizium species, 

and M. frigidum in particular, may afford generalists increased adaptability (e.g., 

expanding hosts range) or overwhelm cuticular proteolytic inhibitors 

Our subtilisin results further confirm that clades of proteinase K-like subtilisins 

predated the radiation of Metarhizium species and provide additional evidence that this 

family of serine proteases has continued to diversify through gene duplication and loss 

[25]. While the catalytic triad residues were maintained in most subtilisins included in 
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our alignments, we have identified differences in some paralogues that may alter 

substrate specificity and functionally expand the proteolytic repertoire of Metarhizium 

strains. Similarly, some Metarhizium trypsins have broad proteolytic activity, whereas 

others of unknown function have no detectable activity against protein substrates but 

cleave specific peptides [64]. Trypsins are present with a fragmentary distribution across 

unrelated plant and insect pathogenic fungi but are absent in most saprophytic fungi 

[25]. This has been interpreted as evidence that trypsins were more abundant among 

early fungi and have since been lost selectively. The distribution of M. frigidum trypsins 

(Fig S1) provides more evidence trypsin loss as fungi evolved [25,26].  

Our results regarding the diversification of trypsins, subtilisins and gene families 

throughout the phylogeny converge into a larger story. These findings have uprooted 

the evolution of generalism in Metarhizium species to coincide with the diversification 

of flowering plants and their associated insects [13,65]. During its time evolving in what 

is now Southern Australia, M. frigidum has maintained many of these ancestral genes, 

as demonstrated by its extensive repertoire of trypsins. With many of these trypsins 

sitting in the highly variable subtelomeric regions, constant selective pressure may be 

required to maintain them. Indeed, some of the putative trypsins we identified seem to 

be undergoing exaptation or pseudogenization. M. frigidum currently has the most 

trypsins ever reported in a microbe, but as more telomere-to-telomere assemblies of 

these fungi emerge, so may previously unassembled, subtelomeric trypsins.  

There is precedent for pathogenicity-related genes, such as trypsins, residing in 

regions prone to recombination in the literature on two-speed genomes in plant 
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pathogens [66,67]. These two speeds provide plant pathogens with the plasticity 

required to stay ahead in the ongoing arms-race against their respective hosts. 

Transposons play a key role in generating new genes under this two-speed genome 

paradigm [68]. There is a coinciding uptick in HET genes and transposons in the 

Metarhizium phylogeny when generalism evolved. Transposase activity would provide 

the variation lacking from the asexual reproduction HETs can impose. P. chlamydosporia 

may be an interesting case study on this with its 96 HETs and it being highly enriched in 

mobile genetic elements. HETs have been prƻǇƻǎŜŘ ǘƻ ōŜ άŜǾƻƭǳǘƛƻƴŀǊȅ ŀŎŎƛŘŜƴǘǎέ ǘƘŀǘ 

have a neutral effect on the fitness of filamentous fungi, but are detrimental when 

cytoplasms fuse in the heterokaryon [69]. From this perspective, active transposition 

Ƴŀȅ ƎŜƴŜǊŀǘŜ άŀŎŎƛŘŜƴǘŀƭέ I9¢ǎ ǘƘŀǘΣ ƛƴ ǘǳǊƴΣ ƳŀƪŜ ǘǊŀƴǎǇƻǎƛǘƛƻƴ ŎǊƛǘƛŎŀƭ ǘƻ ǘƘŜ ǎǳǊǾƛǾŀƭ 

of a fungus in a feedback loop of sexual incompatibility. Fungi that do not generate 

variation through mating or transposons do not survive to be sequenced, and fungi that 

have a proliferation of transposons reap the benefits of expanded gene families as 

generalists. An implication of the neutral effect HETs have on fungal fitness is that they 

would be prone to being lost. The loss of restrictive HETs could open up sexual 

reproduction via meiosis, which is when RIP, when functional, activates to cull active 

transposons. This may represent the ebb and flow of gene radiation in asexual generalist 

fungi, which drove the evolution of generalist Metarhizium species sometime during the 

middle of the Cretaceous period. With the abundance of new insect hosts and plant 

symbionts emerging during that time, diverse new genes could provide a fitness 

advantage in a diversifying world. 
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Horizontal gene transfer (HGTs) provide another potential source of new genes, 

and five recently acquired HGT genes have expanded host-ranges in recently diverged 

PARB species [34]. There was clear evidence for additional HGT in the case of the ST 

biosynthetic cluster in M. frigidum. Intriguingly, M. majus has a T8 peptidase which, 

according to the MEROPS database, has only been found previously in the 

proteobacteria. However, the current narrow distribution of this gene could also be 

explained by multiple instances of loss of orthologous genes in the lineages that 

currently lack them, as we postulate has happened with trypsins. Thus, S66 peptidases, 

involved in mucin degradation, are present in some Aspergillus and Penicillin species, as 

well as several plant pathogenic ascomycetes, but out of 12 species in our MEROPS 

analysis (supplemental tables), only M. acridum (1 copy) and P. chlamdosporia (3 copies) 

retain these genes. More ambiguous is S51 dipeptidase E, which is present as one copy 

each in E. festucae, P. chlamdosporia and M. acridum, but otherwise unreported in 

fungi, except for Trichoderma species. The MEROPS database reports that family S51 

occurs in more than one superkingdom, but they are distributed in a very patchy fashion 

(e.g., being present in alligators, anolis lizards, some birds and Tasmanian devils among 

sequenced non-fish vertebrates). 

Clones of generalist Metarhizium spp. can survive over many millennia, which 

has generally been attributed to generation of novel genetic elements through de novo 

mutations and gene duplication [9,70]. Bacterial recombination has been identified as a 

source of host range expansion in bacterial pathogens [71], and this process is most 

similar to HGT and transposon-mediated gene duplication observed in generalist fungal 
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pathogens. In contrast to generalists, specialist Metarhizium species like M. acridum 

show clear signs of RIP and thus have fewer transposable elements and a more recent 

sexual history [9]. This sexual lifestyle would not be as prone to gene duplications; 

rather, recombination of variation through meiosis would result in shared innovations in 

gene content across closely related fungi. Over a period of time, this could result in the 

fine-tuning of genes required for specializing to a host [9]. As specialization progresses, 

the genes required for interaction with hosts are maintained and those for other 

lifestyles are no longer under selection, so mutations accumulate and these genes are 

lost. This theory ties together the low numbers of transposable elements and HET genes 

in specialist Metarhizium species with the high incidence of gene loss during 

specialization. With the added context of M. frigidum, gene family expansions in this 

genus appear to have occurred in bursts followed by periods of gene loss. Largely by 

maintaining its ancestral trypsins, the M. frigidum repertoire outnumbers the already 

impressive number of trypsins present in more recently diverged generalists. The 

production and decay of HETs may dictate through which mechanism fungi can attain 

genetic variation, and thus their capacity for different lifestyles. A spectrum of HETs 

could determine whether variation is primarily from meiosis or transposition. The lack of 

a clear phylogenetic signal in number and type of transposons throughout the 

phylogeny may be the result of unique conflicts between newly introduced transposons 

and RIP whereby transposons are cured and new ones arise depending on whether a 

fungus is undergoing meiosis [72]. 
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Methods 

Genome alignments 

As well as the newly sequenced M. frigidum ARSEF 4124, previously sequenced 

genomes used for alignments were E. festucae Fl1 (GCA_000226195.2, with gene 

models and protein translations available from the Ephichloe festucae Genome project- 

http://www .endophyte.uky.edu/ef/), Pochonia clamydosporia 170 (GCA_001653235.2), 

M. rileyi RCE 4871 (GCA_001636745.1), M. album ARSEF 1914 (GCA_000804445.1), M. 

acridum CQMa 102 (GCA_000187405.1), M. majus ARSEF 297 (GCA_000814945.1), M. 

guizhouense ARSEF 977 (GCA_000814955.1), M. brunneum ARSEF 3297 

(GCA_000814965.1), M. anisopliae ARSEF 549 (GCA_000814975.1) and M. robertsii 

ARSEF 23 (GCA_000187425.2). These genomes were aligned to create dot plots and 

alignment statistics using D-GENIES [73] with MiniMap2 [74] .  

 

Phylogenomic analysis 

Single-copy orthologs for the 11 genomes in the phylogeny (Figure 2) were identified 

using OrthoMCL [75]. Protein sequences were aligned using the software MUSCLE [76]. 

A maximum-likelihood (ML) tree with 1000 bootstraps was created with these 

concatenated sequences with RAxML (version 8.2.12)  [77]. Divergence times were 

estimated using r8s [78] with the divergence time for M. anisopliae and M. robertsii 

fixed at 7.1 MY, according to previous phylogenomic estimates [9]. 

 

Expansion, contraction and rapid evolution among gene families 

http://www.endophyte.uky.edu/ef/
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The program CAFE [79] was used to interpret the changes in gene family composition. 

An all-by-all blastp [80] of proteins in this analysis were clustered using mcl and the r8s 

ultrametric tree was used to inform the phylogenetic relationships among genes in the 

families for CAFE analysis. 

 

Positive selection 

Codeml from PAML 4.8 [81] was used to test null (1a: not allowing positive selection) 

and alternative (2a: allowing for positive selection) site models for the single copy 

orthologs detected with OrthoMCL. Codeml generated log-likelihood values that were 

compared using a log-likehood test and tested for significance with chi-squared tests 

(fdr adjusted p<0.01). Codeml generated log-likelihood values that were compared using 

a log-likehood test and tested for significance with chi-squared tests (fdr adjusted 

p<0.01). Branch models were conducted with M. frigidium marked as the foreground 

branch with the null model A1 and the alternative model A compared as described 

above. 

 

Genome annotation 

Genes were annotated using EggNOG-mapper version 2 [82,83], with B. bassiana ARSEF 

2860 (GCA_000280675.1) included for all of these analyses. MEROPS [84] proteinase 

families identified using phmmer [85] and the MEROPS database release 11.0. Pfam 

annotation was similarly conducted with phmmer on the Pfam [86] database version 

31.0 for all proteins in these genomes, with the addition of B. brogniartii RCEF 3172 
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(GCA_001636735.1). Enrichment analyses from these annotations were completed in R 

[87] using pairwise fisher tests (holm adjusted p<0.01) [88,89]. 

 

MFR-OE and MFR-KO bioassays in Galleria mellonella and Drosophila melanogaster 

G. mellonella caterpillars (n>28 in three replicates) were exposed to MFR-OE, MFR-KO 

and wild-type M. frigidum by suspending them in water (controls) or aqueous spore 

suspensions of 1x106 conidia/ml under constant agitation for 10 seconds. These larvae 

were monitored twice-daily for three weeks. These larvae were processed as described 

below for mass spectrophotometry measuring production of ST. Drosophila 

melanogaster adults (n>26 in four replicates) were exposed to the same concentration 

of spores (and a water control) using a vortexing method and maintained on tegosept-

free medium as described previously [90]. Drosophila survival was monitored twice-daily 

for 2 weeks. Mortality curves and LT50 values were analyzed in R, and these data are 

reported in supplemental tables. 

 

Sterigiomatocsystin detection in fungal cultures and insect cadavers 

The construction of MFR-OE and MFR-KO is described in the supplemental materials and 

methods. Fungal strains were grown on solidified yeast extract sucrose (YES) media for 

five days before their tissue was collected and extracted for mass spectrophotometry 

(UHPLC-MS) according to previously published methods [91]. G. mellonella cadavers 

from MFR-OE, MFR-KO and wild-type M. frigidum bioassays were frozen in -80C at two 

time-points: when fungal outgrowth was apparent before sporulation was observed 
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(timing varied among cadavers) and following sporulation on the cadaver (10+ days 

post-mortem). These frozen cadavers were used for tissue extraction and UHPLC-MS as 

described above to test for in insecta ST expression. 
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Figure 1: Whole genome alignments to the manually assembled and size-sorted M. 
frigidum genome using Miniap2 (via D-GENIES). Phylogenetically conserved inversions 
are marked with colored arrows. Orange regions contain >25% identity, red regions are 
>50% identity and green regions are >75% identity. 
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Figure 2: A phylogenomic tree with the estimated time of divergence (at branch points) 
for sequenced Metarhizium spp. and related fungi with geological periods demarcated. 
Periods and radiations adapted from [65] and each node is fully supported by 1,000 
bootstraps. 
 



 54 

 
Figure 3: Number of repeats in each fungal species colored by type of repeat. Simple 

repeats and unclassified repeats were not included in this figure. Abbreviations: EFE- E. 

festucae, PCH- Pochonia chlamydosporia, MRI- M. rileyi, MAL- M. album, MFR- M. 

frigidum, MAC- M. acridum, MGU- M. guizhouense, MMA- M. majus, MBR- M. 

brunneum, MAN- M. anisopliae, MRO- M. robertsii. 

 

 



 55 

 

Figure 4: Pangenome composition of genes for each sequenced genome from E. 

festucae through the Metarhizium genus. Core genes are single copy orthologs and 

shared genes are orthologs in at least one other genome in this analysis. Abbreviations: 

EFE- E. festucae, PCH- Pochonia chlamydosporia, MRI- M. rileyi, MAL- M. album, MFR- 

M. frigidum, MAC- M. acridum, MGU- M. guizhouense, MMA- M. majus, MBR- M. 

brunneum, MAN- M. anisopliae, MRO- M. robertsii. 
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Figure 5: The 42 M. frigidum trypsins mapped to the manually assembled genome. 

Contigs labeled chromosome have two telomeres, contigs labeled Telomeric have a 

telomere on the right, except Telomeric 9, and numbers represent the contig number 

from the NCBI assembly that comprise each manually assembled contig. From left to 

right, the trypsins (putative trypsins lacking an amino acid in the catalytic triad in bold) 

that mapped to the genome are Chromosome 1: ST25_01466, ST25_01630, 

ST25_01980, ST25_01981, ST25_03673, ST25_03834, ST25_03871, ST25_03954; 

Chromosome 2: ST25_04101, ST25_04102, ST25_04273, ST25_04522, ST25_06230; 

Chromosome 10, 48, 27, 50, 6, 43: ST25_11387, ST25_12115, ST25_12117, ST25_12118, 

ST25_12220; Chromosome 3: ST25_06860, ST25_07100, ST25_07252, ST25_07262, 

ST25_07726, ST25_07871, ST25_07961, ST25_07962; Telomeric 4: ST25_00074, 

ST25_01395; Chromosome 5: ST25_08105, ST25_08112, ST25_08153, ST25_09210; 

Telomeric 7, 4: ST25_10215, ST25_10116; Chromosome 11, 24, 8: ST25_09706, 

ST25_09544, ST25_09505; Telomeric 9: ST25_06373, ST25_06533; Contig 30, 26, 20, 15, 

52: ST25_11110; Contig 22, 18: ST25_10652, ST25_10653. 
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Figure 6: Synteny between the aflatoxin and sterigmatocystin gene clusters of select 

species. Horizontal arrows that are the same color represent genes, or gene sets, that 

have closely related homologues in two or more depicted species. 

 

 

Figure 7: Regions surrounding the ST gene cluster are conserved in sequenced 

Metarhizium species. It is not clear whether M. acridum Scf_178 and Scf_75 are linked. 

Curly brackets mark pseudogenes; oblique bars mark the end of the scaffold. 1. 

FAD(NAD)-dependent oxidoreductase, 2. carboxymuconolactone decarboxylase, 3. 

dioxygenase, 4. flavohemoglobin, 5. enterotoxin, 6. transposon, 7. hypothetical protein, 

уΦ ǇǊƻǘŜƛƴ ƪƛƴŀǎŜΣ фΦ ƭƛǇƻǇƻƭȅǎŀŎŎƘŀǊƛŘŜ ƪƛƴŀǎŜΣмлΦ ɮ мΣо ƎƭǳŎŀƴŀǎŜ ммΦ ǘǊŀƴǎŎǊƛǇǘƛƻƴ 

factor, 12. oxidoreductase. 
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Figure 8A: Species tree obtained from 3,008 concatenated single copy reciprocal best 

blast hit orthologs [92]. Alignment was performed with Mafft 7.215 [93] and clustering 

with PhyML 3.1 [94]. Glarea lozoyensis, a Leontiomycete carrying a ST-like cluster, was 

used as the outgroup. Figures at the tree nodes are local support values (bootstrap-like) 

computed with the Shimodaira-Hasegawa test [95]. A second tree obtained using four 

concatenated genes found in all ST/AF clusters and the outgroup cluster was build using 

the same methodology.  Species and gene tree were reconciled with T-REX [96], which 

generated a prediction of the most likely origin of the ST clusters found in both P. 

anserina and M. frigidum (blue and red arrows). Phylogenetic analysis strongly 

correlates with structure of aflatoxin (AF) vs sterigmatocystin (ST) biosynthetic gene 

clusters found in the analyzed species. Genes in common with M. frigidum ST cluster are 

in color. 8B: Genes predicted to define the ST biosynthetic pathway in M. frigidum: 1. 

aflN/stcS (p450), 2. hypE (uncharacterized), 3. stcT (elongation factor 1 gamma), 4. 

aflM/stcU (dehydrogenase),  5. aflE/stcV (reductase), 6. aflW/stcW (p450), 7. aflB/stcK 

(FA ǎȅƴǘƘŀǎŜ ʲύΣ уΦ ŀŦlA/stcJ (FA ǎȅƴǘƘŀǎŜ ʰύΣ  фΦ aflJ/stcI (esterase), 10. stcH, 11. 

aflH/stcG (dehydrogenase),  12. aflG/stcF (p450), 13. aflS (regulator), 14. aflR 

(regulator), 15. aflD/stcE (reductase), 16. stcC (peroxidase),  17. aflV/  stcB (p450), 18. 

aflC/stcA (PKS), 19. predicted protein, 20. aflL/stcL (desaturase), 21. predicted protein, 

22. aflK/stcN (reductase), 23.aflI/stcO (dehydrogenase), 24. aflO/omtB 

(methyltransferase), 25. aflX/stcQ (dehydrogenase), 26. aflY (predicted protein) 
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Figure 9: Subtilase phylogeny for M. frigidum (MFR), M. acridum (MAC) and M. robertsii 
(MRO) including ProK from Tritirachium album. Subtilisin classes are labeled with 
colored bars, and Pr1A-K labels are added to their respective M. robertsii gene. 
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Table 1: Genome statistics comparing the M. frigidum ARSEF 4124 assembly to other 
sequenced Metarhizium spp. and P. chlamydosporia and E. festucae. 
 

 
 
Table 2: Alignment percent identities for whole genome alignments for each species 

with the manually assembled M. frigidum as target sequences. Colors represent the 

range of percents each genome individually matches with the M. frigidum manually 

assembled genome. Abbreviations: EFE- E. festucae, PCH- Pochonia chlamydosporia, 

MRI- M. rileyi, MAL- M. album, MFR- M. frigidum, MAC- M. acridum, MGU- M. 

guizhouense, MMA- M. majus, MBR- M. brunneum, MAN- M. anisopliae, MRO- M. 

robertsii. 

 
 



 61 

 
Table 3: CAFE results for gene family expansions, contractions, and genes families 

experiencing rapid evolution from the full set of genes produced from representative 

genomes from Epichloe festucae through the Metarhizium phylogeny. The trajectory 

represents the number of expansions less the number of contractions. Colors represent 

the range of values for all within a single column, with in-column colors determined for 

tips and nodes separately. Abbreviations: EFE- E. festucae, PCH- Pochonia 

chlamydosporia, MRI- M. rileyi, MAL- M. album, MFR- M. frigidum, MAC- M. acridum, 

MGU- M. guizhouense, MMA- M. majus, MBR- M. brunneum, MAN- M. anisopliae, MRO- 

M. robertsii. 
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Supplemental Methods 

Genome extraction, assembly and gene prediction 

Fresh M. frigidum ǎǇƻǊŜǎ ǿŜǊŜ ƘŀǊǾŜǎǘŜŘ ŦǊƻƳ t5! ǇƭŀǘŜǎ ƎǊƻǿƴ ŀǘ нтɕ/ ŦƻǊ мл ŘŀȅǎΦ 

These spores were suspended inoculated into Sabouraud Dextrose Broth supplemented 

with 3% yeast extract. Overnight cultures of young mycelium were extracted according 

to a modified CTAB DNA extraction protocol [1], which is available as a protocol at the 

1000 Fungal Genomes Project. Extracted DNA was sent to the McDonnell Institute at 

Washington University in St. Louis for sequencing using Illumina HiSeq 2000 and Pacific 

Biosciences (PacBio) single-molecule real-time sequencing. Reads were assembled into a 

hybrid assembly with PacBio contiguity and Illumina accuracy using the McDonnell 

Genome Institute pipeline. Gene models were provided to Maker [2] to finalize gene 

predictions as described elsewhere [3].  

 

Manual assembly, assessment of genome quality and pangenome statistics 
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The manual assembly of the original 59 contig M. frigidium assembly was conducted in 

the bioinformatic software Geneious (Version 9.1.8) with the De Novo Assemble feature 

to produce 20 contigs, including a complete, circularized mitochondrial genome. The 

quality of the genome was assessed against both the fungal and ascomycete BUSCO 

databases (reported in supplemental tables) [4]. Pangenome statistics were calculated 

using from OrthoMCL results, which indicate paralogs and orthologs among genomes 

analyzed. 

 

Mobile genetic elements and repeat induced point mutation 

Repeat regions were predicted using RepeatMasker [5] for all genomes (supplementary 

tables). Repeat induced point mutation (RIP) was estimated by calculating dinucleotide 

frequencies using RIPCAL [6] and assessed based off of the two RIP indices 

(supplementary tables). 

 

Trypsin and subtilase alignments and phylogenetic trees 

Protein sequences for trypsin and subtilases were pulled according Pfam and MEROPs 

annotations. These sequences were loaded into Geneious, where they were aligned 

using BLOSUM. Alignments for subtilisins Pr1A-K and trypsins are included as 

supplemental files, which were manually assessed for changes in catalytic domains 

reported in this study. Alignments were assembled into phylogenetic trees using 

Geneious Tree Builder UPGMA tree with 10,000 bootstraps. 
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Construction of KO and OE vectors 

The gene putatively initiating the biosynthesis of sterigmatocystin in M. frigidum ARSEF 

4124 ST25_09471 was targeted for inactivation using a double crossover gene 

replacement construct. This was assembled using the bar selection marker flanked by 

two Mf-PKSC-specific DNA fragments (flank A and flank B). DNA fragments were 

produced by PCR using primers listed in Table S1 using either genomic DNA from M. 

frigidum ARSEF 4124 or the plasmid pUCAPbarNOSII [7] as the templates. PCR-

synthesized fragments were then assembled into pBDU vector by the USER method [7ς

9] to yield the binary vector pSTKO. The ST-overexpression vector pSTOE was produced 

by transferring a 1,643 bp PCR product containing the entire coding sequence of the 

transcriptional activator Mf-aflR (ST25_09475) into the pBDEX binary vector (Donzelli et 

al. unpublished). pBDEX was obtained by ligating the bar expression cassette from 

pUCAPbarNOSII, Aspergillus nidulas olicII promoter and trpc terminator from pOHT 

vector [10] between the AscI/PacI restriction sites flanking the pBDU polylinker. pBDEX 

carries a USER-compatible cloning site between olicII promoter and trpc terminator. 

Both pSTKO and pSTOE were mobilized into Agrobacterium tumefaciens AGL1 by heat-

shock. Agrobacterium tumefaciens-mediated transformation of M. frigidum ARSEF was 

conducted as described [11]. 
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ID Sequence Comment 
MF-aflC-AF GGGAAAGdUCGACGACGCTGCGATCTCATACC Mf-PKSC knockout cassette, left 

flank 
MF-aflC-AR ATCATCCdUCAGTCCCCGCGCCAGAGTGA Mf-PKS knockout cassette, left 

flank 
MF-aflC-BF ACTTGTGGdUACTGCGGTTCTGATTGAGGAT Mf-PKS knockout cassette, right 

flank 
MF-aflC-BR GGAGACAdUCGGGATAGGCTTCGTTGGTC Mf-PKS knockout cassette, right 

flank 
MF-aflC-AR ATCATCCdUCAGTCCCCGCGCCAGAGTGA Mf-PKSknockout cassette, right 

flank 

BarExprSF AGGATGAdUAGAAGATGATATTGAAGGA bar cassette 

BarExprSR 
NOS 

ACCACAAGdUCATGTTTGACAGCTTATCAT bar cassette 

ptrpc80R CCGCCTGGACGACTAAACC Anneals at the 5` end of the trpC 
promoter of the bar expression 
cassette 

bar848F ACTGGCATGACGTGGGTTTCTGG Anneals at the 3` end of the bar 
ORF 

MF-aflC-DF ACCAAGCTACAGCAACGACACG verification of knockout purity 
after single conidial isolation   

MF-aflC-DR GGCTGAGCGACCTTCCTACAT verification of knockout purity 
after single conidial isolation  

MF-aflC-CF GCCTTTCAACCTGCCCTGTG identification of homologous 
recombinants, left flank 

MF-aflC-CR TGGCCTTGCGCTATTTCATTCAC identification of homologous 
recombinants, right flank 

AflR-F GGTCTTAAdUGGATCGCGGTGCAGTCAAT amplification of Mf-AflR CDS for 
use in over-expression vector 

AflR-R GGTCTTAAdUCGGTGCCCAGCTGTCAGTAG amplification of Mf-AflR CDS for 
use in over-expression vector 

 
Table S1: Primer sequences used for construction of MFR-KO and MFR-OE. 
Abbreviation: dU = deoxyuridine 
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Supplementary Figures 

 
Figure S1: This UpSet chart represents shared gene families (vertical bars) across E. 
festucae (EFE), M. rileyi (MRI), M. frigidum (MFR), M. acridum (MAC), M. brunneum 
(MBR) and M. robertsii (MRO) sorted by frequency [12]. Horizontal bars represent gene 
family sizes for each genome. Generalists MFR, MBR and MRO have larger gene families 
than specialists (EFE, MRI and MAC), and the fifth largest intersection represent families 
shared among generalists.  
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Figure S2: Percent of each clusters of orthologous groups (COG) category for M. acridum 
(MAC), M. album (MAL), M. frigidum (MFR) and M. robertsii (MRO) according to 
EggNOG annotations. Inorganic ion transport and metabolism (P) for MAL was found to 
be significantly όǇғлΦлм ŦǊƻƳ ƘƻƭƳ ŀŘƧǳǎǘŜŘ ǇŀƛǊǿƛǎŜ ŦƛǎƘŜǊΩǎ ǘŜǎǘύ enriched in MAL as 
compared to other genomes in this figure. This was the only significant enrichment 
among these genomes (marked with an asterisk). The most abundant category 
represented in these genomes have unknown function (S) followed by carbohydrate 
transport and metabolism (G). 
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Figure S3: Phylogenetic tree containing MEROPS S1A chymotrypsin family genes that are 
at least 187 bp (half the length of MaChy1, a functional Metarhizium chymotrypsin) 
from M. frigidum (MFR), M. robertsii ARSEF 23 (MRO), and M. rileyi (MRI). MaChy1 
(chymotrypsin from M. robertsii ARSEF 2575), SaCHY (Streptomyces albogriseolus), SPGD 
(S. griseus), LeCHY (Lysobacter enzymogenes), SspCHYII (Streptomyces spp.), EcDO 
(Escherichia coli), PaDO (Pseudomonas aeruginosa), RpDO (Rickettsia prowazekii), MtDO 
(Methanobacterium thermoautotrophicum) and CpDO (Clamydophila pneumoniae) from 
a previous analysis were also included for reference [13]. All MFR trypsins identified by 
ƻǳǊ tŦŀƳ ŀƴŀƭȅǎƛǎ ŀǊŜ ƭŀōŜƭŜŘ ǿƛǘƘ ŀ ά¢έΦ .ǊŀƴŎƘŜǎ ǘƘŀǘ ŀǊŜ ǎǳǇǇƻǊǘŜŘ ŀǘ ƭŜŀǎǘ фу҈ ƻŦ 
10,000 bootstraps are marked in yellow: illustrating distinct clades in this phylogeny. 
Numbered clades contain more than two proteins with the following functions 
according to NCBI BLAST against the non-redudant protein database: 1) Hemolysin III 
proteins and Integral membrane proteins, 2) Actin-like/chromatin remodeling proteins 
and ATP phosphoribosyltransferases, 3) Endocellular DegQ serine endoproteases, 4) 
CP450, 5) Meiotically up-regulated protein and class-II Cyclic-AMP phosphodiesterases, 
6) Chymotrypsins, 7) WD-repeat proteins (pop3) and Pre-mRNA splicing proteins (prp5), 
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8) Alpha-N-acetylglucosaminidases, 9) Oxidoreductases, 10) Ankyrin repeat-containing 
domain proteins, 11/12) Trypsins. 
 

 
Figure S4: A phylogenetic tree of BLAST hits using MaChy1 from M. robertsii ARSEF 2575 
from as a query against a database containing all proteins from sequenced Metarhizium 
isolates (MRO- M. robertsii, MBR- M. brunneum, MAN- M. anisopliae, MGU- M. 
guizhouense, MMA- M. majus MAC- M. acridum, MAL- M. album), P. chlamydosporia 
(PCH) and E. festucae (EFE). Proteins from our previous chymotrypsin analysis [13] were 
included for reference: SspCHYII (Streptomyces spp.), RnChy (Rattus norvegicus), BtChy 
(Bos taurus), BtTry (Bos Taurus; P00760 obtained from UniProt for this analysis), MaTry1 
(M. robertsii ARSEF 2575), SfTry (Streptomyces fradiae), EcDO (Escherichia coli), PaDO 
(Pseudomonas aeruginosa), RpDO (Rickettsia prowazekii). Numbered clades contain 
proteins with the following functions according to NCBI BLAST against the non-redudant 
protein database: 1) Ornithine aminotransferases, 2) Endocellular DegQ serine 
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endoproteases, 3) Sister chromatid cohesion proteins (mis4 or Scc2), 4) Trypsins, 5) 
Chymotrypsins. 
 
 
 
 

 
Figure S5: Phylogenetic tree of trypsins for B. bassiana (BBA), E. festucae (EFE), P. 
chlamydosporia (PCH), M. rileyi (MRI), M. album (MAL), M. frigidum (MFR), M. acridum 
(MAC), M. guizhouense (MGU), M. majus (MMA), M. brunneum (MBR), M. anisopliae 
(MAN) and M. robertsii (MRO) and with presumed non-functional M. frigidum trypsins 
marked in red and other M. frigidum trypsins marked in purple. 
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Figure S6: Extracted ion chromatograms for aflatoxin B1 and sterigmatocystin. Indicated 
strains were grown on solidified yeast extract sucrose (YES) media for five days, 
extracted and analyzed by UHPLC-MS as described in Methods. 
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Figure S7: Syntenic blocks identified in highly similar ST clusters from M. frigidum and 
two Aspergillus species. Analysis was conducted using Artemis Comparison Tool (ACT) 
[14] using TBLASTX aligments (cutoff Evalue = 10). Red and blue lines connect syntenic 
blocks with either unaltered or inverted orientation compared to M. frigidum, 
respectively. 
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Figure S8: Extracted ion chromatograms for sterigmatocystin of wild-type M. frigidum, 
MFR-OE and MFR-KO. Indicated wild-type and mutant M. frigidum strains were grown 
on solidified yeast extract sucrose (YES) media for five days, extracted and analyzed by 
UHPLC-MS as described in Methods.  
 



 74 

 
Figure S9: Extracted ion chromatograms for sterigmatocystin in G. mellonella larvae 

infected with indicated wild-type and mutant M. frigidum strains. G. melonella larvae 

were infected with indicated M. frigidum strains as described in Methods. Metabolites 

were extracted before and after M. frigidum strains started sporulating and analyzed by 

UHPLC-MS as described in Methods. 

 
 
  



 75 

Chapter 2: Probing impacts of Metarhizium robertsii inoculation on the function of the soil 

microbial community in agricultural systems 

 

Running title: Functional impact of Metarhizium robertsii on turf and winter wheat soil 

microbial communities 

 

Authors: Brian Lovett and Raymond J. St. Leger 

 

Affiliation:  Department of Entomology 

4291 Fieldhouse Dr. 

College Park, MD 20742, USA 

 

Corresponding author: lovettbr@umd.edu 

 

Funding: This project was supported by Biotechnology Risk Assessment Grant Program 

competitive grant no. 2015-33522-24107 from the USDA National Institute of Food and 

Agriculture. 

mailto:lovettbr@umd.edu


 76 

Abstract: 

A key to achieving successful, reproducible and safe (from the risk management 

point of view), biological control lies in having detailed knowledge of the properties of 

pathogens in their environments. Genetic engineering can greatly increase the potential 

of the model insect pathogen and plant symbiont Metarhizium robertsii. Before 

deploying such technology, risk assessment requires that we can examine the 

interactions the transformed genotype has with its environment. In this study we used 

GeoChip 4.6, a microarray-based metagenomic tool, to profile how an intensive 

deployment of wild type, fluorescently-marked M. robertsii impacts microbial functional 

gene diversity and causative factors in the soil-root interphase (a preferred habitat of 

Metarhizium spp.) in long-term (turf) and seasonal (winter wheat) field sites. We found 

that the effects of application of transgenic M. robertsii were specific to the agricultural 

system, with microbial biogeochemical function impacted more in the turf than in 

winter wheat. We observed minor, but long-term, effects on community structure in 

spite of the ubiquity of Metarhizium spp. in the target environment soil. Results indicate 

that these effects occurred in a small minority of genes involved in major 

biogeochemical processes, and significant shifts in gene variants on the GeoChip 

microarray due to treatment were small in magnitude. Significant differences in the turf 

rhizosphere functional microbial community following treatment with transgenic M. 

robertsii were not reproduced in the turf rhizosphere in a follow-up experiment the 

following year, confirming that application of this fungal strain has little to no effect on 

the functional microbial community in turf rhizosphere. 
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Introduction: 

Metarhizium species have long been used as biological insecticides (currently used 

worldwide on millions of hectares of land (14,107,108)) and are traditionally considered 

insect pathogens. However, recent work has shown that some generalist species may be 

plant symbionts first and foremost (17,109,110). Field tests by our lab in both long-term 

and seasonal ecosystems have shown a rhizosphere-competent, avirulent mutant of M. 

robertsii ARSEF 2575 survived in soils better than an insect pathogenic mutant unable to 

adhere to root surfaces (111,112). Thus, root adherence likely plays an important part in 

maintaining population persistence, irrespective of insects (111,113). Field tests on corn 

(maize) plants confirmed that GFP-tagged conidia of M. robertsii ARSEF 2575 are 

multifactorial plant growth promoters boosting yield >35% (113).  Metarhizium fungi 

promote plant growth in part by producing auxin (114), in addition to repressing soil 

insects (115) and making nitrogen harvested from insects available to plants (116). In 

return, the fungus receives organic substances released from roots, particularly sugars 

(55,117,118).  There is a push to exploit this symbiotic relationship and use these fungi as 

biofertilizers to crop systems: some of these proposed strategies involve genetic 

engineering (7).  

Advances in functional genomics and established genetic engineering tools (7,30) 

make it possible to engineer comprehensive plant symbionts that will recolonize plant 

roots and have many mechanisms for reliably suppressing associated pest populations. The 

regulatory and social acceptance hurdles for sustainable genetically engineered products 

would be considerable, but these strains would have enormous potential for providing 
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affordable pest suppression and plant growth promotion. A key to achieving successful, 

reproducible, and safe (i.e., from a risk management perspective) biological control lies in 

having detailed knowledge of the properties of pathogens in their environments. 

Determining the effects of an intensive deployment of transgenic strains on native 

microbial population function is essential before predictions of both efficacy and risk can 

be made. In terms of risk assessment, drawing a connection to the biological processes 

occurring in a community is paramount for understanding the relevance of shifts in that 

community. This study seeks to take an initial look at the impact of applying transgenic 

Metarhizium as biofertilizers on the function of the soil microbial community and to 

establish a high-throughput method for routinely assessing these risks. 

Transgenic Metarhizium strains likely have the greatest impact in the rhizosphere, 

as this is their principal habitat which exhibits the highest propagule densities months after 

introduction (17,113). Due to the underground nature of roots and rhizosphere complexity, 

energy flow and community structure of interacting roots, bacteria, fungi and insects are 

poorly understood. Likewise, how rhizosphere environments select/inhibit different 

bacteria and fungi is largely unknown (119). The number of bacterial species in a gram of 

soil varies between 2,000 and 8.3 million (120), and the majority of these (>99%) are as-

yet-uncultivated (121). Characterizing such vast diversity and understanding the 

mechanisms of community assembly are very difficult. As such, investigations of soil 

microbial assemblages typically rely upon reductionist approaches seeking to answer 

specific questions that relate to management goals (e.g. rhizospheric interactions, 

biogeochemistry and solute transport) (122). These specific approaches do not provide 
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meaningful information about microbial function in communities and ecosystems (119), 

nor a means of assessing the global impact of an introduced biocontrol agent on 

rhizosphere processes. ¢Ƙƛǎ ǘȅǇŜ ƻŦ ŀǎǎŜǎǎƳŜƴǘ ƛǎ ŜǎǎŜƴǘƛŀƭ ǘƻ ŜȄǇƭŀƛƴ ǘƘŜ άŦƛǘέ ōŜǘǿŜŜƴ ǘƘŜ 

fungus and its environment. Therefore, high-throughput metagenomic technologies are 

highly desirable for microbial community analysis. 

GeoChip is a comprehensive functional gene array (FGA) targeting thousands of 

different gene families that play important roles in various biogeochemical processes. 

During the past decade, several versions of GeoChip-like FGAs have been developed and 

were proven to be effective high-throughput tools for surveying the functional diversity, 

composition, structure, metabolic potential/activity and dynamics of microbial 

communities, in addition to linking them with ecosystem processes and functions (123). 

The GeoChip 4.6 FGA used in this study contains 50-mer oligonucleotide probes 

distinguishing 977 functional gene variants in 12 functional gene biogeochemical 

categories involved in C, N, P and S cycling, organic contaminant degradation, metal 

resistance, antibiotic resistance, stress responses, virulence, and bacterial phage-mediated 

lysis. Functional diversity is more relevant to ecosystem function than taxonomic diversity 

(119,124). However, GeoChip also has probes designed based on sequences from viruses, 

eukaryotes (including Metarhizium species), bacteria and archaea to the species or strain 

level, and gyrB phylogenetic markers to distinguish closely related bacteria. The GeoChip is 

thus a comprehensive functional array for linking microbial community structure to 

ecosystem functioning. This microarray can elucidate how Metarhizium species impact the 



 80 

soil microfauna to provide the biogeochemical, ecological, and environmental data 

researchers and regulators need for risk analysis.  

 Studying microbial processes in conjunction with Metarhizium symbiosis will also 

reveal important information on the emergent properties of rhizosphere activity in long-

term (turf) and seasonal (a winter wheat crop) field environments. A key difference 

between these systems is that the turf rhizospheric community was established when 

these experiments commenced, while the winter wheat rhizospheric community was 

established during our experiment. This study investigates the taxonomic and functional 

diversity of rhizosphere biota, the integration and coordination of rhizospheric interactions 

and the implications of these interactions for rhizosphere trophic organization, 

productivity, nutrient cycling, soil genesis and ecosystem management.  

 

Materials and Methods: 

Plant Treatments: These experiments were conducted at the University of 

Maryland associated Beltsville Agricultural FŀŎƛƭƛǘȅΣ ƭƻŎŀǘŜŘ ƛƴ tǊƛƴŎŜ DŜƻǊƎŜΩǎ ŎƻǳƴǘȅΣ 

Maryland. This facility has been used as part of a comprehensive project to identify 

genetic changes, and genes that are implicated in the soil survival and pathogenicity of 

M. robertsii ARSEF 2575 (111,125). During this experiment (October 2012 through June 

2013) annual mean air temperature and precipitation are 55.25°F and 41.85 inches, 

respectively. The field trial examined the effect of Mr2575 on the rhizosphere and bulk 

soil surrounding both turf and organic winter wheat (Triticum aestivum). 
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9ŀŎƘ ǿƛƴǘŜǊ ǿƘŜŀǘ ǎŜŜŘ ǿŀǎ ŎƻŀǘŜŘ ǿƛǘƘ млл ˃[ ƻŦ мл҈ ƎǳƳ ŀǊŀōƛŎ ǎƻƭǳǘion 

containing GFP expressing M. robertsii conidia (1x108 conidia/mL) prior to sowing in 

mid-October. Controls were treated with the same gum arabic solution without fungal 

spores. Planting of control and spore-treated winter wheat was randomized with 20 

seeds in each of nine 1 m2 sections surrounded by 1 meter barren buffer zones. Plots 

were weeded weekly by hand until the wheat reached maturity in June.  

The turf site was selected for its representative vegetation and soil attributes 

being dominated by tall fescue (Lolium arundinaceum), Kentucky bluegrass (Poa 

pratensis) and white clover (Trifolium repens), typical of Maryland turf. The treatment of 

the sections of the turf was a randomized 1 L drench of conidial suspensions in water 

(1x106 conidia/mL) in each of nine 1 m2 plots. The distance between adjacent plots was 

1.0 meter. To follow up on our initial results, the turf experiments were repeated the 

following year at sites located 30 meters from the plots used in the first year.  

Soil Sampling: Turf and winter wheat soil samples were taken from the 

rhizosphere, bulk soil, and from barren (empty) soil in 5 replicates eight months after 

planting, when winter wheat was ready for harvest. For bulk soil, a 1 cm diameter core 

was taken 5 cm from the base of the plant was taken 5 cm into the soil. The bottom 3 

cm of soil was ejected into a sterile centrifuge tube. The corer was sterilized with 70% 

ethanol between samples. For a rhizospheric soil sample, the plant was carefully pulled 

out of the ground from the base to extract as much root as possible. The bulk soil was 

then shaken from the plant leaving only the root with rhizospheric soil attached. Roots 



 82 

2-5 cm from the base of the plant were cut into a sterile centrifuge tube using sterile 

shears. In the lab, root samples were thoroughly vortexed to release rhizospheric soil 

from the roots.  

DNA Extraction: DNA from 0.5 grams of each soil sample was immediately 

extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals) and shipped to the 

Institute for Environmental Genomics at the University of Oklahoma for hybridization 

onto the GeoChip 4.6 microarray and processing (123).   

Microarray Analysis: Analysis was completed via the pipeline of microarray and 

microbial community analysis tools available through the Institute for Environmental 

Genomics website, which include modules for determining alpha and beta diversity, 

multivariate homogeneity, paired and unpaired T tests, analysis of variance, response 

ratios, dissimilarity tests, principal component analysis and taxa relationship analysis. 

Results from this pipeline were exported and analyzed further in R using relevant 

ǎǘŀǘƛǎǘƛŎŀƭ ǇŀŎƪŀƎŜǎΣ ǇǊƛƳŀǊƛƭȅ άǾŜƎŀƴέ (126).   

Results: 

Gene variant richness among samples and treatments 

In 2012, we used a global-scale methodology (GeoChip functional gene 

microarrays) to address the impact of transgenic biocontrol agents on ecological 

processes. Early in our analysis, a single replicate each for empty bulk, untreated wheat 

bulk untreated, treated wheat rhizosphere and untreated wheat rhizosphere were 

identified as outliers based on PCA clustering of paired correlations and excessive (>1.5-
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fold) deviation from within-group correlations. These samples were removed from 

subsequent analyses, leaving 4-5 replicates per treatment. Samples were taken 

randomly, but outliers may be a result of variable moisture content in soil during 

sampling, which is known to perturb the microbial community (127).  Overall, 55,733 

gene variants (probes) were detected across all samples, with 52,425 gene variants 

detected in three or more replicates of at least one treatment. Across treatments, the 

average number of gene variants detected ranged from ~42,543 gene variants 

(untreated wheat rhizosphere) to ~47,420 (untreated turf rhizosphere). Across all 

treatments, >98% of gene variants were shared with at least one other treatment. 

Unique gene variants within treatments ranged from 80 gene variants (0.182%) in 

untreated wheat rhizosphere to 824 unique gene variants (1.68%) in untreated turf 

rhizosphere. 

 

Alpha diversity indices across treatments 

 The alpha diversity among treatments was assessed using both the Shannon and 

inverse Simpson diversity indices (Table 1). No significant differences were observed 

among these indices (p<0.01): indicating that across these systems, the abundance and 

evenness among gene variants is similar. This is apparent from the high number of gene 

variants shared across samples, and the evenness ranging from 0.9988 (untreated turf 

rhizosphere) and 0.9990 (treated wheat bulk). These numbers indicate near complete 

evenness within treatments, with no significant differences (p<0.01) observed in 

evenness among treatments.  
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Index System Location Treatment Mean SD n

Inverse Simpson Empty Bulk None 41692.3696 1125.65301 4

Inverse Simpson Turf Rhizosphere Treated 41629.947 1039.45526 5

Inverse Simpson Turf Rhizosphere Untreated 46206.2917 1022.50364 5

Inverse Simpson Wheat Bulk Treated 43875.4074 2734.20929 5

Inverse Simpson Wheat Bulk Untreated 45968.2512 1580.3971 4

Inverse Simpson Wheat Rhizosphere Treated 43991.4253 1058.64527 4

Inverse Simpson Wheat Rhizosphere Untreated 41530.2877 1861.29931 4

Shannon Empty Bulk None 10.6492837 0.02790416 4

Shannon Turf Rhizosphere Treated 10.6483101 0.0252506 5

Shannon Turf Rhizosphere Untreated 10.7540477 0.02215334 5

Shannon Wheat Bulk Treated 10.6989386 0.0636029 5

Shannon Wheat Bulk Untreated 10.747628 0.03568603 4

Shannon Wheat Rhizosphere Treated 10.7043111 0.02527815 4

Shannon Wheat Rhizosphere Untreated 10.6447531 0.04593912 4  

Table 1: Inverse Simpson and Shannon indices for each sample in this study. Means for each index 
across replicates with standard deviation are reported. 

 

Multivariate analyses 

 Beta diversity based on Bray-Curtis dissimilarity for each sample was used to 

assess differences in diversity between treatments. This matrix was visualized using 

multidimensional scaling to reveal that replicates from the treated turf rhizosphere 

clustered away from untreated turf rhizosphere samples: indicating a difference in 
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community composition between these samples (Figure 1). 

 

Figure 1: Multi-dimensional scaling of Bray-Curtis dissimilarity matrix among samples in this study. 

 
The Bray-Curtis dissimilarity matrix was used to calculate multivariate 

homogeneity based on grouping by location (rhizosphere or bulk), system (turf, wheat 

or bulk soil) or treatment (treated with M. robertsii or untreated). This analysis assessed 

the dissimilarity of each group based on nearness to the centroid of these data, and no 

significant differences were observed with these groupings based on analysis of variance 

for each grouping (p<0.01). However, permutational multivariate analysis of variance 

using distance matrices (adonis from the package vegan) using a model that included 

treatment, system and location allowing for interaction between terms identified 

significant differences (p<0.01) in all these variables and their interactions (Table 2).  

System (turf or wheat) was found to explain most of the variation in the Bray-Curtis 

dissimilarity matrix (25.5%) followed by the interaction between system and treatment 
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(17.2%). This suggest that differences are chiefly among systems (i.e., turf or wheat) and 

variation due to treatment is mostly dependent on the system. 

Variable Df Sums of Squares Mean Squares F Model R2 Pr (>F)

System 2 0.019221108 0.009610554 10.386835 0.25481962 0.001

Treatment 1 0.00717724 0.00717724 7.75697297 0.09515068 0.001

Location 1 0.006720326 0.006720326 7.26315214 0.08909325 0.001

System:Treatment 1 0.012938163 0.012938163 13.983227 0.17152485 0.001

Treatment:Location 1 0.007167103 0.007167103 7.74601679 0.09501629 0.001

Residuals 24 0.022206312 0.000925263 0.29439531

Total 30 0.075430251 1  

Table 2: Permutational multivariate analysis of variance using a Bray-Curtis dissimilarity distance 
matrix across samples. 

 Principal component analysis based on probe signals across all samples is 

reported in Figure 2. These results show that replicates within samples cluster together 

based on these two principal components (containing about 37.02% of the variation 

across these data). Treated and untreated turf samples were separated the most in this 

multidimensional space, and while clusters are apparent for wheat treatments in the 

Figure 2: Principal component analysis of probe intensity for samples in this study. 
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rhizosphere and bulk soil, these are not separated well across the component containing 

the most variation (PC1; 23.43%).  

Overall, these results from PCA and multidimensional scaling based on beta diversity 

indicate that differences among gene variants can be used to separate samples, but 

treatment effects were strongest in the turf rhizosphere. 

 
Treatment effects on community function 

These diversity indices and multivariate analyses indicate whether communities 

differ in overall composition, but a key question for this study is whether community 

function in these systems and locations is impacted by application of M. robertsii. Gene 

variants included in GeoChip were designed to assess community function, and each 

probe is assigned into one of twelve functional categories with additional subcategories 

for assessment of functional shifts in the microbial community. To test for shifts due to 

application of M. robertsii, the probe intensities of respective treated and untreated 

replicates were compared (significance p<0.01 from t-tests with false discovery rate 

multiple comparison correction). Across functional gene categories present, the number 

of probes with a significant difference never exceeded 6.81% (Figure 3).  
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Figure 3: Percent of each gene category with significantly different probes in the rhizosphere. Wheat 
bulk and wheat rhizosphere were visually indistinguishable, so only wheat rhizosphere is reported. 

Though the overwhelming majority of probes were not found to be significantly affected 

by M. robertsii application in both systems, the number of significantly impacted probes 

in turf was found to be two orders of magnitude higher than those significantly 

impacted in wheat (Figure 4). When viewing shifts in probe intensity following 

treatment, the net effect of M. robertsii treatment on turf rhizosphere on all gene 

categories was a decrease in intensity  
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Figure 4: The number of gene variants found to be significantly impacted due to M. robertsii 
treatment in each gene category in turf rhizosphere, wheat rhizosphere and wheat bulk. Bar colors 
indicate the impact of treatment on probes within each gene category. 

among probes. In wheat bulk, only decreases in intensity (20 probes in total) were found 

to be significant (p<0.01) following treatment and the reverse was true in the 

rhizosphere of wheat (8 probes with increased intensity following M. robertsii 

treatment). The significance values and fold changes observed in gene variants, 

comparing treated and untreated replicates, for both wheat and turf rhizosphere shows 

that the changes observed among probes, while significant (p<0.01), were minor. These 

perturbations never exceeded a fold change (decrease or increase) of 29.3% (Figure 5). 

Among significantly different probes, the fold change never exceeded 16.1%.  
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Figure 5: Volcano plots indicating fold changes and the negative log of multiple comparisons 
corrected p values comparing gene variants in treated and untreated rhizospheres within each 
system. Red points were found to be significantly (p<0.01) altered following M. robertsii treatment. 

 

Treatment effects on community composition 

 The probes in GeoChip microarrays are designed specifically to assess the levels 

of genes with known function. Though the gene regions assayed by each probe 

originates from the known sequence of a specific organism, only a small number of 

ǇǊƻōŜǎ όтто ŎƻƴǘŀƛƴŜŘ ǿƛǘƘƛƴ ǘƘŜ άhǘƘŜǊέ ŎŀǘŜƎƻǊȅύ ǿŜǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ǇƘȅƭƻƎŜƴŜǘƛŎŀƭƭȅ 

describe the microbial community. Of the 18 probes detected on the microarray for 

Metarhizium species in this study (from National Center for Biotechnology Information 

deposited strains M. robertsii ARSEF 23 and M. acridum CQMa 102), none were 

designed for the strain applied and only one was found to differ significantly (a decrease 

of ~2% in Turf rhizosphere in a metal homeostasis gene from M. robertsii ARSEF 23). 
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Due to the research interests of the GeoChip designers, the phylogenetic probes are 

almost entirely bacteria, with no fungi. The composition of Proteobacteria, an abundant 

soil bacterial phylum, for treated and untreated samples in the rhizosphere of wheat 

and turf are reported in Figure 6 and Figure 7, respectively. Significant differences 

(p<0.01) were observed in the turf rhizosphere following treatment in three orders: 

Rhizobiales (decreased), Rhodobacterales (decreased) and Sphingomonadales 

(increased). No significant differences were observed among Proteobacteria in wheat 

following treatment. 

 

Figure 6: Average values (mean ± standard deviation) of phylogenetic probes for each order within 
the phylum Proteobacteria detected in winter wheat. Bar colors indicate Metarhizium robertsii 
treatment. No significant differences were detected between treatments. 
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Figure 7: Average values (mean ± standard deviation) of phylogenetic probes for each order within 
the phylum Proteobacteria detected in turf. Bar colors indicate Metarhizium robertsii treatment. 
Significant differences (p<0.01) between treatments within an order are indicated with an asterisk. 

The composition of Actinobacteria, another major phylum in soil microbial communities, 

in these systems is reported in Figure 8, but no significant differences were observed 

among orders of Actinobacteria. 

Figure 8: Average 
values (mean ± 
standard deviation) 
of phylogenetic 
probes for each 
order within the 
phylum 
Actinobacteria 
detected in wheat 
and turf 
rhizosphere. Bar 
colors indicate M. 
robertsii treatment. 
No significant 
differences were 
detected between 
treatments. 
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Members bacterial genus Pseudomonas are known to play an important 

ecological role as both plant symbionts and plant pathogens, so the impact of 

Metarhizium application on the function of gene variants originating from this genus 

was examined in detail (Figure 9). Pseudomonas spp. gene variants were only found to 

be significantly (p<0.01) impacted by treatment in the turf rhizosphere, with an overall 

decrease in genes from Pseudomonas in the rhizosphere that was treated with M. 

robertsii. The category that was impacted the most was virulence, with the intensity of 

25 Pseudomonas species gene variants found to be significantly decreased following 

treatment.  

 

Figure 9: The number of gene variants found to be significantly (p<0.01) increased or decreased 
among Pseudomonas species probes. Colors indicate gene categories. 

 
Second year assessment of turf rhizospheric changes 
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Since the largest effect on the community was observed in the turf rhizosphere 

in our first trial, a second trial over the same time-course the following year was 

conducted with five replicates of treated turf and five replicates of untreated turf to 

assess if the minor effects on microbial community function we observed in the first 

year were consistent from year to year. One outlier was identified among the treated 

turf samples and removed according to the methods described above. Testing for 

significant differences among gene variants in this second field trial revealed none 

following treatment in the turf rhizosphere microbial community. Though this trial did 

not reproduce our fine-scale findings of certain gene variant differences in the turf 

rhizosphere community in the first year, this does support the overall conclusion that 

treatment with M. robertsii does not have a major impact on microbial community 

function. In the case of this second field trial, there was no evidence treatment with 

transgenic fungus significantly impacted the functional microbial community. 

 

Discussion: 

The GeoChip functional gene microarrays offer a comprehensive and high-

throughput method to assess shifts in biogeochemical processes among microbes (123). 

These microarrays have been used to identify shifts in microbial community function 

following oil-contamination (128), under different land use (124) and across spatial 

scales in forest soil (129). These studies suggest an even distribution of soil microbial 

communities. However, they used random soil samples which likely mixed rhizospheric 

and bulk soils. The current study is among the first comprehensive analysis of functional 



 95 

groups (e.g., a group of genes involved in a functional process) relevant to the 

rhizosphere. The rhizospheric microbial communities have previously been distinguished 

from bulk soil communities when looking at processes modulated by a small number of 

well-understood genes (119).  

The impact of this methodology extends far beyond Metarhizium species in 

providing a model for plant-symbiont interactions: bolstering risk assessment and 

providing new and effective resources for crop protection. This serves as model for 

analyzing microbial communities, metabolic potential, diversity in the rhizosphere and 

the impact of transgenic organisms. Functional gene microarrays allow scientists and 

regulators to quickly assess the impact of biocontrol agents or other transgene 

technology that could potentially affect the soil microbial community and ecological 

processes. Ultimately, this strengthens ecological risk assessment. 

The availability of genome sequences and robust transformation protocols have 

allowed production of genetically manipulated Metarhizium strains that represent an 

emerging strategy for combating pest insects and enhancing plant growth (7,110). 

However, for these tools to be used safely, we need to thoroughly understand the 

impact they would have when introduced into a new environment. This research 

examines how intensive deployment of transgenic M. robertsii impacts microbial 

communities in the soil-root interphase (a preferred habitat of Metarhizium generalists) 

in long-term (turf) and seasonal (winter wheat) field sites. Our study provides a 

comprehensive analysis into how and to what extent applied M. robertsii can alter 

microbial community function. As well, this study provides a unique opportunity to use 
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a global-scale methodology to compare the activity of the microbial communities of 

seasonal versus long-term soil systems and of bulk soil versus the rhizosphere. 

In this study, we found that the alpha diversity across systems and between bulk 

and rhizospheric soil were not significantly different. This diversity is limited by the gene 

variants present on the microarray (i.e., gene variants not included on the probe would 

not be detected). However, the high alpha indices across all samples suggests the 

functional diversity among microbes in turf and wheat soil is high and is not impacted by 

application of M. robertsii. This finding is underscored by the high number of probes 

found to be shared across samples (~98%). Differences in beta diversity across samples 

(Figure 1) indicated that treatment with M. robertsii detectably altered (p<0.01) the turf 

rhizosphere. Effects due to treatment and across bulk and rhizospheric soil in winter 

wheat were not readily apparent. Our analysis of variance based on dissimilarities 

indicated that system (turf or winter wheat) contributed most to variation observed 

across samples. While treatment was found to be significantly contributing to variation 

observed, the interaction between treatment and system was found to contribute more 

to variation than treatment alone. This suggests that the clear differences observed 

among turf between treated and untreated samples are driving the significant 

differences we observed in this model for permutational multivariate analysis of 

variance using distance matrices. 

This conclusion is supported by the vanishingly few significant differences 

between treated and untreated wheat samples. This was true for gene variants 
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detected in both the wheat bulk soil (20 decreased) and the wheat rhizospheric soil (8 

increased). Even though two orders of magnitude more probes were found to be 

significantly different between treated and untreated turf rhizosphere samples, these 

still only represented a small percent of overall probes in the gene categories 

comprising the GeoChip microarrays. Across these categories, over 93% of detected 

functional probes were unchanged following treatment with M. robertsii in the turf 

rhizosphere. This indicates that while differences could be detected, the overall function 

of the microbial community was stable following M. robertsii application. Those 

differences that were detected in the turf rhizosphere were significant decreases in 

function; however, these decreases were minor (at most a 16.1% shift in probe intensity 

was detected). These changes, while significantly different in the first year, would not 

represent a dramatic shift in the function of the microbial community in turf. The lack of 

significant differences following treatment in the second year further supports this: 

changes observed in the first year were not observed in the trial the following year. 

The phylogenetic probes revealed significant differences only in three orders of 

proteobacteria in the rhizosphere of turf treated with M. robertsii. Following treatment, 

nitrogen-fixing Rhizobiales (130) and photoautotrophic Rhodobacterales (131) 

abundance was reduced, and a significant increase due to treatment  was detected in 

Sphingomonadales, which also contains phototrophic bacteria (132). These were 

exceptions to a general trend of no treatment effect in phylogenetically informative 

probes, with no changes in other Proteobacteria or any Actinobacteria. Interestingly, a 

net decrease in virulence related genes from the genus Pseudomonas was detected in 
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the turf rhizosphere, but this observation is in the context of the majority of significantly 

different probes in turf rhizosphere found to be decreased. As such, this may simply be 

part of the larger trend and not a Pseudomonas-specific response to Metarhizium 

application. 

In interpreting different responses to application of M. robertsii to these 

systems, it is important to consider the inherent differences of these microbial 

communities. The wheat rhizosphere was fully established during this experiment, with 

Metarhizium conidia applied to the seed initially. In contrast, a turf rhizospheric 

microbial community was already established when a high concentration of 

Metarhizium conidia were drenched onto that community. Another important factor is 

the ubiquity of Metarhizium species in the soil (55,110). Initially, this was attributed to 

the insect pathogenicity of these fungi, but the high abundance of Metarhizium conidia 

in the soil has recently been linked to their plant symbiotic lifestyle (17). Taken together, 

the application of conidia to the outside of wheat simply increased the presence of a 

specific Metarhizium species at the onset of germination, and the turf application had 

the potential to alter the composition of the established rhizospheric community at the 

initial application. This potential to change the trajectory of an established community 

in turf may be responsible for the differences observed eight months following 

treatment in turf in the first trial. In wheat, the introduction of our transgenic strain may 

have had little observed impact on the community because the abundance of this 

common soil fungus was simply increased in the immediately vicinity of the wheat seed 

upon germination. The lack of impact observed in the follow up experiments in turf 
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rhizosphere in the second year suggests that the composition of the community in this 

year was more resilient in the face of inundative application of M. robertsii that year, 

ultimately returning to the functional equilibrium of the untreated turf rhizosphere 

when sampled months later. Variation across years could be due to myriad 

environmental factors, and this is likely highly dependent on the resilience of the 

rhizospheric community when Metarhizium spores are applied.  

 Effects we observed on community structure in turf rhizosphere eight months 

after treatment in the first trial occurred despite: 1) the widely-accepted view that 

functional diversity in microbial communities are is linked to higher resilience to 

perturbations (133); 2) Metarhizium species are ubiquitous in environmental soil (134), 

and within Metarhizium populations stabilize to pre-introduction levels within a couple 

of months (111,135), and 3) these effects were presumably unrelated to its genetic 

modification as this transgenic M. robertsii strain differs from the wild-type only in 

expressing GFP. GeoChip microarrays allow microbial composition to be linked to 

ecosystem-level biogeochemical processes. The compositional changes we observed 

had very little impact on key functional roles, such as nitrogen fixation or lignin 

decomposition. Ecological harm (consequences) can be difficult to evaluate objectively, 

but, given that application of M. robertsii allows continuity of function, we would define 

the significance of the compositional changes as low. More extensive sampling than we 

conducted will be required to determine the impact of local environmental conditions 

and the general applicability of our results to different plants, soils, fungi and modes of 

action.  
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Future Directions 

 As the first application of GeoChip functional gene microarrays to assess impacts 

of soil amendment with transgenic microbes, this study opens the door to many new 

avenues of inquiry. In particular, future studies using functional gene microarrays for 

risk assessment can benefit from the lessons learned from this study. The timing of our 

treatments and assessment of the microbial community was designed to coincide with 

the planting and harvesting of winter wheat. 

While winter wheat is an important as a cash and cover crop, it overwinters. 

During this time, the plants and the community of soil microbes go dormant and activity 

resumes when the temperature warms in the spring. The impact this dormant period 

may have on the composition and ultimate function of the microbial community, as 

assessed by the GeoChip microarrays, may be considerable. Future studies should 

incorporate additional time-points to assess how this period may affect the microbial 

community function in soil, or future assessments should be conducted in crops that do 

not go dormant between planting and harvest. The inconsistent effects observed in the 

microbial community in the two separate turf trials this study may also be affected by 

this dormancy, as the time-points for treatment and GeoChip assessment also spanned 

the winter. Since our results suggest the impact on the microbial community differed 

from year to year, with an overall decrease in probe intensity in one year and no 

significant differences in the second year, determining the baseline function of microbial 

communities in turf (or other long-term systems) at the outset of experiments may help 

to inform interpretation of functional shifts in the microbial community months later. 
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The transgenic trait assessed in this study was a fluorescent marker. This trait is 

palatable from a regulatory perspective because green fluorescent protein is expected, 

based on previous studies (17,111), to have a neutral effect on M. robertsii and the 

community of microbes. This is indeed what we observed; however, practical transgenic 

applications of M. robertsii as biofertilizers would theoretically incorporate phenotypes 

aiming to directly alter the plant fitness or manipulate the microbial community in some 

manner (e.g., overexpressing plant growth hormones or expressing effectors targeting 

plant pathogenic microbes). These transgenic traits would provide hypotheses that are 

directly testable, and probes could be added to the functional gene microarrays ensure 

the introduced strain can be monitored directly and anticipated effects would be 

captured. The addition of these probes would be a major improvement, as the version 

of the GeoChip microarray used in this study contained no probes from the Metarhizium 

robertsii strain introduced, nor for GFP, and there was no clear impact on Metarhizium 

probes that were present. 
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Chapter 3: Understanding the tritrophic transcriptomic profile of Anopheles gambiae 

immunity to infection by Metarhizium pingshaense and Plasmodium falciparum 

 

Background 

An estimated 2 billion people live in areas where mosquito-borne diseases are 

endemic. In sub-Saharan Africa, ~200 million cases of malaria are reported annually and 

many children succumb to this disease (136). Progress against malaria in the past 

decade has decreased the global malaria burden by half (137,138). However, this 

progress has stalled as malaria vectors in sub-Saharan Africa have evolved resistance 

chemical insecticides: a mainstay of malaria mosquito control (139,140). Without the 

development of new technologies to control anopheline mosquitoes, we are facing a 

future where malaria cases increase year to year. 

Blood feeding by mosquitoes is an essential first step in vector transmission. 

Once inside the mosquito, it takes 10-14 days for malaria parasites to mature and travel 

through the hemolymph to the salivary glands, where they can be delivered into 

another host. It takes about that long for fungal spores to infect mosquitoes through 

their cuticle and kill them. If mosquitoes are infected with fungi soon after they pick up 

Plasmodium, the mosquitoes will die before they can transmit the disease. If they are 

infected with fungi later than this, they could still spread malaria parasites before dying. 

Genetic modification of Metarhizium to produce anti-plasmodial molecules in mosquito 

hemolymph reduces vector competence, even when Metarhizium infects mosquitoes 

with late-stage (11 days post infection) Plasmodium infections (141). Several studies 
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have employed microarrays to examine changes in gene expression in A. gambiae 

infected with Plasmodium parasites, particularly for the rodent P. berghei model system. 

Mostly these have focused on the early stages of Plasmodium differentiation in the 

midgut and have helped identify multiple mechanisms through which mosquitoes 

launch a potent immune attack that kills most invading Plasmodium parasites. The role 

of most immune genes in defense against sporozoites (a stage of Plasmodium parasite 

development late in the mosquito phase of its lifecycle) has not been investigated. 

Many immune genes are non-specific and there is a functional overlap in the 

antibacterial and anti-plasmodial immune responses of mosquitoes such that 

antibacterial responses mounted against bacteria in the gut also protect the mosquito 

from parasites (142). 

In this study, we infected Anopheles gambiae mosquitoes with malaria parasites, 

Metarhizium or both pathogens. Infections were synchronized to facilitate cohabitation 

of sporozoites and blastospores in the mosquito hemolymph as previously described 

(141). At this stage, we extracted RNA from the whole body of the mosquitoes to 

compare the gene expression of infected mosquitoes with uninfected mosquitoes. With 

this design, we expected to gain insight into the response mosquitoes have specifically 

to Metarhizium infection and determine if mosquitoes respond differently to the fungus 

when infected with Plasmodium falciparum.  
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Materials and methods 

Mosquito co-infection with Metarhizium pingshaense and Plasmodium falciparum  

Four treatment groups were generated for these experiments: uninfected 

Anopheles gambiae (Keele strain), Anopheles gambiae infected with Plasmodium 

falciparum (strain NF54), Anopheles gambiae infected with Metarhizium pingshaense 

(strain 1630) and Anopheles gambiae co-infected with both pathogens. Mosquitoes 

were infected with malaria parasites and M. pingshaense spores as described previously 

(141). Briefly, mosquitoes were fed human blood (50% hematocrit) with 0.3% 

gametocytemia. This malaria parasite infection was allowed to incubate for 11 days to 

the oocyst stage of infection. Then mosquitoes were exposed to 1x107 M. pingshaense 

spores in 0.01% Tween80 using an atomizer, as described previously (141,143). 

Mosquitoes were incubated for another three days to the stage where malaria parasites 

and Metarhizium blastospores have both entered the hemolymph (Figure 1). This late 

stage Plasmodium infection is a crucial stage when Metarhizium species may not be able 

to prevent transmission and therefore could benefit from genetic enhancement.  
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Figure 1: Schematic of the experimental design for this transcriptomic study. 

 

Whole-body RNA extraction from mosquitoes 

 Since pigments in the eye can interfere with downstream transcriptomics, 

individual mosquitoes were decapitated using a needle and homogenized in 500 µL of 

TRIzol in groups of 20 individual mosquitoes for RNA extraction. To increase yield, the 

RNA extraction protocol was a hybrid of the TRIzol extraction protocol (Gibco) and the 

RNeasy Mini Kit extraction protocol (QIAGEN). The TRIzol Protocol was followed until 

the aqueous layer was obtained following the addition of chloroform. Ethanol was 

added to this aqueous layer, then applied to spin-columns according to the QIAGEN 

protocol. Following this, the full QIAGEN extraction protocol was followed, including 

DNase digestion, until the final elution of RNA in RNase-free water. 
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Illumina sequencing and bioinformatic analysis 

RNA extracted from treatment groups was sequenced using Illumina 100bp 

paired-end HiSeq RNA-seq (via UMD IBBR sequencing core) and libraries generated were 

analyzed using the Tuxedo Suite of bioinformatic algorithms to profile the global 

transcript response of Anopheles gambiae to infection, comparing gene expression 

across our four treatment groups (144). This bioinformatic suite aligned RNAseq reads 

to the Anopheles gambiae genome, quantified their expression in fragments per 

kilobase of transcript per million mapped reads, and conducted differential tests in gene 

expression. This analysis was output for downstream analysis in an R package developed 

for this purpose (CummeRbund) (144).  

 

Quantification of pathogen load in mosquito hemolymph 

 Anopheles gambiae mosquitoes were infected with each pathogen individually 

and coinfected as described above, except M. pingshaense spores expressing GFP were 

used and the applied concentration was increased to 5x107 conidia/mL in 0.01% 

Tween80. Mosquitoes were incubated as described above. On day 14 post-Plasmodium 

infection, mosquitoes were knocked-down on ice, the bottom two abdominal segments 

were ablated, and 20 µL of sterile 1x phosphate buffered saline (PBS) was microinjected 

into the ventral soft membrane at the anterior end of the thorax (i.e., where the head 

meets the thorax). This injection flushed the mosquito hemolymph with PBS into a 

capillary tube held at the open end of the abdomen. This 20 µL flush was applied 

directly to a hemocytometer, allowed to settle and counted immediately under a 
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fluorescence microscope: the constitutive expression of GFP in the M. pingshaense 

strain allowed blastospores to be readily distinguished from other hemolymph cells. 

These experiments were conducted in three replicates with 10 individuals for each 

treatment (i.e., M. pingshaense alone, P. falciparum alone or co-infected).  

 

Results 

Differentially expressed genes by 

category 

 Following analysis in the 

Tuxedo Suite, 128 genes were 

identified as differentially expressed 

across our four treatments 

(untreated, infected with Metarhizium 

pingshaense alone, infected with 

Plasmodium falciparum alone and co-infected with both pathogens). The broad 

functional categories for each gene was determined manually and these are reported in 

Table 1. Among categories with clear physiological definitions, the highest number of 

differentially expressed genes were found to be related to immunity. Genes were 

considered differentially expressed if they were found to be significantly different from 

at least one of the other treatments according to the Tuxedo Suite pipeline. As such, 

some genes were differentially expressed in one or multiple treatments. The expression 

levels compared to the untreated control for each of the three experimental treatments 

Table 1: Differentially expressed Anopheles 
gambiae genes by category. 



 108 

(fungus infected, malaria parasite infected or both) are reported for each category in 

Table 2. This 

reveals that the 

immunity related 

genes are 

increased most 

when a mosquito 

is infected with 

M. pingshaense 

alone or with 

both fungus and 

the malaria 

parasite. 

Conversely, 

mosquitoes 

infected with P. 

falciparum alone had the most immune genes that were significantly decreased 

compared to untreated mosquitoes. Here, the timing of infection may play a role, as the 

time-point we used for these experiments is a late stage of infection for Plasmodium 

parasites (11 days) and an earlier stage for M. pingshaense. While Metarhizium species 

are known to camouflage themselves from detection in the insect hemolymph with a 

collagenous membrane protein (MCL1) (145), the expression of enzymes to penetrate 

Table 2: Differentially expressed Anopheles gambiae genes by category for 
each treatment compared to gene expression in untreated mosquitoes. 
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the host cuticle may be triggering the heightened immune response to the fungus that 

we detected. 

The mosquito immunological response to a pathogen can be broadly divided into 

three distinct stages: recognition of non-self, signal transduction (ƛΦŜΦΣ άsending the 

messageέ ŀ ǇŀǘƘƻƎŜƴ ƛǎ ƛƴǾŀŘƛƴƎ) and pathogen elimination (e.g., expression of 

effectors) (146). A variety of patterns were observed among differentially expressed 

genes in this study, with some showing a specific response to a single pathogen. These 

pathogen-

specific 

responses were 

found among 

genes involved 

in signal 

transduction 

and pathogen 

elimination. 

This is 

illustrated by the expression levels of heat-shock protein 70 and a serine protease in 

Figure 2.   

By contrast, genes involved in recognition of non-self followed a pattern of 

expression in response to pathogen load: these were found to be increased in response 

to a single pathogen, but highest when challenged with both pathogens, as 

Figure 2: Fragments per kilobase of transcript per million mapped reads 
expression levels for two proteins found to specifically respond to infection with 
a single pathogen.  
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demonstrated with the pattern of the fibrinogen-related domain containing gene 

AGAP011197 (Figure 3).   

 

Differentially 

expressed 

immune genes 

The 

function, gene 

category, and 

pathway for each 

differentially expressed gene in the immunity category was also determined. These 

categories and their expression as compared to the untreated control Anopheles 

gambiae are reported in Table 3. Genes identified as increasing expression in 

mosquitoes treated with Metarhizium pingshaense (with and without Plasmodium 

falciparum) were CEC1, PGRPS2, PGRPS3, TEP4, CLIP7, GAM1, FBN24, and KIN1. These 

genes span multiple canonical immune categories and pathways. Among these, CLIP7, 

GAM1 and KIN1 were expressed at significantly lower levels when mosquitoes were 

infected with Plasmodium falciparum alone. 

Figure 3: Differentially expressed Anopheles gambiae genes by category. 
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Table 3: Differentially expressed immune genes identified in this study with the functional gene 
name, immune pathway, and expression in each experimental treatment, as compared to the 
uninfected Anopheles gambiae indicated. Abbreviations: CEC- Cecropins; TPX- Thioredoxin 
peroxidase; PGRP- Peptidoglycan recognition protein; TEP- Thioester-containing protein; CLIP- Clip-
domain containing protein; AMP- Antimicrobial peptide; FREP- Fibrinogen-related protein; APHAG- 
Autophagy; PPO- Prophenoloxidase. 

 
Impact of co-infection on pathogen load 

Though mosquitoes are naturally subjected to both M. pingshaense and P. 

falciparum in the wild, an outstanding question is how co-infection may affect the 

success of either pathogen. To test this, we assayed mosquitoes infected with each of 

our pathogens alone and compared the pathogen load in these treatments to the load 

in mosquitoes co-infected with both pathogens at the same time-point used for our 

transcriptomics. Mosquito hemolymph was extracted, and pathogen numbers were 
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counted on a hemocytometer for individual mosquitoes (Figure 4). The number of 

blastospores observed in these individuals ranged from 0 to 565 (highest in Metarhizium 

pingshaense alone), and the number of sporozoites ranged from 0 to 219 (highest in 

Plasmodium infected alone). During coinfection, the number of sporozoites observed 

never exceeded 119 and the number of blastospores never exceeded 72. Despites these 

differences in the upper range when infected with a single pathogen or both pathogens, 

significant differences were not observed among treatments in this experiment 

(according to Mann-Whitney Tests with p<0.01 considered significant). 

 

Figure 4: Pathogen load counts by treatment. Each point represents the number of each pathogen 
present in the flushed hemolymph of an individual mosquito. 
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Discussion 

 This study was designed to provide transcriptomic insights into a critical stage of 

mosquito infection for M. pingshaense: 3 days-post-infection when the fungus enters 

the mosquito hemolymph. Transcriptomic studies in human malaria mosquitoes focus 

primarily on the response to Plasmodium parasites, with few studies investigating 

transcriptomic dynamics during infection with entomopathogenic fungi (147ς149). 

These Plasmodium studies are important, as they inform our understanding of mosquito 

stage of Plasmodium infection, which is a bottleneck for malaria parasites (150). This 

bottleneck is why malaria control efforts have focused on the insect vector of this 

pathogen, and transgenic mosquitoes have been designed to be resistant to 

Plasmodium through modulation of the IMD pathway (151). M. pingshaense has been 

engineered to express transgenes upon entry into mosquito hemolymph (53,141,143), 

thus the time-point in this study is relevant for development of transgenic modulation 

of the host immune system with entomopathogenic fungi. 

 Modulation of the insect immune system using entomopathogenic fungi has 

already been reported (152). However, with a better understanding of the mosquito 

immune response to M. pingshaense, we can design future transgenic strains to 

circumvent the specific immune response mounted by malaria mosquitoes. This could 

be used to enhance the virulence of transgenic Metarhizium species, and force 

detrimental immunological trade-offs in anophelines that may evolve resistance to 

transgenic entomopathogenic fungi designed to the target the immune response. 

Entomopathogenic fungi are highly amenable to genetic manipulation, and strains have 
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been engineered to express functional RNAi in insecta (153). Armed with the 

appropriate dsRNAs (e.g., silencing a crucial mosquito immune gene) these fungi could 

manipulate mosquito gene expression to ultimately save lives. 

 This study identified promising candidates for immune response modulation in 

mosquitoes, as, not surprisingly, immune genes were the highest functional category of 

genes found to be differentially expressed. We also uncovered specific responses to 

each pathogen were limited to later phases of immunity (i.e., following recognition of 

non-self) (146). This makes intuitive sense, as it would be difficult to mount a specific 

response to a pathogen before non-self has been recognized. This explains the 

expression of genes recognizing invading pathogens increase in response to pathogen 

load. Expression of these genes would be increased in response to physiological trauma 

and pathogen associated molecular patterns exposed during infection with each 

pathogen. Increased expression of these genes would allow for identification of the 

invading pathogen, which can then induce a pathogen-specific response with 

downstream genes sending an immunological signal and ultimately responding 

appropriately to the pathogen. 

 The Toll pathway is the canonical anti-fungal pathway, but this narrow definition 

was originally based off of unnatural infections using responses to human, not insect, 

pathogenic fungi  in Drosophila melanogaster (154). The variety of pathways identified 

in this study in response to Metarhizium infection in the mosquito highlights the 

crosstalk among pathways in response to an insect pathogen that is co-evolving with 

insect hosts. In particular, the distinct profiles in response to M. pingshaense infection 
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with and without Plasmodium infection highlights the need to conduct transcriptomics 

investigating states of co-infection. If Metarhizium species are to be used as biocontrol 

agents against malaria mosquitoes, their effectiveness against mosquitoes that have a 

malaria infection is as important (if not more) as their effect on healthy mosquitoes. 

Understanding how these profiles differ will strengthen development of future 

Metarhizium biotechnologies. Our studies on pathogen load suggested that co-infection 

ŘƻŜǎƴΩǘ ƛƳǇŀŎǘ ŘŜǾŜƭƻǇƳŜƴǘ of either pathogen, which may be due to the differences in 

stages of infection, strategies for immune evasion and routes of entry all for the 

pathogens in this study. This finding is supported by previous studies that found co-

infection with wild-type Metarhzium strains did not affect sporozoite counts in salivary 

glands of Anopheles gambiae (the final stage of Plasmodium falciparum development in 

the mosquito), unless the fungus was engineered to express anti-plasmodial effectors 

(141). 

 Since this study was conducted, a handful of the genes identified in response to 

M. pingshaense infection have been implicated in other studies. In particular, GAM1, 

CEC1, Thioester-containing proteins (TEPs) and Clip-domain containing serine 

proteinases (CLIPs) have been implicated as direct antifungal immune responses in 

anophelines (155,156). Eater, identified in this study as responsive to M. pingshaense, 

Plasmodium falciparum and co-infection, has been shown to mediate phagocytosis in 

Anopheles gambiae (157). This is a powerful form of cellular immunity, but pathogenic 

fungi, including Metarhizium species, have been shown to be capable of escaping 

phagocytosis (158). This capability has been hypothesized to have evolved in avoidance 
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ƻŦ ǇǊŜŘŀǘƻǊȅ ŀƳƻŜōŀŜ ǳƴŘŜǊ ǘƘŜ άamoeboid predator-fungal animal virulenceέ 

hypothesis (159). Immune responses that Metahrizium species can already effectively 

avoid would not be good candidates for transgenic modulation, so a clear picture of the 

host-pathogen interactions is critical for informing design of new biotechnologies. This 

study has highlighted immune responses at an infection stage where specific promoters 

have already been identified (e.g., promoters controlling hemolymph-specific genes 

MCL1 and NPC2A) (145,160), so these targeting of these immune genes could be timed 

appropriately in the next generation of transgenic M. pingshaense for control of malaria 

mosquitoes. 

 

Future directions 

 When this study was conducted, the cost of transcriptomics was far more 

prohibitive than it is today. In the face of this reality at the time, this study was designed 

with a single replicate of pooled mosquitoes to identify candidates for further study. 

With this objective in mind, this study has been fruitful by identifying candidates that 

align well with our understanding of mosquito biology and with recent studies further 

confirming our findings. The Tuxedo Suite was designed to identify differential 

expression using the distribution of reads, allowing for our analysis with four groups of 

pooled mosquitoes. This is reflective of the rapid pace of development in sequencing 

technologies in the intervening time. Sequencing transcriptomes has become orders of 

magnitude more affordable and follow up studies could certainly incorporate replication 

and multiple time-points within a reasonable research budget today. 
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 Future experiments could also assay the effect these candidate genes have on 

M. pingshaense infection with RNAi or with CRISPR knock-outs in Anopheles gambiae 

(another technology that has recently risen to prominence). These studies can identify 

which of these candidate genes can increase fungal virulence when their expression is 

disrupted. Results from these studies can guide construction of transgenic Metarhizium 

species either expressing known inhibitors of these immune pathways or expressing 

dsRNA silencing these genes. Tailoring dsRNA to a specific gene may help to allay 

concerns regarding horizontal transfer of transgenes by limiting their activity to certain 

insect hosts. dsRNA approaches can offer unparalleled specificity, but off-target effects 

could only be definitively ruled out in the limited number of insects that have had 

targeted genes sequenced.  

 The results from our pathogen load experiments suggested that co-infection 

does not negatively impact development of M. pingshaense or P. falciparum at this 

time-point, but a weakness of this bioassay is the exponential development of both of 

these pathogens during this stage. Oocysts release thousands of sporozoites at a time, 

and blastospores multiply by budding in the hemolymph stage. This may explain why 

counts varied from several hundred to zero among individuals with identical pathogen 

exposure and assayed at the same time-points. 
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Chapter 4: Testing the efficacy of transgenic Metarhizium pingshaense in semi-field 

trials in West Africa 

 

Published in Science on 31 May 2019 (Appendix A) and in Scientific Reports on 31 June 

2017 (Appendix B). 

  



 119 

Conclusion 

The breadth of topics in this dissertation span from the sequence of nucleotides 

in a Metarhizium genome to the successful application of fungal biotechnology to 

control malaria mosquitoes in the semi-field (53). Each chapter advances the goal of 

developing transgenic entomopathogenic fungi for modern biocontrol: by refining our 

understanding of when and how host-specificity evolves, assessing the impact 

introduced transgenic Metarhizium species may have on the function of microbial 

communities, identifying targets for future virulence enhancement in mosquitoes and 

the assessing the efficacy of transgenic fungi for mosquito control in a semi-field setting. 

Together, these approaches lay a critical foundation for future development and 

assessment of fungal biotechnologies. 

Though each of these chapters contribute to our basic understanding of how 

Metarhizium interacts with other organisms, the sequencing of the cold-active, early 

diverged generalist M. frigidum ARSEF 4124 (19) revised our understanding of the 

trajectory of Metarhizium evolution. By placing the evolution of generalism tens of 

millions of years before previously thought (9), we place the evolution of generalism in a 

geological period that saw the similar radiation among crucial evolutionary partners for 

Metarhizium species: plants and insects (22). This updated view of Metarhizium 

evolution, informed by the most contiguous genome sequence in this genus to date, 

tells a story largely of gene loss, even among recently diverged generalists, with 

ancestral bursts of gene family expansion. We identified characteristic signs of 

generalism and specialism that have implications beyond this versatile genus: placing 
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Metarhizium species within the two-speed genome paradigm developed using plant 

pathogenic fungi (67). The expansive gene repertoire that enables a lifestyle exploiting 

many hosts and carbohydrate sources is enabled by mobile genetic elements (57,68). 

Indeed, the low levels of repeat-induced point mutations (RIP) in generalists suggest 

meiosis, and thus sexuality, is a rare occurrence for these fungi (28). As a result, 

transposons are the primary source of variation among generalists, which manifests as 

gene duplication and increasing levels of heterokaryon incompatibility genes. In 

contrast, specialists show strong evidence of mating, which inactivates transposons via 

RIP (70). This results in variation introduced via karyogamy and meiosis when sexually 

compatible strains meet on the same insect host. This requires these fungi to be virulent 

enough to meet and mate, and their exchange of genes over time has resulted in the 

highly specialized species we observe today. Clarifying our understanding of this process 

will allow assessment of risks of host-switching in transgenic Metarhizium strains. This 

could further inform development of strains engineered to be sexually incompatible, 

thus mitigating risks of introducing transgenes into native fungi. The identification of the 

functional sterigmatocystin cluster in M. frigidum identified an unexpected carcinogenic 

risk associated with M. frigidum, which will guide future assessment of candidate 

biocontrol strains, both wild-type and transgenic. 

Though generalism in Metarhizium species typically refers to the ability of strains 

to infect multiple insect hosts, the discovery that Metarhizium species are root 

endosymbionts revealed that generalism enables plant interactions (17,110). 

Metarhizium species that can infect multiple hosts can ultimately take advantage of 
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more carbohydrate sources, which allows successful colonization of the rhizosphere 

(117,118,125). This results in a divide among Metarhizium species where generalists are 

effective plant partners, while specialists are only effective insect pathogens. Previous 

studies have further shown that these dual lifestyles in Metarhizium species can be 

decoupled (111,112,161). This allows our comparative genomics results to inform the 

development of Metarhizium species as effective transgenic biofertilizers. However, the 

application of this biotechnology would be limited by the dearth of studies investigating 

the impacts of their application on the function of the soil microbial community. Our 

GeoChip microarray results work to address this lacuna. Findings from this study suggest 

that while shifts in the microbial community can be detected following treatment with 

Metarhizium robertsii, these shifts are minor and are not altering the overall function of 

the microbial community. In the year when significant differences were detected 

following treatment with transgenic M. robertsii, treatment effects were found to be 

system (turf or winter wheat) dependent. These findings bode well for the application of 

Metarhizium species as genetically engineered biofertilizers in the future. Follow up 

studies could assay the resilience of agricultural systems to proposed application 

methods. Microarrays used in these studies could also be designed to thoroughly assess 

the anticipated effect of introduced transgenic traits with corresponding analyses of soil 

nutrient levels and microbial function directly. This could build off of our findings using a 

strain simply expressing a green fluorescent protein. 

Just as development and risk assessment of transgenic Metarhizium 

biopesticides are informed by our GeoChip analysis, the continued development 
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transgenic M. pingshaense to control mosquitoes is advanced by the transcriptomics 

work described in this dissertation. This work has identified multiple Metahrizium-

specific immune responses in Anopheles gambiae, many of which have been validated 

by other studies (155ς157). These immune responses can be circumvented through 

genetic engineering to produce transgenic strains with hypervirulence (8). Since our 

understanding of the insect pathogenic lifestyle of Metarhizium species is far more 

developed (6,162), multiple strategies for enhancing virulence have been developed, 

with the most advanced technology described herein. Metarhizium strains have been 

developed that can cure a mosquito of Plasmodium parasites to prevent transmission 

(141), but targeted modulation of the mosquito immune system has not yet been 

implemented in this genus. With the recent development of dsRNA expressing strains 

(153), our transcriptomics findings will lay a strong foundation for development of 

strains engineered to circumvent the mosquito immune system. Our findings that 

Anopheles gambiae infected with Plasmodium falciparum mount a distinct immune 

response, as compared to healthy mosquitoes, provides context for the design of these 

fungal biotechnologies. Engineering new traits is critical for successful biocontrol 

intervention, as mosquitoes have routinely evolved mechanisms of resistance to pest 

control interventions (138). The rise of insecticide resistance among anophelines 

highlights the importance of developing new technologies like transgenic Metarhizium 

with distinct activities. These fungal biotechnologies can be integrated with one another 

and interventions as part of an integrated vector management program that is designed 

to prevent resistance before it arises (163).  
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Two landmark papers describing significant advancements in the development of 

transgenic M. pingshaense for mosquito control comprise the final chapter of this 

dissertation (53,143). These studies describing this technology represent the 

culmination of decades of research characterizing the gene expression and host-

specificity of Metarhizium species (7,164). In particular, these studies employ a 

hemolymph specific promotor, which drives the expression of a collagenous coat 

protein that disguises Metarhizium blastospores from the insect immune system (145). 

This promoter was combined with a variety of arthropod-derived, insect-specific toxins 

to enhance virulence of a mosquito specialist strain of M. pingshaense. The first of these 

studies characterized the efficacy of the existing arsenal of arthropod toxins that have 

been transformed into our mosquito specialist strain (143). These each have distinct 

targets in insect neurons and could be applied together (e.g., one strain was engineered 

to express two toxins) or in rotation to mitigate the development of resistance in 

targeted, insecticide-resistant mosquitoes (143,163,165). There are a wealth of 

resistance management strategies from agriculture that could be adapted for vector 

control with biopesticides, such as seed mixtures and pyramided crop varieties (166ς

168). Our study also revealed that transgenic M. pingshaense lowers mosquito blood 

feeding interest in just three days (i.e., once the fungus enters into the hemolymph and 

begins expressing the transgenic arthropod toxin) (143). This finding is critical for 

understanding how this fungal biotechnology would alter malaria transmission, as 

disruption of blood feeding would break the transmission cycle before the mosquito 

dies. 
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The second half of this chapter describes the results of a multi-year international 

collaboration with Burkinabe scientists characterizing the effectiveness of a strain 

expressing Hybrid toxin: an insect-specific neurotoxin derived from the Blue Mountains 

funnel-web spider (Hadronyche versuta) that blocks the calcium and potassium voltage-

gated channels of insect neurons (53). This study in a purpose-built, semi-field facility 

(i.e., providing containment of experiments with field conditions) in a malaria endemic 

region with wild-caught mosquitoes represents the furthest advancement of transgenic 

technologies for the prevention of malaria (53). These studies revealed that this 

transgenic strain is indeed more effective than the wild-type fungus and suggested that 

our laboratory findings do translate into field conditions (53,143). Aside from killing 

mosquitoes faster than the wild-type fungus and killing overall more mosquitoes in the 

semi-field, we also found that this transgenic strain negatively impacted the quantity 

and development of the mosquito offspring (53). The transgenic strain was found to 

collapse an established mosquito population in just two generations due to these effects 

(53). Finally, experiments assaying the effectiveness of the transgenic and wild-type 

fungus exposed to field conditions over the rainy season confirmed that the M. 

pingshaense expressing Hybrid toxin had increased effective persistence (53). This effect 

was anticipated as the first study in this chapter demonstrated that fewer transgenic 

spores are required to kill (143), so even though transgenic and wild-type spores decline 

at the same rate when applied in oil formulation the transgenic strain can kill 

mosquitoes when a low number of spores are viable (53). These studies describe the 

emergence of transgenic Metarhizium as a mature mosquito control technology with a 



 125 

variety of available strains for application and promising semi-field evidence supporting 

their effectiveness against wild mosquito populations (53,143). The pace of 

advancement into the open field will be determined by regulatory approval and 

acceptance by local communities where this new technology can have a profound 

impact on malaria transmission (169).  

The development of this technology is timely, as malaria mosquitoes have 

developed resistance to pyrethroid insecticides, which are our major tool to control 

these mosquitoes (140). Due primarily to the rise of pyrethroid resistance, our progress 

against malaria has plateaued in recent years (138,170). This has spurned development 

of a range of other transgenic mosquito control technologies (e.g., mosquitoes modified 

with enhanced immunity to Plasmodium parasites (171) and gene drive mosquitoes 

(172)). In order to succeed, each of these technologies must integrate effectively with 

mosquito control tools to manage both mosquitoes and resistance (173). We have 

demonstrated previously that transgenic M. pingshaense can work synergistically with 

pyrethroid insecticides to manage pyrethroid resistance (163). Transgenic biopesticides 

also have the advantage of having the same route of delivery as pyrethroid insecticides. 

This similarity may facilitate faster stakeholder comprehension and adoption, as 

compared to other methods that counterintuitively require mosquito releases to 

ultimately lower mosquito abundance.  

Each of these studies applies modern techniques to advance the development of 

Metarhizium biotechnology. By furthering our understanding of how Metarhizium 

species have evolved to interact with their natural insect, plant and microbial partners, 
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this dissertation lays the groundwork for further improving Metarhizium strains as 

biopesticides and biofertilizers (7,8). This was accomplished by pioneering new methods 

for assessing the impacts of Metarhizium application, by expanding our understanding 

Metarhizium evolution, by investigating mosquito-Metarhizium interactions and by 

assessing the efficacy of such fungal biotechnology in semi-field conditions. Together, 

these studies will enable rapid development and assessment of the next generation of 

transgenic Metarhizium strains that can benefit agricultural productivity and be 

integrated into vector control programs (173). As this emerging biotechnology advances 

toward field application, a pathway must be established for reliable assessment of risks 

and benefits of application. This trailblazing requires the application of new techniques 

examining a variety of outstanding questions about the biology of these fungi. The 

expansive scope of this dissertation reflects the versatility required for such a 

monumental and important task. In order to responsibly carry these fungal 

biotechnologies forward, we need a clear understanding of how these fungi evolved and 

how they interact with the variety of other organisms they may encounter following 

application. This dissertation represents a tangible step in that direction. For centuries, 

these fungi have been partners in our efforts to control insect pests (174), and the 

results described herein modernize this partnership as these versatile fungi continue to 

emerge as a promising platform for biotechnology. 

  



 127 

Appendix A 
 

 
  



 128 

 
  



 129 

 
  


