ABSTRACT

Title of Dissertation UnravelingMetarhiziuminteractions with insects,
plants and microbes

Brian LovettDoctor of Philosophy 2019
DissertationDirected By:  Dr.Raymond St. Legdpistinguished University Professor
Department of Entomology

Metarhiziumfungihave dual lifestyleas insecpathogens and as rhizospheric
plant symbiontsSincethese fungican vary widely in thewirulenceand hostspecificity,
they providea powerfu model for hostpathogen interactionsToday, t is clear the
greatest potentiabf these fungi lies in their application as transgenic biotechnologies.
Biotechnologies are rightly subjesd to increased scrutiny, and this dissertation seeks
to assess theisks and benefits adipplyingtransgenidvetarhiziumfungi using
bioinformatics.After sequencing thesarly-divergedgeneralistMetarhiziumfrigidum,
comparative genomics hagpendedour understanding ofhe trajectory ofMetarhizium
evolution.Usinga functional gene microarrgyl assessed the impacts these fungi have
on thesoilmicrobial community establishing a protocol for evaluating possible risks of
applying transgenic entomopathogenic fungoinform the evaluation and
devebpment of nextgeneration transgeniMetarhiziumstrains in the futurel

evaluated the specific mosquito immune responsévietarhiziumpingshaenseluring



early infectionwith and withoutPlasmodiunfalciparum(the human malaria parasite)
using transcrippmics.A strain of thisungus engineered to express a potent arthropod
derived, insecspecific neurotoxin in mosquito hemolymplvas also evaluated for
mosquito control efficacyn semifield trials in West Africa. Togethehis body of work
offersa canprehensive 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.



UNRAVELINBETARHIZIUMNTERACTIONS WITH INSECTS, PLANTS AND MICROBES

By

Brian Lovett

Dissertationsubmitted to the Faculty of the Graduate School of the
University of Maryland, College Park, in partial fulfillment
of the requirements for the degree of
Doctor ofPhilosophy
2019

DissertationCommittee:

Dr. Raymond St. Leger, Chair

Dr. Kelly Hamby

Dr. Paula Shrewsbury

5N ¢l YYFGKI hQ. NASY
Dr. David Straney



© Copyright by
Brian Lovett
2019



Acknowledgements

| would like to extend my gratitude to my advisor Dr. Raymond St. Leger for his
support throughout my PhD studies. | entered his lab as a microbiologist, and | am
leaving as an entomologist, mycologisidegenetic engineer. These are identities | will
LINP dzRf &8 OF NNB F2NJ 6KS NBad 2F vY& fATSo L ¢
Kelly Hamby, Dr. Paula Shrewsbury and Dr. David Straney for serving on my committee
and for their guidance and enaagement along the way.

| have had the privilege of working with many remarkable scientists as a PhD
student. | am indebted in particular to Dr. Abdoulaye Diabate, Dr. Etienne Bilgo, Dr. Lea
PareToe, Dr. Joel VegRodriguez, Dr. Marcelo Jacebsrena,Dr. Weiguo Fang, Dr.
Chengshu Wang, Dr. Philipp Weimann, Dr. Bruno Donzelli and Dr-Litsiglou for their
generous collaboration on the studies described in this dissertation. Science is at its
heart collaborative, and too many colleagues to mention hanevidedinsightful
guidance and inspiration thdtasbeen formative to me as a scientigbr which | am
grateful

| would not be submitting this dissertation without the unwavering support of
my family. In particular, my partner Kate Higgins, my fafRiehard Lovett, my sister
Marissa Lovett and my late mother Karin Lovett. Thank you for your endless patience,
empathy and for your outward pride in my work. | dontunate to share my successes

and failures with you all.



Table of Contents

Table ofContents iii

List of Tables \%
List of Figures Vi
Introduction 1

Chapter 1 Sequencind/letarhizium frigiduma coldactive member of theM.

flavoviridecomplex 7
Background 8
Results 9
Discussion 40
Methods 49
Supplemental Materials and Methods 62

Chapter 2Probing impacts dfetarhiziumrobertsiiinoculation on the function of thsoill

microbialcommunity in agricultural systems 75
Introduction 77
Materials and Methods 80
Results 82
Discussion 94
Future Directions 100

Chapter 3Understanding the tritrophic transcriptomic profile Ahopheles gambiae
immunity to infection byMetarhizium pingshaensand Plasmodium faliparum_102

Background 102




Materials and Methods 104

Results 107
Discussion 113
Future Directions 116

Chapter 4 Testing the efficacy of transgerietarhizium pingshaensa semifield trials

in West Africa 118

Conclusion 119

Appendix A: TransgeniMetarhiziumrapidly kills mosquitoes in a malargademic

region of Burkina Faso, publishedScienceon 31 May 2019 127

Appendix B: Improved efficacy of an arthropod toxin expressing fungus agains
insecticideresistant malariavector mosquitoes, published Bcientific Reportsn 31

June 2017 130

References 138




Chapter 1

Table 1

List of Tables

Table 2

Table 3

Supplemental table 1

Chapter 2

Table 1

Table 2

Chapter 3

Table 1

Table 2

Table 3

60

60

61

65

84

86

107

108

111



Chapter 1

Figure 1

List of Figures

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure &

Figure 8B

Figure 9

Supplementary figure_1

Supplementary figure 2

Supplementary figure 3

Supplementary figure 4

Supplementary figure 5

Supplementary figure 6

Supplementary figure 7

Supplementary figure 8

Supplementary figure 9

52

53

55

56

57

57

58

58

59

66

67

68

69

70

71

72

73

74

Vi



Chapter 2

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Chapter 3

Figure 1

Figure 2

Figure 3

Figure 4

85

86

88

89

90

91

92

92

93

105

109

110

112

Vii



Introduction

Insects are the most specieish 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 negatlyémpact human society: as vectors for
disease in humanandlivestock and as destroyers of crops and stored products. It is
estimated that insects destroy approximately 18% of the world annual crop production
(), and vector borne diseases kill millions every y{@arThe antagonistic relationship
some insects have witbur society hasfor better or worse focused the majority of
entomologyresearch efforts and funding on the management of pest insdttss,
pathogens of insectand insect immune responsésvebeenlongstanding research
pursuits.

The importance omassprodudion of insect pabhogens for development of
economically viable biocontrol agenisas recognized immediatelgo research has
focused omypocrealearascomycetes from the genetdetarhiziumand Beauveria
(family Clavicipitacea@and Cordycipitaceagrespectively)These gene are readily
cultivatable anccollectively can infect a wide range of hostpwing them to be
applied enmasse against vectors of human disease and multifarious agricultural pests.
In 1880, the pioneer immunologist Elie Metchnikoff was among thetbirptopose
practical methods of microbial biological control of an insect crop pest, initiating trials of
the fungusMetarhizium anisoplia@gainst grain beetle@). Beauveria bassianaas
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



(4). Numerous registered mycoinsecticide formulations are baseBeauverieand
Metarhiziumspecies, andhiese entomopathogenidung areroutinely applied for crop
protectionon millions of hectars of land Fungi are the commonest diseasausing
agents in insectdVe need to understandnd be able to manipulatthe interactions of
insects with fungi in order tengthen the life expectancy of useful inseatsd manage
pests,helping to feedhe world and prevent disease.

Entomopathogenicity has evolved independently and repeatedly in all major phyla
of fungi(5,6) Thediversityof entomopathogenic fungi probably derives from these fungi
and their hostdoth having short generation times, i.e. rapidsponding to selective
pressures with each generation driving theacupation of a wide range of habitats, with
near ubiquity in the soil and on plantsiteractionsamongentomopathogenidungi, 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 disparat@espite thisresearch on these fungi has historically
investigatedthe insectpathogen interactions of a couple of experimentally tractable
fungal speciemtensively and then extrapolad these results to distantly relatespecies.
Consequently, most of what we know about the biochemical and molecular basis of
interactions between fungi and insects has been determined igtarhiziumspeciesand
BeauveriaspeciesThe genudetarhizium as an important plant endosymbiont @mnsect
pathogen with genome sequences available for multiple species, haseaksatlyemerged
as an excellent model to explore a broad array of questions in ecaeogiutionand

pathology



Entomopathogenic fungi includinBeauverisand Metarhiziumspecieshave well
recognized weaknesses as biological control agéitsse fungi, particularly those that
have specialized to a specific insect host, characteristically take a long time Tbikilis
not prohibitive for agricultural systemsherethe cropremainssellableafter sustaining
asmall amount of damagg.e.,before the fungal infection progresses sufficiently for
the targetedagricultural pest to lose its appetiteHowever, in insect vectors of human
disease, lives can be lostthe intervening time before fungal infection disrupts
pathogen transmissionWhile several research groups have explored entomopathogenic
FdzyIA F2NI F LILX AOF GA2YARRY PDERNSId A22PIETA U
entomopathogenic fungi has been a majorrtie for prevention of human disease
transmission by insects.

To mitigate this quandary and facilitate their emergence as a model system for
host-pathogen interactionsreliable techniques for the transformation of
entomopathogenic fungi have been develab&hese 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 applicatidn.adired effort to circumvent the
slowkill strategy, he vast majority of modified entomopathogenic fungi have been
engineered to have hypervirulen¢@). These hypervirulent entomopathogenic fungi
have been modifieda kill their hosts more quickigither through altered expression of
endogenous host genes or expression of genes from another organism (transgenic

expression) during some stage of infection. By circumventing the naturalksliow



strategy of entomopathognic fungi, hypervirulent, transgenic entomopathogens are
poised to become invaluable tool in integrated vector control programs, subject to
socialacceptanceand regulatoryapproval(8).

Before these transgenic technologies are widely applied in the field to prevent
the spread of disease, itimperative that we address safety concerns for the use of
transgenic entomopathogenic fungi. It is equally important that we leveragéuthe
potential of genetic engineering to ensure the containment (i.e. the prevention of
unintentional spread) of trasgenic 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 thes fungi. We all have a responsibility to clean up after our
technology and to premptively ask the sometimedifficult question: what happens if
our plan goes awry? When many millions of entomopathogenic spores are applied in a
vector control program, are in a million chance becomékely. The allowable level of
risk is up to scientists, regulators and the general public to debimwever,there are
already many strategies available to ameliorate risks in biopesticides and to allay
common concerns regding their applicationMore such strategies are sure to emerge
with continued investigation into thgenetics and molecular biolo@y
entomopathogenic fungi.

Comparative genomics has facilitated the identification of fungal fitness traits and
the seletive forces that act upon ther(®), which has improvedur understanding of how

entomopathogenic fungi interact with insects and the environméntparticular, sequence



data has provided crucial information on the poorly understood ways that these organisms
reproduce and persist in the environmeidgntified 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 adaptatidongside the recent availability of
genomic resources, the wide arrafexperiments that can be performed with
entomopathogenic fungi make them ideal models for answering basic questiatine on
genetic and genomic processes behind adaptive phenotypes. In additsmtts and their
fungal pathogens could be used as modeaitegns 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 perspectiyaO0).

As models for host specialization and pathogenesis, they offemeoas
potential to answer intractable questions about biology; however, they offer the most
value as a versatile and eamy¢customize biocontrol technology. To maximize their
benefitas genetically engineered insect pathoggeihss critical that we dirdcand design
applications othesefungi 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 Feynedtnwise words on
KAa ofl O102FNR ¢6KSy KS RASRY asgKIFG L OFyy2
also holds: what we do not understand about the biologWetarhiziumfungi, we
cannot take advantage of or prevent from happening. Developmentaoisgenic

Metarhiziumrequires a comprehensive and diverse approach thieggratesour



understanding of how these pathogens evolweith novel approaches to risk
assessmenmnew host-specific targets fovirulenceenhancement anevaluationof
their efficacy under field conditionsCombatting insect vectors of disease and
agricultural pests is among the foremost challengesuocivilization, andvietarhizium

fungi, particularly when genetically enhanced, offgpowerfulway forward.
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Abstract

The fungal genubletarhiziumcontains species rangyifrom specialists with very

narrow host ranges to generalists that attack a wide range of insects, and members of
the genus, includind. frigidum, have been used as biological insecticides. In this study
we sequencedM. frigidumas a representative ohe M. flavoviridespecies complex and
conducted a genomavide phylogenetic analysis to demonstrate the relationshijvof
frigidumto sequenced species. Current knowledge suggests that generambers of

the M. anisopliaespecies complegvolved from spcialists Counter to this, w& found

that M. frigidumis an earlydiverged generalist containing many gene expansions found
in more recently diverged generalists. This alters the trajectory of evolution in the
Metarhiziumgenus to suggest that specialism is derived from generalism via a process
that includes gene los§&eneralizatiorwas associate with loss of genomealefense
mechansms and proteirfamily expansion such thad. frigidumhas, for example, more
trypsin genes (42, including 8 putative pseudogenes) than any other sequenced

microbe.Comparative studies revealed that saprophytes, specialists and plant



endophytes have in gemal lost genes associated with pathogenicity and insect biomass
degradation. Other highlights included the horizontal transfer of a functional
sterigmatocystinclusterfrom anAspergilluspp., whichM. frigidumexpresses during
sporulation on the inseatadaver.These results advance understanding of speciation

and genomic signatures that underhest shifts angpathogen adaptation.

Background
The majority of species in the family Clavicipitaceae (Sordariomycetes:
Hypocreales) are pathogenic, infectingsts across three kingdoms of the tree of life,
often with ecological and economimpact The PlanHemiptera clade of the
Clavicipitaceae contains pathogens and symbionts of plants or scale ifigedise
other clade of Clavicipitaceae is composed of the gévieacordycepsnd largely
comprises a radiating lineage of asexMatarhiziumspp.[2].
Most Metarhiziumspp. 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 pest$3,4]. The pathogen enters thieost body by forming an
appressorium and using a penetration pgegenter the hemocoelafter which the
internal tissues of the host are consumgd. a S G I NJAALDLA®dzYA SONBa SNIF £ | N
2F LINRPGSFasSa RdANAyYy3I OdziaOf S LISYSINIYGAz2y (K
LINE oSNy species are readily isolated from soil, and specieseivtranisopliae
complex that have broad host ranges can also colonize the roots of plants, consistent

with increased phenotypic flexibilify,8].



TheMetarhiziumclade contains early diverged species such as the hemipteran
pathogenM. albumand the noctuid pathogeM. rileyi, and themore recently diverged
M. pingshaensgM. anisopliagM. robersiiandM. brunneum(PARB) clade that share a
sister relationshig2]. Phylogenomic analysis b. aloumand six specieis the M.
anisopliaecomplexsuggestedhat the generalism is a derived trdil. robertsij M.
brunneum andM. anisopliaeandspecialisn is ancestrafM. aloumandM. acridumn)
with transitional speciesM. guizhouensandM. majug with intermediate host rages
[9]. TheM. flavoviridecomplex has received less phylogenomic diitem However,
Bischoff et al. (2004)L0] recognizedM. frigidumas a member of th#. flavoviride
complex.M. frigidumis a coldi(e.p ¢ activespecies that appears to be restricted to
Australia and is known to be associated with coleopteffdi$ We sequenced ARSEF
4124 because it is the tygsolate d M. frigidum[10] and source of biological control

agent BioGreen GranulB$[11].

Results
Genome features

Due to a sequering approach that incorporated both lofigads (Pacific
Biosciences singlmolecule reatime sequencing) and shereads (lllumina HiSeq), the
M. frigidumARSEF 4124 assembly is the most contiguous in the déetashizium This
assembly consists of 5mtigs with all 16 expected telomeric regions (TTAGGG
reverse) present and four telomette-telomere chromosomes. Genome statistics

comparing theM. frigidumgenome to other representative sequenchtetarhizium



species is reported in Table 1. Strikindhe GC content of this coldctive 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 acrag®e genome: only nine singleopy orthologs were
missing (supplemental tables). These contigs were funth@nuallyassembled to create

a 20contig genome. This assembly contains 6 full chromosomes, and four long scaffolds
with a single telomeric end (eadomprising half of one of the two remaining
chromosomes expected inMetarhiziumspp. 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 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 chromosomésowever, 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 48,059,08Whjh 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 previddgtarhiziumspp. assemldis have made

it difficult to assess the synteny of chromosomes through the courséetérhizium

10



evolution. However, with our nearly completely gapless assembly, we can aliggh the
frigidum genome with representativéetarhiziumspecies M. rileyi M. album, M.
acridum M. guizhouensgM. majus M. brunneum M. anisopliaeand M. robertsi) and
two informativeoutgroups(Pochonia chlamydosporand Epichloé festucge These
alignments using the manually assembMdfrigidumas a reference (Figure 1) suggest
the structure of the genome has remained relatively conservdiginment identity with
the E. festucaggenome was low (7.78% of the genome aligned with <25%itgehut
this may underestimate the true synteny as the available genonte &stucaés highly
fragmentedso structural information is lacking among contigs. In contrastfPthe
chlamdosporiaontigs consist of a mix of sequences syntenous Mitlfrigidum
chromosomes and telomeric regions (Figure 1). This pattern was not present in
Metarhiziumspp. alignments noE. festucagsuggesting that these larggeale genomic
rearrangements occurred iR. chlamdosporiafter it diverged from the ancestral
Metarhiziumclade. An inversion 7 Mbp into the largégt frigidumchromosome is
present in alMetarhiziumspecies, except fdvl. acridumthat has a smaller inversion in
this region (Figure 1; marked with red arrowBhislarge inversion likely reflects the
ancestral state for this chromosome, dh acridummay havdost most of this region
during specialization. Other notable rearrangements occurred irMb&arhiziumPARB
complex (i.e.M. pingshaensgM. anisopliae, M. robertsand M. brunneumn) of recently
divergedgeneralist species and are marked with colored arr@figure 1) Aligning the

PARByenomes to theM. frigidumgenome does not reveal many duplications, but

11



deletions are apparent in specialist genomes (é/j.acridumandM. majug,
suggestindghat loss of sequence may be a characteristic of specialization.
AsM. frigidumdiverged early in the phylogeny, the pairwise similarity in all
these alignments was overall relatively low: ranging from 7.8%estucagto 58.0%
(M. guizhouenskgof the ggnome withsyntenous sequencgdable 2). Since thd.
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. frigidumalignmentshas few sections that align with previous assemblies, which
may explain why th&l. robertsiigenome, which was rassembled for higher
resolution, has the highest percent identity M. frigidumin the PARB clade. We
conclude that the high contiguity ofuo M. frigidumgenomeplus theearly divergence
of M. frigidumhaveboth contributed to the overall low percent identities we observe

from these whole genome alignments.

Phylogenetic reconstruction

Using a maximuHrdikelihood analysis based on 4334 singtgy orthologs, we
placedM. frigidumin the context of other Clavicipitaceae taxa and provide a timeline
for reconstructing their evolutionary history (Figure 2). Consistent with previous
multigenephylogenetic analysg®] and phylogeomic approachefd], these results
confirmed that the monophyletidetarhiziumlineage diverged from Clavicipitacean
endophytes (e.g., share a common ancestor Efhichloespp.). However, our tree,

which includes additionaarly divergedand a fuller set oMetarhiziumspp., places this

12



divergence about 307 million years a@dYA) when newly evolved seed plants where
rapidly colonizing the eartfl2], as compared to ZBMYA reported ifi9]. Kepler et al.,
(2014)[2] report that the genud?ochonia chlamydosporia closely relad to the core
Metarhiziumlineage, but for pragmatic reasons, that include not inconveniencing the
scientists working on these nematode pathogens, they do not graxshonia
chlamydosporian the genudMetarhizium Our analysis indicates th&ochonia
chlamydosporiadiverged from the cordletarhiziumspecies about 180 MYA. The
caterpillarspecificMetarhizium(formerly Nomuraea) rileydiverged 143 MYA at the
onset of the Cretaceous period; approximately 40 MY after the appearance of
lepidopterans and 30 M before the angiosperm radiati¢h3]. The hemipteran
specialistM. alboumandthe generalisiM. frigidumsplit from theM. anisopliaecomplex
113 and 85 MYA, respectively, at a time of massive diversification of flowering plants
and associated insecf$3]. The natural distribution d¥. frigidumis presently

restricted to cooler regions in Southern Australia. Perhaps pertinetitéaoldactivity

of M. frigidum, Southern Australia during the late Cretaceous period was within the
Antarctic Circle and featured a cooling trend (mean annual temperature®f@ by 66
MYA)[14]. The acridiespecialistM. acridumis theearliest divergednember of theM.
anisopliaecomplex and diverged 50 MYA, approximately 10 MY after acridids first
appeared15] and during the PalaeocenBocene Thermal Maximum of global warming
[16]. The natural distribution df1. acridumis presently restricted to tropical and
subtropical regions, including regions of Australia, where temperatures resemble those

during this thermal maximum. Othéd. anisopliasccomgex species diverged over the

13



course of the last 17 MY and most of these have generalist lifestyles and cosmopolitan
distributions. The divergence times estimated for gezly divergedv. aloumand
species within theM. anisopliascomplex are very clos® the values estimated

previouslyfrom fewer representative$9], and these species brackéd. frigidumin the

phylogeny.

Genefamily 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 phglicgese,
identified gene family expansions and contractions at each node of tilegény (Table
3). Protein-family expansioris one of the recognized mechanisms of adaptive
innovation[17]. The 12,528 protein families spanning fraarly divergecE. festuca¢o
recently divergedM. robertsiimove the start of expansioof gene familiesn
Metarhiziumspp. to the last common ancestof M. acridumandM. frigidum This
expansion encompassing 67 gene families is the largest on any node of the phylogeny,
and we estimate occurred sometime between 4@l 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 ancéstbt. frigidumand
the more recently diverged speci€Bhe higheshumbers 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 prating the divergence d¥i. frigidum(Figure S1).

14



A second major expansion (52 gene families) occurred in the last common ancestor of
M. acridumand the clade spanningl. majus and M. robertsin a period that includes
the K-Pg crisisInterestingly, a thid major expansion occurred during the last common
ancestor ofM. majusandM. guizhouens€66 gene families). Howeveahe evolution of
Metarhiziumspp. has been marked by contractions as well as expansionshiantbde
also represents the largest coatition 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 &f. chlamydosporiand M. rileyito 426 whenM. anisopliae
andM. robertsiidivergedfrom M. brunneum Subtracting the gene family contractions
from the gene family expansions gives an estimate of the trajectory of geneyfamil
expansions/contractionat each of these nodes. A clear signal emerges of early gene
family contraction startingrbm the base of the phylogeny where gene families contract
less with each subsequent node, until the last common ancestor betiwedngidum
andM. acridum(Table 3). At this node, the trajectory of gene families is a net positive
(22 gene families), faiving which the trajectory again shows a net lo§gene families
averaging at ~340 gene familiesntractingacross all nodes with the last common
ancestor ofM. majusandM. guizhouenseontracting a net 616 gene familiess
expected, those gene fanek 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 aips of the phylogeny, representing each fungal species,

are also estnated by CAFE. These results track the evolution of each strairtladter

15



diverged from the rest, so expansions and contractions likely reflect adaptation to the
individuallifestyles of each fungus. Here we see specidlstaloumandM. rileyi
showinglow 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, generaligtsfrigidumandM. robertsiishow higher
levels of expansion (395 and 162 gene families, respectively) and lower levels of
contraction (2111 and 319 gene families, respectivéliy)anisopliag amember of the
recently evolved PARB cladeganeraliss, exhibited low levels of expansion (71) and
contraction (797). This suggests mastaptivechangedacilitatingits generalistifestyle
had already beeacquiredbefore it diverged, perhapsy a common ancestor of the
PARRlade E. festucaeandP. chlamydosporiaspecialist 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 geamlilies 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 Eorfestucaes-4994 gene families, by
far the largest net contraction across all nodes #ipd of the tree, and themallest net
contraction is foiM. robertsiiwith -157 gene familiesAmong generalists, we conclude
that adaptation based on gene family expansion and contraction largely preceded their
divergence as species.

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

loss of genes according to CAFE analysis, ranged fto#AF 1across tips of the

16



phylogeny Apart fromE. festucagM. robertsiihad the highest number of rapidly
evolving gene famés (47). M. majusandM. guizhouense&vere intermediate(43 and

21 gene families, respectivelgndM. rileyiand M. acridumhad 2 and 3, respectivelf.
chlamydosporiaM. albumandM. brunneumhad zero rapidly evolving familie&nalysis
at the nodes Bowed a different pattern, with the last common ancestorRof
chlamydosporiaand M. rileyihavingno rapidly evolving genamilies which was also
the case fotast common ancestor d¥l. frigidumandM. acridum The number of
rapidly evolving gene famals at the nodes begamore recently at the last common
ancestor ofM. acridumandM. majus M. guizhouensandM. brunneum M. majusand
M. guizhouensandM. robertsiiand M. anisopliag7, 7, 14 and genefamilies,
respectively) The node linking/l. brunneumand M. robertsii(1 rapidly evolving gene
family) was an exception to thiRapidly evolving gerfamilies at the tips of the
phylogeny reflect millions of years of evolution unique to each spe@esrall, the
results suggdshat common ancestors of recently diverged PARB generalist species
experienced a couple of bursts of expansion, but families have been contracting since
the delineation ofM. robertsiiand M. anisopliaeas species.

Codeml was used to test site models fbe 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 iM. frigidumunder pogtive selection relative to the rest of the
phylogeny. These results revealed 427 (9.85%) genes under positive selectiav .since

frigidumdiverged. The number of genes under positive selection reported here is higher
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than previous report$9], but the number of genes tested is also higher in this analysis
and the taxonomic sqee extended througte. festucaeThe percent of genes under
positive selection iMM. frigidumis still larger than that reported for the specialidt

acridum(6.91%) previousli].

Gene Duplication, Repednhduced Point Mutation and Transposable Elements
Metarhiziumspp. differ from each other in host range. Our previous
phylogenomic analysis suggested that there was an evolutionary trajectory desin
divergedspecialists to recentlgivergedgeneralist species in thd. anisopliascomplex
[9]. AsM. frigidumis bracketed by specialist species in our maximum likelihood tree,
andM. frigidumARSEF 4124 was isolated fromAaloryphorusspp. beetle, we
postulated that this isolate dfl. frigidummay be a beetle specialist. However, in the
laboratory we found thaM. frigidumARSEF 4124 infected caterpilla&alleria
mellonellg and flies Drosophila melanogastgr whereas the hemipteran specialigt
albuminfects neither M. frigidumstrains have been isolated from Tasmanian pasture
soils and these appear only to have been tested for pathogenicity against redheaded
cockchafe18], and it is theefore possible that the suggested associatiotMof
frigidumwith beetles is because only beetles were screened. We compared the genome
of M. frigidumwith specialist and generalidfetarhiziumspecies for evidence that
either M. frigidumindependently ewvlved 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 prot&amily expansionl7]. Our
previous analysis of gene paralogy showeak ttomparedo M. albumandM. acridum
generalistshavemore paralogs with>50% nucleotide identity, consistent with their
resulting from recent gene duplication everi®. M. frigidum has 1065 paralogous pairs
of similar coding sequences (>50% nucleotide identity), whevkascridumhas only
294 such pairs. Repeatduced pant mutation (RIP) is a fungal defense against
transposable element (TES) that will also inactivate duplicated genes during meiosis
[19]. RIP is highly active Metarhiziumspp. with narrow host ranges, bietarhizium
species with a broad host range have fewer genomic indicators of actiy&]RTRe
level of RIP is also low in M. frigidum (supplemental tables). RIP only occurs during
meiosis, so the low level of RIP in tie frigidumgenome suggests the sexual cycle is
rare in this fungus, further linkinlgl. frigidumwith the more recently evolved species
with wide host ranges.

RIP is a defense against TEs cause gene mutation, gene duplication, or genome
structure reorganizatiofi20]. Gnsistent with RIP operating predominantly in
specialistsM. rileyi M. majus M. albumandM. acridumhave fewer transposable
elements TEs encoding either DiyAve transposons (averages ~159 in specialists vs.
173 in generalists) or retroelements (averages 247 vs. ~493) (Figsup@demental
tableg. M. frigidumin particular has the largest amount ainlg interspersed nuclear
elements (262, LINEsjignificantly morde. festuca€53),M. rileyi(30),M. aloum(33),

M. acridum(34) andM. brunneumM. brunneum(28)and M. majus(149)break with
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the general trend ohaving manyLINEs and specialists hayifew.M. frigidumhas 1184
LTRsescompared toan average of ~28@ P. chamydosporiaand otherMetarhizium
spp. Across all genomes, themmonestLTR was Gypsy/DIRS1 and the second
commonestwas Tyl/Copia. Notable DNA transposons across these genoohgadel.
acridumhavingthe most (51) PiggyBac repeats (a cut and paste transposarhigh
number ofHobo-Activator repeatsoccurredin P. chlamydosporiél20),M. guizhouense
(68) andM. majus(74). TcEIS630Pogo repeat®ccurredin every specieand ranged
from 10 inE. festucaeo 178 inP. chlamydosporiéM. guizhouens&vas not far behind
with 101).As shown irFigure 3M. frigidumcontainsthe most repeatsoverall (2998),
closely followed b¥. festuca€2952), withM. guizhouens€1802) at a distainthird. M.
frigidumhas more small RNA repeats (58) than the other genomes (~11 on average).

The only SINE repeat identified in this analysis was presdntiobertsii

Gene annotation and enrichment iM. frigidum

Due to their economic importance and potential as a model for {paghogen
interactions, the genomes dfletarhiziumspecies are not only the most intensively
studied among entomopathogens, but also among Ascomycetes in generafl. The
frigidum genome repoted here represents the nintMetarhiziumgenome 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
[9,21¢24]. However M. frigidumoffers a unique perspective as it is the earklest

divergent generalist in this genus to be sequenced, and isamilde. Since its
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divergence from theM. anisopliaecomplex circa 85 MYA. frigidumhas maintained
12,347 genes, the largest number in the genus. Figure 4 shows the core, shared and
unique genes among. festucagP. chlamydosporieand the availabl®etarhizium
genomes, aoording to OrthoMCL groupMetarhiziumspecies genomes were
annotated using the databases associated with Pfam, eggNOG and MBraR&ria
bassiangCordycipitaceag)a broadhostrange generalisthat evolved
entomopathogenicity independently fromdetarhiziumspp, was included for all
analysesBeauveria brongniartivas also included ithe 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 enrichmentMinfrigidumcompared to the
other fungal speciesseneralist entomopathogenic fungi in particular are distinguished
by chymotrypsin/trypsin (S1) and subtilisin (S8) expand@®is M. frigidumhas more
trypsins than any other sequenced microlo&;ludingother Metarhiziumspp. that are
known to have many trypsin genes. Oversll,frigidum, M. guizhouenseM. brunneun
andM. robertsiiwere significantly enriched in trypsins (42, 27, 28 and 38, respectively)
as compared td. festucaghat has 3.Three trypsins are typicabff plant associated
fungi; many saprophytic fungi lack trypsins altogetf#s,26] M. frigidumandM.
robertsiig SNBE F2dzy R (2 KI @S aAIYATFAOLyGfte& oLk nods
test) more trypsins tha. chlamydosporiéd). The diverse trypsins in tihé. frigidum
genome are discussed below. Meyi M. albumandE. festucadad significantly fewer

Ank_2 ankyrin repeats (33, 34, and 22, respectively) Mafrigidumwith 153andP.
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chlamydosporiavith 123. Ankyrin repeats mediate proteiprotein interagions, and
play essential roles in the localization and membrane stabilization of transporters,
pumps and channels, and therefdo@égenesis and adaptation to osmotic and oxidative
stresg[27,28] As therefore expected\. frigidumandP. chlamydosporibave many
pumps and transporters e.gM. frigidumandP. chlamydosporibave 246 and 312
major facilitator superfamily transporters (MFS; MFS_1 family), respectively, Mhile
rileyihas 148 M. albumhas 131 andE. festucadnas 104. Amondyletarhiziumspecies,
M. guizhouenséad the most major facilitatosuperfamily transporters with 250;
however,M. frigidumwas found to have the most ABC _triamily ABC transporter
domains in the genus with 61 (supplemental tables). ABC transporters are a highly
diverse family of transporters that can protect fungi against kaestived secondary
metabolites, andMFS transport substrates that typically functias nutrient sensors
[21,29] The number of ankyrin repeats and transporterd/infrigidumare similar to
those in the PARB generalists.

The family Dimer_Tnp_hAT is conserved in hNA Bype Il transposases, and
they are significantly enriched B. bassiané24),P. chlamydosporiél00),M. frigidum
(22),M. guizhouensé79),M. majus(52) andM. robertsii(32), as compared to the other
fungi which have less than three of these donsaim average, with zero M. rileyiand
M. brunneum The transposable element related domain MUk.Enriched irM. album
(42),P. chlamydosporié33) andM. guizhouens€30).M. frigidumhas 11 of these
domains. HTH_Tnp_Tc5 is a Tcb transposable elehediturn-helix domain that that

is enriched irP. chlamydosporié37) andM. album(29), butM. frigidumhas only 5.
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Retroviral transposases (RVT_1 and RVT_2) were found to be enridhed in
chlamydosporig28 and 19, respectively) amd. guizhouens¢44and 52, respectively)
as compared tovl. frigidum(3 and 2, respectively). Rve, a retroviral integrase domain
was also enriched iR. chlamydosporié23) andM. guizhouens€67): M. frigidumhas
only 3 of these domains. A similar integrase (gag-ipiegrs is also significantly
enrichedin M. guizhouens€36) compared to theeother fungi, except foP.
chlamydosporig15)and M. majus(16).M. majus and M. guizhouenseere enriched
for the Helitron_like N domain, which is part of a rolkcigcle amplifying transposase
Helitron.

Specialist funghave comparatively feweterokaryon incompatibilityrotein
(HET) domainswith M. rileyi M. albumandM. acridumcontaining ~17 on average and
generalistaM. frigidum, M. anisopliaeand M. robertsiicontaining 42 on average (41 in
M. frigidum). E. festucadnas four HET domainkl. albumhas 8 andP. chlamydosporia
has96. HETs play an important role in restricting mating amasggpmycetes, and
scarcity of these genes in specialists may be a fundiidieir lifestyle. The mating type
in M. frigidumis MAT1-2-1 (ST25_05682) with the conserved hypothetical protein
(ST25_05681) in this region between APN2 and S.A@stucaevas found to have
significantly fewer betdactamase domains (1) thdh basiana(23),P. chlamydosporia
(31),M. frigidum(25),M. acridum(20),M. guizhouens¢22),M. majus(20) andM.
anisopliag(20). Fungal lactamases degrade xenobiotic compounds from plants or
microbes, and soil borne fungi often show amplification of laxziae genes compared

to those fungi found in less biologically complex environm&3@ 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 fungiaveraging-69 APH gengzer genome M. albumonly has 24,
which was significantly fewer thaf. festucaend all otherMetarhiziumspeciesexcept
for M. guizhouensgVery little is known about the ecology and habitat\bf frigidum
However, itretains the profile of plant degrading enzymes that alldwrobertsiiand M.
brunneumto live as soil saprophytes and plant endophytes (supplemental tables). Thus,
M. frigidumhas 8 cellulase genés degrade the plant cell walB. bassianaM. majus

M. guizhouensgM. brunneum M. anisopliaeand M. robertsiihave 7 eachP.
chlamydosporiand M. acridumhave 9E. festucadas 4 andM. rileyihas 3.Analysis of
enrichment using Pfam clamvere consistent with the Pfam enrichments described
abowe.

Enrichment in MEROPS (supplemental tables) revealed enrichments in peptidase
families among these fundt. festucadasby far thefewestS12 serine peptidases (3)
Incomparisono E. festucagsignificant enrichment was detectedBeauveria bassiana
(25),P. chlamydosporié33),M. frigidum(30),M. acridum(22),M. guizhouens€27),M.
majus(26) andM. anisopliag25).M. frigidumhad the most S12 serine peptidases
amongMetarhiziumspecies analyzed. This serine peptidesdesfor D-AlaD-Ala
carboxypeptidase B, which can play a range of roles in the cell growth and pathogenesis,
including chitinase degradatidB1]. The serine proteinase S1C family, encoding DegP
peptidases, were found to bearticularlyenriched inM. frigidum (48 of which18 are

unique toM. frigidum) andM. robertsii(41; 6 are unique tehis species), when
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compared toeither P. chhimydosporiawith 15or E. festucaevith 7. DegPpeptidases act
as a temperaturedependent switch that functions as a peptidase at high temperatures
and as a chapene at low temperature$32]. M. frigidumhas by far the mosf114)S1A
family peptdases(the chymotrypsin and trypsin familgf any sequenceetarhizium
species (114). This finding was surprising becMetarhiziumfungi are known to be
enriched in chymotrypsin family genes that facilitate their pathogenic lifestyle.
Significant arichment in this chymoytrypsifamily was found when compariniyl.
frigidumandP. chlamydosporiahich has/1. The specialid¥letarhiziumrileyiwas
found to have the lowest number of S8A family subitilisins (8) ovevhile generalisiv.
robertsiicontained the most with 82

E. festucadnas 81 ubiquitirspecific peptidasefamily C19 of cysteine
peptidase$, which is significantly more thavi. brunneum M. anisopliaeand M.
robertsiiwith 60, 59 and 64, respectively. The most metalloproteaseXpectease
genes(M50A family) aren E. festuca€16) andB. bassian#19), whichis significantly
morethan the number ifV. majuswith 2. Metarhiziumspecies generally had fewef
theseM50A family peptidases (~5 on averag&hichare involved in regulating
transmembrane signalingg3]. The number of peptidases across all genomdhis
studyranged from 1089N]. album) to 1940 P. chlamydosporjaM. frigidumhas 1760
peptidases, which isonsistentwith generalistdMetarhiziumspp.having moe than
specialists Thus, collectivelygeneralistdM. robertsii, M. anisopliae, M. brunneuamd

M. frigidum) averagel 731 peptidasesand specialist{M. acridum M. majus, M. album
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and M. riley) average~1330.M. guizhouense&vith 1793has the mospeptidasesn 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 egichl
roles and relationships with hosts. This,bassian#&as significantly fewer genes
involved in coenzyme transport and metabolism (182) tNarfrigidum(331),M.
acridum(278),M. guizhouens€320) M. majus(317) M. brunneum(303),M. anisopliae
(300) andV. robertsii(311).Interestingly, his phylogenetic signaéflectsthe expansion
of gene families in the last common ancestoibfacridumandM. frigidumpredicted
by our CAFE analysis, which is when the generalist lifestyeetdrhiziumspp. likely
evolved.E. festuca@andP. chhmydosporiaeach have an intermediate number of genes
in the COG coenzyme transport and metabolism category with 229 and 291,
respectivelyThe COG category for signal transduction mechanisms was found to be
highest inE. festuca€330 genes) ani. chlamydosporié308) and lowest iM. album
(229).E. festucaavas significantly enriched in this category compareéto
chlamydosporiaM. album, M. frigidum(318),M. guizhouens€291),M. majus(299),M.
brunneum(274),M. anisopliag273) and\. robertsii(282): specialistdl. rileyi(287)
andM. acridum(294) were nosignificantly different fronk. festucaen this category.

Specialized spmes with narrowly defined environments (e.g., specific hosts) may
need fewer genes for metabolism than those living in multiple habitats. How®ter,

albumwas enriched in genes from the COG category for inorganic ion transport and

26



metabolism (265 gene&igure SPwhen compared t®. bassian202),E. festucae
(197),M. rileyi(193),M. frigidum(246),M. acridum(217),M. majus(233),M.
guizhouens€233),M. brunneum(229),M. anisopliag228) andM. robertsii(231).P.
chlamydosporiaontained the higest number of genes in the carbohydrate transport
and metabolism COG category’8J followed byM. robertsiiwith 637. These fungi are
known to live in soil where resources may be scarce, but diversehlamydosporiwas
significantly enriched in this category when compare®tdassian#468), E. festucae
(396) andMl. album(398). These genes have a clear link todhersity of substrates
these fungi would be able to metabolize, and specialistiestucaeM. rileyi(434),M.
albumandM. acridum(556) contained the fewest genes in this COG cateddmg. is in
line with the narrow hostange associated environmeheing 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 annotatipported 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 sequenceMetarhiziumspeciesB. bassiangE. festucaeand P.
chlamydosporiaNo CAZy family enrichments were identified among these genomes.
However, CAZy families GH18 (chitinase), Gdlfulose synthadehitin synthase) and
GH76 {-1,66mannanasg were the most abundant families in these furgi. frigidum

and M. guizhouenséad the most CAZy family enzymes in the gdviesarhizium(156
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total). The generalid¥l. robertsiicontained 149 of these enzymes, while specialiéts
rileyiand M. albumhad the least with 121 and 114 CAZy family enzymes, respectvely.
chlamydosporiacontained the most enzymes in these families overall with 186 genes
across 58 CAZy families, six of these were unigi® tdhlamydopsorian our analysis:
AA9/CBM1 (lytic cellulose monooxygenase), GH12 (xyloglucan hydrolase), GH19
(chitinase), GH30efdoi -1,4-xylanasg, GH6 éndoglucanasg and GH7¢ndo -1,4-
glucanasg These enzymes may help to facilitate the nematode pathogenic and plant
symbiotic lifestyles oP. chhmydosporiaM. robertsiiwas the onlyMetarhiziumspecies

in our aralysis with a unique CAZy family enzyme: dextranase (GH66). CAZy entries for
this family have only been reported from bacteria and bacteriophages, anithis
robertsiigene MAA 10157 has been implicated as a potential horizontal gene transfer

in a prevous study[34].

Early diversification othymarypsins

Metarhiziumspp. are known to have an abundance of sepeetidaseghat
nutritionally facilitate entomopathogenicityby allowing solubilization of host tissues,
including the proteirchitin matrix that comprises the cutic[@1]. Our MEROPS analysis
identified 114 genes in the diverse chymotrypsin family of S1A peptidases, which
includes chymotrypsins and trypsif&b5]. Only oneéVietarhiziumchymotrypsin (MaChy1
from M. robertsiiARSEF 2575) has been characterized in d8&ilUsing MaChy1 as a
qguery, BLAST hits from the NCBI smedundant protein @tabase (nr) were limited to

other ascomycetes, notably plant and insect pathogenic members of this phylum, and
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two Actinoplanespecies. To interrogate the diversification of functional members this
remarkably large peptidase family hh. frigidum, we conpared protein sequences from
all chymotrypsins identified froriv. robertsii M. frigidumandM. rileyivia MEROPS. In
this analysis, we excluded chymotrypsins that were less than half the length of the
functional MaChy1 gene and included informative baietechymotrypsins and MaChy1
to help identify known chymotrypsin famili¢36]. We aligned these chymotrypsin
proteins to produce a phylogenetic tree (Figure S3). In this tree, trypsistechogether
with strong bootstrap (n=10,000) support, while other proteins clustered into clades
present in multipleMetarhiziumspecies supported strongly only near the tips of the
phylogeny. We ran NCBI protein BLAST against nr for these stsupglgted clades to
reveal diverse functions unrelated to chymotrypsin activity (e.g., hemolysin I,
cytochrome p450, prenRNA splicing prp5). This finding is underscored by many of
these proteins annotated as S1A family peptidases which lack a known catadytic
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 fami[87].

Surprisingly, our analysis of MEROPS chymotrypsins fountHagidumdoes
not contain an ortholog for the MaChy1. We used BLAST to align NMagaynst a
database containing all sequenchtitarhiziumspeciesE. festucaandP.
chlamydosporido identify which other genomes contained this ortholog (supplemental
alignment). We found seven MaChy1 orthologs (>60% percent identity): one each from

M. robertsii M. brunneumM. guizhouensgM. majusandP. chlamydosporiand two
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from M. anisopliae Five other proteins (two each from chlamydosporiandM. album
and one fromM. acridun) wereidentified as similar to MaChy1 in these genomes
(ranging 22.733.3% 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 protes into distinct families: secreted chymotrypsins
(including MaChy1), trypsins, sister chromatid cohesion protein (miS€@}, ornithine
aminotransferases (OAT; involved in biosynthesis of proline) and endocellular serine
endoproteases (DegQ). Secrefabteins (trypsins and secreted chymotrypsins) form a
distinct clade with eukaryotic, endocellular mis4 (frdvinacridumandP.
chlamydosporigat the base. Eaddetarhiziumgenomein our analysis contained single
orthologs for both mis4 and OAT, while MaQ orthologs were only present i
chlamydosporiaM. majus M. guizhouensg\. brunneum M. anisopliag2 orthologs)
andM. robertsii The derivation of secreted chymotrypsins from endocellular
chymotrypsinlike proteases has been previously descrif@®], but the possible
relationship between mis4 proteins and secreted chymotrypsins is novel.

Enrichmentof trypsins is garticularhallmark of generalisvietarhiziumspp. [9].
Our Pfam analysis revealed thdt frigidumhas 42 trypsins: more than any other
sequenced a microhend consistent wit 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 alignedrypsinprotein sequences for the trypsins Beauveria bassian@n

independently evolve@ntomopathogen from Cordycipitacead), festucagP.

30



chlamydosporiaandthe nine sequenced/etarhiziumspp. (supplementaalignment).
Visual inspectin of analignmentof all trypsins present iiMl. frigidumrevealed that 8
putative M. frigidumtrypsin sequences are lacking a critical amino acid in the catalytic
triad, suggesting that these genes are no longer functional as trypsin proteases. We
produceda phylogenetic tree comprising trypsiitgentified in this studyo determine if
the proliferation of trypsinseenin M. frigidumoccurred before or aftethe species
diverged (Figures. TheM. frigidumtrypsinswere separatednto distinct clades thia
appeaed ancestral taboth Clavicipitaceae and Cordycipitaceae, as membetisese
clades tracked the phylogenetic relatedness of these fungi.

Our previous comparative genomics revealed dynamic gene gain and loss in
putative virulence genes, with largene families in PARB generali§ ThisM.
frigidum genome shifts themphasis to gene lost in specialists, rather than gene gain in
generalistsWhile there are examples ®. frigidumtrypsins that appear to have
duplicated inM. frigidumalone (e.g., ST25 00074 and ST25 11110), these are
distributed throughout both clade This suggests that the abundance of trypsird.in
frigidumis not principally due to a proliferation of trypsins within this species; rather,
ancestral trypsins have been maintained in Mefrigidumgenome. Mapping all
trypsins to the manually assendal genome revealed that a majority of the ¥R
frigidumtrypsins reside in the subtelomeric regions (Figure 5). As subtelomeric regions
are rearrangementhotspots, this may make redundant subtelomeric trypsins without a
clear fitness benefit easy to los@eneralistM. frigidum M. brunneum M. anisopliag

andM. robertsiiboast on average33 trypsins as compared i trypsinson averagen
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the specialistdVl. acridum M. rileyiand M. album Likewise, thegeneralist
entomopathogerB. bassianamaintains22 trypsins. This abundanoéB. bassiana
trypsinsalsoseems to reflect retention of ancestral sequences, as mosingeespersed
with Metarhiziumtrypsinsequences (Figure Sk).festucaeis typical olhon-
entomopathogenidungi in having few trypsins (3), and these watsointerspersed
throughout the trypsin phylogen tree. Overall, these results suggest that ancestral
trypsins are maintained in generaligtetarhiziumspp. andB. bassianabut lost in fungi
that have adopted specialized lifestyles.

The eightM. frigidumtrypsin genes lacking the full catalytic triad are also
interspersedhroughoutthe tree, with only two (ST25_ 04101 and ST25_07962) forming
their own clade. Three of the 8 putativeypsins are in tandem (paired) with sequences
with intact active sites, indicative of duplication events. ST25_01980 is next to
ST25 01981, ST25 04101 is nextto ST25 04102, and ST25 07962 is next to
ST25_07961. The functional trypsin component of theseeampairs (comprising one
putative trypsin and one trypsin), are grouped together in a clade in the trypsin
phylogeny that contains predominantly. frigidumsequences (this clade hadv8
frigidum sequences)but contains representatives fromther 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 copyltst 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 trypsidike sequences, the high similarity of these putattrypsins 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

Subtilisinlike serine proteases (S8) are known to have diverse functions, but
most are promiscuousecreted proteinases that are essential fFarst degradation and
antimicrobial inactivation in entomopathogenic furi§i39]. Their evolution is an
important indicator of the trajectory oiMetarhiziumspp. evolution9]. A phylogenetic
tree of the subtilase families favl. frigidum, M. acridumandM. robertsiishows where
subtilisins have expanded in these species (Figut@@t subtilisinclades follow the
known phylogenetic relationship of thespecies which suggests these clades predate
the divergence oM. frigidumfrom the rest of the genus. We then looked f@rolution
of individual sequences in divergent fungal species by identiabgtitutions in amino
acids in subtilisins previously showo be expressed during infection of host cuticles
(Pr1AK alignments are included as supplemental fi[6§)Most of these are class |l
subtilisins in subfamily Residues of the catalytic triad Asp32, His64 and Ser221 were
completely conserved iall the subtilisins, except for XP_007813180.1, one of two M.
acridum Prl1K sequences, that has a Cys at the His64 site and long inselts,adibdm
Pr1D sequence (KHO@RB!1) that has a large deletion that includes His64. KHO00403.1

and XP_007813180.1 are thus likely pseudogenes. The sétactidumPrlK
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sequence, XP_007811482.1, has a very large (~80 aanids) duplication of the
iImmediately adjacent region, but igherwise conserved with PriK orthologs.

In fungi, Proteinase K froifritirachium albunrepresents peptidase subfamily
S8A, and it ithe most highly expressed subtilisin in that fungd@]. Pr1Ais an ortholog
of Proteinase Kand the most highly expresséd. robertsiARSEF 2575 subtili$6.
PrlAis believed to function in both saprophytism (scavenging proteinaceous nutrients)
and infed¢ion. Pochonia chlamydosportmiquely has three Prl1A paralogs that
apparently arose from duplications following the split frivietarhiziumspecies, one of
these named VCP1 has been shown to be functionally related tM#tarhiziumPrlA,
by degrading theaematode eggshell early in infectipfhl,42] ThisP.chlamydospora
Pr1A paralogXP_018147141)1s highly conserved witMetarhiziumsequences,
whereas the othetwo paralogshave acquired mutationaffecting active site pockets
that will likely change how they function. Subtilisin S1 and S4 astiggokets
primarily determine theiproteolytic specificity: these sites are numbered sequentially
with their substrate amino acids labeled toward theddminus as P1 through Pn
[39,43] The walls of the bacterial subtilisin S1 pocket are SeGBA27 and Alal%?
Asn155 form the walls of the S1 pocket ending with GI\jBe643]

Except for Arg127 in XP_01813681 71 ¢hlamydospoja Serl25, Gly127 and
Gly166 are completely conserved in the Pr1A sequences. Except for Serl52 in
XP_018136817.1 and XP_01813866R.1chlamydospodaAlal52, Alal53, Gly 154 and
Asn 155 are conserved the Pr1A sequences, includiRgchlamydospora

XP_018147141.1. The substitutiong’inchlamydosporxP_018136817.1 and
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XP_018138661.1 have charged or polar side chains that could affect binding of charged
P1 substrate residudg4]. Leu96, a hydrophobic S4 pocket in the S2 site in bacterial
subtilisins, formed by Tyr104, lle107, Leul26, Gly127 and Gly128 (also part of the S1
site) [45] is conserved in most PrlA semces, or residues are conservatively replaced
with other hydrophobic side chains, i.e., lle96 RinchlamydosporxP_018136817.1)

and Val107 imM. frigidumPrlA. Exceptionally, thid. rileyiPr1A has a small hydrophilic

Ser at residue 104 at the pockatteance. 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 PriA with hydrophobic, hydrophilic, and even positively
charged residuefs,45,46]

Except for the variable 104 site, active site pockets of Pr1B and Prll orthologs
were highly conserved: indicating conservation of function. A notablétlem 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 pockeathich is largely hydrophob[d5]. These are all conserved in
Prl1A, Pr1B and Prdubtilases Phe96 replacing Leu96 in Pr1D, Pr1F and Prl1J hinders
large residue binding in favor of small residues by reducing the S2 subsifé=ize
Position 31, next to the active site residue Asp32, requires branched chain hydrophobic
residues for activity (preference Leu>lle>\J4lj]. An exception being Met31 in HSIPC2,
the human Kexin. These branched residues are used at position 31 variously in

Metarhiziumsubtilisins including Met31 in Pr1D of recently divergiegtarhiziumspp.
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(M. robertsii, M. brunneum, M. anisopliaadM .majug. In Pr1D sequences, the S1
pocket walls Serl125, Gly127 and AlagA2n155 are completely conserved, except
Alal27 M. acridum and Arg1lZ (M. guizhouenske InM. album, M. rileyandE.

festucae Gly166 in Prl1D is replaced with Alal6avilralbum, M. rileyand E. festucag
Gly166 in PrlD is replaced with Alal66. This conservative substitution at the bottom of
the S1 pocket is charactetirs of subtilisins that specifically cleave large hydrophobic
amino acids (e.g., Phe and Leu: the principal Pr1A struct8@f) Apolar Alal52 in Pr1J
orthologs is retained iearly divergecE.festucae and®. chlamydosporiabut this

residue is replaced with hydrophil®ed 52 inMetarhiziumorthologs. Ahough Pr1F has
hydrophilic or charged residues at 128 (Arg, Ser, Trp) as well as Gly or Ala, ther Prl
subtilisins retain hydrophobic or ngoolar side chains.

E. festucadacks Pr1B, Pr1E and PrlF orthologs. PrlE and PrlF genes are only
present inMetarhiziumspp. and are linked in tandem in sorkketarhiziumgenomes
(e.g.,M. acridunj, suggesting that they resulted froracentgene duplication. Likewise,
the three orthologous copies of Pr1ENh anisopliae, M. robertsand M. brunneum,
andmultiple Pr1Rgenes inM. album(2), M. acridum(2), M. frigidum(3), M. robertsii
(2),M. brunneum(3) andM. anisopliag2). Gene redundancy allows considerable
variation in functional sequence; thus, instead of a hydrophobic S4 pocket formed by
Leu96, Tyrl04, llelQTeul26, Glyl27 and Gly128, frigidumST25_ 05074 has Phe96,
Argl04, Alal107, Gly126, Gly127 and Gly128, i.e., a larger pocket with a positive charge.
Positivelycharged Arg is generally preferred in P3 of subtilisins over negatiialged

Asp60[43]. InMetarhiziumspp., Asp60 is conserved in one PrlE ortholog eachffom
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anisopliag KID60678.1)M. robertsii(XP_007823684.1) arM. brunneum
(XP_014539593.1), and in other subtilisins except for Add6@gridum Pr1F
XP_007815269.1) and Tyr@@d.(anisopliaePr1lE KID69427.1). OthetetarhiziumPrlE
orthologs have replaced Asp60 with His60, which is predicted to reverse the S3 charge

preference in these PrlE ortholof§s43].

Characterization of a functionadterigmatocystin biosynthesis cluster iW. frigidum

While functionally annotating the predicted. 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 idspergillus ochraceoroseuBhesynteny between thida.
frigidum biosynthetic cluster and other known AF/ST clusters is shown in Figure 6 with
cluster modules labeled\. ochraceoroseusndA. rambelliproduce AFBandaflPand
aflQgenes required for the ST conversion are not foundhwwitheir ST clustes[48].
Notably, theaflQ gene is located outside of th&. ochraceoroseuduster. UHPLMS
analysis of metabolites extracted froM. frigidumconfirmed this strain produces ST,
but not AF, which is consistent with a cluster laclafi@ (Figure 8). A candidataflQ
ortholog was identified in thé. frigidumgenome; however, the similarity t@flQ
found in aflatoxinproducingAspegillusspeciesvas low, consistent with the production
of ST and the absence of ARBM. frigidum While production of AF/ST is not
uncommon in filamentous fungd9], this is the first report of ST production atiee

responsibleclusterin an entomopathogenic fungus.
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Analysis of repeats itne vicinity of theM. frigidumST clusterevealed a
Mariner DNA Transposon (Marin2 _ROr reported froniRhizopus oryzgenside of the
cluster and gypsy LTR retrotransposons (GybsgD reported fronAspergillus oryzge
flanking the OPQR+LMN moduleMn frigidum This module is one of two modules
translocated when comparing thd. frigidumST cluster to other known AF/ST clusters.
Within this cluster, the most significant motif (evalue = *(B2) was a dyadlmost
identical to that found in the ST clusterAn nidulangTCG(B)CGA and binding site for
the transcriptional regulatoaflR[50]. Based on sequence similarity, the cluster that
originally transferred from aAspergilluspp. toM. frigidumhas boundaries 18 and 31
nucleotides from the stop codons aflN/stcSandaflY, respectively. Regions flanking
the left of this cluster were conserved in all othdetarhiziumspecies, and the right
flank is similar to a small scaffoldvh acridum(Figure 7)M. acridumandM. album
contain a transposase and pseudogenes, respelgtiwithin this region, suggesting it
underwent rapid change early Metarhiziumevolution However, the region had
stabilized in thehe radiation leading toV. guizhouensgM. majus, M. brunneurand
M. robertsii

To study the distribution of the AF disTtype biosynthetic clusters, and predict
the source of theM. frigidum ST cluster, we constructedspecies tree using 3008
concatenated genes from known AF/ST clusteith Glarea lozoyensjs Leontiomycete
carrying a STike cluster, as an outgroug-igure 8A). Some species carrying an ST cluster
are actually aflatoxigenic, includidg ochraceoroseyss 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 recofen with FREX, which predicted that thé. frigidum
ST cluster originated from HGT from a common ancesté. othraceoroseusndA.
rambellii The syntenic blocks among these three known ST clusters comprise 4 distinct
blocks that have been variouslyerted (Figure B. Phylogenetic analysis strongly
correlates with structure of biosynthetic gene clusters found in the analyzed species.
Genes predicted to define the ST biosynthetic pathway.ifrigidum (Figure 8B)1.
aflN/stcS(p450), 2hypE(unchaacterized), 3stcT(elongation factor 1 gamma), 4.
aflM/stcU(dehydrogenase), &flH stcV(reductase), 6aflW/stcW (p450), 7aflB/ stcK
6C! aeyiKIsic® C!0 3 syd &EcReskerase), 10. dicki, 11.
aflH/stcG(dehydrogenase), 12flG stcH(p450), 13aflS(regulator), 14aflR

(regulator), 15aflD/stcE(reductase), 16stcC(peroxidase), 17aflV/ stcB(p450), 18.
afld stcA(PKS), 19. predicted protein, 201/ stcL(desaturase), 21. predicted protein,
22. aflk/ stcN(reductase), 2&fll/stcO(dehydrogenase), 24flO/omtB

(methyltransferase), 25aflX stcQ(dehydrogenase), 2&flY (predicted protein).

Investigation of possible impacts d¥l. frigidum ARSEF 4124 ST cluster on insect
virulence

We used stadard Agrobacteriuramediated transformation methods to
constructM. frigidumstrains withthe STcluster knockeebut (MFRKO:aflICPKS
deletion)or over-expressedMFROE: knockn of theaflRtranscriptional regulator

under the control of a constitutiverpmoter). Following transformation, these
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modifications were confirmed using PGRd we used CMSo confirmthat MFRKO no
longer produced ST and MIJE displayed increased expression of ST (Fi@ure S
We infectedDrosophila melanogastemd Galleria mellonellavith 1x1¢
conidia/mL wildtype M. frigidum MFRKOor MFROE.We found no significant
differences among strainwvith LT50sagainstD. melanogasteranging from 7.750.137
days (MFRKO) to 9.590.602days (wildtype), andagainstGalleia, rangingfrom
13.2+0.457to 15.03t0.609days These bioassayshowthat M. frigidumcan killboth
insect speciesalbeit slowly, and that th&T clustedoesnot stronglyimpactvirulence.
We analyzed ST production within insects. For this analysifpaeGalleria
cadavers at80C at two timepoints: when fungal outgrowth was apparent, but before
sporulation, and following sporulation on the cadaver. UHMSCusing tissue from
these cadavers revealed that ST was not detectable in any insects psiportolation.
After sporulation ST was detected in both the witgpe M. frigidumand MFROE, with
MFROE producing far more ST (Figug. Shese results suggest that ST was not
expressed prior to sporulation on the cadaver, and any role it may playcispangal
fitness during the necrotrophic stadgee., after the host has diedhot during the

biotrophic phase.

Discussion
Unraveling the evolution dfletarhiziumspecies is critical if we are to leverage
the full potential of these insect pathogens our advantage. With a fuller

understanding of how the assemblage of generalist and spediddisarhiziumspp.
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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 assesksisf deploying these fungi in
biocontrol programs. Transgenic, hypervirulent strains of these fungi are already under
development to control economically important insect pests, with a mosekiitmg
strain demonstrated to be effective in seifield trials[51,52] By spanning the interface
between insects and plants insect pathogenic plant root symbiofi8, these fungi
havecontributedto our understanding of auinterconnected world.

In thiscontext, we sequenced the coldctive,early divergengeneralistM.
frigidum. We have produced a nearly gapless assembly of this fungus, which allowed us
to interrogate its evolutionary historwith other Metarhiziumspp.and revise our
understanding of the trajectory d¥letarhiziumevolution. Our phylogenomic approach
alsoincorporatedE .festuca@andP. chlamydosporias informative outgroup<t.
festucaerepresents the plant symbiotic ancestryMetarhiziumspecieq53], andP.
chlamydosporias a nematode pathogen th@mploys many of the same enzymes and
infection structures that enabl®etarhiziumto kill insectd42,54] Our genome
alignments revealed a dramatic-shuffling[55] the genome of. chlamydosporiafter
it diverged from the phylogeny. This conclusion is further suigabby the Pfam
enrichment of transposable elements (e.g, hAT DNA type Il tranposases, MULE, and Tcb
transposable element hekturn-helix domains), as well as retroviral associated genes
(RVT_1, RVT_2 and Rwedhe P. chlamydosporigenome M. guizhou@sewas similarly
enriched in thesas well agag_preintegrs, a retroviral integrasd.hese two species

also contained the highest number 8€:1S630P0ogoDNA transposon repeats in our
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analysisThese mobile genetic elements may have driven the enrictirobproteinases
we found inP. chlamydosporiécontaining the most proteinases in our study) avid
guizhouensécontaining the most proteinases amoMgtarhiziumspecies]20]. LTRs
were found to be highly enriched M. frigidum, but they can be useds an index for
measuring copleteness of a genome assembly tise high numbersnay partly reflect
the contiguity of this genoms6]. LTRs are difficult to assemble, but they can reveal
important information, such as the gypsy L'ERotransposons (Gypsyil AO reported
from Aspergillus oryzgdlanking the OPQR+LMN moduleMnfrigidumST cluster.
Intriguingly, there is a gap in thd. acridumgenomewherean LTR is located M.
frigidum (Figure 7).

M. frigidumis so named becauskis coldactive. 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. frigidumemerged. Stilladay, this fungus is limited to Southern Australia.
WhenM. frigidumdiverged, this landmass was experiencing a cooling trend that
overlaps with the coléictive temperature range dl. frigidum While they can grow at
low temperatures, these fungi can baltured under normal conditions fdvletarhizium
species. Since growth bf. frigidumis not limited to the cold, this ability may not have
a strong genomic signature. Howevat, frigidumwas found to be highly enriched in in
DegP peptidases, which funati@as chaperones at low temperatures and digest

peptides at higher temperaturd82]. Expansion of these temperatutependent
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peptidases particularly the 18 that are specific k. frigidum, may play a role in helping
M. frigidumto remain active at low temperatures.

The discovery of the ST biosynthetic cluste¥linfrigidumprovides a
independent example of this wedtudied biosynthetic clusteits presence ira
Metarhiziumspeciedurther confirms the unfortunate adaptability of this highly
carcinogenic cluster to a nesubtelomerichomein a distant relative oAspergilluspp
While our bioassays did not suggest this cluster is not employéd. fsigidumas a
virulence factor, they did reveal that expression is concomitant with sporulation. The
lack of ST production in our MEBDE strain prior to sporulation suggests a repression
this cluster is overriding our transgenic interventid. frigidumnot only has the same
genes that have been shovimAspergilluspp.to repress ST productiofPkaA andto
coordinate expression during sporulatidfl§Q [57], but this circuitry has been shown
be functionally conserved in closealglated Metarhizium acridunj58]. Evidencefrom
plant pathogeng59] suggest thaHGT between fungi can involve typdDNA
transposons, like the Marine2_ROr repeat region within thi. frigidumcluster.
Transposition of these mobile genetic elemeatsd transformation competence in fungi
are both increasethy heat stres$60,61] Synchronization of transposition and
competence among fungi when experiencing a shared local stress may dmothfit
fungi and the mobile genetic element. The presence of this ST cluster in a strain of
Metarhiziumwhich has been commercialized (i.e. BioGreen Grafjlés a cautionary
tale. The breadth of secondary metabolites of entomopathogenic fi{§&)j with many

asyet disconnected pathways and products, makes it difficult to anticipate and mitigate
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the production of an unwanted secondamyetabolite. However, assaying strains for
critical genes in worrisome biosynthetic pathvgagay be a responsible practice in
future development of biocontrol fungi, particularly now that ST has been identified in
an entomopathogen.

Multiple subtilisin andrypsin genes are expressed by Metarhizium infection
structures on and in insect cutid24]. Trypsin and subtilisin activities complement one
another: hydrophilic Argy’ or Lysy units that are susceptible to trypsins arestip
found on the periphery of globular proteins. This may open up a significant proportion
of the hydrophobic residues susceptible to subitilisins for further hydro]g8is
However, secreted trypsins are more ddized to penetrant hyphae than the subtilisins,
and unlike subtilisins the trypsins are only effective against solubilized cuticle proteins
[63]. The importance oMetarhiziumchymotrypsin proteinases has not been well
characterized, buM. frigidumhas an unprecedented number for a fungus. We
previously demonstrated that thil. robertsiienzyme Chy has specificity for branched
aliphatic and aromatic-@rminal amino acids resebling multipleM. robertsii
subtilising[36]. The abundance of secreted proteases in generslethrhiziumspecies,
andM. frigidumin particular, may afford generalists increased adapiiyte.qg.,
expanding hosts range) or overwhelm cuticular proteolytic inhibitors

Our subtilisin results further confirm that clades of proteinasik& subtilisins
predated the radiation oMetarhiziumspecies and provide additional evidence that this
family of serine proteases has continued to diversify through gene duplication and loss

[25]. While the catalytic triad residuesane 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 repertoir&etarhizium
strains. Similarly, some Metarhizium pigins have broad proteolytic activity, whereas
others of unknown function have no detectable activity against protein substrates but
cleave specific peptidd64]. Trypsins are present with a fragmentary distribution across
unrelated plant and insect pathogenic fungi but are alisSenmost saprophytic fungi

[25]. This has been interpreted as evidence that trypsins were more abundant among
early fungi and ave since been lost selectively. The distributioMoffrigidumtrypsins

(Fig S1) provides more evidence trypsin loss as fungi evi2&ezb]

Our results regarding the diversification of trypsins, subtilisins and gene families
throughout the phylogeny converge intolarger story. These findings have uprooted
the evolution of generalism iNetarhiziumspecies to coincide with the diversification
of flowering plants and their associated insefd8,65] During its time evolving in what
Is now Southern Australid/. frigidumhas maintained many of these ancestral genes,
as demonstrated by its extensive repertoire of trypsins. With many of these trypsins
sitting in the highly variable subtelomeniegions constant selective pressureaybe
required to maintairthem. Indeedsome ofthe putative trypsins we identifiedeem to
be undergoing exaptation or pseudogenizatidn. frigidumcurrently has the most
trypsins ever reported in a microbe, but as more telomtrgéelomere assemblies of
these fungi emerge, so may previously unassembled, subtelomeric trypsins.

There is precedent for pathogenicitglated genes, such as trypsins, residing in

regions prone taecombinationin the literature on twespeed genomes in plant
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pathogend66,67. These two speedgrovideplant pathogers with the plasticity

required to stay ahead in the ongoing armee against their respective hosts.
Transposons play a key role in generating new genes under thisgeed genome
paradigm[68]. There is a coinciding uptick in HET genes and transposons in the
Metarhiziumphylogeny when generalism evolvetransposase activity would provide

the variation lacking from the asexual reproduction HETs can impos#ilamydosporia
may be an interesting case study on this With96HETSs and beinghighly enriched in
mobile genetic elements. HETs have beeh pg2 a SR (G2 0SS aS@2ft dziA 2y |
have a neutral effect on the fitness of filamentous fungi, but are detrimental when
cytoplasms fuse in the heterokary9]. From this perspective, active transposition
YId 3ISYSNIGS aF OOARSydGlrté 19¢a GKFEGZ Ay dz
of a fungus in a feedback loop of sexual incompatibility. Fungidhaot 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 fditigess ighat 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 radiatiasexual generalist
fungi, which drove the evolution of generalidietarhiziumspecies 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 couldigeoa fitness

advantage in a diversifying world.
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Horizontal gene transfer (HGTs) provide another potential source of new genes
andfive recently acquired HGT genesve expandethostrangesin recently diverged
PARB specig84]. There waglearevidence for additional HGm the case of the ST
biosynthetic cluster iM. frigidum Intriguingly, M. majushas a T8 peptidas&hich,
according to the MER@eatabasehasonly been found previouslyithe
proteobacteria. However, the current narrow distributiontbfs gene could also be
explained by multiple instances of lossonthologousgenes in the lineages that
currently lack them, as we postulak@shappenedwith trypsins. Thus, S66 peptidase
involved in mucin degradation, are present in sofspergillusand Penicillinspecies, as
well as several plant pathogenic ascomycetes, but out of 12 species in ourR#ERO
analysis (supplemental tablegnlyM. acridum(1 copy) andP.chlamdosporig3 copies)
retain these genes. More ambiguous is S51 dipeptidaséhteh ispresent as one copy
each ink. festucagP. chlamdosporiandM. acridum but otherwiseunreportedin
fungi, except forTrichodermaspecies The MERCHatabasereports 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 notiish vertebrates.

Clones of generalidfletarhiziumspp. can survive over many millennia, which
has generally been attributed to generation of novel genetic elements throeghovo
mutations and gene duplicatid®,70]. Bacterial recombination has been identified as a
source of host range expansion in bacterial pathod@i$ and this process is most

similar to HGT and transposonediated gene duplication observed in generalist fungal
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pathogensin contrastto generalists specialisMetarhiziumspeciedike M. acridum

show clear signs of RIP and thus havedietransposable elements and a more recent
sexual history9]. This sexudifestyle would not be as prone to gene duplications;

rather, recombination ofvariationthrough 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 genesequired for specializing to a ho]. 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 tranospble elementand HET genes

in specialisMetarhiziumspecies witlthe highincidence of gene loss during
specializationWith theaddedcontext ofM. frigidum, gene family expansions in this
genus appear to have occurred in bursts followed by periodgeot lossLargelyby
maintaining its ancestral trypsinghe M. frigidumrepertoire outnumbersthe already
impressive number of trypsins present in more recently diverged generalists. The
production and decay of HETs may dictdteugh which mechanisrfungi can attain
genetic variation, and thutheir 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 transposimmaighout 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 meiogig2].
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Methods

Genome alignments

As well aghe newly sequence. frigidum ARSEF 4124, previously sequenced
genomes used for alignments welte festucaé-I1 (GCA _000226195.2, with gene
models and protein translations available from tBphichloe festuca@enome project

http://www .endophyte.uky.edu/ef), Pochonia clamydosporier0 (GCA_001653235.2),

M. rileyiRCE 4871 (GCA_001636749VL)albumARSEF 19(GCA_000804445.1Y).
acridumCQMa 102 (GCA_000187405M),majusARSEF 296G CA_000814945.1M.
guizhouens@RSEF 977 (GCA0814955.1)M. brunneumARSEF 3297
(GCA_000814965.1y. anisopliaeARSEF 549 (GCA _000814975.1)Munabertsii

ARSEF 23 (GCA _000187425.2). These genomes were aligned to create dot plots and

alignment statistics using-BENIE& 3] with MiniMap2[74] .

Phylogenomic analysis

Singlecopy orthologs for the 11 genomes in the phylogeny (Figure 2) were igehtifi
using OrthoMCIL75]. Protein sequences were aligned using the software MUSGLE
A maximumlikelihood (ML) tree with 1000 bootstraps was created with these
concatenated sequences with RAXML (version 8.2[T2). Divergence times were
estimated using r8g78] with the divergence timdor M. anisopliaeand M. robertsii

fixed at 7.1 MYaccording to previous phylogenomic estimaj@ps

Expansion, contraction and rapid evolution among gene families
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The program CAHE9] was used to interpret the changes in gene family composition.
An altby-all blastp[80] of proteins in this analysis were clustel 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[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 generatedlikglihood values that were
compared using a lelikehood test and tested for significance with-clgjuared tests

(fdr adjusted p<0.01). Codeml generated-loglihood values that were compared using
a loglikehood test and tested for significance with-gguared tests (fdr adjusted
p<0.01). Branch mode were conducted withM. frigidiummarked as the foreground
branch with the null model A1 and the alternative model A compared as described

above.

Genome annotation

Genes were annotated using EggN@@&pper version 282,83] with B. bassiandARSEF
2860 (GCA _000280675ihxluded for all of these analyses. MER({@$proteinase
families identified using phmmgB5] and the MEROPS database release 11.0. Pfam
annotation was similarly conducted with pimer on the Pfanj86] database version

31.0 for all proteinsn these genomes, with the addition Bf brogniartiRCEF 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.[&B)89]

MFROE and MFKO bioassays ifballeria mellonellaand Drosophilamelanogaster

G. mellonellacaterpillars(n>28 in three replicatesyere exposed to MFRE, MFRKO

and wildtype M. frigidumby suspending them iwater (controls) or aqueouspore
suspensions of 1x2@onidia/ml under constant agitation for 10 seconds. These larvae
were monitored twicedaily forthree weeks. These larvae were processed as described
below for mass spectrophotometry measuring production ofl¥dsophila
melanogasterdults (n>26 in four replicatesjere exposed to the same concentration

of spores (and a water control) using a \exing method and maintained on tegosept
free medium as described previou$80]. Drosophilasurvival was monitored twicdaily

for 2 weeks. Mortality curves and LT50 values were analyzeghimdRhese data are

reported in supplemental tables.

Sterigiomatocsystin detection in fungal cultures and insect cadavers

The construction of MFRE and MHKO is described in the supplemental materials and
methods. Fungal strains were grown on solidified yeast extract sucrose (YES) media for
five days bafre their tissue was collecteahd extracted for mass spectrophotometry
(UHPL@VS) according to previously published meth¢@s]. G. mellonellacadavers

from MFROE, MFRKO and wiletype M. frigidumbioassays were frozen #80C at two

time-points: when fungal outgrowth was apparent before sporulation was observed
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(timing varied among cadavegrand following sporulation on the cadaver (10+ days
postmortem). These frozen cadavers were used for tissue extraction and LM®1a6

described above to test fan insectaST expression.
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frigidumgenome using Miniap2 (viaGENIES). 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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Epichloé festucae
Pochonia chlamydosporia
Metarhizium rileyi
Metarhizium album
Metarhizium frigidum
Metarhizium acridum
Metarhizium majus
Metarhizium guizhouense
Metarhizium brunneum
Metarhizium anisopliae
Metarhizium robertsii

ay

Figure 2:A phylogenomic tree with thestimated time of divergence (at branch points)
for sequencedVetarhiziumspp. and related fungi with geological periods demarcated.
Periods and radiations adapted frd®b] and each node is fully supported by 1,000
bootstraps.
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festucaethrough theMetarhiziumgenus. Core genes are single copy orthologs and
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Figure 6:Synteny between the aflatoxin and sterigmatocygiene 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.
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Figure 7:Regions surrounding the ST gene cluster are conserved in sequenced
Metarhiziumspecies. It is not clear wheth#&f. acridumScf 178 and Scf_75 are linked.

Curly brackets mark pseudogenes; oblique bars mark the end of the scaffold. 1.
FAD(NADjlependent oxidoreductase, 2. carboxymuconolactone decarboxylase, 3.
dioxygenase4. flavohemoglobin, 5. enterotoxin, 6. transposonhypothetical protein,

y® LINBPOSAY (1AYlFHaSs dpo tALRLIRZ2E&alr OOKFNARS |
factor, 12. oxidoreductase.
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Figure8A: Species tree obtained from 3,008 concatenated siruglpy reciprocal best
blast hit orthologq492]. Alignment was performed with Mafft 7.2193] and clustering
with PhyML 31 [94]. Garealozoyensisa Leontiomycete carrying a-8ie cluster, was
used as the outgroup. Figures at the tree nodeslacal support valuegbootstraplike)
computed withthe ShimodairaHasegaa test[95]. A second tre@btained 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 viREEX96], which
generated a prediction of the most likely origin of the ST clusters found infhoth
anserinaand 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 commonMvithgidumST cluster are
in color.8B: Genes predied to define the ST biosynthetic pathwayhh frigidum 1.
aflN/stcS(p450), 2hypE(uncharacterized), &tcT(elongation factor 1 gamma), 4.
aflM/stcU(dehydrogenase), @flH stcV(reductase), 6aflW/stcW (p450), 7aflB/ stcK
(FAZ @ y (I K I & B/ste)FAa ey d KI Tafhl stél (@steraselp1d. stcH, 11.
aflH/stcG(dehydrogenase), 12flG stcH(p450), 13aflS(regulator), 14aflR

(regulator), 15aflD/stcE(reductase), 16stcC(peroxidase), 17aflV/ stdB (p450), 18.
afld stcA(PKS), 19. predicted protein, 201U/ stcL(desaturasg 21. predicted protein,
22.aflk/stcN(reductase), 2&fll/ stcO(dehydrogenase), 24&fl0JlomtB
(methyltransferase), 2%aflX stcQ(dehydrogenase), 2&flY (predicted protein)
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G-C Content (%) Genome Size (Mb) Scaffolds Genes

E. festucae 44.2 35.15 759 12199

P. chlamydosporia 46.29 43.84 114 14867
M. rileyi 49.3 32.01 389 8764

M. album 52.7 29.78 257 8472

M. frigidum 47.9 50.39 52 12347

M. acridum 49.9 39.42 241 9974

M. guizhouense 49.6 42.6 563 11787
M. majus 51 40.7 1134 11535

M. brunneum 51.5 36.91 92 10689
M. anisopliae 50.9 38.32 74 10891
M. robertsii 51.4 41.63 90 11688

Table 1:Genome statistics comparing ti. frigidumARSEF 4124 assembly to other
sequencedVetarhiziumspp. andP. chlamydosporiand E. festucae

Genome <25% <50 % <75% >75% Match No match
EFE 7.77 0.0166 0 0 7.78 92.2
PCH 37.1 0 0 0 37.1 62.9

NOR 33.4 0 0 0 33.4 66.6
MAL 32.8 0.170 0 0 33.0 67.0
MAC 48.4 7.82 0.113 0 56.3 43.7
MGU 51.2 6.80 0.188 0 58.2 41.8
MAJ 52.8 4.40 0.0721 0 57.3 42.7
MBR 51.2 2.14 0 0 533 46.7
MAN 52.3 2.19 0 0 54.5 45.5
MRO 53.5 3.34 0.0972 0 56.9 43.1

Table 2:Alignment percent identities for whole genome alignments for each species
with the manually assemblel. frigidumas target sequences. Colors represent the
range of percents each genome individually matches withMhérigidummanually
assembled genome. AbbreviatiorsSFEE. festucagPCHPochonia chlamydospotia
MREF M. rileyi MAL: M. album MFR M. frigidum, MAG M. acridum MGU M.
guizhouenseMMA- M. majus MBR M. brunneum MAN M. anisopliae MRQG M.
robertsit
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Label Category Expansions Contractions Rapidly evolving families Trajectory

EFE Tip
PCH Tip
MRI Tip
MAL Tip
MFR Tip
MAC Tip
MMA Tip
MGU Tip
MBR Tip
MRO Tip
MAN Tip

PCH/MRI Node
MRI/MAL  Node
MAL/MFR  Node
MFR/MAC Node

MAC/MMA  Node 52 329 7 =277
MGU/MBR Node 19 254 7 -235
MMA/MGU Node

MBR/MRO Node 18 426 1 -408
MRO/MAN Node 22 183 8 -161

Tale 3: CAFE results for gene family expansions, contractions, and genes families
experiencing rapid evolution from the full set of genes produced from representative
genomes fronEpichloe festucatrough theMetarhiziumphylogeny. The trajectory
representsthe number of expansions less the number of contractions. Colors represent
the range of values for all within a single column, witltalumn colors determined for

tips and nodes separately. AbbreviatioBSEE. festucagPCHPochonia
chlamydosporiaMR} M. rileyi MAL=- M. alboum MFR M. frigidum, MAG M. acridum

MGU M. guizhouenseMMA- M. majus MBR M. brunneum MAN- M. anisopliae MRQ

M. robertsii
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Supplemental Materials and Methods

SequencingMetarhizium frigidunt a coldactive member of theM. flavoviride
complex

Brian Lovett, Bruno Donzellj Philipp Weismarf Nancy Kellér Chengshu Warig
Raymond St. Leger

1Department of Entomology, University of Maryland, College Park, Maryland 20742, USA
2Department of Fant Pathology, University of WisconsMadison, 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 Bioba Sciences, Chinese Academy of Sciences, Shanghai, China

Supplemental Methods

Genome extraction, assembly and gene prediction

FreshM. frigiduma LI2 NS & ¢SNB KI NBSadSR FNRBY t5! LI} I G
These spores were suspended inoculated Bédouraud Dextrose Brodupplemented

with 3% yeast extract. Overnight cultures of young mycelium were extracted according
to a modified CTAB DNextraction protocol1], which is available as a protocol at the
1000 Fungal Genomes Project. Extracted DNA was sent to the McDonnell Institute at
WashingtonUniversity in St. Louis for sequencing using Illlumina HiSeq 2000 and Pacific
Biosciences (PacBio) singtmlecule reatime sequencing. Reads were assembled into a
hybrid assembly with PacBio contiguity and Illumina accuracy using the McDonnell
Genome Instute pipeline. Gene models were provided to Mak2}to finalize g¢ne

predictions as described elsewhdf.

Manual assembly, assessment of genome quality and pangenome statistics
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The manual assembly of the original 59 comMigfrigidiumassembly was conducted in

the bioinformatic software Geneious (Version 9.1.8) with the De Novo Assembledeatur
to produce 20 contigs, including a complete, circularizéchondrialgenome. The

guality of the genome was assessed against both the fungal and ascomycete BUSCO
databases (reported in supplemental tabl¢$). 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 predictaging RepeatMaskéb] for all genomes (supplementary
tables). Repeat induced point mutation (RIP) was estimated by calculating dinucleotide
frequencies using RIPCISl.and assessed based off of the two RIP indices

(supplementary tables).

Trypsin a 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 R(BAd 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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Constuction of KO and OE vectors

The gene putatively initiating the biosynthesis of sterigmatocystM.ifrigidumARSEF
4124 ST25 09471 was targeted for inactivation usidguble crossover gene
replacementconstruct. This wassaembled usinthe bar selecton markerflanked by
two Mf-PKS&pecific DNA fragments (flank A and flankIBYA fragments were
produced by PCR using primers listedaile S1 using eithgenomic DNArom M.
frigidum ARSEF 4124 or the plasmidCAPbarNOSH] as the templatesPCR
synthesized fragmentwere then assembled intgpBDU vector by the USER metl@d
9] to yield the binary vector pSTKThe SToverexpression vectqgSTORvas produced
by transferringa 1,643bp PCR produaontaining the entire coding sequence of the
transcriptional activator MaflR (ST25_09475) into the pBdnary vector(Donzelliet
al. unpublished)pBDEXvas obtained by ligating thiear expression cassette from
pUCAPbarNOSAspergillus nidulaslicllpromoter andtrpc terminator from pOHT
vector[10] between theAsclPaclrestriction sites flanking the pBDU polylinker. pBDEX
carries a USE€bmpatible cloning site betweealicllpromoter andtrpc terminator.
BothpSTK@ndpSTORvere mobilized intcAgrobacterium tumefacien8GL1by heat-
shock.Agrobacterium tumefacienmediated transformation oM. frigidumARSE®as

conducted as describdd1].
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ID Sequence Comment

MFaflGAF | GGGAAABICGACGACGCTGCGATCTCA Mf-PKEknockout cassette, left
flank

MFaflGAR | ATCATQILUCAGTCCCCGCGCCAGAGTGS Mf-PKS knockout cassette, left
flank

MFaflGBF | ACTTGTGIBACTGCGGTTCTGATTGAGG Mf-PKXnockout cassettejght
flank

MFaflGBR | GGAGAGRICGGGATAGGCTTCGTTGGT| Mf-PKnockout cassettajght
flank

MFaflGAR | ATCATQIUCAGTCCCCGCGCCAGAGTG/ Mf-PKSknockout cassetteght
flank

BarExprSF| AGGATGAUAGAAGATGATATTGAAG bar cassette

BarExprSR ACCACAARICATGTTTGACAGCTTAT| bar cassette

NOS

ptrpc80R | CCGCCTGGACGACTAAACC Anneals at the 5° end of thepC
promoter of the bar expression
cassette

bar848F | ACTGGCATGACGTGGGTTTCTGG | Anneals at the 3" end of thear
ORF

MFaflGDF | ACCAAGCTACAGCAACGACACG verificationof knockout purity
after single conidial isolation

MFaflGDR | GGCTGAGCGACCTTCCTACAT verification of knockout purity
after single conidial isolation

MFaflGCF | GCCTTTCAACCTGCCCTGTG identification of homologous
recombinants, left flank

MFaflGCR | TGGCCTTGCGCTATTTCATTCAC identification of homologous
recombinants, right flank

AflIRF GGTCTTAANGGATCGCGGTGCAGTCAAT amplification ofMf-AfIR CDS for
use in ovefexpression vector

AfIRR GGTCTTAWCGGTGCCCAGCTGTCAGTA amplification ofMf-AflIR CDS for

usein overexpression vector

Table S1Primer sequences used for construction of MK® and MFRE.
Abbreviation: dU = deoxyuridine
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Supplementary Figures
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Figure 3: This UpSethart represents shared gene families (vertical bars) adfoss
festucae(EFE)M. rileyi(MRI),M. frigidum(MFR) M. acridum(MAC),M. brunneum
(MBR) andM. robertsii(MRO) sorted by frequend$2]. Horizontal bars represent gene
family sizes for each genome. Generalists MFR, MBR and MRO have larger gene families
than specialists (EFE, MRI and MA@d the fifth largest intersection represent families
shared among generalists.
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Figure &: Percent of each clusters of orthologous groups (COG) categod. facridum
(MAC) M. album(MAL),M. frigidum(MFR) andV. robertsii(MRO) according to
EggNDG annotationsnorganic ion transport and metabolis(R) for MAL was found to

be significanthdo LF¥ n dnm FNBY K2f Y | R CedrkhediiRMALIBSA NB A & S

compared to other genomes in this figure. This was the only significant enrichment
amongthese 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 S: Phylogenetic tree containing MEROPS S1A chymotrypsin familyg teaieare
at least 187 bp (half the length of MaChy1, a functiaviatarhiziumchymotrypsin)

from M. frigidum(MFR) M. robertsiiARSEF 23 (MRO), avdrileyi (MRI).MaChy1
(chymotrypsin fromM. robertsiiARSEF 2575), SaCBiYgptomyceslbogriseoluy SPGD
(S. griseus LeCHYLysobacter enzymogeneSspCHY IB{reptomycespp.), EcDO
(Escherichia cgliPaDORseudomonas aeruginosd&RpDORickettsia prowazeRiiMtDO
(Methanobacterium thermoautotrophicupand CpDOQlamydophila pneuntoae) from
a previous analysis were also included for referei@. All MFR trypsins identified by
2dzNJ t FFHY Fylfteara NS t10StSR gAGK || a¢éd
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 thenedindant protein databaset) Hemolysin Ili
proteins and Integral membrane proteing) Actintlike/chromatinremodeling proteins
and ATP phosphoribosyltransferas@) Endocellular DegQ serine endoproteaghs,
CP4505) Meiotically upregulated proteinand clasdl CyclicAMP phosphodiesterase

6) Chymotrygins,7) WD-repeat proteirs (pop3) andPremRNA splicing protes{prp5),
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8) AlphaN-acetylglucosaminidas,9) Oxidoreductass, 10) Ankyrin repeatcontaining
domain proteirs,11/12) Trypsins.
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Figure &: A phylogenetic tree o0BLASTits using MaChy1 frorul. robertsiiARSEF 2575
from as a query against a database containing all proteins from sequéteathizium
isolates (MROM. robertsii MBR M. brunneum MAN M. anisopliag MGU M.
guizhouenseMMA- M. majusMAGC M. acridum MAL: M. album), P. chlamydosporia
(PCH) andt. festuca€EFE). Proteins from our previous chymotrypsin anal¥8isvere
included for reference: SspCH8tréptomycespp.), RnChyRattus nevegicu$, BtChy
(Bos tauru}, BtTry Bos TaurusP00760obtained from UniProt for this analysis), MaTryl
(M. robertsiiARSEF 25755fTry $treptomyces fradige ECDOHKscherichia cqgliPaDO
(Pseudomonas aeruginosd&kpDORickettsia prowazeRiiNumberel clades contain
proteins with the following functions according to NCBI BLAST against thedodant
protein databasel) Ornithine aminotransferase®) Endocellular DegQ serine
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endoproteasesy) Sister chromatid cohesion proteins (mis4Smc?, 4) Trypsins))
Chymotrypsins.
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Figure S5Phylogenetic tree of trypsins f@.bassiana BBA)E. festucadEFE)P.
chlamydosporigPCH)M. rileyi(MRI),M. aloum(MAL),M. frigidum(MFR)M. acidum
(MAC) M. guizhouenséMGU),M. majus(MMA), M. brunneum(MBR) M. anisopliae

(MAN) andM. robertsii(MRO) and with presumed nemnctionalM. frigidumtrypsins
marked in red and otheM. frigidumtrypsins marked in purple.
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Figure 8: Extracted dn chromatograms for aflatoxin B1 and sterigmatocydtidicated
strains were grown on solidified yeast extract sucrose (YES) media for five days,
extracted and analyzed by UHPMS as described in Methods.
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A. rambellii

Figure 3: Syntenic blocks identified in highly similar ST clusters fvbririgidumand

two Aspergillisspecies. 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 comparedMo frigidum,

respectively.
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Figure 8: Extracted ion chromatograms for sterigmatocystinaid-type M. frigidum,
MFR-OE and MFHKRQ Indicatedwild-type and mutantM. frigidumstrains were grown

on solidified yeast extract sucrose (YES) media for five days, extracted and analyzed by
UHPLEMS agescribed in Methods.
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Figure 9: Extracted ion chromatograms for sterigmatocystirG. mellonelldarvae
infected with indicatedwvild-type and mutantM. frigidumstrains.G. melonelldarvae
were infected with indicated. frigidumstrains as described in Methods. Metabolites
were extracted before and aftevl. frigidumstrains started sporulating and analyzed by
UHPLEMS as described in Methods.
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Abstract:

A key to achieving successful, reproducible and safe (from the risk management
point of view), biological control lies inavingdetailed knowledge of the properties of
pathogens in their environments. Genetic engineergaggreatly increase thgotential
of the modelinsectpathogenand plant symbionMetarhizium robertsiiBefore
deploying sich 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 microarrdased metagenomic tool, to profile how an intensive
deployment of wild type, tlorescentlymarkedM. robertsiiimpacts microbial functional
gene diversity and causative factors in the-s0dt interphase (a preferred habitat of
Metarhiziumspp.) in longerm (turf) and seasonal (winter wheat) field sites. We found
that the effects d application of transgenii. robertsiiwere specific to the agricultural
system, withmicrobialbiogeochemical functioormpacted moren the turf than in
winter wheat We observed minor, but lorggrm, effects on community structure in
spite of the ubiquity oMetarhiziumspp. in the target environment soResultandicate
that these effects occurred in a small minority of genes involved in major
biogeochemical processes, and significant shifts iregemiants on the GeoChip
microarray due to treatment were small in magnitudignificant differences in the turf
rhizosphere functional microbial community following treatment with transgéic
robertsiiwere not reproduced in the turf rhizosphere irf@low-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:

Metarhiziumspecieshave long benused adiological insecticides (currently used
worldwide onmillions of hectares of lan(lL4,107,108) and aretraditionally considered
insect pahogens. Howevergcent work has shown that some generalist species may be
plant symbiontdirst and foremosi(17,109,110)Field tests by our lab in both logrm
and seasonal ecosystems have shown a rhizospbangpetent, avirulent mutant of.
robertsiiARSEF 2575 survived in soils better than an insect pathogenic mutant unable to
adhere to root surface€l11,112) Thus, root adherenciékely plays an important part in
maintaining populatiorpersistenceirrespective of insect&l11,113) Field tests on corn
(maize) plants confirmed th&FPtagged conidia oM. robertsiiARSEBS75 are
multifactorial plant growth promoters boosting yield >3%%.3) Metarhiziumfungi
promote plant growth in part byproducing auxir{114) in addition torepressing soil
insects(115)and making nitrogen harvested from insects available to pléti§) In
return, the fungus receives organic substances released from roots, particularly sugars
(55,117,118) There is a push texploit this symbiotic relationship and utfieese fungias
biofertilizers to crop systemsome of these proposed strategies inv@lgenetic
engineering7).

Advances in functional genomics and established genetic engineering 70803
make it possible to engineer comprehensive plant symbionts thatedblonizeplant
roots and have many mechanisms for reliably suppressing associated pest populations. The
regulatory and social acceptance hurdles for sustaingbleetically engineeregroducts

would be considerable, but tise strains wouldhave enormous poteial for providing
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affordablepest suppression and plant growth promotion. A key to achieving successful,
reproducible, and safd.€., from arisk managemenperspective biological controlies in
havingdetailed knowledge of the properties of pathogengheir environments.
Determining the effects of an intensive deployment of transgenic strains on native
microbial populatiorfunctionis essential before predictions of both efficacy and risk can
be made.In terms of risk assessment, drawing a connectothe biological processes
occurring in a community is paramount for understanding the relevance of shifts in that
community.This studyseeks to take an initial look at the impact of applying transgenic
Metarhiziumas biofertilizerson the function of he soilmicrobial communi and to
establish a higithroughput method forroutinely assessing tse risks
Transgenid/etarhiziumstrainslikely have the greatest impaat the rhizosphere,
as this is their principal habitathich exhibits thehighest propagule densities months after
introduction (17,113) Due to the underground nature of roots amtizospherecomplexity,
energy flow and community stofure of interactingoots, bacteria, fungi and insecase
poorly understood Likewise, how rhizosphere environments select/inhibit different
bacteria and fungi is largely unknoWhl9) The number of bacterial species in a gram of
soil varies between 2,000 and 8.3 millid20) 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. Uk snvestigations of soil
microbial assemblagéasgpically rely upomreductionist approaches semigto answer
specific questions that relate to management gdalg. rhizospheric interactions,

biogeohemistry and solute transpor{)L22) These specific approaches do not provide
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meaningful information about microbial function in communities and ecosysi{@ii3)

nor a means of sgessing the glbal impact of an introduced biocontrol agent on

rhizosphere processe¢. KA & G(G&LJS 2F aasSaavySyid Aa SaasSyi
fungus and its environmentherefore, higkthroughput metagenomic technologies are

highly desirable for microbi@ommunity 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 Geoleg-GAs have baaleveloped and
were proven to be effective higtihroughput tools for surveying the functional diversity,
composition, structure, metabolic potential/activity and dynamics of microbial
communities,in addition tolinking them with ecosystem processes ana€tions(123)

The GeoChip 4.6 FGA used in this study contaimaésligonucleotide probes

distinguishing 977 functional gene variants in 12 functionakg@ngeochemical

categories involved in C, N, P and S cycling, organic contaminant degradation, metal
resistance, antibiotic resistance, stress responses, virulence, and bacteriatpleaipted

lysis. Functional diversity is more relevant to ecosystenatian than taxonomic diversity
(119,124) However, GeoChip also has probes desigraekd on sequences frouiruses,
eukaryotes (includindletarhiziumspecie$, bacteria and archaea to the species or strain
level, andgyrB phylogenetic markers to distinguish closely related bacteria. The GeoChip is
thus a comprehensive functional array for linking microbial community structure to

ecosystem functioningThis microarray caglucidae how Metarhiziumspecies impact the
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sal microfauna to provide the biogeochemical, ecological, and environmental data
researchers and regulators need for risk analysis.

Studying microbial processes in conjunction wWitbtarhiziumsymbiosis will also
reveal important information on the emerge propertiesof rhizosphere activity in long
term (turf) and seasonal (a winter wheat crop) field environmeAt&ey difference
between these systems is that the turf rhizospheric community was established when
these experiments commenced, while the veéntvheat rhizospheric community was
established during our experimenkhisstudy investigateshe taxonomic and functional
diversity of rhizosphere biota, the integration and coordination of rhizospheric interactions
and the implications of these interaons for rhizosphere trophic organization,

productivity, nutrient cycling, soil genesis and ecosystem management.

Materials and Methods:

Plant TreatmentsThese experiments were conducted at the University of
Maryland associated Beltsville Agriculturel ®A f Aié > f 20F SR Ay t NRY
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. robertsiiARSEF 257811,125) During this experiment (October 2012 through June
2013) annual mean air temperature and precipitation 8525°F and 41.85 inches,
respectively. The field trial examined the effectMif25750n the rhizosphere and bulk

soil surrounding both turf and organic winter whedti(icum aestivun
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containing GFP expressiy robertsiiconidia (1x18conidia/mL) prior to sowing in
mid-October. Controls were treated with the same gum arabic solution without fungal
spores. Planting of control and spetreated winter wheat was randomized with 20
seeds in each of nine 1%sections surrounded by 1 meter barren buffer zones. Plots

were weeded weekly by hand until the wheat reached maturtyune

The turf site was selected for its representative vegetation and soil attributes
being dominated by thfescue [Lolium arundinaceuim Kentucky bluegras®¢a
pratensig and white cloverTrifolium repeny typical of Maryland turfThe treatment of
the sections of the turf waarandomized 1 L drench of conidial suspensions in water
(1x1C conidia/mL) ineach of nine 1 rhplots. The distance between adjacent plots was
1.0 meter. © follow up on our initial resultshe turf experiments wereepeatedthe

following year at sites located 30 meters from the plots used in the first year.

Soil SamplingTurf ard winter wheat soil samples were taken from the
rhizosphere, bulk soil, and from barréempty)soilin 5 replicates eight months after
planting, whenwinter wheat was ready for harvest. For bulk soil, em diametercore
was takerb cm from the base otk plant was take® cm into the soil. The bottom 3
cm of soil was ejected into a sterile centrifuge tube. The corer was stenlited0%
ethanolbetween samples. For a rhizosplesoilsample, the plant was carefully pulled
out of the ground from théase 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
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2-5 cm from the base of the plant were cut into a sterile centrifuge tube using sterile
shears. In the lalrpot samples were thoroughly vortexed to release rhizospheric soil

from the roots.

DNA ExtractionDNA from 0.5 gams ofeach soil sample was immediately
extracted using the FastDNBPIN 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 procesgizg)

Microarray AnalysisAnalysis was completed via the pipeline of microarray and
microbial community analysis tools available through the Institute for Environmental
Genomics website, which include modules for deterngnatpha and beta diversity,
multivariate homogeneity, paired and unpaired T tesisalysis of variangegesponse
ratios, dissimilarity testsprincipal component analysis ateka relationship analysis.
Results from this pipeline were exported and anati/agther in R using relevant

aGraAxadAort LI Ol@M2B)S &z LINAYINARf & a@S3alyé

Results:
Gene variant ichness among samples and treatments

In 2012, we used a globatale methodology (GeoCHimnctional 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 rhihese were

identified as outliers based on PClstering of paired correlations and excessive (>1.5
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fold) deviation from withingroup correlations. These samples were removed from
subsequent analyses, leavingb4eplicates per treatmentSamples were tan
randomly, but outliers may be a result of variable moisture content in soil during
sampling, which is known to perturb the microbial commurit®27) 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. Astosatments the
average number of gene variants detected ranged fret®,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 fr& gene variants (0.182%) in
untreated wheat rhizospher® 824 unique gene variants (1.68%) in untreated turf

rhizosphere.

Alpha diversity indices across treatments

The alpha diversity among treatmentss 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 similars happarent 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 signifrdadifferences (p<0.019bservedin

evenness among treatments.
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Index System Location Treatment Mean D n

Inverse Smpson Empty Bulk None 41692.3696 1125.65301 4
Inverse Smpson Turf Rhizosphere Treated 41629.947 1039.45526 5
Inverse Smpson Turf Rhizosphere Untreated 46206.2917 1022.50364 5
Inverse Smpson Wheat Bulk Treated 43875.4074 2734.20929 5
Inverse Smpson Wheat Bulk Untreated 45968.2512 1580.3971 4
Inverse Smpson Wheat Rhizosphere Treated 43991.4253 1058.64527 4
Inverse Smpson 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

Tablel: Inverse Simpson and Shannon indices for each sample in this studysfdeaach index

across replicates with standard deviation are reported.

Multivariate analyses

Beta diversity based oBray-Curtisdissimilarity 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 compositiobetweenthesesamplegFigure 1).
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Figure 1: Multidimensional scaling @rayCurtisdissimilarity matrix among samples in this study.

TheBray-Curtisdissimilarity matrix was used to calculate multivariate
homogeneity based on grouping by location (rhizosphere or bulk), system (turdtwhe
or bulk soil) or treatment (treated witM. robertsiior 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 onsamalfyvariance
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 locatioallowing for interaction betweeterms dentified
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 tBeay-Curtis

dissimilarity matrix (25.5%) followed by the interaction between systad treatment
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(17.2%). This suggest that differences are chiefly among systemgif or wheat) and

variation due to treatment is mostly dependent on the system.

Variable Df Sums of Squares Mean Squares F Model R2 P (>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

Table2: Permutational multivariate analysis of variance usii@yaCurtisdissimilarity distance
matrix across samples.

Principal component analysis based on probe sgyaatoss 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 theedata). Treated and untreated turf samples were separated the most in this

Bulk Rhizosphere
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Figure 2: Principal component analysis of probe intensity for samples in this study.

multidimensional space, and while clusters are apparent for wheat treatments in the
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rhizosphere and bulk soil, these are not separated well actessomponent containing
the mostvariation PC123.43%).

Overall, these results from PCA and multidimensional scaling based on beta diversity
indicate thatdifferences among gene variants can be used to separate samples, but

treatment effects were strongest in thrf rhizosphere.

Treatment effects on community function

These diversity indices and multivariate analyses indicate whether communities
differ in overall composition, but a key questitor this study is whether community
function in these systems and locatiossmpactedby application oM. robertsii Gene
variants included in GeoChip weidesignedo assess community function, and each
probe is assigned into one of twelve functional categories with additional subcategories
for assessment of functional shifts in the nabral community. To test for shifts due to
application ofM. robertsii the probe intensities of respective treated and untreated
replicates were compared (significance p<0.01 fremasts with false discovery rate
multiple comparison correction). Acroagctional 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 wheathizosphere were visually indistinguishable, so only wheat rhizosphere is reported.
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Though the overwhelming majority of probes were not found to be significantly affected
by M. robertsiiapplication in bothsystems the number of significantly impacted gres

in turf was found to be two orders of magnitude higher than theggmificantly

impactedin wheat (Figure 4). When viewing shifts in probe intensity following
treatment, the net effect oM. robertsiitreatment onturf rhizosphere on all gene

categories wasa decreasen intensity
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Figure 4: The number of gene variants found to be significantly impacted dderbertsii
treatment in each gene category in turf rhizosphere, wheat rhizosphere and wheat bulk. Bar colors
indicate the impact of treatmendn probes within each gene category.

among probes. In wheat bulk, only decreases in intensity (20 probes in total)fouere

to be significant(p<0.01)following treatment and the reverse was true in the

rhizosphere of wheat (8 probesith increased intasity followingM. 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 Mirese
perturbations rever exceedd 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 chasgadthe negative log ofnultiple comparisons
correctedp valuescomparinggene variants in treated and untreated rhizospheres within each
system Redpoints were foundo be significarly (p<0.01)altered followingM. robertsiitreatment.

Treatment effects on community composition

The probes in GeoChipicroarrays are designed specifically to assess the levels
of genes with known function. Though the gene regiassayed by each probe
originates from the known sequence of a specific organism, only a small number of
LINEPOSa O0T1TTO0 O2Yy(IINXYy®ORISEHEZNEY ®BKENBaRERI IY SR
describe thamicrobialcommunity.Of the 18 probes detected on the microarray for
Metarhiziumspeciedn this study(from National Center for Biotechnology Information
deposited straind/. robertsiiARSEF 23d M. acridumCQMa 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 MomobertsiARSEF 23).
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Due to the research interesbf the GeoChip ekigners, the phylogenetic probes are
almost entirely bacteriawith no fungi.The composition of Proteobacterian abundant
soilbacterial phylumfor treated and untreated samples in the rhizosphere of wheat
and turf are reportedn Figure 6 and Figurg respectively. Significant differences
(p<0.01) were observed in the turf rhizosphere following treatment in three orders:
Rhizobiales (decreased), Rhodobacterales (decreased) and Sphingomonadales
(increased). Naignificant differencesvere observecamong Proteobacteria in wheat

following treatment
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Figure 6 Averagevalues(mean + standard deviatiomf phylogenetic probes for each order within
the phylum Proteobacteria detected iminter wheat. Bar colors indicateletarhizium robertsii
treatment. No significant differences were detected between treatments.
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Figure 7: Average values (mean + standardat®n) of phylogenetic probes for each order within
the phylum Proteobacteria detected in turf. Bar colors indidgietarhizium robertsitreatment.
Significant differences (p<0.01) between treatments within an order are indicated with an asterisk.

The conposition of Actinobacteriaanother major phylum in soil microbial communities,
in these systems is reported in Figure 8, but no significant differences were observed

among orders of Actinobacteria.
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Members bacterial genuBseulomonasare known to play an important
ecological role as both plant symbioratsd plant pathogens, so the impact of
Metarhiziumapplication on the function of gene variants originating from this genus
was examined in detail (Figure ®seudomonaspp. gae variants were only found to
be significantly (p<0.01) impacted by treatment in the turf rhizosphere, with an overall
decreasén genes fronPseudomoasin the rhizosphere that was treated witl.
robertsii The category that was impacted the most wasileince, with the intensityf

25 Pseudomonaspecies gene variantsund to besignificantly decreasefillowing

treatment.
Metarhizium impact on
Pseudomonas
"
20+

Gene category

15- Carbon Cyclin
Electron transfer
Metal Homeostasis
Organic remediation
10! Phosphorus
Secondary metabolism
Stress
Virulence

Down{
Up1

Figure 9The number of gene variants found to be significantly (p<0.01) increased or decreased
amongPseudomonaspecies probes. Colors indicate gene categories.

Second year assessment of turf rhizospheric changes

93



Since the largest effect on the community was alvee in the turf rhizosphere
in our first trial a second trial over the same tinoeurse the following year was
conducted with five replicates of treated turf and five replicates of untreated turf to
assess if the minagffects onmicrobial communityfunction we observed in the first
year wereconsistent from year to yeafOne outlier was identifiedmong the treated
turf samplesand removed according to the methods described above. Testing for
significant differences among gene variants in this second fii@al revealechone
following treatment in tke turf rhizosphere microbiadlommunity. Though thiial did
not reproduceour fine-scale findings of certaigene variandifferences in the turf
rhizosphere community in the first year, this does suppb# overaliconclusiorthat
treatment with M. robertsiidoes not have a major impact on microbial community
function. In the case of this second field trial, there was no evidémreement with

transgenic fungusignificantly impaed the functional microbiacommunity.

Discussion:

The GeoChip functional gene microarrays offeomprehensive anfligh-
throughput method to assess shifts in biogeochemical processes among mi¢i@3s
These microarrays have been used to identify shifts in microbial community function
following oilcontamination(128) under different land us€l24)andacross spatial
scales in forest sqflL29) Thesestudies suggest an even distribution of soil microbial
communities. However, they used random soil samples wiikety mixed rhizospheric

and bulk soils. The current study is among the first comprehensive analysis of functional
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groups (e.g., a group of genes involved in a functional process) relevant to the
rhizosphereThe rhizospheric microbial communities hgweviousy been distinguished
from bulk soil communities when looking at processes modulated by a small number of
well-understood gene$119)

The impact of thisnethodologyextends far beyondMetarhiziumspeciesn
providing a model for plarsymbiontinteractions bolsteringrisk assessment and
providing new and effective resources for crop protectidrhis serves asnodel for
analyzing microbial communities, metalmopotential, diversity in the rhizosphere and
the impact of transgenic organisnfainctional gene microarrays allow scientists and
regulators toquicklyassesshe impact of biocontrol agents or other transgene
technology thatcouldpotentially affect the soil microbial community and ecological
processesUltimately, this strengthenecologicalisk assessment.

The availability of genome sequences and rolitegtsformation protocoldave
allowed production of genetically manipulatddetarhiziumstrains that representa
emergingstrategyfor combating pest insects and enhancing plant gro(tfi10)
However, for these tools to be used safelye needto thoroughy understand the
impact they would havevhen introducednto a new environment. This research
examines how intensive deploymeat transgenid\. robertsiiimpacts microbial
communities in the soitoot interphase (a preferred habitat défletarhiziumgeneralist$
in longterm (turf) and seasonal (winter wheat) field sit€ur study provides a
comprehensive analysis into how andwbat extent appliedM. robertsiican alter

microbialcommunityfunction. As well, this study provides a unique opportunity to use
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a globaiscale methodology to compare the activity of the microbial communities of

seasonal versus loAgrm soil systems andf 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. Tdirsityis limited by the gene
variantspresenton the microarray (i.egene variantsiot included on the probevould
not be detected. Howeverthe high alpha indiceacross all samplesuggests the
functional diversity among microbes in turf and wheat sohighand is not impacted by
application ofM. robertsii This finding is underscored by the high numbgpmbes
found to be shared across samples (~98%). Differences in beta diversity across samples
(Figurel) indicated that treatment withM. robertsiidetectably alteredp<0.01)the turf
rhizosphere. Effects due to treatment and across bulk and rhizospketliin winter
wheat were not readily apparenOur 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 contngut 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
amongturf betweentreated and untreatedsamplesare driving the signifant
differences we observenh this modelfor 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 fangyene variants
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detected in both the wheat bulk soil (20 decreased) and the wheat rhizospheric soil (8
increased. Even thoughwo orders of magnitude morprobes were found to be
significantly different between treatednd untreatedturf rhizosphere samples, these

still only represented a small percent of overall probes in the gene categories
comprising the GeoChip microarraysross these categories, 0v@3% of detected
functional probesvere unchanged following treatment witM. robertsiiin the turf
rhizosphere. This indicates that whdéferencescould bedetected, the overallfunction

of the microbialcommunitywas stable followingW. robertsiiapplication. Those
differences that were detected in the turf rhizosphere were significant decreases in
function; however, these decreases were minor (at mw$6.1%shiftin probe intensity
wasdetected). These changes, while significantly different in tts¢ 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 wobiserved in tle trial the following year

The phylogenetic probes revealed significant differences only in three orders of
proteobacteria in the rhizosphere of turf treated wiM. robertsii Following treatment,
nitrogen-fixing Rhizobiale§l30)and photoautotophic Rhodobacterale$131)
abundance was reducednd a significant increaskie totreatment was detected in
Sphingomonadales, which also contains phototrophic bac{@3a) Thesewere
exceptions taa general trend of ndreatment effectin phylogenetically informative
probes, with no changes in oth€roteobacteria or any Actinobacteria. Interestingly, a

net decrease in virulence related genes from the gdhssudomonawas deected 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 Bseudomonaspecific response Metarhizium

application.

In interpreting different responses to application Mf robertsiito these
systems, it is important to consider theherentdifferencesof thesemicrobial
communities. The wheat rhizosphere watly established during thisx@eriment, with
Metarhiziumconidia applied to the seed initially. In contraaturf rhizospherc
microbial community waalreadyestablished when a high concentration of
Metarhiziumconidiawere drenched onto that community. Another important factor is
the ubiquity ofMetarhiziumspecies in the so{65,110) Initially, thiswasattributed to
the insect pathogenicity of these fungi, but the high abundandel@farhiziumconidia
in the soil hasecentlybeen linked o their plant symbiotic lifestyl€17). Taken together,
the applicationof conidiato the outside ofwheat simply increased the presence of a
specificMetarhiziumspecies at the onset of germination, and the turf apglma had
the potential toalter 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 obsenresght months bllowing
treatment in turfin the first trial In wheat, the introduction of outransgenic strain may
have had little observed impact on the community becausedhundance of this
common soil fungugvas simply increased in the immediately vicinity of Wigeat 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 applicatioMofobertdi that year,
ultimately returning to the functional equilibrium of the untreated turf rhizosphere
when sampled months lateNariation across years could be due to myriad
environmental factors, anthis islikely highly dependent on the resilience of the

rhizospheric community wheRetarhiziumspores are applied.

Hfectswe observedn community structuren turf rhizosphereeight months
after treatmentin the first trialoccurreddespite:1) thewidely-accepted view that
functional diversity iimicrobial communities ares linked to higher resilience to
perturbations(133) 2) Metarhiziumspeciesare ubiquitousn environmengal soil (134),
and withinMetarhiziumpopulatiors stabilizeto pre-introduction levelswithin a couple
of months(111,135) and 3) theeeffectswere presumably unrelated to its genetic
modification aghis transgeniadVl. robertsiistrain differsfrom the wild-type only in
expressing GF&eoChipmicroarraysallow micobial composition to be linked to
ecosysterdevel biogeochemical processes. The compositional changexserved
had very little impact on key functional rolesich as nitrogen fixation or lignin
decomposition. Ecological harm (consequences) can beudiffo evaluate objectively,
but, given that application oM. robertsiiallows continuity of function, we would define
the significance of the compositional changes as low. More extensive sampling than we
conductedwill be required to determine the impaof local environmental conditions
and the general applicability of our results to different plamssils,fungiand modes of

action
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Future Directions

As the first application of GeoCHinctional gene microarrays to assess impacts
of soil amendment with transgenic microbes, this stugbersthe door tomanynew
avenues of inquiry. In particular, future studies using functional gene microarrays for
risk assessment can benefit from thessens 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 importards a cash and cover crapoverwinters.
Duing this time the plants and the community of soil microbes go dormant and activity
resumes when the temperature warms in the spring. The impactibisant period
may have on thecomposition and ultimate function of the microbial community, as
assessetby the GeoChip microarrays, may be considerable. Future studies should
incorporate additional timepoints to assess how this perioday affect the microbial
communityfunctionin soil or futureassessments should lm®nductedin crops that do
not go dornant between planting and harvest. The inconsistent effects observed in the
microbial community in the two separatarf trials this study may also be affected by
this dormancy, as the timpoints 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 a overalldecrease in probe intensity in one year and no
significant differences in the second year, determining the baseline funofiamcrobial
communiiesin turf (or other longterm systems) at the outset of experiments ntagip

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
palateble from a regulatory perspective because green fluorescent protein is expected,
based on previous studi€¢7,111) to have a neutral effect oNl. robertsiiand the
community of microbes. This is indeed what we observed; however, practical transgenic
applications oM. robertsiias biofertilizers would theoretically incorporate gtotypes
aiming to directly alter the plant fithess or manipulate the microb@nmunityin some
manner(e.g., overexpressing plant growth hormones or expressing effectors targeting
plant pathogenic microbes). Thegansgenidraits wouldprovide hypotheses that are
directly testable, and probes could be added to fhactional genemicroarrays ensure
the introduced strain can be monitoreadirectly 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 praoesthe Metarhizium
robertsiistrain introducednor for GFPand there was no clear impact dfhetarhizium

probes that were present.
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Chapter 3:Understandngthe tritrophic transcriptomic profile oAnopheles gambiae

immunity to infection byMetarhizium pingshaensand Plasmodium falciparum

Background

An estimated 2 billion peopléve in areas wherenosquitobornediseases are
endemic.In subSaharan Africa, ~200 million cases of malaria are reported annually and
many children succumto this diseas€136) Progress against malaria in the past
decade haslecreased the global malaria burdey half (137,138) However, this
progress has stalled asalaria vectors in suBaharan Africa hawevolvedresistance
chemtal insecticidesa mainstay of malaria mosquito conti(@39,140) Without the
development of new technologies to control anophelmesquitoes we are facing a
future where malaria cases increase year to year.

Blood feeding by mosquitoesas essential first step in vector transmission.
Once inside the mosquito, it takes-1@ days for malaria parasites to mature and travel
through the hemolymph to the salivary glands, where they lsameliverednto
another host. It takes about that long féungal spores to infect mosquitoes through
their cuticle and kill them. If mosquitoes are infected with fungi soon after they pick up
Plasmodiumthe mosquitoes will die before they can transmit the disease. If they are
infected with fungi latethan this they could still spread malargarasitesbefore dying.
Genetic modification oMetarhiziumto produce antiplasmodial molecules imosquito
hemolymphreducesvector competenceeven whenMetarhiziuminfects mosquitoes

with late-stage (11 days post infeéon) Plasmodiumnfections(141) Several studies
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have employed neroarrays to examine changesgane expression iA. gambiae
infectedwith Plasmodiunparasites particularlyfor the rodentP. bergheimodel system.
Mostly these have focused on the early stageRlasmodiundifferentiation in the
midgut and have helpkidentify multiple mechanismroughwhich mosquitoes
launch a potent immune attadkat killsmost invadingP?lasmodiunparasites. The role
of most immune genem defense againgporozoites (a stage oPlasmodiunparasite
development late in thenosquito phase of its lifecycléps not been investigated
Many immune geneare nonspecific and there is a functional overlap in the
antibacterial and antplasmodial immune responses of mosquitoeststhat
antibacterial responses mounted against bagian the gut also protect the mosquito
from parasiteq142)

In this study, we infectednopheles gambiamosquitoes with malaria parasites,
Metarhiziumor both pathogensIinfections 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 thegundoesto
comparethe gene expressionf infected mosquitoesvith uninfected mosquitoeswith
this design, we expected to gain insight into the response mosquitoes have specifically
to Metarhiziuminfection and determine if mosquitoes respond differertythe fungus

when infected withPlasmodium falciparum



Materials and methods
Mosquito co-infection with Metarhizium pingshaensand Plasmodium falciparum

Four treatmentgroups were generated for these experiments: uninfected
Anopheles gambiagKeele strain)Anopheles gambiamfected withPlasmodium
falciparum(strain NF54)Anopheles gambiamfected withMetarhizium pingshaense
(strain 1630) and\nopheles gambiaeo-infected with both pathogensMosquitoes
were infected with malaria parasites ail pingshaensspores as described previously
(141) Briefly, mosquitoes were fed human blo@&D% hematocrit) with 0.3%
gametocytemia. This malaria parasite infection was allowed to incubate for 11 days to
the oocyst stage of infection. Then mastpes were exposed to 1x1®1. pingshaense
spores in 0.01% Tween80 using an atomizer, as described pre\ibd$|$43)
Mosquitoes were incubated for another three days to the stage where malaria parasites
andMetarhiziumblastospores have both entered the hemolymfFhgure 1) Thislate
stagePlasmodiumnfection is a crucial stagghenMetarhiziumspeciesnay not be able

to preventtransmission and thereforeould benefit from genetienhancement.
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Anopheles gambiae Females
Plasmodium Treatment

Metarhizium Treatment
11 Days Post Plasmodium

14 Days Post Plasmodium
3 Days Post Metarhizium

- - < RNA Extracti
5 v v v 20 Mosauitoes

lllumina HiSeq RNAseq and Library Assembly
Bioinformatics Analysis

Tuxedo Suite: Map Reads to Genomes, Quantify Mapped Reads,
Test for Differential Expression

Figurel: Schematic of the experimental design for this transcriptomic study.

Whole-body RNAextraction from mosquitoes

Since pigments in the eye can interfere with downstream transcriptomics,
individual mosquitoes were decapitated using a needle lamthogenizedn 500 pLof
TREol in groups of 2ihdividual mosquitoe$or RNA extraction.dincrease yield, e
RNA extraction protocalas a hybrid of the TRIzol extraction protocol (Gibco) and the
RNeasy Mini Kit extraction protocol (QIAGEN). The TRIzol Protocol was followed until
the agueous layer was obtained following the addition of chlorofd&tmanol was
added to thsaqueous layerthen applied to spitolumnsaccording to the QIAGEN
protocd. Following this, the fulQIAGEN extraction protocol was followed, including

DNase digestion, until the final elution of RNA in RNese water.
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lllumina sequencing and bioinformatic analysis

RNAextractedfrom treatment groups wasequenced usingluminal00bp
pairedend HiSegRNAseq(via UMD IBBR sequencing coaelllibraries generated were
analyzed using th&uxedoSuite of bioinformaticalgaithms to profile the global
transcript response oAnopheles gambiat infection, comparinggene expression
across our four treatment grougd.44) Thisbioinformaticsuite aligned RNAsergpads
to the Anopheles gambe genome, quantifid their expression in fragments per
kilobase of transcript per million mapped reads, and conéddifferential tests in gene
expression. Thianalysis wasutput for downstream analysis in an R packdgegeloped

for this purposgCummeRbung(144)

Quantification of pathogen loadn mosquito hemolymph

Anopheles gambe mosquitoes were infected with each pathogen individually
and coinfected as described above, exciptpingshaenssporesexpressing GFP were
used and the applied concentration wmereased to 5x10conidia/mL in 0.01%
Tween80. Mosquitoes were incubated @desscribed above. On day 14 pddasmodium
infection, mosquitoes were knocketbwn on ice, thebottom two abdominal segments
were ablated and 20 pL of sterile Jphosphate buffered salin@PBS) wamicroinjected
into the ventral soft membrane at theanterior end of the thorax (i.e., where the head
meets the thorax). This injection flushéte mosquito hemolymph with PBS into a
capillary tube held at the open end of the abdomen. This 20 uL flush was applied

directly to a hemocytometer, allowed to settle @rcounted immediately under a
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fluorescence microscope: the constitutive expression of GFP iNthengshaense
strain allowed blastospores to be readily distinguished from other hemolymph cells.
These experiments were conducted in three replicates witin@ividuals for each

treatment (i.e.,M. pingshaensalone,P. falciparunalone or ceinfected).

Results
Differentially expressed genes by Gene Categories DE Genes
Chemosensory Reception 2
category Cytoskeletal 3
. .. Di 20
Following analysis in the |ver.se
Immunity 19
TuxedoSuite, 128 genes were Metabolism 9
Proteolysis Digestion 13
identified as differentially expressed Redox Stress Mitochondrial 9
Replication, Transcription,
acCross our four treatments Translation 16
] ] o Transport 9
(untreated,infectedwith Metarhizium
Unknown 28

Table 1: Differentially expressédopheles

pingshaensalone infectedwith gambiaegenes by category.

Plasmodium falciparuraloneand co-infectedwith both pathogens)The broad

functional categories for each gene was determined manually and these are reported in
Table 1Among categories with clear physiological definitions, the highest number of
differentially expressedyenes were found to be related to immunity. Gasrwere

considered differentially expressed if they were found to be significantly different from
at least one of the other treatments according to tihexedoSuite pipeline. As such,

some genes were differentially expressed in one or multiple treatmdrite.expression

levels compared to the untreated control for each of the three experimental treatments
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(fungus infected, malaria parasite infected or both) are repofftadeach categoryn

Increased Categories Plasmodium _Metarhizium Both
Chemosensory Reception 1 1 0 Table 2This
Cytoskeletal 2 1 2
CESS 3 3 12 reveals that the
Immunity 5 14 16
Metabolism 2 4 4 .
Proteolysis Digestion 2 4 4 Immunity related
Redox Stress Mitochondrial 3 2 2
Replication, Transcription, Translation 8 6 9 genes are
Transport 5 4 6
Unknown 10 14 17 increase most
Decreased Categories Plasmodium__Metarhizium Both
Chemosensory Reception 0 1 1 .
Cytoskeletal 0 0 1 When a mosquito
Diverse 5 3 4
Immunity 7 2 2 is infected with
Metabolism 4 3 3
Proteolysis Digestion 10 6 6 M. pingshaense
Redox Stress Mitochondrial 4 2 1
Replication, Transcription, Translation 5 5 6 .
- 2 0 > alone or with
Unknown 10 8 6
No Change Categories Plasmodium _Metarhizium Both both fungus and
Chemosensory Reception 1 0 1
Cytoskeletal 1 2 0 the malaria
Diverse 12 8 4
Immunity 7 3 1 .
Metabolism 3 2 2 parasite.
Proteolysis Digestion 1 3 3
Redox Stress Mitochondrial 2 5 6 Conversely,
Replication, Transcription, Translation 3 5 1
Ll 2 3 L mosquitoes
Unknown 8 6 5

Table 2: Differentially expressédopheles gambiagenes by category for  jnfected withP.
each treatment compared to gene expressioruitireated mosquitoes.

falciparumalonehadthe mostimmune geneshat weresignificantlydecreased

compared to untreated mosquitoes. Here, the timing of infection may play a role, as the
time-point we used for these experimenisa late stage oinfection forPlasmodium
parasites (11 days) arah earlier stagdéor M. pingshaenseWhileMetarhiziumspecies

are known to camouflage themselves from detection in the insect hemolymph with a

collagenous membrane proteiM(CLL) (145) the expression of enzymes to penetrate
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the host cuticle may be triggering the heightened immune response to the fungus that
we detected.

Themosquitoimmunological response to a pathogen can be broadhdedinto
three distind stages: recognition of neself, signal transductiori (® Sethding the
messagé | LJ ( K 2 3)Syd pathibgen efidinatioi (§.6., expression of
effectors)(146) A variety of patterns were observed among differentially expressed

genesin this study with some showing a specific response to a single pathoese

Protease
specific

responses were

found among

FPKM

genes involved
in signal
transduction
and pathogen

elimination

Figure 2: Fagments per kilobase of transcript per million mapped reads
expression levels for two proteins found to specifically respond to infection This is
a single pathogen.

illustrated by the expression levels of hesitock protein 70 and a serine protease in
Figure2.

By contrast, genes involved in recognition of remiffolloweda pattern of
expressionn response t@athogen load: these were found to be increased in response

to a single pathogen, but highest when challenged with both pathogens, as



demonstrated with the pattern of the fibrinogerelateddomain containing gene
AGAP11197 (Figur).

AGAP011197 . .
Differentially
expressed
immune genes

The

FPKM

function, gene
category, and
Figure 3: Differentially expressédhopheles gambiagenes by category. pathway for each
differentially expressed gene in the immunity categagsalsodetermined These

categories and their expression as compared to the untreated coAtmopheles

gambiaeare reported in Table 3. Genes identified as increasing expression in

mosquitoes treated wittMetarhiziumpingshaenséwith and withoutPlasmodium

falciparunm) were CEC1, PGRPS2, PGRPS3, TEP4, CLIP7, GAM1, FBN24, and KIN1. These
genes span multiple canonical immune categories and pathwayeng these, CLIP7,

GAML1 and KIN1 were expressed at significantly lower levels when mosquitoes were

infected withPlasmodium falciparunalone.
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Gene Name Function Category Immune Pathways Plasmodium Metarhizium Both

Antimicrobial

CEC1 CEC1 CECs Peptides Decreased Increased Increased

TPX4 TPX4 TPXs Humoral Response Increased Increased Increased

PGRPS2 PGRPS2 __ PGRPs IMD Pathway Increased _ Increased

PGRPS3 PGRPS3 PGRPs IMD Pathway Decreased Increased Increased

TEP3 TEP3 TEPs  JAK/STAT Pathway Increased Increased Increased

TEP4 TEP4 TEPs  JAK/STAT Pathway [ ERe FIEE Increased Increased

CLIPAS CLIPAS CLIPAs Toll Pathway Decreased No Change

CLIPC7 CLIPC7 CLIPCs Toll Pathway | eRaers Increased Increased
Undesignated

GAM1 GAM1 AMPs Pathway Decreased Increased  Increased
Undesignated

AGAP004918 FBN24 FREPs Pathway [ eRe e Increased Increased
Undesignated

AGAP011197 FBN9 FREPs Pathway Increased Increased Increased
Undesignated

AGAP011228 FBN2 FREPs Pathway Increased Increased  Increased

AGAP012386 Eater homologue = APHAGs N/A Increased Increased Increased

AGAP005888 KIN1 CLIPAs N/A Decreased Increased Increased

AGAP000376 Transferrin Other N/A No Change WENOGELREER  Increased

AGAP000603 IRSP2 Other N/A Decreased Decreased Decreased

AGAP005194 IRSPL____ Other N/A Increased _Decreased

Niemann-Pick type
AGAP002850 C-2e PGRPs N/A Decreased Decreased Increased
Prophenoloxidase
AGAP010730 activating factor PPOs N/A BRGEESERES WERSGEREN  Increased

Table 3: Differentially expressed immune genes identified in this study with the functional gene
name, immune pathway, and expression in eagperimentaltreatment, as compared to the
uninfectedAnopheles gambiamdicated. Albreviations: CEQecropins; TRX hioredoxin
peroxidase; PGRPeptidoglycan recognition protein; TEFhioestercontaining protein; CLHClip
domain containing protein; AMPAntimicrobial peptide; FREPRibrinogenrelated protein; APHAG
Autophagy; PPQProphenoloxidase.

Impact of coeinfection on pathogen load

Though mosquitoes are naturally subjected to bdbthpingshaensendP.
falciparumin the wild, an outstanding question is how-tdection 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 mosquitoesco-infected with both pathogens at the same tirp®int used for our

transcriptomics. Mosquito hemolymph wastracted,and pathogen numbers were
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countedon a hemocytometer for individual mosquitoes (Figdj)eThe number of
blastospores observed in thesadividuals ranged from 0 to 56&i¢hestin Metarhizium
pingshaensalone), and the number of sporozoites ranged from O to 2i§hestin
Plasmodiumnfected alone). During coinfection, the number of sporozoites observed
never exceeded 119 and the numbarblastospores never exceeded TZspites these
differences in the upper range when infected with a single pathogen or both pathogens,
significant differences weneot observedamong treatmentsn this experiment

(according to ManfWhitney Tests with p<01considered significait

4001
—-—
% Pathogen
(®) Sporozoites
O Blastospores
200
0 = ae s

Both+

Plasmodium+
Metarhizium

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
mosquitoinfection for M. pingshaense3 dayspostinfection when the fungus enters
the mosquito hemolymphTranscriptomic studies in human malaria mosquitoes focus
primarily on theresponse tdPlasmodiunparasites, with fewstudiesinvestigating
transcriptomic dynamicduring infection withentomopathogenic fungil47¢149).
ThesePlasmalium studies are important, as they inform our understanding of mosquito
stage ofPlasmodiumnfection, which is a bottleneck for malagarasiteg150) This
bottleneck is why malaria control efforts have feeaon the insect vector of this
pathogen and transgenic mosquitoes have been designed to be resistant to
Plasmodiunthrough modulation of thdMD pathway(151) M. pingshaenséasbeen
engineered teexpres transgenes upon entry into mosgo hemolymph(53,141,143)
thus the timepoint in this studyis relevant for development of transgenic modulation
of the host immune system with entomopathogenic fungi.

Modulation of theinsectimmune system using entomopathogenic fungi has
already been reported152) However, witha better understanding of thenosquito
immune response td/l. pingshaensgwe can design future transgenic strains to
circumvent the specific immune response mounted by malaria mosquitoes. This could
be used to enhance the virulence of transgeMietarhiziumspecies, and force
detrimental immunological tradeffs in anophelineghat mayevolve resistance to
transgenicentomopathogenic fungi designed to the target the immune response

Entomopathogenic fungi are highly amenable to genetic manipulation, and strains have



been engineered to expresgnctional RNAIn insecta(153) Armed with the
appropriatedsRNAge.g., silencing arucialmosquito immune genehese fungi could
manipulatemosquito geneexpression talltimately save lives

This study identified promising candidates fimmuneresponsemodulationin
mosquitoes as, not surprisingly, immune genes were the highest functional category of
genesfound to bedifferentially expressediVe alsauncoveredspecific responses to
each pathogen were limited to latgthasesof immunity (i.e., following recognition of
non-self) (146) This makestuitive sense, as it would be diffit to mount a specific
response to a pathogen before naelfhas beerrecognized. This explains the
expression of genes recognizimyading pathogensicrea® in response tgathogen
load. Expression of these genes would be increased in response tolpgysal trauma
and pathogen associated molecular patterns exposed during infection with each
pathogen. Increased expression of these genes would allow for identification of the
invading pathogenwhich can then induca pathogenspecificresponse with
downstream genes sending an immunological signal and ultimately responding
appropriatelyto the pathogen

The Toll pathway is the canonical affitihgal pathway, buthis narrow definition
was originally based off of unnatural infections using responsesitaain, not insect,
pathogenic fungiin Drosophila melanogast€i54) Thevariety of pathways identified
in this studyin response tdMetarhiziuminfection in the mosquito highlights the
crosstalk among pathways response to an insect pathogémat isco-evolving with

insect hostsIn particular, the distinct profileis response taVl. pingshaensafection
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with and withoutPlasmodiumnfection highlights the need to conduct transcriptomics
investigating states of emfection. IfMetarhiziumspecies are to be used as biocontrol
agentsagainst malaria mosquitoes, their effectiveness against mosquitoes that have a
malaria infection is @important (if not more) as their effect on healthy mosquitoes.
Understanding how these profiles differ will strengthéevelopment offuture
MetarhiziumbiotechnologiesOur studies on pathogen load suggested thairdection
R2Say Qi A YL @ éithar gaicgén2whivhSnAyibe due to thidferences in
stages of infection, strategies for immune evasion and routes of entfgrathe
pathogens in this studyThis finding is supported by previous studies that found co
infection withwild-type Metarhziumstrainsdid not affect sporozoite counts in salivary
glands ofAnopheles gambiaghe finalstage ofPlasmodium falciparurdevelopmentn
the mosquitg, unlesghe fungus was engineered to expresmsi-plasmodial effectors
(141)

Since this study was conducted, a handful of the genes identified in response to
M. pingshaens@nfection have been implicated in other studids.particular, GAM1,
CEC1, Thioest@ontaining proteins (TEPs) a@fipdomain containing serine
proteinaseq CLIPs) have been implicated as direct antifungal immune responses in
anophelineg155,156) Eater, identified in this study as responsivévtopingshaense,
Plasmodiunfalciparumand ceinfection, has been shown to mediapdagocytosis in
Anopheles gambiagl57) This is a powerful form of cellular immunity, but pathogenic
fungi, includingVietarhiziumspecies, have been shown to be capable of escaping

phagocybsis (158) Thiscapability has been hypothesizediave evolved in avoidance
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hypothesig(159) Immune responses thdfletahriziumspecies can already effectively
avoid would not begoodcandidates for transgenic modulation, so a clear picture of the
host-pathogen interactions is critical for informing design of new biotechnologies. This
study has highlightednmune responseat an infection stage where specific promoters
have already beeidentified (e.g.promoters controllinchemolymphspecific genes

MCL1 and N&A)(145,160) so these targeng of these immune genes could be timed
appropriatelyin the next generation of transgenid. pingshaenséor control ofmalaria

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 tientify candidates for further study.
With this objective in mind, this study has been fruithylidentifying candidates that
align well with our understanding of mosquito biologiyd with recentstudies further
confirming our findingsThe TuxedoSuite was designed to identify differential
expression using the distribution of readdlowing for our analysisith four groups of
pooled mosquitoesThis is reflective dhe rapid pace of development in sequencing
technologiedn the intervening timeSequencing transcriptomdss become orders of
magnitude more affordabland follow up studiesould certainly incorporate replication

andmultiple time-points within a reasonable research budget today.
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Future experiments couldso assay the effect these candidate genes have on
M. pingshaensénfection with RNAI or with CRISPR knroaks inAnopheles gambiae
(another technology that hasecently risen to prominenge These studies can identify
whichof these candidatgenes canricrease fungal virulence when their expression is
disrupted. Results from these studies can guide construction of translyltarhizium
species either expressing known inhibitors of thesenune pathway®r expressing
dsRNA silencing these gen@&silorirg dsRNA to a specific gene may help to allay
concerns regarding horizontal transfer of transgenes by limiting their activity to certain
insect hostsdsRNA approaches can offer unparalleled specificity, beibogfet effects
could only be definitively red out in the limited number of insects that have had
targeted genes sequenced.

The results fronour pathogen load experiments suggested thatintection
does not negatively impact developmentMf pingshaenser P. falciparumat this
time-point, but aweakness 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 fronseveral hundred to zero among individualgh identical pathogen

exposure and assayed at the same tipants.
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Chapter 4Tesingthe efficacy of transgeni®letarhizium pingshaensia semifield

trials in West Africa

Publishedn Sciencen 31 May 2019Appendix Aandin Scientific Reportsn 31 June

2017 (Apperdix B)
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Conclusion

The breadth of topics this dissertatiorspan from thesequence ohucleotides
in aMetarhiziumgenome to thesuccessfuapplication of fungal biotechnologyp
control malaria mosquitoes ithe semifield (53). Eachchapteradvancethe goal of
developing transgenic entomopathogenic fungi for modern biocontrol: by refining our
understanding of when and how hespecificity evolves, assessing the impact
introduced transgenidletarhiziumspecies may have on the function of microbial
communities, identifying targets for futureirulenceenhancement in mosquitoes and
the assessinghe efficacy otransgenic fungior mosquito control ira semifield setting.
Together, these approaches lagmticalfoundation for future development and
assessment of fungal biotechnologies.

Though each of these chapters contribute to our basic understanding of how
Metarhiziuminteracts with other organisms, the sequencingloé coldactive,early
divergedgeneralistM. frigidum ARSEF 41249)revised our understanding of the
trajectory of Metarhiziumevolution Byplacing theevolution of generalism tens of
millions of yeardefore previously thought9), we place the evolution of generalism in a
geological period that saw the similar radiation among crucial evolutionary partners for
Metarhizum species: plants and insed®2). Thisupdated view of Metarhizium
evolution, informed bythe most contiguous genome sequence in this genus to date,
tells a storylargelyof gene loss, even among recently diverged generalists, with
ancestral bursts of gene family expansion. We identified charatiesigns of

generalism and specialism that have implications beyond this versatile gelacsg



Metarhiziumspecies within the twespeed genome paradigm developed using plant
pathogenic fung(67). The expansive gene repertoire that enables a lifesy|goiting
many hosts and carbohydrate sources is enabled by mobile genetic ele(b&8)
Indeed, the low levels of repeatduced point mutations (RIP) in generalists suggest
meiosis, and thus sexuality, is a rare occurrefocghese fungi(28). As a result,
transposons are the primary source of variation among generalists, which manifests as
gene duplication and increasing levels of heterokaryon incorbpiagi 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 reqtirese fungito be virulent
enough tomeet and mate and their exchange of genes over time has resulted in the
highly specialized species we observe todagrifying our uderstandingof this process
will allow assessment aisks of hostswitching in transgeniMetarhiziumstrains. This
could further inbrm development of strains engineered to be sexually incompatible,
thus mitigating risks of introducing transgenes into native fungi. The identification of the
functional sterigmatocystin cluster M. frigidumidentified an unexpected carcinogenic
risk asociated withM. frigidum, which will guide future assessment of candidate
biocontrol strains, both wildype and transgenic.

Though generalism iMetarhiziumspeciegypicallyrefers to the abilityof strains
to infect multiple insect hosts, the discovery thdetarhiziumspecies are root
endosymbionts revealed that generalism enables piatgractions(17,110)

Metarhiziumspecies 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 amoMgtarhiziumspecies where generalists are
effective plant partners, while specialists aely effective insect pathogen®revious
studies have further shown that these dual lifestyledMetarhiziumspecies can be
decoupled(111,112,161)Thisallows our comparative genomics results to inform the
development ofMetarhiziumspecies as effective transgeniotertilizers.However, the
application of this biotechnology would be limited by the dearth of studies investigating
the impacts otheir application on the function of the soil microbial community. Our
GeoChip microarray results work to address thistactindingsfrom this studysuggest
that while shifts in the microbial community cdre detected following treatment with
Metarhizium robertsjithese shifts are minor arare notalteringthe overall function of
the microbial community. In the yeavhensignificant differences were detected
following treatment withtransgenid\. robertsij treatment effects were found to be
system (turfor winter wheat)dependent These findings bode wdtir the application of
Metarhiziumspeciesasgenetically engineerebiofertilizers in the futureFollow up
studiescould assay the resilience afgriculturalsystensto proposed application
methods. Microarrays used in these studiesuld alsobe designd to thoroughly assess
the anticipated effect ofntroduced transgenic tragtwith correspondinganalyses of soil
nutrient levels and microbidlnction directly Thiscould build off of our findingasing a
strainsimplyexpressinga green fluorescent priin.

Just as development and risk assessment of transdéetarhizium

biopesticides are informed by our GeoChip analysis, the continued development
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transgenidM. pingshaenséo control mosquitoes is advanced by the transcriptomics
work described in thiglissertation.This work has identified multipleletahrizium
specific immune respons&s Anopheles gambigenany of which have been validated
by other studieg155¢157) These immune responsean be circumvented through
genetic engineering to produce transgenic strains with hypervirul¢@gesince our
understanding of the insect pathogenic lifestyleMétarhiziumspecies is far more
developed(6,162) multiple strategies for enhancing virulence have been developed,
with the most advanced technology described herdfietarhiziumstrains have been
developed that can cure a mosquito Blasmodiunparasites 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 expressingsstrai
(153) our transcriptomics findings will lay a strong foundation for development of
strains engineered to circumvent the mosquito immune syst@ur: findings that
Anopheles gambiamfected withPlasmodium falci@rum mount a distinct immune
response, as compared to healthy mosquitoes, provides context for the desipasaf
fungal biotechnologie€Engineeringnew traits is critical for successful biocontrol
intervention, as mosquitoes have routinely evolved mechanisms of resistance to pest
control interventiong(138) The rise of insecticide resistance amamgphelines
highlights the importance of developing new technologies like transgdéetarhizium
with distinct activities. These fungal biotechnologies can be integrated with one another
and interventions as part of an integrated vector management progtrahis designed

to prevent resistance before it aris€s63)
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Two landmark papers describing significant advancements in the development of
transgenidM. pingshaenséor mosquito control comprise the final chapter of this
dissertation(53,143) These studiedescribing this technologepresent the
culmination of decades of research characterizing the gene expression and host
specificity ofMetarhiziumspecieq7,164) In particular, these studiesmploya
hemolymph specific promotor, which drives the expression of a collagenous coat
protein that disguiseMetarhiziumblastospores from the insect immune systga%5)
This promoter was combined with a varietyasthropod-derived, insecspecific toxins
to enhance virulence of mosquito specialist strain &fl. pingshaenseThe first of these
studies characterizethe efficacy othe existing arsenal of arthropod toxins that have
been transformed int@ur mosquito specialisstrain (143. These each have distinct
targets in insect neurons and could be applied togeffgeg., one strain was engineered
to express two toxins)r in rotation to mitigate the development of resistance in
targeted insecticideresistantmosquitoes(143,163,165)There are a walth of
resistance management strategies from agriculture that could be adapted for vector
controlwith biopesticidessuch as seed mixtures and pyramided crop varigfiésg
168). Ourstudy also revealed that transgerit. pingshaenséowers mosquito blood
feeding interest in just three days (i.e., once the funguseninto the hemolymph and
begins expressing the transgenic arthropod toXi®)3) This finding is critical for
understanding how this fungal biotechnology would alter malaria transmission, as
disruption of blood feeding would break thieansmission cycle before the mosquito

dies.



The second half of this chapter describes thsutes of a multiyear international
collaboration with Burkinabe scientisthiaracterizing the effectiveness of a strain
expressing Hybrid toxin: an insespecifc neurotoxin derived fronthe Blue Mountains
funnelweb spider(Hadronyche versuddahat blocksthe calcium and potassiunoltage
gatedchannels of insect neuror{83). This study in a purpodguilt, semifield facility
(i.e., providing containmentf experiments withfield conditions) in a malaria endemic
region wth wild-caught mosquitoes represents the furthest advancement of transgenic
technologies for the prevention of malari&3). These sidies revealed that this
transgenic strain is indeed more effective than the wiyide fungus and suggested that
our laboratory findings do translate into field conditiofts3,143) Aside from killing
mosquitoes faster than the witt/pe fungus and killing overall more mosquitoes in the
semtfield, we also found that this transgenic strain negatively impactedjtrentity
anddevelopment of the mosquito offspring3). The transgenic strain was found to
collapse an established mosquito population in just tyemerations due to these effects
(53). Finally, experiments assaying the effectiveness of the transgenic ant/p&d
fungus exposetb field conditions over the rainy season confirmed that Me
pingshaensexpressing Hybrid toxin had increased effective persist¢b8g This effect
was anticipated as the first study in this chapter demonstrated that fewer transgenic
spores are required to kiflL43) so even though transgenic and wilghbe spores decline
at the same rate when applied in oil forfation the transgenic strain can Kill
mosquitoes when a low number of spores are vigblg). These studies describe the

emergence ofransgenidVetarhiziumas amature mosquito control technology with a
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variety of available strains for application and promising sketd evidence supporting
their effectiveness against wild mosquito populatids8,143) The pace of
advancement into the open field will be determined by regulatory approval and
acceptance by local communities where this newhnology can have a profound
impact on malaria transmissiqi69)

The development of this technology is timehg malaria mosquitoes have
developed resistance to pyrethroid insecticides, whackour major tool to control
these mosquitoe$140) Due primarily to the rise gdyrethroidresistance, our progress
against malaria has plateau@drecent year138,170) This has spurnedevelopment
of arange ofother transgenianosquitocontrol technologies (e.g., mosquiteenodified
with enhanced immunity té’lasmodiunparasiteg171)andgene drivemosquitoes
(172).In order © succeed, each of these technologmastintegrate effectivelywith
mosquito control tooldo manage both mosquitoes and resistar{@&3) We have
demonstrated previously that transgerit. pingshaensean work synergistically with
pyrethroid insecticideso manage pyrethroid resistan¢@63) Transgenic biopesticides
alsohave the advantage dfaving the same route of delivery pgrethroid insecticides.
This similarity may facilitate faster stakeholder comprehension and adoption, as
compared to othe methods that counterintuitively require mosquito releases to
ultimately lower mosquito abundance.

Each of these studies applies modern techniques to advance the development of
Metarhiziumbiotechnology. By furthering our understanding of hMetarhizium

species have evolved to interact with their natural insect, plant and microbial partners,
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this dissertation lays the groundwork for further improvikftgtarhiziumstrains as
biopesticides and biofertilizend,8) Thiswasaccomplished by pioneering new methsod

for assessing the impacts Bfetarhiziumapplication by expanding our understanding
Metarhiziumevolution, by investigating mosquitetarhiziuminteractions and by
assessing the efficacy of such fungal biotechnology in-eldiconditions. Together,

these studies wikknablerapid development and assessment of the next generation of
transgenidMetarhiziumstrains that can benefit agriculturat@ductivity and be

integrated into vector control program@73) 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
examinirg a variety of outstanding questions about the biology of these fungi. The
expansivescope of thiglissertation reflects the versatility required for such a
monumentaland importanttask.In order to responsibly carry these fungal
biotechnologies forwardwe 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 baepartners in our efforts to control insect pegtk74) and the

results described herein modernize this partnership as these versatile fungi continue to

emerge as @romisingplatform for biotechnology.
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AppendixA

RESEARCH

MALARIA CONTROL

Transgenic Metarhizium rapidly kills
mosquitoesin a malaria-endemic
regon of Burkina Faso

Brian Lovett ™, Etienne Bilgo®*, Souro Abel M

illogo?, Abel Kader Ouattarra?,

Issiaka Sare®, Edounou Jacques Gnambani?, Roch K. Dabire?,

Abdoulaye Diabate®t, Raymond J. St. Leger 't

Malaria control efforts require implementation of new technologies that manage insecticide
resistance. Metarhizium pingshaense provides an effective, mosquito-specific delivery

system for potent insect-selective toxins. A semifield tnal in a MosquitoSphere (a contained,
near-natural environment) in Soumousso, a region of Burkina Faso where malaria is
endemic, confirmed that the expression of an insect-specific toxin (Hybrid) increased fungal
lethality and the likelihood that insecticide-resistant mosquitoes would be eliminated

from a site. Also, as Hybrid-expressing M. pingshaense is effective at very low spore doses,
its efficacy lasted longer than that of the unmodified Metarhizium . Deployment of transgenic
Metarhizium against mosquitoes could (subject to appropriate registration) be rapid, with
products that could synergistically integrate with existing chemical control strategies

to avert insecticide resistance

estimated 2 billion people |ve In arcas
eremosquito-bome diseases areendem-
e burden is heaviest in sub-Saharan
where>200 million casesof mdaria
art rted annually and many children
succumb tothe disosse {1). Pwethroidimpregnated
bed nets or indoor residual spraying on wals
and ceillings represents the mainstay of maana
vector contral {2). However, n reomnit years anoph-
dinemaariavectors in sub-Saharan Afticahave
gained sufficient resistance to render chemica
insecticides ineffective {3, 4). There is conse-
quentlya pressingneed for practica dtematives
for malaria control that can overcome insedtiade
resstance {1). Some Mdarhizum pp_have drans
pathogenic to adult mosquitoes and are consid-
ered to be environmentaly friendly {5, 6). The
application of Metarhiziun spores inside tradi-
tiond houses in Tanzania reduced the number
of infectious bites, but complete protection was
prevented by the pathogen’s low vimulence {dow
killing and high inoculum loads) and low per-
sistence {7). To remedy these deficiencies, we
enginesred a strain of Mdarhizium pingshaanse
{Mp-Hybnd) to express the U S Ervironmental
Protection Agency {EPA)-approved cacium-
activaled potassium {Kq,) and voltage-gated cal-
cium {Cay) blodker wik-hexatoxin-Hv1a {Hybrid)
under the control of a hem olymph-specific pro-
moter. In laboratory studies, M p-H ybrid kiled
mosguitoes faster and at lower spore doses than
wild-type {WT) fungus {8).
Because of the complexity of environmental
conditions, we cannot be certain of the extent to
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which lab efficacy daa can be extrapolated to a
hdd stuation. With an approach siniar to the
pathwray proposed in the World Hedlth Organi-
zdtion {WWH O) Guidance Framework for Testing
of Geneticaly M odified M osquitoss, the next step
before epidemiological studies isto test Mp-
Hybrid outsde the laboratory n conditions sim-
ulating nature {9). As nalure is too complex to
mimic indoors, a contained field tria provides
the best means to assess pathogenic efficacy
as measured by survivability, increased funga
lethdity, and the lkdihood tha insecticide-
resistant mosquitoes wil be diminated. In this
dudy, we have shown thal a transgene can sub-
dantidly mprove the performance of a maana
vector control mtervention in a setting where
the disease is endemic.

The trial was conducted in a contained, semi-
field facility (M osquitoSphere) {fig. 51) near a
urd vilage in a region of Burkina Faso where
malana is endemic, as part of an intemationa
effort to advance the use of t ransgenic approaches
for ma aria control. Burkina Faso, with >79mi-
lion cases of maana in 2017, is one of 10 high-
burden courtnes tha werenot on tradk to medt
their WHO Globd Technical Stralegy targets
for mdaria in 2017 {1). The sphere consisted of
s compartments—our of which contaned WHO
experimenta huts for West Africa {10), sugar
spurces {plants) for adult mosquitoes, and breed-
ngsites{plastic sheets buried in alayer of sol to
dlow the collection of waler}—endosed in a green-
house frane with walls of mosquito netting to
dlow exposureto ambient dimate conditions and
smulate anaturd mosquito habitat _ Insedicide-
resistant Anophdes coluzzii mosquitoes for our
experimentswere collecied aslarvae from loca
breeding sites and reared to adulthood in a com-
paitment ofthe sphere. The sphere was purpose-
Iy built to compare the efficacy of Mp-Hybrid

cocxpressng green fluorescent protein {GFP)
with that of Mp-RFP, a stran with WT vindence
expressing red fluorescent protein {RFP), against
A coluzzii mosquitoes. On the basis of previous
sudies {6), we found that suspendingMetarhizium
n locally produced sesame ol and spreading the
quspension on bladk cotton sheebs {ig 52) achieves
alongtemn dffed inthe sphere, and these sheels
provide a resting area for mosquitoes that have
taken blood meals from caves in the huts.

In initia experiments, we released 100 female,
nsecticideresistant A coluzzii mosguitoes into
each hut a dusk, allowed them to blood feed
from a calf, and then cdlledted them the next
momingtomonitor fungd infections {confimed
by abserving fluorescent hyphae emerging from
mycosed cadavers). In seven replica es, with doths
rotated between each compartment, we individ-
udly collected a tota of 2402 mosquitoes and
recorded their feeding staius and location of
capture. Qverall themag ority of mosquitoes were
caught on theblack doth {43.5%), with the ceil-
ng being the second most common place for
mosquitoes to be found rest ing 273%) (g S3).
Of the mosguit oes recaptured the next moming,
93 2% were blood fed. These findings were the
same for compartments containing control sheels
with no fungi or sheets impregnated with Mp-
RFP or M p-Hybrid, showing that mosquitoes are
not repulsed from black sheets by M etarhizium
spores applied in this fashion. Throughout dl of
our eperiments, none of the mosquitoes that
had been collected from the compartments con-
taining control sheets were infected with fungus.
Of the A. coluzzii mosquitoes that werecollected
n the compartm ents with Mp-RFP (M p-Hybrid)-
mpregnated sheets, 72 3%{/ S wereinfected
with Mp-RFP {4 p-Hybrid) {Fig 1): Thus, theef-
fective coverage of our respeciive treaiments
is~70% A subsample of the ~25% of surviving
mosquitceswaswashed, and the rimsewas plated
on agar for counts of fluorescent colony-forming
units. None were seen, which suggests that the
levd ngout a 20 to 25%survivd is due to mosagui-
toesnot coming into contact with the treaiment
over the evening of exposure, whereas infected
mosquitoestypicaly picked up ~130 conidia from
shedts (8).

M p-infected A coluzzii had significantly shorter
life spansthan uninfected mosquitoes, and within
2% days mosguitoes exposed to MpHybrid were
dying faster than those exposed to MpRFP. For
mniected mosgquitoes, median letha times for Mp-
Hybrid and MpRFPwere 510+ 0963 and 873+
0295 days, respectivd y [the mean + standard er-
ror {SE) is reported]. Auorescent M etarhizium
mycosswas observed on fungus-exposed cadavers,
confirming mortaity cassed by treament. The
number of mosquitoes surviving from the unin-
fedted control comparitments never dropped bdow
83 M {Fig_1).

Inthenest seriesof experiment s, wesought to
establish sdfsustaining Anophdes populations
n the M osquitoSphere to determ ine how hyper-
vinulence affects the generaional control of
mosquito populaions Initidly, 1000 virgin maes
{sufficient mad es for a swarmm) and 500 virgin
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fernales were rel eased into each compartment;
regular blood meds were provided by int roduc-
ing a cdf into each hut for 3 nights each week;
and we dady monitored the presence of larvae,
pupae, and emergent adults in each of four arti-
ficid breeding sites per compartment. Emerging
adults were captured for counting in mudin
netting suspended over the breeding sites and
werethen rdeased into the compartmenta pop-
ulation_ The number of adults present within
each compartment was dso counted daiy. In our
first replicale, a the peak of the rainy season,
adult mosquito numbers in the control compait-
ment {containing doth treated with sesame ol
done) increased by 921 and 1396, respectively, in
the F1and Fz generations, which were ~25 days
apait {Fig. 2). In the hut provided with an Mp-
RFP-impregnated sheet, the Fy and F2 popula-
tions naeased by 436 and 455 adult s, respectively.
In huts provided with Mp-Hybrid, the F; and
F> generdions were 399 adults and 13 adults,
respectivdy, ndicating a collapsed population.
‘We ran three replicates of this experment, each
lasting an average of 45 days, which is a con-
siderabl e portion of the rainy season. The second
itwo replicales had higher background atrition
of mosquitoes as conditions deterioraled with
the approaching dry season {Fig. ?). However,
the same strong and significant trend was ob-
served in dl three replicates that is, significant
decreases in each generation of offpring n com-
paitments with Mp-Hybrid, generaiona popu-
Idtion growth in the contral compartments, and
stagnation of mosquito populaions in theMp-RFP
compartment . The number of adults present alter
the F; generation in three replicates with Mp-
Hybrid was reduced by 918 to 92 A% compared
with those in replicates with Mp-RFP {Fig_2).
Although mosquitoes in a compariment with
Mp-Hybrid showed the lowed reproduct ive suc-
cess, larvae appeared m breeding sites for all
three replicates 1to 2 days earlier than lavae
from uninfeded contro mosquitoes; larvacwere
observed 1 day earlier in two of the three repli-
cales with Mp-RFP than in the uninfected con-
trd {FAg 2). Laboratory experiments reproduced
this effect, with significantly {P < 0.05) earlier
oviposition by Mp-Hybrid-infedted mosquitoes
{H42 + 0 2T days) than by unt reated mosquitoes
{702 = 0640 days). This effect was not signifi-
cant {P =0.593) for mosquitoestreated with Mp-
RFP {6 88 + 140 days). Dving gravid mosquitoes
can sometimes bring forward their oviposition
schedule, presumably to compensate for reduced
chances of future reprodudtion {11). This is the
fird evidence that transgene expression can n-
duce an increased term ina investment response,
and it could potentially undermine transgenic
control approaches by affecting the evolution
of infected mosquitoes. However, Mp-Hybnd—
infected mosquitoes displayed a strong decrease
in both the qudity and the quantity of the eggs
they laid, resulting in many fewer progeny than
those of Mp-RFP-irealed and untreated mosgui-
toes {figs 51 and 55). Only 247 + 420% of Mp-
Hybnd-infected femaes laid eggys, com pared with
778 + 365% of untreated mosquitoes {P < 0.05)
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{figs. 55 and 36)_An average uninfeded femade
mosquito laid 139 eggs, with 74 {53 3%) of these
develgping into adults, whereas an average Mp-
Hybrid-infected fernde laid 26 eggs, with only 3
{12 9%) devdoping into adults {Fig. 3). Our labo-
rdory and field dala indicale thal mosquitoes
nfeded with Mp-Hybrid are |aying fewer, poorer-
qudily eggs earlier than untreded mosquitoes.
The persistance of the fungus on treated sur-
faces is a key factor n determining the utimate
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quccess of the biopesticdde approach {17). We
condudted conidial viability checks for 9 weeks
of a rainy season to ted the hypothesisthat trans-
genic fung will achieve longer-term control of
mosquito populations than WT drans. Conidia
on impregnated sheets gradually lost effective-
ness {igs. 57 and S5). However, because Mp-
Hybrid kills at mudh lower spore dosesthan the
WT, shects impregnated with M p-Hybrid met
WHO dandards {>80%mortdity) through week 6,

Treatment
= Control
= RF

= Hybrid

9 10 11 12 13 14

4 5 6
Days after capture from semi-field

Fig. 1. Survival of mosquitoes exposed to transgenic fungi in the semifield trial. Survival
curves for release-recapture experiments are shown. Mosquito survival (n = 100 mosquitoes per
compartment) was scored after a single evening of exposure to Mp-RFP or Mp-Hybrid. Controls were
exposed to neither fungus. The results are the means for seven replicates + SE
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Fig. 2. Semifield-established population counts of F; and F, offspring. Graphs depict population
counts of F, and F; offspring after the release of 500 female and 1000 male mosquitoes. Bars
represent visual counts of the number of individuals per day in compartmental breeding sites at each
developmental stage; lines represent the number of adults in the entire compartment. Treatments
were monitored for two generations (45 days in duration). The results from three replicates

{1 2, and 3) are shown. L, larval instar.
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