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“No one dared stop them, for they were corpses walking in the sunlight” 

William B. Seabrook, The Magic Island, 1929 

“There are, as is known, insects that die in the moment of fertilisation. So it is 

with all joy: life’s highest, most splendid moment of enjoyment is accompanied 

by death.” 

Søren Kierkegaard 

“Fungi are the interface organisms between life and death.” 

Paul Stamets 

“I’ve become a much more serious young insect.” 

 Andrew Denton 
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Abstract 

The interactions between hosts and their parasites and pathogens are omnipresent in the natural 

world. These symbioses are not only key players in ecosystem functioning, but also drive 

genetic diversity through co-evolutionary adaptations. Within the speciose invertebrates, a 

plethora of interactions with obligate fungal and microsporidian pathogens exist, however the 

known interactions is likely only a fraction of the true diversity. Obligate invertebrate fungal 

and microsporidian pathogen require a host to continue their life cycle, some of which have 

specialised in certain host species and require host death to transmit to new hosts. Due to their 

requirement to kill a host to spread to a new one, obligate fungal and microsporidian pathogens 

regulate invertebrate host populations. Pathogen specialisation to a single or very few hosts has 

led to some fungi evolving the ability to manipulate their host’s behaviour to maximise 

transmission. The entomopathogenic fungus, Entomophthora muscae, infects houseflies 

(Musca domestica) over a week-long proliferation cycle, resulting in flies climbing to elevated 

positions, gluing their mouthparts to the substrate surface, and raising their wings to allow for 

a clear exit from fungal conidia through the host abdomen. These sequential behaviours are all 

timed to occur within a few hours of sunset. The E. muscae mechanisms used in controlling 

the mind of the fly remain relatively unknown, and whether other fitness costs ensue from an 

infection are understudied.  

In chapter 2 of this PhD thesis, we provide a formal introduction to Entomophthora 

muscae’s biology and state of affairs of scientific knowledge. We highlight aspects of 

evolutionary and ecological significance, which still remain unknown about E. muscae. 

In chapter 3 of this thesis, we address a knowledge gap surrounding the reproductive 

fitness costs faced by male hosts infected with E. muscae during the week-long infection 

period. Using the terminal investment hypothesis to deduce potential reproductive outcomes, 

we found that infected male flies have a reduced desire to mate, that uninfected female refuse 

to mate with them, and that sperm viability in testis decreases. Surprisingly, sperm viability 

was recovered to normal levels in an apparent terminal investment on days four and five post 

infection, but with reduced mating, this investment seems to be to no avail. Overall, we found 

that with increasing fungal proliferation, male hosts experience increasing fitness costs in terms 

of activity and mating potential, the infection ultimately leading to certain death.  
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 For chapter 4, we investigated the mechanisms behind stereotypical end of life 

behaviours observed around sunset after six days of an E. muscae infection. Using detailed 

observations of the manipulated flies, we sampled flies during specific behaviours to identify 

putative candidate genes using transcriptomics. Through pairwise comparisons, we identified 

a handful of genes likely involved in the summiting phenotype. Of particular interest is a 

homologue of ecdysteroid UDP-glucosyltransferase (egt), a gene known to be involved in 

summiting in baculoviruses. This suggests possible convergent evolution of both the 

summiting phenotype and mechanism behind it. Moreover, we identify that an Iflavirus 

abundantly present in host heads during transcriptomic analyses. This Iflavirus associated with 

E. muscae has been reported before, but we find that it is phylogenetically divergent to known 

insect-infecting Iflaviruses and systemically infects hosts. This leaves us brooding over 

whether the fungus, the virus or both may be responsible for the observed moribund displays. 

 In chapter 5, we assessed the potential of non-destructively monitoring methods can 

detect insect health using the E. muscae-housefly system. Specifically we developed a method 

using machine learning in combination with pre-existing LED sensors. We were able to 

determine infection with increasing accuracy as the fungal infection progressed. These results 

support the idea that non-invasive monitoring systems could be developed to inform efforts on 

insects of One Health concern, pest management and preserve beneficial insects.   

 E. muscae is a species complex, where genetically distinct fungal genotypes are found 

in different hosts. For chapter 6, we isolated E. muscae from different host species in the wild, 

and used them in a cross-infection experiment to assess the interactions between host and 

fungal genotypes. We found that all E. muscae genotypes could infect and induce summiting 

disease in all host species and genotypes. This demonstrated that virulence in host-E. muscae 

systems is governed by genotype-by-genotype interactions. Furthermore, we found that each 

fungal genotype carried at least one symbiotic Iflavirus as identified in chapter 4. Interestingly, 

phylogenies of E. muscae and their Iflaviruses show no apparent co-evolutionary relationship, 

but expected relationships between E. muscae and insect host species were present. 

 For chapter 7, we mined publically available assembled genomics and transcriptomics 

data for microsporidian sequences to address whether the claim that “there may be a 

microsporidian in every living invertebrate” is true. Microsporidia are obligate intracellular 

parasites, classified as a sister group of Fungi, and are of zoonotic concern for domesticated 

animals and humans. In this chapter, we focused on the assembled project of the 
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Panarthropoda specifically, and we identified almost 500 different host species that are 

potentially infected from across the panarthropod tree from a truly global scale. Within these 

identified potential hosts, multitudes of them are new host species. Furthermore, we also 

uncover novel host spectrums of known microsporidia clades, and we find potentially novel 

microsporidian clades associated with Araneae (spiders) and Lepidoptera host species. 

 For chapter 8, we designed a protocol outlining how to isolate, and maintain in vivo 

and in vitro cultures of E. muscae. Furthermore, we describe best practices that were adopted 

during my PhD relating to make infections for experiments or rescuing a collapsed system. We 

hope that this protocol will promote a growing interest in using E. muscae to continue 

addressing questions left unanswered in this system, which have implications for helping 

develop our understanding of the evolutionary ecology of host/fungal pathogen interactions as 

a whole.  

 This thesis steps into many unknowns of the evolutionary biology behind invertebrate 

hosts and their fungal and microsporidian pathogens and contributes to our understanding of 

them. However, as is typical to science, we find that our efforts to leave no stone unturned in 

one aspect of the biology of E. muscae resulted in yet more left to be turned. This is particularly 

true of the mechanisms involved in behavioural manipulation, where our findings end in us 

needing to investigate the purpose of a virus apparently ubiquitously associated with E. muscae. 

Furthermore, the finding of microsporidia being present in numerous hosts, leaves us needing 

to confirm whether the pathogens are being infectious or simply happen to be in a host species 

through ecological reasons such as predation. The continuation of studies of these understudied 

groups of pathogens will only keep delivering new answers and more questions about host-

pathogen evolutionary ecology. 
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Resumé 

Interaktionerne mellem værter og deres parasitter og patogener er omnipræsentei den 

naturlige verden. Symbioserne er ikke kun nøglespillere i økosystemets funktion, men 

forårsager også genetisk mangfoldighed via ”co-evolutionære” tilpasninger. Inden for de 

forskellige hvirvelløse dyre, findes der et væld af interaktioner med obligate svampe- og 

mikrosporidier som er patogener, men af de interaktioner man kender til fortæller kun en 

brøkdel den sande historie. Obligate patogener af  svampe- og mikrosporidier kræver en vært 

for at fuldende deres livscyklus, hvoraf nogle har specialiseret sig i visse værtsarter og kræver 

at værten dør først, for at skifte til en ny vært. På grund af deres behov for at dræbe en vært for 

at sprede sig til en ny, regulerer obligate svampe- og mikrosporidier værtspopulationer. 

Patogener som specialiserer til en enkelt eller meget få værter har medført, at nogle svampe 

har udviklet evnen til at manipulere deres værts adfærd for at maksimere transmissionen. Den 

entomopatogene svamp, Entomophthora muscae, inficerer husfluer (Musca domestica) og i 

løbet af en uges formeringscyklus, resulterer det i, at fluerne klatrer til positioner højere oppe 

(summit), hvorefter de klæber deres munddele til substratets overflade, hæver deres vinger 

hvilket giver klar gennemgang for spredning af  svampekonidier gennem værtens bug. Disse 

gradvise adfærdsmønstre er alle tilpasset til at forekomme inde for få timer før solnedgang. 

Mekanismerne som gør så gældende, som E. muscae bruger til at kontrollere fluernes adfærd, 

er relativt ukendt, og om der følger andre fitnessomkostninger med selve infektionen, er ikke 

tilstrækkelig undersøgt. 

I kapitel 2 i denne ph. d.-afhandling giver vi en formel introduktion til Entomophthora 

muscae's biologi og den nuværende videnskabelige viden om svampen. Vi beskriver de 

evolutionære og økologisk forståelser, som stadig er ukendte vedrørende E. muscae. 

I kapitel 3 i denne ph.d-afhandling adresserer vi den manglende viden vedrørende de 

reproduktive fitnessomkostninger, som hankønnet fluer står over for under infektionsperiode 

med E. muscae. Ved  anvendelse af ”terminal investment hypothesis”  kan vi konkludere ud 

fra resultaterne, at inficeret hankønnet fluer har mindre lyst til at parre sig, og at ikke-inficeret 

hunner ikke vil parre sig med dem, og at sædets levedygtighed i kirtlerne er faldende. 

Overraskende blev sædets levedygtighed genoprettet til normale niveauer på fire til fem dage 

efter infektionen, men dog stadig resulterer i mindre parring mellem fluerne, så det forekommer 

at denne investering er forgæves. Generelt fandt vi ud af, at med stigende svampespredning 
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oplever hankønnet værter stigende fitnessomkostninger i form af aktivitet og parrings-

potentiale, hvilket i sidste ende fører til den visse død. 

I kapitel 4 undersøger vi mekanismerne bagfluernesadfærdsmønstrene  før de afgår 

døden, dette observeres specifikt omkring solnedgang på sjette dagen med infektion af E. 

muscae. Ved hjælp af detaljerede observationer af manipuleret fluer udtog vi fluer under 

specifikke tidspunkter, hvor de har overtaget fluens adfærd, for således at identificere mulige 

kandidatgener. Analysen vi anvendte, for at studere og finde gener af interesse er ved hjælp af 

transkriptom analyse . Vi anvendte ”pairwise comparisons” for at identificerede en håndfuld 

gener, der sandsynligvis er involveret i den manipuleret adfærd der får fluerne til at krybe til 

toppen . Specielt af interesse er en homolog af ecdysteroid UDP-glucosyltransferase (egt), som 

er et gen der er anerkendt for at være involveret i summit i baculovirus. Dette antyder mulig 

konvergent udvikling af både summit fænotypen og mekanismen bag. Derudover identificerer 

vi i transkriptom analysen, at et Iflavirus er til stede i større mængder i værtfluens hovedet. 

Iflavirus er tidligere forbundet med E. muscae, men vores data viser at at det er fylogenetisk 

forskelligt med tidligere kendte insekt-inficerende Iflaviruses og inficerer systemisk deres 

værter. Dette får os til at spekulere over, om svampen, virussen eller begge dele kan være 

ansvarlige for de morbide observationer. 

I kapitel 5 undersøger vi potentialet for at anvende ikke-destruktive 

overvågningsmetoder til at registrere insekternes sundhed under interaktionen beskrevet 

ovenfor. Vi udviklet en specifikt metode ved hjælp af maskinlæring som blev kombineret med 

eksisterende LED-sensorer. Vi var i stand til at fastslå infektionen med  høj nøjagtighed, mens 

svampeinfektionen var fremskredende. Disse resultater understøtter ideen om, at ikke-invasive 

overvågningssystemer kan muligvis udvikles til at kunne informere omkring insekternes ”One 

health concern”, til skadedyrsbekæmpelse samt at bevare gavnlige insekter. 

E. muscae er en artskompleks, hvor genetisk forskellige svampe gentotyper findes i 

forskellige værter af forskellige arter. I kapitel 6 isoleret vi E. muscae fra forskellige værtsarter 

i naturen og brugte dem i krydsinfektionseksperimenter for at vurdere interaktionerne mellem 

værts- og svampe genotyperne. Her fandt vi frem til, at alle E. muscae-genotyper kunne inficere 

og inducere sygdom i alle værtsarter og genotyper. Dette er med til at eftervise, at virulens i 

værts-E. muscae-systemet styres af ”genotype-by-genotype” interaktioner. Desuden fandt vi 

frem til, at hver svampegenotype bar mindst en symbiotisk Iflavirus, som blev identificeret i 

kapitel 4. Det interessante ved dette er, at det viser sig at der ikke er nogen umiddelbare ”co-
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evolutionær” fylogenetiske forhold mellem svampen og virus mens der var evidens for at E. 

muscae svampe fundet fra samme vært eller tætbeslægtede værter er fylogenetisk 

tætbeslægtede. 

I kapitel 7 anvendte vi offentlig tilgængelige sekvenser fragenom og transcriptom data 

for mikrosporidier for at vurdere, påstanden om, at "der kan være en mikrosporidie i hvert 

levende hvirveldyr", er sand. Microsporidier er obligate intracellulære parasitter, klassificeret 

som en søstergruppe til svampe, og udgør en zoonotisk bekymring for husdyr og mennesker. I 

dette kapitel fokuserede vi især på projektet af Panarthropoda, og vi identificerede næsten 500 

forskellige værtsarter, der potentielt er inficeret fra hele panarthropod-træet på en global skala. 

Blandt disse, blev der fra data identificerede potentielle værter af mange nye værtsarter. 

Derudover finder vi også frem at nye værtspektre af kendte mikrosporidie clustre, og vi finder 

potentielt nye mikrosporidie clustre forbundet med værtsarter af Araneae (edderkopper) og 

Lepidoptera. 

I kapitel 8 designede vi en protokol, der beskriver, hvordan man isolerer og opretholder 

in vivo og in vitro kulturer af E. muscae. Vi  beskriver desuden hvordan man  i praksis udfører 

vedholdende infektioner med obligate svampe af fluer til eksperimenter uden nedbrud af 

systemet, således at der konstant opdrættes svampe til eksperimentelle forsøg . Det er med håb 

om, at denne protokol kan fremme en voksende interesse til at bruge E. muscae systemet, som 

kan anvendes i fremtidige studier og være med at besvare de ubesvarede spørgsmål i dette 

system. Dette kan være med til at udvikle vores forståelse af den evolutionære økologi af 

interaktionen mellem vært og svampe patogenet som helhed. 

Denne Ph.d.-afhandling træder ind i mange ukendte områder inden for den 

evolutionære biologi af hvirveldyr som værter og deres svampe- og mikrosporidie patogener 

og bidrager til vores forståelse af dem. Men som det er typisk for videnskaben, finder vi, at 

vores bestræbelser på at vende hver en sten, er blot med til at flere spørgsmål skal besvares. 

Dette gælder især for mekanismerne bag adfærdsmanipulation, hvor vores resultater ender med 

at føre til, at vi skal undersøge formålet med en virus, der tilsyneladende er almindeligt 

forbundet med E. muscae. Derudover efterlader opdagelsen af mikrosporidier i talrige værter 

os med behov for at bekræfte, om patogenerne er smitsomme eller bare tilfældigvis findes i en 

værtsart af økologiske årsager som f.eks. rovdyr. Fortsættelsen af undersøgelser af disse 

undersøgte grupper af patogener vil kun blive ved med at levere nye svar og flere spørgsmål 

om den evolutionære økologi af vært-patogen interaktionen.  
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Résumé 

Les interactions entre hôtes, parasites et pathogènes sont omniprésentes dans la nature. 

Ces symbioses sont non seulement des acteurs clés du fonctionnement des écosystèmes, mais 

elles contribuent également à la diversité génétique via des adaptations co-évolutives. Parmi 

les invertébrés, une myriade d'interactions avec des pathogènes fongiques et microsporidiens 

obligatoires existe. Cependant, les interactions connues ne représentent probablement qu'une 

fraction des interactions existantes. Les pathogènes fongiques et microsporidiens obligatoires 

nécessitent un hôte pour poursuivre leur cycle de vie, certains étant spécialisés dans certaines 

espèces et requérant la mort de l'hôte pour se transmettre à de nouveaux individus. En raison 

de leur nécessité de tuer un hôte pour se propager à un nouvel hôte, les pathogènes fongiques 

et microsporidiens obligatoires régulent les populations d'hôtes invertébrés. La spécialisation 

des pathogènes sur un seul ou très peu d'hôtes a conduit certains champignons à acquérir la 

capacité de manipuler le comportement de leur hôte pour maximiser leur transmission. Le 

champignon entomopathogène Entomophthora muscae infecte les mouches domestiques 

(Musca domestica) au cours d'un cycle de prolifération d'une semaine, où la manipulation se 

traduit par la montée des mouches à des positions élevées, la fixation de leurs pièces buccales 

à la surface d’un substrat et le soulèvement de leurs ailes pour permettre une sortie claire des 

conidies fongiques à travers l'abdomen de l'hôte. Ces comportements séquentiels se produisent 

tous quelques heures avant le coucher du soleil. Les mécanismes d'Entomophthora muscae 

utilisés pour contrôler le comportement de la mouche restent relativement méconnus, et les 

coûts pour la fitness résultant d'une infection restent peu étudiés. 

Dans le chapitre 2 de cette thèse, nous présentons une introduction formelle à la 

biologie d'Entomophthora muscae et à l'état des connaissances scientifiques. Nous mettons en 

lumière des aspects d'importance évolutionnaire et écologique qui restent encore inconnus 

d'Entomophthora muscae. 

Dans le chapitre 3 de cette thèse, nous comblons un pan méconnu des coûts de la fitness 

de reproduction, auxquels sont confrontés les mâles infectés par E. muscae pendant la période 

d'infection. En utilisant l'hypothèse de l'investissement terminal pour déduire les résultats 

potentiels en matière de reproduction, nous avons découvert que les mâles infectés ont moins 

de désir de s'accoupler, que les femelles non infectées refusent de s'accoupler avec eux et que 

la viabilité du sperme dans les testicules diminue. 
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De manière surprenante, la viabilité du sperme a été rétablie à des niveaux normaux dans un 

investissement terminal apparent aux jours quatre et cinq après l'infection, mais avec moins 

d'accouplement, cet investissement semble être inutile. Dans l'ensemble, nous avons constaté 

qu'avec la prolifération fongique croissante, les mâles hôtes subissent des coûts de fitness 

croissants en termes d'activité et de potentiel d'accouplement, l'infection conduisant finalement 

à la mort certaine de l’hôte. 

Pour le chapitre 4, nous avons étudié les mécanismes à l'origine des comportements 

typiques en fin de vie observés autour du coucher du soleil après six jours d'infection par E. 

muscae. En observant attentivement les mouches manipulées, nous avons échantillonné les 

mouches pendant des comportements spécifiques pour identifier les potentiels candidats en 

utilisant la transcriptomique. Par des comparaisons par paires, nous avons identifié quelques 

gènes susceptibles d'être impliqués dans le comportement de la montée de l’hôte. Plus 

particulièrement, nous avons identifié un homologue de l'ecdystéroïde UDP-

glucosyltransférase (egt), un gène connu pour être impliqué dans la montée de l’hôte induit par 

les baculovirus. Cela suggère une possible évolution convergente du phénotype de la ‘montée’ 

et du mécanisme qui le sous-tend. De plus, nous avons identifié un Iflavirus abondamment 

présent dans les têtes des mouches lors des analyses transcriptomiques. Cet Iflavirus associé à 

E. muscae avait déjà été signalé, mais nous avons découvert qu'il était phylogénétiquement 

divergent par rapport aux Iflaviruses infectant les insectes connus et infectait systématiquement 

les hôtes. Cela nous laisse réfléchir sur le fait que le champignon, le virus ou les deux pourraient 

être responsables des manifestations morbides observées. 

Dans le chapitre 5, nous avons évalué le potentiel de méthodes de surveillance non 

destructives pour évaluer la santé des insectes en utilisant le système E. muscae-mouche 

domestique. Plus précisément, nous avons développé une méthode utilisant le ‘machinel 

learning’ en combinaison avec des capteurs LED préexistants. Nous avons pu déterminer 

l'infection avec une précision croissante à mesure que l'infection fongique progressait. Ces 

résultats soutiennent l'idée que des systèmes de surveillance non invasifs pourraient être 

développés pour informer les efforts de lutte contre les insectes de préoccupation pour la santé 

humaine et animale (One Health), la gestion des ravageurs et la préservation des insectes 

bénéfiques. 
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E. muscae est un complexe d'espèces, où des génotypes fongiques génétiquement 

distincts sont trouvés dans différents hôtes. Pour le chapitre 6, nous avons isolé E. muscae de 

différentes espèces hôtes dans la nature, et nous les avons utilisées dans une expérience 

d'infection croisée pour évaluer les interactions entre les génotypes d’hôtes et fongiques. Nous 

avons constaté que tous les génotypes d'E. muscae pouvaient infecter et induire un 

comportement de ‘la montée’ chez toutes les espèces hôtes et génotypes. Cela a démontré que 

la virulence dans les systèmes hôte-E. muscae est gouvernée par des interactions génotype-par-

génotype. De plus, nous avons constaté que chaque génotype fongique portait au moins un 

Iflavirus symbiotique, comme identifié au chapitre 4. De façon intéressante, les phylogénies 

d'E. muscae et de leurs Iflaviruses ne montrent aucune relation de co-évolution apparente entre 

le champignon et le virus, mais des relations attendues entre E. muscae et les espèces hôtes 

d'insectes étaient présentes. 

Pour le chapitre 7, nous avons extrait des séquences de microsporidies depuis des 

données génomiques et transcriptomiques assemblées et disponibles publiquement, afin de 

déterminer si l'affirmation selon laquelle "il peut y avoir une microsporidie dans chaque 

invertébré vivant" est vraie. Les microsporidies sont des parasites intracellulaires obligatoires, 

classifiées en tant que groupe sœur des champignons, qui posent des problèmes de zoonose 

pour les animaux domestiques ainsi que les humains. Dans ce chapitre, nous nous sommes 

concentrés sur les projets assemblés associés aux Panarthropoda, et nous avons potentiellement 

identifié près de 500 espèces hôtes différentes, infectées à travers tout l'arbre phylogénétique 

des panarthropodes et à l'échelle mondiale. Parmi ces espèces d’hôtes identifiés, de nombreuses 

sont potentiellement de nouvelles espèces. De plus, ces résultats ont également révélé de 

nouveaux spectres d'hôtes et clades de microsporidies, où nous avons trouvé un clade de 

microsporidies potentiellement associés à des infections d’Araneae (araignées) et de 

Lepidoptera. 

Pour le chapitre 8, nous avons conçu un protocole décrivant comment isoler et 

entretenir des cultures in vivo et in vitro d'E. muscae. De plus, nous décrivons les meilleures 

pratiques adoptées au cours de cette thèse concernant la réalisation d'infections pour des 

expériences ou le sauvetage d'un système d’élevage effondré. 
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Nous espérons que ce protocole encouragera un intérêt croissant pour l'utilisation d'E. muscae 

afin de continuer à aborder des questions laissées sans réponse propre à ce système, et qui a 

des implications pour le développement de notre compréhension de l'écologie évolutive des 

interactions hôte/pathogène fongique dans son ensemble. 

Cette thèse explore de nombreuses inconnues de la biologie évolutive des hôtes 

invertébrés et de leurs pathogènes fongiques et microsporidiens, et contribue à notre 

compréhension de ceux-ci. Cependant, nous constatons que nos innombrables efforts pour 

percer tous les mystères de la biologie d'E. muscae n’ont finalement abouti qu’à nous poser 

encore plus de questions. Et cela est bien commun à la Science. Cela est particulièrement vrai 

pour les mécanismes impliqués dans la manipulation comportementale, où nos résultats nous 

amènent à enquêter sur la présence d'un virus apparemment associé de manière ubiquitaire à 

E. muscae. De plus, la découverte de microsporidies présentes dans de nombreux hôtes nous 

amène à nous demander si les pathogènes sont infectieux ou s'ils se trouvent simplement dans 

un hôte de façon accidentelle, et pour des raisons écologiques telles que la prédation (où une 

proie infectée est consumée par un prédateur). La poursuite des études sur ces groupes de 

pathogènes peu étudiés continuera à apporter de nouvelles réponses et encore plus de questions 

sur l'écologie évolutive des interactions hôte-pathogène. 
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Chapter 1 

Motivation 

Co-evolutionary processes have shaped a diverse array of interactions between hosts and their 

pathogens and are drivers of genetic diversity. For pathogenic fungi and microsporidia, this can 

be seen in their host specificity, whereby interactions between different host and pathogen 

species and genotypes can lead to different pathogenic outcomes (Bazzicalupo, 2022). In some 

highly host-specific fungal pathogens, this interplay has let to pathogens extending their 

phenotypes to their hosts, inducing alterations in host behaviour to maximise pathogen 

transmission (Dawkins, 1982; (Hughes & Libersat, 2019; Lovett et al., 2020). Host spectrum 

and specificity for many pathogens remains overlooked, and this is particularly the case for 

mechanisms used by host-specific obligate pathogen to dominate their hosts (Poulin & Maure, 

2015; Herbison, 2017; de Bekker et al., 2021). Invertebrate fungal and microsporidian 

pathogens are ideal models for studying the intertwined relationships between host and 

pathogen, and increasing our understanding of such interactions can aid in elucidating 

questions of evolutionary and ecological importance. The importance of studying invertebrate 

fungal and microsporidian pathogens centres without a doubt on understanding disease 

dynamics of these emerging pathogens, not only in natural invertebrate populations, but also 

in reared invertebrates and human health (Engering et al., 2013).  

The fungal pathogen Entomophthora muscae is an obligate killer specialising in 

houseflies (Musca domestica), whereby they are globally associated, and infection prevalence 

can be up to 100% in wild host populations (Kalsbeek et al., 2001; Elya & De Fine Licht, 

2021). Furthermore, E. muscae manipulates its hosts at a specific time – i.e., before sunset after 

six days of infection. Thus, E. muscae and houseflies provide a great opportunity to address 

questions of interest about behavioural manipulation, but also about evolution of host-pathogen 

interactions. Similarly, microsporidia are known pathogens which already have a history of 

disease in economically important reared animals, and also humans. Better understanding of 

the lesser studied host-pathogen interactions can help understand and prevent disastrous disease 

emergence in the future, but also increase our scientific knowledge about host-pathogen 

evolutionary ecology.
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Research questions and objectives

For hundreds of millions of years, insects have dominated animal biodiversity (Mayhew, 2007), 

which has acted as a gateway to the majority of independently evolved transitions to parasitism 

(Weinstein & Kuris, 2016). Entomopathogenic fungi (EPFs) have co-evolved along insects for 

at least 100 million years (Sung et al., 2008), during which time the arms race between host 

and pathogen has in some cases led to high-host specificity and the ability for EPFs to 

manipulate host behaviour to increase transmission. This thesis centres on the evolutionary 

ecology of invertebrate hosts interacting with fungal and microsporidian pathogens. I used the 

fungal pathogen Entomophthora muscae and its obligate host (Musca domestica) as an 

experimental system to investigate the mechanisms underlying host-pathogen interactions. We 

determined the consequences of infection, potential mechanistic underpinnings used by E. 

muscae to manipulate host behaviour, and how the interaction between dipteran hosts and E. 

muscae genotypes denote patterns of co-evolution and host-specificity. These objectives 

expand our knowledge of the physiological host range (within the lab) of infections by E. 

muscae. As a way to expand this work into the ecological host range of fungal and early 

branching fungal pathogens, I used data mining to uncover the Panarthropod-host spectrum of 

microsporidia, a fungal sister group which are obligate intracellular parasites with broad and 

narrow host ranges. 
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Central research questions of this thesis 

I. What is currently known about the evolutionary ecology of the obligate fungal 

entomopathogen Entomophthora muscae? 

II. Do male houseflies suffer fitness costs when infected with E. muscae? 

III. What are the molecular mechanisms invoked by E. muscae to manipulation host behaviour? 

IV. Is manipulation mediated by a symbiotic insect virus associated with E. muscae? 

V. Can we automate the detection of insect health? 

VI. Do patterns of local adaptation govern E. muscae-dipteran host interactions? 

VII. Can data mining expand our knowledge of microsporidia in Panarthropod hosts? 

VIII. What do phylogenetics tell about microsporidian evolutionary ecology? 

IX. Can we standardise best practices for experimental infections of E. muscae?  
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Research questions specific for each chapter 

Chapter 2 

The objective was to provide an overview of the E. muscae system, with the aim of addressing 

questions related to the fungus’ evolutionary ecology. This is done through descriptions and 

questions relating to: 

▪ The different components of the life cycle. 

▪ Known and unknown mechanisms governing host manipulation. 

▪ The fitness consequences of an infection, with a focus on lifetime reproductive costs.  

 

Chapter 3 

The objective was to investigate whether there were observable consequences to houseflies 

during the weeklong proliferation period of E. muscae within the hosts. This investigation 

aimed to address these consequences from the angle of reproductive costs, which addressed the 

following questions: 

▪ Does an infection with E. muscae alter the activity and weight of infected flies? 

▪ Does infection influence the mating behaviour of virgin male houseflies? 

▪ Are the observed changes in mating behaviour of infected males due to changes in male 

behaviour or female choice? 

▪ Do infected male flies show signs of terminal investment through increasing sperm 

viability?  

 

Chapter 4 

The objective was to identify the manipulated end of life behaviours and begin to uncover the 

molecular mechanisms responsible for the observable phenotypes. 

▪ Can we identify distinct E. muscae-induced behavioural manipulations and use these 

time points to sample the zombie flies for RNA sequencing? 
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▪ Can we identify potential causative mechanisms through differentially expressed host 

and pathogen genes? 

▪ Has convergent evolution shaped both the phenotype and mechanisms involved in E. 

muscae summiting behaviour? 

▪ What is the significance of the symbiosis between fungus and virus? 

 

Chapter 5 

The objective was to determine if using an LED sensor and machine learning could be used as 

a tool to detect insect health. This exploratory analysis was guided by the knowledge of E. 

muscae-infected houseflies showing aberrant activity patterns (Chapter 3), and addressed the 

following research goals using the E. muscae-houseflies system: 

▪ Can infected insects be determined using deep learning in trained convolutional neural 

networks in conjunction with sensors in real-time?  

▪ How early into the infection can health status be correctly determined? 

▪ What wide-reaching implications can this insect-health monitoring technology have? 

 

Chapter 6 

The objective was to investigate interaction patterns in accordance with local adaptation 

between different host and E. muscae genotypes. This study used infections from the housefly-

isolated and three Drosophila spp.-isolated E. muscae genotypes across one housefly, two D. 

melanogaster, and three D. suzukii-host genotypes, to address the following: 

▪ Do genotype-by-genotype interactions govern the E. muscae-dipteran host system? 

▪ Is there evidence of genotype-specific interactions between host species and host 

genotypes? 

▪ Does phylogeny of E. muscae genotypes explain observed pattern of infection? 

▪ What are the patterns of co-evolution of E. muscae and its symbiotic viruses? 
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Chapter 7 

The objective was to determine how geographically and pathologically widespread 

Microsporidia are. Specifically, this study chose to use a data mining approach of publically 

available Panarthropod genomic and transcriptomic data to ask the following questions: 

▪ Does data mining broaden our understanding of the host spectrum of Microsporidia?

▪ Do retrieved microsporidian proteins refine our current knowledge of microsporidia

phylogenetic relationships?

▪ Do phylogenomics show ecological patterns of Arthropod infections?

▪ Can new host and Microsporidia species be identified using data mining?

Chapter 8 

The objective was to design a protocol of the E. muscae system, with the aim of covering all 

aspects of laboratory methods used for maintaining the fungus and also how to use it for 

experimental infections. This is done through descriptions and illustrations/photographs 

relating to: 

▪ How to isolate E. muscae from wild caught or laboratory sporulating cadavers.

▪ How to maintain E. muscae both in vitro and in vivo.

▪ How to infect flies from in vivo stocks.

▪ How to perform controlled infections and sporulation measurement for

experimentation purposes.
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Introduction 

Host-pathogen interactions 

Symbiotic interactions between organisms are ubiquitous in nature, none more so than those 

with pathogenic and parasitic lifestyles, which play vital roles in energy and nutrient cycling 

(Dobson & Hudson, 1986; Dobson et al., 2008; Wood & Johnson, 2015). Moreover, these 

symbioses influence genetic diversity of hosts and parasites, leading to organism evolution 

through adaptations and counter-adaptations between host and parasite, this is known as 

antagonistic co-evolution (Ebert & Fields, 2020). In particular, the adaptations of host defence 

mechanisms are triggered by pathogen infections and pathogen counter-adaptations ensue to 

circumvent these host defences. These adaptations and counter adaptations have led to higher 

rates of evolution in host immune genes (Obbard et al., 2006) and in pathogen infection genes 

(Paterson et al., 2010). The continuous evolution by each species to have the upper hand is 

known as an evolutionary arms race (van Valen, 1973), and is a major driver of natural selection 

and biological diversity (Ebert & Fields, 2020). 

One of the key aspects of co-evolutionary dynamics between hosts and pathogens 

is that the genotypes of both organisms influence the interactions and determine traits such as 

transmission and virulence (Salvaudon et al., 2005; Lambrechts et al., 2006; Hudson et al., 

2016; Chapter 6). Greater pathogen divergence can be observed in populations with higher 

genetic diversity (Ekroth et al., 2021). In these host populations, pathogens adapt to the most 

common host-genotypes, which leads to reduced pathogen fitness in rare host genotypes 

(Hamilton, 1980; Carius et al., 2001). Pathogen adaptation to the most common host-genotypes 

in a given environmental niche may lead to local adaptation, which is a pattern where a 

pathogen has a higher fitness in its own habitat than a foreign pathogen (Williams, 1996). 

Insect-fungus interactions 

Insect and fungi have been co-habiting for over 400 million years (Sherwood‐Pike & Gray, 

1985; Misof et al., 2014), resulting in insects and fungi interacting in symbiotic relationships. 

These relationships include mutualism, commensalism, predation, parasitism, and competition 

(Biedermann & Vega, 2020). Mutualisms and parasitisms are classically represented by 
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striking examples. Mutualisms between a fungus and an insect host have for example 

intertwined both organisms in an obligate, mutually beneficial relationship. Fungus-farming 

ants and termites (Figure 1a) (Biedermann & Vega, 2020), which farm fungal cultivars to break 

down raw food materials (e.g. leaves) indigestible to the insects using enzymes to increase 

nutrient bioavailability (De Fine Licht et al., 2010), even permitting some termite species to 

inhabit disturbed habitats (Estelle Loko et al., 2019). In turn, the insects provide services such 

as dispersal (Aanen et al., 2009) and protection (e.g. from mycoparasites) for fungal cultivars 

(Batey et al., 2020). Parasitism however, has led to positive outcome for the parasite, with 

neutral or negative consequences to the host (Boomsma et al., 2014; Butt et al., 2016; Santos 

et al., 2022; Chapter 2). Observable examples include fungal infections resulting in host death 

prior or after dispersal of infectious propagules, the most striking of which manipulate the 

behaviour of the hosts to die in specific locations before growing out the host, these are 

popularly known as zombie insects (Figure 1b,c) (Lovett et al., 2020; Elya & De Fine Licht, 

2021; Chapter 2). 

Entomopathogenic fungi (EPFs) and insects have evolved side by side and 

interacted for at least 100 million years (Humber, 2008; Sung et al., 2008). EPFs are important 

regulators of insect populations and mostly found in the Hypocreales, Entomophthoromycota 

and Onygenales Clades (Humber, 2008; Boomsma et al., 2014). Unlike other insect pathogens, 

most EPF infections occur from host cuticle penetration to access the resources within insect 

haemolymph (Butt et al., 2016), although Microsporidia, a fungal sister group, can infect via 

horizontal (infection of host gut after oral ingestion) or vertical (transovarial) transmission 

(Figure 2) (Dunn & Smith, 2001; Han & Weiss, 2017). The adaptations for host cuticle 

penetration, resource utilisation and growth, evasion or fighting (toxin production) of the host’s 

immune system, and formation of infectious propagules to transmit to a new host, require 

specific evolutionary adaptations (Boomsma et al., 2014; Butt et al., 2016). The evolutionary 

forces behind EPF adaptations have shaped fungal pathogen host specialisation. 
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Figure 1. Host-fungal interactions. (a) Fungal comb of an Ancistrotermes termite species 

inside the termite nest in the Atakora department of northern Benin. (b) An old Entomophthora 

muscae-killed housefly cadaver hanging from a post in a cow byre in Osted in Denmark. (c) 

Portrait of a sporulating E. muscae-killed housefly with proboscis extended. The opaque 

splodges in front of and around the dead fly are conidia that have been shot out during 

sporulation. (Photos by Sam Edwards). 

Host infection and transmission by entomopathogenic fungi 

For EPFs infecting via the cuticle, the host’s cuticle is the first major line of 

defence, a veritable war zone filled with ectosymbionts (Hong et al., 2022; Janke et al., 2022) 

and host secretions designed to prevent EPF adhesion (Holder & Keyhani, 2005), germination 

(Kerwin, 1984) and penetration (Ortiz-Urquiza & Keyhani, 2013). This first line of defence 

has given rise to counter-adaptations by EPFs through degradation of host cuticular defence 

secretions (Pedrini et al., 2015) or suppression of cuticular microbiomes (Hong et al., 2023). 

However, once adhered to the cuticle and having passed the first line of defence, EPFs use a 

combination of enzymatic (e.g. chitinases and proteases) and mechanical (e.g. turgor pressure) 

means to penetrate the host’s cuticle to access the nutritional rewards required for growth in 

the haemolymph (Figure 2a) (Vega et al., 2012). Entomophthoralean fungi can achieve 

infection with a single or a few conidia, however Hypocrealean fungi likely require larger 

numbers (Hajek et al., 2012; Inglis et al., 2012; Chapter 2 & 8). In per os infections, ingested 

microsporidian spores fire polar tubes in response to host signals into host cells to inject 

sporoplasm (Figure 2b) (Han & Weiss, 2017).  

Once inside the host, EPF must uptake nutrients from selected host tissues to 

proliferate whilst avoiding or fighting the host’s immune system. Hypocreales proliferate as 

single-celled yeast-like blastospores inside the insect hemolymph, but can also grow as septated 

hyphae that can access the interstitial space between muscle fibers (Hughes et al., 2011; 

Boomsma et al., 2014). Some hypocrealean species produce toxins to help sedate or kill host 

cells and facilitate fungal resource acquisition (Donzelli & Krasnoff, 2016). A balance between 

the growth of the fungus and the production of toxins must occur to avoid high levels of toxins 

causing the death of the host before the fungus has accumulated enough cellular biomass to 

develop the necessary structures required for its further dispersion, unless the fungus has a 
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significant necrotrophic growth phase as many Hypocrealean EPFs. Ophiocordyceps spp. 

produce toxins (e.g. aflatrem-like compounds) that can cause behavioural alteration such as 

lack of coordination, seizures and paralysis (Beckerson et al., 2023). In contrast, many 

entomophthoralean fungi have evolved very different strategies to invade their hosts. Many 

species of Entomophthorales proliferate as wall-less cells (protoplasts), which can multiply in 

the haemocoel whilst evading detection by the insect immune system until the pathogen 

biomass overwhelms the host in the final stages of infection (Figure 2a) (Boomsma et al., 

2014). Most EPF infections result in host death before spore production, however some EPFs 

have evolved to sporulate in the living bodies of their hosts (e.g. fungi in the genera 

Stongwellsea and Massospora spp.) (Eilenberg & Jensen, 2018; Lovett et al., 2020). 

After the death of the insect, the fungus emerges from the insect through 

intersegmental areas or holes such as the mouth and anus (Hajek et al., 2012; Elya & De Fine 

Licht, 2021; Chapter 2 & 8). The duration of within-host processes until fungal emergence 

range from 2 to 20 days post-infection depending on EPF species and genotype, hosts body 

mass, and environmental conditions (Hajek et al., 2012; Santos et al., 2022). Thereafter, EPFs 

produce infectious propagules (conidia) from the host cadaver to transmit to a new host for the 

continuation of the EPF’s life cycle (Figure 2a). Multiple sophisticated mechanisms have been 

developed by EPFs to increase the probability of transmission, such as through wind, dying in 

locations maximising random contact to new hosts, and through using volatile compounds to 

entice potential new hosts (Boomsma et al., 2014; Lovett et al., 2020; Naundrup et al., 2022; 

Santos et al., 2022; Chapter 2). To this end, many obligate fungal pathogens exhibit a high 

degree of host specificity, leading to the evolution of such traits to maximise the chances of 

transmission to the next host, for example through the manipulation of host behaviour (Hughes 

& Libersat, 2019; Chapter 4 & 6). 

Host infection and transmission by Microsporidia 

The Microsporidia, a fungal sister group, are strictly intracellular parasites transmitted 

horizontally through host ingestion of spores or vertically within the ovary (transovarial) or on 

the egg surface (Becnel & Andreadis, 2014). An infection by Microsporidia causes a specific 

disease known as microsporidiosis, and infects a large range of vertebrate and invertebrate 

hosts (Murareanu et al., 2021; Bojko et al., 2022). Furthermore, microsporidia parasitise at 
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least 23 different tissue types, most species being tissue-specific, such as muscles, fat bodies, 

ovaries, and salivary and silk glands (Vávra & Lukeš, 2013; Murareanu et al., 2021). 
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Figure 1. Schematic representation of within host life cycles of an Entomophthoralean 

fungus and of an enteric (gut-infecting) microsporidia. (a) An infectious conidia lands on 

the host and penetrates through the cuticle and into the insect haemocoel. First inset (left) shows 

protoplast cells proliferating in the haemolymph uptaking the fat body (yellow) and sugars 

(green). The second inset (right) shows conidiophore structures which have emerged from the 

host cuticle and are ejecting new conidia to infect the next host. (b) A spore is ingested from 

the environment and makes its way into the intestinal lumen. Inset shows a microsporidia firing 

its polar tube into a host cell and delivering a sporoplasm. The sporoplasm develops into 

meronts, which develop into mature spores and exit the intestinal cells back into the intestine 

to be transmitted back into the environment via faecal excrement. This figure is adapted from 

Boomsma et al. (2014), Becnel and Andreadis (2014) and Chapter 2. 

Contamination of the environment with spores depends on the tissue tropism of 

the microsporidian species. Species infecting host guts (enteric microsporidia) disseminate 

spores through faecal excrement and do not kill their hosts. Species infecting tissues within the 

body cavity (e.g. fat body) kill the host and spores are released into the environment as the host 

tissue decompose, or through consumption of an infected host (e.g. scavenging, parasitoids, 

predation, cannibalism). Horizontal transmission through direct oral ingestion of spores found 

in the host’s immediate environment (food or liquids) is the typical route of infection for 

Microsporidia. When a microsporidian spore is ingested by an insect host, it enters the gut 

epithelium and reaches specific tissues through the bloodstream or the body cavity. Once 

sufficient microsporidian spores have been ingested and accumulated within the host's 

alimentary tract (Dunn & Smith, 2001), spores germinate by firing a harpoon-like polar tube 

into host cells. The spore then injects the sporoplasm through the polar tube into the host cell 

(Xu & Weiss, 2005), wherein the sporoplasm proliferates as meronts through binary fission. 

As infection spreads through proliferative merogony, diplokaryotic sporont are formed, likely 

through cell fusion of meronts. Sporogony is the process during which meronts develop thick 

surface walls and the polar tube, and divide into two sporoblasts, ultimately maturing into 

spores (Figure 2b) (de Graaf et al., 1994).  

Vertical transmission of microsporidia can occur by the ovipositional activities 

of hymenopterous parasitoids, resulting in direct transfer of infection from parent to progeny 

(Dunn et al., 2001). It is a major pathway of transmission for many microsporidian parasites of 

insects, and is estimated to the transmission strategy used by around 20% of known 

microsporidia to date (Murareanu et al., 2021). Vertical transmission is maternally mediated, 
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that is, it occurs entirely through the female line, and mainly occurs in parasitoid insects. This 

form of transmission, wherein the microsporidium is passed from one generation to the next 

by way of the egg, is commonly referred to as transovum transmission. In this mode of 

transmission, the microsporidian parasite enters the egg within the female host via infection of 

the ovaries and associated reproductive structures (Dunn & Smith, 2001; Terry et al., 2004; 

Becnel & Andreadis, 2014). It can occur in two distinct ways depending upon whether passage 

of the microsporidium occurs within the ovary (transovarially) or on the surface of the egg. 

Transovarial transmission is the most common mode of vertical transmission of microsporidia 

in insects (Becnel & Andreadis, 2014). However, the mechanism utilised by the microsporidia 

to gain entry into the egg is not entirely understood. But in some microsporidia it is thought 

that access into the egg is achieved by the incorporation of vegetative or spore stages into the 

developing eggs of the host during oogenesis (Bauer & Pankratz, 1993). In some cases, larval 

progeny of infected female parasitoids may become infected through oral consumption of 

spores that are found within or on the egg, although via egg surface is rare. Furthermore, 

vertically transmitted microsporidia can manipulate host reproduction through male killing and 

feminisation of genetic males to increase (Dunn & Smith, 2001), a phenomenon common 

within other vertically transmitted endosymbionts (Werren et al., 2008). Vertically transmitted 

microsporidia have reduced virulence compared to horizontally transmitted species, however 

altering sex ratio of host populations can have a severe effect on host ecology and evolution 

(Hatcher et al., 1999; Terry et al., 2004). 

The extended phenotype of invertebrate parasites 

Host specialisation has led to the evolution of the ability of pathogens to manipulate their hosts’ 

behaviour to increase transmission, popularly known as zombies; but scientifically coined the 

extended phenotype (Poulin & Maure, 2015; Dawkins, 1982).  In essence, some observed 

animal behaviour phenotypes are due to the expression of a parasite’s genes and not to their 

own (Hughes & Libersat, 2019). These behaviours are typically aberrant to normal host 

behaviour and are considered adaptive to the pathogen and detrimental to the host (Thomas et 

al., 2005; Weinersmith, 2019; Bhattarai et al., 2021). Host manipulation is mostly concentrated 

in invertebrates (Lafferty & Shaw, 2013), however there are example of behavioural 

manipulation in vertebrates, mainly from infection of intermediate hosts by the protist 

Toxoplasma gondii. The classic example of T. gondii manipulation is that of infected rodents 
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that lose their fear response to, and even become attracted to the urine of their cat predators 

(Vyas et al., 2007). Recently, it has also been shown that T. gondii infected hyena cubs have 

increased boldness to predator presence, leading to higher rates of lion-inflicted mortality 

(Gering et al., 2021). Moreover, attraction to feline urine has also been shown to affect 

chimpanzees (leopard urine) (Poirotte et al., 2016) and even human males (cat urine) (Flegr et 

al., 2011). 

Two methods of behavioural manipulation can be distinguished by their mode of 

transmission: direct and intermediate. Direct transmission refers to when a pathogen’s lifecycle 

requires one host species and transmits from one individual directly to another, such as 

Entomophthora muscae conidia transmission from one fly host to another (Steinkraus & 

Kramer, 1987; Elya & De Fine Licht, 2021; Chapter 2 & 8). However, intermediately 

transmitted parasites require one host (the intermediate) to be manipulated to increase predation 

probability by the parasite’s terminal host, e.g., T. gondii mentioned above, and Gammarus 

roeseli infected with the acanthocephalan bird parasite Polymorphus minutus that swim closer 

to the water’s surface (negative geotaxis) to increase predation probability by the terminal bird 

host (Bauer et al., 2005).  

Pathogens, such as viruses, fungi, nematomorphs, and parasitoids are represented 

in invertebrate behavioural manipulation, all using their own mechanisms to hijack host 

behaviour to do their own bidding (van Houte et al., 2013; Poulin & Maure, 2015; de Bekker 

et al., 2021). The mechanisms involved in behavioural manipulation are difficult to unravel 

and consequently remain largely unknown (Adamo, 2013; van Houte et al., 2013; Herbison, 

2017; de Bekker et al., 2021), a consequence previously due to a bias towards theoretical over 

empirical studies (Poulin & Maure, 2015). Recent findings are however uncovering links as to 

how location-seeking behaviour or the timing of manipulation are being detected (Elya et al., 

2023). Host circadian rhythms and abiotic factors (light, temperature and/or humidity) play 

roles in the timing of behavioural manipulations, these typically being considered optimal for 

the parasite transmission. For instance, horsehair worm (Cordodes spp.) infected praying 

mantids (Hierodula patellifera) seek water habitats through horizontally polarised light 

reflected of water surfaces (Obayashi et al., 2021). Ants infected with the parasitic fungus 

Ophiocordyceps seek light at elevated position, without which the formation of the fungal 

fruiting body is negatively affected (Andriolli et al., 2019). In both these examples, these 

manipulations occur around solar noon, but the exact molecular mechanisms permitting these 
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parasites to hijack their hosts’ hydro-, photo- and polarotaxis systems to direct them to desired 

locations have not yet been determined. 

Identification of specific molecular mechanisms involved in behavioural 

manipulation mostly come from work on the lepidopteran-infecting baculoviruses. The 

baculoviruses have horizontally acquired host genes such as ecdysteroid UDP-

glucosyltransferase (egt) and protein tyrosine phosphatase (ptp), which have been linked to 

involvement in host manipulation (Gasque et al., 2019). The virus gene egt prevents host larvae 

molting and was found to be responsible for climbing behaviour of Lymantria dispar larvae 

(Hoover et al., 2011), but this involvement may be limited to lepidopteran larvae that climb 

before pupation (Ros et al., 2015). The ptp gene is responsible for hyperactivity prior to death, 

a behaviour correlated to summiting disease. But, depending on the Lepidoptera-baculovirus 

system, ptp plays different roles, from observable hyperactivity (van Houte et al., 2012) to 

increasing brain tissue infection (Katsuma et al., 2012). However, these two genes in 

baculovirus-infected Bombyx mandarina do not contribute to hyperactivity or summiting 

behaviour, suggesting that other mechanisms are involved in behavioural manipulation in that 

system (Kokusho & Katsuma, 2021). This suggests that the summiting phenotype within 

lepidopteran-baculovirus systems is likely due to convergent evolution and not an evolutionary 

conserved strategy. Lately, climbing behaviour to seek elevation in a lepidopteran-baculovirus 

system was found to be linked to viral hijacking of the expression of three host genes involved 

in visual perception, thus manipulating the insect to phototactically climb (Liu et al., 2022). 

Baculoviruses provide an excellent basis for the study of behavioural 

manipulation. However, much less is known about the mechanisms used in other systems, 

particularly in fungal manipulators which have larger genomes with many unknown gene 

functions. Two fungal manipulators in fact currently have some of the largest known genomes 

in the Fungal Kingdom. These are the repetitive element rich genomes of Massospora cicadina 

and of E. muscae with ca. 1.5 and 1 Gb, respectively (Elya & De Fine Licht, 2021; Stajich et 

al., 2022). Due to these factors, targeted genome knockout to study possible genes behind 

manipulation is not feasible. However, transcriptomics and metabolomics are beginning to 

offer insight into putative manipulation genes and metabolites (Elya et al 2018; Elya et al. 

2023). These techniques have led to identifying candidate genes in Massospora spp. and in 

Ophiocordyceps camponoti-floridani. Massospora-infected cicadas walk around and attempt 

to mate with conspecifics with a fungal plug exposed from the missing abdomen (Lovett et al., 
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2020). Although the mechanisms involved are not confirmed, the discovery of psychoactive 

alkaloids, such as psylocibin and tryptamine, may be used to promote locomotion and keeping 

the insects alive (Boyce et al., 2019). In O. camponoti-floridani, the observed staggering in 

manipulated hosts has also been linked to potential chemically induced mechanisms. After 

identifying a homologous gene related to the mycotoxin aflatrem (Will et al., 2020), aflatrem 

was used experimentally and found that within 30 minutes of aflatrem injections, ants displayed 

the stereotypical staggering phenotype seen in Ophiocordyceps manipulated ants (Beckerson 

et al., 2023). Aflatrem is a known a mycotoxin which causes neurological disorders and 

behavioural phenotypes resembling staggering, such as staggers syndrome in cows (Bos 

taurus) (Valdes et al., 1985; Eldefrawi et al., 1990). As staggering syndrome can be seen in 

both cows and ants exposed to similar mycotoxins, this suggests not only a conservation of the 

manipulation phenotype but also of the underlying behaviour-manipulating mechanism. 

Manipulation phenotypes are often apparently evolutionary conserved across 

host and pathogen phyla. For instance with summiting disease in fungus-infected flies and 

baculovirus-infected caterpillars (Gasque et al., 2019; Elya & De Fine Licht, 2021), water 

seeking in nematomorpha-infected mantids and trematode-infected crickets (Lafferty & Shaw, 

2013; Obayashi et al., 2021), bodyguard behaviour in spiders parasitised by parasitoids and 

parasitoid-aassociated viruses in ladybirds (Dheilly et al., 2015; Takasuka et al., 2015), and 

increased exposure for predation in protozoan-infected mammals and acanthocephalan-

infected amphipods (Bauer et al., 2005; Vyas et al., 2007). These phenotypic similarities in 

behavioural manipulation across distinct host and pathogen lineages demonstrate that 

pathogens have independently evolved similar adaptive manipulations (Poulin, 1995; Bhattarai 

et al., 2021). These phenotypes are outcomes of convergent evolution shaped by natural 

selection to maximise a pathogen’s own proliferation. However, like with the example of 

aflatrem-like mycotoxins, we may not only see convergence in phenotype, but also in 

mechanism to induce specific phenotypes. These potential convergences are not well studied, 

but evidence from pathogens across different Kingdoms suggests the likelihood of such natural 

selection. For example, through the uses of pathogen ptp in inducing increase locomotory 

behaviour prior to the summiting phenotype as seen in both summiting baculovirus-infected 

caterpillar (van Houte et al., 2012) and Ophiocordyceps-infected ants (Will et al., 2020). This 

highlights the importance of cross-checking mechanisms in other systems which may apply to 

the one you are studying. This is the likely finding in Chapter 4, whereby we uncover the 
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possible convergent evolution of interrupting the insect host’s hormonal pathway through 

secretion of an egt homologue. 

Entomophthora muscae, a new model organism 

E. muscae is proving itself a burgeoning model organism for studying the extended phenotype,

but also host-pathogen interactions generally (Chapter 8). This is in part due to E. muscae’s 

tractability in the laboratory but also because some genotypes are able to infect the laboratory 

model Drosophila melanogaster (Elya et al., 2018, 2023; Elya & De Fine Licht, 2021; Chapter 

2 & 6). E. muscae is a species complex consisting of multiple species that are morphologically 

indistinguishable, but can be molecularly distinguished, and the molecular heterogeneity 

depends on host identity and not geographical location (Appendix Figure A1) (Jensen & 

Eilenberg, 2001). Furthermore, it appears to be ubiquitously associated with houseflies, Musca 

domestica (type host species), a globally distributed vector-carrying fly environmentally 

associated with human habitations (synanthropic) (Elya & De Fine Licht, 2021). In houseflies, 

the within-host life cycle occurs over six to seven days, during which time it proliferates 

logistically as wall-less cells (protoplasts) to evade the host’s immune system (Boomsma et al., 

2014) as the fungus uses the host’s fat body and trehalose for energy (De Fine Licht et al., 

2017; Hansen & De Fine Licht, 2017). During this time, E. muscae infected houseflies exhibit 

aberrant behaviours, seen through reduced activity and flight patterns, and reduced 

reproductive capabilities (Watson & Petersen, 1993; Chapter 3 & 5). Towards the end of the 

within-host stage, infected flies begin to climb to an elevated position, extend and affix their 

proboscides to the substrate surface, and raise their wings to prevent obstruction of the conidia 

being shot out of the abdomen to infect the next host (Figure 1b,c) (Krasnoff et al., 1995; Elya 

& De Fine Licht, 2021; Chapter 2 & 4). Sporulation occurs over ca. 24 hours, whereby the 

infectious cadavers start to desiccate and lose infectivity. In order to maximise the chance of 

infection, E. muscae manipulates healthy conspecific flies to attempt to mate with the cadaver 

through the release of volatile compounds irresistible to these soon to be necrophiliacs 

(Naundrup et al., 2022). 

E. muscae has long been considered the puppet master behind the observed

behavioural manipulations in infected Diptera. However, the discovery that E. muscae contains 

an Iflavirus brings this longstanding assumption to question (Coyle et al., 2018; Myers et al., 
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2020; Chapter 4 & 6). As mentioned above, baculoviruses are effective at disrupting host 

behaviour and inducing the same summiting phenotype as E. muscae. But in a parasitoid wasp, 

which was supposedly responsible for the observed bodyguard behavioural manipulation, the 

discovery of an Iflavirus rebuked this accepted interaction (Dheilly et al., 2015). This discovery 

was found in a parasitoid wasp-ladybird system, whereby the authors discovered the presence 

of an Iflavirus (Dinocampus coccinellae paralysis virus, DcPV) in high numbers in 

manipulated host heads. DcPV is used by the parasitoids to manipulate the ladybird into 

guarding the egressed wasp pupae from predation through viral replication in the neuropils. 

After a week of bodyguarding, the adult parasitoid emerges and the ladybird often returns to 

daily life as the viral titre decreases (Dheilly et al., 2015). This finding opens questions into the 

manipulations seen in the fly-E. muscae systems, suggesting whether the expected manipulator 

(E. muscae) is truly responsible for the perceived behavioural manipulation. These E. muscae 

viruses were originally found in liquid fungal cultures of E. muscae, and additional data mining 

allowed Coyle et al. (2018) to identify that the Twyford virus, identified as a D. melanogaster 

virus (Webster et al., 2015), and the dipteran isolated Hubei picorna-like virus 39 (Shi et al., 

2016) originated from E. muscae. The discovery of these viruses being linked to E. muscae 

infected dipterans highlights the capabilities of methods such as data mining in uncovering 

knowledge gaps that may exist. 
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Figure 3. The seven chapters and their relations to different types of host pathogen 

interactions. Each circle in the Venn diagram indicates the major subjects investigated in this 

thesis. In these, each chapter is placed in relation to those subjects. 
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Abstract 

Some pathogenic fungi has evolved the ability to behaviorally manipulate their insect hosts. For such a 

feat, the fungi have developed intricate mechanisms of infecting, proliferating and hijacking to such 

specialty that they can only infect a very narrow range of hosts. One of the more notorious and 

ubiquitous, Entomophthora muscae, infects Dipterans, but only a select few. Here, we present the 

different stages of the life cycle of E. muscae, focusing on the means by which it enters and proliferates 

inside its hosts, the possible ways it manipulates behavior and how it exits the killed host to seek new 

prey. Discussions of the extended phenotype (behavior manipulation) address both manipulation of the 

moribund zombie-fly and manipulation of healthy conspecific male flies. In addition, we address some 

of the consequences of an infection on the life history of a careless fly. 
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Introduction 

The fungal genus Entomophthora is composed of host-specific insect pathogens that can cause 

epizootics in their various insect hosts (Elya and De Fine Licht, 2021). The type species of the genus is 

the so-called “zombie fly” fungus E. muscae sensu stricto (s.s.), which is well-known for being able to 

control the behavior of infected flies and forcing them to die and sporulate at elevated positions (Keller 

et al., 1999). The genus Entomophthora belongs to the subphylum Entomophthoromycotina within the 

phylum Zoopagomycota among the early-diverging clades of the Kingdom Fungi (Mycota) (Fig. 1) 

(Spatafora et al., 2016). As such, E. muscae is only distantly related to the more widely known fungal 

phyla, Ascomycota and Basidiomycota. While many fungal groups show adaptations to live in or on 

insects (Humber, 2008), E. muscae is perhaps one of the clearest examples of a fungus adapted for 

obligate insect pathogenesis. 

Figure 1. Phylogenetic placement of the genus Entomophthora. To the left, a schematic phylogeny 

shows the placement of the subphylum Entomophthoromycotina within Zoopagomycota (branch 

lengths are not to scale). To the right, the currently recognized three orders within 

Entomophthoromycotina: Basidiobolales, Neozygitales, and Entomophthorales, where E. muscae is 

placed within the family Entomophthoraceae of the latter class. The asterisk next to Eryniopsis denotes 

paraphyly (appearance in both Erynioideae and Entomophthoroideae). 

The first scientific descriptions of E. muscae started to appear more than 150 years (Cohn, 1855; 

Brefeld, 1870, 1871; Thaxter, 1888). Originally described as Empusa muscae from infected house flies 

(Musca domestica) (Hall and Bell, 1962), the characteristic sight of a dead fly surrounded by a spore 

halo had likely not been a rare sight historically but just escaped earlier scientific scrutiny. In the last 

150 years, more species of Entomophthora have been described and a recent overview of the literature 
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count at least 21 currently recognized species in the genus Entomophthora (Elya and De Fine Licht, 

2021). Recent taxonomic investigations have revealed that E. muscae is part of a species complex, 

which in addition to E. muscae consists of E. ferdinandii, E. scatophagae, and E. schizophorae 

(MacLeod et al., 1976; Keller, 2002). These species are morphologically highly similar though differ 

in the range of host species they infect and in the number of nuclei inside infectious spores (conidia), 

which have historically been important traits for species identification (Keller, 2002). 

The fungus E. muscae is considered a host-specific insect pathogen with a very narrow host range, and 

likely only naturally infects a single host species per genotype (Jensen and Eilenberg, 2001; Jensen et 

al., 2001, 2006; Gryganskyi et al., 2013b). Genome-wide comparisons provide further support for the 

presence of specific E. muscae “host-types” associated with, for example, house flies (Musca 

domestica), cabbage flies (Delia radicum) (De Fine Licht et al., 2017), and fruit flies (Drosophila 

melanogaster) (Elya et al., 2018). Because the type description of E. muscae was from a house fly 

(Keller et al., 1999), related isolates from house flies should ideally be designated E. muscae s.s, 

whereas isolates from other dipteran species more appropriately should be designated E. muscae sensu 

lato (s.l.) (Keller, 2002).  

While the natural host range of E. muscae has consistently been found to be narrow, the observed host 

range, which is the suite of species that are susceptible when artificially exposed to E. muscae, is broader 

(Steinkraus and Kramer, 1987; Gryganskyi et al., 2013b; Becher et al., 2018). Local adaptation of E. 

muscae to specific host species is thus the norm but does not preclude occasional infection of novel host 

species. These characteristics have led to many efforts over the years to develop and utilize E. muscae 

as a biological control agent that could be applied as a targeted approach against specific dipteran pest 

species. However, the highly adapted and obligate life history of E. muscae has so far prevented the 

commercialization of, for example, in vitro grown infectious conidia. In addition, insects are 

increasingly being produced as an environmentally friendly protein substitute compared to conventional 

meat production, and house flies have been suggested as a way of converting cow manure into protein 

rich animal feed (Hussein et al., 2017). However, E. muscae may be a real concern for house fly 

production, having already caused severe losses in industry (S. Edwards, pers. comms., Eilenberg et al., 

2015), and a better understanding of this insect disease thus has a more applied perspective. In the 

remainder of this chapter, we will outline the unusual biology and evolutionary ecology of E. muscae. 

 

Life cycle of Entomophthora muscae 

The life cycle of Entomophthora muscae follows the general pattern of infection exhibited by other 

endoparasites (Fig. 2). First, the fungus enters the body of the host, proliferates inside, and finally leaves 

the host to seek a new one once the current host’s resources are depleted (Hansen and De Fine Licht, 

2017; Elya et al., 2018). These processes are described in detail below. 
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Figure. 2. Schematic illustration of the life cycle of Entomophthora muscae. Internal fungus 

development is depicted inside, and behavioral effects on the host are depicted outside of the half circle, 

respectively. From left to right: Infectious conidia land on the insect, penetrate the cuticle and release 

their contents into the fly’s hemocoel to begin growth as protoplasts. The protoplasts proliferate inside 

the insect host using the fat body and trehalose for energy while avoiding destruction of vital organs 

(e.g. brain, gut, gonads). Initially, the infected fly does not demonstrate overt behavioral changes. The 

protoplasts proliferate exponentially and continue utilizing host resources. In fruit flies, hosts start to 

exhibit reduced locomotor activity about 24 hours prior to their death (Elya et al, 2018). By the 

afternoon on the final day of the host’s life (on the sixth or seventh day post conidia penetration in house 

flies, or fourth or fifth day in fruit flies), non-vital host resources for fungal growth have been exhausted. 

The protoplasts now invade the internal organs of the host and form cell walls, beginning the transition 

to conidiophores. Around this time, the fly’s behavior changes dramatically: the fly is made to summit 

to an elevated position, affix its proboscis to the substrate and raise its wings, then dies in a stereotyped 

death pose. After the fly’s death, conidiophores pierce through intersegmental membranes of the 

abdomen before forcibly ejecting new infectious conidia onto the next unlucky flies. 

Cuticle penetration 

Entomophthora muscae primary conidia are actively discharged from conidiophores that form in 

freshly-killed hosts (de Ruiter et al., 2019). When a conidium lands on a new suitable host, it germinates, 

forming a germ-tube through the host cuticle, and releases the cytoplasmic content of the conidium into 

the host hemocoel (body cavity) (Fig. 2). The process of breaching the host cuticle is achieved through 

a combination of hydrolytic (digestive enzymes in the form of chitinases and lipases) and mechanical 

(turgor pressure) forces (Brobyn and Wilding, 1983). Germination takes between two and 24 hours 

(Brobyn and Wilding, 1983). Conidia are able to enter the fly from any point of the body (thorax, head, 

legs, wing veins) (Brobyn and Wilding, 1983), but abdominal invasion is ideal as the fungus can 

immediately encounter abundant nutrient reserves (i.e., high abundance of fat body tissue). Germination 
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of conidia within Entomophthora requires high levels of humidity (Kramer, 1980a; Keller et al., 1999; 

Elya and De Fine Licht, 2021). While most of the enzymes used by E. muscae to penetrate the fly cuticle 

are unknown, genome-wide transcriptome analyses of E. muscae have revealed a rich set of cuticle-

degrading enzymes (De Fine Licht et al., 2017; Elya et al., 2018). Most notably, E. muscae contains a 

large repertoire of subtilisin-like serine proteases (SLSPs) that degrade chitin-associated proteins in the 

insect procuticle (the chitinized part of the insect cuticle) (Arnesen et al., 2018). Compared to other 

ascomycete entomopathogenic fungi, E. muscae contains a unique group of SLSPs that are otherwise 

only known from Bacteria, Oomycetes, and other early-diverging fungi such as Cryptomycota and 

Microsporidia. This particular group is not present in the sister fungal lineages of Kickxellomycotina 

and Mucoromycota (Fig. 1), which suggests a unique evolutionary trajectory potentially related to insect 

adaptation (Arnesen et al., 2018). 

Within-host processes 

Following penetration of the cuticle, the within-host processes (nutrient uptake, exponential growth, 

resource depletion) begin (Fig. 2). During fungus growth, irregular shaped hyphal bodies multiply 

throughout the host as multinucleate protoplasts (cells without complete cell walls) (Brobyn and 

Wilding, 1983; Carruthers et al., 1985; Carruthers and Haynes, 1985; Eilenberg, 1987a; Boomsma et 

al., 2014; De Fine Licht et al., 2016). Entomophthora muscae’s protoplastic growth has been 

hypothesized as a mechanism to sneak past the fly’s immune response (Brobyn and Wilding, 1983; 

Boomsma et al., 2014; De Fine Licht et al., 2016). The evasion of the host immune response by E. 

muscae was suggested based on microscopic observations that insect hemocytes did not recognize 

protoplasts from Entomophaga aulicae and Entomophthora egressa (Dunphy and Nolan, 1980; 

Beauvais et al., 1989). Although hemocytes do not appear to recognize fungal protoplasts during the 

infection, the host insects clearly respond to infection with E. muscae. This is evident as fruit fly immune 

gene expression is elevated within 24 hours after infection (Elya et al., 2018), but whether this is due 

to the mechanical injury of having fungal appressoria-like structure(s) penetrate through the cuticle 

and/or active recognition of growing protoplasts in the hemocoel remains an open question.  

Once inside, the host provides E. muscae with essential resources for growth. The fungus initially grows 

exponentially until resources start to become depleted and fungal growth reaches a plateau giving rise 

to a characteristic logistic growth curve (Hansen and De Fine Licht, 2017). To access and utilize 

essential nutrients, E. muscae uses several enzymes to break down host cell membranes, such as lipases 

and trehalases, which eventually lead to host starvation (De Fine Licht et al., 2017). Other host 

responses to infection as the growing E. muscae protoplasts take up nutrients and effectively “starve” 

their host have been observed and include: reduced activity rate of infected house flies (Bick et al., 

2021) and fruit flies (Elya et al, 2018), reduced reproductive fitness of infected house flies (Eilenberg, 
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1987b; Watson and Petersen, 1993), and decreased expression of metabolic genes (Elya et al, 2018). 

Towards the end of E. muscae proliferation after six to seven days in infected house flies and four to 

five days in infected fruit flies (Hansen and De Fine Licht, 2017; Elya et al., 2018), the depletion of 

available nutrients triggers the protoplasts to develop cell walls (Gryganskyi et al., 2017) (Fig. 2). The 

formation of cell walls in an infection with E. muscae roughly coincides with the onset of host behavior 

manipulation (see “Extended phenotypes of E. muscae” below) and occurs approximately 12–24 hours 

before the death of the host, depending on the fly species (Krasnoff et al., 1995; Hansen and De Fine 

Licht, 2017; Elya et al., 2018). 

Host death is thought to occur from tissue consumption and/or by immune collapse due to 

overwhelming growth of hyphae and not from fungus-produced toxins (De Fine Licht et al., 2016). 

Toxin-producing entomopathogenic hypocrealean fungi (Sordariomycetes), such as Beauveria 

bassiana and Metarhizium species, can infect a variety of insects, including house flies, but do not 

proliferate extensively throughout the host body cavity until after fungus-released toxins have killed the 

host (Anderson et al., 2011). In contrast, E. muscae exhibits a fast growth strategy while the host is still 

alive to overcome host immune defenses, with very limited fungal growth after the host is dead (Hansen 

and De Fine Licht, 2017). Biotrophic growth while the host is alive is predicted to correlate with high 

host specificity (Boomsma et al., 2014). In line with this, comparative transcriptomics of two closely 

related E. muscae host-types naturally infecting house flies and cabbage flies (Delia radicum), 

respectively, suggested that evasion of host immune system and intricate nutrient acquisition 

mechanisms are contributing factors to the evolution of high specificity within the genus 

Entomophthora (De Fine Licht et al., 2017).  

Infection of new hosts 

The moribund fly will raise its wings just moments before death and the conidiophores begin to 

penetrate through the intersegmental membranes of the abdomen (Krasnoff et al., 1995; Gryganskyi et 

al., 2017; Elya et al., 2018; de Ruiter et al., 2019). At the tip of each conidiophore, a conidium forms. 

The building of pressure by the cytoplasm that accumulates inside conidiophores puts pressure on the 

cell wall linking the conidium and conidiophore (called a septum), leading to the conidium being 

forcefully and violently ejected via a water cannon mechanism (de Ruiter et al., 2019). For 20–24 hours 

in E. musace-infected house fly cadavers, thousands of conidia are shot out of the fungal mass exposed 

from the abdomen of the old host, forming a halo of spores surrounding the cadaver (Mullens, 1985; 

Carruthers and Haynes, 1986; Elya et al., 2018; Naundrup et al., 2022). Conidial ejection can also be 

triggered by mechanical stimulation, e.g., touch from a curious live fly (de Ruiter et al., 2019). This 

process of stimulus-based discharge is aided by the fact that E. muscae produces compounds that attract 

flies to inspect the sporulating cadaver (see “Extended phenotypes of E. muscae below”) (Fig. 3).  
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Conidia that land on a potential host cuticle produce can proceed to germinate. If a conidiophore-

launched conidium, referred to as a primary conidium, does not land on a suitable host, it can form a 

secondary conidium, which is a smaller, potentially more infectious propagule (Bellini et al., 1992) that 

is dispersed via papillar eversion, where the conidia buckles upon itself to create propulsion like a 

child’s jumping popper toy (Eilenberg et al., 1986, 1990; Humber, 2016). Whether or not an infectious 

conidium is able to penetrate the host cuticle, which is a formidable barrier for fungal pathogens of 

insects (Humber, 2008), is likely one of the determining factors for the host specificity of E. muscae. 

Host specificity is found in the ecological host range, but in the physiological host-range E. muscae 

isolates can infect other dipteran species with varying success (Steinkraus and Kramer, 1987; Jensen et 

al., 2006). For example, an isolate of E. muscae s.s. from house flies can infect the spotted wing 

drosophila, Drosophila suzukii, but show clear developmental and physiological limitations (Becher et 

al., 2018). Host specificity is not only one-sided, as genotype specific infection patterns by an E. muscae 

isolate have also been shown within host species. By comparing E. muscae infections of a diverse 

genotype panel of D. melanogaster lines, it has been possible to show that host fly genotypes vary in 

susceptibility to E. muscae infections (Wang et al., 2020). 

The fungus E. muscae also possesses an alternative to the formation of conidia. Instead of forming 

conidia that are actively discharged from host cadavers, E. muscae may also form thick-walled resting 

spores inside decaying cadavers (Thomsen and Eilenberg, 2000; Thomsen et al., 2001). These spores 

are believed to function as an overwintering stage in temperate regions, as they make their way into the 

upper soil layers as decaying cadavers fall to the ground and dissolve. Resting spores may or may not 

be the result of a sexual event but involves the fusion of two hyphae or hyphae-like cells that form a 

zygospore (Humber, 2016, 2012). It is not well understood what triggers whether an infection will 

produce conidia or resting spores or how/when resting spores germinate and are able to infect new flies. 

Extended phenotypes of E. muscae 

One of the most notable characteristics of E. muscae is its ability to elicit overt behavioral changes in 

its host (Krasnoff et al., 1995; Roy et al., 2006; Lovett et al., 2020a; de Bekker et al., 2021). The 

behaviors exhibited by a host who will imminently succumb to death by E. muscae are precisely timed, 

highly stereotyped, and though they are of no obvious use to the dying insect, provide clear benefits for 

fungal dispersal. Pathogens that take control of host behaviors to increase their own fitness exhibit 

“extended phenotypes”, wherein pathogen genes exert a phenotypic effect outside the organism in 

which they reside (Dawkins, 1982, 2012). During the final hours of the life of an E. muscae-infected 

fly (consistently the six or so hours leading to sunset), the soon-to-be cadaver will exhibit “summit 

disease” (also known as Wipfelkrankheit or tree top disease), typically climbing to an elevated location 

in its local environment (Krasnoff et al., 1995) (Fig. 2 & 3). Once elevated, the fly will cease walking 
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and extend its proboscis, which, upon making contact with the surface that the fly is standing on, will 

become adhered via sticky fungal secretions (Krasnoff et al., 1995; Elya et al., 2018). If the substrate 

is narrow, such as a plant stem, the fly will wrap its legs around the stem (Berisford and Tsao, 1974). 

Finally, attached via legs and/or a tightly glued proboscis, the fly’s wings will move up and away from 

its dorsal abdomen, coming to rest at an acute angle above the fly’s back (Krasnoff et al., 1995; Elya et 

al., 2018). After striking this final pose, the fly dies and the fungus emerges through the cuticle within 

hours, eventually launching infectious spores into the surrounding environment to infect new hosts 

(Elya et al., 2018; de Ruiter et al., 2019; Naundrup et al., 2022). These temporally-gated and highly-

specific behavioral changes stand in marked contrast to general host response behaviors to sickness 

(e.g., lethargy, decreased feeding and reproduction) that can be evoked by a variety of pathogens and 

that either have been demonstrated or could reasonably be predicted to offer some benefit to the host 

(Hart, 1988). Thus, it is widely accepted that E. muscae drives these behavioral changes in its doomed 

fly hosts rather than these behaviors being some “unintended” byproduct of infection (de Bekker et al., 

2021). 

Interestingly, summit disease is a behavior that is elicited by a variety of so-called “mind-control” 

pathogens, ranging from other entomophthoralean fungi to the hypocrealean Ophiocordyceps (the fungi 

responsible for “zombie ants”) to trematodes and even viruses (Lovett et al., 2020a; de Bekker et al., 

2021). That such a phylogenetically diverse suite of pathogens can induce summit disease suggests that 

(1) the ability to evoke summit disease has several independent origins, and (2) the mechanism to elicit 

summiting behavior is potentially less complex to evolve and may involve similar pathways across host-

pathogen systems (Lovett et al., 2020b; de Bekker et al., 2021). The fitness benefits of host behavior 

manipulation are likely large and the ability to cause a host to summit may thus have an outsized effect 

on pathogen fitness such that this is a highly favored trait in many environments.  

Another striking E. muscae phenomenon has been observed in house flies infected with E. muscae s.s.: 

healthy males tend to be attracted to and attempt to mate with E. muscae-infected female cadavers 

(Mullens et al., 1987; Møller, 1993; Watson and Petersen, 1993; Zurek et al., 2002; Hansen and De 

Fine Licht, 2019). Very recent work has provided additional evidence of this phenomenon and found 

that volatile compounds (including sesquiterpenes and putative pheromone mimics) that have a likely 

fungal origin are involved in mediating this “fatal” attraction (Naundrup et al., 2022). 

There is evidence suggesting the fungus may be responsible for other behavior effects in infected hosts, 

though more work remains to be done to confirm that these are true manipulations. Most notably, 

infected house flies have been shown to alter their thermal preference over the course of infection. 

Initially, infected house flies prefer warm substrates: flies allowed to wander a thermal gradient within 

the first 48 hours after exposure demonstrated behavioral fevering (an immune behavior that is not 

unique to E. muscae-infected house flies, but rather elicited by several pathogens in various ectothermic 
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species) (Watson et al., 1993; Kalsbeek et al., 2001). However, as the flies approached the end of life, 

their preferences shifted and they chose to occupy cooler areas (Watson et al., 1993). Cool-seeking has 

also been demonstrated in fruit flies infected with the generalist pathogen Metarhizium robertsii, but in 

this case the behavior occurs much earlier in the infection (Hunt et al., 2015). That this late cool-seeking 

behavior appears to be unique to moribund E. muscae-infected flies, coupled with the fact that cool 

temperatures are optimal for E. muscae growth, suggests that thermal preference may be another host 

behavior driven by E. muscae to enhance fungal fitness. Of course, additional work is needed to test 

this hypothesis before thermal preference manipulation can be classified as a manipulated behavior and 

an extended phenotype. 

With the exception of male attraction to infected female cadavers, the mechanistic underpinnings of 

these extended and putative extended fungal phenotypes remain enigmatic (de Bekker et al., 2021). In 

Figure 3, some potential hypotheses for these behavior alterations are summarized. For the more 

simplistic of these altered behaviors (proboscis extension and wing raising), it is possible that these 

could be driven either by mechanical force (e.g., fungus impinging on musculature) or by neuronal 

manipulation (e.g., fungus altering activity of motor neurons) (Brobyn and Wilding, 1983). The more 

complex behaviors (thermal preference, summiting, time of death) almost certainly have a neural basis, 

though there are many possibilities as to how the fungus drives the circuits underlying these behaviors. 

E. muscae is known to invade the central nervous system of its host well before any of the

aforementioned behavioral alterations occur (Brobyn & Wilding, 1983; Elya et al, 2018). It is possible 

that this invasion mediates direct distortion or degradation of regions important for controlling circuits 

of interest and/or permits fungal cells direct access to neurons to manipulate by chemical signaling. 

Given the behavioral phenotypes observed, the fungus might be predicted to impact gravitactic, 

circadian, sleep (Lovett et al., 2020b), or thermal processing circuitry, or more broadly influence cell 

activity in neurosecretory centers. Where and how broadly E. muscae affects neural activity is still 

unclear. In addition, it is also possible that the presence of Entomophthovirus, an iflavirus found to 

infect nearly all of the characterized E. muscae isolates, plays a role in driving fungal–host interactions 

via a thus far undiscovered mechanism (Coyle et al., 2018). Clearly, determining the mechanistic 

underpinnings of many E. muscae-driven behaviors in fly hosts is a rich scientific vein waiting to be 

tapped. 
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Figure 3. Summary of hypothesized mechanisms for behavior alterations in E. muscae-infected 

flies. A) Proposed mechanisms underlying summiting, timing of death, and shifts in host thermal 

preference (the last of which has yet to be conclusively demonstrated to be a manipulated behavior). 

Cartoon depicts the fly nervous system (brain and ventral nerve cord) showing E. muscae cells (purple) 

present in neuropil. B) Potential mechanisms underlying wing raising and proboscis extension. C) 

Demonstrated mechanisms of attraction of healthy males to E. muscae-killed females (Naundrup et al, 

2022). D) There is yet no specific behavioral alteration in which Entomophthovirus is hypothesized to 

play a role, but the virus could impact E. muscae in a variety of ways that in turn affect how E. muscae 

interacts with the host to alter behavior. Diagram of an E. muscae cell (gray outline) containing 

Entomophthovirus (v, depicted as yellow hexagons). Blue circles (N) are E. muscae nuclei. 

Entomophthovirus could drive production of behavior-altering compounds by the fungal host (dark blue 

specks), which are depicted as being transported through a transmembrane channel (purple). 

Chemical ecology of E. muscae 

Anyone who has smelled E. muscae-killed fly cadavers can attest to their distinct bouquet of odors. 

Recently the chemical ecology of E. muscae has begun to be unraveled. Chemical signaling underlies 

many insect–fungal interactions, where volatile chemicals can function as either attractants or 

deterrents. A sporulating, E. muscae-killed female house fly female is attractive to healthy males, which 
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in many cases will attempt to mate with such cadavers and become covered in deadly spores in the 

process (Møller, 1993; Zurek et al., 2002; Naundrup et al., 2022). Both the distinct posture of female 

cadavers, with wings spread horizontally away from the body, and the increased size of the swollen 

abdomen, with the fungus characteristically protruding from between the sternites and tergites as 

conspicuous white fungal bands, provide some visual stimuli to males (Møller, 1993). However, volatile 

chemicals are clearly also involved in the maladaptive behavioral response of males. An obvious 

candidate would be the female house fly sex pheromone (Z)-9-tricosene, however it is not involved in 

the increased male attraction to E. muscae-killed females (Zurek et al., 2002). 

Using an untargeted gas chromatography mass spectrometry (GC-MS) approach, a recent study 

provided evidence that a combination of volatile sesquiterpenes produced by E. muscae and an increase 

in certain natural house fly cuticular hydrocarbons mediate this attraction (Naundrup et al., 2022). It is 

notable that the fungus E. muscae contains all genes required for sesquiterpene synthesis and several 

genes in the fungal pathway are actively expressed in female cadavers (Naundrup et al., 2022). 

Combining these chemical analyses with behavior data suggest an attraction mechanism whereby males 

are lured from a distance by a unique fungal bouquet, then drawn in close by altered cuticular 

hydrocarbon profiles of E. muscae-killed females. Since most volatile compounds are not normally 

encountered in flies, it is still an open question whether the chemical attraction is sexual, as, for example, 

the male flies may also be lured in closer by the smell of food. However, the physical mating attempts 

once in the vicinity of a cadaver suggest that the chemical and physical appearance of the cadaver 

triggers a maladaptive mating response in males. 

In the study by Naundrup et al. (2022), it was also observed that flies respond to conidia of E. muscae 

and appear to “taste” or eat the conidia by proboscis extension. Both insect attraction and repellency to 

fungal conidia is known from other insect–fungal interactions (Roy et al., 2006; George et al., 2013). 

For entomopathogenic fungi, having insects being attracted to conidia would seem like a great 

advantage, whereas there should be strong selection for insects to avoid such infectious propagules. 

However, while certainly putting them at a risk of infection by inspecting E. muscae conidia with their 

proboscides, it remains to be shown whether this behavior actually increases the chance of fungal 

infection.  
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Temporal and spatial occurrence of E. muscae 

Our current understanding of E. muscae’s global distribution is sparse, owing to relatively limited and 

sporadic sampling efforts compared to other fungi. Among the richest sources of E. muscae sightings, 

observations reported on the citizen science website iNaturalist (www.inaturalist.org) still show a clear 

bias in identifying and reporting E. muscae in western regions, mostly the United States and Europe 

(Fig. 4). This is almost certainly due to knowledge of E. muscae in these regions (most of the scientists 

who have studied E. muscae and related species are located in these locations) and accessibility to this 

online resource (it is only available in English). Still, E. muscae sightings have been reported across 

South America, sub-Saharan Africa, Asia, and Australia. Combining these data with (1) E. muscae’s 

apparent preference for mild temperatures (summarized in Elya and De Fine Licht, 2021), (2) that 

observations of E. muscae are most frequent during the most clement times of the year (late spring, 

summer, and early fall) (Fig. 5) (Eilenberg and Philipsen, 1988; Watson and Peterson, 1993; Six and 

Mullens, 1996), and (3) the known global distribution of dipteran hosts, it does not seem unreasonable 

to hypothesize that E. muscae may be broadly distributed across temperate regions worldwide. 

Additional environmental sampling is sorely needed to resolve the extent of E. muscae’s natural 

geographical range. 

 

Figure 4. Global geographical distribution of Entomophthora muscae. Each black dot represents 

one observation of fungus identified as Entomophthora muscae from either GBIF (GBIF.org, 7/8/2020, 

https://doi.org/10.15468/dl.72ww8a), Agricultural Research Service Collection of Entomopathogenic 

Fungal Cultures (accessed 8/14/2020), or iNaturalist (accessed 11/28/2021). 

 



44 

We have a richer, though still incomplete, understanding of the types of habitats in which E. muscae 

can be found. Field studies have frequently taken place in agricultural sites (e.g., barns, stables and crop 

fields), which, unsurprisingly, tend to be sites that support large populations of various dipteran species 

(Watson and Peterson, 1993; Six and Mullens, 1996; Lihme et al., 2009; De Fine Licht et al., 2017). 

Entomophthora muscae has also been observed infecting populations of flies on or near compost piles 

(Turian and Wüest, 1969), rotting fruit baits (Elya et al., 2018), wineries with open-fermentation vats 

(C. Elya, pers. obs.), and private residences (Cohn, 1855). Though the prevalence of E. muscae 

observations drops during the colder months, E. muscae has been observed to infect hosts indoors during 

the winter (Kramer, 1980b; Kramer and Steinkraus, 1981; Eilenberg et al., 2013). Collectively, these 

observations bolster the hypothesis that E. muscae can survive as long as it has access to hosts. 

Figure 5. Seasonal abundance of E. muscae and Diptera. White bars show weekly E. muscae 

abundance relative to total E. muscae observations (N=1,713, iNaturalist observations accessed 

11/28/2021); dotted line shows kernel density of weekly dipteran abundance relative to total dipteran 

observations (N=78,522, iNaturalist observations accessed 11/4/2020). The peak in the Northern 

Hemisphere’s summer (July, August) is likely driven both by known E. muscae prevalence in temperate 

regions and sampling bias. 
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Cryptic diversity 

Fungi identified as E. muscae based on morphology have been observed to infect many different 

dipteran hosts. At first glance, this may seem puzzling given the incredible specificity of the end-of-life 

behaviors induced by E. muscae; it seems unlikely that a single organism could evolve the capacity to 

manipulate behavior so precisely in a broad range of hosts. That is, one would expect such specialization 

to come at the cost of generality (Schmid-Hempel, 2011). However, several lines of evidence support 

the hypothesis that E. muscae is a species complex consisting of several morphologically 

indistinguishable species rather than one monolithic species (Keller, 1984). First, studies have found 

that strains of E. muscae with very similar morphology show different patterns in random amplified 

polymorphic DNA (RAPD) and restriction length polymorphism (RFLP) assays (Jensen and Eilenberg, 

2001; Jensen et al., 2001, 2006). This work was among the first to suggest that strains with overlapping 

morphologies are actually quite heterogeneous at the molecular level and to show that host identity 

tends to track according to these molecular differences.  

Consistent with these laboratory-based studies, field studies have found evidence for host-specificity 

among genetically but not morphologically differentiable E. muscae strains. In 2011-2012, an epizootic 

event occurred at the start of which Delia radicum were most often infected, but later on Coenosia 

tigrina became the more common host species (Gryganskyi et al., 2013b). Sequencing of several 

conserved loci from samples collected early and late during this event found evidence for two different 

fungal haplotypes, one most commonly found in D. radicum samples and the other in C. tigrina, though 

occasionally each haplotype was detected in the less common host. Interestingly, fly species other than 

D. radicum and C. tigrina were also seen in the region where the epizootic event occurred, but were

never observed to fall victim to E. muscae during this outbreak. Similarly, another study following an 

E. muscae outbreak in a horse stable, found that house flies were the only species observed to die of

fungal infection and go on to produce and disperse conidia even though about 40% of the total fly 

population in this environment consisted of Stomoxys calcitrans (Keller, 2002). We expect that as we 

continue to amass genetic sequence data for different E. muscae isolates, we will find that what we now 

refer to as E. muscae is actually a collection of cryptic species.  

Evolutionary host–pathogen dynamics 

We have an incomplete understanding of what factors determine when and where E. muscae epizootics 

can be observed and only a handful of studies have dealt with measures of seasonal monitoring of 

infection and prevalence (Jensen and Eilenberg, 2001; Steenberg et al., 2001; Gryganskyi et al., 2013b). 

These studies are geographically restricted to open urban lawns in Durham, North Carolina, and several 

cow stables in Denmark, but show that the number of infections fluctuate over time. Environmental 
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conditions, especially temperature and humidity, have some influence on the number of infected flies 

sampled in open habitats (Gryganskyi et al., 2013b), whereas the size of the house fly population is a 

strong predictor in human-associated habitats, such as stables (Watson and Peterson, 1993; Six and 

Mullens, 1996). In the sampled cow stables in Denmark, fly populations build up over the summer with 

a peak in late summer/early autumn (Skovgård and Steenberg, 2002). Similarly, E. muscae infection 

appears to build up over the summer and can peak with a prevalence of 70–90% in house fly populations 

in a given cow stable (Steinkraus and Kramer, 1987). These studies also highlight the host specificity 

of E. muscae, as house flies often occur sympatrically with the biting fly, Stomoxys calcitrans, but the 

latter is almost never infected with E. muscae (Kramer and Steinkraus, 1981; Skovgård and Steenberg, 

2002). 

A high prevalence of E. muscae seems detrimental to house fly populations, but the relatively long 

disease incubation of E. muscae in house flies of six to seven days may dampen the negative effects. 

House flies have an average life span of three to four weeks (Reed and Bryant, 2000; Cooper et al., 

2004), and are only sexually mature three to four days after emergence as adults from pupae. This 

implies that the incubation period of E. muscae equals 25–33% of the total lifespan of house flies. The 

disease ontogeny of E. muscae results in an exponential build-up of fungal cells inside infected flies 

(Hansen and De Fine Licht, 2017), which nonetheless allows infected flies to continue reproduction 

during the first phases of the disease (Watson and Petersen, 1993). Females thus continue to lay eggs 

and males continue to mate for the initial three to four days post infection, until the E. muscae infection 

has progressed to the extent that the flies are too ill to maintain normal internal homeostasis. Continued 

reproduction of infected flies thus reduces the life-time cost of reproduction caused by E. muscae 

infections (Fig. 6). Assuming that the cost of E. muscae infection on total lifetime reproduction is 

highest early in life, the cost of infection later in life gradually decreases since remaining life-time 

expectancy also reduces expected reproductive output (Fig. 6). Therefore, while a prevalence of E. 

muscae infections approaching 90% in certain house fly populations is certainly high, the negative effect 

on lifetime reproductive fitness is reduced, compared to an infection that stops host reproduction 

immediately upon infection.  
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Figure 6. Hypothesized lifetime reproductive cost to house flies of E. muscae infection. The fungus 

E. muscae s.s. has an incubation period of six to seven days between initial exposure and killing of the

house fly host. During the initial three to four days of this incubation period, infected males can still

mate and infected females can still lay eggs (D. W. Watson and Petersen, 1993). The x-axis depicts the

house fly lifespan, and the y-axis depicts the lifetime reproductive cost as proportion of progeny not

realized. Here we see the relative decrease in total lifetime reproductive output for a healthy fly

compared to a fly infected early (A) or late (B) in life, i.e., a high reproductive cost indicates that many

potential progeny are not produced; a low cost means that only few potential progeny are lost. As fly

fertility declines with age (blue line), reproductive cost is predicted to decrease with increasing fly age

at the time of infection with E. muscae. The red (A) and purple (B) dots mark the point of infection of

a young (A) and old (B) fly, respectively. The horizontal arrows to the y-axis show the lifetime

reproductive cost if the fly ceased reproducing at these time points. The later the fly is infected in life,

the smaller the reproductive cost is incurred.

There is no formal evidence for two-sided co-evolution between insects and E. muscae (Humber, 2008; 

Gryganskyi et al., 2012, 2013a). However, the many striking adaptations of E. muscae to insect 

infection such as specialized growth as protoplasts inside infected flies and the multitude of behavioral 

manipulations show that the life history of E. muscae has been shaped by selection pressures imposed 

by the host insects (Ebert and Fields, 2020). Such selection is obviously stronger for obligate pathogens 

that do not have a free-living stage except during transmission (Schmid-Hempel, 2011). The obligate 

lifestyle and specialized traits for insect infection suggests that E. muscae and the genus Entomophthora 

likely are obvious candidates to look for clear evidence for specific coevolution with insects (Elya and 

De Fine Licht, 2021). At present, we have an incomplete understanding of the dynamics of E. muscae 
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infections in natural fly populations. To advance our knowledge about E. muscae evolutionary dynamics 

it is useful to structure our knowledge (or lack thereof) according to Tinbergen’s (1963) four 

complementary types of explanations, which are commonly considered to be required for fully 

understanding a biological phenomenon (Boomsma et al., 2014). These are proximate questions of 

mechanism and development, and ultimate questions of adaptation and phylogeny. Of these, we 

arguably have the best understanding of the phylogeny of E. muscae (Fig. 1), whereas we are only 

beginning to unravel the many intricate processes of E. muscae trait mechanisms and developmental 

transitions in phenotypes (Elya et al., 2018; Naundrup et al., 2022). The ultimate question of the 

adaptive value or function of a given E. muscae trait on lifetime reproductive success, which is tightly 

coupled with transmission for pathogens such as E. muscae, is usually only inferred and has rarely been 

explicitly tested. This is in part due to the difficulty with obtaining or working with E. muscae in the 

laboratory, where slow growth and the requirement of live fly hosts to induce sporulation complicates 

the use of many standard mycological techniques (Elya and De Fine Licht, 2021). 

Conclusions and future perspectives 

In this chapter, we provided an overview of the evolutionary ecology of E. muscae as well as 

mechanistic hypotheses for how E. muscae achieves manipulation of host behaviors. While some of 

these alterations of host behavior are conspicuous, others are much more subtle, and there may even be 

some that have yet to be discovered; disentangling host responses from fungus manipulation is not going 

to be an easy task. To date, almost nothing is known about the underlying molecular and physiological 

mechanisms allowing E. muscae to manipulate host behaviors. However, “zombie flies” are a tractable 

system for studying the proximate and ultimate mechanisms of behavioral manipulation (Gryganskyi et 

al., 2017; Lovett et al., 2020a; de Bekker et al., 2021), not least because the natural host range includes 

one of the most widely used laboratory organisms, Drosophila melanogaster (Elya et al., 2018). Many 

advanced molecular and chemical methods routinely used today have not yet been brought to bear on 

this system; these have the potential to greatly enhance our understanding of the biology at hand. 

The fungus E. muscae is not difficult to find if one knows when and where to look, but there are still 

many aspects of the host–pathogen ecology and population dynamics that are unknown. For example, 

why can certain dipteran populations suddenly suffer from an E. muscae epizootic whereas other 

populations adjacent in space and/or time are apparently disease free? How big of an impact does E. 

muscae have in shaping fly population dynamics? Why can some species, such as the house fly, have 

such a high prevalence of E. muscae infections, whereas sympatric and abundant species such as 

Stomoxys calcitrans are unaffected? What is the mechanism of this host specificity?  
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In addition to these ecological and evolutionary open questions, some of the unusual fundamental 

biological traits of E. muscae are also puzzling. Why is E. muscae multinucleate throughout all growth 

forms in its life cycle? Why is the genome apparently so large? Is E. muscae haploid or functionally 

diploid as some data indicates (De Fine Licht et al., 2017)? How often does E. muscae sexually 

reproduce, and does it require co-infections with compatible strains? Many of these traits are likely 

linked to the ecology and selection imposed by being a highly host-specific and obligate fly pathogen. 

These fungal traits are interesting in their own right but have also hindered the use of many routine 

mycological laboratory techniques with E. muscae (Gryganskyi and Muszewska, 2014). With current 

and future advances in molecular methods, for example long-read sequencing, unbiased chemical 

detection and reduced input assays, future E. muscae research will surely yield new and useful insights 

into the evolutionary ecology and general biology of this intriguing fungus.  

 

Glossary  

 

Biotrophic: Feeding on living organisms, parasitic lifestyle. 

Conidiophore: Finger-like projection that grows out through the cuticle of dead or moribund host then 

forms and launches a primary conidium. 

 

Epizootic: The appearance of a particular disease in a large population of animals in the same place 

and at the same time. 

 

Germ tube: Hyphal-like extension that grows from a conidium during germination. This structure is 

used by Entomophthora species to penetrate the insect cuticle to gain access to the hemolymph. 

 

Hemocoel: The internal body cavity of insects (and arthropods), which is filled with hemolymph. The 

hemocoel is an open circulatory system where the heart(s) pumps “blood” (hemolymph) into the cavity 

where the fluid surrounds and bathes the organs then returns to the heart(s). 

 

Hemolymph: The “blood” found in arthropods, an interstitial fluid that circulates oxygen and nutrients 

within the insect body cavity (hemocoel). 

 

Hyphae: Filamentous vegetative growth. Usually long and branched, with individual cells connected 

at septae. 

 

Hyphal body: Vegetative growth occurring in insect hemolymph. May or may not have a cell wall.  
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Papillar eversion: The secondary conidium rapidly jumps from one state to another, creating 

propulsion. This mechanism is similar to snap-through buckling of an elastic object.   

Primary conidium: Asexual spore formed atop a conidiophore and launched into the environment via 

water cannon mechanism to infect a new host. Contains multiple nuclei; the number of nuclei and 

dimensions (width, length) have historically been diagnostic for Entomophthora species. Can give rise 

to secondary conidium. 

Protoplast: Vegetative growth occurring in insect hemolymph lacking a cell wall. Often irregularly 

shaped and lacks septae. 

Resting spore: A thick-walled structure that allows Entomophthora to overwinter. These have been 

found to be formed in some, but not all, species and strains of Entomophthora in response to changing 

environmental cues or advanced host age. Resting spores can germinate once favorable conditions 

return, giving rise to germ conidia, which can then infect new hosts. 

Secondary conidium: Asexual spore formed from primary conidium and launched via papillar eversion 

to infect a new host. Slightly smaller than the primary conidium. Under favorable environmental 

conditions, can give rise to tertiary conidium. 

Septum: Internal cross wall between individual cells in an hyphae. 

Sporulation: The process of forming and ejecting infectious spores (conidia) into the environment. 

Also referred to as conidiation. 

Summit disease: The behavioral syndrome where a host (usually an insect) is forced by an internal 

pathogen (usually a fungus, virus, or trematode) to crawl upwards and attach itself high up on vegetation 

such as grass stems and bushes. 
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Lay summary 

In nature, some diseased animals face a decision: to mate or to get better. The housefly has a 

fungal disease that enters its body, grows over a week, and just before death turns it into a 

‘zombie’, before exiting through its soft body tissue. This lethal fungus makes the males lose 

their desire to mate and ‘kills’ their sperm, and makes healthy females refuse sex with them, 

leaving little choice for infected males flies.  
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Low sex drive and choosy females: Fungal infections are a reproductive 

downfall for male houseflies 

Running title: Fungal infections lead to low sex drive and choosy females in houseflies. 

Abstract 

Many entomopathogenic fungi cause infections that kill their insect host. Little is understood 

about changes in the reproductive investment that occur during an infection by a lethal disease 

over the waning life of an insect. Life history theory suggests the host will respond by investing 

resources into fighting the disease or increasing reproduction. Here, we investigate how the 

reproductive life of adult houseflies, Musca domestica, is impacted by its host-specific fungal 

pathogen, Entomophthora muscae. Specifically, we test how the week-long infection alters the 

mating behavior of virgin adult male houseflies. We find that the pathogen significantly 

decreases male libido; an effect which grows stronger over the course of the infection. 

Furthermore, females were significantly less likely to choose an infected male, reducing male 

mating success. Additionally, we assessed sperm viability to understand the reproductive costs 

for monandrous females to mate with infected males. Analyses revealed that sperm quality 

decreases as early as three days post-infection. These results show that E. muscae, which can 

have a prevalence near 100% in wild populations, causes severe lifetime reproductive costs to 

male houseflies. Understanding how host-pathogen interactions affect host life history is 

crucial for elucidating all the negative effects pathogen virulence exerts on hosts. 

Keywords: Entomophthora muscae, Musca domestica, insect mating behavior, sperm 

viability, entomopathogenic fungus, terminal investment 
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INTRODUCTION 

Infections from pathogens result in severe life history costs for insects (Hamilton 1980; 

Hamilton and Zuk 1982; Hudson et al. 1992). During infection, pathogens consume the finite 

resources unwillingly provided by the host, disrupting the host’s internal homeostasis, leading 

to a reduction of host growth, survival, reproduction, sperm viability, and intra-specific 

competitiveness (Hudson et al. 1992; Barber et al. 2000; Simmons 2012). The insect’s innate 

immune system allows the host to fight off diseases, for example through the release of 

antimicrobial peptides, melanization or phagocytosis of invading microbes (Bulet et al. 1999; 

Lemaitre and Hoffman 2007; Wu et al. 2018). After curing itself of an infection, an insect 

mounts a primed immune response to minimize the damage of reinfection (Hamilton et al. 

2008). However, some pathogens have life cycles that necessitate killing their insect hosts to 

propagate, meaning that host immune priming becomes a worthless response in hosts that 

succumb to the infection. Obligate killing of the host for pathogen propagation is a common 

outcome of fungal infections in insects (Hajek and St Leger 1994; Humber 2008) and implies 

severe costs on the life cycle of the host. In essence, infected animals are subject to resource 

allocation decisions: do they invest in recovering from a disease or in current reproduction 

(Stearns 1989; Duffield et al. 2017)? This results in a trade-off between current and future 

progeny, and is coined the terminal investment hypothesis (Williams 1966; Clutton-Brock 

1984). Furthermore, the choice to terminally invest is not static, as the severity of the infection 

may elicit a response in pathogen resistance or reproduction depending on a threshold for 

terminal investment (Duffield et al. 2017). Studies show that there are consequences to the 

response adopted in case of a life-threatening event, supporting this hypothesis. For example, 

mounting an immune response to infection negatively correlates with reproductive success 

(Sheldon and Verhulst 1996; Boots et al. 2009; Schwenke et al. 2016). In insects, life 

expectancy has been shown to decrease in the presence of serious stressors, such as signals of 

dangerous weather (Roitberg et al. 1993), parasitoids (Ebrahim et al. 2021), parasitization 

(Minchella and Loverde 1981), and exposure to fungal pathogens (Giehr et al. 2017; Giehr and 

Heinze 2018; Reyes-Ramírez 2019; Zurowski et al. 2020). 

Entomopathogenic fungi (EPF), that is insect-infecting fungal pathogens, play an 

important role in regulating insect populations in natural ecosystems, as they are able to infect 

a diverse range of insects (Humber 2008). EPF express varying degrees of host specificity, 

from broad (generalists) to narrow (specialists) host ranges and often need to kill their host to 
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propagate (Butt et al. 2016). Generalists, such as the commercially utilized fungal pathogen 

Metarhizium brunneum, are capable of infecting a variety of different insect hosts, such as ants 

and crickets (Giehr and Heinze 2018; St Leger and Wang 2020; Rangel et al. 2022). On the 

other hand, specialists are unable to proliferate in a non-target host because of specific 

mechanisms evolved for cuticle penetration and host resource utilization (De Fine Licht et al. 

2017). Once inside the host, EPF use different growth strategies, such as fast growth or toxin 

production, which result in highly variable proliferation times from exposure to death, ranging 

from a few days to a week or more among EPF (Anderson et al. 2011; Boomsma et al. 2014; 

De Fine Licht et al. 2016). Some specialist EPF are popularly known for turning their hosts 

into ‘zombies’, whereby host killing happens in spectacular fashion via behavioral 

manipulation (van Houte et al. 2013; Elya et al. 2018, 2023; Lovett et al. 2020; Naundrup et 

al. 2022). 

Behaviorally manipulating pathogens are highly specific with a narrow host range, 

having evolved numerous optimal mechanisms to infect, proliferate and propagate within a 

particular species (Lovett et al. 2020). For example, the housefly (Musca domestica), which is 

globally distributed and an endophilic vector of more than 130 human and animal diseases 

(Khamesipour et al. 2018), has a specific and behaviorally manipulating pathogen, the fungus 

Entomophthora muscae, that only infects adult flies (Elya and De Fine Licht 2021). E. muscae 

can cause epizootics and can have a prevalence of near 100% in wild housefly populations 

(Kalsbeek et al. 2001), where it proliferates logistically over six days in the hemocoel in 

optimal temperatures (Boomsma et al. 2014; Hansen and De Fine Licht 2017; Elya and De Fine 

Licht 2021). Six days after infection and timed to be within hours before sunset, E. muscae 

behaviorally manipulates the fly (Elya et al. 2023). The fungus does this by forcing the infected 

host to crawl to an elevated position, anchoring the fly by its mouthparts to the substrate surface 

and then raising its wings to make way for the active discharge of conidia (non-motile 

infectious asexual spores) from the now dead sporulating fly to infect new hosts (de Ruiter et 

al. 2019; Elya and De Fine Licht 2021). Manipulation does not stop there, as the sporulating 

fly lures uninfected male conspecifics to mate with the cadaver using pheromone-like volatiles 

emitted by E. muscae to further increase transmission, as the cadaver is only infectious for ca. 

24 hours after sporulation begins (Naundrup et al. 2022). Houseflies have been recorded to live 

ca. three to four weeks (Cooper et al. 2004), while E. muscae kills individuals in six days, 

suggesting a dramatic cost in lifespan and potential reproductive success (De Fine Licht et al. 

2023). We therefore expect houseflies to display terminal investments into reproduction as an 
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infection is long enough (i.e. six days) for infected flies to mate and lay eggs and can cover one 

third/quarter of a housefly’s adult life. 

Few studies have considered the reproductive costs of fungal infections in insects 

(Duffield et al. 2017), but those that have, mainly focused on facultative generalist EPF and 

female insect responses to fungal infection (Giehr et al. 2017; Giehr and Heinze 2018; 

Zurowski et al. 2020). Facultative generalist EPF often rely on toxin production and may kill 

their insect host in 1-2 days depending on exposure dosage (Lu and St Leger 2016; Lovett and 

St Leger 2017), leaving limited room for host terminal investment responses. Indeed, few 

studies have investigated the effects of EPF within-host processes, from infection to death, and 

how that impacts host life history (Trinh et al. 2021). The E. muscae-housefly system provides 

a perfect opportunity to understand how the development of a mortal infection can allow for 

insect terminal investment, since there is a fixed incubation period resulting in near 100% 

mortality on the sixth day under temperature-regulated laboratory conditions (Elya and De Fine 

Licht 2021). Within this system, little is known about the effects on the living housefly, with 

some studies suggesting that proliferation in the hemocoel as wall-less protoplast cells makes 

the fly immune system unaware of its looming death (Beauvais et al. 1989; Boomsma et al. 

2014). However, other studies have identified clear effects of the infection, such as up-

regulation of antimicrobial immune genes following infection in a comparable Drosophila-E. 

Muscae system (Elya et al. 2018), and the use of behavioral fever in houseflies to eliminate the 

fungus (Watson et al. 1993; Kalsbeek et al. 2001). Behavioral fever is a strategy where an insect 

seeks sources of heat to thermoregulate its body temperature to rid itself of infections (Thomas 

and Blanford 2003). Infection with E. muscae also affects host reproduction, as grouped 

infected male flies have a reduced propensity to mate and reduced mating success (Watson and 

Petersen 1993). Premating female choice plays a crucial role in housefly reproduction, as to 

successfully mate, the female must thrust her ovipositor into the male’s genital opening 

(Murvosh et al. 1964; Tobin and Steffolano 1973). Female houseflies usually mate once 

(monandrous), but after mating with an infected male, uninfected females maintain mating 

receptivity (Watson and Petersen 1993; Hunter and Birkhead 2002). It could be reasoned that 

females re-mate due to changes in accessory secretion composition (Riemann et al. 1967), 

which could be caused by the fungal infection as changes in sperm morphology were not visible 

(Watson and Petersen 1993). However, there have been no investigations into whether the 

viability of the continuously produced sperm changes with infection (Perje 1948). As the 
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proportion of live sperm determines egg fertilization success, altered viability could lead to the 

change in post-copulatory behavior seen in females (García-González and Simmons 2005).  

In the present study, we first identified that the progression of an E. muscae infection 

causes lethargy and weight gain in male houseflies. Subsequently, we aimed to uncover how 

these infection effects influence the reproductive outcome of virgin male houseflies. Because 

E. muscae grows logistically inside the housefly (Hansen and De Fine Licht 2017), we 

hypothesized that during the initial phases of infection the fly will invest more in fighting the 

disease and less on reproduction. However, once the fungal infection has progressed to the 

point where the fly no longer is able to clear the infection, we hypothesize that the fly will 

switch to increase its reproduction as a form of dynamic terminal investment threshold 

(Duffield et al. 2017). Specifically, we expect mating activity of infected males to initially 

remain constant or decrease, but increase towards the later stages of infection. To evaluate our 

hypothesis, we examined three reproductive traits during each day of an E. muscae infection 

and asked whether: (1) an infection with E. muscae causes changes in mating activity and 

mating success of virgin male houseflies, (2) uninfected females are more choosy and refuse 

suboptimal (infected) mates, and (3) infection alters sperm viability, which is central to 

reproduction through fertilization success in insects (Hunter and Birkhead 2002; García-

González and Simmons 2005; Reinhardt et al. 2015). To account for competition for mates in 

mixed sex housefly groups that could lead to changes in mating attempts and mating disruptions 

by other males, which may have confounded previous studies (Watson and Petersen 1993), we 

examined how E. muscae influences the reproductive outcome of virgin male houseflies at an 

individual level (one female with one male). To address our hypothesis of male housefly 

reproduction during infection with E. muscae, we determined the consequences of an infection 

to male housefly life history in three steps. First, we quantified male mating latency, which is 

the duration it takes a virgin male to initiate mating with an uninfected female. Second, we 

measured female choice through the time taken for a female to accept a mate after the first 

attempted mating from the male. Third, we measured sperm viability in virgin male housefly 

testes to assess changes in reproductive potential and if the differences in latency were related 

to male libido, i.e. number and duration of attempts of courtship displays, and duration of 

mating. 
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METHODS 

Insect maintenance and in vivo infections 

Wild-type laboratory reared houseflies, Musca domestica (wt strain 772a), were procured as 

pupae from University of Aarhus, Denmark. Eclosed flies were fed with ad libitum food (1:1 

ratio caster sugar:semi skimmed milk powder) and demineralized water using a 10ml vial 

plugged with cotton. Fly maintenance and experiments were conducted at 20oC on a 12:12 

light:dark cycle in a non-humidified room. Entomophthora muscae (isolate no.: KVL21-40 

(KVL21-40, formerly labelled and identical to KVL21-01 (Naundrup et al., 2022)), University 

of Copenhagen, Section for Organismal Biology Entomopathogenic fungus culture collection) 

infections were maintained in the same conditions in in vivo cultures as these are optimal for 

sporulation, germination and infection (Carruthers and Haynes 1986; Madeira 1998), however 

they were subjected to a delayed light:dark cycle to allow access to sporulating cadavers for 

infections. 

Housefly infections 

To ensure virginity for mating experiments, pupae were individually placed in 30 ml medicine 

cups (diameter: 3 cm, height: 5 cm) to eclose and until fly sex was discernible. Flies were then 

anaesthetized with cold (5oC) to be sexed then placed by sex in groups of 10 individuals and 

kept as mentioned above (2a). Three newly killed (within six hours of death) housefly cadavers 

sporulating with infectious E. muscae conidia were fixed head first in 5% water agar and used 

to infect ten uninfected virgin male houseflies. The 10 houseflies were anaesthetized at 5oC 

and placed with the cadavers for 24 hours in a saturated humid chamber. The cups were 

perforated for aeration and placed upside down so the active release of conidia by the infected 

cadavers would rain down onto the healthy flies, with a minimum dosage in this sized container 

of 2,370±380 and 3,350±700 primary and secondary conidia/cm2, respectively (Hansen and De 

Fine Licht 2017). Dosage does not have a significant effect on fungal incubation period, but 

may allow earlier germinating conidia to penetrate into the host earlier to concentrate 

experimental infected deaths to six days post-infection (dpi) (Brobyn and Wilding 1983; Bellini 

et al. 1992). For the control treatment (subsequently called ‘healthy’), mock infections were 

performed using dead uninfected houseflies, which were euthanised by a five minute exposure 

to -18oC (Supplementary Figure S1a). All flies used in experiments were a minimum of four 

days old to guarantee sexual maturity (Murvosh et al. 1964). 
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Experimental design 

For male housefly activity, we placed flies individually in modified liquid cell culture flasks to 

be used as behavior chambers. The chambers were 10 x 7.5 x 3.5 cm (height x width x depth) 

with an 8 cm dowel placed vertically up from the center of the bottom side. The top side was 

covered by fine netting glued into place to allow for sufficient aeration. The dowel and netting 

served as structures for the infected flies to die on following the behavioral manipulation by E. 

muscae. Ad libitum food and water were provided using an Eppendorf tube cap (Ø 5 mm) and 

a 5 ml Eppendorf vial (with cap removed) filled with demineralized water and plugged with 

cotton, respectively. In total, the locomotory behavior of eight uninfected and 18 infected flies 

were video recorded for 10 minutes three, six and nine hours after light cycle initiation. Two 

flies that died mid-infection were removed from the activity analysis. Behavior recordings were 

carried out every day until the death of all infected houseflies using a Sony NEX6 digital 

camera mounted with a 16-55mm lens. For virulence assays, 100 flies were used per treatment 

condition. Flies were infected and mock infected, and kept in batches of 10 (as described above) 

to be monitored daily for mortality. Mortality was counted when an individual was 

unresponsive to stimulus and/or sporulating.  

For mating experiments, we used n = 90 healthy and n = 104 infected (n = 18-28 per 

dpi) male houseflies. No flies displayed developmental deformities or damage to the body, 

limbs or wings, as these may affect mating performance (Colwell and Shorey 1976). Female 

flies were always unmated, healthy, and the same age as the males (+/- 1 day). Experimental 

flies were anaesthetized with cold and placed individually in perforated medicine cups for at 

least 30 minutes to allow the flies to remove any food from their cuticle before weight 

measurements. Flies were weighed using a Mettler Teledo XP6 (Mettler Teledo, Switzerland) 

following ca. five-minute cold anesthesia then placed in the behavioral chamber in male-female 

pairs without food or water. Cold anesthesia was used to prevent potential side effects 

experienced during CO2 anesthesia (Bartholomew et al. 2015) but mainly as females would not 

mate after CO2 exposure (pers. obs.). Mating trials were performed 2, 3, 4, 5 and 6 days after 

exposure to E. muscae or freeze-killed flies (Supplementary Figure S1). Mating pairs were only 

used once. The mating assay chambers (5 x 3 x 3 cm) were perforated for aeration and clear 

lids were used for visibility when filming. If flies did not mate within one hour of being placed 

together, they were withdrawn from the experiment and considered unmated. If flies were 

mounted but not mating 60 minutes after the start of the experiment, they were withdrawn once 
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they dismounted from the attempt. Behavioral trials were conducted twice daily, three and six 

hours after subjected light cycle initiation to cover possible circadian differences in housefly 

mating behavior and fungal infection side effects (Supplementary Figure S1c). Behavior 

recordings were carried out using a Logitech c930e webcam and recorded through Logitech 

Capture software (Logitech, USA). 

Behavioral analysis 

For assessment of fly activity, locomotion and sedentary behaviors were scored 

(Supplementary Video S1). For the mating experiment, we scored mating behaviors, viz. 

lunges, repeat courtships, matings and dismounts (Supplementary Table S1; Supplementary 

Video S2) (Murvosh et al. 1964; Tobin and Steffolano 1973). Coding of behaviors in the mating 

experiments started once both flies in an arena were awake from anesthesia. All videos were 

scored blind to treatment using the program Behavioral Observation Research Interactive 

Software (Friard and Gamba 2016). 

Sperm viability 

Sperm viability of virgin males was assessed following the same dpi treatments, viz. 2, 3, 4, 5 

and 6 (Supplementary Figure S1a,b), using five healthy (25 in total) and 10 infected (50 in 

total) flies per day, respectively. All flies were sexually mature, but as a precaution, infected 

flies were the same age as their healthy counterparts to prevent any potential discrepancies due 

to senescence (Reinhardt 2007; Sepil et al. 2020). All dissections were carried out in Grace’s 

media, as this is optimum for dissected sperm longevity (Guo et al. 2021). Sperm viability was 

measured using the Live/Dead™ sperm viability kit (L-7011, Molecular Probes) to distinguish 

live and dead cells (Figure 4b). The kit comprises SYBR14® (stains live sperm cells green) 

and propidium iodide (PI) (stains dead sperm cells red) (LIVE/DEAD® Sperm Viability Kit, 

ThermoFisher Scientific, USA) (Garner et al. 1994). In each working sperm sample, the 

number of live, dead, and dual-stained sperm cells were counted using a fluorescence 

microscope (Olympus CX41, XCite-BX2 illumination system, Olympus, Denmark) (Figure 

4b). Dual-stained spermatozoa were considered to have been degraded during the sample 

processing and so counted as live (Damiens et al. 2002). 

Both accessory testes (AT) were removed and ruptured in 5μl Grace’s medium and 

subsequently diluted in 15μl Grace’s medium. The sample was gently mixed to dissolve the 

sperm mass and 5μl of this working solution was placed on a slide. The working solution on 
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the slide, 5μl of SYBR14® was added and incubated for 7 minutes in a humid chamber; then 

2μl of PI was added and incubated for a further 5 minutes. The sample preparation process took 

~20 minutes. As morphological maturity is characterized by an elongated spermatozoon 

(Gassner et al. 1972), only these fully developed sperm were counted (Supplementary Figure 

S2). A minimum of 100 sperm were randomly counted for each sample. One sample from a 

day 6 infected male was removed as only 19 sperm were observed. 

Statistical analysis 

All analyses were performed in R version 4.2.2 (R Core Team 2022). Activity and weight 

changes were analyzed using generalized linear models with treatment by dpi as fixed effect. 

E. muscae virulence was analyzed using an analysis of variance (ANOVA) on Cox mixed-

effects proportional hazard models using the coxme package (Therneau 2022), with container 

number as random factor to account for batch effects. Male mating latency and female choice 

were analyzed using an ANOVA on Cox proportional hazard models using the survival 

package (Therneau 2023). Male interest (number of mating attempts) and persistence (duration 

of mating attempts) were tested using generalized linear mixed models (GLMMs) with a 

Poisson distribution to correct for overdispersion. Number and duration of mating attempts 

were used as response variables and log (x+1) transformed to account for distribution 

differences, treatment by dpi was used as a fixed effect and mating status and weight as random 

factor. To test for differences in total time spent mating, we used linear models with treatment 

by dpi as fixed factor. For sperm viability, we analyzed a weighted sperm viability with the 

cbind function (number live, number dead) using a binomial error structured GLMM with a 

logit link (Holman 2009; Eckel et al. 2017; Guo et al. 2021). 

ANOVAs and Tukey’s honestly significant difference (HSD) post hoc analyses were 

used to determine statistical differences between healthy and infected flies by dpi for the 

models. The blmeco package (Korner-Nievergelt 2015) was used to check the GLMMs for 

overdispersion. All GLMMs in this study were performed using the lme4 package (Bates et al. 

2015) and selected using backward stepwise selection using the AICcmodavg package 

(Mazerolles 2020). 
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RESULTS 

Activity, weight and virulence 

Infected male housefly activity was significantly reduced compared to healthy males 

(ANOVA: LR χ2
16 = 293.47, P < 0.001; Figure 1a; Supplementary Figure S3a, S4a; 

Supplementary Video S1). During the first half of the infection, there was a decrease in 

locomotion, but in the second half, there was a steady increase, which nevertheless remained 

significantly lower than in healthy flies. The activity pattern of a decrease and an increase in 

locomotion in the first and second half of the infection occurred one day later in the flies that 

died 7 days post-infection (dpi) compared to those dying 6 dpi (Figure 1a; Supplementary 

Figure S4b; Supplementary Table S2-S4). Meanwhile, as activity decreased, fly weight 

significantly increased with the progression of the fungal infection compared to healthy males, 

with significant differences only apparent at 6 dpi, likely linked to the increased biomass of the 

multiplying fungal cells (ANOVA: LR χ2
9 = 165.19, P < 0.001; Figure 1b; Supplementary 

Figure S3b, S5; Supplementary Table S5) (Elya and De Fine Licht 2021; Hansen and De Fine 

Licht 2017). Healthy male weight was not significantly different over time (ANOVA: LR χ2
4 

= 3.15, P = 0.533) but was in infected males (ANOVA: LR χ2
4 = 97.15, P < 0.001). 

 The decrease in activity and increase in weight were directly linked to the E. 

muscae infection. Due to most male flies dying 7 dpi in the solitary activity assay, fungal 

virulence was tested to replicate the conditions at which the flies used in the mating 

experiments were carried out. The fungus had a significant effect on the survival of male 

houseflies (ANOVA: χ2
1 = 197.98, P < 0.001; Figure 1c). In particular, we saw that on day 6 

post-infection ~98.5% of remaining flies died, which coincides with the behavioral 

manipulation by this E. muscae isolate and host killing (Krasnoff et al. 1995). 

Mating latency 

Infected virgin male housefly mating performance was significantly reduced compared to 

healthy virgin males (ANOVA: χ2
1 = 47.82, P < 0.001; Figure 2a). Mean time to mating was 

19.3±1.52 minutes and 24.7±2.4 minutes for healthy and infected flies, respectively. Healthy 

male houseflies showed little variation in mating latency throughout each day of the 

experimental period (ANOVA: χ2
4 = 7.54, P = 0.110; Figure 2b; Supplementary Table S6). 

However, in the infected treatment we saw a clear, gradual and statistically significant increase 

in mating latency over the course of the experiment (ANOVA: χ2
4 = 25.16, P < 0.001; Figure 
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2c; Supplementary Table S7). We saw significant differences in mating success (ANOVA: LR 

χ2
1 = 52.77, P < 0.001), with over 80% of healthy flies mating compared to 37.5 % of infected 

flies. The mating success of healthy flies varied between 77.8% and 94.4%, but did not change 

significantly across days (ANOVA: χ2
4 = 2.25, P = 0.689). Infected males’ mating success 

significantly decreased with the progression of the E. muscae infection (ANOVA: χ2
4 = 25.66, 

P < 0.001), from 70% 2 dpi to ~11% 6 dpi (Figure 2c).  

 Premating female choice 

Females took significantly more time to accept infected males (ANOVA: χ2
1 = 46.93, P < 

0.001; Figure 2d). Females accepted ~40% of healthy males following the first mount, as 

opposed to ~16% of infected males. Additionally, we saw that mean time to acceptance for 

healthy flies was 6.5±1.2 minutes but was 11.6±2.3 minutes for infected males. Healthy male 

houseflies showed no statistical differences in latency to being accepted by the female over 

time (ANOVA: χ2
4 = 8.25, P = 0.083; Figure 2e; Supplementary Table S8). However, in the 

infected treatment, we saw a gradual and statistically significant increase in latency to 

acceptance, following the progression of the E. muscae infection (ANOVA: χ2
4 = 23.18, P < 

0.001; Figure 2f; Supplementary Table S9), demonstrating that female choice played an 

important role in the reducing the mating success of infected male houseflies. 

Male interest, persistence and mating duration 

The number and duration of mating attempts were significantly lower when virgin males were 

infected with E. muscae (ANOVA of number: χ2
9 = 25.83, P < 0.001; ANOVA of duration: χ2

9 

= 39.38, P < 0.001) (Supplementary Figure S6). Significant differences in mating attempt 

number and duration between the treatments appeared on 5 and 6 dpi (Figure 3a,b; 

Supplementary Table S10, S11). In healthy flies, mating attempts remained constant over time 

(ANOVA: χ2
4 = 5.76, P = 0.218), but we saw significant differences in duration of attempted 

matings (ANOVA: χ2
4 = 10.22, P = 0.037; Figure 3a,b). Infected males showed a steep decline 

for both number (ANOVA: χ2
4 = 13.66, P = 0.008) and duration (ANOVA: χ2

4 = 20.56, P < 

0.001) of attempts that gradually led to larger differences over the infection period (Figure 

3a,b). Total duration of mating was significantly higher in infected males, with a significant 

increase occurring on day 5 only (AVOVA: F9 = 4.55, P < 0.001; Figure 3c; Supplementary 

Figure S7; Supplementary Table S12). Mating duration was significantly different between 
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days within both healthy (ANOVA: χ2
4 = 3.73, P = 0.008) and infected (ANOVA: χ2

4 = 6.40, 

P < 0.001) treatments. 

Sperm viability 

A total of 33,148 sperm were counted across 50 infected (22,417 sperm) and 25 healthy (10,731 

sperm) male houseflies. Sperm viability differed significantly between the healthy and infected 

treatments, with healthy virgin males having a higher proportion of viable sperm (37.6±2.25%) 

than infected males (30.1±1.90%) (ANOVA: χ2
1

 = 5.38, P = 0.020; Supplementary Figure S8). 

The proportion of viable sperm was low across both infected and healthy male flies, which was 

expected, as female houseflies are monandrous and results in males having lower sperm 

viability (Hunter and Birkhead 2002). Sperm viability was not different between days in 

healthy fly testes (ANOVA: χ2
4

 = 2.67, P = 0.615), but was in infected males (ANOVA: χ2
4

 = 

9.75, P = 0.045). Over the course of the infection, infected male sperm viability was 

significantly lower compared to healthy counterparts on 3 and 6 dpi. However, there are no 

significant differences in viable sperm on day 4 and 5 post-infection, where the relative 

proportion of viable sperm in infected males increases to healthy levels (figure 4a; 

Supplementary Table S13). 

 

DISCUSSION 

We examined the hypothesis that E. muscae infected virgin male houseflies will have an 

increased investment into fighting an infection, observed through reduced locomotion and 

sexual activity, during the first half of the infection period. Subsequently, as the fungal 

infestation progresses inside the living flies, to the point where the male flies can no longer 

cure themselves, we hypothesized that infected flies would switch to investing into 

reproduction, through mating and sperm viability. We found that an infection by E. muscae 

significantly impacted male housefly life history and that the severity of the effects increased 

in correlation with the progression of the disease, ultimately leading to near complete loss of 

libido (Figures 2a-c, 3; Supplementary Figure S6, S7). In response, females showed greater 

reluctance to accept terminally ill males (Figure 2d-f). Sperm viability was significantly lower 

by 3 days post-infection (dpi), demonstrating that the fungal infection was already affecting 

the housefly’s biology (Figure 4). However, 4 and 5 dpi, we saw an investment into sperm 

viability, where the relative proportion of viable sperm increased to that of healthy males. An 
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investment in sperm viability late in the infection correlated with longer time spent mating on 

day 5 for the few that mated, but did not correlate with mating attempts, mating duration or 

mating success, which gradually declined during the infection.  

The discrepancy in the male housefly’s ability to mate when infected showed that males 

are not able to demonstrate terminal investment into matings, as results showed more of a time 

delay to initiate mating (Figure 2a-c), lessened number of mating attempts (Figure 3a) and 

decreased amount of time attempting to mate (Figure 3b). The infection caused more lethargic 

behaviors, where the flies became visibly less active during behavioral observation (Figure 1a) 

(Watson and Petersen 1993). In the late stages of infection, we saw an increase in locomotion, 

which may be linked with fungus manipulation of host behavior as summiting in moribund 

flies has been shown to be preceded by a short burst in activity (Elya et al. 2023). However, 

the increase in locomotion we measured occurred days before behavioral manipulation started, 

so it is more likely a response to changes in the sugar metabolism as the fungus consumes 

trehalose to proliferate and/or an effect of infection on neuron signaling, e.g. octopaminergic 

neurons (De Fine Licht et al. 2017; Schretter et al. 2018; Elya et al. 2023). In addition, the 

activity experiments showed that keeping male flies in individual isolation contributes to a 24-

hour prolongation of host life, which may reflect a response of the male housefly to social 

isolation (McCarthy et al. 2015). The decrease in mating ability by E. muscae infected males 

demonstrated that successful matings reduced throughout the infection period. This reduction 

could be due to a combination of factors, such as pathological side effects of an infection (e.g. 

lower activity, higher weight), depletion of resources and/or an adaptive strategy of E. muscae 

(Hurd 2001). However, the differences measured in libido were surprising, as we expected 

healthy males to be accepted sooner and attempt to mate less than infected counterparts, at least 

in the first half of the infection when the mating attempts were not completely collapsing. We 

found that females required males to repeatedly attempt to mate, possibly for males to 

demonstrate their fitness (Valone et al. 1996). 

Not only were infected males less desirous of mating, but female choice was an explicit 

factor in further reducing mating success. Premating female mate choice, where the female 

chooses not to mate with one male over another, maximizes offspring fitness (Thornhill 1983). 

In houseflies, female choice is of particular importance, since they only mate once, thus the 

selection of a fit male is crucial. Females chose to mate less and less with increasing fungal 

proliferation in infected flies. Effects on female choice can come from various factors, for 
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example infection may cause changes in mating and/or in normal behaviors (e.g. different 

‘mate song’ or incoordination of limbs (Colwell and Shirey 1976)), or in olfactory cues (Reyes-

Ramírez et al. 2019). Any of these cues could be indicative of suboptimal male fitness that are 

detected by the females (Thornhill 1983). These results are contrary to those seen in yellow 

mealworm beetles (Tenebrio molitor) infected with a generalist EPF, Metarhizium robertsii, 

where infected males were preferentially chosen over healthy males, hypothesized to be due to 

males re-allocating resources to volatile production to become more attractive to females 

(Reyes-Ramírez et al. 2019). Whether our results indicate a host response or fungal 

manipulation was not tested, but the idea that E. muscae influences male housefly attractiveness 

is not inconceivable since the fungus is known to fatally attract males when the infecting 

cadaver is sporulating (Naundrup et al. 2022). Alternatively, the fungus may be influencing 

genes linked to sexual behavior, such as the Md-fru gene involved in male courtship behavior 

(Meier et al. 2013). Additionally, male size was a determining factor, with smaller males (<8 

mg) being most likely to remain unmated in healthy males (Figure 3d). Fungus proliferation 

leads to consumption of available nutrients (De Fine Licht et al. 2017) but also increases the 

weight of the fly. This increase in weight may be an additional cue used by the females to detect 

infected male unsuitability as a mate, with infection making flies on average ~30% heavier by 

the end of the infection period. Since female houseflies are able to fly when mating (Murvosh 

et al. 1964), there may be a cost to mating with these ‘overweight’ males, such as affecting the 

pairs escape potential by weighing down the female and influencing wing loading capacity 

(Almbro and Kullberg 2009). This weight detection may be a behavioral response developed 

by female houseflies in order to be deterred from mating with the infected males. These data 

suggest that there are multiple factors at play influencing the reproductive capacity of E. 

muscae-infected virgin male houseflies. 

In the context of a wild housefly population, of which ~100% can be infected (Kalsbeek 

et al. 2001), it is possible that females would preferably choose to mate with male flies in an 

early stage of infection over the moribund ones. The males’ lowered libido, however, may limit 

the number of female partners they would have during their lifetime even if the females were 

not choosy. For a monandrous female of a species like the housefly, the cost of mating with an 

infected male on overall reproductive fitness is high. It is unclear why female houseflies 

sometimes remate after mating with a diseased male (Watson and Petersen 1993). One 

hypothesis is that this may be due to the transfer of lower quality sperm (García-González and 
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Simmons 2005) as seminal fluid proteins (SFPs) have important post-copulatory functions, 

such as reduced male receptivity and increased egg production (Gillott 2003). 

Sperm viability was significantly lower in infected male testes from three days after 

infection. However, on days four and five after infection, the proportion of viable sperm 

increased to relatively healthy levels. These two days overlap with an interesting male mating 

behavior time point, where day 4 infected male libido is not different to the healthy males but 

on dpi 5, it becomes significantly reduced (Figure 3a,b). However, infected males that manage 

to mate 5 dpi spent significantly more time mating (Figure 3c). Houseflies infected with EPF 

have been observed to demonstrate behavioral fever in both the laboratory (Watson et al. 1993) 

and the wild (Kalsbeek et al. 2001). In the wild, E. muscae infected flies seek heat during the 

first 3 days of infection but after seek cooler areas until death - the cooler temperature being 

optimal for E. muscae growth and cool seeking is hypothesized to be a manipulated behavior 

(Kalsbeek et al. 2001). The mating observations in this study indicate that as the disease 

progression is not slowing, the male fly may be terminally investing by replenishing the testes 

with higher quality ejaculate and spending a longer time mating. This would imply that an 

immune investment by the males in response to infection could lead to a lowered maintenance 

of the SFPs, which in turn could affect sperm quality in testis (den Boer et al. 2008; den Boer 

et al. 2010). The changed or reduced SFPs could cause abnormal signaling in the inseminated 

females, resulting in the observed mating changes, as in Drosophila melanogaster (Hopkins 

and Perry 2022). These changes could explain why female houseflies remate after mating with 

infected flies, as females store sperm in the spermathecae, they may be able to detect the 

lowered viability and reduce accessory gland secretions to stop fertilization of their eggs 

(Leopold and Degrugillier 1973). Ultimately, whether this is a by-product of infection (e.g. 

immune response) or another extended phenotype mechanism of E. muscae in male flies is 

unsure.  

Most studies investigating the dipteran-E. Muscae interaction have centered on the 

aspects of the fungal cycle, i.e. conidia morphology, host specificity, behavioral manipulation, 

or its biocontrol potential (Elya and De Fine Licht 2021). However, little is known about the 

within-host processes of E. muscae or the behavioral effects incurred by disease progression. 

Our study shows that the male housefly is severely impacted by an E. muscae infection in just 

three days, with visible decreases in activity, mating performance and sperm viability. As the 

disease progresses, numerous effects on mating are observed, not only on the infected male 
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hosts but extending to mate choice by healthy female partners. Whilst a short surge in sperm 

viability after 4 and 5 days of infection in males indicates terminal investment into 

reproduction, the behavioral and weight effects of the rapidly progressing disease are too severe 

for the male to increase overall successful matings. 
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Figure legends 

Figure 1. The within-host processes of Entomophthora muscae affect the activity of male 

houseflies, increase their body mass and increase mortality. (a) Total time spent moving 

measured three times per day per fly for each day post infection (dpi) (healthy n = 8, infected 

dead 6 dpi n = 4, infected dead 7 dpi n = 14). Infected flies alive on day 7 were flies that did 

not die 6 days after infection, but died at sunset on day 7 (Supplementary Figure S4). (b) Male 

housefly weight (in mg) over time (healthy n = 138, infected =162). (c) Kaplan-Meier graph of 

E. muscae virulence in male houseflies with 95% confidence intervals (healthy n = 100,

infected = 100). Mean and standard error indicated by the black lines Symbols above the figure 

points indicate statistically significant differences between treatments for each day, where *** 

= P < 0.001, ** = P < 0.01, * = P < 0.05, . = P < 0.1, and ns = not significant. 

Figure 2. Infection by Entomophthora muscae increases male latency to mate, female latency 

to accept mating, and mating success in virgin male houseflies (healthy n = 90, infected = 104). 

(a) Male mating latency with 95% confidence intervals. (b) Male latency to mate in mock-

infected healthy flies (n = 90). (c) Male latency to mate with the progression of E. muscae 

infection (n = 104). (d) Female latency to acceptance with 95% confidence intervals. (e) Female 

acceptance latency of healthy males. (f) Female latency to accepting the male with progressive 

of E. muscae infected in males. Differences at P < 0.05 are represented as different letters. 

Figure 3. Persistence and desire to mate (as number and duration of attempts) decreases with 

the development of Entomophthora muscae within-host processes, but duration of mating does 

not (healthy n = 90, infected = 104). (a) Number of mating attempts over time. (b) Duration (in 

seconds) of mating attempts. (c) Duration (in minutes) of mating for mated flies only across 

time. (d) The probability of mating for a virgin male housefly (+95% CI) is dependent on their 

body mass and infection treatment. Small males have a reduced mating probability. Heavier 

healthy males have increased mating probability, however infected flies mate less with 

increasing weight, an effect tied to the ‘sickness’ effect of the infection. Mean and standard 

error indicated by the black lines. Symbols above the figure points indicate statistically 

significant differences between treatments for each day, where *** = P < 0.001, ** = P < 0.01, 

* = P < 0.05, . = P < 0.1, and ns = not significant.



85 

Figure 4. Infection by E. muscae affects sperm viability in virgin male housefly testes (healthy 

n = 25, infected = 49). (a) Sperm viability changes significantly over time when male houseflies 

are infected. Means and standard errors indicated by the black lines. Symbols above the figure 

points indicate statistically significant differences between treatments for each day, where *** 

= P < 0.001, ** = P < 0.01, * = P < 0.05, . = P < 0.1, and ns = not significant. (b) Image of one 

live (green) and one dead (red) stained Musca domestica spermatozoa at x400 magnification 

taken using the Leica Application Suite X (LAS X) software with a Leica FLEXACAM C1 

(Leica Microsystems GmbH, Germany) mounted on the fluorescence microscope. (Photo by 

Sam Edwards).
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Supplementary Material to 

Libido and female choice: Fungal infections are a reproductive downfall for male houseflies. 

 

Supplementary Figure S1. Infection experiment timeline with an initial 24 hour infection 

period. (a) Schematic representation of the infection setup for 24 hours, before transfer to 
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normal housing cages. (b) Timeline of the experiments by day, with death of infected flies by 

the entomopathogenic fungus occurring at dusk, six days post infection. (c) Insects were 

behaviourally assessed between hour 3 and 9 of the light cycle each day, from two to six days 

post infection (dpi). 

  

Supplementary Table S1. Descriptions of behaviours identified and coded during mating 

experiments (see video S2 of the electronic supplementary material). 

Behaviour Description 

Mount Individual lunges at the female conspecific and performs or 

attempts to initiate courtship behaviours, i.e. nuzzling, wing 

vibrations and getting abdomen tip into mating position. 

Repeat courtship (RC) Male fly repeats courtship display, i.e. nuzzling (also called 

caressing, head lapping/touching), wing vibrations and abdomen 

positioning, without dismounting after mount attempt 

(Murvosh, Fye, and Labrecque 1964; Tobin and Stoffolano 

1973). 

Mate Male and female copulate, coded as any uninterrupted mount or 

RC over 30 minutes. 

Dismount Male dismounts following mount, RC or mate behaviours. 

https://www.zotero.org/google-docs/?198CHY
https://www.zotero.org/google-docs/?198CHY
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Supplementary Figure S2. Phase contrast microscopy images of mature Musca domestica 

spermatozoa at x400 magnification. Images were taken using the Leica Application Suite X 

(LAS X) software with a Leica FLEXACAM C1 (Leica Microsystems GmbH, Germany) 

Edwards). 
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Supplementary Table S2. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of time in locomotion across infection death-day by day post infection from exposure to 

death. 

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 

z-

value 
p-value Significance 

2 Healthy  DeadDay6  8 4 32.22029 58.98956 0.546 1.0000 ns 

3 Healthy  DeadDay6 8 4 203.50142 58.98956 3.450 0.0466 * 

4 Healthy  DeadDay6 8 4 374.48650 58.98956 6.348  <0.001  *** 

5 Healthy  DeadDay6 8 4 250.58656 63.63321 3.938  <0.01  ** 

6 Healthy  DeadDay6 8 4 185.05175 58.98956 3.137 0.1197  ns 

7 Healthy  DeadDay6 8 - - - - - - 

2 Healthy  DeadDay7 8 15 -15.29001 44.76051 -0.342 1.0000 ns 

3 Healthy  DeadDay7 8 15 88.85643 42.69351 2.081 0.7901 ns 

4 Healthy  DeadDay7 8 15 325.60932 42.69351 7.627  <0.001  *** 

5 Healthy  DeadDay7 8 15 337.20270 44.48785 7.580  <0.001  *** 

6 Healthy  DeadDay7 8 15 276.92993 42.69351 6.486  <0.001  *** 

7 Healthy  DeadDay7 8 15 170.36152 43.07989 3.955  <0.01  ** 

2 DeadDay7 DeadDay6 15 4 47.51030 56.24434 0.845 1.0000 ns 

3 DeadDay7 DeadDay6 15 4 114.64499 54.61372 2.099 0.7782 ns 

4 DeadDay7 DeadDay6 15 4 48.87718 54.61372 0.895 1.0000  ns 

5 DeadDay7 DeadDay6 15 4 -86.61613 59.14063 -1.465 0.9888 ns 

6 DeadDay7 DeadDay6 15 4 -91.87818 54.61372  -1.682 0.9583 ns 

7 DeadDay7 DeadDay6 15 - - - - - - 

 

Supplementary Table S3. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of time in locomotion across infection death-day by day post infection in reverse 

chronology from death to exposure. 

Group1 Group2 n1 n2 Estimate Std. Error z-value p-value Significance 

Healthy  DeadDay6 142 58 -202.185 29.809 -6.783 <0.001 *** 

Healthy  DeadDay7 58 238 -203.738 20.284 -10.044 <0.001 *** 

DeadDay6 DeadDay7 58 238 -1.553 28.012 -0.055 0.998 ns 
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Supplementary Table S4. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of time in locomotion across infection death-day by day post infection in reverse 

chronology from death to exposure. 

Reversed 

Day 
Group1 Group2 n1 n2 Estimate 

Std. 

Error 

z-

value 

p-

value 

Significan

ce 

0 Healthy DeadDay6 8 4 162.88371 58.99736 2.761 0.2968 ns 

-1 Healthy DeadDay6 8 4 260.95903 62.80749 4.155 <0.01 ** 

-2 Healthy DeadDay6 8 4 322.53113 58.99736 5.467 <0.001 *** 

-3 Healthy DeadDay6 8 4 249.82387 59.88459 4.172 <0.01 ** 

-4 Healthy DeadDay6 8 4 24.82817 58.99736 0.421 1.0000 ns 

-5 Healthy DeadDay6 8 - - - - - - 

0 Healthy DeadDay7 8 15 170.36152 43.08558 3.954 <0.01 ** 

-1 Healthy DeadDay7 8 15 276.92993 42.69916 6.486 <0.001 *** 

-2 Healthy DeadDay7 8 15 340.80704 43.29223 7.872 <0.001 *** 

-3 Healthy DeadDay7 8 15 326.72819 43.91689 7.440 <0.001 *** 

-4 Healthy DeadDay7 8 15 88.85643 42.69916 2.081 0.7911 ns 

-5 Healthy DeadDay7 8 15 -15.29001 44.76643 -0.342 1.0000 ns 

0 DeadDay7 DeadDay6 15 4 -7.47781 54.92356 -0.136 1.0000 ns 

-1 DeadDay7 DeadDay6 15 4 -15.97090 58.71575 -0.272 1.0000 ns 

-2 DeadDay7 DeadDay6 15 4 -18.27592 55.08581 -0.332 1.0000 ns 

-3 DeadDay7 DeadDay6 15 4 -76.90432 54.62094 -1.408 0.9928 ns 

-4 DeadDay7 DeadDay6 15 4 -64.02826 54.62094 -1.172 0.9991 ns 

-5 DeadDay7 DeadDay6 15 - - - - - - 
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Supplementary Table S5. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of weight across infection status by day post infection. 

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 
z-value p-value Significance 

2 Healthy  Infected  18 20 0.15311  0.38682 0.396 1.0000 ns 

3 Healthy  Infected  19 19 -0.25004          0.40474 -0.618 0.9998 ns 

4 Healthy  Infected  18 19 -0.74551        0.43118 -1.729 0.7777 ns 

5 Healthy  Infected  16 18 -1.12765          0.39678 -2.842 0.1218 ns 

6 Healthy  Infected  19 28 -3.66104       0.40264 -9.093 <0.001 *** 

 

Supplementary Table S6. Cox Proportional Hazard statistics (z-score, P-value) for mating 

latency in healthy virgin male houseflies. Significant effects are indicated in bold. 

 Day 2 Day 3 Day 4 Day 5 Day 6 

Day 2  -0.223, 

0.8233 

2.092, 

0.0364 

-0.243, 

0.8079 

0.878, 

0.3798 

Day 3 0.223, 

0.8233 

 2.361, 

0.0182 

-0.028, 

0.9775 

1.123, 

0.2613 

Day 4 -2.092, 

0.0364 

-2.361, 

0.0182 

 -2.308, 

0.0210 

-1.268, 

0.2049 

Day 5 0.243, 

0.808 

0.028, 

0.978 

2.308, 

0.021 

 1.112, 

0.266 

Day 6 -0.878, 

0.380 

-1.123, 

0.261 

 1.268, 

0.205 

-1.112, 

0.266 

 

 

Supplementary Table S7. Cox Proportional Hazard statistics (z-score, P-value) for mating 

latency in E. muscae infected virgin male houseflies. Significant effects are indicated in bold. 

 Day 2 Day 3 Day 4 Day 5 Day 6 

Day 2  -1.109, 

0.267610 

-1.883, 

0.059697 

-2.968, 

0.003000 

-3.779, 

0.000157 

Day 3 1.109, 

0.26761 

 -0.793, 

0.42793 

-2.072, 

0.03829 

-2.959, 

0.00309 

Day 4 1.883, 

0.0597 

0.793, 

0.4279 

 -1.390, 

0.1645 

-2.325, 

0.0201 

Day 5 2.968, 

0.0030 

2.072, 

0.0383 

1.390, 

0.1645 

 -0.947, 

0.3438 

Day 6 3.779, 

0.000157 

2.959, 

0.003091 

2.325, 

0.020098 

0.947, 

0.343807 
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Supplementary Table S8. Cox Proportional Hazard statistics (z-score, P-value) for female 

choice in healthy virgin male houseflies. Significant effects are indicated in bold. 

 Day 2 Day 3 Day 4 Day 5 Day 6 

Day 2  0.380, 

0.7039 

2.594, 

0.0095 

0.080, 

0.9361 

0.788, 

0.4308 

Day 3 -0.380, 

0.7039 

 2.255, 

0.0242 

-0.291, 

0.7710 

0.411, 

0.6809 

Day 4 -2.594, 

0.0095 

-2.255, 

0.0242 

 -2.462, 

0.0138 

-1.877, 

0.0606 

Day 5 -0.080, 

0.9361 

 0.291, 

0.7710 

2.462, 

0.0138 

 0.689, 

0.4905 

Day 6 -0.788, 

0.4308 

-0.411, 

0.6809 

1.877, 

0.0606 

-0.689, 

0.4905 

 

 

Supplementary Table S9. Cox Proportional Hazard statistics (z-score, P-value) for female 

choice in E. muscae infected virgin male houseflies. Significant effects are indicated in bold. 

 Day 2 Day 3 Day 4 Day 5 Day 6 

Day 2  -1.000, 

0.317320 

-1.718, 

0.085811 

-2.761, 

0.005756 

-3.646, 

0.000266 

Day 3 1.000, 

0.31732 

 -0.733, 

0.46327 

-1.949, 

0.05129 

-2.898, 

0.00375 

Day 4 1.718, 

0.0858 

0.733, 

0.4633 

 -1.317, 

0.1879 

-2.307, 

0.0211 

Day 5 2.761, 

0.00576 

1.949, 

0.05129 

1.317, 

0.18788 

 -0.989, 

0.32266 

Day 6 3.646, 

0.000266 

2.898, 

0.003754 

2.307, 

0.021081 

0.989, 

0.322665 
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Supplementary Figure S6. Persistence and desire to mate (as number and duration of 

attempts) decreases with the development of Entomophthora muscae within-host processes. (a) 

Number of mating attempts over time (ANOVA: χ2
1 = 5.39, P = 0.02). (b) Duration of mating 

attempts over time (ANOVA: χ2
1 = 9.95, P = 0.002). Mean and standard error indicated by the 

black lines Symbols above the figure points indicate statistically significant differences 

between treatments for each day, where *** = P < 0.001, ** = P < 0.01, * = P < 0.05, . = P < 

0.1, and ns = not significant. 

 

Supplementary Table S10. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of number of attempted matings (log+1) across infection status by day post infection. 

 

  

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 
z-value p-value Significance 

2 Healthy  Infected  18 20 -0.01314 0.41568 -0.032 1.0000 ns 

3 Healthy  Infected  19 19 0.41802  0.45905  0.911  0.9961 ns 

4 Healthy  Infected  18 19 -0.18486   0.52046   -0.355 1.0000 ns 

5 Healthy  Infected  16 18 1.15219  0.49866    2.311  0.3786 ns 

6 Healthy  Infected  19 28 1.74152  0.51190  3.402  0.0232 * 
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Supplementary Table S11. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of duration (in seconds) of attempted matings (log+1) across infection status by dpi. 

 

Supplementary Table S12. Pairwise comparisons (Multiple Comparisons of Means: Tukey 

HSD) of copulation duration (in minutes) across infection status by dpi for mated flies 

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 
T-value p-value Significance 

2 Healthy  Infected  18 20 6.786 5.952 1.140 0.9774 ns 

3 Healthy  Infected  19 19 -7.801 6.429 -1.213 0.9659 ns 

4 Healthy  Infected  18 19 -2.407 6.752 -0.357 1.0000 ns 

5 Healthy  Infected  16 18 -35.234 9.004 -3.913  < 0.01  ** 

6 Healthy  Infected  19 28 13.559 9.908 1.369 0.9289 ns 

 

Supplementary Table S13. Analysis of variance of sperm viability between healthy and 

infected treatments by day. 

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 
z-value p-value Significance 

2 Healthy  Infected  10 20 0.3626 0.2452 1.478  0.139 ns 

3 Healthy  Infected  10 20 0.5812 0.2350 2.473 0.0134 * 

4 Healthy  Infected  10 20 0.02723  0.29560 0.092  0.927 ns 

5 Healthy  Infected  10 20 -0.08111  0.36889  -0.220  0.826 ns 

6 Healthy  Infected  10 19 1.3273 0.6523  2.035  0.0419 * 

Day Group1 Group2 n1 n2 Estimate 
Std. 

Error 
z-value p-value Significance 

2 Healthy  Infected  18 20 0.09854   0.37746    0.261 1.0000 ns 

3 Healthy  Infected  19 19 0.59803   0.40569  1.474   0.901 ns 

4 Healthy  Infected  18 19 -0.13159   0.45438   -0.290 1.0000 ns 

5 Healthy  Infected  16 18 1.12029   0.44194  2.535   0.248 ns 

6 Healthy  Infected  19 28 1.98693   0.44788  4.436 <0.001 *** 
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Supplementary Figure S8. Infection by E. muscae impacts sperm viability in virgin male 

housefly testes (ANOVA: χ2
1

 = 5.38, P = 0.02). Mean and standard error indicated by the black 

lines Symbols above the figure points indicate statistically significant differences between 

treatments for each day, where *** = P < 0.001, ** = P < 0.01, * = P < 0.05, . = P < 0.1, and 

ns = not significant. 
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Abstract 

Host manipulation by pathogens and parasites is a widespread phenomenon, but the molecular 

mechanisms are poorly understood. We investigated the summiting disease caused by the 

fungus Entomophthora muscae in houseflies, where infected flies climb to elevated positions 

and die, releasing infectious conidia. We performed dual-RNA sequencing of fly heads at 

different time points and identified candidate genes from both the host and the pathogen that 

may be involved in this summiting phenotype. Surprisingly, we also detected a high abundance 

of a novel positive sense single-stranded (+ss-RNA iflavirus in infected fly heads. We show 

that the virus load increases over time and shows signs of accumulation in fly heads and 

thoraces. We also reveal predicted interactions between fungal secreted proteins and insect host 

proteins related to neurological and immune functions, suggesting a possible role of these 

proteins in host manipulation. Furthermore, we find that E. muscae encodes a homologue of 

ecdysteroid UDP-glucosyltransferase (egt), a gene that has been implicated in host 

manipulation by other pathogens. Our study reveals a complex interplay between a fungus, a 

virus and a fly, and suggests that convergent evolution of egt for host manipulation mechanisms 

may occur in different pathogens.  
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Background 

Host specialisation has led to the evolution of the ability of pathogens to manipulate their hosts’ 

behaviour to increase transmission; a term coined the extended phenotype (Dawkins, 1982; 

Poulin & Maure, 2015). Striking pathogen host manipulations are mostly observed in 

invertebrates, however there are example of behavioural manipulation in vertebrates (Lafferty 

& Shaw, 2013). Within pathogen – invertebrate host manipulations, we see multiple strategies, 

including increased exposure for predation (such as surface swimming by amphipods to 

increase predation by birds (Bauer et al., 2005)). Equally striking manipulated host behaviours 

include parasitoid pupae protection in ladybirds (Maure et al., 2011) and spiders (Takasuka et 

al., 2015) or alteration in microhabitat choice, such as water-seeking in nematomorph-infected 

crickets (Ponton et al., 2011) and praying mantids (Obayashi et al., 2021) for parasite 

reproduction, or elevation seeking in fungal pathogen infected ants (Hughes et al., 2011) and 

flies (Evans, 1989) for increased infectious propagule transmission. 

 The manipulated behaviour whereby the host is forced to seek elevated positions 

to increase pathogen transmission is coined summiting disease (or tree top disease or 

‘Wipfelkrankheit’). Summiting disease in a lepidopteran-baculovirus system has been found to 

be linked to viral hijacking of the expression of three host genes involved in visual perception, 

thus manipulating the insect to phototactically climb (Liu et al., 2022). Furthermore, a viral 

gene horizontally acquired from the insect called ecdysteroid UDP-glucosyltransferase (egt) 

and preventing molting in larvae, was found to be involved in eliciting climbing behaviour in 

the insect host (Hoover et al., 2011; Han et al., 2015). Lepidopteran larvae are hyperactive 

prior to death, a behaviour found to be regulated by the viral protein tyrosine phosphatase (ptp) 

(van Houte et al., 2013). However, the role of both egt and ptp depend on the lepidopteran-

baculovirus system, as ptp has been shown to play a role in brain tissue infection rather than 

behaviour (Katsuma et al., 2012), and has no effect on hyperactivity (Kokusho & Katsuma, 

2021) or summiting behaviour (Ros et al., 2015). 

 Behavioural manipulation of hosts infected with fungal pathogens has evolved 

multiple times within the fungal orders Hypocreales and Entomophthorales, but little is known 

about the underlying molecular mechanisms (Shang et al., 2015; Lovett et al., 2020; de Bekker 

et al., 2021). Pairwise comparisons using dual-RNA sequencing of Ophiocordyceps fungus-

infected ants has revealed genes, pathways and mycotoxins potentially involved in behavioural 

manipulation, with a particular focus on summiting behaviour (de Bekker et al., 2015; Will et 
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al., 2020). Although a complex phenotype like pathogen behavioural manipulation is likely 

polygenic and may involve multiple metabolic mechanisms working in concert (Herbison, 

2017; de Bekker et al., 2021), advances are being made in testing candidate genes identified 

during gene expression analyses, such as an Ophiocordyceps mycotoxin related to aflatrem and 

linked to staggering behaviours seen prior to summiting (Beckerson et al., 2023). The 

convergent evolution of summiting disease multiple times across two fungal orders and a viral 

clade suggests that these taxonomically diverse pathogens target conserved insect phototactic 

metabolic traits and may use similar underlying mechanisms to manipulate host behaviours. 

 The obligate insect fungal pathogen Entomophthora muscae provides a tractable 

system for observing and defining specific manipulated behaviours (De Fine Licht et al., 2023). 

Behavioural manipulation by E. muscae occurs six or seven days post infection in houseflies 

(Musca domestica). Within six hours before sunset, the housefly host is forced to climb to an 

elevated position, glue its mouthparts to the substrate surface and terminate with the moribund 

zombie fly being prostrate (head down and abdomen elevated) with raised wings for optimal 

conidia dispersion from the abdomen (Krasnoff et al., 1995; Elya et al., 2018, 2023; Elya & 

De Fine Licht, 2021; De Fine Licht et al., 2023). To uncover the molecular mechanisms of 

these host moribund behaviours, here we first created a detailed ethogram of the manipulated 

behaviours in the E. muscae-housefly system to select the optimal time points for sample 

collection for dual-RNA sequencing. Second, differential gene expression analysis of pooled 

male housefly heads identified candidate host and fungal genes involved in behavioural 

manipulation, but also found high numbers of reads mapping to an iflavirus. Third, putative 

fungal small secreted proteins (SSPs) were analysed for predicted host-fungus protein-protein 

interactions (PPI) against the housefly proteome and the virus.  

Here we show that PPI analysis predicted no interactions between six candidate SSPs and virus 

putative open reading frames (ORFs), but interactions were found with host proteins linked to 

neurological functions and disorders, suggesting that the fungal SSPs likely only bind to host 

proteins and not the virus. However, we find that the main component of total RNA from 

infected fly heads belongs to the iflavirus, a positive sense single-stranded (+ss) RNA virus. 

This virus has been identified previously as associated with E. muscae (Coyle et al., 2018), and 

our investigations into this virus confirms its taxonomic position amongst the Iflaviridae 

family, but highlight phylogenetic divergence of this group from insect-infecting viruses. 

Furthermore, PPI analyses of virus putative ORFs reveal binding between one viral protease 
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with insect host proteins involved in kinesin motor domains and host cell nuclei, suggesting 

the virus may replicate within the host. Finally, using reverse transcription and polymerase 

chain reaction (RT-PCR) over the course of the infection of a new fungal isolate containing 

two viruses, we find viral load increases over time systemically with a tendency to concentrate 

in the fly head and thorax, where the major components of the insect central nervous system 

are located. We suspect that the build-up of this fungus-associated virus in the head and thorax 

of the fly, and the small number of fungal RNA reads identified using RNAseq of fly heads, 

suggests that the symbiotic virus may play a role in the behavioural manipulation of the E. 

muscae-housefly system. 

 

Results 

The E. muscae behavioural manipulation programme 

The stereotypical Entomophthora muscae moribund manipulated behaviours of the host have 

been characterised by other studies in houseflies (Krasnoff et al., 1995) and Drosophila 

melanogaster (Elya et al., 2018, 2023). In our study system, the stereotypical behaviours of 

summiting, proboscis extension and wing raising were confirmed (Figure 1). However, within 

these three behaviours, we characterised specific sub-behaviours to better standardise specimen 

sampling for dual RNA sequencing due to the natural variability in the timing and duration of 

these three main behaviours. By creating a detailed ethogram for this system (Figure 1; 

Supplementary Figure 1; Supplementary Methods), we find that these different behaviours 

happen within six hours of subjected dark (lights-off) and this sequence of manipulated 

behaviours lasts on average ca. two hours (130±9.5 minutes) from start to finish (Figure 1; 

Supplementary Figure S1). In fact, live observations of the zombie houseflies show that on 

average, summiting (SM), proboscis extension (PB) and wing raising (WG) last respectively 

78±12.6, 43±6.8 and 9±2 minutes in this system. Summiting behaviour in houseflies was 

predominantly observed six days post infection, however not all flies died after six days 

(Supplementary Figure S1). For surviving flies, the observed behaviours were aberrant as 

compared to uninfected flies, demonstrating that E. muscae infection also affects the normal 

behaviour of houseflies (see ‘Infected (2)’ in Supplementary Figure S1). The variation in time 

of death, being on day 6 or day 7, could be due to either the nature of the pathogen, as E. 

muscae conidia germination takes 2-24 hours and thus the day 7 manipulation may be due to 
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delayed germination and entry of the fungus into the fly’s haemolymph (Brobyn & Wilding, 

1983), or individual variation in host response to infection.  

 

Housefly molecular response to manipulation 

To identify candidate host genes potentially involved in the manipulated behaviours observed 

above, we sequenced the transcriptome of housefly heads collected during the SM, PB, and 

WG phenotypic time points. As controls, we also included infected flies (IC) collected at six 

days post infection, corresponding to 4-6 hours before the onset of the behavioural 

manipulation, and uninfected control flies (CTR) of the same age. For each treatment, the mean 

number of sequenced reads was between 22.8 and 24.4 million (Supplementary Table S1). A 

mean of 89% ±2 mapped to the fly host genome in uninfected control (CTR) flies. Read 

mapping rate in the infected groups were as expected lower and decreased with disease 

progression and build-up of fungal biomass (Hansen & De Fine Licht, 2017), with an average 

of 25, 21, 14 and 10% reads mapping to the host genome for infected control (IC), SM, PB and 

WG, respectively (Supplementary Table S1). In total, 14,550 out of 16,135 genes in the house 

fly genome had at least one read mapping. 

 Principal component analyses (PCA) revealed that the five different treatments 

clustered separately, with the exception of PB and WG, which have 104 genes that are 

differentially expressed in pairwise comparisons (Figure 2a,c,g,h). In fact, pairwise 

comparisons with uninfected flies revealed that over the course of infection, there were 

increasing numbers of differentially expressed genes (DEGs) in infected flies, from 1779 

between CTR and IC, and 4872 between CTR and WG, the majority of which were 

downregulated (Figure 2c-h). To investigate general functions of housefly DEGs, we 

performed gene set enrichment analyses using gene ontology (GO) terms. These analyses were 

performed across a total of 231 gene sets, comparing each behavioural phenotype to the 

previous one during disease progression to gain insight into the gene set changes over time. 

We did this through comparing IC to CTR, SM to IC, PB to SM, and WG to PB. Similarly to 

DEGs, there is a negative trend in enrichments over time in host gene sets across infection time 

(Supplementary Figure S1-4). 

 Gene sets enriched in the comparison between IC and CTR are assumed to be 

linked to infection by E. muscae and not to be linked with behavioural manipulation. In total, 
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IC had 20 and 10 gene sets respectively upregulated and downregulated as compared with CTR 

with false discovery rate below 5% (Supplementary Figure S1). Enrichment in gene sets 

upregulated in IC involved immune functions (defence response to bacterium; innate immune 

response; regulation of Rho protein signal transduction) and response to stress (Supplementary 

Figure S1). Significantly downregulated gene sets in IC compared to CTR included steroid 

hormone mediated signalling pathway, odorant binding, and nuclear steroid receptor activity 

(Supplementary Figure S1). 

 During summiting behaviour, we saw 12 upregulated and 50 downregulated gene 

sets as compared with IC (Supplementary Figure S2). With the exceptions of peptidoglycan 

catabolic process and innate immune response that were not enriched and biological processes 

that remained downregulated in the pairwise comparison of SM and IC, all other gene sets 

enriched in the IC-CTR comparison are oppositely regulated (up in IC-CTR and down in SM-

IC, and vice versa) (Supplementary Figure S1,2). The same pattern is seen in the gene sets 

involved in molecular processes and cellular components (Supplementary Figure S1,2), which 

to some extent likely reflect the difference in E. muscae disease progression from IC over SM 

to PB and WG. GO terms linked to ion (monoatomic, potassium) and ion transmembrane 

(calcium) transport, steroid hormone mediated signalling pathway, cell junction, and 

postsynaptic membrane were upregulated in SM (Supplementary Figure S2). Enrichment of 

these GO terms may suggest increased sensory activity and signal transmission during 

summiting behaviour (Supplementary Figure S2). 

 In total, we discovered seven upregulated and 23 downregulated gene sets during 

pairwise comparisons of PB and SM (Supplementary Figure S3). Immune defence responses, 

and intracellular protein transport molecular functions decrease further in PB. However, 

upregulation of sensory perception of smell, notch signalling pathway and cyclic nucleotide 

biosynthetic process can be seen, all of which were not enriched in prior pairwise comparisons. 

Molecular functions relating to structural constituent of the cuticle, olfactory receptor activity 

and phosphorus-oxygen lyase activity were upregulated. All gene sets upregulated during SM 

and IC comparisons were not differentially enriched between PB and SM (Supplementary 

Figure S2,3).  

 Pairwise comparisons of WG and PB revealed 10 downregulated gene sets and 

no significant upregulated gene sets (Supplementary Figure S4). Gene sets involved in 

molecular functions cell redox homeostasis, translation, tricarboxylic acid cycle and proton 
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motive force-driven ATP synthesis were downregulated. Sets involved in biological processes 

structural constituent of ribosome and cytochrome-c oxidase activity were also differentially 

downregulated. Cellular components for mitochondrion, mitochondrial inner membrane and 

ribosome were also downregulated in WG. Downregulation in all gene sets likely indicates that 

the host houseflies were dying during WG (Supplementary Figure S4). 

 

Genes to force your host to su(b)mmit 

PCA of fungal DEGs revealed that the four different treatments clustered separately, with the 

exception of PB and WG, which share one gene that is differentially expressed in pairwise 

comparisons (Figure 2b). The lack of differences in fungal DEGs between PB and WG suggests 

that the WG phenotype may be an artefact of fungal growth and changes in pressure within the 

host as hypothesised by other E. muscae studies (Figure 3a,d,e) (Elya & De Fine Licht, 2021). 

Thus, assuming that genes involved in fungal behavioural manipulation would only be active 

during summiting, we aimed to identify fungal genes that are only differentially expressed 

during summiting.  

 Pairwise comparisons of summiting behaviour DEGs to the previous (IC) and 

subsequent (PB and WG) treatment time points identified 17 DEGs (Figure 3b). Out of these 

17 genes, 13 were increasingly upregulated over time, one decreasing, and three were 

significantly upregulated at the summiting point, but downregulated at IC PB and WG (Figure 

4). Of these 17 DEGs, seven had a SignalP domain (out of 1792 in total with a SignalP domain 

in the E. muscae transcriptome) and were predicted by the EffectorP software to be small 

secreted peptides (SSPs), of which two were cytoplasmic, four apoplastic and one inconclusive 

as the predicted type was both apoplastic and not apoplastic (using ApoplastP) (Figure 3f & 

4a-g). As expected, none of the SSPs could be identified to have known molecular functions, 

although HBVY01021106 (apoplastic effector) is predicted to have a transmembrane protein 

(Figure 4c). Looking at the expression profiles of these SSPs over the course of manipulation, 

we see that HBVY01016605 and HBVY01021106 (Figure 4b,c) are upregulated uniquely 

during summiting behaviour, which indicates a likely involvement in the summiting phenotype 

of E. muscae infected houseflies.  

 Of the ten non-SSPs identified to be differentially expressed in summiting 

behaviour, all but one (HBVY01013035; Figure 4h) have increased expression over time (from 
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IC to WG) (Figure 4i-q). Six of these DEGs could be tentatively functionally annotated using 

homology searches (Figure 4h-m). HBVY01002708 encodes a homologue of cytochrome P450 

monooxygenase (CYP450) FUS8 and a transmembrane protein (Figure 4k). In Fusarium 

verticillioides, a common maize fungal pathogen, the P450 FUS8 gene is proposed to belong 

to a fusarin biosynthetic gene cluster (Brown et al., 2012). Fusarins are mycotoxins, but E. 

muscae is not known to produce toxins (Boomsma et al., 2014; Elya & De Fine Licht, 2021). 

However it has been suggested that E. muscae is able to synthesise certain secondary toxins 

(De Fine Licht et al., 2017), and the presence of a CYP450 FUS8 homologue gene may suggest 

that E. muscae has genetic potential to produce fusarin-like metabolites. HBVY01010314 

encodes for expansin (PF00967 - Barwin family) (Figure 4i), a protein involved in defense 

response to bacterium and fungi in plants. However, the function of expansins in fungi remains 

unknown (Narváez-Barragán et al., 2020). But expansins in phytopathogenic fungi may 

function as virulence factors or act in cell wall extension similar to expansins in plants (Chase 

et al., 2020). The gene HBVY01011280 encodes chitin deacetylase (CDA) 

(UniProtKB:Q06702) (Figure 4l), an enzyme normally involved in synthesis and modulation 

of fungal cell walls. E. muscae is known to propagate over the week-long infection as wall-less 

protoplast cells to evade host immune detection (Boomsma et al., 2014), but has been found to 

develop a cell wall toward the end of the within-host life cycle. HBVY01016788 encodes a 

PFAM domain for cysteine-rich secretory protein family (PF00188), a subgroup of catabolite 

activator protein (CAP) superfamily, which is a large superfamily of pathogenesis-related 

proteins when present in pathogens (Figure 4k). The HBVY01015021 gene encodes 

sphingomyelin phosphodiesterase, an enzyme involved in the sphingolipid metabolic pathway. 

In the pathogenic fungus Candida albicans, sphingolipids are key for the normal growth of 

hyphae (Martin & Konopka, 2004). In Cryptococcus neoformans, these lipids play important 

roles in fungal pathogenicity (Singh & Del Poeta, 2011). Moreover, an increase in secondary 

metabolites resulting from the sphingolipid metabolism may be one of mechanisms used by 

the predatory fungus Duddingtonia flagrans to capture and kill nematodes (Liang et al., 2019). 

Most notable however, is HBVY01013035 (Figure 4h), which encodes a PFAM 

domain for UDP-glucosyl transferase (PF00201) and a transmembrane protein. Ecdysteroid 

UDP-glucosyltransferase (egt) is a UDP-glycosyl transferase homologue and is a key gene 

responsible for inducing climbing behaviour in behaviourally manipulating baculoviruses 

(Hoover et al., 2011; Han et al., 2015). In E. muscae, this putative fungal egt gene is uniquely 

upregulated (ca. 4-fold up from IC and then down to PB) during summiting in E. muscae-
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infected flies (Figure 4h), indicating likely involvement in this manipulation phenotype. 

Phylogenetic analysis suggests that the nucleopolyhedrovirus (NPV) egt is divergent from 

those known in fungi, but also from the identified UDP E. muscae protein (Figure 5a). E. 

muscae UDP had 22-29% sequence similarity with the top 10 Baculoviridae hits with the 

lowest e-value in BLASTp. As egt is known to add a sugar moiety to 20E in the insect molting 

hormone biosynthesis pathway, thus disabling 20E’s function (O’Reilly et al., 1992), we 

looked into the expression profiles of all known host genes involved the hormone biosynthesis 

pathway. The genes encoding for ecdysteroid 25- and 2-hydroxylase (phm and sad) are 

significantly downregulated specifically during summiting behaviour. The enzyme ecdysteroid 

20-monooxygenase/CYP314A1/Shade (Shd), which converts ecdysone into 20E, decreases in 

expression during PB, correlating with an increased expression of 26-hydroxylase/CYP18A1, 

the enzyme encoded to inactivate the active hormone 20E (Figure 5b; Supplementary Figure 

5) (Guittard et al., 2011; Niwa & Niwa, 2014). 

 In order to verify if the putative E. muscae egt contained similar active site 

residues as the lepidopteran larvae manipulating baculoviruses we mined the conserved domain 

database (Wang et al., 2023), which revealed that the putative E. muscae egt contains 

homologous amino-acid residues at 14 out of 14 active binding sites (12 of which are 

represented in Figure 5c), sharing 10-50% sequences similarity with selected Baculoviridae 

egt genes (Figure 5c). The E. muscae egt active site residues resemble those of the baculoviral 

motifs (Figure 5d), although any effect of the E. muscae egt gene may have on the host’s 

molting hormone pathway remains inconclusive (Supplementary Figure S5). 

 

Overrepresentation of viral RNA reads in infected housefly heads 

RNAseq mapping in E. muscae-infected houseflies revealed that ~25% of reads mapped to the 

housefly genome and ~1% to the E. muscae transcriptome (Figure 6a). The majority of the 

remaining reads mapped to the genome of the Entomophthora virus (EV) from the housefly-

isolated E. muscae genotype (KVL21-40) which was used for infections in specimens for 

RNAseq (Figure 6a; Supplementary Table S2). This virus is a member of the family Iflaviridae 

(Type I), with a genome length of ~8.7 kbp and encompasses two large partially overlapping 

open reading frames (ORF) (Coyle et al., 2018). The 5’-proximal 1900 amino acid (AA) 

polyprotein encodes three structural capsid proteins and helicase, and the 3’-proximal non-
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structural 1013 AA ORF encodes the RNA-dependent RNA polymerase (RdRp) and 3C 

protease (Figure 6b). 

 Due to the overrepresentation of viral reads in infected housefly heads, 

investigation into the role of the virus was prioritised. The newly isolated E. muscae fungus 

genotype (KVL22-01) revealed the presence of two distinct EVs, MdEV1 and MdEV2, sharing 

82.3% pairwise identity in the RdRp region. Both viruses were confirmed as members of the 

Iflaviridae through BLAST searches of their RdRp region sequences. Phylogenetic analyses of 

these two new EVs confirm their clustering with the KVL21-40 EV found in high numbers in 

housefly heads in this study, and with other known EVs, i.e. Twyford and Hubei picorna-like 

virus 39 from insect samples, viruses directly sequenced from E. muscae isolate (Coyle et al. 

2018; Chapter 6), and the Scerri virus that was sequenced from Haemaphysalis bancrofti ticks 

in Australia (Gofton et al., 2022). Phylogenetic analysis places the EVs in the Iflaviridae, a 

virus family known to be arthropod, but primarily insect infecting (Valles et al., 2017). The 

phylogenetic placement of EVs in the Iflaviridae is in accordance with previous studies (Coyle 

et al., 2018; Myers et al., 2020). However, by using RdRp sequences from 12 EVs, our 

phylogeny shows a divergence from recognised insect-infecting viruses (Figure 6c), supporting 

a possible horizontal transmission from insects to entomopathogenic fungi in this putative 

mycovirus clade as suggested previously (Coyle et al. 2018). Why the Scerri virus is placed 

within the EVs remains to be determined, but this finding may propose that the original tick 

specimen could have had a fungal infection. 

 With the finding that EVs are found in high numbers in housefly heads used for 

RNAseq, we quantified and assessed the distribution of MdEV1 and MdEV2 using RT-qPCR 

on different host parts of infected houseflies, viz. head, thorax and abdomen, over the course 

of an E. muscae within-host life cycle. Specifically, we assessed viral titre in uninfected (0 

dpi), 1, 4 and 6 (morning of manipulation) dpi, during manipulation (proboscis extension), after 

ca. 12 hours of sporulation and in liquid fungal culture. Viral titres for MdEV1 and MdEV2 

within the houseflies were significantly different (ANOVA: LR χ2
1 = 13.486, P < 0.001), with 

MdEV1 being ca. 10-fold more abundant by the end of the within-host fungal life cycle with 

mean viral copy numbers of MdEV1 = 5876 (min = 1029, max = 17447) and MdEV1 = 593 

(min = 90, max = 1717) per 20 ng total RNA. 

 There were significant differences in viral titres in host body parts, across dpi and 

in their interaction in both MdEV1 (ANOVA: LR χ2
2 = 7.92, P = 0.019; ANOVA: LR χ2

5 = 
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1715.09, P < 0.001; ANOVA: LR χ2
10 = 32.75, P < 0.001) and MdEV2 (ANOVA: LR χ2

2 = 

15.82, P < 0.001; ANOVA: LR χ2
5 = 1255.34, P < 0.001; ANOVA: LR χ2

10 = 22.27, P = 0.014). 

At 1 dpi, MdEV1 is significantly higher in the thorax and abdomen of infected flies than in 

heads, viral titre in the latter being not statistically different to uninfected flies. By 4 dpi, there 

are higher numbers of MdEV1 in the head and the thorax than in the abdomen, however these 

differences are not statistically different. But viral titre in the head and thorax 4 dpi are 

statistically significantly higher than 1 dpi, but not in the abdomen. Viral titre significantly 

increases from 4 to 6 dpi, but is not significantly different thereafter in the host. However, the 

trend of higher mean copy numbers in heads and thorax than in the abdomen remains at 6 dpi, 

during PB manipulation and in sporulation, with the latter having slightly lower viral titre 

(Figure 6d). In MdEV2, there are no statistical differences between houseflies that are 

uninfected and 1 dpi, but there is more virus in the abdomen overall at 1 dpi. From 4 dpi, the 

viral titre of MdEV2 is statistically significantly higher from 1 dpi, but not from 4 dpi to 

sporulation, with the exception of viral titre in the thorax 6 dpi being significantly higher than 

in the abdomen of PB manipulated flies (Figure 6e). Both MdEV1 and MdEV2 show on 

average higher viral abundance in the head and the thorax than in the abdomen. Furthermore, 

we find significantly higher abundance of both EVs in liquid fungal cultures than in infected 

flies (Figure 6d,e), which suggests that MdEV1 and MdEV2 are transmitted with conidia 

during cadaver sporulation and replicate in fungal cells. 

 

Insect-fungus-virus protein-protein interactions 

In summiting disease, pairwise comparisons identified 17 DEGs, seven of which were 

predicted to be effector proteins. Predicted protein-protein interactions (PPIs) of the seven 

fungal SSPs identified during DEG analysis showed that six fungal SSPs were predicted to 

interact with at least one host protein (Supplementary Table S3). The SSPs had mixed 

connectivity to fly proteins, ranging from one to 105 (median = 8.5). In total 125 of 18,827 fly 

proteins were predicted in PPI, where only one host protein was found to bind to one fungal 

protein, as opposed to one to four in the Ophiocordyceps-Camponotus system (Will et al., 

2023). The translated protein from the HBVY01016605 gene that is differentially expressed 

during summiting binds to 105 host proteins. These host proteins are involved in transport and 

localisation GO processes in the lysosome, ribosome and oxidative phosphorylation pathways. 

Within these 105 host proteins, six genes encoded facilitated trehalose transporters (Tret) (four 
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Tret1 and two Tret1-2 homologues) were predicted to have interactions. Tret1 allows for 

transmembrane transport of synthesised trehalose from the fat body to the haemolymph in 

Polypedilum vanderplanki flies (Kikawada et al., 2007). E. muscae interactions with trehalose 

synthesis may be implicated in the fungus’ strategy of outcompeting the host’s own trehalose 

metabolism (De Fine Licht et al., 2017). The protein encoded in HBVY01004929 and 

HBVY01007884 were predicted to interact with one host phosphoglycerate mutase 2 

(PGAM2) and one formin-A gene, respectively. PGAM2 is involved in glucose metabolism 

and PGAM deficient Drosophila melanogaster embryos exhibit reduced muscle fusion and 

repair (Tixier et al., 2013), and in plants is involved in mitochondria-chloroplast tethering 

(Zhang et al., 2020). HBVY01018869 predictively binds to nine host proteins, eight encoding 

T-complex 1 protein and one encoding heat-shock protein 60A (HSP60), all of which are 

chaperonins and play cellular roles in protein folding. Of interest were two fungal genes, 

HBVY01021106 and HBVY01016886, which predictively interact with eight and 1 host 

proteins, respectively. The former gene is upregulated specifically during summiting (Figure 

4b), whilst the latter is downregulated from IC to WG (Figure 4d), suggesting that 

HBVY01021106 may be involved in housefly summiting behaviour. These host genes encode 

for Down syndrome cell adhesion molecule-like protein (Dscam2), synaptotagmin 1, a partial 

tyrosine-protein phosphatase (ptp) 99A-like, and cytochrome b5. The host genes binding to the 

two SSPs have gene ontology (GO) processes such as chemotaxis, locomotion, axonogenesis, 

neurogenesis, neurotransmitter secretion and nervous system development. In particular, ptp 

binding is interesting due to its known involvement in host hyperactivity prior to summiting 

behaviour in baculovirus-caterpillar systems (Katsuma et al., 2012; van Houte et al., 2012; 

Kokusho & Katsuma, 2021).  

 For the virus-fungus PPI, 21 combinations were tested between the seven 

candidate fungal SSPs and three virus proteins (two ORFs and one partial protease), but no 

connectivity was found. This shows that the proteins secreted by E. muscae specifically during 

summiting do not interact with the virus, suggesting the summiting candidate SSPs only 

interact with the host. 

 We found seven PPI interactions out of the 56,481 EV-housefly PPI 

combinations tested, all seven host proteins predicted to bind were to a partial 40 amino acid 

sequence of the viral protease ORF, but no interactions were predicted with the entire two large 

ORFs (Supplementary Table S4). Three of these seven host transcripts are zinc finger, nuclear 

hormone receptor-types, but more specifically are an ecdysone receptor, a transcription HNF-
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4 homologue and a probable nuclear hormone receptor HR38, all with GO terms linked to host 

cell nuclei. The four other host transcripts involved in PPI are kinesin motor domains, which 

are involved in microtubule-based movement within host cells. Host microtubules are known 

to be directly involved in cytoplasmic viral transport (Döhner et al., 2005), suggesting that EVs 

may bind to host microtubules to be transported to and from host nuclei to replicate within 

insect cells. 

 

Discussion 

In this study we find that Entomophthora muscae infected flies display stereotypical 

manipulated behaviours and identify candidate fungal genes that appear to influence summiting 

behaviour, notably a few specific fungal small secreted proteins (SSPs) and an egt homologue. 

In some baculovirus-lepidopteran systems, the horizontally acquired egt gene is responsible for 

inducing summiting disease in infected larvae (Hoover et al., 2011; Han et al., 2015). Although 

the function of the fungus egt homologue was not tested in this study, the systemic presence of 

a fungus-infecting insect virus leaves open speculation as to whom is behind the insect 

manipulation, or at least as to what role the virus plays in this three-way interaction. We find 

that the virus proliferates throughout the insect host during infection, with viral titres being 

slightly higher in the head and thorax compared to the abdomen. Furthermore, low fungal and 

high viral RNA read numbers in housefly heads, and high viral titres in liquid culture of the 

fungus indicate that the virus must replicate within both insect and fungal cells. However, 

protein-protein interactions analysis shows that a partial sequence from the viral protease binds 

to domains involved in host cytoplasmic transport, suggesting insect cell infection. 

 Observation of the hijacking repertoire of E. muscae in houseflies showed that 

host manipulation lasts for ca. two hours, beginning within four hours of sunset six days post 

infection. Furthermore, we observed that few individual flies did not succumb to the infection 

and die on the sixth day after exposure, and that these flies displayed behaviours aberrant to 

uninfected flies (Supplementary Figure 1). A delayed death for few individuals could be an 

adaptive bet-hedging strategy by the pathogen(s) so that not all flies die at the same time in 

nature, which may increase the chance of transmission. On the contrary, the difference in time 

of death may also represent individual differences between flies in immune response or 

temporal variation in time of E. muscae infection leading to individual variation in disease 
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progression between flies. The predictability of manipulated behaviour observations was 

central to specimen collection for collection of RNA samples that would allow us to identify 

candidate host and fungal genes involved in this extended phenotype (Naundrup et al., 2022). 

Mapping of RNA reads to insect and fungal genomes showed a decreased in read numbers 

mapping to the insect host with increasing fungal infection. This is in correlation with the 

logistic growth and build-up of E. muscae biomass inside house fly hosts during the course of 

infection (Hansen & De Fine Licht, 2017), and also observed for E. muscae infecting fruit flies 

(Elya et al., 2018). A decrease in reads mapping to the host genome is congruent to other 

fungus-insect systems, which suggested the parasites were proliferating in the insect heads 

during and after manipulation (Hughes et al., 2011; de Bekker et al., 2015; Will et al., 2020). 

However, we find that it is not the fungal, but a viral parasite which is proliferating in insect 

heads during infection (Figure 6a). This finding does not negate the importance of fungal SSPs 

and other candidate genes, which may be present in higher numbers outside fly heads since the 

fungus is predominantly found in the abdomen as it utilises host fatty tissue and freely available 

sugars (Brobyn & Wilding, 1983).  

 Analyses of insect and fungal differentially expressed genes (DEGs) in housefly 

heads identified putative candidate genes likely involved for inducing the summiting behaviour 

in E. muscae-infected houseflies. Specifically, there was an upregulation in genes enriched in 

immune functions (defence response to bacterium; innate immune response; regulation of Rho 

protein signal transduction) and response to stress (Supplementary Figure S1) in infected flies 

(IC), which suggests that the houseflies recognize the E. muscae infection. The fungus E. 

muscae proliferates as wall-less cells to evade the host immune system (Latgé et al., 1988; 

Boomsma et al., 2014), however the immune evasion appears not to be 100% as different 

components of the house fly immune response appear to be activated as also observed in E. 

muscae infected fruit flies (Elya et al., 2018). Enrichment in steroid hormone mediated 

signalling pathway, odorant binding, and nuclear steroid receptor activity among down-

regulated genes during summiting, may suggest interference with the hosts ecdysone to mediate 

host immune responses (Zhu et al., 2021). During summiting, most enriched gene sets in IC 

were oppositely expressed (Supplementary Figure S1,2), which indicates a significant shift in 

host cellular homeostasis. Upregulation in transporters, steroid hormone mediated signalling 

pathway, cell junction, and postsynaptic membrane suggest that for summiting behaviour the 

host may be transporting fungal or viral products which enable the manipulated phenotype 

through increased ability for signal transmission. During PB, upregulation of genes enriched 
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in sensory perception of smell and olfactory receptor activity may be involved in the extension 

of the proboscis through stimulation of the host’s olfactory system (Amrein & Thorne, 2005). 

By WG, downregulation in gene sets linked to physiological cellular metabolism likely 

indicates that the host houseflies were approaching death. 

 Fungal candidate genes which may be involved in summiting disease were 

identified through differential gene expression analysis. In particular, three genes were 

uniquely upregulated during summiting behaviour and downregulated again immediately after 

during proboscis extension, which indicates that these genes may play a key role in this 

manipulation phenotype. Of these three genes were two SSPs of unknown function, one 

containing a transmembrane protein, and the gene HBVY01013035, which encodes for a 

homologue of the egt summiting gene in behaviourally manipulating baculoviruses (Hoover et 

al., 2011; Han et al., 2015). Knockout of egt in the baculovirus Lymantria dispar multiple 

nucleopolyhedrovirus (LdMNPV) and Spodoptera exigua MNPV led to the L. dispar and S. 

exigua hosts dying on container bottoms as opposed to at elevated positions (Hoover et al., 

2011). In insects, the enzyme encoded by egt inactivates the steroid hormone 20-

hydroxyecdysone (20E) which regulates molting and metamorphosis in insects. However, the 

expression of 20E was not tested and we cannot infer on whether egt contributes to 20E 

suppression or to other mechanisms. A decrease in the expression of the enzyme encoded in 

Sad which catalyses 2.22-Dideoxy-edysone into ecdysone may suggest disruption of the 

molting hormone biosynthesis pathway, in particular the innate immune pathways in which 

ecdysone plays numerous roles (Haag et al., 1988). The EPF Metarhizium rileyi inactivates 

host ecdysone through the expression of ecdysteroid-22-oxidase, which play a role in mediating 

host responses to fungal infection through reducing host antimicrobial gene expression (Zhu et 

al., 2021). In E. muscae, the decrease in expression of Sad suggests a decreased catalysis and 

thus availability of ecdysone, thus reducing the host immune defence, which is observed in 

gene enrichment analyses of housefly genes during summiting behaviour. 

 Changes in the ecdysone receptor complex seen in this study (Figure 5b) may not 

be involved in summiting behaviour per se, as is seen in baculovirus-infected summiting in 

lepidopteran hosts via the secretion of egt to deactivate the steroid hormone 20E and delay 

molting (Hoover et al., 2011; Han et al., 2015). This pathway controls moulting and 

metamorphosis of insects (Niwa & Niwa, 2014), but as the houseflies used in this study are 

adults, the changes in the molting hormone pathway are unlikely to cause summiting behaviour, 
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at least not through the same mechanisms. However, ecdysteroids in adult Drosophila 

melanogaster are involved in reproduction and sexual behaviours (e.g. egg and sperm 

production), circadian rhythm and neuronal functions (e.g. clock gene expression and neuronal 

activity and plasticity of clock neurons), and stress responses (e.g. reproductive physiology, 

sleep homeostasis and innate immunity) (Uryu et al., 2015; Yamanaka, 2021). This suggests 

that the disruption of genes involved in enzymatic activity of the insect molting hormones may 

be influencing the timing of E. muscae manipulations to occur before sunset and highlight the 

potential convergent evolution of mechanisms to induce summiting behaviours in insects 

between viral and fungal pathogens. 

 In all major fungal groups, there are viruses that can infect and replicate within 

fungal cells (Ghabrial et al., 2015). These mycoviruses are known to be present in insect, plant 

and human infecting fungal pathogens (Kotta-Loizou, 2021; Lerer & Shlezinger, 2022). 

Mycoviral infections exert a range of fitness costs to their pathogenic fungal host, from 

negative, to neutral and to positive effects, such as through modified virulence (reduced and 

enhanced), adaptations to new environments, mycotoxin production, and beneficial and 

detrimental effects (reduction or increase in virulence) (Kotta-Loizou, 2021; Lerer & 

Shlezinger, 2022). In houseflies infected with E. muscae, there has been found to be an almost 

ubiquitous symbiosis between the fungus and a +ssRNA iflavirus (Coyle et al. 2018; Myers et 

al., 2020; Chapter 6). As iflaviruses are mainly known to be insect infecting, it is tempting to 

speculate that the fungus originally acquired the virus through horizontal transmission. One 

limiting factor for mycoviruses is usually that the lack of extracellular transmission to hosts 

due to the fungal cell wall that generally does not allow for the direct uptake or secretion of 

viruses, and due to the lack of proteins encoded for viral entry and spread indicative of 

intracellular life cycles, although exceptions do exist (Liu et al., 2016; Kotta-Loizou & Coutts, 

2017a; Helenius, 2018). During the within-host life cycle, E. muscae proliferates as protoplasts, 

cells that do not have a cell wall. This likely affects the transmissibility of EVs into the host 

and may have facilitated the original fungal adoption of an insect virus. The viral permeability 

of the fungal protoplasts could allow the virus to systemically infect the insect through the use 

of fungal movement proteins. A similar mechanism is seen in one plant and one fungal RNA 

virus in which co-evolved mutualism has led to synergistic interactions between both viruses 

for horizontal transmission (Bian et al., 2020). 
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 In other EPFs-insect systems, mycoviruses have been shown to alter fungal 

virulence (Kotta-Loizou & Coutts, 2017b), or alter volatile substances to attract fungus-eating 

flies (Liu et al., 2016). E. muscae uses volatile compounds to increase transmission during 

sporulation, through attracting necrophiliac male flies to attempt to copulate with the 

sporulating cadaver (Naundrup et al., 2022). As EVs appear to replicate in both host and fungal 

cells, it would be possible for EVs to influence volatile expression to increase transmission of 

both fungi and virus, as is seen in fungus-eating Lycoriella ingenua (Liu et al., 2016). 

Unfortunately, performing genetic manipulation in E. muscae and its sensitivity in vitro to 

antibiotics has hindered the removal of the virus to investigate EV function. Thus, the role that 

the virus plays in this tri-Kingdom interactions remains unknown. 

 The main question around EV function is whether it play a role in the observed 

manipulated behaviours. Baculoviruses are known to cause summiting disease and 

hyperactivity in their lepidopteran larvae hosts (Gasque et al., 2019; Wang & Hu, 2019). 

However, baculoviruses are dsDNA viruses and much more complex than EVs, which leads to 

how EVs could manipulate an insect host through the use of two polyproteins, although 

+ssRNA virus manipulation has been recorded (Dheilly et al., 2015). The parasitoid 

Dinocampus coccinellae injects an egg within its coccinellid host, Coleomegilla maculate. 

After ca. three weeks, the prepupa egresses and spins a cocoon between the legs of the host, 

during which time the host guards the parasitoid from predation. This bodyguard behaviour 

was attributed to the parasitoid’s doing, however Dheilly et al. (2015) found that an iflavirus, 

Dinocampus coccinellae paralysis virus (DcPV), which is transferred during oviposition 

replicates within the host nervous tissues after prepupa egression. Furthermore, after the adult 

wasp emerges, the ladybeetle’s normal behaviour returns, which also coincides with a decrease 

in viral titres. Leading to the conclusion that DcPV is likely responsible for the bodyguard 

behaviour, and not the parasitoid (Dheilly et al., 2015). An additional trait of an E. muscae 

infection that has attracted notice before is the formation of a clear liquid droplet at the tip of 

the proboscis of the zombie fly during proboscis manipulation (Elya et al., 2018; Elya & De 

Fine Licht, 2021). The purpose or cause of this excretion has not been studied, however is 

speculated to be a result of the increased pressure inside the fly caused by fungal growth. 

However, this phenotypic response has been reported in Chinese oak silkmoth (Antheaea 

pernyi) larvae infected with an iflavirus (ApIV) which cause A. pernyi vomiting disease (Geng 

et al., 2014). There is thus ample correlational indications for the importance of EVs in the 
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manipulation of flies infected with E. muscae, but until causative evidence is available many 

of these patterns remain speculative. 

 

Conclusions 

Psychomotor behaviours are governed by fine relationships between cognitive functions and 

physical activity, the severe incoordination of limbs during summiting suggests that the 

housefly cognitive functions are being affected, resulting in the observed psychomotor 

retardation (Iliadi et al., 2016). We identify multiple candidate fungal genes with involvement 

in summiting behaviour, but also highlight the need to further investigate the function of the 

symbiotic iflavirus found in E. muscae. Furthermore, we identify an E. muscae egt homologue 

significantly upregulated during summiting. Egt is known to be involved in summiting in 

baculoviruses, suggesting potential convergent evolution of mechanisms to induce summiting 

behaviours in insects between viral and fungal pathogens. Taken together, the results suggest 

that E. muscae is behaviourally manipulating its host by secreting small effector proteins and 

viral particles which interact with host proteins involved in neurological functions and 

disorders, and signal proteins involved in inflammation. Finally, observations in this study 

about the systemic presence of MdEV open up yet more questions as to whether the exhibited 

moribund phenotypes are truly an artefact of fungal origin.   
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Methods 

1. Fly stocks and fungus cultures 

We used houseflies, Musca domestica (RNAseq using wild-type strain 772a, provided by 

University of Aarhus, Denmark; Virus quantifications using houseflies provided by MD-

Terraristik, Germany) for experiments in this study. Pupated flies were sexed and sorted within 

4 days of pupation and fed with ad libitum food (1:1 ratio caster sugar:semi skimmed milk 

powder) and demineralised water using a 10ml vial plugged with cotton. Fly culture and 

experiments were conducted at 20oC on a 12:12 light:dark cycle) in a non-humidified room. 

Entomophthora muscae isolates KVL21-40 and KVL22-01 were used to continuously infect 

healthy flies and were maintained at the same conditions in in vivo cultures (see Appendix 1 

for more details on E. muscae infections).  

 

2. Housefly infections 

Three housefly cadavers newly killed (1-4 hours post death) by E. muscae were used to infect 

ten healthy male houseflies. The three cadavers, of which were a minimum of one male and 

one female, were fixed head first in 5% water agar in medicine cups. Ten adult male houseflies 

of 4-7 days old were placed in each medicine cups for 24 hours with 1 mg of food (as mention 

in section 1) in a saturated humid chamber. The cups were perforated for aeration and placed 

upside down to allow for the spore showers by the infected cadavers (Appendix 1). For the 

control treatment, 3 uninfected houseflies were euthanised by five minute exposure to -5oC. 

These dead uninfected houseflies replaced the sporulating cadavers used in the infected 

treatments. After 24 hours, the flies were anaesthetised with carbon dioxide before being 

transferred to larger pots with ad libitum food and water (under the same conditions as 

mentioned in section 1) until being sampled for RNA extraction five days later. 

 

3. RNAseq sampling time points 

Behaviour observations led to the selection of three manipulated behaviours of interest for 

RNA extractions. These known characteristic behaviours were a) summiting, b) proboscis 

extension and c) wing raising (Krasnoff et al., 1995; Elya & De Fine Licht, 2021). As the 
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duration of these behaviours vary between individuals (pers. obs.; Krasnoff et al., 1995), 

individuals were sampled at points based on the subtleties of the manipulation process 

exhibited by the host houseflies during these behaviours of interest (see Supplementary 

information for a detailed overview of the sampling time points and the associated behaviours). 

Briefly, ‘summiting’ samples were collected when tremors, and locomotor retardation and 

incoordination were severely affected. For flies having summited, their proboscides pulsate 

(extending and retracting in larger movements over time) and bodies’ bob to touch mouthparts 

to the substrate surface (see Video S...). Samples were collected for ‘proboscis extension’ 

behaviour once proboscis pulsation stopped and the proboscides were in full extension, but 

before being fixed to the substrate. The ‘wing raise’ behaviour were defined when flies affixed 

by their proboscides had slowly unfolded their wings before raising them and were collected 

when wings were unfolded. In addition to these behaviourally manipulating samples, we 

collected samples from uninfected flies as negative control in parallel to the sampling of 

behaviourally manipulated flies. Furthermore, we collected infected flies to be used as infected 

control nine hours before subjected darkness (4-6 hours before summiting behaviour). 

 

4. RNA extraction and sequencing 

At these specific points, flies decapitated and immediately flash frozen in liquid nitrogen. For 

the uninfected treatment, the flies were placed in 5oC for ca. 2min prior to being decapitated 

and flash frozen. All specimens and RNA extractions were stored at -80oC.  

 RNA was extracted and purified using a Qiagen RNeasy plant mini kit (catalogue 

number 74904) from three pooled housefly heads with added lysis incubation at 56oC for 3 

minutes, and phenol/chloroform and chloroform steps. Total RNA was then reversed 

transcribed to cDNA and used to prepare libraries that were sequenced using DNA Nanoball™ 

sequencing (DNBSeq™) technology. Library preparation and DNBSeq were performed by the 

Beijing Genomics Institute (BGI) Europe (Ole Maaloes Vej 3, 2200 Copenhagen N, Denmark). 
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5. Bioinformatic analysis 

Raw read quality was checked with FastQC version 0.11.9 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and trimmed using trimmomatic 

version 0.38 (Bolger et al., 2014) with the following specifications: LEADING:5 TRAILING:5 

SLIDINGWINDOW:4:15 MINLEN:40 -threads 20. The quality of the trimmed reads was 

assessed with FastQC. Following this quality and trimming steps, all RNAseq samples were 

processed as described below. 

 For housefly genes, we mapped the trimmed reads using STAR version 2.7.9a 

(Dobin et al., 2013) to the Musca domestica (aabys) genome (version 63) and associated 

structural annotation file downloaded from VectorBase on 18th April 2023 

(https://vectorbase.org/vectorbase/app/downloads/Current_Release/Mdomesticaaabys/). For 

the STAR index file, we specified the options --genomeSAindexNbases 13 and --sjdbOverhang 

99. For the alignment, we used the options --outSAMtype BAM Unsorted, --

outReadsUnmapped Fastx, --chimSegmentMin 30, --chimOutType WithinBAM, --

twopassMode Basic and --peOverlapNbasesMin 5. Reads were left unsorted so that the files 

containing the unmapped reads could be analysed for the other organisms. For the reads that 

mapped to the housefly genome, samtools version 1.16 (Li et al., 2009) was used to sort the 

.bam files to be summarised for expressed gene counting using featureCounts version 2.0.2 

(Liao et al., 2014). MultiQC was subsequently used for quality control of all of the steps prior 

to proceeding to differential gene expression analysis (Ewels et al., 2016). 

 For fungal genes, we mapped the reads that remained unmapped to the housefly 

genome to the Entomophthora muscae transcriptome (accession: HBVY01000001) using 

Kallisto version 0.46 (Bray et al., 2016). Again, samtools and MultiQC were run with the same 

options and following the same steps as for the housefly reads (Li et al., 2009; Ewels et al., 

2016). 

 As we were aware of the presence of a mycoviral symbiont (Coyle et al., 2018; 

Myers et al., 2020), coined “Entomophthovirus” (EV), we used the genomes of eight EVs as a 

single reference for mapping (Supplementary Table S4). The genomes used for mapping were 

assembled using Trinity and originated from E. muscae infected houseflies (x1 genome), 

cabbage flies (Delia radicum) (x1 genome) and drosophilids (x6 genomes). Reads were 

pseudomapped to these viral reference genomes using Kallisto (Bray et al., 2016). 
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6. Differential gene expression analysis 

 The genes count tables created using featureCounts (Liao et al., 2014) and 

Kallisto (Bray et al., 2016) for host and fungal reads were normalised then analysed using 

DESeq2 (Love et al., 2014) in R (R Core Team, 2022). Due to the small temporal variation at 

which individuals were sampled (Figure 1), one summiting sample could not be clearly 

delineated from ‘infected control’ samples and was removed from subsequent analyses. 

Differentially expressed genes with a log-2 fold > 2 and with an adjusted p-value < 0.05 were 

extracted for downstream analyses. 

 

7. Enrichment analysis of house fly genes 

Analyses for gene enrichment during the behavioural time points was performed using the 

Gene Set Enrichment Analysis software (GSEA) using gene ontology (GO) terms as gene set 

on count data normalised in DESeq2. The enrichment tests were run for 1000 gene set 

permutations on all four pairwise comparisons for each behaviour phenotype and its previous 

time point, i.e. infected control Vs healthy, summiting Vs infected control, proboscis extension 

Vs summiting, and wing raising Vs proboscis extension. All gene set enrichments with a false 

discovery rate (FDR) cut-off of 5% were selected as recommended by GSEA for gene set 

permutation analysis. Gene set enrichments were visualised in Cytoscape using Enrichment 

Map. 

 

8. Identification of an upregulated E. muscae UDP encoded gene 

Differential expression analysis of E. muscae genes revealed that HBVY01013035, a 519 

amino acid sequence which encodes for UDP-glucoronosyl and UDP-glucosyl transferase 

(UDP) and a transmembrane protein, is upregulated specifically during summiting behaviour. 

As the baculovirus ecdysteroid UDP-glucosyltransferase (egt) gene is known to be involved in 

summiting behaviour in some systems, we performed a BLASTp search Altschul et al., 1997) 

of all non-redundant baculoviridae CDS translations on GenBank to identify egt homology of 

gene HBVY01013035. The protein sequences from the top 10 blastp hits based on the lowest 

e-value, one sequence of a known MNPV egt involved in summiting, five selected fungal egt 

sequences (Colletotrichum spp.), and a hypothetical UDP from Massospora cicadina were 
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downloaded from NCBI. The protein sequences were aligned using MAFFT v7 (Katoh & 

Standley, 2013) before being trimmed using BMGE (Criscuolo & Gribaldo, 2010). The LG+G 

model was selected for phylogenetic analysis was selected using SMS v1.8.1 (Lefort et al., 

2017) and used in maximum likelihood analysis using PhyML (Guindon et al., 2010) on the 

NGPhylogeny.fr online workflow (Lemoine et al., 2019). The phylogenetic tree was visualised 

using the programme FigTree version 1.4.4 (Rambaut, 2018). 

 The sequences of the E. muscae UDP, the 11 baculovirus egt, and the M. cicadina 

hypothetical UDP were aligned in MAFFT (Katoh & Standley, 2013). The conserved domain 

architectures of the E. muscae UDP protein sequence were searched for against the conserved 

domain database (Wang et al., 2023) using CD-Search (Marchler-Bauer & Bryant, 2004), and 

the identified active site residues for the glycosyltransferase domain were extracted from the 

aligned sequences. Protein sequence motifs for active site residues were obtained using MEME 

v5.5.4 (Bailey et al., 2006). 

 

9. Isolation and identification of a new E. muscae isolate and its viruses 

Due to a collapse of the isolate KVL21-40 in the lab, a new isolate was collected from 

houseflies caught in a cow byre in Osted, Denmark (55.549204; 11.948141), kept under rearing 

conditions in the lab and isolated in liquid culture from sporulating flies in GLEN media 

(Beauvais and Latgé, 1988; Chapter 8). The new E. muscae isolate was labelled KVL22-01.  

 Fungal DNA was extracted from actively growing cultures in liquid GLEN 

medium. 2 mL of liquid culture was centrifuged at 1400 rpm for 10 minutes. The supernatant 

was removed and the fungal pellet was washed once with 1 mL MilliQ H2O, resuspended and 

centrifuged at 1400 rpm for 10 minutes, then at 4000 rpm for 5 minutes. 500 μL of MilliQ H2O 

was removed and then samples were subjected to beads beating in a TissueLyser (Qiagen) at 

30 beats per second for 2 minutes. Fungal DNA was extracted with a Qiagen DNEasy Plant 

mini kit (catalogue number 69204) according to the manufacturer’s instructions. The internal 

transcribed spacer (ITS) region was amplified with a polymerase chain reaction (PCR), using 

primers ITS1 5’- TCCGTAGGTGAACCTGCGG and ITS4 5’- 

TCCTCCGCTTATTGATATGC (White et al., 1990). Thermocycling was performed as 

follows: 95℃ for 3 minutes, then 40 cycles of 95℃ for 30 seconds, 55 ℃ for 30 seconds, 72℃ 

for 60 seconds, followed by 72℃ for 7 minutes. PCR products were assessed on a 0.8% 
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agarose-TBE buffer gel and purified using an illustra™ GFX PCR DNA and Gel Band 

Purification Kit from Cytiva following manufacturer’s protocol. The purified PCR products 

were sequenced using Sanger sequencing (Macrogen EUROPE). 

 For the virus, the RNA-dependent RNA polymerase (RdRp) regions of the 

viruses associated with the KVL21-40 (formerly KVL21-01) and KVL21-41 (infected 

Drosophila from Denmark) E. muscae isolates were obtained using the ORFfinder (blastORF) 

and blastp against the UniProtKB/Swiss-Prot(swissprot) database. The resulting RdRp 

sequences were checked and confirmed using palmid (version 0.0.5), resulting in a 920 

nucleotide DNA or 120-122 amino acid protein sequence. Using the RdRp region of the viral 

genomes obtained from E. muscae infected houseflies and Danish drosophilids (Chapter 6), 

virus RdRp regions were aligned using Clustal Omega (Sievers & Higgins, 2018) to select 

sequence regions of interest to design PCR primers using Primer3 (Koressaar & Remm, 2007; 

Untergasser et al., 2012). The following primer sets were developed from the infected housefly 

(isolate KVL21-40): MdEV_F 5’ GGATACATTGAAGGATGAGCGG and MdEV_R 5’ 

CATGAGCCTCTAGTAAAGCGC for a product size of 904 nucleotides. And the following 

set was designed from the infected Drosophila (isolate KVL21-42) virus RdRp: DspEV_F 5’ 

AAGGATGAACGCAAAAGCCA and DspEV_R 5’ CGCTTTTCCACACCCATTGA for a 

product size of 838 nucleotides. 

 Subsequently, total RNA was extracted from uninfected flies, wing raising flies 

infected with KVL21-40, isolate KVL22-01 from liquid media and distilled water as negative 

control. RNA was purified then reverse transcribed to cDNA following manufacturers’ 

protocols using Deoxyribonuclease I, Amplification Grade kit (catalogue number 18068-015) 

and iScript cDNA Synthesis Kit (catalogue number 1708891), respectively. The cDNA 

samples were amplified by PCR using the following protocol: : 94℃ for 3 minutes, then 28 

cycles of 94℃ for 60 seconds, 52 (DspEv) to 54 (MdEV) ℃ for 60 seconds, 72℃ for 90 

seconds, followed by 72℃ for 5 minutes. The PCR products were assessed on a 2% agarose-

TBE buffer gel and purified using an illustra™ GFX PCR DNA and Gel Band Purification Kit 

from Cytiva following manufacturer’s protocol. The purified KVL22-01 PCR products were 

sequenced using Sanger sequencing (Macrogen EUROPE). 

  



143 

10. Analysis of virus sequences 

The ITS and RdRp sequences from the KVL22-01 isolate were cleaned and aligned in 

Geneious version 2023.2.1. Forward and reverse ITS sequences were aligned and a consensus 

sequence was generated to confirm this isolate to be E. muscae using the Basic Local 

Alignment Search Tool (BLAST) (Altschul et al., 1997). 

 For the virus, forward and reverse sequences were aligned within primer sets 

(MdEV and DspEV) to make a consensus sequence. The MdEv and DspEV consensus 

sequences were aligned using default Geneious Prime version 2023.2.1 multiple alignment, 

revealing that both sequences had a pairwise identity of 82.9% and so were treated as two 

different viruses in the following steps. The RdRp region of the two new viruses were 

determined using National Centre for Biotechnology Information (NCBI) ORFfinder 

(https://www.ncbi.nlm.nih.gov/orffinder/) and BLASTp. The resulting RdRp sequence was 

checked and confirmed using palmid version 0.0.5 (Edgar et al., 2021; Babaian & Edgar, 

2022), resulting in a 920 nucleotide DNA or 122 amino acid (aa) protein sequence. 

 We used the genome of the virus from the KVL21-40 to predict the structure of 

the virus since we did only had the RdRp regions of the MdEV1 and MdEV2 viruses isolated 

from E. muscae isolate KVL22-01. Genome structure was predicted using InterProScan to 

analyse and identify viral proteins (Paysan-Lafosse et al., 2023). 

 

11. Virus phylogeny 

The RNA-dependent RNA polymerases (RdRps) of iflaviruses and related viruses were used 

for phylogenetic analysis. Accession numbers of representative iflaviruses from officially 

recognised species were obtained from the International Committee on Taxonomy of Viruses 

(ICTV) Report chapter on Iflaviridae (https://ictv.global/report/chapter/iflaviridae/iflaviridae) 

(Valles et al., 2017). 

 Accession numbers of iflaviruses not yet officially classified were obtained using 

the BLASTp with the newly sequenced mycoviruses as queries. Accession numbers of 

representative secoviruses from officially recognised species were obtained from the ICTV 
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Report chapter on Secoviridae (https://ictv.global/report/chapter/secoviridae/secoviridae) 

(Fuchs et al., 2022). 

 All amino acid sequences of RdRPs were obtained from the NCBI Protein 

Database. The Molecular Evolutionary Genetics Analysis (MEGA) 11 software (Tamura et al., 

2021) was used for phylogenetic analysis. A multiple alignment of RdRP amino acid sequences 

was produced using the MUltiple Sequence Comparison by Log-Expectation (MUSCLE) 

algorithm (Edgar 2004) as implemented by MEGA. The Le & Gascuel (LG) model with 

frequencies (+F) and gamma distributed (G) rates among sites was determined by MEGA to 

be the most appropriate for the RdRp amino acid sequence alignment. All positions in the 

multiple alignment with less than 50% site coverage were eliminated. A maximum likelihood 

(ML) phylogenetic tree was created by MEGA using the bootstrap method (100 replicates) as 

a phylogeny test.  

 

12. Quantification of viral load in different host body parts 

Total RNA was extracted from homogenised head, thorax and abdomen of flies collected 

during ‘wing raising’ behavioural manipulation using a Qiagen RNeasy plant mini kit 

(catalogue number 74904) according to the manufacturer’s instructions with an added 

incubation step at 56oC for 10 minutes in lysis buffer. RNA was purified using the 

Deoxyribonuclease I, Amplification Grade kit (catalogue number 18068-015; ThermoFisher 

Scientific) following the manufacturer’s protocol. Purified RNA was then reverse-transcribed 

into 200 ng complementary DNA (cDNA) using the iScript cDNA Synthesis Kit (catalogue 

number 1708891; BIO-RAD) and following the manufacturer’s protocol. 

 Primers for real-time polymerase chain reaction (RT-PCR) were designed based 

on the RNA-dependent RNA polymerase (RdRp) region of the two identified KVL22-01 EVs 

using primer3 (Koressaar & Remm, 2007; Untergasser et al., 2012). Primers for Musca 

domestica Entomophthovirus 1 (MdEV1) were MdEV1_605_F 5’- 

CCGAATTTCTTAAGCGAGGGT and MdEV1_704_R 5’- 

ACCCATTGTGTGATGTCCTCA, for a product size of 100 nt. For Musca domestica 

Entomophthovirus 2 (MdEV2), the primer set was MdEV2_53_F 5’- 

CCGAATGGGCTGGATTAGTG and MdEV2_148_R 5’- 

CAGCATTAAATCCTGGTCCGA, for a product size of 96 nt. The RdRp region was 
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amplified with a PCR using the MdEV1 and MdEV2 primer sets and using a thermal gradient 

from 52 to 64oC. Thermocycling was performed as follows: 95℃ for 3 minutes, then 40 cycles 

of 95℃ for 30 seconds, 52-64℃ for 30 seconds, 72℃ for 60 seconds, followed by 72℃ for 7 

minutes. PCR products were assessed on a 2% agarose-TAE buffer gel and purified using an 

illustra™ GFX PCR DNA and Gel Band Purification Kit (GELifeSciences). Samples with the 

strongest gel electrophoresis band (59oC for MdEV1 and 54oC for MdEV2) were selected and 

purified PCR products’ DNA concentrations were measured using QUBIT DNA Broad Range 

Kit. These two selected samples were used to produce standard curves for absolute 

quantification of viral cDNA copy numbers down the line for the samples of interest through 

cycle threshold value comparisons (Supplementary Figure S6-S9). 

 For samples, flies were infected as previously mentioned and sampled 0 

(uninfected), 24 (1 dpi), 96 (4 dpi) and 135 (6 am dpi) hours after infection. Flies were sampled 

also during proboscis extension to represent a behaviour manipulation time point, 15 hours 

after darkness initiated for a sample of ca. 12 hours into sporulation, and from an actively 

growing fungal culture 11 days after transfer to new media. For the insect samples, the head, 

thorax and abdomens were separated before being homogenised. For the fungal culture, 2 mL 

of liquid culture was centrifuged at 4000 rpm for 5 minutes. The supernatant was removed and 

the fungal pellet was washed once with 500 μL MilliQ H2O, resuspended and centrifuged at 

4000 rpm for 5 minutes to remove media. The pellet was resuspended in 500 μL MilliQ H2O 

and subject to beads beating in a TissueLyser (Qiagen) at 30 beats per second for a further 5 

minutes. Total RNA extraction, purification and reverse-transcription were performed on all 

samples as mentioned above for samples used to generate standard curves. Some samples had 

too low and RNA concentration to be reverse transcribed into 200 ng of cDNA, these were 

reverse transcribed into 100 ng instead. Thermocycling was performed as mentioned above 

using 1 μL of cDNA per sample to quantify the viral load using the specific MdEV1 and 

MdEV2 qPCR primers (Supplementary Figure S6,S8). Triplicates of each sample were used 

and the standard curve efficiency was considered to remain unchanged during qPCR. 

Thereafter, the molecular weight of the samples were calculated using the corresponding 

standard curves (for MdEV1 or MdEV2) to quantify the concentration of target cDNA. From 

these, copy numbers were calculated using the following equation: 

𝑥 =
X ng ∗  6.022 x 10^23 molecules/mole

(𝑁 ∗ 660 𝑔/𝑚𝑜𝑙𝑒) ∗ 1 x 10^9 𝑛𝑔/𝑔
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Where: X = amount of amplicon (ng); N = length of dsDNA amplicon; 660 g/mol = average 

mass of 1 bp dsDNA; 6.022 x 1023 = Avogadro’s constant; and 1 x 109 = Conversion factor 

(https://eu.idtdna.com/pages/education/decoded/article/calculations-converting-from-

nanograms-to-copy-number). 

 Samples that were reverse transcriber into 100 ng of cDNA were assumed to half 

the copy numbers of 200 ng samples. Thus, the calculated viral copy numbers of the 100 ng 

samples were multiplied by two. In total, three flies were used for time 0 (uninfected control) 

and sporulation, and six to eight were used for each of the other time points. For 1 dpi heads, 

only four samples had over 10 ng/μL. 

 

13. Data Analyses of viral load 

All analyses were performed in R version 4.2.2 (R Core Team, 2022). A Shapiro–Wilk test of 

normality was used to test for normal distribution of the log-transformed data. Since the data 

were not normally distributed, generalized linear models (GLM) were built using the lme4 

package. The GLMs were compared based on the values of the Akaike information criterion 

(AIC), and the models with the lowest AIC were selected. An Analysis of Variance ANOVA 

was used to estimate the significant effects of the models. 

 Firstly, virus ID was used as fixed factor in a model, which showed a significant 

difference in mean viral titre of both viruses, thus the viruses were analysed independently. For 

each virus, the models including an interaction between body part and dpi were best fitting the 

data and so used a fixed effects. Due to the significance of body part, dpi and their interaction, 

the variables were joined together for pairwise comparisons using post-hoc analyses using the 

tukey method with the Bonferroni correction to account for multiple testing in the ‘emmeans’ 

package. 

 

14.  Protein-Protein interactions 

To understand how host-pathogen proteins may be interacting, we used D-SCRIPT (v 0.2.2) to 

generate predicted interactions between host-fungus, host-virus, and fungus-virus. The M. 

domestica (aabys) proteome (version 63 downloaded from VectorBase) was used for host 
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proteins interactions. The nucleotide sequences of the KVL21-40 virus was translated to 

protein sequences using transdecoder (Haas, BJ. 

https://github.com/TransDecoder/TransDecoder), revealing 114 open reading frames (ORFs) 

longer than 30 amino acids. Predicted ORFs were identified using InterProScan (Paysan-

Lafosse et al., 2023), revealing two Iflavirus polyproteins, including a 40 amino acid long 

protein with a transmembrane domain located within the protease encoded by the 3’- proximal 

ORF. 

 For the fungus, DGE analysis revealed 17 fungal genes that were identified as 

candidates involved in summiting. Of these, 7 contained a signal peptide in their functional 

annotation, which were translated into 7 protein sequences using transdecoder (Haas, BJ. 

https://github.com/TransDecoder/TransDecoder). To verify if these proteins with SignalP 

domains were small secreted proteins (SSPs), effector predictions were made using EffectorP 

version 3.0 (Sperschneider & Dodds, 2022). Moreover, EffectorP predicts whether proteins are 

cytoplasmic or apoplastic effectors, and these localisation types were verified using ApoplastP 

version 1.0 (Sperschneider et al., 2018). 

 Using the seven candidate E. muscae SSPs, the three virus ORFs and the M. 

domestica (aabys) proteome, we tested every interspecific combination of virus, parasite and 

host protein to generate predicted interactions with D-SCRIPT (v 0.2.2) (n = 131,789 

combinations tested for fungus-host; n = 21 for virus-fungus; n = 56,481 for virus-host) 

(Sledzieski et al., 2021). For computational time, we limited the input M. domestica proteins 

to only include those ≤ 2,000 amino acids in length (removing 723 of 19,550 sequences). We 

used D-SCRIPT in prediction mode with the default human-protein pretrained model and 

settings. GO term enrichment of fly genes predicted to be involved in PPI with virus or fungal 

proteins were analysed using ShinyGO version 0.77 with an FDR cut-off of 0.05 (Ge et al., 

2020).  
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FIGURE 1 

Timeline of the manipulated behaviours of live observed infected houseflies six days post 

infection. Houseflies were live observed and their behaviours recorded from 13:30 to 17:05, 

where the artificial lighting in the lab would turn off at 18:00. (a) Timeline of the observed 

behaviours, the start time and duration of behaviours vary for each individual observed, 

requiring identification of sub-behaviour (not represented here) to standardise specimen 

sampling. (b) Summarised timeline of an E. muscae infection and the associated observed 

manipulated behaviours. Points at which samples were collected for RNAseq analyses are 

indicated by vertical lines along the timeline. 

 

FIGURE 2 

Differentially expressed genes (DEGs) of genes of Musca domestica during manipulation by 

Entomophthora muscae. (a) Principal component analysis for RNAseq rlog transformed counts 

of genes from houseflies and (b) from E. muscae samples. (c) Pairwise comparisons of DEGs 

across infected time points. (d) Venn diagram analysis of the pairwise comparisons identified 

for shared and unique DEGs of E. muscae-infected houseflies for control, (e) infected control, 

(f) summiting, (g) proboscis extension, and (h) wing raising flies. 

 

FIGURE 3 

Differentially expressed genes (DEGs) of Entomophthora muscae during manipulation of 

infected male Musca domestica. (a) Pairwise comparisons of DEGs across infected time points. 

Number of genes in green are up-regulated and red are down-regulated with the exact number 

written above and below each bare, respectively. (b) Venn diagram analysis of the pairwise 

comparisons identified for shared and unique DEGs of E. muscae for infected control, (c) 

summiting, (d) proboscis extension, and (e) wing raising flies. (f) A flow diagram illustrating 

the known characteristics of the 17 genes uniquely expressed during summiting behaviour 

identified during DGE analysis. 
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FIGURE 4 

Expressions profiles of 17 E. muscae DGE identified through pairwise comparison of 

summiting behaviour versus all other treatments (figure 3f). (a) – (q) In each panel, the x-axis 

shows the four behaviours from infected control (IC), summiting (SM), proboscis extensions 

(PB), and wing raising (WG), and y-axis show the log2 fold-change in expression. Line colours 

depict the predicted type of effector, or whether they are non-secreted genes, with red: 

Cytoplasmic SSP, blue: Apoplastic SSP, orange: Inconclusive as either apoplastic or 

cytoplasmic, green: Not secreted. Genes identified as SSPs are encircled in one large grey box. 

TM in the top right-hand corner of the plots indicate which genes are predicted to have 

transmembrane domains. Gene abbreviations: CYP450 = Cytochrome P450 monooxygenase; 

CAP = Catabolite activator protein; CDA = Chitin deacetylase; SMPD = Sphingomyelin 

phosphodiesterase. 

 

FIGURE 5 

E. muscae egt homologue may be involved in summiting disease in houseflies. (a) Maximum 

likelihood phylogenetic analysis of the UDP-glucoronosyl and UDP-glucosyl transferase 

(UDP), and ecdysteroid UDP-glucosyltransferase (egt) genes from fungi and baculoviruses 

based on amino acid sequences. Bootstrap percentages are shown for each node, and an E. 

muscae chitinase was used as outgroup. Blue, orange and green highlights depict clades of 

known UDP genes, red highlight shows the upregulated E. muscae gene identified through 

DGE analysis. Abbreviations: MNPV = Multiple nucleopolyhedrovirus; NPV = 

Nucleopolyhedrovirus; HP = Hypothetical Protein. (b) Transcriptional profiling of the housefly 

molting hormone biosynthesis pathway from cholesterol to the 20-Hydroxyecdysone (20E) 

molting hormone that are identified to be involved in some baculovirus-caterpillar systems. 

Expression plots similar to figure 4 for each housefly enzyme in the pathway is shown. Missing 

enzymes have never been identified in house fly genomes. (c) Amino acid alignment of the 

active site residues (12 out of 14 displayed) for the GT1_Gtf-like domain identified among the 

candidate E. muscae UDP gene. The triangles above the sequences represent the location of 

the active sites. (d) Sequence motifs of the active site residues for each active site group. 
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FIGURE 6 

Symbiotic viruses are involved in an Entomophthora muscae infection of houseflies. (a) 

Percentage of RNAseq reads mapping to either the housefly, E. muscae, or virus (EV) genome 

over the course of disease progression time points. (b) Schematic diagram of the predicted 

8726 base-pair EV genome structure. Numbers on either end of the ORFs indicate nucleotide 

positions. Boxes indicate the position of characterised proteins. (c) A maximum likelihood 

phylogenetic analysis of the RNA-dependent RNA polymerase (RdRP) amino-acid sequences 

of newly sequenced mycoviruses KVL21-41 EV (Drosophila isolated), KVL21-43 EV 

(Drosophila isolated), KVL21-42 EV1 and EV2 (Drosophila isolated), E. muscae Berkeley 

EV (Drosophila isolated), Delia radicum isolated E. muscae EV, KVL21-40 EV, MdEV1 and 

MdEV2, together with related viruses. Bootstrap percentages (100 replicates) are shown. 

Members of the Secoviridae family was used as outgroup. Tips labelled with circles indicate 

Iflaviridae and rhombuses Secoviridae; solid shapes, in contrast to outlines, indicate viruses 

from officially recognised species; colours indicate different virus hosts, red for fungi, blue for 

arthropods and green for plants. (d) Viral copy numbers in the head, thorax and abdomen of 

houseflies infected with E. muscae during the course of infection for MdEv1 and (e) MdEv2. 

Each coloured dot in the plot represent the virus titre of the body part of a single fly. Different 

letters indicate statistically significant differences.  
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Figure 1.   
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Figure 2.  
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Figure 3.  
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Figure 4.  
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Figure 5.   



156 

Figure 6.  
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Supplementary Methods 

 

Manipulated behaviours 

1. Summiting  

The behaviour termed as ‘summiting’ is generally regarded as the act of when the infected host 

ascends to an elevated position, when it will inevitably die, and prior to performing the 

sequence of behaviours to come. This particular behaviour in the E. muscae infected houseflies 

is distinguished by a disruption in limb coordination during locomotion and the desire to climb. 

The climbing desire is noticeable as if the fly falls (from loss of locomotor skills), it will then 

attempt anew until reaching a desired height. If the fly does fall during ‘summiting’, the 

summiting behaviour will be visible for an extended duration compared to the immobile state 

it could be in if it is in the desired position early on in the ‘summiting’ manipulation. This 

means that the behaviour of summiting can be ongoing even if the characteristic act is not 

performed. It must also be noted that if the individual falls soon before the transition to the 

following behaviour then it generally remains immobile on the floor and proceeds to the next 

step (i.e. proboscis extension). Thus, samples for the behaviour category of ‘summiting’ were 

collected during the point at which locomotor skills were most severely disrupted and flies 

were still attempting to climb (after being knocked down or falling). 

2. Proboscis extension 

Once the host fly has reached the desired elevation, it then undergoes the process of extending 

and affixing its proboscis to the substrate surface, termed ‘proboscis extension and affixation’. 

Prior to this manipulation execution, the host does not simply extend its proboscis once it has 

reached this height. If the fly does not fall and need to re-climb, the fly will remain in the 

desired death location immobile for an extended period until whatever molecular signals have 

been changed to initiate the proboscis to commence extending. The categorical manipulated 

behaviour ‘proboscis extension’ is (visible) initiated by the pulsation of the proboscis. This 

pulsation changes in magnitude but the proboscis retraction becomes lesser with the ongoing 

pulsation, until it remains fully extended (sometimes missing the net and poking through a 

whole (photo)). Once extended and in contact with the surface of the substrate, the proboscis 

begins to affix, sometimes with a clear liquid being produced out the mouth, and presumed to 
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be held in place with a ‘fungal holdfast’. It is interesting to note that once the proboscis is 

affixed, the host fly is sometimes seen to appear to be pulling away. The samples collected for 

the ‘proboscis extension’ category were collected once the proboscis had stopped pulsating and 

was fully extended. 

3. Wing raising 

Once the proboscis is affixed and the fly stops fighting the attachment, the fly again goes into 

a state of apparent immobility. Eventually the wings unfold from the resting position in one 

lengthy movement. Once the wings are unfolded, they begin to raise and the fly’s body position 

prostrates as if in kowtow. This is the final visible behaviour manipulation, following which 

the fly remains immobile, dies then sporulates. The specific timing of death is not visible, but 

the fly main react to rough stimulus (grabbed by forceps) during the wing raising process. 

The fly is sampled for the ‘wing raising’ behaviour at the point where the wing is unfolded but 

prior to the wings raising, again this behaviour occurs over different timeframes depending on 

the individual. It has not been determined whether the wing unfolding and elevation is due to 

molecular signals or fungal cells causing actively causing the muscles in the thorax related to 

flight to contract, as seen in the mandibles of ants infected with Ophiocordyceps (de Bekker et 

al., 2018). The wing raising would be explained by contraction of the indirect vertical muscles 

used to raise the wings during flight. As for the unfolding of the wings, this could be the same 

but in the anterior and/or posterior muscles. This could also provide an explanation for the 

kowtow seen following the wings being raised fully. Muscle contractions limited to 

thorax/wings, are there gene that code for contractions of muscles and how do they go from 

proboscis to wing unfolding to wing raising and then to kowtow? 

4. Pre-manipulation (infected control) 

In order to have a molecular control to eliminate the gene expression of the fungal development, 

samples were also collected from individuals that were in a late stage of infection but within 

12 hours of ‘dawn’. This time was selected to ensure that the flies were fully infected and 

known to have E. muscae be undergoing changes from protoplasts to hyphal growth 

morphology (Elya and De Fine Licht, 2021; Annette Bruun-Jensen Thesis). These flies were 

collected simultaneously to the collection of the manipulated flies after five minute exposure 

to 5˚C for anaesthesia.  
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Supplementary Figures 

 

Supplementary Figure S1. Activity of houseflies infected and non-infected six day post 

infection.  
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Supplementary Figure S1. Housefly host Gene Ontology term enrichment for infected control 

compared to uninfected flies. Top, middle and bottom graph represent enrichments for the 

biological processes, molecular function, and cellular components, respectively. 
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Supplementary Figure S2. Housefly host Gene Ontology term enrichment for summiting 

compared to infected control flies. Top, middle and bottom graph represent enrichments for 

the biological processes, molecular function, and cellular components, respectively.  
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Supplementary Figure S3. Housefly host Gene Ontology term enrichment for proboscis 

extension compared to summiting flies. Top, middle and bottom graph represent enrichments 

for the biological processes, molecular function, and cellular components, respectively.  
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Supplementary Figure S4. Housefly host Gene Ontology term enrichment for wing raising 

compared to proboscis extension flies. Top, middle and bottom graph represent enrichments 

for the biological processes, molecular function, and cellular components, respectively. 
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Abstract 

 

Conventional monitoring methods for disease vectors, pollinators or agricultural pests require 

time-consuming trapping and identification of individual insects. Automated optical sensors 

that detect backscattered near-infrared modulations created by flying insects are increasingly 

used to identify and count live insects, but do not inform about the health status of individual 

insects. Here we show that deep learning in trained convolutional neural networks in 

conjunction with sensors is a promising emerging method to detect infected insects. Health 

status was correctly determined in 85.6% of cases as early as two days post infection with a 

fungal pathogen. The ability to monitor insect health in real-time potentially has wide-reaching 

implications for preserving pollinator biodiversity and the rapid assessment of disease carrying 

individuals in vector populations.  



191 

Main text: 

Automated optical sensors that detect modulations in backscattered near-infrared light created 

by flying insects are increasingly used to identify and count live insects, but do not inform 

about the health status of individual insects. Here we show that deep learning in trained 

convolutional neural networks in conjunction with sensors is a promising emerging method to 

detect infected insects. Microbial pathogens, such as insect-pathogenic fungi, are important 

regulators of natural insect populations1. The health of insects is further threatened by warming 

temperatures and human mediated radiation and chemical exposure2, and there is thus a dire 

need for monitoring and studying insect health to preserve insect biodiversity. 

The health of insect vectors, pollinators or agricultural pests is typically identified by visual 

diagnosis of diseased insects post-mortem, or via molecular screening with probes or primers3. 

These methods are time consuming and usually only cover a small fraction of entire insect 

populations. Optical insect sensors have recently become more widely accessible by 

significantly reducing the physical size and exchanging lasers with eye-safe light emitting 

diode (LED) lights4. Automated insect monitoring sensors are currently used to remotely count 

insect flights, record wing beats, and classify insects to species4,5. The incorporation of optical 

signals with machine learning algorithms enables increased accuracy in remote insect species 

classification5. 

To test whether autonomous near-infrared sensors that detect backscattered light and wingbeat 

frequencies can differentiate between infected and healthy insects, we established age-

controlled cohorts of healthy and infected insects. We used the common house fly (Musca 

domestica), which is a globally distributed insect that can act as a vector of >100 human 

diseases6, and infected virgin house fly males with the obligate fungal pathogen 

Entomophthora muscae7. This fungus has an incubation period of 6-7 days during which the 

fungus grows logistically inside infected flies before killing the host and behavioral signs of 

infection can usually not be spotted until the final 24 hours before death7. Fifty healthy or 

infected five day old male flies were released into a flight cage equipped with an autonomous 

near-infrared sensor4 (Fig. 1B). Flight events were monitored for >7 days, which resulted in 

>10,000 recorded flight-events per day. 

We used a Convolutional Neural Network (CNN) to train the network on 8,000 events per day 

of light back-scattered by the flying insects with a resulting classification as either ‘infected’ 

https://www.zotero.org/google-docs/?hTdTdB
https://www.zotero.org/google-docs/?3tHB5E
https://www.zotero.org/google-docs/?2TLsEn
https://www.zotero.org/google-docs/?DesaMg
https://www.zotero.org/google-docs/?zAT38B
https://www.zotero.org/google-docs/?eZ6q28
https://www.zotero.org/google-docs/?5VNNHI
https://www.zotero.org/google-docs/?TIA5Uw
https://www.zotero.org/google-docs/?3Zxf4U
https://www.zotero.org/google-docs/?QJm9AH
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or ‘control’ (Supplemental information). Two days post exposure to infectious fungal spores 

(Fig. 1A), the day-2 model was able to correctly predict infected insects in 69.5% of cases (Fig. 

1C). As the disease progresses, the accuracy of discerning infected from healthy flies increases 

from 69.5% to 97.5% (Fig. 1C), which is in concordance with the gradual colonization of the 

insect body by fungal cells7. 

Next, we sought to use the CNN model with the highest accuracy on a new dataset with flies 

at different ages and in various stages of infection. Data from 50 flies infected at an age of nine 

days old and released into the flight cage at 10 days old, were recorded until an age of 16 days 

old (note the average lifespan of house flies are three to four weeks8) were obtained as described 

before and analyzed with our model trained with the five days post infection data (Fig. 1A-C). 

This showed that recorded infrared light back-scattered by flying insects in combination with 

an unsupervised deep learning algorithm are able to correctly predict infected insects in 79% 

of cases as early as two days post infection (supplemental information). Two days post 

infection there are no behavioral effects and E. muscae can normally only be determined in 

house flies using molecular or microscopic diagnostic procedures7. 

We also investigated average wingbeat frequency, which differed significantly between control 

and infected treatments (ANOVA: P < 0.001) (table S1), but showed overlapping variation 

between healthy (170.25 Hz, SD = ± 20.67) and infected (day 5: 183.03, SD = ± 20.81; day 10: 

171.47, SD = ± 20.11) flies. Same-sex sexual behavior and aggression resulting in damaged 

wings may partly explain some of the variation in recorded wing beat frequencies in both 

infected and healthy flies. While average wingbeat frequency did not discern between healthy 

and infected flies across all ages, the total number of recorded flights were ~3 times lower in 

infected flies compared to controls (ANOVA: P = 0.0177) (Table S1, fig. S1C-D), and the 

maximum recorded wing beat frequencies in flies infected at age 4 and 9 were higher (273.76 

Hz and 274.52 Hz, respectively) compared to healthy control flies (247.07 Hz). 

Our results provide evidence that near-infrared optical LED sensor technology in combination 

with deep learning algorithms can be used to non-destructively differentiate healthy and 

infected flying insects from less than the 0.36 seconds of flight time recorded as a flight event. 

The ability of the optimal trained CNN model to detect infected individuals with a mean 

accuracy of 85.6% from 2-5 days post infection where <100 fungal cells initially may be 

present in infected flies7, suggests that other types of viral, bacterial or parasitic insect diseases 

can potentially be detected. For example, vertically inherited Wolbachia bacterial 

https://www.zotero.org/google-docs/?wHDMuq
https://www.zotero.org/google-docs/?QtMXDa
https://www.zotero.org/google-docs/?nm03hO
https://www.zotero.org/google-docs/?BpiHLS
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endosymbionts are known to change searching behavior of infected mosquito hosts9, which 

opens the possibility for using backscattered light to non-destructively determine Wolbachia 

infection status. While work is needed to test the classifier under field conditions in 

combination with conventional validation methods, the ability to rapidly detect the health status 

of insects solely based on back-scattered light from flying insects is a promising technology 

with potentially wide-reaching implications. First, the ability to non-destructively monitor 

insect health could help rapidly inform efforts to preserve pollinator biodiversity5. Second, 

when chemicals or microbial pathogens are used against insect pests, LED or laser assisted 

monitoring could rapidly inform on the efficacy of the treatment. Third, for mosquito-borne 

human diseases, such as Malaria and Dengue fever10, the proportion of disease-transmitting 

insects in the total population could potentially be directly monitored and identified using 

automated sensor technology. 

  

https://www.zotero.org/google-docs/?3TbP8T
https://www.zotero.org/google-docs/?mbAAlw
https://www.zotero.org/google-docs/?CI2b6N
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Figure 1 

 

Fig. 1. Optical insect sensors and machine learning detects fungus-infected insects. (A) 

Timeline of infection experiment starting with a 24 hour infection period, release of insects in 

the sensor equipped label cage, and monitoring of flights from two to five days post infection 

(dpi). Death of infected flies by the entomopathogenic fungus always occurs at dusk, six or 

seven days post infection. (B) Illustration of the label cage made of neoprene and a mesh of 

insect netting. The size of the label cage was >20 times the size of the sensor’s measurement 

volume (17.5 L), which is the area where LED emitted (red) and photodiode receiving (blue) 

beams overlap corresponding to an angle between the emitter and receiver (𝜃 s) set at 18°. 

Multiple wing beats in typical flights were detected as the insects passed through the 

measurement area. (C) Evaluation of Convolutional Neural Network (CNN) models trained on 

back-scattered light from healthy and infected house flies depicted as t-distributed Stochastic 

Neighbor Embedding (t-SNE) plots showing prediction of infected and control samples. 

Models were trained on data from 2-, 3-, 4-, and 5-days post infection (dpi), respectively.A 

total of 10,000 events per group (infected and control) were randomly selected. Events were 

randomly split into a training set ( 8,000 per group), validation set (1,000 per group), and test 

set (1,000 per group). The validation set was used to monitor progress of the CNN, and 

accuracy of the classifier is reported as mean accuracy of 100x replicate runs on the test data.  
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Supplemental information 

Supplemental information includes one table, one figure, experimental procedures, author 

contributions, references, and can be found with this article online at https:// 

https://github.com/dremilybick/Detection-of-insect-health. 

Key resource table 

REAGENT or 

RESOURCE 
SOURCE IDENTIFIER 

Bacterial and virus strains 

Entomophthora 

muscae 

University of Copenhagen, 

Section for Organismal 

Biology Entomopathogenic 

fungus culture collection 

isolate no.: KVL21-01 

Experimental 

models: 

Organisms/stra

ins 

    

Musca 

domestica 

University of Aarhus, 

Denmark 
wt strain 772a 

Deposited data 

Sensed flight 

data from 

experiments 

 FaunaPhotonics Aps. Volito 

sensor 

https://github.com/dremilybick/Det

ection-of-insect-health  

https://github.com/dremilybick/Detection-of-insect-health
https://github.com/dremilybick/Detection-of-insect-health
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Convolutional 

neural network 

outputs 

https://github.com/fchollet/ke

ras 

https://github.com/dremilybick/Det

ection-of-insect-health  

Software and algorithms 

Python 
https://www.python.org/down

loads/ 
Version 3.7 

Keras 
https://github.com/fchollet/ke

ras 
Version 2.7.0 

R https://www.r-project.org/ Version 4.0.4 

 

Materials and methods 

Insect model 

We used virgin male house flies, Musca domestica (wt strain 772a), obtained from a laboratory 

reared population maintained at the University of Aarhus, Denmark, and as pupae. Flies were 

sexed and sorted within 24 hours of emergence as adults from pupae and kept in groups of ten 

to minimize damage to the wings caused by aggression and same-sex sexual behaviors. The 

flies were fed with ad libitum food (1:1 ratio caster sugar:semi skimmed milk powder) and 

demineralized water using a 10ml vial plugged with cotton. 

For infected treatments, three house fly cadavers newly killed (within six hours of death) by 

Entomophthora muscae (isolate no.: KVL21-01, University of Copenhagen, Section for 

Organismal Biology Entomopathogenic fungus culture collection) were used to infect ten 

healthy male house flies at a time. The three cadavers used, with a minimum of one male and 

one female, were fixed head first in 5% water agar in medicine cups (5 x 3 cm). Ten adult male 

house flies were anesthetized by being placed for a few minutes at 5oC and placed with the 

cadavers for 24 hours in a saturated humid chamber. The cups were perforated for aeration and 

https://github.com/fchollet/keras
https://github.com/fchollet/keras
https://github.com/dremilybick/Detection-of-insect-health
https://github.com/dremilybick/Detection-of-insect-health
https://github.com/fchollet/keras
https://github.com/fchollet/keras
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placed upside down to allow for fungal spores to fall down over the flies following active 

release from the infected cadavers. For the healthy treatment, mock-infections were performed 

in the same manner as for infected treatment but using uninfected dead house flies, which were 

euthanized by five-minute exposure to -18oC. All flies used in the experiment showed no 

developmental deformities to the body or wings and appeared healthy prior to being used for 

experimentation. 

 

Cohorts 

Three cohorts, each composed of 50 flies, were experimentally released into a label cage (see 

Data collection section below for label cage specifications) (Fig. 1B). The first cohort, termed 

‘control’, was mock-infected four days post-eclosion and released in a label cage aged five 

days. These 50 healthy flies were kept in the label cage for 96 hours (four days – from dpi 2 to 

5) before being removed. The second cohort was made up of 50 flies the same age as the control 

cohort but were infected with Entomophthora muscae. The second cohort remained in the label 

cage for nine days. The third cohort were infected nine days after emergence as adults from 

pupae and released aged ten into the label cage and again remained there for nine days. 

The labeling of days-post infection (dpi) is defined as follows (F: Day 1 (0-24 hours) refers to 

the time of infection with cadavers; Day 2 (24 to 48 hours) refers to the day of release into the 

label cage and the beginning of sensor monitoring; Day 3 (48 to 72 hours), Day 4 (72 to 96 

hours) and Day 5 (96 to 120 hours) are days of monitoring of flight (Fig. 1A). 

 

Data collection 

Data collection occurred at the University of Copenhagen, in Taastrup, Denmark from 

05.19.2021 to 06.08.2021. An autonomous near-infrared sensor (detailed description of the 

sensor is provided in (1), produced by FaunaPhotonics A/S, Copenhagen SV, Denmark) 

monitored each cohort of male Musca domestica flies. Specifically, the angle between the 

emitter and receiver (𝜃s) was set at 18 degrees resulting in a 17.5 L measurement volume of 

the sensor. The flight recordings occurred in a neoprene and mesh cage (termed ‘label cage’) 

that was >20 times the sensor’s measurement volume, to allow for sensing of typical flights 

(Fig. 1B). The entire set-up was placed indoors in a greenhouse at ambient temperature and 

exposed to natural day-and-night light regimes to encourage natural flight behavior. 
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Machine learning algorithm 

For each insect flight, backscattered light is recorded as a 1-dimensional time series of 

backscattered light intensity, hereafter called a flight-event. A single flight may result in up to 

eight flight-events, as that flight is recorded on two to eight channels (2 wavelengths x 4 

photodiodes). Each event fed into the machine learning algorithm is between 240 to 1500 

samples in length, the result of a 5-fold downsampling of the signal. If a selected event was 

longer than 1500 samples, the middle signals of the event were used. So, each individual event 

ranges from 57.6 to 360 milliseconds long.  

Four machine learning algorithms were trained, validated, and tested against the first two 

cohorts (control and infected). Each model was trained on a single day’s flight data, from two 

through five days post infection. For each algorithm, 10,000 random events per group were fed 

into an 8-layer Convolutional Neural Network (CNN) implemented in Python using Keras (2) 

(fig. S1A). Events were separated into 80% training, 10% validation, and 10% test sets. The 

CNN uses four convolutional layers which use the ReLU activation function, two pooling 

layers which use the MaxPooling1D and GlobalPooling1D functions (all functions used as 

implemented in Keras), and a dropout rate of 0.5 on the penultimate layer.  The output layer 

used a softmax activation function to categorize events as ‘infected’ or ‘control’. The model’s 

application to the test set was visualized using t-distributed stochastic neighbor embedding (t-

SNE), predictions evaluated with a confusion matrix, and the proportional accuracy reported 

(Fig. 1C, fig. S1B). 

The machine learning model with the highest accuracy was applied to the entire dataset of 

events in the second and third cohort (5 days post infection and 10 days post infection), 

excluding the day used to train and evaluate the model to avoid data leakage. The model 

predicts a likelihood (proportion) that an event is from an infected fly or a control fly (fig. S1E). 

We report the output of the model as a mean and standard errors of these two likelihoods. 

 

Wing beat frequency and flights 

Wing beat frequency (WBF) was calculated from each flight-event (1, 3).  A random subsample 

of 1000 events’ WBFs per treatment was used for analysis to standardize sample size across 

experiments.  The subsample covered 250 events per day of interest, viz. 2-, 3-, 4- and 5-days 

post infection, for each of the three experiments. This sample size was selected for consistency 
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with the test set size. Mean flight number and WBF comparisons were performed using one-

way analyses of variance (ANOVA) to determine statistical differences between cohorts (table 

S1, fig. S1C-D). The one-way ANOVA was selected for comparison of means between a 

quantitative dependent variable, such as WBF or flight number, and an independent variable, 

such as experiment. Tukey’s honestly significant difference (HSD) post hoc analyses were used 

with the above ANOVAs to determine statistical differences with multiple comparisons 

between cohorts (table S1). All flight numbers and wing beat frequency analyses were 

performed using R (version 4.0.2) (4). 

 

Author contributions 

Conceptualization: EB, SE, and HHDFL. Methodology: EB, SE, and HHDFL. Investigation: 

EB and SE. Data analysis: EB and SE. Funding acquisition: EB and HHDFL. Writing – original 
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Table S1. Results of one-way analysis of variance (ANOVA) on wing beat frequencies and 

flight numbers between infected and control flies from the three cohorts of 50 flies. 

Cohort 

comparison 

Data 

compared 

Sum Sq Mean Sq F value P value 

All cohorts Flight numbers 7.592e+08 379613643 5.162 0.0177 ** 

All cohorts Subsamples  

WBF 

99508 49754 118 < 0.001 

*** 

 

 

Table S2. Results of one-way analysis of variance (ANOVA) with Tukey's honestly significant 

difference (HSD) post hoc analyses comparing means between cohorts. 

Cohort comparison Flight number 

P value 

Subsample WBF 

P value 

Infected_age4 vs control  0.0153136 * < 0.001 *** 

Infected_age9 vs control   0.0692365 . 0.3769392 

Infected_age9 vs infected_age4 0.6334101 < 0.001 *** 
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Fig. S1. (A) Diagram of construction and testing of the machine learning model. A total of 

10,000 events per group (infected, control) were randomly selected. Events were randomly 

split into the validation set (1,000 per group), training set (8,000 per group) and test set (1,000 

per group). A Convolutional Neural Network (CNN) was used to classify events as infected 

and control, and was refined over 20 epochs. The validation set was used to monitor progress 

of the CNN, and accuracy of the classifier were tested on test data 100x. (B)  Evaluation of 

Convolutional Neural Network models trained on back-scattered light from healthy and 

infected house flies. Models were trained on data from 2-, 3-, 4-, and 5-days post infection 

(dpi), respectively. For each day's post infection model the Confusion Matrix of true label 

versus predicted is shown. (C) Variation in wing beat frequency with age in infected and control 

flies. Infected individuals were observed from the second day post infection through the eighth 

day post infection in two cohorts recorded from age 5 and 10 days old, respectively. (D) 

Variation in flight number with age in infected and control flies. (E) Application of the most 
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accurate model trained on 5 days post infection (dpi) events was applied to a new dataset of 

flies infected at age 9. The model predicts a likelihood (proportion) that an event falls in the 

‘infected’ category and a separate likelihood (proportion) that it falls in the ‘control’ category. 

The mean (μ) ± SE of likelihoods predicted by the model are reported for infected flies (red) 

and ‘control’ flies (blue). 
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Abstract 

The outcome of host-pathogen infection and the possible effect on co-evolutionary patterns 

depend on the genotypes of both organisms. Such genotype-by-genotype (GxG) interactions, 

together with ecological factors like population density and host-pathogen encounter rate, 

influence pathogen local adaptation. Many obligate plant fungal pathogens are characterised 

by host-pathogen GxG interactions, but whether these patterns can be generalised to obligate 

insect fungal pathogens is not clear. Here we take advantage of the obligate insect pathogenic 

fungus Entomophthora muscae, where individual isolates are specific to different dipteran host 

species in nature but can cross-infect multiple fly species in the laboratory. We collected three 

new isolates of E. muscae from Drosophila spp., and together with an E. muscae isolated from 

houseflies (Musca domestica), assessed their virulence in a cross-infection experiment using 

one housefly, three D. suzukii and two D. melanogaster genotypes as hosts. All fungal isolates 

were capable of infecting, inducing summiting behaviour, and sporulating in all fly hosts. 

While houseflies were the most susceptible to fungal infection with up to 100% mortality, we 

found a lower virulence of up to 50% and 25% mortality in D. melanogaster and D. suzukii 

genotypes, respectively. A phylogeny of the internal transcribed spacer region indicated that 

Drosophila-isolated E. muscae represent a distinct lineage compared to housefly-isolated E. 

muscae. Furthermore, all fungal isolates were infected with a specific mycovirus 

(“Entomophthovirus”). All isolates differed in virulence within host genotypes, revealing GxG 

interactions. These findings show that local host adaptation and the genetic makeup of both 

pathogen and host influence E. muscae infectivity. 

Keywords 

Cross-infection experiment, extended phenotype, host-pathogen co-evolution, local adaptation, 

insect pathology, entomopathogen, host specificity  
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1. Introduction 

Pathogens are ubiquitous in nature (Dobson et al., 2008), and the interactions between the 

genotypes of both hosts and their pathogens determine their co-evolutionary dynamics (Restif 

& Koella, 2003; Lambrechts et al., 2006). Traits such as transmission and virulence are 

determined by the host and pathogen genotypic co-evolutionary relationship (Koella & Agnew, 

1999; Salvaudon et al., 2005; Hudson et al., 2016). In populations with higher genetic diversity, 

say of the host, greater pathogen divergence can be seen (Ekroth et al., 2021). A higher 

pathogen divergence can lead to the emergence of novel infectious diseases, for example 

allowing exploitation of new environments by non-endemic pathogens or host jumping 

(Engering et al., 2013; Clifton et al., 2019). However, pathogens adapt to the most common 

host-genotypes present in a population, resulting in a reduced pathogen fitness in rare host 

genotypes (Hamilton, 1980; Carius et al., 2001; Hudson et al., 2016), which are features 

highlighted as having significant impact on co-evolution models (Buckingham & Ashby, 

2022). Moreover, the local environment can affect adaptations and interactions between 

pathogens and hosts. Such local host adaptations of pathogens are a key component of the 

outcome of host-pathogen interactions. Local adaptation is a pattern where a pathogen 

(genotype A) has a higher fitness in its own habitat (host species or population) than a foreign 

pathogen (genotype B) (Williams, 1996). For pathogens, genetically related hosts therefore 

appear similar, thus allowing for favourable conditions for local adaptation in host-pathogen 

systems (Kawecki & Ebert, 2004). 

 Many obligate fungal pathogens exhibit a high degree of host specificity, such as 

Microbotryum violaceum (Le Gac et al., 2007) and Zymoseptoria tritici (Kellner et al., 2014) 

in plants, and Ophiocordyceps unilateralis (Kobmoo et al., 2012; de Bekker et al., 2014; Lin 

et al., 2020) and Stongwellsea species (Eilenberg & Jensen, 2018) in insects. Such patterns of 

host-pathogen interaction are indicative of adaptation of pathogens to specific hosts. However, 

it is challenging to detect local host adaptation of pathogens as intrinsic differences in host 

quality for pathogen infection confounds pathogen fitness measurements on different hosts 

(Kawecki & Ebert, 2004; Bazzicalupo, 2022). The classic approach is to perform cross-

infection experiments and determine pathogen fitness across multiple host and pathogen demes 

(e.g. genotypes, populations, and/or species). Observing a pattern where local pathogens 

consistently have higher fitness on native hosts compared to foreign pathogens, but not 

necessarily higher fitness in native hosts compared across other hosts that may vary in intrinsic 

quality would thus support local adaptation (Kawecki & Ebert, 2004; Blanquart et al., 2013; 
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Bazzicalupo, 2022). Diagnostic evidence for local adaptation in the form of higher fitness of 

fungal pathogens on native hosts compared to foreign hosts have for example been observed 

for the fungal plant pathogens Septoria tritici (Ahmed et al., 1995; Greischar & Koskella, 

2007), Mycosphaerella graminicola (Zhan et al., 2002), Melampsora lini (Thrall et al., 2002), 

the oomycete Phytophthora infestans (Kröner et al., 2017), Microbotryum lychnidis-dioicae 

(Feurtey et al., 2016) and the amphibian pathogen Batrachochytrium dendrobatidis (Greenspan 

et al., 2018). 

 The most well-studied insect-pathogenic fungi from the Ascomycete genera 

Metarhizium and Beauveria are generalist pathogens infecting multiple orders of insects and 

also occur as plant root symbionts in the soil (St. Leger & Wang, 2020). There are also less 

well-studied more host-specific species within the genus Metarhizium, such as M. acridum and 

M. rileyi (Driver et al., 2000; Gao et al., 2011), but pathogen specificity is at the level of insect 

order such as Orthoptera and Lepidoptera, respectively. Local adaptation to specific insect host 

species is therefore not expected to govern population dynamics in these generalist species. In 

the early-diverging fungal clades, the majority of insect-pathogenic species within 

Entomophthoromycotina are often obligate insect pathogens with very narrow host ranges 

(Elya & De Fine Licht, 2021). Some members of this clade, for example Entomophthora 

muscae, are able to behaviourally manipulate their insect hosts in the final stages of infection, 

a trait that is always associated with a narrow host range (Lovett et al., 2020; Elya & De Fine 

Licht, 2021). The insect-pathogenic fungus E. muscae is a species complex, where 

morphologically identical but genetically different isolates are host-specific to various muscoid 

flies (Steinkraus et al., 1993; Jensen et al., 2006). The high host specificity is also evident from 

field sampling, showing that infections of E. muscae in two sympatric fly species is governed 

by two genetically distinct fungal populations (Gryganskyi et al., 2013; De Fine Licht et al., 

2017). An isolate of E. muscae from wild-caught Drosophila hydei in California, USA, showed 

high and consistent virulence in D. melanogaster hosts in the laboratory (Elya et al., 2018, 

2023). This isolate has been tested on a panel of D. melanogaster mutation lines, revealing 

distinct differences in susceptibility between fly genotypes, indicating host genotype-specific 

variation (Wang et al., 2020). It is thus evident that intraspecific host variation results in 

variable susceptibility to E. muscae infection, but whether genetically distinct isolates of E. 

muscae show genotype-by-genotype (GxG) interaction specificity indicative of local 

adaptation is currently not known. To further complicate interactions, E. muscae was recently 

discovered to consistently harbour an iflavirus (tentatively called “Entomophthovirus”), which 
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are present in nearly all E. muscae isolates where data is available, but the nature of the 

interaction between virus and fungus is unknown (Coyle et al., 2018; Myers et al., 2020). 

 The entomopathogenic fungus E. muscae is proving itself to be a model organism 

for the study of pathogen extended phenotypes due to its timed and sequential manipulated 

behaviours (Elya & De Fine Licht, 2021; Naundrup et al., 2022; De Fine Licht et al., 2023). 

Furthermore, the establishment of a laboratory E. muscae system in the model organism D. 

melanogaster increases the system’s tractability (Elya et al., 2018, 2023). However, this system 

does come with practical caveats that complicates many standard mycological and molecular 

methodologies. For instance, the fungal genotypes develop best in the housefly, Musca 

domestica, which is considered to be the type host of E. muscae (Keller, 2002; Elya & De Fine 

Licht, 2021), and has influences on best in vivo practices, such as using tractable laboratory 

host organisms like D. melanogaster. The varying susceptibility to E. muscae within lines of 

D. melanogaster indicate the need for optimisation of GxG interactions if this system is to be 

adopted in new laboratories (Wang et al., 2020). This is why the type host housefly has been 

used in the past for experimental purposes in the laboratory (see Elya & De Fine Licht, 2021 

for detailed review on E. muscae) and also in this study for the maintenance of the in vivo 

infections. The fungus E. muscae, like other Entomophthorales, is difficult to maintain in vitro 

due to its slow and non-uniform growth in specific media and sensitivity to antibiotics (Latgé 

et al., 1988; Hajek et al., 2012). Additionally, many E. muscae isolates are temperamental in 

vitro, as they stop growing altogether after multiple passaging, necessitating re-isolation from 

sporulating cadavers. Finally, the specific timing of sporulation only during a short 24 hour 

window six or seven days after exposure of houseflies necessitates considerable efforts to 

isolate new fungal isolates from nature and to maintain an in vivo host-pathogen laboratory 

system. 

 During late summer 2018, we isolated three new E. muscae isolates from 

Drosophila spp. and hypothesised that these E. muscae isolates would be locally adapted to 

certain host populations (e.g. Drosophila spp.), which would manifest themselves with an 

interaction pattern consistent with GxG interactions across host genotypes and species. Here, 

our aim was to compare the virulence of four E. muscae fungal isolates, three from Drosophila 

species and one from the housefly, Musca domestica, in cross-infection experiments with six 

host genotypes. Since E. muscae needs to kill its host in order to sporulate and transmit to new 

hosts, virulence in this study corresponds to the mortality rates induced by the pathogen 

(Dybdahl & Storfer, 2003; Lambrechts et al., 2005). First, we assessed variation in host-species 
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susceptibility through fungal isolate-specific virulence against three host species: housefly (M. 

domestica), fruit fly (D. melanogaster), and the invasive horticultural pest, the spotted-wing 

Drosophila (D. suzukii). Second, to assess GxG-specific virulence indicative of local pathogen 

adaptation, we investigated the virulence of the four E. muscae genotypes against individual 

genotypes of D. melanogaster and D. suzukii. Third, we analysed the diversity of 

“Entomophthovirus” in E. muscae isolates to assess the potential viral contribution to co-

evolution of host-fungus GxG interactions. 

 

2. Materials & methods  

2.1. Insects 

Houseflies, Musca domestica (Strain 772a), were obtained as pupae from the Department of 

Agroecology, Aarhus University, Denmark. Upon eclosion, flies were sexed and separated 

within 24 hours and kept as single-sex groups in cylindrical plastic containers (diameter: 7.5 

cm, height: 8 cm). Flies were fed a diet consisting of a 1:1 ratio of sugar and skimmed milk 

powder ad libitum and supplied with water from a 15 mL falcon tube with a cotton wool plug 

inserted into the side of the container.  

 For the Drosophila melanogaster genotypes, “Dalby” was collected in in a 

private home at Dalby, Lund municipality, Scania, Sweden. The “Zimbabwe” genotype 

(Zimbabwe-S-29, Bloomington) was collected in the Sengwa Wildlife Research Area, 

northwest Zimbabwe. For the Drosophila suzukii genotypes, “Laimburg” was collected in a 

fruit plantation at the Laimburg Research Center, Pfatten municipality, South Tyrol, Italy, and 

“Trelleborg” was collected in a raspberry plantation at Bodarp, Trelleborg municipality, 

Scania, Sweden. All aforementioned Drosophila genotypes were wild-type and provided by 

the Swedish University of Agricultural Sciences (SLU) Alnarp, Sweden. D. suzukii genotype 

“DK” (Denmark) was collected from Hyldetoftegaard Bær in Eggerslevmagle, Skælskør, 

Denmark and provided by Helle Mathiasen, University of Copenhagen, Copenhagen, Denmark 

(Supporting Information Figure S1). All Drosophila flies were reared on a Bloomington 

Cornmeal food (https://bdsc.indiana.edu/information/recipes/bloomfood.html) without 

propionic acid that otherwise would inhibit E. muscae and each tube was supplied with a few 

grains of dry baker’s yeast. All insects were kept at a 14:10 light/dark cycle at an average 

ambient temperature of 21 ± 1℃ and a 14 day generation cycle. 
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2.2. E. muscae-like fungal isolation from Drosophila flies 

To obtain E. muscae isolates from Drosophila species several homemade traps were set up in 

a courtyard of Frederiksberg Campus, University of Copenhagen, Frederiksberg, Denmark, 

from July to September 2018. A trap consisted of a clear plastic box (length: 31 cm, width: 22 

cm, height: 12.5 cm), with the lid left ajar for a 0.5 cm opening. The boxes were continuously 

supplied with a mixture of organic bananas, oranges and apples, as well as organic orange juice 

with added yeast to attract fruit flies. Traps were checked twice daily, mornings and evenings 

for approximately six weeks, and fly cadavers exhibiting morphological features characteristic 

of E. muscae growth were collected. Nine fly cadavers exhibiting E. muscae-like growth 

collected from the traps were morphologically identified to the genus Drosophila (Miller et al., 

2017), but not to species because of E. muscae growth distorting or covering morphological 

features. Collected cadavers were placed in the lid of an upside-down sterile Petri dish and 

placed in a humid chamber (85% RH) for 24 hours to stimulate active discharge of conidia up 

and onto the petri dish bottom (Edwards & Licht, 2023). After 24 hours, the fly cadaver was 

removed and preserved in 70% EtOH at -20℃. The Petri dish was turned downside-down and 

2 mL of liquid GLEN medium (Latgé et al., 1988) was added to the bottom of the Petri dish 

containing the discharged conidia from the cadaver. The Petri dishes were sealed with 

Parafilm® (Sigma-Aldrich) and placed at room temperature inside a dark cupboard, until 

visible fungal growth was observed (ca. two to six weeks). The emerging fungal culture was 

then transferred to 9 mL of GLEN medium and maintained in cell culture flasks. Every four to 

eight weeks, 1 mL of these cell cultures was transferred to 10 mL of GLEN medium to maintain 

the in vitro cultures. 

 E. muscae isolate ”Md” (KVL21-40, formerly labelled KVL21-01 (Naundrup et 

al., 2022)) was isolated from an infected M. domestica collected in a cow byre on Birkedal 

farm near Slangerup, Denmark. Three new E. muscae isolates out of the nine isolated infected 

Drosophila were recovered and obtained as described above: Isolate “DK1”: E. muscae isolate 

KVL21-41, and isolate “DK2”: E. muscae isolate KVL21-43 were collected from infected D. 

melanogaster and Drosophila sp., respectively, from the rotten fruit fly traps at Frederiksberg 

campus, University of Copenhagen, Frederiksberg, Denmark, and isolate “DE”: E. muscae 

isolate KVL21-42 was obtained from a Drosophila sp. exhibiting E. muscae-like growth near 

overripe fruit on a window in a house in Flensburg, Germany (Supporting Information Figure 

S1).  
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 To achieve in vivo growth of Entomophthora isolates, culture media with fungal 

isolates were injected directly into the thorax of M. domestica individuals with a syringe. 

Approximately 0.5-1 µL of the liquid culture was injected into the thorax of healthy adults and 

incubated for up to 10 days. The flies were monitored daily and assessed for E. muscae-induced 

death and sporulation. Sporulating cadavers were collected and individually placed head-first 

into a 1 cm 1.5% agar/H2O layer, covering the bottom of a 30 mL medicine cup, allowing the 

conidia-discharging fly abdomens to protrude out. The medicine cup was placed upside down 

and fixated above the top of the container to discharge conidia over 30-50 healthy M. domestica 

to achieve host-host transmission as described previously (De Fine Licht et al., 2017).  

2.3. Virulence assays and analysis 

The three E. muscae isolates DK1, DK2 and DE isolated from Drosophila spp. and one E. 

muscae isolate, Md, isolated from a housefly, were used to assess virulence against three D. 

suzukii, two wild-type D. melanogaster, and a housefly (M. domestica) genotype. To ensure 

viability of fungal isolates, all E. muscae isolates were maintained as in vivo cultures with 

housefly to housefly transmission for 50-100 clonal passages prior to experiments, which is 

assumed to have minimised any potential “maternal” epigenetic effects (Gómez-Díaz et al., 

2012). 

 E. muscae virulence towards Drosophila species was assessed using 15 male and 

15 female individuals (30 total) in a polypropylene Drosophila vial (VWR, diameter: 25 mm, 

height: 95 mm). The bottom of each tube contained 1.5% agar/H2O and two E. muscae 

sporulating housefly cadavers or two freeze-killed housefly cadavers (control). Two 

sporulating housefly cadavers corresponds to an exposure dosage of ca. 4.5 x 106 conidia 

(Becher et al., 2018). A few grains of caster sugar were supplied to each tube. Drosophila flies 

were incubated with the sporulating housefly cadavers for 24 hours. After a 24 hours exposure 

to the sporulating cadavers, the flies were transferred to a new vial to minimise potential risk 

of microbial growth from the housefly cadavers in the medium. The new vial contained a 

medium of 5% Glucose/1.5% agar/H2O (no dry yeast as the latter greatly reduced mortality). 

In addition, a 6-7 cm commercial bamboo skewer was inserted into the medium to provide a 

substrate for behaviourally manipulated summiting flies to adhere to (Elya et al., 2018). After 

infection, flies were moved to an incubator at 19.5℃ on a 14:10 light/dark cycle. Two to five 

replicates (60 to 150 flies) were used per isolate and control treatment. The flies were observed 

daily and the number of dead flies were counted for ten days. 
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 Fungal virulence towards houseflies were assessed using 20 males and 20 females 

(40 in total) in a cylindrical plastic container (diameter: 7.5 cm, height: 8 cm) with a net 

covering the top. Five E. muscae-sporulating housefly cadavers, or five freeze-killed housefly 

cadavers (control), were placed head-first in the bottom of a 30 mL medicine cup (height: 4.3 

cm, diameter: 4 cm/2.8 cm) with a 1 cm layer of 1.5% agar/H2O. This was placed upside-down 

and over the container to freely discharge infective conidia onto the healthy individuals. The 

entire setup was placed in a humid chamber at approximately 85% RH for 24 hours and then 

moved to an incubator at 19.5℃ and on a 14:10 light-dark rhythm. This corresponds to a dosage 

of ca. 1.1 x 107 conidia (Becher et al., 2018), and was higher than the dosage used for 

Drosophila spp. due to the larger body size of houseflies. In total, we used eight to ten replicates 

(320-400 flies) per isolate and four replicates (160 flies) for controls. The flies were observed 

daily for ten days and the number of dead flies were counted. 

 Mortality from infection with Entomophthora muscae was analysed using Cox 

mixed-effects proportional hazard models. Models were run on each host genotype (or species) 

individually, with fungal isolate as fixed factor and infection date as random factor. Using the 

control treatment as intercept, the cumulative hazard ratios were extracted from the exp(coef) 

values of the model outputs for each host genotype (and species) in order to gain insight into 

the host-fungus interactions. All analyses were performed in R version 4.2.2 (R Core Team, 

2022) using the coxme (Therneau, 2022) and survival packages (Therneau, 2023). 

2.4. DNA barcoding of fungal and host species 

Fungal DNA was extracted from actively growing cultures in liquid GLEN medium. Here, 2 

mL of liquid culture was centrifuged at 1400 rpm for 5 minutes. The supernatant was removed 

and the fungal pellet was washed once with 1 mL MQ H2O, resuspended and centrifuged at 

1400 rpm for 5 minutes. Fungal DNA was extracted with a DNEasy Plant mini kit (Qiagen) 

according to the manufacturer’s instructions. The internal transcribed spacer (ITS) DNA region 

was amplified with a polymerase chain reaction (PCR), using primers ITS1 5’- 

TCCGTAGGTGAACCTGCGG and ITS4 5’- TCCTCCGCTTATTGATATGC (White et al., 

1990). Thermocycling was performed as follows: 95℃ for 3 minutes, then 40 cycles of 95℃ 

for 30 seconds, 55℃ for 30 seconds, 72℃ for 60 seconds, followed by 72℃ for 7 minutes. 

PCR products were assessed on a 0.8% agarose-TBE buffer gel and purified using an illustra™ 

GFX PCR DNA and Gel Band Purification Kit (GELifeSciences). The purified PCR products 

were sequenced using Sanger sequencing (Macrogen). The ITS sequence from isolate Md 
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(KVL21-40) was extracted from a previously sequenced whole-transcriptome of a sporulating 

housefly cadaver (Naundrup et al., 2022). 

 ITS sequences from selected fungal isolates were aligned in MUSCLE version 

3.8.425 (Edgar, 2004) and a rooted maximum likelihood tree with 1,000 bootstraps was 

constructed in fasttree version 2.1.11 (Price et al., 2009) using the -gtr option. The following 

E. muscae isolate ITS sequences and their accession numbers were obtained from GenBank 

(https://www.ncbi.nlm.nih.gov/nuccore): Delia radicum E. muscae: KX639404.1, “Berkeley”: 

MW717683.1, Entomophthora schizophorae: GQ285870.1. The dipteran-infecting E. 

schizophorae was selected as outgroup. The phylogenetic tree was visualised using the 

programme FigTree version 1.4.4 (Rambaut, 2018) (Figure 4; Supporting Information Figure 

S9). 

 Fly-host species were identified by sequencing the Cytochrome Oxidase I (COI) 

region (Folmer et al., 1994). Whole-fly DNA was extracted with a CTAB extraction method 

(De Fine Licht et al., 2010) from alcohol preserved fly cadavers. COI DNA was amplified with 

a PCR reaction using primers HCO2198 5’- TAAACTTCAGGGTGACCAAAAAATCA and 

LCO1490 5’-GGTCAACAAATCATAAAGATATTGG (Folmer et al., 1994). Thermocycling 

was performed as follows: 95℃ for 3 minutes, then 35 cycles of 95℃ for 30 seconds, 45℃ for 

30 seconds, 72℃ for 60 seconds, followed by 72℃ for 10 minutes.  

2.5. Presence of iflaviruses in fungal isolates  

An RNAseq approach was used to determine the presence of “Entomophthovirus” in fungal 

isolates. RNA was extracted and purified using a Qiagen RNEasy plant mini kit with an added 

extra phenol/chloroform and chloroform step for ca. 3 week old liquid cultures of the 

Drosophila E. muscae isolates and a dead E. muscae sporulating housefly cadaver for isolate 

Md. Total RNA was then converted to cDNA and used to prepare libraries that were sequenced 

using DNA Nanoball™ sequencing (DNBSeq™) technology. Library preparation and 

DNBSeq were performed by the Beijing Genomics Institute (BGI) Europe (Ole Maaloes Vej 

3, 2200 Copenhagen N, Denmark). Raw reads were quality filtered using fastp (Chen et al., 

2018), and de-novo assembled into putative transcripts using Trinity v. 2.10. Transcripts longer 

than 500 bp were searched against the Reference Virus DataBase (Goodacre et al., 2018) using 

the Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997). All transcripts that 

produced a hit to the virus database were then searched against a custom nucleotide blast 

database consisting of the E. muscae Berkeley “Entomophthovirus” (GENB01034640) 
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previously identified by Coyle et al. (2018) and of an E. muscae virus from an infected cabbage 

fly (Delia radicum) isolated in Denmark (De Fine Licht et al., 2017). The de novo assembled 

genomes of the E. muscae viruses were aligned in MUSCLE version 3.8.425 (Edgar, 2004) 

and a rooted maximum likelihood tree with 1,000 bootstraps was constructed in fasttree version 

2.1.11 (Price et al., 2009) using the -gtr option. The redbank virus genome (DBSOURCE: 

MN784065.1; 9,811 bp) was selected as outgroup as it was returned as the highest match out 

of the known non-E. muscae viruses (61.16% identity, evalue = 3e-43, accession: QIJ25857.1) 

using the RNA-dependent Ribosomal polymerase (RdRp) region of the Md isolate virus as 

query in blastp against the GenBank database. The redbank virus genome was downloaded 

from GenBank. The redbank virus has been identified in a sample of mixed arthropods 

collected from White Rock in Queensland, Australia. The phylogenetic tree was visualised and 

produced using the programme FigTree version 1.4.4 (Rambaut, 2018) (Figure 4; Supporting 

Information Figure S10).  

 

3. Results 

3.1. Fungal virulence 

All four E. muscae isolates were capable of infecting, inducing the characteristic summiting 

behaviour, and sporulating with visible stripes of fungal conidiophores in all fly genotypes 

(Figure 1). However, we saw distinct fungal and fly genotype-dependent virulence. All four E. 

muscae isolates showed very high virulence in houseflies, with epizootic-like effects occurring 

primarily at six and seven days post infection (dpi) (Figure 2a; Supporting Information Figure 

S2,S3). Within the Drosophila species hosts, D. melanogaster was significantly more 

susceptible to E. muscae than D. suzukii, notably to all the Drosophila isolated E. muscae, but 

no differences were seen when infected with Md isolate, which was the least virulent isolate 

(Figure 2b-f; Supporting Information Figure S2,S3; Table S1-S6). 

 In M. domestica, all E. muscae isolates were significantly different from the 

control (Md: Z = -11.37; DK1: Z = -11.71; DK2: Z = -11.72; DE: Z = -11.15, p < 0.001) and 

induced up to 100% mortality within 10 days. We found no significant effect of isolate on 

housefly mortality when comparing isolate Md to isolates DK1 (Z = 1.67, p = 0.096), DK2 (Z 

= 1.61, p = 0.110) and DE (Z = -0.89, p = 0.370). The Germany-originating isolate DE (300818-

01A) had significantly different mortality in the housefly compared to the two Denmark-
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originating isolates, DK1 (Z = 2.56, p = 0.010) and DK2 (Z = 2.34, p = 0.019). Isolates DK1 

and DK2 were not significantly different (Z = -0.09, p = 0.930) (Figure 2a; Table S7). 

 The D. melanogaster species exhibited a comparably lower susceptibility than 

houseflies, but higher than D. suzukii to E. muscae infections, and also showed higher mortality 

on six and seven dpi (Supporting Information Figure S2,S3). All isolates had a significant effect 

on host survival compared to the uninfected controls (Md: Z = -3.75; DK1: Z = -5.07; DK2: Z 

= -5.20; DE: Z = -4.53, p < 0.001). The housefly isolate Md was significantly less virulent 

compared to all three Drosophila isolates (DK1: Z = 3.81; DK2: Z = 4.10, p < 0.001 and DE: 

Z = 2.09, p = 0.036). Isolate DK1 was not significantly different to DK2 (Z = 0.52, p = 0.600) 

or DE (Z = -1.76, p = 0.078), however DK2 was significantly more virulent compared with DE 

(Z = -2.29, p = 0.022) (Supporting Information Figure S4a; Table S8). 

 In the D. melanogaster Dalby genotype, all isolates had a significant effect on 

mortality compared to the control (Md: Z = -2.76 and DE: Z = -2.67, p < 0.01; DK1: Z = -3.73 

and DK2: Z = -3.54, p < 0.001) (Figure 2b; Table S9). Isolate Md induced significant lower 

mortality between isolates DK1 (Z = 2.95, p = 0.003) and DK2 (Z = 2.34, p = 0.019), but not 

DE (Z = 0.10, p = 0.920). DK1 was significantly more virulent than DE (Z = -2.21, p = 0.027). 

There were no statistical differences between DK1 and DK2 (Z = -0.80, p = 0.420), or between 

DK2 and DE (Z = -1.95, p = 0.051) (Figure 2b; Table S9). 

 In D. melanogaster Zimbabwe, the mortality in all E. muscae isolate treatments 

were statistically significantly different from the control (Md: Z = -2.53, p = 0.011; DK1: Z = 

-3.58; DK2: Z = -4.00; DE: Z = -3.67, p < 0.001) (Figure 2c; Table S11). We saw a significant 

lower mortality from isolate Md when compared with isolates DK1 (Z = 3.04, p = 0.002), DK2 

(Z = 4.47, p < 0.001) and DE (Z = 3.34, p < 0.001). None of the three Drosophila-isolated 

isolates were significantly different from one another, but isolate DK2 showed the highest 

mortality of any fungal genotype, ~50% over 10 days (Figure 2c; Supporting Information 

Figure S5-S8; Table S11). DK2 caused the highest mortality in the Zimbabwe genotype across 

all E. muscae isolates and all Drosophila genotypes (Figure 2).  

 The D. suzukii species exhibited the lowest susceptibility to E. muscae infections, 

with no distinct increase in mortality on specific dpi (Supporting Information Figure S2-S4). 

All isolates had a significant effect on decreasing host survival compared to the uninfected 

controls (Md: Z = 4.92; DK1: Z = 5.67; DK2: Z = 4.83; DE: Z = 4.74, p < 0.001). However, 
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none of the E. muscae isolates were statistically significantly different from one another 

(Supporting Information Figure S4b; Table S12). 

 In all D. suzukii genotypes we saw an overall lower E. muscae-induced mortality, 

up to ~25%, compared to both D. melanogaster genotypes and the type host, M. domestica 

(Figure 2; Supporting Information Figure S5-S7). In D. suzukii DK genotype, isolates DK1, 

DE and Md (Md: Z = 2.76; DK1: Z = 3.19; DE: Z = 2.05, p < 0.05), but not isolate DK2 (Z = 

1.52, p = 0.130), were significantly different from the control (Figure 2d). Housefly isolate Md 

induced the highest mortality but was not significantly to the three Drosophila spp. isolates 

(DK1: Z = 0.10, p = 0.920; DK2: Z = -1.92, p = 0.055; DE: Z = -1.41, p = 0.160). Mortality 

from isolate DK1 was significantly different from the two other Drosophila isolates, DK2 (Z 

= -2.18, p =0.029) and DE (Z = -2.18, p = 0.029). Although mortality from DE was higher, we 

did not find the effect to be significantly different from DK2 (Z = -0.68, p = 0.500) (Figure 2d; 

Table S13). 

 All E. muscae isolates induced a significantly higher mortality compared to the 

uninfected treatment in the D. suzukii Laimburg genotype (DK1: Z = -2.95, DK2: Z = -3.38, 

DE: Z = -2.64, Md: Z -2.57, p < 0.01) (Figure 2e; Table S14) as well as in the Trelleborg 

genotype (DK1: Z = -2.79, DK2: Z = 2.73, DE: Z = 3.26, Md: Z = 3.01, p < 0.01) (Figure 2f; 

Tables S15). Isolates Md, DK1, DK2 and DE, in both these D. suzukii genotypes showed no 

significant differences on overall fly mortality, with a maximum mortality ≤ 22% within ten 

days (Figure 2e,f). 

3.2. Host-parasite interactions 

The cumulative hazard ratios (CHR) of host species and genotypes showed variation across 

each E. muscae isolate, being highest in M. domestica and lowest in D. suzukii, particularly the 

Trelleborg genotype (Figure 3; Supporting Information Figure S5-7; Table S16,S17). The 

fungal Drosophila isolates from Denmark (DK1 and DK2) showed the highest CHR compared 

to isolate Md and DE within host species (Figure 3a,b). In M. domestica, DK1 and DK2 CHR 

were at 91.1 and 90.5, respectively, compared to 79.6 and 73.6 for isolates Md and DE. In the 

species D. melanogaster, the same CHR trends were observed, although lower, with DK1 and 

DK2 being highest at 46.2 and 51.5, respectively. DE isolate was 31, and isolate Md lowest at 

17.6. In D. suzukii, DK1 was highest at 16.9, then DK2 at 13.6, Md at 12.1 and DE at 10.9 

(Figure 3; Supporting Information Figure S5,S6; Table S16). 
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 The genotypes within Drosophila melanogaster and D. suzukii demonstrated 

varying susceptibilities to different E. muscae isolates. In D. melanogaster, isolates DE and 

DK2 were more hazardous to the Zimbabwe genotype than to Dalby (DE: 41.4 vs 21.7; DK2: 

57 vs 50.9), while isolates Md and DK1 showed higher CHR in Dalby compared to the 

Zimbabwe genotype (Md: 20.7 vs 13.8; DK1: 65.5 vs 38) (Figure 3c; Supporting Information 

Figure S5,S6; Table S17). In D. suzukii, isolates Md and DK1 were overwhelmingly more 

hazardous in the Denmark genotype, at 27.3 and 29.2, respectively, but were similarly 

hazardous to the Laimburg (Md: 7.8; DK1: 10.3) and Trelleborg (Md: 9.7; DK1: 8.8) 

genotypes. Isolate DK2 was most hazardous in the Laimburg genotype (15.3), but similarly 

low in the Denmark (6.2) and Sweden (8.4) genotypes. Hazard caused by isolate DE was 

equally low across the three D. suzukii genotypes (Denmark: 10; Laimburg: 8.3; Trelleborg: 

11.6) (Figure 3d; Supporting Information Figure S5,S6; Table S17). According to Lambrechts 

et al. (2006), the differences in cumulative hazard ratios, such as those depicted in Figure 3b-

d, suggest host parasite genotype-by-genotype interactions. If mortality is plotted as opposed 

to CHR, similar trends are observed (Supporting Information Figure S5-S7). Our data thus 

suggests that there are interactions between host species (Figure 3b) and fungal genotypes 

(Figure 3c,d). 

3.3. Phylogenetic analyses 

All three Drosophila-isolated isolate ITS sequences show high homology to the ITS sequence 

obtained from Entomophthora muscae “Berkeley”, which was isolated from an infected D. 

hydei in Berkeley, California, USA (Elya et al., 2018) and cluster separately from the E. 

muscae-ITS sequences originating from houseflies (Figure 4). Except for isolate DK1, which 

was isolated from a fly identified via COI sequences as a Drosophila melanogaster, it was not 

possible to obtain COI sequences of the Drosophila samples where isolate DK2 and DE were 

isolated from due to DNA extraction and PCR failure. However, out of the total 9 infected flies 

collected in the trap, three other Drosophila flies infected with an E. muscae-like fungus were 

identified using COI, two as D. melanogaster and one as D. immigrans. However, the E. 

muscae genotypes infecting these identified host species were not isolated and so were not used 

in this study. 

 All four E. muscae isolates contained mycovirus sequencing reads. However, the 

viral load based on the amount and diversity of viral transcripts differed between isolates. 223 

out of 16,793,572 reads (0.0013%) were found in isolate DK1, 2212 out of 16,606,907 reads 
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(0.013%) in isolate DK2, in isolate DE we found 1,376,004 out of 16,846,423 (8.17%), and 

50,935 virus reads out of the 13,581,373 reads (0.38%) in isolate Md. Nearly the complete 

virus genome of 8,832 base pairs could be assembled from contigs from all isolates and all 

contained the single uninterrupted RdRp ORF as previously described (Coyle et al., 2018). All 

isolates appeared to contain a single virus, however sample “DE” contained two distinct viruses 

with a pairwise identity of 99.9%, which may indicate that they are viral quasispecies (Holland 

et al., 1992; Vignuzzi et al., 2006) (Figure 4). Phylogenetically, two clades can be 

distinguished, one containing the viruses from the Drosophila isolates used in this study which 

showed very high homology to each other, and a second containing those from E. muscae 

isolate Md, Berkeley (from D. hydei host), Delia radicum and Twyford (from D. melanogaster 

host) (Figure 4). The clades divergence can be delimited by the origin of extracted material, as 

all three Drosophila isolates were extracted from liquid cultures, whereas isolate Md was 

extracted from a sporulating M. domestica cadaver, and the Twyford, Berkeley and D. radicum 

viruses extracted from insect tissue. 

 

4. Discussion and conclusion 

Host disease outcome and pathogenicity potential of insect pathogenic fungi rely to a large 

extent on mechanisms for penetrating the insect cuticle and overcoming the host immune 

system (Butt et al., 2016). The E. muscae species complex infects a narrow range of dipteran 

species, actively discharges large conidia from mycosed cadavers and is often observed to 

induce epizootic events (Steinkraus & Kramer, 1987; Jensen et al., 2006; De Fine Licht et al., 

2017). Here, we explored the genotype-by-genotype (GxG) interactions between four isolates 

of pathogenic fungi and six genotypes within three species of fly hosts. To explore the 

relationship of host-pathogen GxG interactions, we assessed mortality over 10 days of 

infection. Experimental infections of D. suzukii, D. melanogaster, and M. domestica, of which 

the latter is considered E. muscae’s type host as it has previously been found to be highly 

susceptible to E. muscae isolates (Steinkraus & Kramer, 1987; Keller, 2002), showed that all 

E. muscae isolates were capable of inducing summiting behaviour and sporulation in all host 

genotypes. While M. domestica was very susceptible to infection by all pathogen genotypes, 

we found a comparably lower mortality in experimentally infected D. suzukii and D. 

melanogaster genotypes. Virulence in D. melanogaster is highly dependent on both the fly and 

fungus genotypes, where Drosophila isolates were more virulent to D. melanogaster than the 
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housefly isolate. Within host genotypes, D. melanogaster “Zimbabwe” exhibited a higher 

susceptibility, with around 50% mortality, induced by a single fungal isolate, isolate DK2, 

compared to the “Dalby” genotype that showed 33% mortality when exposed to isolate DK1. 

The difference between the tested D. melanogaster genotypes might be a reflection of the 

incipient speciation between the “Dalby” and “Zimbabwe” genotypes (Grillet et al., 2012). D. 

suzukii genotypes were much less susceptible to infection, however host genotype DK showed 

susceptibility to isolate Md and DK1. 

 Hosts vary in their susceptibility to disease, both due to more transient variation 

in age, feeding status, and fluctuating environmental conditions, but also because of host 

genotype effects that lead to specific GxG outcomes of host-pathogen interactions (Lambrechts 

et al., 2006). For fly-E. muscae interactions, there are large variations between D. melanogaster 

genotypes in susceptibility to a single E. muscae isolate obtained from a D. melanogaster in 

California (Wang et al., 2020), clearly showcasing host genotype-specific effects on E. muscae 

disease outcomes. The four different E. muscae isolates in this study also show genotype-

specific variation towards different fly host species and genotypes, evident as fungal genotypes 

were reciprocally more virulent to one host population than to another (Figure 3). Such a 

virulence pattern with non-parallel and crossing lines between pathogen genotype 

performances on two alternate hosts is consistent with co-evolutionary interactions in the fly-

E. muscae system being governed by host-pathogen GxG interactions (Kawecki & Ebert, 2004; 

Lambrechts et al., 2006). This is similar to more well studied insect-pathogen systems, such as 

Anopheles spp. mosquitos and malaria (Lambrechts et al., 2005), Daphnia magna and its 

bacterial pathogens (Carius et al., 2001), and the gypsy moth (Lymantria dispar) and 

baculoviruses (Hudson et al., 2016), where virulence and disease outcome is highly dependent 

on the specific host-pathogen GxG pairings. Although 100% of individuals in wild housefly 

populations can be infected, with up to 100% mortality, the latency until death of ca. one week 

and the conserved ability to reproduce, could suggest that these traits are linked to host-parasite 

co-evolutionary dynamic equilibria (Buckingham & Ashby, 2022). 

 In our experimental infections, we use an interspecies infection from a M. 

domestica cadaver to a Drosophila host, which may have influenced the infection outcome 

negatively. The continuous fungal rearing in vivo in M. domestica hosts may have decreased 

the ability to infect Drosophila, perhaps through epigenetic changes. While the low mortality 

found here may thus be attributed to the setup of the experimental infection, it is also possible 

that neither of the two D. melanogaster genotypes belong to highly susceptible genotypes, as 
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their mortality data is comparable to resistant genotypes in the study by Wang et al. (2020). 

Moreover, similar mortality rates were observed in E. muscae infections of a D. suzukii 

genotype collected from a region in northern Italy proximate to that of the Laimburg genotype 

(Becher et al., 2015). It is thus important to consider that D. suzukii likely exhibits a similar 

genotype-dependent susceptibility to infections. D. suzukii is a horticultural pest of soft-

skinned fruits and causes severe economic losses to the fruit industry in both North America 

(Farnsworth et al., 2017) and Europe (Cini et al., 2012; De Ros et al., 2013). Their dispersal 

as pests to new habitats may increase their likelihood of naturally encountering local E. muscae, 

opening the doors to the development of much needed high host-specific biological control 

agents (Lacey et al., 2015; Kwadha et al., 2021). However, the findings in this study show that 

local host adaptation by E. muscae and the genetic makeup of both pathogen and host influence 

infectivity. 

Genetically, all of the three Drosophila-isolated E. muscae genotypes showed 

near 100% homology of the ITS region to Entomophthora muscae “Berkeley”, which has been 

isolated from a naturally infected D. hydei in California, USA (Elya et al., 2018). This indicates 

that Drosophila-isolated E. muscae represent a distinct lineage compared to E. muscae isolates 

from M. domestica and D. radicum (Figure 4). This is in contrast to diversity between 

“Entomophthovirus” variants, which is likely due to individual E. muscae isolates harbouring 

more than one “Entomophthovirus” or to viral genotypic variation (Cory et al., 2005; Coyle et 

al., 2018). Interestingly, they all show high sequence homology to the Twyford virus, a 

Drosophila melanogaster-associated iflavirus which was originally discovered in D. 

melanogaster (Webster et al., 2015), but has since been found to be associated with E. muscae 

infected Drosophila spp. (Coyle et al., 2018). While the variation of sequence and number of 

transcripts of the “Entomophthoviruses” appears unlinked to the virulence seen in the host 

genotypes, the presence in all fungal isolates indicates a tight association between fungus and 

virus. Furthermore, the phylogenetic grouping of viruses from either liquid culture or insect 

tissue indicates additional complexity to the E. muscae-virus symbiosis. Coyle et al. (2018) 

also found genetically distinct viruses within the E. muscae Berkeley isolate depending on 

whether RNA was extracted from in vitro or in vivo cultures. In this study, the two clades may 

be an indication of virus transmission mechanisms, with the “in vitro” clade indicating virus 

dispersal via conidia during sporulation, as is seen in plant-fungus-virus systems (Bian et al., 

2020). However, the presence of two possible divergent viruses opens questions as to their 

roles in this system. It could be argued that one of the viruses may be needed for virulence, as 
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with the virus of the insect pathogen Beauveria bassiana, whose presence causes mild 

hypervirulence in Galleria mellonella (Kotta-Loizou & Coutts, 2017). Or one of the viruses 

may be needed for behavioural manipulation, whereby it could concentrate in the head of the 

host, like the iflavirus used by the parasitic wasp Dinocampus coccinellae to manipulate the 

behaviour of its ladybird host, Coleomegilla maculata (Dheilly et al., 2015). Future studies 

may likely reveal fungus-virus co-evolution as signatures of genotype-specific interaction 

differences (Ebert & Fields, 2020), as is seen in insect-infecting baculoviruses (Cory et al., 

2005). 

 Why we see co-evolutionary dynamics and patterns of local adaptation in the 

form of GxG interactions as described here is perhaps not too surprising, because 

entomopathogenic fungi in the E. muscae species complex are obligate Dipteran host-specific 

pathogens. Such evolutionary ecological patterns are also evident for obligate fungal plant 

pathogens governed by gene-for-gene host-pathogen interactions (Van der Biezen & Jones, 

1998; Hartmann et al., 2019), but not found or expected for broad host-range hypocrealean 

entomopathogenic fungi in the genera Metarhizium and Beauveria. These fungi may instead 

show patterns of local adaptation to certain plant species or habitats because these hypocrealean 

entomopathogenic fungi also associate with plants as root symbionts and this appears to be 

their more prevalent ecological niche (St. Leger & Wang, 2020; Stone & Bidochka, 2020; Hu 

& Bidochka, 2021). In conclusion, the results of E. muscae local adaptation described here are 

similar to obligate plant-pathogenic fungi and the evolutionary ecology of E. muscae is in 

agreement with general host-pathogen co-evolutionary patterns of local host adaptation.  
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FIGURE 1 

Entomophthora growth in infected fly hosts. (a). Male Drosophila suzukii experimentally 

infected and exhibiting characteristic E. muscae growth in the laboratory. Cadaver is in an 

early sporulation stage. (b). Female housefly infected with E. muscae in an early to mid-

sporulation stage. In both hosts, fungal mass and conidiophores are extruding from the soft 

ventral and intersegmental membrane of the abdomen. (Photos by Andreas Naundrup and Sam 

Edwards). 

 

FIGURE 2 

Virulence of Entomophthora muscae isolates on different fly host genotypes. Kaplan-Meier 

graphs of E. muscae virulence over 10 days post infection on (a). houseflies (control, n = 160, 

DK1 and DE, n = 360, DK2 and Md, n = 400). (b). D. melanogaster genotype “Dalby” 

(control, DK1 and Md, n = 90, DK2, n = 150 and DE, n = 120). (c). D. melanogaster genotype 

“Zimbabwe” (control, DK1, DK2, DE and Md, n = 90). (d). D. suzukii genotype “DK” (control 

and DK1, n = 90, DK2, n = 120, DE, n = 119 and Md, n = 60). (e). D. suzukii genotype 

“Laimburg” (control, DK1, DE and Md, n = 90 and DK2, n = 120). (f). D. suzukii genotype 

“Trelleborg” (control, DK1, DK2, DE and Md, n = 90). Letters a, b and c denote significant 

difference from each other. Letters ab denotes not significant from a or b, but significant from 

c. Coloured circles next to letters in (a) represent the E. muscae isolates that correspond to the 

letters. 

 

FIGURE 3 

Host and parasite genotype-by-genotype interactions. Cox proportional cumulative hazard 

ratios of each Entomophthora muscae isolate depicted with (a). a heat map, (c). a line graph 

of the three fly host species, (c). a line graph of the two Drosophila melanogaster genotypes, 

and (d). a line graph of the three Drosophila suzukii genotypes. Numbers within cells of (a) 

represent the hazard ratios rounded to the nearest whole number (see supplementary table S17 

for precise numbers) Host abbreviations on the x axis: Md = Musca domestica; Dm = 

Drosophila melanogaster; Ds = Drosophila suzukii; Dm_Da = D. melanogaster Dalby; Dm_Z 

= D. melanogaster Zimbabwe; Ds_DK = D. suzukii Denmark; Ds_L = D. suzukii Laimburg; 

Ds_T = D. suzukii Trelleborg. 
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FIGURE 4 

Co-phylogenies of E. muscae isolates and viral symbionts. The left phylogeny is a rooted 

maximum likelihood tree based on Internal Transcribed Spacer (ITS) sequences (1374 bp long) 

of tested E. muscae isolates, of an isolate from Delia radicum (Dr) and the E. muscae 

“Berkeley” isolate (Elya et al., 2018). Entomophthora schizophorae (ARSEF 6817) is included 

as outgroup. The phylogeny on the right is a rooted maximum likelihood tree of the 

“Entomophthovirus” genomes identified in the sequenced reads. E. muscae isolates Md, DK1 

and DK2 had a single “Entomophthovirus”, while isolate DE had two. The corresponding 

viruses from both E. muscae “Berkeley” (Berk. virus) and D. radicum (Dr virus) isolates were 

included, as well as the Twyford virus which was the first described virus originating from E. 

muscae (Webster et al., 2015, Coyle et al., 2018). Redbank virus is included as outgroup. 

Bootstrap support from 1,000 iterations are given (for information on branch length, see 

Supporting Information Figure S9,S10). The Sankey graph between the two phylogenies 

depicts the fungal-virus relationship, with the colours indicating fly host genus.  
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Supplementary Material to 

Edwards S, Naundrup A, Becher PG, De Fine Licht HH. 2023 Patterns of genotype-specific interactions 

in an obligate host-specific insect pathogenic fungus. 

Supplementary figure S1. Approximate geographical distribution of the selected host genotypes (blue) 

and Entomophthora muscae isolates (red). Insert shows an enlarged view of the European genotypes. 

Maps were created using the maps (https://cran.r-project.org/package=maps) and ggplot2 packages in 

R. 

Supplementary Table S1. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the Entomophthora muscae as a species across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 26.22, 

0.0 

32.07, 

0.0 

D. melanogaster -26.22,

0.0

7.17, 

0.000000000000

73 

D. suzukii -32.07,

0.0

-7.17,

0.0000000000007

3
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Supplementary Table S2. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the Md isolate across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 13.27, 

0.0 

14.65, 

0.0 

D. melanogaster -13.27,

0.0

-0.67,

0.5

D. suzukii -14.65,

0.0

0.67, 

0.5 

Supplementary Table S3. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DK1 isolate across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 13.02, 

0.0 

15.86, 

0.0 

D. melanogaster -13.02,

0.0

3.97, 

0.000073 

D. suzukii -15.86,

0.0

-3.97,

0.000073

Supplementary Table S4. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DK2 isolate across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 14.00, 

0.0 

18.13, 

0.0 

D. melanogaster -14.00,

0.0

6.84, 

0.000000000077 

D. suzukii -18.13,

0.0

-6.84,

0.000000000077
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Supplementary Table S5. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DE isolate across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 13.40, 

0.0 

16.40, 

0.0 

D. melanogaster -13.4,

0.0

3.66, 

0.00025 

D. suzukii -16.4,

0.0

-3.66,

0.00025

Supplementary Table S6. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the uninfected (control) treatment across host species. Significant effects are indicated in bold. 

M. domestica D. melanogaster D. suzukii

M. domestica 1.73, 

0.084 

1.48, 

0.14 

D. melanogaster -1.73,

0.084

-0.62,

0.54

D. suzukii -1.48,

0.140

0.62, 

0.540 
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Supplementary Table S7. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in housefly genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-1.67,

0.096

-1.61,

0.110

0.89, 

0.370 

11.37, 

0.0 

DK1 
1.67, 

0.096 

0.09, 

0.930 

2.56, 

0.010 

11.71, 

0.0 

DK2 
1.61, 

0.110 

-0.09,

0.930

2.34, 

0.019 

11.72, 

0.0 

DE 
-0.89,

0.370

-2.56,

0.010

-2.34,

0.019

11.15, 

0.0 

Control -11.37,

0.000

-11.71,

0.000

-11.72,

0.000

-11.15,

0.000

Supplementary Table S8. Cox Proportional Hazard statistics (z-score, P-value) for the E. muscae 

isolate virulence in Drosophila melanogaster. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-3.81,

0.00014

-4.10,

0.000041

-2.09,

0.036

3.75, 

0.00018 

DK1 
3.81, 

0.00014 

-0.52,

0.600

1.76, 

0.078 

5.07, 

0.0000004 

DK2 
4.10, 

0.000041 

0.52, 

0.600 

2.29, 

0.022 

5.20, 

0.0000002 

DE 
2.09, 

0.036 

-1.76,

0.078

-2.29,

0.022

4.53, 

0.000006 

Control -3.75,

0.00018

-5.07,

0.0000004

-5.20,

0.0000002

-4.53,

0.000006
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Supplementary Table S9. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in Drosophila melanogaster Dalby genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-2.95,

0.00320

-2.34,

0.0190

-0.10,

0.9200

2.76, 

0.0059 

DK1 
2.95, 

0.0032 

0.80, 

0.4200 

2.21, 

0.0270 

3.73, 

0.00019 

DK2 
2.34, 

0.0190 

-0.80,

0.42000

1.95, 

0.0510 

3.54, 

0.0004 

DE 
0.10, 

0.9200 

-2.21,

0.02700

-1.95,

0.0510

2.67, 

0.0076 

Control -2.76,

0.0059

-3.73,

0.00019

-3.54,

0.0004

-2.67,

0.0076

Supplementary Table S10. Cox Proportional Hazard statistics (z-score, P-value) for the E. muscae as 

a species virulence across host genotypes. Significant effects are indicated in bold. 

M. 

domestica 

D. mel.

Dalby

D. mel.

Zimb.

D. suz. DK D. suz.

Laim

D. suz. Sw

M. domestica 21.68, 

0.0 

18.49, 

0.0 

20.66, 

0.0 

20.73, 

0.0 

20.12, 

0.0 

D. mel. Dalby -21.68,

0.0

-1.98,

4.7e-02

4.51, 

6.6e-06 

3.69, 

2.2e-04 

2.84, 

4.5e-03 

D. mel. Zimb. -18.49,

0.0

1.98, 

4.7e-02 

6.07, 

1.3e-09 

5.42, 

5.9e-08 

4.56, 

5.0e-06 

D. suz. DK -20.66,

0.0

-4.51,

6.6e-06

-6.07,

1.3e-09

-0.89,

3.7e-01

-1.66,

9.7e-02

D. suz. Laim -20.73,

0.0

-3.69,

2.2e-04

-5.42,

5.9e-08

0.89, 

3.7e-01 

-0.79,

4.3e-01

D. suz. Sw -20.12,

0.0

-2.84,

4.5e-03

-4.56,

5.0e-06

1.66, 

9.7e-02 

0.79, 

4.3e-01 
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Supplementary Table S11. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in Drosophila melanogaster Zimbabwe genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-3.04,

0.0024

-4.47,

0.0000077

-3.34,

0.00084

2.53, 

0.011 

DK1 
3.04, 

0.0024 

-1.71,

0.087

-0.34,

0.740

3.58, 

0.00035 

DK2 
4.47, 

0.0000077 

1.71, 

0.087 

1.39, 

0.160 

4.00, 

0.000064 

DE 
3.34, 

0.00084 

0.34, 

0.740 

-1.39,

0.160

3.67, 

0.00025 

Control -2.53,

0.011

-3.58,

0.00035

-4.00,

0.000064

-3.67,

0.00025

Supplementary Table S12. Cox Proportional Hazard statistics (z-score, P-value) for the E. muscae 

isolate virulence in Drosophila suzukii. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-1.19,

0.23

-0.33,

0.74

0.40, 

0.69 

4.92, 

0.00000088 

DK1 
1.19, 

0.23 

0.68, 

0.49 

1.87, 

0.061 

5.67, 

0.000000014 

DK2 
0.33, 

0.74 

-0.68,

0.49

0.73, 

0.47 

4.83, 

0.0000013 

DE 
-0.40,

0.69

-1.87,

0.061

-0.73,

0.47

4.74, 

0.0000022 

Control -4.92,

0.00000088

-5.67,

0.000000014

4.83, 

0.0000013 

-4.74,

0.0000022
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Supplementary Table S13. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in Drosophila suzukii Denmark genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-0.10,

0.9200

1.92, 

0.055 

1.41, 

0.160 

2.76, 

0.0058 

DK1 
0.10, 

0.9200 

2.18, 

0.029 

2.18, 

0.029 

3.19, 

0.0014 

DK2 
-1.92,

0.0550

-2.18,

0.0290

-0.68,

0.500

1.52, 

0.130 

DE 
-1.41,

0.1600

-2.18,

0.0290

0.68, 

0.500 

2.05, 

0.040 

Control -2.76,

0.0058

-3.19,

0.0014

-1.52,

0.130

-2.05,

0.040

Supplementary Table S14. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in Drosophila suzukii Laimburg by genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
-0.67,

0.5000

-1.48,

0.14000

-0.13,

0.9000

2.57, 

0.01 

DK1 
0.67, 

0.50 

-0.96,

0.34000

0.57, 

0.5700 

2.95, 

0.0031 

DK2 
1.48, 

0.14 

0.96, 

0.3400 

1.43, 

0.1500 

3.38, 

0.00073 

DE 
0.13, 

0.90 

-0.57,

0.5700

-1.43,

0.15000

2.64, 

0.0082 

Control -2.57,

0.01

-2.95,

0.0031

-3.38,

0.00073

-2.64,

0.0082
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Supplementary Table S15. Cox Proportional Hazard statistics (z-score, P-value) for the fungal isolate 

virulence in Drosophila suzukii Trelleborg by genotype. Significant effects are indicated in bold. 

Md DK1 DK2 DE Control 

Md 
0.24, 

0.8100 

0.37, 

0.7100 

-0.51,

0.6100

3.01, 

0.0027 

DK1 
-0.24,

0.8100

0.12, 

0.9000 

-0.73,

0.4700

2.79, 

0.0053 

DK2 
-0.37,

0.7100

-0.12,

0.9000

-0.87,

0.3900

2.73, 

0.0062 

DE 
0.51, 

0.6100 

0.73, 

0.4700 

0.87, 

0.3900 

3.26, 

0.0011 

Control -3.01,

0.0027

-2.79,

0.0053

-2.73,

0.0062

-3.26,

0.0011

Supplementary table S16. Cumulative hazard ratios of host phenotypes (species). 

E. muscae isolate Host species Species hazard ratios 

Md M. domestica 79.6 

DK1 M. domestica 91.1 

DK2 M. domestica 90.5 

DE M. domestica 73.6 

Md D. melanogaster 17.6 

DK1 D. melanogaster 46.2 

DK2 D. melanogaster 51.5 

DE D. melanogaster 31.0 

Md D. suzukii 12.2 

DK1 D. suzukii 16.9 

DK2 D. suzukii 13.6 

DE D. suzukii 10.9 
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Supplementary table S17. Cumulative hazard ratios of host genotypes. 

E. muscae isolate Host species Host genotype Genotype hazard ratio 

Md M. domestica M.domestica 79.6 

DK1 M. domestica M.domestica 91.1 

DK2 M. domestica M.domestica 90.5 

DE M. domestica M.domestica 73.6 

Md D. melanogaster Dalby 20.7 

DK1 D. melanogaster Dalby 65.5 

DK2 D. melanogaster Dalby 50.9 

DE D. melanogaster Dalby 21.7 

Md D. melanogaster Zimbabwe 13.8 

DK1 D. melanogaster Zimbabwe 38.0 

DK2 D. melanogaster Zimbabwe 57.0 

DE D. melanogaster Zimbabwe 41.4 

Md D. suzukii DK 27.3 

DK1 D. suzukii DK 29.2 

DK2 D. suzukii DK 6.2 

DE D. suzukii DK 10.0 

Md D. suzukii Laimburg 7.8 

DK1 D. suzukii Laimburg 10.3 

DK2 D. suzukii Laimburg 15.3 

DE D. suzukii Laimburg 8.6 

Md D. suzukii Sweden 9.7 

DK1 D. suzukii Sweden 8.8 

DK2 D. suzukii Sweden 8.4 

DE D. suzukii Sweden 11.6 
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Supplementary figure S5. Fungal genotype interactions based on (a) Cox proportional cumulative 

hazard ratios and (b) mortality in percentage depicted by a line graph. Host genotype abbreviations on 

the x axis: Md = Musca domestica; Dm_Da = Drosophila melanogaster Dalby; Dm_Z = D. 

melanogaster Zimbabwe; Ds_DK = D. suzukii Denmark; Ds_L = D. suzukii Laimburg; Ds_T = D. 

suzukii Trelleborg. 
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Supplementary figure S6. Host genotype interactions based on (a) Cox proportional cumulative hazard 

ratios and (b) mortality in percentage depicted by a line graph. 

Supplementary figure S7. Fungal genotype interactions depicted with a line graph of mortality for (a) 

Drosophila melanogaster genotypes and (b) Drosophila suzukii genotypes. 
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Supplementary figure S8. Fly host genotype mortality to different Entomophthora muscae isolates. 

Kaplan-Meier graphs of E. muscae virulence over 10 days post exposure for isolate (a). Md (M. 

domestica, n = 400, D. melanogaster Dalby, n = 90, D. melanogaster Zimbabwe, n = 90, D. suzukii 

Denmark, n = 60, D. suzukii Laimburg, n = 90, D. suzukii Trelleborg, n = 90). (b). DK1 (M. domestica, 

n = 360, D. melanogaster Dalby, n = 90, D. melanogaster Zimbabwe, n = 90, D. suzukii Denmark, n = 

90, D. suzukii Laimburg, n = 90, D. suzukii Trelleborg, n = 90. (c). DK2 (M. domestica, n = 400, D. 

melanogaster Dalby, n = 150, D. melanogaster Zimbabwe, n = 90, D. suzukii Denmark, n = 120, D. 

suzukii Laimburg, n = 120, D. suzukii Trelleborg, n = 90). (d). DE (M. domestica, n = 360, D. 

melanogaster Dalby, n = 120, D. melanogaster Zimbabwe, n = 90, D. suzukii Denmark, n = 119, D. 

suzukii Laimburg, n = 90, D. suzukii Trelleborg, n = 90). (e). Uninfected (M. domestica, n = 160, D. 

melanogaster Dalby, n = 90, D. melanogaster Zimbabwe, n = 90, D. suzukii Denmark, n = 90, D. 

suzukii Laimburg, n = 90, D. suzukii Trelleborg, n = 90). Letters a, b, c, d and e denoting significantly 

different from each other. Letters ab denotes not significant from a or b, but significant from c.



257 

Supplementary Table S18. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the Md isolate across host genotypes. Significant effects are indicated in bold. 

M. domestica D. mel.

Dalby

D. mel.

Zimb.

D. suz. DK D. suz.

Laim

D. suz.

Sw

M. 

domestica 

9.82, 

0.0 

9.91, 

0.0 

8.00, 

0.0000000000000013 

9.89, 

0.0 

10.12, 

0.0 

D. mel.

Dalby

-9.82,

0.0

0.84, 

0.400 

-1.09,

0.28

0.80, 

0.420 

-0.05,

0.96

D. mel.

Zimb.

-9.91,

0.0

-0.84,

0.40

-1.85,

0.065

-0.03,

0.970

-0.90,

0.37

D. suz.

DK

-8.00,

0.0000000000000013

1.09, 

0.28 

1.85, 

0.065 

1.82, 

0.069 

1.07, 

0.29 

D. suz.

Laim

-9.89,

0.0

-0.80,

0.42

0.03, 

0.970 

-1.82,

0.069

-0.87,

0.38

D. suz.

Sw

-10.12,

0.0

0.05, 

0.96 

0.90, 

0.370 

-1.07,

0.29

0.87, 

0.380 

Supplementary Table S19. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DK1 isolate across host genotypes. Significant effects are indicated in bold. 

M. 

domestica 

D. mel.

Dalby

D. mel.

Zimb.

D. suz. DK D. suz. Laim D. suz. Sw

M. domestica 10.14, 

0.0000 

9.78, 

0.0000 

10.73, 

0.000 

10.61, 

0.0000 

10.09, 

0.000 

D. mel. Dalby -10.14,

0.0

0.42, 

0.6700 

2.54, 

0.011 

2.92, 

0.0035 

2.39, 

0.017 

D. mel. Zimb. -9.78,

0.0

-0.42,

0.6700

2.23, 

0.026 

2.67, 

0.0077 

1.95, 

0.051 

D. suz. DK -10.73,

0.0

-2.54,

0.0110

-2.23,

0.0260

0.53, 

0.6000 

-0.03,

0.980

D. suz. Laim -10.61,

0.0

-2.92,

0.0035

-2.67,

0.0077

-0.53,

0.600

-0.50,

0.610

D. suz. Sw -10.09,

0.0

-2.39,

0.0170

-1.95,

0.051

0.03, 

0.980 

0.50, 

0.6100 
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Supplementary Table S20. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DK2 isolate across host genotypes. Significant effects are indicated in bold. 

M. 

domestica 

D. mel.

Dalby

D. mel. Zimb. D. suz. DK D. suz.

Laim

D. suz.

Sw

M. 

domestica 

12.46, 

0.0 

8.95, 

0.0 

10.66, 

0.0 

12.10, 

0.0 

10.50, 

0.0 

D. mel.

Dalby

-12.46,

0.0

-2.56,

0.011

4.71, 

0.0000025 

2.54, 

0.011 

2.87, 

0.0041 

D. mel.

Zimb.

-8.95,

0.0

2.56, 

0.011 

6.07, 

0.0000000013 

4.59, 

0.0000045 

4.59, 

0.0000044 

D. suz. DK -10.66,

0.0

-4.71,

0.0000025

-6.07,

0.0000000013

-2.81,

0.0049

-2.09,

0.037

D. suz. Laim -12.10,

0.0

-2.54,

0.011

-4.59,

0.0000045

2.81, 

0.0049 

0.67, 

0.51 

D. suz. Sw -10.50,

0.0

2.87, 

0.0041 

-4.59,

0.0000044

2.09, 

0.037 

-0.67,

0.51

Supplementary Table S21. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the DE isolate across host genotypes. Significant effects are indicated in bold. 

M. 

domestica 

D. mel.

Dalby

D. mel.

Zimb.

D. suz. DK D. suz. Laim D. suz. Sw

M. domestica 10.96, 

0.0 

8.68, 

0.0 

10.53, 

0.0 

9.54, 

0.0 

9.64, 

0.0 

D. mel. Dalby -10.96,

0.0

-2.50,

0.012

2.41, 

0.016 

1.32, 

0.19000 

-0.08,

0.940

D. mel. Zimb. -8.68,

0.0

2.50, 

0.012 

4.45, 

0.0000086 

3.38, 

0.00072 

2.24, 

0.025 

D. suz. DK -10.53,

0.0

-2.41,

0.016

-4.45,

0.0000086

-0.99,

0.32000

-2.37,

0.018

D. suz. Laim -9.54,

0.0

-1.32,

0.190

-3.38,

0.00072

0.99, 

0.32 

-1.33,

0.190

D. suz. Sw -9.64,

0.0

0.08, 

0.940 

-2.24,

0.025

2.37, 

0.018 

1.33, 

0.19000 
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Supplementary Table S22. Cox Proportional Hazard statistics (z-score, P-value) for the virulence of 

the uninfected (control) treatment across host genotypes. Significant effects are indicated in bold. 

M. 

domestica 

D. mel.

Dalby

D. mel.

Zimb.

D. suz. DK D. suz. Laim D. suz. Sw

M. domestica 1.29, 

0.20 

1.30, 

0.20 

1.30, 

0.19 

0.85, 

0.40 

0.85, 

0.40 

D. mel. Dalby -1.29,

0.20

0.00, 

1.00 

0.00, 

1.00 

-0.57,

0.57

-0.57,

0.57

D. mel. Zimb. -1.30,

0.20

0.00, 

1.00 

0.00, 

1.00 

-0.58,

0.57

-0.58,

0.57

D. suz. DK -1.30,

0.19

0.00, 

1.00 

0.00, 

1.00 

-0.58,

0.56

-0.58,

0.56

D. suz. Laim -0.85,

0.40

0.57, 

0.57 

0.58, 

0.57 

0.58, 

0.56 

0.00, 

1.00 

D. suz. Sw -0.85,

0.40

0.57, 

0.57 

0.58, 

0.57 

0.58, 

0.56 

0.00, 

1.00 
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Supplementary figure S9. Entomophthora muscae phylogeny. A rooted maximum likelihood tree 

based on Internal Transcribed Spacer (ITS) sequences (1374 bp long) of tested E. muscae 

isolates, of an isolate from Delia radicum (Dr E. muscae) and the E. muscae “Berkeley” isolate 

(E. muscae Berkeley) (Elya et al., 2018). Entomophthora schizophorae (ARSEF 6817) is 

included as outgroup. Bootstrap support from 1,000 iterations are given by encircled numbers 

and the non-encircled number denote branch length. 
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Supplementary figure S10. Entomophthora muscae virus phylogeny. A rooted maximum likelihood 

tree of the “Entomophthovirus” genomes identified in the sequenced reads. E. muscae isolates 

Md, DK1 and DK2 had a single “Entomophthovirus”, while isolate DE had two. The 

corresponding viruses from both E. muscae “Berkeley” (Berk. virus) and D. radicum (Dr virus) 

isolates were included, as well as the Twyford virus which was the first described virus 

originating from E. muscae (Webster et al., 2015, Coyle et al., 2018). Redbank virus is included 

as outgroup. Bootstrap support from 1,000 iterations are given by encircled numbers and the 

non-encircled number denote branch length. 
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Abstract 

Microsporidia, a vast phylum of obligate intracellular parasites, exhibit a remarkable ability to 

infect a wide array of hosts, including over 220 genera of both vertebrates and invertebrates. 

While microsporidia are well-documented in insects and crustaceans, their true host range 

remains underappreciated due to their often elusive nature. In this study, we employed a data 

mining strategy to extract valuable insights from publicly available draft Panarthropod genomic 

and transcriptomic projects. Out of 8,090 screened assemblies, we identified 572 assemblies 

containing microsporidian proteins. Our investigation encompassed Panarthropoda subphyla, 

with the exception of the Onychophora, underscoring the ubiquity of these parasites. Our 

dataset encompassed host samples collected from diverse environments, ranging from the wild 

to laboratory settings, including an insect cell line. In total, 494 species across 478 genera and 

35 orders of panarthropods were retrieved as ‘potentially infected’ with expected infection 

patterns. Furthermore, we constructed a multi-protein phylogeny using proteins extracted from 

the ‘parasitised’ assemblies, incorporating at least 47 out of 168 conserved microsporidian 

proteins and reference genomes. The resulting phylogenetic analysis not only confirmed the 

existence of established microsporidia clades and their typical hosts but also unveiled potential 

novel clades. This study underscores the significance of data mining approaches in conjunction 

with traditional field studies, offering a promising avenue to elucidate the ecology and host 

spectrum of often-overlooked parasites. 
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BACKGROUND 

Microsporidia is a large phylum closely related to Fungi (Wadi & Reinke, 2020; Strassert & 

Monaghan, 2022) that contains strictly intracellular parasites known to infect a large range of 

vertebrate and invertebrate hosts: including humans with weakened immune systems; 

commercially important animal species like bees, silkworms, shrimps, and salmon; as well as 

various domesticated mammals (Stentiford et al., 2016). They have also been found in 

mammalian cell cultures (Lowman et al., 2000). Even if microsporidia are found in almost all 

metazoan and protist phyla, at the species level they are mainly specialist parasites: over 80% 

of reported species (with host data) infect only a single host, and only 2.2% can infect five or 

more hosts (Murareanu et al., 2021). 

Regarding their tissue tropism, it is as diverse as their host spectrum. Indeed, 

microsporidia can parasitise muscles, fat bodies, ovaries, salivary and silk glands. However, 

tissue tropism and tissue specificity remain elusive (Vávra & Lukeš, 2013). To date, around 

1600 microsporidian species from over 220 host genera are known to science (Murareanu et 

al., 2021; Park & Poulin, 2021). Nevertheless, those numbers are not an accurate representation 

of the vast diversity that exists within this group (Keeling 2009). This appears evident through 

recent discoveries of new microsporidia species in different insect hosts (Sokolova et al., 2010; 

Zhu et al., 2011; Yaman et al., 2014; Ozgor et al., 2017; Baki & Bekircan, 2018; Biganski et 

al., 2020), and as insects are thought to be common hosts (Becnel & Andreadis, 2014), the 

exploration of microsporidia in other invertebrates remains limited (Keeling, 2009). 

Nonetheless, the ongoing discovery of novel microsporidian species should not 

come as a surprise, given the prevailing hypothesis that the presence of microsporidians in 

every living invertebrate is a credible proposition. Even if a modest one percent of the 

approximately one million described invertebrate species were found to harbor 

microsporidians, this could potentially result in a substantial ten-fold expansion in our 

comprehension of microsporidian biodiversity, as proposed by Weiser (2013). And to date, our 

understanding of the host spectrum of microsporidia and their relationships with invertebrate 

lineages remains incomplete. The host specificity of microsporidia depends on the species or 

group (Vega & Kaya, 2012; Wadi & Reinke, 2020), such as species in the Nosema and 

Vairimorpha clade that can be generalist parasites (Solter & Maddox, 1998; Solter et al., 2000), 

whereas Amblyospora spp. seem relatively host specific (Andreadis et al., 2012). However, the 
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ecological host range of microsporidia species (i.e., the ‘natural’ host range) and their capacity 

to switch host is to date not fully understood (Bojko et al., 2022). 

It has been shown before that microsporidia can be classified according to the 

ecology of their hosts (Clades I, II, III, IV and V), and those clades are still reviewed today 

(Vossbrinck & Debrunner-Vossbrinck, 2005; Williams et al., 2018; Murareanu et al., 2021; 

Bojko et al., 2022). Understanding microsporidian host range is essential to understand their 

ecology, including their zoonotic potential and impact on economically important species or 

wildlife (Bojko et al., 2022). Moreover, expanding arthropod farming for food and feed raises 

concerns about microsporidia as potential sources of zoonotic infections, especially those 

infecting insects, which may accidentally infect humans (Gałęcki & Sokół, 2019). 

One of the limitations to better characterise the ecological host range of 

microsporidia is the intensive labour required for field and laboratory studies (Bojko et al., 

2022). Thus, with the exponential growth of available nucleic acid sequences contained in 

online public databases, it is possible to screen -omics data using a data mining approach to 

find potential microsporidia, or other parasites. Mining of these publicly available genetic data 

have already led to an increase in our understanding of the prevalence of parasitic and 

pathogenic lifeforms in the natural world. Data mining offers a valuable approach for 

investigating non-culturable organisms and resolving phylogenetic relationships among 

symbiotic entities. Notably, it facilitates targeted exploration of specific parasite/pathogen 

groups, as shown with research on viruses (Wolf et al., 2018, 2020; Neri et al., 2022; Bellas et 

al., 2023), or host taxa of interest, such as the Wolbachia endosymbiotic bacteria (Scholz et al., 

2020) and parasitic flatworm viruses (Dheilly et al., 2022). Ultimately, the systematic analysis 

of these datasets contributes to the diversification of known parasites and broadens our 

comprehension of their host range, thereby advancing our knowledge of disease prevalence 

and emergence dynamics. 

Alongside improving the ecological understanding of host-pathogen interactions, 

-omics data mining also provides novel molecular data that can be used to improve current

phylogenomic analyses. In the last few decades, phylogenetic studies of microsporidia have 

shaken the tree of life. Indeed, microsporidia were initially described as Protozoa (protist 

forming spores), but in recent years and with controversial publications, they are currently 

classified as early branching fungi (Vossbrinck et al., 1987; Keeling et al., 2000; Capella-

Gutiérrez et al., 2012; Choi & Kim, 2017; Wadi & Reinke, 2020). Moreover, certain ecological 
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clades described many years ago (Vossbrinck & Debrunner-Vossbrinck, 2005) were recently 

adjusted and renamed following conventional taxonomy (Bojko et al., 2022), and taxonomic 

revisions are still ongoing. For instance, the Nosema-Vairimorpha clade, composed by the most 

studied microsporidian species, still encompasses taxonomic uncertainties. It has been shown 

that those two genera cannot be separated according to morphological traits (Tokarev et al., 

2018). Therefore with methods such as data mining, the phylogenetic relationships of most 

major microsporidia could be better understood. 

The study of microsporidia offers new understandings of parasitic lives and host-

pathogen co-evolution. To investigate this, we systematically screened publicly available draft 

Panarthropod whole genomes (WGS) and transcriptome assemblies (TSA) for microsporidian 

genes and protein sequences incidentally assembled within the host data. The Panarthropoda 

was selected as it is an Invertebrate clade encompassing the largest majority of animal 

biodiversity, comprising the phyla Onychophora, Tardigrada and Euarthropoda (Chelicerata, 

Myriapoda, Crustacea and Hexapoda) (Wu et al., 2023), and contains numerous previously 

known microsporidian hosts (Murareanu et al., 2021; Park & Poulin, 2021; Bojko et al., 2022). 

Using the microsporidian sequences retrieved from the targeted assemblies, we made a multi-

protein phylogeny to understand the co-evolution and diversification of canonical 

Microsporidia across the Panarthropoda. We detected the presence of microsporidia from 

across the phylogenetic tree in dozens of new host species, and identify likely new 

microsporidian species, including a divergent early branching microsporidian found to infect 

the indestructible tardigrades. 

RESULTS AND DISCUSSION 

Expansion of microsporidian panarthropod-host spectrum 

We conducted a large-scale survey of panarthropod-associated microsporidia 

through data mining of 8,090 whole genome shotgun (WGS) and transcriptome shotgun (TSA) 

assemblies publicly available on GenBank. In total, we recovered 572 positive assemblies, 

representing 494 species across 478 genera and 35 orders, and spanning globally sampled (wild 

and laboratory-reared) specimens from all Panarthropoda subphyla, except for the 

Udeonychophora (Figure 1; Supplementary Figure S1). Specifically, we recovered 182 WGS 

(Onychophora = 0; Tardigrada = 0; Chelicerata = 19; Myriapoda = 0; Crustacea = 17; 
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Collembola = 1; Diplura = 0; Hexapoda 145) and 390 TSA (Tardigrada = 1; Chelicerata = 108; 

Myriapoda = 1; Crustacea = 29; Hexapoda =251) assemblies from GenBank with at least one 

contig detected to be microsporidian per assembly (Figure 1B). 

Hexapoda 

For Hexapoda, 397 (~7%) assemblies were found to contain microsporidian 

sequences, spanning 21 (20 insect and one Collembola) different host orders, 292 genera, and 

356 species (Figure 1). Only a few species of Collembola have been found to be infected with 

different microsporidian species (Weiser & Purrini, 1980; Maddox et al., 1982; Bigliardi & 

Carapelli, 2002). Here, we identify a new host species which was collected in China. The 

majority of retrieved insect orders were from Lepidoptera (103), Coleoptera (93), Hymenoptera 

(42), Diptera (46) and Phasmatodea (34), with the four former ones being the most represented 

in insect assemblies. We identify new host species in insect orders known to be infected with 

microsporidia (Trichoptera, Lepidoptera, Coleoptera, Hymenoptera, Diptera, Blattodea, 

Psocoptera, Psocodea, Plecoptera, Thysanoptera, Ephemeroptera, Neuroptera and Odonata). 

Half the assemblies of Siphonaptera (fleas) were found to be infected, with Xenopsylla and 

Ctenocephalides species known to be infected with Microsporidia (Becnel & Andreadis, 2014), 

and identifying Archaeopsylla erinacei as a new host. Interestingly, we detected infections in 

the insect orders Dermaptera (3 species in 3 genera), Megaloptera (1 species), Notoptera (2 

species in 2 genera) and Phasmatoidea (30 species in 27 genera), which represent new 

microsporidian host orders. 

Remarkably, we discovered microsporidia infections in laboratory colonies across Europe and 

the USA, spanning seven insect orders. Notably, high infection rates were observed in German 

laboratory-reared Phasmatodea (30 out of 34 assemblies) from global sources. Additionally, 

12 out of 14 orthopteran assemblies were from laboratory-raised specimens obtained from 

various sources worldwide. 
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Crustaceans 

In crustaceans, microsporidian infections were the most highly represented with 

over 10% of screened assemblies containing positive contigs (Figure 1). Infections were 

identified in 34 species spanning 22 genera across 6 orders. We recovered Microsporidia from 

orders known to contain host species, such as Decapoda (16 species), Calanoidea (one species), 

Amphipoda (nine species) and Siphonostomatoida (one species), although there may be new 

host species within these orders, but this was not verified. However, we recorded presence of 

microsporidian sequences in the assemblies of the orders Podocopida (two species) and 

Harpacticoida (four species), which as far as we know are the first instances of infections in 

these orders. 

Chelicerata 

Around 6.5% of Chelicerata assemblies were positive for microsporidia, most 

detected in Araneae (spiders) (Figure 1). As far as we know, only three Arachnids (one mite 

and two spiders) have been described to have microsporidian infections (Codreanu-Bălcescu 

et al., 1981; Becnel et al., 2002). We find 126 different assemblies to be positive for 

microsporidia, 113 of which are from Araneae hosts, spanning 91 species and 51 genera. In 

addition, we found microsporidia in four Mesostigmata (mites), one Parasitiformes (mites and 

ticks), seven Sarcoptiformes (Acari mites), one Scorpiones, and one Pycnogonida (sea spiders) 

assembly (Figure 1). In the Mesostigmata, we found infections in two species of poultry mites, 

Ornithonyssus sylviarum (northern fowl mite) and Dermanyssus gallinae (red mite), which are 

the first records of infection within these pest species. However, the identified O. sylviarum 

assembly was from sequenced Czech laboratory specimens and may indicate laboratory stock 

infection and not natural prevalence. Within the Parasitiformes, we find infection in the tick 

species Ixodes ricinus, which is a major disease vector and one of the few known tick species 

to harbour Microsporidia (Trzebny et al., 2022). The assembly we recovered from laboratory 

stocks in Germany indicated colony infections possibly from the wild where these species are 

known to be infected. There is one record of a Sarcoptiformes host species being infected with 

microsporidia (Larsson et al. 1997; Becnel & Andreadis, 2014), but this species was not found 

in our positive data and so we uncovered six new Sarcoptiformes host species. We identified 

one scorpion species, Androctonus mauritanicus, to be infected with microsporidia. We also 
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detected microsporidia in Nymphon striatum, a species of Pycnogonida collected in the wild 

off the coast of the Republic of Korea. Pycnogonida are a cosmopolitan chelicerate found in 

both shallow and deep (up to 7,000 metres) oceanic waters, with N. striatum having a more 

circumpolar distribution. Within the Chelicerata, we reported the first records we could find of 

Microsporidia in the orders Mesostigmata, Scorpiones and Pycnogonida, as well as around 100 

new chelicerate host species. 

Myriapoda 

One Myriapoda species, an unidentified Symphyla species of centipede from 

Japan was found to be infected (Figure 1). This is the first identification of an infection in 

Symphyla, and only the third within the subphylum Myriapoda. The others, two Diplopoda-

infecting species, have only been described microscopically (Gasc et al., 1976; Loubès et al., 

1976). 

Tardigrade 

Similarly, we find one infected Italian specimen of the tardigrade 

Paramacrobiotus richtersi (Figure 1). Tardigrades have thrice been recorded to be infected by 

microsporidia, which were in other Eutardigrada species. However, the microsporidian species 

have not been identified or dubiously so, and no genomic data have been retrieved (Vecchi et 

al., 2016). Thus, we found the first genetic evidence and recovered the first sequences for 

Myriapoda- and Tardigrada-infecting microsporidia. 

Taxonomic distribution of detected microsporidia 

The blast search uncovered 28,585 and 89,957 contigs positive for microsporidia 

within the selected WGS and TSA assemblies, respectively. The contigs were translated into 

44,833,385 (WGS) and 491,790 (TSA) open reading frames (ORFs), and we extracted 50,598 

and 90,469 ORFs from WGS and TSA assemblies with microsporidia, respectively. 

Subsequently, we screened 161 orthogroups to exclude non-microsporidian sequences and 
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filtered out orthogroups and taxa displaying co-infections. We recovered 182 hosts which had 

sufficient representative microsporidian proteins for the multi-protein phylogeny (Figure 3). 

All other host assemblies did not have at least 47 (~28%) of the representative proteins, and so 

were removed from the phylogenomic analysis. The reference microsporidian species 

placements are congruent to genome phylogenies in other studies, thus supporting the 

phylogenetic relationship of our tree (Bojko et al., 2022). Furthermore, the phylogenetic signal 

acquired through our phylogeny is comparable to known genome tree topology (Wadi & 

Reinke, 2020; Bojko et al., 2022), but suggests earlier divergence of Neopereziida over Orphan 

lineage, and paraphyly of Amblyosporida (Figure 3). In accordance with the positions of the 

reference species, we also recovered expected microsporidian hosts. 

Nosema granulosis and Dictyocoela spp. infections within Amphipods 

Gammarid amphipods are known to be infected by microsporidia Dictyocoela 

spp. (Wilkinson et al., 2011). Indeed, Dictyocoela have been found in gammarid species 

worldwide and new phylogenetic analyses revealed an ancient relationship between 

Dictyocoela parasites and Gammarus hosts (Quiles et al., 2020). Nosema granulosis has also 

been found in numerous Gammarus species (Bacela-Spychalska et al., 2023), but the potential 

infection of Echinogammarus berilloni by this species found during the data mining of the TSA 

project GHCT01, seems to be the first evidence of Echinogammarus berilloni infected by this 

Nosema (Terry et al., 2004). One spectacular effect of Dictyocoela spp. and Nosema granulosis 

is the feminisation of their hosts and its potential implication on host population dynamic 

(Ironside & Alexander, 2015). 

Lepidoptera and Hymenoptera with the Nosema-Vairimorpha clade (Nosematida) 

It is important to note that the Nosema-Vairimorpha clade has recently been 

revised, where main Nosema species have been assigned to the Vairimorpha genus and 

reciprocally. This was supported by novel a SSU phylogenetic analysis, and the presented 

multi-protein phylogeny also tends to support those new revisions (Tokarev et al., 2020). The 

clade Nosema-Vairimorpha is known to infect a myriad of lepidopteran hosts (Becnel & 

Andreadis, 2014; Xu et al., 2016). This is found as well in the obtained phylogeny where 

several Lepidoptera are found in this clade. 
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Encephalitozoonidae (Nosematida) 

This family part of the Nosematida clade is notoriously known for infecting humans 

(Han et al., 2021). It is also often found in orthopteran hosts and the presented data includes a 

potential grasshopper host with Schistocerca nitens. There is also a basal clade to the 

Encephalitozoonidae family including multiple terrestrial hosts with Hemiptera, Araneae, 

Thysanoptera and Megaloptera. This potential new clade did not have any known 

microsporidia. 

Neopereziida 

The primary order of hexapods known to be infected by microsporidia is Diptera. 

Within this group, at least 57 genera of microsporidia have been reported to cause natural or 

experimental infections (Becnel & Andreadis, 2014). Among the most extensively studied 

microsporidia infecting Diptera are Anncaliia algerae, isolated from an Anopheles mosquito 

(also known to infect humans), and Tubulinosema ratisbonensis, isolated from Drosophila 

melanogaster. Most of the microsporidia infecting dipterans are in the Neopereziida clade, 

known to infect both terrestrial and/or freshwater organisms. Neopereziida are not only found 

in dipterans but also in other insects, mammals, and crustaceans. 

Enterocytozoonida 

The Enterocytozoonida clade exhibits remarkable ecological diversity, inhabiting 

a wide range of environments including marine, freshwater, and terrestrial ecosystems. It 

infects various hosts, including protozoans, nematodes, crustaceans, insects, fish, and 

mammals. So, this is without exception that a diversity of potential hosts was found. 

Amblyosporida 

Amblyosporida predominantly inhabits hosts in terrestrial and freshwater 

environments, with a significant presence in parasitic insect hosts serving as pollinators and 

vectors, such as mosquitoes, with the main representing species of the group being Edhazardia 
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aedis isolated from Aedes aegypti. The host range of this group encompasses wild insects with 

semi-aquatic or terrestrial life cycles, as well as freshwater crustaceans. Even with a large host 

range, Amblyosporida are thought as relatively host specific (Andreadis et al., 2012). 

Potential discoveries of novel clades 

As noted before, only few studies reported microsporidian infection in 

Chelicerata. Vairimorpha (Oligosporidium) occidentalis, a microsporidium infecting a 

predatory mite (Becnel et al., 2002; Tokarev et al., 2020), revealed a Nosematida species able 

to infect a Chelicerata. Indeed, some Araneae hosts seem to be infected by species close to V. 

apis. Interestingly, this multi-protein phylogeny revealed a potential group of Nosema-

Vairimorpha species infecting these eight-legged hosts and other lepidopterans. 

The Glugeida clade is mainly known to infect aquatic hosts with fishes and 

crustaceans (Bojko et al., 2022). However, few Glugeida species tend to infect terrestrial hosts; 

here we detected a Coleoptera being potentially infected by a Glugeida, which is actually an 

aquatic beetle within the recently described genus Sinaspidytes. Interestingly multiple 

Glugeida species are also known to infect humans (Han et al. 2021), and one Glugeida species 

has been reported to infect a reared cricket species, Gryllus bimaculatus (Tokarev et al., 2018). 

With this domesticated cricket species, a potential zoonotic risk can therefore be addressed. 

To date, only a single instance of microsporidia infection within a Tardigrade host has 

been documented (Vecchi et al., 2016). Although no molecular data were available, our 

recovered data suggests that a basal species has the capacity to infect a water bear. Eventually, 

as said above, a basal clade to the Encephalitozoonidae family potentially represented a new 

clade as well. 
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CONCLUSIONS 

It has been suggested that the absence of known microsporidia in some host phyla 

can be due to the lack of sampling and field studies (Murareanu et al., 2021). Regarding the 

struggle of selecting and gathering wild samples, a data mining approach can offer novel 

insights for host-microsporidia interactions and guide future prospects. Here, this approach 

brought to light potential new hosts in known microsporidia clades and a potential unknown 

microsporidia clade infecting Araneae hosts. Eventually, the obtained multi-protein phylogeny 

helped to better understand which lineages of microsporidia were infecting which lineages on 

invertebrates, supporting previous studies on the ecology of microsporidia hosts. Despite the 

extensive sampling of the SSU rRNA gene, it remains inadequate for resolving the deeper 

relationships within the microsporidian group (Bojko et al. 2022). The provision of novel -

omics data for microsporidia will be helpful in improving the resolution of certain deep 

lineages within the group. Ultimately, the data obtained has the potential to yield complete 

microsporidia genomes, further augmenting the limited collection of 51 reference genomes 

currently available on NCBI, which only represent a small fraction of the thousands of 

described species. 
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METHODS 

1. Searching Retrieval of host assemblies

Basic local alignment search tool (BLAST) was employed using 99 conserved microsporidian 

proteins (8 from Trachipleistophora hominis, 33 from Nematocida parisii ERTm1, 30 from 

Encephalitozoon cuniculi GB-M1, and 8 polar tube proteins from different species) selected 

from Nakjang et al. (2013) to search all Panarthropod whole-genome shotgun (WGS) and 

transcriptome shotgun (TSA) assemblies available in the GenBank database (Altschul et al., 

1997). WGS sequences represent incomplete genomes sequenced by a whole genome shotgun 

strategy. TSA sequences are transcript sequences derived from assembling primary RNA data 

computationally. Specifically, the tblastn tool was used with options ‘expected threshold’ and 

‘word size’ set to 0.001 and 3, respectively, with other options left as default. The search was 

based on various taxonomic units, from subphylum to species depending on the number of 

available WGS and TSA assemblies within each taxon. The GenBank database contained 8,090 

WGS and TSA assemblies, of which 3,437 were WGS (Onychophora = 2; Tardigrada = 5; 

Chelicerata = 127; Myriapoda = 9; Crustacea = 116; Hexapoda 3,171) and 4,660 were TSA 

assemblies (Onychophora = 9; Tardigrada = 8; Chelicerata = 1,838; Myriapoda = 51; Crustacea 

= 392; Hexapoda 2,362), as of October 6th 2022 and May 3rd 2023, respectively. 

All taxonomic, geographic and sampled tissue data were downloaded from NCBI 

sequence set browser. For assemblies with missing geographic and tissue data, manual searches 

were performed to collect data where available. The species Gomphus purpuraceus (or 

Cantharellus purpuraceus) has been mislabelled in sequence set browser as an invertebrate 

and a fungus. G. purpuraceus was confirmed to be a fungus and was thus removed but we 

cannot guarantee that this mislabelling issue was not present amongst other host taxa which 

were less obvious.  

2. Identification and retrieval of Microsporidian contigs

The WGS and TSA assemblies with hits for microsporidia were downloaded from GenBank 

through NCBI's anonymous FTP server using the wget command. Downloaded assemblies 

were concatenated into a single file and built into a blast database using makeblastdb command 

with options –parse_seqids and –dbtype nucl (Altschul et al., 1997). Subsequently, the tblastn 
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v2.12.0+ (settings --evalue 0.001, --qcov_hsp_perc 50, --max_intron_length 0 and --outfmt 6) 

command was used to screen for the presence of microsporidian sequences in individual 

selected WGS and TSA assembly contigs against a broader set of proteins, containing the 99 

proteins mentioned above and 205 Encephalitozoon cuniculi proteins extracted from Strassert 

et al. (2022). Contigs positive for microsporidia within the screened WGS and TSA assemblies 

were extracted using the seqtk v1.3 command with the --subseq option 

(https://github.com/lh3/seqtk). 

3. Phylogenomics with extracted orthologs

Microsporidian positive WGS and TSA assembly contigs were translated into 

hypothetical proteins using getorf with options --sequence and --minsize 207 

(http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf). Option --minsize of 207 was selected 

based on the minimum length of identified positive contigs using seqkit v0.13.2 with options -

-length --name and --header-line (Shen et al., 2016). The putative open reading frames (ORFs) 

were built into a blast database using makeblastdb with options as above, and searched against 

the broader set of proteins (304 proteins) using blastp v2.12.0+ with options --evalue 0.00001, 

--word_size 3 and --outfmt 6. ORFs positive for microsporidia were extracted using seqtk v1.3 

as above. 

Using Strassert et al. (2022) as a guide, we selected a set of 168 proteins that were 

commonly present in microsporidian genomes to generate a multi-protein phylogeny. We 

initially used OrthoFinder to identify orthologues across 35 microsporidian genomes with the 

inclusion of six Cryptomycota, Blastocladiomycota and Chytridiomycota 

(https://www.ncbi.nlm.nih.gov/orffinder/). Orthogroups with more than 10 proteins were 

extracted and protein sequences were aligned in MAFFT v7 (Katoh & Standley, 2013). Poorly 

aligned regions were manually trimmed, and any duplicate sequences were removed from the 

alignment using seqkit with option rmdup (Shen et al., 2016). OrthoFinder was re-run including 

a Drosophila melanogaster genome to remove any potential remaining insect sequences. 

Protein sequences extracted from OrthoFinder and were aligned in MAFFT v7 (Katoh & 

Standley, 2013), and a phylogenetic tree was constructed and pruned at the node where 

microsporidia sequences diverged. Remaining taxa were selected, and from those, taxa with a 

minimum representation of 47 (~28%) out of 168 representative proteins were kept. A cut-off 

of 47 was selected as this was the lowest representation in our reference microsporidian species, 
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which corresponded to Mitosporidium daphnia used in the outgroup. The remaining proteins 

from the downloaded assemblies and reference proteins were aligned in MAFFT v7 (Katoh & 

Standley, 2013), and a phylogenetic tree was constructed using IQ-TREE (Nguyen et al., 

2015). The phylogenetic tree was visualised using the programme FigTree version 1.4.4 

(Rambaut, 2018). 
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Figure legends 

Figure 1. Geographical and taxonomic distribution of Microsporidia prevalence in analysed 

assemblies. A. World map (excluding Antarctica) displaying the distribution of sample 

collection locations from the WGS and TSA projects that were positive for microsporidian 

proteins. Projects that did not have a specified sampling location were set to the centre of the 

country of collection. For laboratory stocks, the location of origin if given was selected. B. 

Host related prevalence across the 8,090 screened WGS and TSA assemblies in relation to the 

Panarthropod Class phylogeny following the Lobopodia hypothesis based on (Giribet & 

Edgecombe, 2019; Wu et al., 2023) Giribet & Edgecombe (2019) and Wu et al. (2023). A 

breakdown of prevalence within Orders of the Insecta, Crustacea and Chelicerata, with image 

silhouettes corresponding to orders positively identified for microsporidia. Microsporidia 

prevalence reflects the proportion of screened host assemblies in which microsporidia could be 

detected. All image silhouettes were downloaded from PhyloPic (https://www.phylopic.org/). 

Figure 2. A rooted phylogenetic tree of canonical microsporidia inferred from 244 taxa with 

16 proteins/partitions and 5897 total sites. Nodes with support >90 were annotated with black 

circles (•). Reference Microsporidia are written in black and bold font. Major clades are named 

following classic taxon names suggested by of Bojko et al. (2022) and are indicated next to the 

tree and outlining the positioning of the clades by a vertical black line. Hexapoda silhouettes 

were added next to host names or grouping to aid in visualisation. A. A part of the tree of 

microsporidians showing the Nosematida clade and a potential new clade (highlighted in 

orange). Araneae silhouettes were added for more clarity in the potential new clade. Known 

family and order level taxa are indicated by vertical grey lines based on Tokarev et al. (2020) 

and Bojko et al. (2022). B. A part of the tree of microsporidians showing the 

Enterocytozoomida, Orphan lineage, Neopereziida, Amblyosporida, Glugeida and 

Ovavesiculida clades, including the divergent microsporidian extracted from a Tardigrade 

specimen. All image silhouettes were downloaded from PhyloPic (https://www.phylopic.org/). 

Figure 3. Summary of the host spectrum for each microsporidia group as identified from the 

phylogeny (Figure 2). Sankey plot generated using SankeyMATIC 

(https://www.sankeymatic.com/). 

285



Figure 1 

286 



Figure 2 

287 



288



Figure 3 
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Supplementary Figures 

Figure S1. Geographical distribution for Microsporidia-infected samples collected for 

sequencing for WGS and TSA assemblies for A. Chelicerata, B. Crustacea, C. Insecta, and D. 

Myriapoda and Tardigrada. 

Figure S2. Percentage of WGS and TSA assemblies found positive for Microsporidia infection 

based on tissue type sampled for sequencing. 
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Abstract 

Insect pathogenic fungi (IPF) and insects have ubiquitous interactions in nature. The extent of 

these interkingdom host-pathogen interactions are both complex and diverse. Some IPF, 

notably of the order Entomophthorales, manipulate their species-specific host before death. 

The fungus-induced altered insect behaviours are sequential and can accurately be 

repeatedly characterised temporally, making them a valuable model for understanding the 

molecular and chemical underpinnings of behaviour and host-pathogen co-evolutionary 

biology. Here, we present methods for the isolation and laboratory culturing of the emerging 

behaviourally manipulating model IPF Entomophthora muscae for experimentation. 

• E. muscae isolation and culturing in vitro.

• Establishing and maintaining an E. muscae culture in vivo in houseflies (Musca

domestica).

• Controlled E. muscae infections for virulence experiments and quantification of

conidia discharge per cadaver.
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Graphical abstract 

Specifications table 

Subject area Agricultural and Biological Sciences 

More specific subject area Entomopathogenic fungi 

Name of your method Isolation and culturing of Entomophthora muscae 

Name and reference of original 
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N/A 

Resource availability Resources are included in the text. 
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Method details 

Background 

Houseflies are one of the most widespread species of insect in the world [1,2]. In part due to 

their global distribution, this resilient species is easily reared en masse for animal food and 

feed, and for waste management [3-5]. Additionally, being vectors of over 130 human and 

animal food-borne diseases, there has been interest in using natural pathogens as control 

agents [6]. The obligate entomopathogenic fungus Entomophthora muscae, has been 

explored as a biological control agent due to its high-host specificity [7-9]. The fungus E. 

muscae has been reported to infect up to a 100% of housefly populations in the wild, being 

particularly prolific in semi-closed environments of high fly density, such as in byres [10]. 

One of the peculiarities of this insect pathogenic fungus is the apparent obligate 

behavioural manipulation of the moribund host prior to death, which occurs before sunset after 

a 5 to 7 day incubation period [11,12]. Once the fly is dead, the fungus emerges from between 

the intersegmental membranes of the host abdomen. The conidia are forcibly ejected from 

conidiophores at high speed to a considerable distance to be horizontally transmitted to other 

healthy conspecifics [13,14]. Fungal isolates within the species complex of E. muscae has 

been found to be host-specific, with specific isolates only infecting a single host species 

naturally [11,15]. The genetic underpinnings of many of these unique traits are beginning to 

be unravelled due to genome sequencing efforts enabling studies of ‘omics methods to 

investigate the molecular basis for interactions between Entomophthora muscae and its 

dipteran hosts [16]. 

While E. muscae is commonly found in many areas [11,17], the difficulty with which it 

can be isolated and the usually slow in vitro growth of fungal cultures have hampered 

widespread research progress [18]. Here we present how to isolate and maintain E. muscae, 

both in vivo and in vitro. We also provide specific protocols on how to perform infections for 

experimental procedures, which provide up to 100% infection and mortality in our study 

system. 

Table 1 

GLEN medium [18-20]. Recipe below is for 1 litre of medium. Adjust base medium 

(ingredients without fetal bovine serum (FBS)) to pH 7.0 with 1N NaOH before 

autoclaving. Important note: Always add FBS after all other ingredients are autoclaved 

or filter sterilised. FBS can be used at a final concentration of between 5-10% and the 

amount of distilled water should be adjusted accordingly. 

Ingredients Quantity 
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Distilled water 900-950

mL

Glucose 4 g

Yeast extract 5 g 

Lactalbumin hydrolysate 6.5 g 

NaCl 7.7 g 

Fetal bovine serum (~5-10%) 50-100

mL

Optional: 

MES (2-[N-morpholino]ethane sulfonic acid] buffer (Sigma-Aldrich, M-8250) 1.952 g 

Table 2 

Grace’s Insect Medium (Sigma-Aldrich, G9771). Recipe below is for 1 litre of medium. 

This medium is available commercially and is usually supplemented with 5% (some 

laboratories use 10% to 20%) fetal bovine serum (FBS). Remember to adjust amount 

Grace’s Insect Medium accordingly. Important note: Always add FBS after all other 

ingredients are autoclaved or filter sterilised. 

The Agricultural Research Service Collection of Entomopathogenic Fungal Cultures 

(ARSEF) uses Grace’s Insect Medium for entomophthoralean culture. The ARSEF is the 

world’s largest collection of living invertebrate pathogenic and associated fungi, and 

provide taxonomic databases and information, as well as useful information such as solid 

and liquid media recipes 

(https://www.ars.usda.gov/ARSUserFiles/80620520/media_recipes.pdf) [21]. 

Ingredients Quantity 

Grace’s Insect Medium (Sigma-Aldrich, G9771) 800-950 mL

Fetal bovine serum (5-20%) 50-200 mL

E. muscae isolation and culturing in vitro

This protocol is designed to acquire in vitro isolation of the fungus from dead sporulating 

cadavers (from the laboratory or collected in the field) for applications like genomic DNA or 

RNA extraction and culturing of the fungal pathogen in vitro (Fig. 1) [18]. To obtain a liquid 

culture, E. muscae can be cultured in GLEN or Grace’s Insect media (Table 1 and 2). 

Growth of the liquid cultures are slow and usually take 2-6 weeks.  

Materials 

• Dead fly cadavers sporulating with E. muscae (ideally 6-18 hours old)

• Petri dishes, sterile
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• Liquid culture medium (e.g. GLEN, Grace’s Insect Medium; Table 1,2)

• Sterile 10 or 25 mL pipette tips and pipette

• Parafilm®

• 50mL cell culture flask (e.g. Greiner Bio-One CELLSTAR®, Germany)

1. Place a sporulating cadaver (removal of wings will decrease obstruction to conidial

distribution, but not essential) in the lid of a ‘downside-up’ petri dish [18], keeping the

dish bottom (hereafter called ‘upper part’ due to it being upside down) untouched and

sterile (Fig. 1A). Ensure the sporulating cadaver is positioned so that the actively

discharged conidia can reach the upper part of the petri dish, this often means placing

the fly cadaver with the dorsal side downwards.

2. Leave for 30 minutes minimum to allow the cadaver’s conidia to eject and stick to the

surface of the upper part. Exact duration will vary based on the stage of conidiophore

maturation and amount of conidia being discharged, best option is to check conidial

quantity before proceeding to step 3. Anything between 30 min and 8 hours have worked

in our experience. However, we also experienced that the longer you leave the cadaver

to sporulate, the higher the change of the culture being contaminated (possibly from

contaminants on the fly itself). Conidia should be visible on the underside of the upper-

part of the petri dish before proceeding to step 3 (Fig. 1B).

3. Remove upper part with conidia and place with a new sterile lid. Turn so the petri dish is

placed normally with the lid on top. Add liquid media enough to cover the entire surface

of the petri dish bottom in a layer ca. half the height of the petri dish (amount of liquid

depends on the size of petri dish used) (Fig. 1C).

4. Seal the petri dish with Parafilm® and leave at room temperature ca. 21 degrees or at 18

degrees depending on habitat where the E. muscae naturally occurs and away from light

until growth is visible. Check once every week for long threads growing out from the

conidia and into the media using an inverted microscope. May take 2-6 weeks before

growth is visible.

5. When growth is visible and aplenty, transfer the growing culture to a cell culture flask and

supplement with 5 mL of fresh liquid media (Fig. 1D).

6. Repeat step 5 every 4-6 weeks, adding 10 mL of media to 1 mL of liquid culture in new

cell culture flasks.
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Fig. 1. Isolation in vitro of Entomophthora muscae from a dead housefly cadaver. (A) The 

cadaver is placed with its back towards the roof of a ‘downside-up’ upside-down petri dish. 

(B) Insert shows visible conidia on the roof of the ‘downside-up’ petri dish. (C) The petri dish

is righted and half-filled with liquid media then sealed with Parafilm® then left for 2-6 weeks

to check for growth, (D) the growing culture is transferred to a cell culture flask for long-term

growth and storage. (Photos by Sam Edwards).

E. muscae culture maintenance in vivo in houseflies (Musca domestica)

This protocol is designed for in vivo maintenance of E. muscae in live laboratory-maintained 

houseflies. The number of cadavers used to infect a number of healthy conspecifics will 

create temporal variation for future cadaver collection, but this will still usually fall within 5 to 

8 days after initial exposure. The maintenance of this system strongly relies on the 

maintenance of a housefly system, as they will be the future cadavers used for experiments 

or continuation of the system in vivo (fig. 2). Infections are thus easily accomplished by using 

fresh sporulating cadavers (0-18 hours following death of the host), which can be 

refrigerated for a few days at 5oC and subsequently be used for infections on a different 

date, although this may lower virulence. 

Materials 

• Dead sporulating cadavers (use the same fungal isolate) –– one to six cadavers is

sufficient

• 30 mL medicine cup containing 2-5 mL of 1.5% water agar

• Entomology forceps
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• Humid chamber – made up of a plastic box containing water soaked paper towels

• 18-23˚C incubator or room on a light:dark cycle between 16:8 and 12:12

• Clear tape

• Elastic bands

• Netted mesh (20 x 20 cm) with a hole (1 x 1 cm in the centre)

• 365 mL (8.5 x 8 cm) plastic honey cups with a circular hole the diameter of a 15 mL

falcon tube in the side, the hole needs to be made.

• 15 mL falcon tube filled with distilled water and plugged with cotton

• Food – 1:1 ratio of skimmed milk powder and caster sugar

• CO2 (carbon dioxide)

1. Houseflies are housed in a plastic honey cup containing ad libitum food and water. Water

is available from a falcon tub filled with demineralised water and plugged with cotton

inserted into the hole in the pot side. The cup is covered by the netted mesh and held in

place by elastic bands. A medicine cup lid is placed over the hole in the net and

maintained in place with clear tape to prevent flies from escaping. To ensure continued

access to water, we place containers at a slight elevated angle (e.g. resting the falcon

tube on a cardboard support) so the water in the falcon tube is covering the cotton lid

(Fig. 2D).

2. Using cleaned forceps, gently grab a cadaver by the head and thorax, and bury the head

and thorax into the agar in a medicine cup, keeping the abdomen exposed (Fig. 2A, B).

Poking a hole in the agar beforehand with the forceps will reduce the risk of decapitating

the cadaver.

3. After placing one to six (or more) cadavers in this manner, place the medicine cup

upside down and over the hole cut in the netted lid covering the housefly container (Fig.

2C). The live flies can optionally be anaesthetised using CO2 (carbon dioxide) to simplify

this.

4. Fix the medicine cup in place using clear tape, using the medicine cup lid as a label for

identification.

5. Place the container in a humid chamber for 24 hours to allow for optimal sporulation

conditions.

6. After 24 hours, remove the containers and keep in fixed temperature and light:dark

conditions.
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Fig. 2. In vivo maintenance of E. muscae by placing sporulating cadavers atop a housing 

cup so that conidia rain down upon the healthy flies below. (A) Cadavers are placed head 

first into water agar with abdomens exposed for conidia release. (B) Multiple cadavers, here 

five, can be arranged in the agar for infection. (C) Flies can investigate the sporulating 

cadavers with access through the hole in the net. (D) Housing containers at a slight elevated 

angle by resting the falcon tube on a cardboard support. Left container: uninfected 

houseflies in a maintenance container (as in step 1 of this protocol). Right container: The 

medicine cup of cadavers in tapped upside down on the housing container. Both containers 

have food and water supplied ad libitum. (Photos by Sam Edwards). 

Establishing an in vivo E. muscae culture in houseflies by injection 

This protocol is designed to transfer a liquid culture of E. muscae fungus back into a live host 

for continued in vivo host to host maintenance of E. muscae culture, and thus not for 

carrying out injection-based infection assays (fig. 3). This procedure may alter the usual 

temporal restrictions of the fungal infection, i.e. the flies may not die exactly 6-7 days post 

injection and may not display the characteristic behavioural manipulation seen in E. muscae 

infections. Why these changes occur is unknown, however the stereotypical infection is 

usually resumed in the next round of infections using the sporulating cadavers resulting from 

infection by injection. 
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Materials 

• Live healthy adult houseflies

• CO2 (carbon dioxide)

• 10 µL micro-syringe (e.g. Kloehn CO., INC, Whittier, California, U.S.A.) (see fig. 3)

• 1-3 µL of liquid fungal culture per fly

• 1.5 mL Eppendorf

• Centrifuge

• 1000 mL range sterile pipette

• Sterile cut-off 1 mL pipette tip (use a pair of scissors to cut off the tip to widen the

entrance hole and sterilise in autoclave)

• Housefly housing container (as mentioned in vivo maintenance section above)

1. Use a sterile 1 mL cut-off pipette tip and place 500-800 µL of actively growing E. muscae

culture in 1.5 mL Eppendorf

2. Optional, but recommended: Gently spin down the fungal culture in centrifuge at low

speed (<200 rcf, 5-10 minutes) to not kill the fungal cells

3. Optional, but recommended: Carefully remove some of the supernatant media to

concentrate the fungal cells

4. Using CO2 (carbon dioxide) anaesthetised houseflies, hold the fly firmly in one hand.

5. Using a micro-syringe, gently pierce the side of the thorax of the restrained fly.

6. Inject 1-3 µL amount of concentrated liquid fungal culture and place housefly in the usual

housefly cage setup (Fig. 3).

7. Allow 3 to 14 days for the infection to kill the flies and sporulate from the abdomen as

normal. With this technique, at least 10 % of the flies develop infection. Usually more, but

depends on the state of the fungal culture used for infection.

8. Use these flies to continue the in vivo infection as per the previous protocol.
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Fig. 3. Injections are done with 1-3 µL of E. muscae liquid culture into the thorax of the 

houseflies. Insert shows a close-up of the syringe needle in a female housefly’s thorax. 

(Photos by Sam Edwards). 

Controlled E. muscae infections for virulence experiments 

This protocol is used for experiments that need a guaranteed exposure to E. muscae conidia 

and death from infection 6 or 7 days post exposure to infected cadavers (fig. 4). The high 

exposure rate to conidial showers provide near 100% death by day 6 in our system, with 

deaths prior to day 6 not being through manipulation and without sporulation. 

Materials 

• Three dead sporulating cadavers (from the same fungal isolate) – with 2:1 or 1:2

male:female cadaver sex ratio to account for sporulation differences in cadaver sex.

• Medicine cup containing 2-5 mL of 1.5% water agar

• Entomology forceps
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• CO2 (carbon dioxide) or cold room at ~5˚C

• Humid chamber (as mentioned in vivo maintenance section above)

• 18-23˚C incubator on light:dark cycle between 16:8 and 12:12 (keep constant during

experiments)

• Housefly housing container (as mentioned in vivo maintenance section above)

1. Using cleaned forceps, gently grab a cadaver by the head and thorax and bury the head

into the agar, keeping the abdomen exposed. Making a hole in the agar beforehand will

reduce the risk of decapitating the cadaver. For mock-infections for an uninfected control

treatment, replace the sporulating cadavers by freeze-killed flies (freeze-kill with 5-10

minute exposure to -5 or -20) (Fig. 4A).

2. Perforate the lid and cup sides to allow for aeration during infection.

3. After placing three cadavers in this manner, add up to 10 anaesthetised (CO2 or cold

exposure depending on experiments) flies and place the medicine cup upside down in

the humid chamber for 24 hours (as little as six hours exposure has also worked in our

laboratory with near 100% infection) (Fig. 4B).

4. After 24 hours, remove the live flies and place in a normal housing container. Discard the

medicine cup and cadavers.

5. Keep the flies at constant light:dark cycle and temperature for accurate planning of

manipulation behaviours and death.

Fig. 4. In vivo exposure setup for experiments (A) Three cadavers are placed head first into 

water agar with abdomens exposed for in vivo infections. (B) The medicine cup containing 

the cadavers and the uninfected flies is then turned upside down and placed into a humid 

chamber for 24 hours. (Photos by Sam Edwards). 

Quantification of E. muscae conidia discharge per cadaver 

This protocol is used to calculate the exposure dosage of E. muscae from individual 

sporulating cadavers (fig. 5). Variations can be found in different host species and E. 

muscae isolates, making this a simple protocol for checking the discharge dosage. The E. 

muscae conidia are collected in an acid solution to prevent germination of discharged 
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conidia [18]. These can be counted in a haemocytometer under a microscope or using 

image analysis [22]. 

Materials 

• Dead sporulating cadavers – variations per individual cadaver are high and it should

therefore be considered to repeat this with both male and females to account for

sporulation differences of cadaver sex.

• 2 mL Eppendorf tube

• 1% Triton-X

• 0.2% maleic acid

• Vaseline® (Conopco, Inc., USA)

• 0.2 mm haemocytometer (e.g. Fuchs-Rosenthal Chamber, 3720)

• Entomology forceps

1. Add Vaseline inside the lid

2. Prepare a solution containing 1% Triton-X and 0.2% maleic acid

3. Place 1 mL of the above solution in an Eppendorf

4. Using cleaned forceps, gently grab a cadaver by the head and thorax and bury the head

into the Vaseline, keeping the abdomen exposed.

5. Leave to sporulate for duration of interest. For example, for 24 hours if wanting to

quantify the conidial discharge under conditions in above protocol “Controlled E. muscae

infections for virulence experiments”.

6. After selected duration, add solution to a haemocytometer and place under a microscope

for determining spore concentration.

Fig. 5. Quantifying conidial discharge from E. muscae sporulating housefly cadavers. (A) 

Cadavers are placed head first into Vaseline® in the Eppendorf cap (B) with abdomens 

exposed. (C) The conidia are collected in the 1% Triton-X and 0.2% maleic acid solution. 

(Photos by Sam Edwards). 
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Chapter 9 

Conclusions and future perspectives 

Parasites and pathogens are some of the most prominent organisms in the natural world and act 

as crucial players driving genetic diversity of both host and pathogen through co-evolutionary 

dynamics (Dobson et al., 2008; Ebert & Fields, 2020). The intertwining of the fate of two 

organisms can lead to the evolution of traits with increasing host specificity, which lead to 

adaptations so targeted that infection between different host and pathogen genotypes incur 

fitness costs (Ebert & Fields, 2020). Here, we investigate the evolutionary ecology that bind a 

pathogen and host, mainly focusing on an obligate host-specific fungal pathogen of houseflies. 

Furthermore, we study the co-evolutionary dynamics and host spectrum of obligate 

intracellular pathogens by mining publicly available –omics data. 

Chapter 2 provides a formal introduction to the biology and state of affairs of scientific 

knowledge about the obligate entomopathogenic fungus Entomophthora muscae and its close 

relationship to dipteran hosts. This manuscript details the well-studied aspects of E. muscae, 

such as its current known distribution and life cycle, the latter including within-host processes, 

behavioural manipulation phenotypes and transmission. Central to Chapter 2 is the speculative 

nature around certain yet unknown aspects of E. muscae’s biology. Highlighted and discussed 

are the enigmatic mechanisms involved in moribund behavioural manipulation, the role of an 

insect-like virus associated with E. muscae, and the fitness costs that must be prevalent in a 

fungus which causes epizootics with up to 100% infection in natural host populations. 

In consideration of these knowledge gaps surrounding E. muscae, Chapter 3 addresses 

what reproductive fitness costs are incurred in sexually mature E. muscae-infected male 

houseflies. The terminal investment hypothesis states that an organism threatened by death 

(e.g. through disease) choses to invest either in reproduction or fighting the threat (Williams, 

1966; Clutton-Brock, 1984). With this in mind, we assessed how each day after infection 

changed host activity and mating behaviour of virgin male houseflies specifically. Infected 

females are known to have decreased laying capacity and egg viability, however, as is the case 

with many sexual behaviour system, there are few studies into effects on males. The results 

show that E. muscae does indeed have severe costs to male reproduction, jointly by reducing 

desire to mate but also female choice as whether to mate with them or not. Surprisingly, we 



314

also find that after three days of infection, male houseflies have reduced sperm viability, a cost 

recovered in an apparent terminal investment on days four and five post infection. However, 

the investment is to no avail as females refused to mate with heavily infected males.  

Chapter 4 investigated the mechanisms behind the end of life manipulated behaviours 

observed around sunset after six days of infection. Detailed observations of the zombie flies 

led to sample collection to identify putative candidate genes involved in the summiting 

phenotype in particular. By comparising between the differentially expressed genes at different 

time points, we identified a handful of genes likely involved in summiting disease. Of particular 

interest is an ecdysteroid UDP-glucosyltransferase (egt) homologue known in other systems 

for being behind summiting, suggesting possible convergent evolution of both the summiting 

phenotype and mechanism. Moreover, the discovery that a known insect virus associated with 

E. muscae is phylogenetically divergent to known insect-infecting Iflaviruses and systemically

infects hosts leaves us pondering on whether the fungus, the virus or both may be responsible 

for the moribund displays observed during the setting of the sun. 

Chapter 5 uses this tractable system to study if insect health can be monitored non-

destructively using LED sensors and machine learning. In line with findings from Chapter 3, 

we were increasingly accurate at discerning between uninfected and infect housefly with 

increasing fungus proliferation. This finding was the first showing that using technologies such 

as these can rapidly inform us about insect health generally, and recent work has uncovered 

optimistic use of similar methods to study the health of pollinators following pesticide exposure 

(Chatzaki et al., 2023). These non-invasive monitoring systems could be developed to inform 

efforts on insects of One Health concern, pest management and preserve beneficial insects.   

Chapter 6 investigates the interaction between four E. muscae and five dipteran 

genotypes. Specifically, we used three Drosophila- and one housefly-isolated E. muscae 

genotypes to test for pattern of local adaptations through virulence experiments against one 

housefly, two D. melanogaster and three D. suzukii genotypes. Although we found that E. 

muscae could infect and induce summiting disease in all genotypes, we determined that 

virulence in host-E. muscae systems are governed by genotype-by-genotype interactions. 

Furthermore, we found that the Drosophila isolates clustered together phylogenetically, and 

that each carried at least one symbiotic Iflavirus as identified in Chapter 4. Interestingly, when 

we phylogenetically analysed the genomes E. muscae iflaviruses identified in this chapter and 

of other known ones, we see two clades, which do not cluster based on insect or fungal host.  
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Chapter 7 takes a phylogenetic step backwards to the divergent sister group that are 

the long-branching microsporidia. Microsporidia are obligate intracellular pathogens infecting 

a vast range of hosts. As microsporidia are characterised by highly compact genomes 

containing unique genes and proteins, we thought them great candidates for an approach 

involving mining of genomics and transcriptomics data to pursue phylogenomics analyses. We 

identify hosts with potential microsporidian infections across the panarthropod Tree of Life, 

including a multitude of new host species and orders from a truly global scale. We also uncover 

novel host spectrums of known microsporidia clades, and identify co-infections. 

Phylogenetically, we recover microsporidian sequences belonging to known species in 

expected hosts, confirming, at least in part that our methods had some reliability. Within our 

phylogeny, we find potentially novel microsporidian clades, in particular is one in the 

Nosematida which appears to be host-specific to Araneae (spiders) and Lepidoptera. 

As interest into the mechanisms behind zombie insects grows (Poulin & Maure, 2015; 

Shang et al., 2015; Herbison, 2017; Hughes & Libersat, 2019; Weinersmith, 2019; Lovett et 

al., 2020; de Bekker et al., 2021), in Chapter 8 we outline a protocol for E. muscae that we 

consider an ideal system to be used in relation to evolutionary questions related to host-

pathogen interaction and specifically of host manipulation. In this protocol we outline how to 

isolate, and maintain in vivo and in vitro culture of E. muscae. Furthermore, we describe best 

practices we have adopted during my PhD relating to infections for experiments or rescuing a 

collapsed system.

This study steps into the evolutionary biology behind invertebrate hosts and their fungal 

and microsporidian pathogens. As mechanisms involved in behavioural manipulation remain a 

black box, increasing our knowledge of the interactions between specific-host and obligate 

pathogens, such as between houseflies and E. muscae (and virus), will be a step in the right 

direction, and we provide invaluable thought, insight and evidence into these subjects. 

However, the lagging information around E. muscae molecular mechanisms and its sensitivity 

in vitro to antibiotics is its evident Achilles heel. Similarly, the lack of whole genome data in 

the microsporidia leaves constant debates open as to phylogenetic relationships within the 

microsporidia themselves, with new nomenclatures being proposed in recent years. The 

continuation of studies of these understudied groups of pathogens will only keep delivering 

new insights into patterns of host-pathogen evolution.  
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Appendices 

Figure A1. A rooted maximum likelihood phylogeny based on the Internal Transcribed Spacer 

(ITS) sequences of Entomophthora muscae isolates used in this thesis and downloaded from 

GenBank. Bold numbers in brackets next to fungus ID depict the isolates used for experiments 

in this thesis, with the number representing which chapter they were used in. Host species and 

collection location are described for each fungal isolate. Host genus is represented through a 

coloured background, where light blue is Delia, orange is Musca, and lilac is Drosophila. 

Similarly, the country in which the fungal isolate was collection is denoted by background 

colour, where red is the USA, green is Denmark and yellow the UK. Entomophthora 

schizophorae (ARSEF 6817) is included as outgroup.  
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tema/ 

I nsekters svampesygdomme: 
de gode, de onde og de interessante 

Tekst af Annette Bruun Jensen, Nicolai Vitt Meyling, 
Sam Edwards og Henrik De Fine Licht 

Svampe er heterotrofe organismer, som 

er kendetegnet ved at fa deres kvxlstof 

ved nedbrydning af alle txnkelige orga

niske substrater. Svampe er nok bedst 

kendt som nedbrydere af d0dt plante

materiale som for eksempel en trxstub. 

Men der findes ogsa parasitiske svampe, 

som kan udnytte og vokse i levende vxv 

hos planter, dyr og mennesker. Piere me

get forskellige svampegrupper, flueskim

mel (Entomopthorales), Hypocreales og 

kalkyngel (Onygenales) har for eksempel 

udviklet evnen til at inficere levende in

sekter. For alle disse svampe gxlder, at 

de producerer sporer, som er i stand til 

at vokse gennem insekternes ydre skelet, 

i nogle tilfxlde tarmvxggen, og dermed 

fa adgang til insekternes abne blodkar

system, som er en utrolig nxringsrig res

source. Nar svampen har opbrugt al den 

gode nxring, typisk efter 4-5 dage, sa 

d0r insektet og nye sporer dannes pa 

kadaverets overflade. Disse sporer kan 

inficere nye insekter. Nogle af svampe

ne er meget vxrtsspecifikke. Det vil sige 

at de er meget txt knyttet til en enkelt 

eller fa nxrtstaende insektarter og kal

des "specialister", mens andre svampe er 

mindre krxsne og kaldes "generalister". 

Specialisterne har ofte udviklet meget 

sofistikerede spredningsmekanismer, 

for eksempel kan svampen Cordyceps 

tage kontrollen over myrers bevxgelser 

og adfxrd. Vi mennesker har formaet at 

udnytte flere af generalisterne til biolo

gisk bekxmpelse af u0nskede insekter, 

samtidig med at der stadig er nogle in

sekter, f.eks. bier, vi 0nsker at beskytte 

mod svampesygdomme. 

Biologisk bekcempelse 

Nogle af generalist-svampene bruges til 

biologisk insektbekxmpelse. Man kan 

nemt producere en masse svampesporer 

En stueflue (Musca domestica) der er dril!bt af flueskimmel, og kort inden sin ded blev manipuleret 
til at kravle hejt op og bide sig fast i underlaget som en "zombieflue. Foto af Filippo Castelucci 
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pa kunstigt va:kstmedie eller f. eks. riskorn. 

Herefter kan sporerne blandes i vand og 

spr0jtes ud pa insektangrebne planter pa 

samme made som andre beka:mpelsesmid

ler. Hvis sporerne rammer et insekt, kan 

det blive inficeret. I Danmark er der flere 

produkter som er godkendt til biologisk in

sektbeka:mpelse baseret pa svampe, bl.a. 

Beauveria bassiana, Metarhizium brun

neum og Akantomyces muscarius. Nyere 

forskning har vist at nogle af disse gene

ralist svampe ogsa kan kolonisere planter. 

Sla:gten Metarhizium befinder sig prima:rt 

i r0dder, mens Beauveria bassiana vokser 

endofytisk i stxngler og blade. Denne ak

tivitet sker uden tilstedevxrelse af insek

ter, men hvis svampen f0rst har inficeret 

et insekt i jorden og bagefter koloniserer 

planten, kan den overf0re kvxlstof fra in

sektet ti! planten og dermed give planten 

bedre adgang ti! na:ringsstoffer. Forskning 

har ogsa vist, at svampene stimulerer plan

ternes naturlige forsvarsmekanismer over 

for insekt- og spindemideangreb, sa skade

dyrene klarer sig darligere end pa planter 

uden svampe. 

Svampe i insekter som fede og foder 

Mennesker har sikkert altid spist insekter, 

men i de senere ar er der sket en rivende 

udvikling i kommerciel insektproduktion. 

Insekter som farekyllinger, sort soldater

fluelarver og melorme fodres med affalds

produkter som ellers ikke udnyttes, f.eks. 

kaffegrums. Insekterne forarbejdes ti! 

proteinpulver som kan blandes i forskel

lige f0devarer eller kan bruges ti! fodring 

af f.eks. h0ns eller fisk i dambrug. In

sekter avles i dag i enorme industrihaller 

ved hjxlp af h0jteknologisk automatiseret 
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robotteknologi som et "gr0nt" proteinal

ternativ ti! klassisk k0dproduktion. Det 

kan vxre fatalt hvis en svampesygdom 

far fodfxste i disse produktionssystemer, 

da svampene hurtigt kan spredes og fa 

hele produktionen ti! at kollapse. Et helt 

nyt og aktivt forskningsomrade afdxkker 

hvilke sygdomme, inklusiv svampe, der 

er den st0rste trussel i insektproduktion 

samt hvordan sygdommene kan kureres 

eller forebygges. 

Svampe i bier 

Bier kan vxre sociale eller enlige, men 

de lever i alle tilfxlde af pollen og nek

tar og udg0r de vigtigste best0vere af 

mange afgr0der. Alie svampe fra slxg

ten Ascospbaera har tilpasset sig ti! at 

udnytte biyngel som en ressource, enten 

ved at inficere biernes Jarver eller ved 

at udnytte larvernes ekskrementer eller 

den indsamlede pollen som substrat. Den 

mest kendte art er Ascospbaera apis, der 

inficerer honningbi-larver. Arten har givet 

slxgten det danske navn kalkyngel, fordi 

indt0rrede svampeinficerede Jarver ligner 

sma stykker kalk. Ascospbaera skiller sig 

ud fra de andre insektpatogene svampe 

ved at inficere vxrten gennem tarmvxg

gen. Larverne bliver smittet ved at spise 

sporer. Sporene er tilpasset ti! forst at 

spire, nar de bliver induceret med en h0j 

C0
2
-koncentration, som findes i larvernes 

tarmkanal. Kalkyngel skiller sig ogsa ud 

ved at de kun reproducerer sig seksuelt. 

Nar vxrten er d0d, producerer svampen 

sma sorte og kuglerunde frugtlegemer, 

der indeholder en masse nye sporer. 

Adf.erdsmanipulerende 

insektpatogene svampe 

Nogle insektpatogene svampe som Cor

dyceps og flueskimmel (Entomopbtbora 

muscae) er i stand ti! at overtage og styre 

adfxrden hos det insekt, de har infice

ret. Disse insekter kaldes ogsa for "zom

bie-myrer" eller "zombie-fluer". Hen mod 

slutningen af en infektion s0rger svam

pene for at insektet med de sidste kram-

\tema 

Kalkyngel 

Kommerciel 
insektproduktion 

lnsektpatogene 
svampe 

petrxkninger flyver eller kravler hen et 

sted der er ideelt for svampen at sprede 

sine sporer. Det er typisk h0jt i vegetatio

nen, hvorefter svampen far insektet ti! at 

bide sig fast i underlaget og d0. Svampen 

spreder herefter sine sporer for at ramme 

nye individer. Vi kender ikke den prxci

se mekanisme, hvormed svampene kan 

styre insekternes adfxrd, men svampene 

vokser helt ind i hjernen pa insekterne 

og flere forskellige molekyler bliver ud

skilt af svampene uden at vi kender deres 

prxcise funktion. Et fxllestrxk for alle 

disse adfxrdsmanipulerende svampe er 

at de er specialister og specifikt tilpas

sede ti! en enkelt eller meget fa arter. Vi 

kan med nogle tricks i laboratoriet tvinge 

svampene ti! at inficere andre insektarter, 

men selvom svampene kan g0re andre 

insektarter syge, kan de ikke manipulere 

deres adfxrd. Udviklingen af adfxrds-

Adfo=rds 
manipulation 

Planterod 
symbiose 

manipulation hos disse svampe er derfor 

et klassisk eksempel pa de sofistikere

de tilpasninger, der kan opsta gennem 

millioner af ars co-evolution mellem en 

svamp og bestemte insektarter. 

Vi arbejder videre med at forsta alle 

de spxndende interaktioner mellem 

svampe og insekter, bade dem vi gerne 

vii benytte ti! biologisk bekxmpelse af 

f.eks. bladlus eller hindbxrsnudebillen

og dem vi heist vii undga hos bier og

insekter vi producerer ti! fode og foder,

og ikke mindst hvordan nogle svampe

kan manipulere "zombie-insekter".

Lektor Annette Bruun Jensen, lektor 

Nicolai Vitt Meyling, Pb.d.-stipendiat 

Sam Edwards og lektor Henrik de Fine 

Licht, kommer alle fra Institut for Plante 

og Milj0videnskab pa K0benbavns 

Universitet. 
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