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Lay Abstract

Aspergillus fumigatus acosmopolitan mold that causepportunistic infectioain humans
termed aspergillosis.To better understanthe environmentalreservoirsof aspergillosis
infection, | investigatedsoil populations of this fungs,assoil islikely the largest reservoir
of A. fumigatus| isolatedA. fumigatusstrains from 11 countries across 6 continents and
genetically compared these soil populations to each o#red to clinical A. fumigatus
populations | found extensive genetic diversityithin most localsoil populations,along
with different relationships among geographic populativvisena sampleof these global
strains were sexually crossedyricovered high variation in their sexual fecunditfhich
lowered ahigher geographic distancdsastly,strains exhibited high variations in growth at
different temperatures regardlessctimatic, genetic, and geographic factérsm where
they were isolatedMly thesishighlightsthe extraordinarphenotypic variations armbmplex

populationstructure ofA. fumigatugpopulationgsolated from soifcross the globe



Abstract

Fungal populations occupy a vast numbesgailogicalnichesacrossnany geographiareas
around the planeEungiactasessential nutrient recyclenglaying key roles as saprophytes,
mutualiss,and pathogen#\s humans, we use these broad properties of fungi in biochemical
andpharmaceutical industries, creating a plethora of products rangingftmicrobials to
food productsHowever certainfungalspecies have becomaadevastating burden on human
public health Of thesefungal speciesmy PhD thesidasfocusel on thecritically important
mold Aspergillus fumigatushis mold isan opportunistichumanpatiogen, being thdeading
etiological cause ofthe spectrum of diseases ternaspergillosighat yearly affects over
8,000,000 people worldwidén addition, he rising number o&ntifungal resistant strains
around the world, especially within environmental populatieasf critical concernGiven
thatalmost all aspergillosis infectiomgsultfrom environmental straingnd that soil isa
major ecological niche foA. fumigatusmy thesis focused ocharateriang geneticand
phenotypic aspects oil isolates of A. fumigatusobtainedfrom many geographic and
climatic regions around the worlily analysesrevealed extensive allelic and genotypic
diversity within and among population$heseA. fumigatuspopulations weralefined by
both historical differentiations high gene flow nonrandom recombination,and high
susceptibility to triazole antifungal&dditionally, | testedhe sexualfecundityof asubset of
these global strainand found thageographic and genetic distanoetween the pairs of
parental straindad little effect on sexual fecundityLastly, my researchfound broad
variations in growth of a global sample Af fumigatusstrains at different temperatsre
Again, no relationship ofeither geographicor genetic distanceon strain growth was
observed.Overall, my research highlightthe extraordinary nature oA. fumigatus

populations to quickly spread and adapt across dierdeomplexenvironments.
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Chapter 1

Introduction

1.1 Fungi: Ecology andBiotechnology

Fungi are an incredibly diverse and heterogeneous eukaryotic kingdom estimated to be
composed of 2.2 to 2.8 million species where ~120,000 have been degkldmddworth

& Lucking, 2017) With so many species, fungi thrive in almost all ecological niches,
functioning as mutualists (such as endophytes and mycorrhizae), saprobes or pathogens that
use a diverse suite of metabolic processes to produce a plethora of secondary metabolites.
Given all these properties of fungi, they have been extensively researched and used in
biotechnology to benefit humaniiviapook et al., 2022Even before the advent of modern
biotechnology following the initial production of citric acid Bspergillus nigern 1917

(Cairns et al., 2018Jungi were used for food and therapeutic applications for cent&ioes.
instancein China Saccharomyces cerevisiken own t oday as br ewer 0s
used to ferment beverages in the neolithic pefiddGovern et al., 2004)Today, fungi a&

used in the production of alcohols, food, chemicals, medicines, composite materials, and as
recyclers (e.g. plasticsjMeyer et al., 2020)Indeed, current research aims to better
understand how fungi interact with their environment as well as other species. For example,
within agriculture and forestry settings, a better understanding of mycorrhizal networks and
their association with thetmost plant will help contribute to higher plant yields and lower

fungicide/pesticides ug&haliq et al., 2022)

1.2 FungalPlant and Human Pathogens

The fungal kingdom includes many pathogens, with the majority affecting plants. Global
crop yield losses due to fungal pathogens is between 30% to 40% and is estimated to cost the
global economy hundreds of billions of dollars each y{€anes et al., 2020; Xu, 2022)

Fungi also pose direct threats to human health, either by contaminating our food with
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mycotoxins, pose as allergens in the atmosphere, or directly cause fungal infections. In
immunocompetent individuals, fungal infections are primarily superficial infections of the
skin, hair, or nails. In immunocompromised populations, mucosal infectiloasinclude

those of the mouth, throat, or genitaliagr chronic/invasive infections can occur.
Approximately one billion people suffer from superficial fungal infections and 150 million
suffer from serious to lif¢ghreatening infections, where on average 1.5 million people die
from fungal infections per yegdBongomin et al., 2017; Brown et al., 2012pncerningly,

the prevalence of severe fungal infection is increasing due to the rising immunocompromised
population around the worl@ongomin et al., 2017; Rayens & Norris, 20ZPhese severe

and typically nosocomial infections are primarily caused by species in three gesmaualg
CryptococcusandAspergillus(Bongomin et al., 2017)The yeastCandida aurishas only
recently been discovered and has already been designated a critically important fungal
pathogen by the WHO due to its high mortality rate (between 30% and 60%) and resistance
to almost all clinical antifungal&Chowdhary et al., 2023; World Health Organization, 2022)
Indeed, systemic fungal infections pose a great risk to human health and research is
continually ongoing to identify potential therapeutic targets and novel antifungals to help

alleviate the burden caused by the fungal spétiesakis et al., 2023)

1.3 Aspergillus fumigatus Environmental and PathogenicRoles

The saprophyteAspergillus fumigatuss a cosmopolitan ascomycete mold found globally.
The Aspergillusgenus iscloselyrelated toboth Neosarteya and Penicillium generaand
consists of 344 species, some of which have roles in biotechnology, food production, and
human healtf{Samson et al., 2014A. fumigatuds part of the subgeneFumigati, which
consists of up to 681orphologically similamold speciegFrisvad & Larsen, 2016; Samson
et al.,, 2014) A. fumigatushas many physiological adaptations to the environment that
contribute to the ubiquitous presence around the world. As a sapgrohenigatusavour
habitats withdecaying organic matter, such as soil, compost heaps, aref ialb wastes,
contributing to theecycing carbon and nitrogeworldwide. As hydrolysis of organic matter
produces excess heat that elevates temperatures in these envirodmémntsgatushas

evolved high thermotolerance, capable of maintaining growth at §Bli&bhra & Askew,
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2005; KwonrChung & Sugui, 2013; Verweij, Chowdhary, et al., 20Fpm these niches,

A. fumigatusejects billions of highly volatile conidigasexual sporesihto the atmosphere,
where, on average, the concentration of conidia is ~100 el air (Kwon-Chung & Sugui,
2013) The high atmospheric abundanceAoffumigatusconidia and both historical and
contemporary dispersal eveledto the global presence of this species. Indéediymigatus
conidia have beerfound and successfully cultured from the stratosphere and within the

International Space Statigpassarma et al., 2020; Knox et al., 2016)

The high atmospheric abundance, small conidia, and high thermotolerance Aallow
fumigatussporedo enter and survive within human respiratory tradscrophages fromhe
hostimmune systemormallyclear the foreign conidia within the mucosal membranes in the
lungs (Latgé & Chamilos, 2020)However, in individuals with past lung pathologies (e.g.
asthma, cystic fibrosis, or tuberculosis) or those who are immunocompro(eitieer
through HIV orimmunosuppressiveherapie¥, inhalation of these conidia can result in a
range of pulmonary infections termed aspergillosis that affects over 8,000,000 globally
(Bongomin et al., 2017; Latgé & Chamilos, 202Dpmpared to other pathogeiispergillus
speciesA. fumigatuss the leading cause of aspergillosis, accounting for approximately 70%
of all aspergillosis infectionfRokas et al., 2020)These chronic infections include allergic
bronchopulmonary aspergillosis (ABPA), aspergilloma growth, and chronic pulmonary
aspergillosis (CPA) (Figure 1.1). The most severe form of aspergillosis infection, invasive
aspergillosis (1A), develops from pri€PA infections and affects at least 300,000 patients
annually(Bongomin et al., 2017)rhe mortality rate of IA ranges between9@b6 without
treatmen{Latgé & Chamilos, 2020; Verweij, Chowdhary, et al., 2088vere aspergillosis
infections occur typically in immunocompromised patients, however, the COYD
pandemic created r@latively largeimmunocompetent population with or recovering from
severe COVIB19 infections(Verweij et al., 2021) These patients are susceptible to
aspergillosis (co)infection, termed covid associated pulmonary aspergillosis (CAPA) that can
develop into IA(PelaezGarcia de la Rasilla et al., 2022; Verweij et al., 20PBtient
mortality rate with CAPA is between £2% (Janssen et al., 2021)
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Figure 1.1: Aspergillosis infections and severity. (A) Severity and yearly prevalence of aspergillosis types.
ICAPA infection prevalence varies between medical celfdamio et al., 2020; Machado et al., 2021; Prattes

et al., 2022; SegrelleSalvo et al., 2021; Verweij et al., 2020B) Route ofA. fumigatusconidial colonization

into the lungs. (C) Fungal ball and CT scan of aspergilloma extracted from a patient. Panel C was adapted from
Figures 2 and 3 iMoodley et al.,(2014) ABPAT allergic bronchopulmonary aspergillosis, CPA&hronic
pulmonary aspergillosis, IA invasiveaspergillosis, BPAT covid associated pulmonary aspergillosis

Triazole antifungals are the first line pharmaceuticals in the treatment and prophylaxis of
aspergillosis(Latgé & Chamilos, 2020)Triazoles target the biosynthesis pathway of
ergosterol, the cholesterol analog within fungal cell membranes. Unfortunately, multiple
triazole resistance mechanisms have been reported. The most common are point mutations
and tandem repeat duplicationgwh i n t he t r i az oddemethylngegreltts | ano
regulatory regions and mutations that increase triazole efflux pumps or limit drug uptake
(Rybak et al., 2019)These mutations can occur in tandem with each other, resulthg in
fumigatusstrains that are multand parazole resistariChowdhary et al., 2014; MacEdo et

al., 2020; Siopi et al., 2020Foncerninglyfriazoleresistance rates are risiagdresistance
mutations arespreadingaround the world/Abdolrasouli et al., 2018; Buil et al., 2019;
Chowdhary et al., 2013; Heo et al., 2017; Latgé & Chamilos, 2@20 resultincreasing
numbers of triazole naive patients hdeen reported with triazole resistant aspergillosis

Other antifungal classes used to treat aspergillosis include the echinocandins and polyenes.
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Echinocandins target the FKS1, the catalytic subunit of€[3)glucan synthase, a protein
complex vital in the development of the fungal cell wall. However, due to their limited and
fungistatic activity againgispergillusspp., they are used as an alterndtigatmenstrategy
against IA(Aruanno et al., 2019)The polyene amphotericin B is highly effective against
fungal cells, as it binds directly to ergosterol, forming pores that lead to the leakage of cellular
ions and eventually cell deatBtone et al., 2016 However, this exact process is unknown.
During IA treatment, the high nephrotoxicity of amphotericin B relegates it for salvage
therapy against triazole resistant infections. Unfortunatelyumigatusstrainsresistai to
echinocandins and amphotericin B have been detected around theAgbridet al., 2018;

Chen et al., 2023; Fan et al., 2020; JiméDetigosa et al., 2017)

1.4 Global A. fumigatusPopulations andDrug Resistance

The rising number of triazole resistah A. fumigatusstrairs is a growing burden on
aspergillosismanagementinvestigationgnto the rising triazole resistanceaateshavebeen
conductedwithin medical centresover the last two decadégbdolrasouli et al., 2018;
Erjavec et al., 2009; Heo et al., 2017; Lestrade et al., 2020; Shelton et al., 2022; Verweij,
Zhang, et al., 2016; Wu et al., 2020)any of thesestudieshave focusedon clinically
isolated A. fumigatusstrains,with fewer including environmentalsamplingwithin their
datase{Chowdhary et al., 2012; Snelders et al., 2008)hin thelastdecadegnvironmental
sampleshave beembtainedfrom areaswithin andaroundhospitals(areasinclude hospital
atmospherd]ower bedsandnearbysoils)where,on averagethetriazolesusceptibilitywas
lowerthanclinical isolategChowdhary et al., 2012 riazolesusedin agriculturalpractices
haveasimilarmode of actiorio medicaltriazoles andcrossresistancéetweemmedicaland
environmentalzolesis common(RodriguezTudela et al., 2008)The useof triazolesin
agriculturewas thoughtto be responsible fathe rising number of drug resistant strains
around the world in addition to promotinpnalexpansios of multi- andpanazole resistant
genotyps foundin manycountriesaroundthe planet(Ahangarkani et al., 2020; Chowdhary
et al., 2012; Verweij et al.,, 20Q9Recentliterature hasfound triazole resistantstrairs in
flower bulb waste greenwastematerial,andwoodchippings(Fraaije et al., 2020; Jeanvoine

et al.,, 2017; Schoustra et al., 201%jiazole fungicides are commonly usedduring the
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manufacturingf a variety of goodandcanaccumulatevithin the organicwaste Jeadingto
resistancelevelopmenof residentA. fumigatusstrains.Interestingly the studyby Barberet
al. (2020) found no significant effect on A. fumigatuspopulation structureand genetic

diversityafterthe applicationof fungicideson anagriculturalfield.

Several molecular methods have been used to genatyfpenigatusstrains and populations
throughout the years. These methods provide key insightfamigatugpopulation structure

in many clinics and environments and allow for the monitoring and surveillance of antifungal
resistanfA. fumigatugenotypes. However, some fumigatusgyping methods suffered from

one of two main issues for broad population genetic analyses. The first being poor lab to lab
reproducibility. These methods included random afiepli polymorphic DNA (RAPD)
(Loudon et al., 1993amplified fragment length polymorphism analysis (AF(W®arris et

al., 2003) restriction fragment length polymorphism analysis (RF{I¥3uveglise et al.,
1996) and mnisatellite length polymorphism (MLKBartDelabesse et al., 1998The
second issue was low discriminatory power at the subspecies levels. These methods included
retrotransposon insertiegite context (RISC) typin¢gde Ruiter et al., 200@nd multilocus
sequence typing (MLST{Bain et al., 2007)The current standard reference methodAfor
fumigatustyping is a panel of nine microsatellite (SAfR loci used in multiplex PCR
approachegde Valk et al.,, 2005)These loci are highly polymorphic and offer high
discriminatory power when differentiating strains and results are far more reproducible
between laboratories than the previouslelishethods. However, this method is expensive,
as it requires trained personal to operate the expensive capidlaegl or acrylamideased
electrophoresis platform@alajee et al., 2007)The expense and expertigguirements
make STRftyping of A. fumigatusstrainsdifficult in many clinical laboratories. To combat
these issues, cell surface protef (CSP) sequence typing, basad hypervariable tandem
repeats within its exongshich only requires amplification and sequencing of the CSP,gene
wasdevelod (Balajee et al., 2007However, while easily reproducible and available in
most lab settings, the discriminatory powé&CSP typings much lower thaS TRAf typing.
Nevertheless, both SR and CSPhave beenwidely used andare acceptedtyping

techniques in mang. fumigatusstudiesin recent years. Recently, the discriminatory power
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of CSP typing was enhaed with the addition of three additional targets for typing, termed
TRESPERGthatboasts equal discriminatory power3ad RAf typing (GarciaRubio et al.,
2016, 2018) Unfortunately, due to the novelty ®RESPERG, few studies have used this
method in their analysis. Given the long historss®RAf genotyping, it is stilagreat option

for A. fumigatustyping as STRf populations from past studies can be incorporated into
modern population genetic analysesr example, sing STRAf genotypesand combining
genotype data from studies spanning ~ two dec¢adeglobal populationstructureof A.
fumigatuswas found tobe highly shapedby gene flow betweendistant geographic
populationgAshu et al., 2017; Korfanty et al., 2019; Sewell et al., 2019)

With regards to triazole resistantiee global population o&. fumigatuss defined into two
geneticclusterswith oneclusterhavinga higherabundancef triazoleresistantstrainsand
the othercontaininga higher proportion dfriazolesusceptiblestrains(Sewell et al., 2019)
Two main factors could havefacilitated the spreadof A. fumigatusgenotypesand drug
resistangenesamonggeographigopulationsthe high dispersahbility of its asexuakpores
by wind andcontemporananthropogeniinfluencessuchastravelandtrade(Kwon-Chung
& Sugui, 2013) Additionally, asaspergillosiss oneof the leadingcausef fungal deaths
in avianspecieshird migrationmay alsobe a factorin A. fumigatusdispersalCacciuttolo
et al., 2009; Melo et al.,, 2020Further research inté. fumigatuspopulations from
underrepresented niches and geographic locations will aid in the understanding of the global
population structure of this speci@esults from these efforts wilkvelopbetterstewardship
strategiesandaid in the controlandmanagemenf Aspergillosisoutbreaks.

1.5 ThesisObjectives

My PhD thesis focused on understanding and broadening our knowledgefumigatus
populations! analyzedA. fumigatusstrainsobtained from many international and domestic

soil samplesn theirgenetic and phenotypi@ariations My thesis is formatted as a sandwich
thesis, consisting of one protocol chapter and four data chapters that provide a comprehensive
exploration into theseA. fumigatussoil populations, with a conclusion chapter that

summarizes my findings and providésoadcer context for my thes work. Further
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information and descriptions regarding the data chapters is found below within chapters two
to six. Chapte® describes a high throughput protocol to harvest yeasta.dnchigatugrom

soil. In ChapteB, | focused on investigating twa fumigatugpopulations obtained from two
arctic regions. InChapter4, | investigatedA. fumigatuspopulations obtained from soils
within 69 sites representingl countries orb continents and conducted population genetic
analysis on these populations on country, continental, and global levels and to their clinical
co-populations. IChapter5 of my thesis, using a global subset of 60 strains, | investigated
the patterns of fertility amongeographic and genetically tisct strains.In Chapter 6, |
investigated the vari@n in growthamong89 A. fumigatusstrains that were obtained from

different climate and ecological regions around the world.
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Chapter 2

Isolation of Culturable Yeastsand Molds from Soilsto Investigate

Fungal Population Structure

Summary This protocolis an effective, speedymethodof culturing yeastsand the mold
Aspergillus fumigatufrom largesetsof soil samplesn aslittle as7 days.The methodscan
be easilymodifiedto accommodata rangeof incubationmediaandtemperatureasneeded

for experiments.

Abstract Soil is hostto anincredibleamountof microbial life, with eachgram containing
up to billions of bacterial,archaealandfungal cells. Multicellular fungi suchasmoldsand
unicellular fungi, broadly defined as yeasts,fulfill essentialroles in soil ecosystemss
decomposeref organicmaterialandasfood sourcedor othersoil dwellers.Fungalspecies
diversity in soil is dependenton a multitude of climatic factors such as rainfall and
temperatureaswell assoil propertiesncluding organicmatter,pH, and moisture.Lack of
adequatenvironmentasampling especiallyin regionsof Asia, Africa, SouthAmerica,and
CentralAmerica, hindersthe characterizatiof soil fungalcommunitiesandthe discovery

of novelspecies.

We characterizedsoil fungal communitiesin nine countriesacrosssix continentsusing
~4,000s0il samplesanda protocoldevelopedn thelaboratoryfor theisolationof yeastsand
molds.This protocolbeginswith separateselectiveenrichmenfor yeastsandthe medically
relevantmold Aspergillus fumigatusin liquid media while inhibiting bacterial growth.
Resultingcoloniesarethentransferredo solid mediaand further processedo obtainpure
cultures, followed by downstreamgenetic characterization.Yeast speciesidentity is
establishedria sequencingf their internal transcribedspacer(ITS) region of the nuclear
ribosomalRNA genecluster,while global populationstructureof A. fumigatuss explored

via microsatellitemarkeranalysis.
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Theprotocolwassuccessfullyappliedto isolateandcharacterizeoil yeastandA. fumigatus
populationgn CameroonCanadaChina,CostaRica,lceland,PeruNewZealandandSaudi
Arabia. Thesefindings revealedmuchneededinsights on global patternsin soil yeast
diversity, as well as global populationstructureand antifungal resistanceprofiles of A.
fumigatus This paperpresentghe methodof isolating both yeastsand A. fumigatusrom

internationalksoil samples.

For the studyin this chapter,| createdthe A. fumigatussolationprotocol.l am a co-first

authorof thefollowing publicationreprinted for this chapter

Samarasinghd., Korfanty, G., & Xu, J.(2022).Isolationof CulturableYeastsandMolds
from Soils to Investigate Fungal Population Structure. JOVE (Journal of Visualized
Experiments)2022183),e63396 https://doi.org/10.3791/63396

2.1Introduction

Fungi in soil ecosystemglay essentialroles in organic matter decomposition nutrient
cycling, and soil fertilization (Frac et al., 2018) Both cultureindependent(i.e., high-
throughputsequencingpand culturedependentapproachesire widely usedin the study of
soilfungi (Egidietal.,2019;Tedersoctal.,2014) While thelargeamountof datagenerated
by high-throughputmetabarcodesequencings usefulfor elucidatingbroadscalepatterns
in community structureand diversity, the culturedependentapproachcan provide highly
complementaryinformation on the taxonomic and functional structures of fungal
communitiesaswell asmorespecificprofiles of individual organismghroughdownstream

diversityandfunctionalanalyseslueto the availability of purefungalcultures.

Despiterarely exceedingthousandf cells per gram of soil, yeasts,broadly defined as
unicellularfungi, areessentiablecomposerandfood sourcedor othersoil dwellers(Botha,
2011;Andrey M. Yurkov, 2018) In fact, yeastsmay be the predominansoil fungi in cold
biospheresuchascontinentalAntarctica(Connelletal., 2008;Vishniac,2006) Soil is also

aprimaryreservoirof medicallyrelevantyeastdhatcauseseriousopportunistidnfectionsin
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humansand other mammals(Kurtzmanet al., 2011) Despitemorphologicalsimilarities,
yeastspeciesarephylogeneticallydiverseandoccuramongfilamentousfungi in two major
phyla, Ascomycotaand Basidiomycotawithin the fungal kingdom (Samarasinghet al.,
2021) Yeastslack a defining DNA signatureat the fungal barcodinggene,the internal
transcribedspacer(ITS) region of the nuclearribosomalRNA genecluster (Xu, 2016)
making them indistinguishablefrom otherfungi in metagenomicsnvestigationsand thus

necessitatinghe useof culturedependenimethodgo isolateyeastspecies.

The protocol below was implementedto characterizesoil yeast communitiesof nine
countriesandidentify globaltrendsandpatternsn soil yeastdiversity (Aljohani etal., 2018;
Samarasingheet al., 2019, 2021) Metagenomicsapproachesare of limited use when
studyingtargetedgroupsof organismssuchasyeasts(Egidi et al., 2019; Tedersocet al.,
2014) Dueto their phylogenetiadiversity, yeastscannotbe distinguishedrom otherfungi
basedon DNA sequencalone.Thus,studyingyeastpopulationgequiresthe continueduse
of culturedependentisolation. However, culturing is often significantly more time
consumingandrequiresmorepersonneto performthe experimentsTherefore the protocol
hasbeenoptimizedandstreamlinedor fasterprocessingvith limited personnelThe main
advantagef culturingis thattheyeastspeciesdentifiedareliving yeastsaandnotdeadones,
andthusaremorelikely to betruesoil dwellersratherthantransientells presenin thesoils.
It hasbeenestimatedhatapproximately40% of fungal DNA in soil areeithercontaminants
from otherenvironmentsextracellularor comefrom cellsthatareno longerintact, causing
high-throughputsequencin@pproacheto overestimatéungalrichnesdy asmuchas55%
(Carinietal., 2016) Culturedependenisolationcanreadily confirm yeastspecieddentity
with the addedbenefitof securingpurecultureto be usedin downstreananalysesindeed,
pure cultures of 44 putative new yeast specieswere identified using this soil isolation
protocolthatallowedthe useof arangeof methodgo studytheir taxonomicandfunctional

propertiesn detail (Xu, 2020)

Theprotocolbelowcanalsobeusedo isolatemoldspresentvithin soil, suchasA. fumigatus
Aspergillus fumigatuss athermophilicandsaprophytienold with awide, globaldistribution
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in soil (Brakhage& Langfelder,2002) It hasbeenisolatedfrom numerou<linical andnon
clinical environments.Non-clinical sampling commonly includes air, organic debris
(compost,saw dust, tulip bulb waste),and soil (agricultural, garden,and natural soils)
(AlcazarFuoli et al., 2008; Bongominet al., 2017; Chowdharyet al., 2012; Rocchiet al.,
2021) Aspergillus fumigatus ahumanopportunistigpathogercausingarangeof infections
collectively termedaspergillosisaffecting over 8 million peopleworldwide (Bongominet
al., 2017; Kwon-Chung& Sugui,2013) Approximately300,000peoplearoundthe globe
sufferfrom invasiveaspergillosiswhichis the mostseveregorm of aspergillosigBongomin
et al., 2017) Dependingon factors suchas the patient population,site of infection, and
efficacy of antifungaltherapy,mortality rate canbe ashigh as90%. Over the pastseveral
decadegiesistanceo antifungaltherapiesasincreasedrequiringglobalsurveillancesfforts
in bothclinical andenvironmentapopulationgo tracktheseresistancgenotypegEtaEbasi
Ashu et al., 2017; Heo et al., 2017; Sewell et al., 2019) Given its ability to grow at
temperaturesipwardof 50 °C, this temperatureanbe exploitedto selectfor A. fumigatus
isolatesfrom soil using culturedependentmethods.Aspergillus fumigatudgsolates are
commonlygenotypedat nine highly polymorphicshorttandemrepeat(STR) loci, shownto
havehigh discriminatorypowerbetweerstrains(deValk etal.,2005) TheseSTRgenotypes
canbecomparedo otherpreviouslysurveyedopulationgo trackthespreadf A. fumigatus

genotypesincludingdrugresistancgenesaroundtheworld.

Below we describea protocolfor the speedyisolationof yeastsandA. fumigatusrom soil
samplesin a culture dependenimanner.Dependingon the amountof soil obtainedper
sample the soil samplescanbe sharedoetweerthe two protocols.In comparisorto similar
methodsthatisolateyeastand A. fumigatusfrom soil, this protocoluses10x lesssoil per
isolateobtained Studiesattemptingto isolateA. fumigatusrom soil requirebetweenl and
2 g of soil perisolate whereaghis protocolrequiresonly 0.1-0.2 g of soil (Chowdharyetal.,
2012;Rocchietal., 2021;A. M. Yurkov etal., 2012) This protocolutilizes smallerplastics
and containersthat facilitate its high-throughputdesign. Therefore,a larger number of

samplesanbeprocessedsinglessspacdor equipmensuchasincubatorsandroller drums.
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Soil samplesanbefully processedo obtainisolatesin aslittle as7 days.This protocolhas

beenoptimizedto allow processingf upto 150-200samplegperday perperson.

2.2 Protocol
NOTE: Any stepautilizing internationakoil samplesand/orA. fumigatusporesandmycelia

requireworking within a biosafetycabinetfor level 2 organismgBSCII).

2.2.1lsolation of yeastfrom soill

2.2.1.1Preparatiorof antibacteriarndantifungalsolutions

1.

Suspendahloramphenicopowderin 70% ethanolto preparea 50 g/L stocksolution.
Sterilizeby syringefiltration andstoreat4 °C.

NOTE: This antibiotic will preventthe growth of most bacteriaduring soil yeast
isolation.As chloramphenicatesistantacteriamay still grow, colony morphology
mustbe carefully takeninto consideratiorwhendistinguishingyeastdrom bacteria.
Additional antibioticsmay be addedto mediawhenworking with soil suspecteaf

containing antibioticresistant bacterial strains. Bacterial contamination in

chloramphenicosupplementednediawas not anissueencounteredvhenisolating
yeastdrom environmentatoils.

Suspendenomylpowderin DMSO to preparea 5 g/L stock solution. Sterilize by
syringefiltration andstoreat4 °C.

NOTE: This selectiveantifungaldrug preventshe growth of mostfilamentousungi
without affecting yeastgrowth during soil yeastisolation (Calhelhaet al., 2006;
Thomasetal., 1985)

2.2.1.2Preparatiorof culturemediaandsterileequipment

1.

To prepareY EPD (YeastExtractPeptoneDextroseroth,add10g of YeastExtract,
20 g of peptoneand20 g of dextroseto 1 L of doubledistilled water.Stir until well-
mixedandautoclavefor 40 min at 121 °C. Storeatroomtemperatureintil use.

YEPD solid agarmedium
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3.

1. Mix 109 of yeastextract,20 g of peptone20 g of dextroseand20 g of agar
in 1L of water.Stir well to mix andautoclavefor 40 min at 121 °C.

2. Oncesufficiently cooled,add 1 mL of chloramphenicoand benomylfrom
stocksolutionsto bring the final concentration®f the two antimicrobialsto
50 mg/L and5 mg/L, respectively.

3. Mix well by stirringandpourinto 10 cmdiametePetridishesLeaveatroom
temperatur@vernightto setandstoreat4 °C until use.
NOTE: From1L of YEPD, approximately80 platescanbe poured.

Sterilize wooden plain-tipped applicator sticks and reusablecell spreadersby

autoclavingandstoreatroomtemperature.

2.2.1.3Incubationof soil in liquid broth

1.
2.

Preparea setof sterile13 mL culturetubesby labelingthemwith soil samplelD.
Using a serological pipette, add 5 mL of YEPD broth supplementedwith
chloramphenicoandbenomylinto eachtube.

Working in a BSCII, transfer~0.1g of soil into the appropriateculturetubeusinga
sterile,woodenplain-tippedapplicator.

NOTE: Useafreshapplicatorfor eachsoil sampleanddiscardmmediatelyuponuse
to avoidcrosscontaminatiorbetweersamples.

Capthetubesecurelyto thefirst stopto preventspillagebut still allow air exchange
duringincubationIncubateheculturetubesn aroller drumfor 24 h atatemperature
deemedptimumfor maximizingyeastgrowth.

NOTE: The incubationtemperatureshould be decidedbasedon the meanannual
temperaturef the soil samplestountryof origin. For example whenisolatingsoil
yeastsfrom Iceland,the culturetubeswereincubatedat 14 °C, whereassoils from
Saudi Arabia were incubatedat 30 °C. Due to slower yeast growth at lower

temperaturesncubationtime might haveto be extendedor upto 72 h.
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2.2.1.4Transferthe supernatanio the solid medium

1. Usingthe setof YEPD + chloramphenicolr benomylagarplatespreparedn Step
2.2.12, labelthemwith the soil samplelD.

2. Removethe culturetubespreparedn Step2.21.3from theroller drum.Workingin
aBSClII, briefly vortexthetubeto drawsolil particlesandcellsthatmayhavesettled
atthebottombackinto suspension.

3. Usinga micropipette transferl00 uL of the supernatanbnto a plate.Usea sterile,
reusablecell spreaderto spreadthe liquid thoroughly and evenly over the agar
surface.

NOTE: Workingin setsof 10 samplesansignificantlyspeedupthis processPipette
the supernatanbnto 10 platesfirst andthenperformspreadinglUsea freshspreader
for eachsampleto avoid crosscontaminatiorbetweersamples.

4. Stackthe platesin plasticbags,seal,andincubateupsidedown for 2-3 daysat the
sametemperatureisedpreviouslyfor liquid brothincubationuntil microbial growth

is visible.

2.2.1.5Detectionof yeastsandstreakingfor singlecolonies

1. After allowingfor sufficientincubationtime (typically 2-3 days,but maytakelonger
at lower temperaturesjnspectthe platesin a BSCII for any yeastgrowth. Look for
creamyround,mattelike yeastghatareeasilydistinguishedrom bacterialkndmold
colonies.
NOTE: Someyeastgroducecoloredpigmentsandmayappeablack/brown yellow,
or red, buttheir overallcolonytextureandshapewould be similar to nonpigmented
yeasts

2. Selectoneyeastlike colonyfrom eachplatefor furtherprocessing.
NOTE: If morethanonetypeof morphologyis observednasingleplate,selectone
representativeolonyfor eachmorphologicakype.

3. Using sterile, woodenplain-tipped applicatorsticks, transfereachselectedcolony
ontoafreshYEPD + chloramphenicot benomylplateandstreakfor singlecolonies.

Performthreeseparatetreaks.
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Streakback andforth over a third of the plate using an applicatorstick. Begin the
secondandthird streakby streakingthe applicatoracrosghe precedingstreakonce.
Useanewapplicatorstick for everystreak.

NOTE: Useoneplateperisolate.Discardapplicatorammediatelyuponuseto avoid
crosscontaminatiorbetweersamples.

Stackthe platesin plasticbags,seal,andincubateupsidedown for 2-3 daysat the

sametemperatureisedpreviouslyuntil singlecoloniesbecomevisible.

2.2.1.6ldentificationof yeastspeciewia ITS sequencing

1.

Selecta well-separatedsingle colony per soil isolate and subcultureonto a fresh
YEPD + chloramphenicot benomylplateto obtainmorecells.Incubatefor 2-3 days
atthesametemperatureisedpreviously.

Harvestthefreshly grown cellsandsuspendhemin -80 °C freezertubescontaining
1 mL of sterilized30% glycerolin doubledistilled waterto createcell suspensions.
Maintainthesesuspensionat-80 °C asstocksolutions.

Usefreshcellsto performcolonyPCR(polymerasehainreaction)with primersiTS1
(5' TCCGTAGGTGAACCTGCGG 3) and ITS4 (5'
TCCTCCGCTTATTGATATGCS3') to amplify thefungalbarcodinggene | TS9.Use
the following thermocyclingconditions:aninitial denaturatiorstepat 95 °C for 10
min followed by 35 cyclesof (i) 95 °C for 30s, (ii) 55 °C for 30s,and(iii) 72 °C for
1 min.

NOTE: Colony PCRhasa high successateanda fasterturnaroundime thanDNA
extractionfollowed by PCR

If colony PCRrepeatedIyfails for astrain,extractDNA usingthe protocolof choice
and perform ITS PCR using extracted genomic DNA as template (use same
thermocyclingconditionsasabove).

NOTE: A relativelyinexpensivechloroformbasedNA extractionis recommended
(Xu etal., 2000)

Perform Sangersequencingo determinethe DNA sequencef the amplified ITS

regionfor eachstrain.
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6. Comparethe obtainedITS sequencef the yeaststrainsto sequenceslepositedn
public databasesuchasNCBI GenBankandUNITE to establishspeciesdentity.

2.2.21solation of Aspergillus fumigatusrom soil
2.2.2.1Preparel mL of sterile Sabourauddextrosebroth (SDB) supplementedvith the
antibioticchloramphenicopersoil sample.
1. Add 10g of peptoneand20 g of dextroseto 1 L of distilled water.Autoclaveat 121
°C for 40 min.
2. Allow theSDBto coolto ~50°C, add1 mL of 50 g/ L chloramphenicoto bring the
concentratiorio 50 mg/L.
NOTE: Chloramphenicois preparedhe sameasdescribedabovefor yeastisolation.
Asidefrom inhibiting bacterialgrowth,chloramphenicahlsopreventghe production
of gasfrom bacteriathat will causethe tubesto openduring the incubationstep
detailedin Step2.22.2.
3. Asepticallyaliquotl mL of SDBinto a1.5mL microcentrifugeubepersoil sample

usingamechanicapipette.

2.2.2.2Add soil to 1.5 mL microcentrifuggubes.
1. Laybenchcoator absorbenpaddinginsideaBSCIIto aidin thedisposabf spilt soil.
2. Usingautoclavedpplicatorsticks,transferapproximately0.1g of soilintoal.5mL
microcentrifugetube containingl mL of SBD. Closethe tubeandvortex. Incubate
thesuspendedoil at50 °C for 3 days.
NOTE: Shakingduringincubationis notrequired.

2.2.2.3Mycelial harvestof soil-inoculatedbroth
1. Preparamaltextractagar(MEA) plates.
1. Perliter of MEA: add20 g of malt extract,20 g of dextrose6 g of peptone,
and15g of agarto 1 L of distilled water.Autoclaveat 121 °C for 40 min.

27



Ph.D. Thesi§ Greg Korfanty McMaster Universityi Biology

2. Allow the MEA to coolto ~50°C, thenadd1 mL of 50 g/L chloramphenicol
to bring to afinal concentratiorof 50 mg/L.
2. Transferthemyceliafrom the soil-inoculatedorothontoMEA plates.
1. Identify soil inoculumsthat havevisible mycelial growth at the SDB to air
boundary.
2. Usesterilizedwoodenplain-tippedapplicatorsticksto transferthe myceliato
thecenterof aMEA plate.Incubatethe MEA platesat 37 °C for 3 days.

2.2.2.4Selectionof myceliawith A. fumigatusnorphologicalproperties.

1. Identify mold coloniesthathavecharacteristi@. fumigatusnorphologicabproperties
(greensueddike growth).

2. Working in a BSCII, use sterilized wooden plain tipped applicator sticks or an
inoculationloopto harvestonidia/myceliadby scrapinghesurfaceonce. Transferthe
spores/mycelido the centerof a MEA plate by streakingonto the agarfor single
colonies.Incubateat 37 °C for 2 days.

NOTE: As multiple A. fumigatusstrainsand/orotherfungi may be presenton the
plate, it is importantto streak for single colonies. The singlecolony streaking
protocolin Step2.2.1.5in theyeastisolationprotocolcanbe used.

3. After incubation, ging a sterile applicatorstick or inoculationloop, subculturea
single colony generatedonto MEA by streakingthe colony once. Spreadthe

harvestedporesnto the centerof the plate.Incubateat 37 °C for 2 days.

2.2.2.5Harvestingof A. fumigatuspores/mycelidor culturestorage
1. Preparea sterile30% glycerolsolution(for a 100 mL solution,add30 mL of 100%
glycerolmixedwith 70mL of doubledistilled water,sterilizedat 121 °C for 40 min).
2. Working in a BSCII, use a p1000 pipetteto aspiratel mL of the 30% glycerol
solution. Dispensethe 1 mL of glycerol solution onto the A. fumigatuscolony to
harvestspores/mycelia.
1. Dueto the hydrophobicityof A. fumigatuspores/myceliajsethe pipettetip

to scratcha denselysporulatedegionof the plate.
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NOTE: Whenglycerolis dispensedn the scratch the glycerolwould adhere
to the scratcharearatherthanrolling overtheagar.

Slowly dispensehe glycerolontothe scratchareato dislodgethe sporesand
suspendhemin theglycerolsolution.

Once fully dispensed,lightly tip the plate and aspirate the glycerol
spore/mycelisuspension.

NOTE: Approximately750to 800 L will beaspirated.

Transferthe aspirateto a sterilefreezertubeandstoreat -80 °C. If required,

createworking stockby repeatingstep2.2.2.5.

2.2.2.6Phenotypiadentificationof A. fumigatusstrains

1.

Using the sporestockcreatedirom step2.2.2.5,createa 100x dilution in water.To

do this, Aspirate10 pL of the mycelialandsporestocksanddispensan 990 pL of

water.Vortex the suspension.

Dispensel0 pL of thediluted sporesuspensiomntoa standardnicroscopeslide.

3. OPTIONAL: Stainthe mycelialandsporesuspensiomith methyleneblue.

1.

2.
3.

To stainwith methyleneblue, fix the conidiaand conidiophorego the slide
by passingheslide overa Bunsenburneruntil dry.
Apply methylenebluefor 1-2 min andwashoff with water.

Dry theslidewith blotting paper.

Usingacompoundnicroscop&at400xmagnificationyiew thesuspensioandlocate

conidiophoresComparethe observedconidiophoremorphologywith A. fumigatus

conidiophoremorphology.

2.22.7Molecularidentificationof A. fumigatusstrains

1.
2.

ExtractDNA from eachisolatefollowing commonfungalDNA extractionprotocols.

Using primersspecificto the Aspergillusb-tubulin genes( fubl and b-tub4), run

PCR and obtain the sequencefor the amplified products, following protocols
describedy AlcazarFuoli etal., (2008)
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1. Comparethe obtainedsequenceso sequencesdepositedn public databases
suchasNCBI GenBankusingBLAST.

2. Confirmthestrainsequenceareatop matchto A. fumigatusequencem the
database.

3. Alternative to the previousstep, run a multiplex PCR reaction targetingthe A.
fumigatusmatingtypesMAT1-1 andMAT1-2 (Paolettietal., 2005)

1. Usethefollowing threeprimersequencem the multiplex PCRreaction:
AFM1: 5'- CCTTGACGCGATGGGGTGE
AFM2: 5 NCGCTCCTCATCAGAACAACTCG3 N;j;
AFM3: 5 NEFGGAAATCTGATGTCGCCACG3 N;.

2. Usethefollowing thermocycleiparameterss min at 95 °C, 35 cyclesof 30s
at95°C, 30sat60°C,andl1 min at 72 °C beforeafinal 5minat72°C.

3. Rungel electrophoresis$o identify the products;look for 834 bp MAT-1 or
438 bp MAT1-2. Use A. fumigatusstrainsthat have confirmedmating type

amplificationaspositiveandnegativecontrols.

2.2.2.8Microsatellitegenotypingof A. fumigatusstrainsthroughfragmentanalysis
NOTE: Although the stepslisted below broadly cover genotypingA. fumigatusat nine
microsatellite(STR) loci, only a few importantconsiderationfave beenhighlighted.For
detailson A. fumigatusSTRgenotypingreferto De Valk etal. (deValk etal.,2005;De Valk
etal., 2007)
1. Preparethree PCR multiplex mastermixes using the STRAf primers previously
describedby De Valk etal. (2005).

1. Fluorescentlylabel forward primers to determinefragment size through
capillaryelectrophoresi€nsurethatthe concentratiorof theforwardprimers
is half (0.5¢ Mjhatof thereversegorimers(1 e M ithin the mastemix.
NOTE: For the best results, use fluorescentlabels that have absorbance
wavelengthshatmatchthoseof thechoserdyestandardusedduringcapillary
electrophoresis

2. UseahotstartDNA polymerasdor bestresults.

30



Ph.D. Thesi§ Greg Korfanty McMaster Universityi Biology

3. UseaDNA concentratiorof 0.1 ng perreaction.

2. Runthe multiplex PCRfor eachstrainusingthe following PCRprogram:95 °C for
10 min, 40 cyclesof 95 °C for 30s,60 °C for 30s,and72 °C for 60 s, followed by
72°C for 10min andaholdat4 °C.

3. Checkfor amplified productsthroughgel electrophoresis.

4. Dilute theproductgo thedesiredevel (typically ~50x)asrecommendefly fragment
analysesspecialistsand run capillary electrophoresisPerformthreeruns for each
strain, with each run covering three multiplexed reactionswith three different
fluorescentprobes.

5. To determinethe correctfragmentsizefor eachof the nine STR loci, usesoftware
capableof fragmentanalysis.

1. Retrievethe raw data obtainedfrom capillary electrophoresisScore the
fragmentsizesbasednthelargestpeakusingthefragmentanalysissoftware
(e.g.,Osiris).

2. Convertthe fragmentsizesto repeatnumbersfor eachof the nine loci. Use
the fragmentsizesof the repeatnumbersof the referencestrain Af293 as
previouslydescribedy De Valk etal. (2005).

NOTE: Slight variationsin fragmentsizes may occur betweendifferent
capillaryelectrophoresiplatforms.Thus,it is importantto includeacommon
referencestrain(andaninternalladder)with knownfragmentsizefor eachof

thenineloci for genotypingstrains.

2.3 RepresentativeResults

2.3.1Yeastisolation from soil

The aboveyeastisolation protocol was implementedto culture yeastsfrom soil samples
originatingfrom 53 locationsin nine countries(Aljohani et al., 2018; Samarasinghet al.,
2021) In total, 1,473yeaststrainswereisolatedfrom 3,826soil samplesGiventhedifferent
climatic conditionsof thenineoriginatingcountriesthebestincubationtemperaturéor each
countrywasdeterminedasedn its meanannualtemperaturéTable2.1). Giventhe slower

yeastgrowth at 14 °C, soil samplesfrom Icelandwereincubatedon a roller drum for an
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additionak48h (96-120h total). Following 2-3 daysof incubationon solid medium,microbial

growthwasvisible on platesfor all samplegFigure2.1A). A randomlyselecteccolony for

eachyeastmorphologypresenton a plate was streakedor single colonieson fresh plates

(Figure2.1B).

Table2.1: Soil yeastisolationfrom nine countriesin six continents.ncubationtemperaturdor soil samples
from eachcountrywasdeterminedcbasedon its meanannualtemperatureResultspresentechereare adapted
from (Aljohani etal., 2018;Samarasinghetal., 2021)

Country Incubationtemperature Soil samples Yeastisolates Known species/
(°C) Novel species

Cameroon 30 493 110 10/9

Canada 23 300 261 34/12

China 23 340 230 23/5

CostaRica 30 388 95 20/2

France 23 327 175 12/2

Iceland 14 316 211 11/0

New Zealand 23 610 155 14/4

Peru 23 490 139 30/9

SaudiArabia 30 562 97 8/1

Total 3826 1473 90/44

(A)

Figure2.1: Yeastdsolationfrom soil samples(A) Microbial growthis visible on solid agarfollowing 2-3 days
of incubation. Yeast colonies can be seen interspersedamong other fungal/bacterial colonies. One
representativgeastcolonyfor eachmorphologicakypeon a plateis selectedo streakfor singlecolonies.(B)
Threestreaksareperformedto obtainsinglecoloniesof yeastisolates.One platewasusedto obtaineachsoil

isolate.
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Therate of successfueastisolationdiffered betweencountries(Table2.1). For example,
97 yeaststrainswere culturedfrom 562 SaudiArabiansoil sampleg17.3%),wherea261

yeastswere culturedfrom 300 Canadiarsoil sampleq87%). A rarefactionanalysisshould

be performedto determindf sufficientsoil samplinghasbeenconductedo obtainaccurate
estimatesof the true yeastdiversity in sampledocations.An examplerarefactionanalysis
for eachcountrywas preformedwherethe Shannordiversity index wasusedasa measure
of soil yeastiversity (Figure2.2). Theresultingrarefactiorcurvesapproachethesaturation

asymptoteindicating that additional samplingwas not likely to haveyielded more yeast

diversity.
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Figure2.2: Rarefactiomanalysisof soil sampling.In eachof the nine sampledcountries soil yeastdiversity,as
quantifiedby Shannondiversity index, approachesaturationasthe numberof soil samplesincreasesThis
figure wasadaptedrom (Samarasinghetal., 2021)

Sequencin®f the ITS regionrevealedhatthe 1,473yeastisolatescanbe categorizednto
134 distinctspeciesThis included90 known speciesand 44 potentiallynovel speciesWe
applieda mixed-effectsmodelto identify predictorsof globalculturablesoil yeastdiversity,
asquantifiedby the Shannordiversityindex (Batesetal., 2015) In this model,meanannual

precipitation,meanannualtemperatureglevation,and distanceto equatorof the sampling
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locationswerefitted asfixed effects,while samplingcountry was setas a randomeffect
(Samarasingheet al., 2021) This model identified mean annual precipitation to be
significantly correlatedwith the Shannordiversity index (p = 0.012),while no significant
correlationswerefound betweenother predictorvariablesandthe Shannordiversity index
(Samarasinghetal.,2021)

To comparehis culture basedorotocolto cultureindependenmethodswe comparedhese
findingsto a previousstudyby Tederso@andcolleagueshatinvestigatedylobal diversity of
soil fungi usingmetagenomic¢Tedersocet al., 2014) Tedersoandcolleaguegperformed
high-throughputsequencingf the ITS regionon DNA directly extractedrom soil samples
of 39 countriesfour of which, namelyCameroonCanadaChina,andNew Zealandwere
alsosampledn this study.We performedBLAST searcheso identify ITS sequencepresent
in bothdataset¢CamachdChristiametal., 2022) andfound26% of the ITS sequencebad
a significantmatch (>98.41%nucleotideidentity) in the metagenomicslatasetHowever,
<3% matcheda fungal sequencérom the samecountry,while the remaining23% matched
afungal sequencdoundin a different country (Samarasinghet al., 2021) We weremore
successfuthanthe metagenomicstudyin annotatinghe ITS sequencewith yeastspecies
identity. Tedersoocand colleaguegeporteda total of 50,589fungal operationataxonomic
units (OTUs),with the numberof yeastOTUsnot known. Of thesefungal OTUs, 33% were
merely annotatedas environmental_sequend¢@&24, 1.4%), uncultured_soil_fungu§2,405,
4.8%), uncultured_ectomycorrhizal_fungy%,407, 2.8%), or uncultured_fungug11,898,
23.5%).

2.3.2Aspergillus fumigatussolation from soil

After 3 daysof soil incubationat 50 °C in 1 mL of SDB in a microcentrifugetube,mycelia
may be found growing within the SDB, on the SDB to air boundary,and/oron the inside
walls. Aspergillus fumigatumyceliaaretypically foundgrowingonthe SDBto air boundary
but canalsobe harvestedrom just belowthe SDB surface After this step,the myceliaare
transferredo MEA andgrownfor 3 daysat37 °C. Mycelial growthon platesmayonly form

the greensuedemorphologytypical of A. fumigatugFigure2.3A). More commonly,other
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thermotoleranimoldsmaybepresentvithin thesamesoil andgrowwith A. fumigatusnthe
sameplateor by themselvegFigure2.3B-D). Aspergillus fumigatusolationratesmayvary
betweengeographidocations,similar to whathasbeenfound for soil yeastsFor example,
within Vancouver,Canada251 isolateswere obtainedthroughthis methodfrom 540 soil
samples(46.5%) (unpublishedresults).By contrast,within Cameroon,51 A. fumigatus
isolateswereharvestedrom 495 soil sampleg10.3%)(EtaE. Ashuetal.,2017)

Figure2.3: Aspergillus fumigatumorphologyon Sabouraudlextroseagar (A) Greensuedelike A. fumigatus
growthmorphology.(B-D) A. fumigatuggrowthwith otherthermophilicmoldspresenwithin the soil sample.
A. fumigatusonidiationis visibly reducedn B andD.

A. fumigatusconidiophorestructurecan be viewed andidentified using light microscopy.
Conidiophoreshave a ball on stick morphology (Figure 2.4). Additionally, A. fumigatus
conidiophoresreuniseriatewherethephialides attachedo theconidiachains areattached
directly to the sphericalvesicle.In other Aspergillusspeciesconidiophoresare biseriate,
wherethe phialidesareconnectedo metulaeattachedo thevesicle.
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Figure2.4: Photoof anA. fumigatusconidiophoreunderalight microscopeScalebar= 10 um.

Severalsoftwareprogramsareavailableto performfragmentanalysisof the raw datafrom
capillaryelectrophoresissonvertinghecapillaryelectrophoresispectrunto fragmentizes.
Figure2.5is achromatograngeneratedy theprogramOsiris. Thethreechannelwisualizing
the fragmentlengthsof A. fumigatusdinucleotide(2A, 2B, and2C), trinucleotide(3A, 3B,
and3C),andtetranucleotid¢4A, 4B, and4C) STRIloci areshown.In addition,PCRartifacts
that occurif the sampleDNA concentratiorduring PCRis too high are also shown.The

highestpeaksof eachcolor representhe fragmentsizesof thethreeSTRIoci in this plot.
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Figure2.5: Osirisoutputof nine microsatelliteloci from anA. fumigatusstrain. The outputscorrespondo the
(A)Dinucleotide(2A, 2B and2C), (B) trinucleotide(3A, 3B and3C) and(C) tetranucleotid¢4A, 4B and4C)
shorttandenrepea(STR)loci. Forwardprimer5’ fluorescentabelsare:A = 6-FAM; B=HEX; C=ATTO550.
Multiplex reactionproductswerediluted 30x prior to capillary electrophoresisThe LIZ600 dye standardvas
usedduring capillary electrophoresidRaw datawasanalyzedy the peakanalysissoftwareOsirusidentifying
potential peaksbetween60 and 400 bp. SeveralPCR artifacts are off-scalepeaksthat causefluorescence
bleeding, stutter peaks and N-1 peaks(C). Abbreviations: 6-FAM = 6-carboxyfluorescein;HEX =
hexachlorofluoresceir8 TR = shorttandenrepeatsRFU = relativefluorescenceinits; BPS= basepairs
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The geneticvariationpresentbetweenA. fumigatusSTR genotypesanbe visualizedusing
the R packagepoppr. The R script bruvo.msrcreatesa pairwise Bruvo'sgeneticdistances
matrix betweeneachpair of genotypesThis matrix is thenusedto generatea minimum
spanningnetwork (MSN). A high-quality MSN canthen be generatedising the R script
plot_poppr_msror imsn (Figure 2.6). A discriminatoryanalysisof principal components
(DAPC)is anothemethodto visualizethe geneticrelationshipsamongstrains(Figure2.7).
TheR scriptdapcin the R packageadegeneis usedto performDAPC andcanbeusedwith
known or unknowngrouppriors. With unknowngrouppriors, it usesK-meansclusteringto

identify thelikely numberof groupsof individuals.
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Figure2.6: Minimum-spanningnetworkshowingthegeneticrelationshipbetweenVILGs of A. fumigatugrom
Iceland(ISL) andNorthwestTerritory in CanadgNWT). Eachnoderepresent®neor moreidentical MLGs,
wherenodesize correspondso the numberof strainsfor eachMLG. Nodesthataremoregeneticallysimilar
havedarkerandthicker edgeswhereasmodesgeneticallydistanthavelighter andthinneredgesThis figure
was adaptedfrom (Korfanty et al., 2021) Abbreviations:ISL = Iceland;NWT = NorthwestTerritoriesin
CanadaMLG = multilocusgenotype.
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Figure2.7: GeneticclusteringusingDiscriminantanalysisof principalcomponent$DAPC) of Iceland, NWT,
Eurasian, North American, and OceanianA. fumigatus populations. Isolates were genotypedat nine
microsatelliteloci and clone corrected totaling 1703 unique multilocus genotypesGenotypeswvere colored
accordingto geographicorigins. This figure was adaptedfrom (Korfanty et al., 2021). NWT& Northwest
Territories, ISLO Iceland, CMRd Cameroon,CANd Hamilton, Ontario, Canada,BEL® Belgium, FRAJ
France,DEU& Germany,IND& India, NLD& Netherlands NORd Norway, NZL6 New Zealand,ESR
Spain,CHEd SwitzerlandandUSAJ United States.

2.4 Discussion

Theprotocoldevelopedor isolatingyeastsandA. fumigatusrom soil is a fastandefficient

methodfor high-throughputsoil processingaindfungalisolation. The protocolonly requires
a small amountof soil (0.1-0.2 g) per sample,allowing for more sitesto be sampledwith

similar effort. The quick turnaroundime ensuregshatresultscanbe obtainedwithin a short
timeframeandallowstime for troubleshootingandrepeatingexperimentsf necessaryThis

protocol can be easily replicated across many laboratory settings using standard
microbiologyandcell culturing equipment However,whenisolatingyeastor moldsfrom

internationalsoil, extra precautionarymeasuresare required. All nondisposableplastic
equipmentsuchas plastictrays and cell spreadersshouldbe sterilizedby submersionn

10%bleach followed by autoclaving. The usedbenchcoatshouldbe sealedn a plasticbag
andsterilizedin anautoclaveprior to discarding.To note,the numberandidentity of yeasts
isolatedusingthe protocolabovecanbelimited by theincubatingconditionsandmediaused.
For example,24 h incubationin the roller drum can favor the isolation of fastgrowing
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aerobicyeastoverslow-growingspeciesin addition,theuseof nutrient richYEPD medium
for yeastisolationmay haveexcludedyeastspecieswith differentnutrientrequirementsnd
preferencesFurthermore most locations sampledhere experienceseasonavariationsin
temperatur@andotherclimatic conditionsthroughoutheyear.If time andresourcepermit,
the samesoil samplesanbe processedindera rangeof differenttemperatureso allow for

isolationof a broaderangeof yeastghatinhabitthesesoils.

While cultureindependentmethodsare crucial for elucidating large scale patternsin
environmentafungaldiversity,theyfail to be sufficiently informativefor targetedgroupsof
fungi suchasyeasts.The useof culturedependentsolationallowedfor a comprehensive
investigationof global soil yeastdiversity andits predictors(Samarasinghet al., 2021)
While the metagenomicstudy conductedby Tedersooand colleaguesidentified global
predictorsand patternsin soil fungal diversity, the extentto which thesefindings apply
specificallyto yeastdiversity could not be elucidated Tedersocet al., 2014) Tedersoand
colleagueddentified meanannualprecipitationas a major climatic driver of soil fungal
diversity worldwide (Tedersocet al., 2014) This studyfound a similar correlationbetween
meanannualprecipitationand culturableyeastdiversity in global soils, highlighting that
culturedependenimethodscan complementand expandon findings of high-throughput

sequencin@pproachegSamarasinghetal., 2021)

The addition of chloramphenicols an importantstepin the preparationof both solid and
liquid media to prevent fungal growth interference by bacteria. The addition of
chloramphenicoto liquid mediais crucial asthe lack of antibioticswill allow the bacteria
presentin thesoil to ferment.Thiswill leadto theproductionof gaseghatwill forcibly open
microcentrifugetubesor 13 mL culturetubesusedduring soil incubationin the protocol.If
bacterial contamination in chloramphenicol containing agar/broth is an issue,
chloramphenicolmay be substitutedor supplementedwith strongerantibiotics. When
isolatingA. fumigatudrom soil, SD broth maybe substitutedvith a Tween20 solution(0.2

M NaClwith 1% Tween20) to help suspendhe hydrophobicA. fumigatusconidiapresent
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within the soil(Sneldersetal., 2009;Wangetal., 2018) Following suspensionl00 uL can
be platedonto SD agarandincubatedat 50 °C.

Aspergillus fumigatugrows quickly and sporulatesabundantlywhen incubatedaloneon
bothSD agarandMEA mediabetweer22 °C and50 °C. However,dependingon whatother
thermotoleranspeciesare presentn the soil sample,A. fumigatusgrowth and sporulation
may be hindered(Figure2.3A, D). Undersucha situation,oneto severakubculturingsteps

may berequiredto obtaina purecolonyfor subsequentarvestandcharacterization.

Thefragmentanalysisof A. fumigatustrainsin Figure2.5wasconductedisingtheprogram
Osiris.SeveraPCRartifactshavebeenhighlightedin Figure2.5Candarediscussedh detail
by (De Valk et al., 2007) B-1 stutterpeaksthat haveshorterrepeatvaluesare causedoy
strandslippageduring the synthesisof the antisensestrandby the DNA polymeraseN-1
peaksoccurif the DNA concentrations too high during PCR. The recommendedNA
concentrations 0.1 ng asstatedin the protocolabove.Anotherartifactis dye bleedingthat
canbe remediatedusing fluorescentabelswith nonoverlappingabsorbancevavelengths.
Forexamplethefluorescentabels6-FAM, HEX, andATTO550,aswell astheLIZ600 dye
standardgeneratealistinct fragmentpeaks(Figure 2.5). Lastly, to preventoff-scalepeaks,
dilute eachPCRreaction(in this casejt was~50xdilution) prior to capillaryelectrophoresis.
To furtherreducefluorescencef the unusedorward primersin the reactionmixture, halve
the forward primer concentrationgelative to the reverseprimerswhen creatingthe PCR

mastemix.

The high throughputand conservativenatureof this protocol allows for a relatively quick
and easyacquisitionof many yeastsand molds from soils. However,thereare two main
limitations presentwith the samplingmethodology First, the morphologicalcharacteristics
of yeastcoloniesgrown from soil wereusedto selectfor uniquespecies.Thesewerethen
subculturedand used for speciesidentification via ITS sequencing.This was done to
maximizethe representatioof yeastspeciespresent.However,yeastspeciesthat shared
similaror identicalmorphologiedo the selectedcoloniesmayfail to besubculturedSecond,
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during A. fumigatugsolation,asonly oneindividual colony s selecteder soil sample the
presencef multiple individualswithin the soil samplewill be missed.This mayleadto an
underrepresentatioof the true geneticdiversity presentwithin the samplepopulation,as
uniquegenotypegpresentwithin the samesoil samplewill notbe collected.To mitigatethis
issue,during the streakfor single colony stepfollowing the first culturing on solid media,
severakinglecoloniescanbe collectedto obtainadditionalgenotypesThe smallvolumeof
soil usedpersamplehelpsminimizethis samplinglimitation whencomparedo methodghat

usedlargerquantitiesof soil persample.

The useof this high-throughputand laborefficient protocol for the isolation of yeastand
mold will increasethe numberof individualswithin soil populationwhile usinglesseffort
persampleTheincreasan statisticalpowerwill providea betterpictureof culturableyeast

communitieswithin the soil andhelp characterizesoil populationsof A. fumigatus
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Chapter 3

GeneticDiversity and Dispersalof Aspergillus fumigatusn Arctic

Soils

Abstract Aspergillus fumigatugs a saprophytianold andan opportunisticpathogerwith a
broadgeographiandecologicaldistribution. A. fumigatuss the mostcommonetiological
agentof aspergillosisaffecting over 8,000,000individuals worldwide. Due to the rising
numberof infectionsandincreasingreportsof resistanceo antifungaltherapy,thereis an
urgentneedto understandA. fumigatugpopulationsfrom local to global levels. However,
many geographiclocations and ecological niches remain understudied,including soill
environmentdgrom arctic regions.In this study,we isolated32 and52 A. fumigatusstrains
from soilsin Icelandandthe NorthwestTerritoriesof CanadaNWT), respectively.These
isolateswere genotypedat nine microsatelliteloci andthe genotypesvere comparedwith
eachotherandwith thosein otherpartsof theworld. Thoughsignificantlydifferentiatedrom
eachother, our analysesrevealedthat A. fumigatuspopulationsfrom Icelandand NWT
containedevidencefor both clonal and sexualreproductionsand sharedmany alleleswith
each other and with those collected from across Europe, Asia, and the Americas.
Interestingly,we found one triazoleresistantstrain containingthe TR34/L98H mutationin
the cyp51Agenefrom NWT. This strainis closelyrelatedto a triazoleresistantyenotype
broadlydistributedin India. Togetherour resultssuggesthatthe northernsoil populations

of A. fumigatusaresignificantlyinfluencedby thosefrom othergeographiaegions.

I was the first authorafr the studyin this chapter This chapter is reprinted frofiollowing

publishedpaper:

Korfanty, G. A., Dixon, M., Jia, H., Yoell, H., & Xu, J. (2021). Geneticdiversity and
dispersabf Aspergillus fumigatus Arctic soils. Genes2022,Vol. 13, Pagel9, 13(1), 19.
https://doi.org/10.3390ene43010019
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3.1lIntroduction

Aspergillus fumigatuss a thermotolerantascomycetemold with a ubiquitous presence
aroundthe world. Its primary ecologicalniche is within decayingplant matter and soil.
However, it is also a commonopportunisticfungal pathogencapableof infecting both
immunocompetenand immunocompromisediumans.Over the pastthree decadesthere
havebeenarising numberof reportsof antifungatresistantA. fumigatusstrains,which have
significantlyimpactedhetreatmenof patientswith A. fumigatusnfections(Abdolrasouliet
al.,2018;Bueidetal.,2010;ResendiSharpectal., 2018;Verweij etal., 2020;Zhangetal.,
2017) A. fumigatusnfections,collectively known as aspergillosisencompass rangeof
illnessedrom asthmao invasiveaspergillosisinvasiveaspergillosisthe mostsevergorm
of aspergillosisis estimatedo occurat over200,000casesannuallyworldwide (Bongomin
et al., 2017) Dependingon the underlyingconditionsof patientsand the effectivenesf
antifungalmanagementhemortality of invasiveaspergillosisangedrom 40%to 90%.For
both treatmentand prophylaxis, triazole antifungalssuch as itraconazole,voriconazole,
posaconazoleand isavuconazolare often usedfor frontline therapy.Triazole antifungals
targetthe enzymelanosteroll 4-démethylasencodedy the genecyp51A This enzymeis
requiredfor the biosynthesiof ergosterolan essentiakterolin the cytoplasmicnembrane
of fungal cells. Resistancdo triazolesis commonly conferredby mutationswithin the
cyp51Agene,inhibiting triazole binding and/orcausingoverexpressionf the enzyme(Liu
etal.,2016) However noncyp51Amediatedriazoleresistancenechanismalsoexist,such
asthe overexpressionf abc andcdr efflux pumps(Moye-Rowley, 2015) Aside from the
triazoles,two otherantifungalclassesthe polyeneamphotericinB andthe echinocandins,
are usedfor salvagetherapyof aspergillosis.especiallyin the caseof triazoleresistance
(Dockrell,2008)

Overthe past30 years,therehavebeenrising incidencesof triazoleresistantA. fumigatus
infections worldwide, including the identificationsof triazoleresistantstrainsin triazole
naivepatients(Astvadet al., 2014; Bergeret al., 2017; Dauchyet al., 2018; Pelaezet al.,
2015) Theseresultssuggestheimportanceof environmentapopulationsof A. fumigatugo

patientsand to the clinical populationsof this species.Consequently,t is extremely
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importantto understandheenvironmentapopulationsof A. fumigatusindeed anincreasing
numberof environmentapopulationsrom differentgeographiaegionshavebeensurveyed
to aid in monitoring drug resistanceatesand identifying/trackingresistantA. fumigatus
genotypesTheresultssofar suggesthatagriculturaluseof triazolefungicidescancontribute
to the developmenbf triazole resistantstrains,which subsequentlynfect patients(Ashu,
Korfanty, etal., 2017;Chowdharyet al., 2013;Renetal., 2017; Stensvoldet al., 2012) In
theseandotherstudies,a panelof nine highly polymorphicshorttandemrepeat(STR) loci
areoftenusedto analyzetherelationshipamongstrainsandpopulationsBasedon genotype
informationat thesenine loci on thousandof A. fumigatugsolates,divergentlineagesas
well ashighlevelsof geneflow betweergeographigopulationshavebeenidentified (Ashu,
Hagen,et al., 2017; Ashu, Korfanty, et al., 2017; Sewellet al., 2019) For example Ashu,
Hagen.etal., (2017 revealedeightgeneticpopulationdn their globalsamplewith all eight
genetic populationsbeing broadly distributed acrossmultiple countriesand continents.
However,the samplesfrom Cameroonin centralwesternAfrica was geneticallyunique,
different from those analyzedso far from Eurasia,Oceania,and the Americas (Ashu,
Korfanty, etal.,2017)

Amongthecurrentlyanalyzedyeographigopulationof A. fumigatusalmostall havecome
from tropical, subtropical, and temperateregions. Little is known about geographic
populationf A. fumigatugrom cold climatesIn this study,weisolatedandanalyzedstrains
of A. fumigatudgrom two high latituderegions:celandandthe NorthwestTerritories(NWT)
in CanadaDue to their long-distanceseparationwe hypothesizedhat populationsof A.
fumigatusrom thesetwo geographicegionsshouldbegeneticallydifferentfrom eachother.
In addition,dueto their uniqueclimates,we expectthatthesetwo A. fumigatugyeographic
populationsvouldbegeneticallydifferentfrom thosereportedrom othergeographicegions
in temperatesubtropicalandtropical climates.Finally, sinceboth geographigegionshave
very limited agricultureandno history of agriculturalfungicide usage we expectedhatall
isolatesfrom the soil in both regionsshouldbe susceptiblgéo the commonclinical triazole
drugsitraconazoleandvoriconazole Our resultsshowedhatsomeof the expectationsvere

met.However,unexpectedesultswerealsoidentified.
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3.2 Materials and M ethods

3.2.1Soil collection, A. fumigatusisolation,and STR genotyping

Soil samplesvereobtainedfrom Icelandandthe NorthwestTerritoriesin CanadaAll soll
samplesvereobtainedfrom at least1l cm belowthe soil surface.In Iceland,a total of 314
soil samplesverecollectedfrom thefollowing six sites:Dimmuborgir(60), Thingvellir (51),
Skaftafell (52), Myvatn Lake (42), Landbrotalaug60), and Reykjavik University (49). In
NorthwestTerritories(NWT) in Canada220soil samplesvereobtainedirom thefollowing
four sites within and near Yellowknife: Yellowknife Downtown (80), 30 km North of
Y ellowknife (50),30 km Northwestof Yellowknife (60),andin Yellowknife Old Town (30).

Thenumberdn parenthesisepresenthe numberof soil samplesakenfrom eachsite.

To isolateA. fumigatusapproximately0.2 g of soil from eachsoil samplewasputin 1 mL

of Sabouraudiextrose(SD) broth containing50 mg/L chloramphenicolwithin a 1.5 mL

microcentrifugetube. The soil suspensiomvasmixedthroughvertexingandincubatedat 50
°C for 3 daysto selectfor A. fumigatusgrowth. For the soil sampleghat failed the initial

attempttwo additionalattemptsveremade eachwith a differentincubationtemperatureat
42 °C and30 °C, respectively After incubation,myceliagrown on the surfaceof the broth
from eachincubationtemperaturewas then transferredto SD agar containing50 mg/L

chloramphenicondincubatedat 37 °C for 3 days.ColoniesresemblingA. fumigatusvere
subculturedto a new agar medium and their conidia were harvestedwith sterile 30%
glycerolandstoredat1 8 1. To confirmtheiridentity, theseputativeA. fumigatugsolates
weregenotypedatthe matingtypelocususingA. fumigatuspeciesspecificandmatingtype
specific primer pairs (Paolettiet al., 2005) Strainsconfirmedas A. fumigatuswere then
analyzedfor their genotypesat nine highly polymorphicshorttandemrepeat(STR) loci

specific for A. fumigatus following protocols previously describedby de Valk et al.,

(2005) Theonly modificationwasthefluorescentagfor primersSTRAf2C,STRAf 3C, and
STRATf 4C that was changedfrom the TET probeto ATTO550 (IDT) to provide better
fragmentsize detectionand scoring.STR fragmentsat the nine loci were separatedising
capillaryelectrophoresiatMcMasterU n i v e rMsBixtLgb@arslanalyzedusingthe STR
analysissoftwareOsiris (Gooretal., 2011)
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3.2.2Allelic and genotypicdiversities

Allelic diversity was calculatedfor eachof the nine STR loci within both the Icelandand
NWT populationsusing the Excel addin GenAlEx6.5 (Peakall& Smouse2006,2012)
GenAlEx6.5 was also usedto computeunbiasedhaploid geneticdiversity (uh). The uh
diversitymeasurethe probabilitythattwo individualswill bedifferentwithin thepopulation
using the sum of allele frequencieswithin the populationsand adjustsfor differencesin
samplesize.Additionally, the numberof effectivealleles(Ne) wascalculatedTo determine
whetherthelcelandandNWT populationdiffer significantlyin theirmeanuhandmeanNe,

two-tailedS t u d @&-redtséveseconducted.

3.2.3Clonality and recombination

To assesshe potentialevidencefor clonality and/orrecombinationin thesetwo regional
populationswe conductedwo tests.The first testwasthe overall linkage disequilibrium
within eachof the two geographigopulationsusing the standardizedndex of association
(i ) andthesecondvastheproportionof loci thatarephylogeneticallycompatible Thenull
hypothesi®f theindexof associationestis randonmrecombinationThefunctionpopprfrom
the R packagepopprwasusedto calculatel _(Kamvaretal.,2014) Statisticalsignificance
wasdeterminedhrough999 permutationsTo accountor theinfluenceof clonalgenotypes
oni , bothpopulationsnvereclonecorrectedusingthe popprfunctionclonecorrectandthe
1 _ was recalculated.The proportion of phylogeneticallycompatible pairs of loci was
calculatedusingthe softwareMULTILOCUS v1.3b(Agapow& Burt, 2001) Two loci are
phylogeneticallycompatibleif all observedgenotypescan be accountedor by mutation
alonewithoutinferring homoplasyor recombinationThis testis alsocalledthefour-gamete

test.Statisticalsignificancewasdeterminedhrough1000randomizations.

3.2.4Geneticrelationshipsamongstrains from the two Arctic populations

To assesghe proportion of geneticvariation presentwithin and betweenthe two arctic
populations analysisof molecularvariance(AMOVA) was conductedusing GenAlEx6.5
(Peakall& Smouse2006,2012) In a panmicticpopulation,mostof the varianceobserved

will arisewithin thesamplesln contrastahigh-levelamongsamplevariancewould suggest
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the presenceof geneticallydifferentiatedpopulations.The null hypothesidor AMOVA is
that there is no geneticdifference betweenthe populationstested.For geneticdistance
calculationamongstrains,the parametehaploid SSRwasusedto incorporatethe stepwise
mutationmodel. The smallerthe differencebetweenrallelerepeatnumbersat eachlocus,the
smallerthegenetiadistancébetweertheallelesandconsequentlytheir multilocusgenotypes
(MLGs) would be moresimilar to eachother.Geneticdifferentiationbetweerthetwo arctic
populationsvascalculatedising «pt, ananaloguef Fs. Significancevasdeterminedhrough

999 permutations.

To visualizegeneticdistancebetweenMLGs from IcelandandNWT, a minimum spanning
network(MSN) wasgeneratedby calculatingB r u vgen@tedistancebetweerstrainsusing
the R packagepoppr (Kamvaret al., 2014) B r u vgerietscdistanceis specificfor STR
genotypesindincorporateshestepwisenutationmodel.Genetiadistancevascalculatedor
eachpairof MLGs, andtheresultingmatrixis visualizedn theMSN. Minimum edgegenetic
distancewas set to 0.05. In addition, a multivariate analysis,Discriminant Analysis of
Principal Component$DAPC), implementedy adegenepackagen R, wasusedto cluster
MLGs genotypesn relationto their geographiarigins (Jombart& Ahmed,2011) In this
analysisDAPCfirst transformghedatausingprincipalcomponenanalysigPCA)to reduce
the number of variablesand allowing retention of the variablesthat have the greatest
contributionto the variation within the dataset.This is followed by discriminateanalysis
(DA) to clusterthe MLGs by optimizing the betweergroupvariationandreducingwithin-

groupvariation.

3.2.5GeneticrelationshipsbetweenArctic samplesand thosefrom other regions

To compareour arctic STR datasewith thosefrom othergeographicand climatic regions,
STRdatafrom 12 populationswithin EurasiaNorth America,andOceaniawereincluded,
totaling 2339 MLGs (Ashu, Hagen,et al., 2017; Korfanty et al., 2019) Specifically, the
numberof MLGs within thesel2 populationsvere:Belgium(108),Hamilton,Canadg195),
Cameroon51), France(66), Germany(85), India (94), Netherlandg1082),Norway (203),
New Zealand(104),Spain(180), Switzerland(70),andUSA (101).
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In ourcomparisonsthenumberof privateallelesthatwerepresenpnly in IcelandandNWT
populationsbut wereabsenin thesel2 populationsvasdeterminedTo analyzethelevel of
differentiationbetweernthesawo arcticpopulationsandthosefrom othergeographicegions,
we usedthe sameparameterand AMOVA functionasdescribedabove.In additionto the
overall AMOVA, pairwise population «, was estimated among the 14 geographic
populations within this dataset. Statistical significance was determinedthrough 999
permutationsAn MSN wasgeneratecand DAPC wasconductedasdescribedn the above

section.

3.2.6Triazole susceptibility testing

Antifungal susceptibilitytestingwasconductedollowing thereferenceprotocolsdescribed
in theClinical andLaboratoryStandardnstitute(CLSI) documenfi M 3Referencévethod
for Broth Dilution Antifungal Susceptibility Testing of FilamentousF u n @nd éedition
(Alexanderetal.,2017) Here,two triazoles jtraconazoleandvoriconazolewereused.Two
Candidastrains,C. parapsilosisATCC® 22019andC. kruseiATCC® 6258, were usedas
referencesBriefly, sporesuspensionsiereadjustedo an optical densitybetweer0.09and
0.13at530nm. Theadjustedsporesuspensiongerethendiluted50x into RPMI 1640at pH
7+ 0.1.Thetwo triazoleantifungalswveredissolvedo 200mg/L in DMSO. A two-fold serial
dilution serieswas conductedfor eachantifungalto createa 3 to 200 mg/L concentration
rangein additionto aDMSO only control. Eachconcentrationvasthendiluted50xin RPMI
1640.Lastly, 100¢ Lfrom both the sporesuspensiorandtriazole solutionswere addedto
96-well cell cultureplatesto testthe susceptibilityof eachisolatefrom NWT andlcelandat
the final drug concentration®.03 to 2 mg/L. The 96-well cell culture plateswere then
incubatedat 35 °C without agitation.Theminimuminhibitory concentration§MIC) for both
antifungalswere visually determinedafter 48 h. Strainsthat grew at 2 mg/L were further

testedattheantifungalconcentrationbetweer0.25to0 16 mg/L.

3.2.7.Cyp51A sequencing
The cyp51Agenewas sequencedor a strainthat had an itraconazoleand/orvoriconazole

MIC of 2 or higherto identify putativetriazoleresistancenutation(s)n thisgene Following
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the PCR protocol describedby Mellado et al., (2001) five pairsof primerswere usedto

amplify the cyp51Aregionandits 5 NjU TARplified PCR productswere sentfor Sanger
sequencin@gt McMasterU n i v e mMeBixtLgbdTe identify mutationswithin the cyp51A
gene, the obtainedsequencesvere aligned to the cyp51Agenefrom the A. fumigatus
referencestrainAf293 usingthe programMEGA-X (Kumaretal., 2018)

3.3Results

3.3.1lsolation ratesof A. fumigatusfrom Arctic soils

In total, 52 (23.6%)and32 (10.2%)A. fumigatussolatesvereobtainedrom 220NWT and
314 Icelandsoils samplesrespectivelyln bothregions,therewere considerablevariations
amongsitesin their isolation ratesof A. fumigatus(Table 3.1). Following isolation, all

isolatesweregenotypedat nine microsatelliteloci.

Table3.1: Soil samplesaandA. fumigatugsolatesobtainedfrom IcelandandNorthwestTerritories(NWT).
Numberof Soil ~ Numberof Isolateg MAT1-

Country/Territory  Local Site

Samples 1:.MAT1-2)*
Dimmuborgir 60 1(0:1)
Thingvellir 51 8(3:5)
Skaftafell 52 6(4:2)
Iceland Myvatn Lake 42 10(7:3)
Landbrotalaug 60 1~
Reykjavik University 49 6(4:2)
Total 312 32(18:14)
Yellowknife Downtown 80 41 (24:17)*
30kmNorth of Yellowknife 50 0
Canada/NWT 30Km Northwestof Yellowknife 60 3(0:3)
Yellowknife Old Town 30 6 (1:5)
Total 220 52 (25:25)

* 1 isolatefrom Icelandand2 from NWT wereunableto be genotypedatthe MAT locus

3.3.2Local geneticdiversity within Iceland and Northwest Territories
The STR genotypeswvere obtainedfor isolatesfrom both Icelandand NWT A. fumigatus

populationsBecausef the smallsamplesizesandunequakamplesizedistributionsamong
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local populationdrom within bothIcelandandNWT (Table3.1), we electedto notcompare
the local populationswithin eachof the two regionsbut insteadfocusedon comparingthe
two arctic populationsWe found thatthe two regionalpopulationshadsimilar uh between
Icelandand NWT whereno significantdifferencewasobservedTable 3.2, p = 0.36). For

the effective numberof alleles,the NWT populationhad a higher value than that from

Iceland,but the differencewasstatisticallynonsignificant(p = 0.13).Similarly, the number
of observedalleleswas higherin the NWT populationbut after beingadjustedfor sample
size effects,the differencewas statisticallynonsignificant(p = 0.08). Together the results
indicatedsimilar levels of allelic and genotypicdiversitiesbetweenthe Icelandand NWT

soil populationsof A. fumigatus

Table 3.2 Numberof allelesand allelic diversity for the nine microsatelliteloci of 32 and52 A. fumigatus
isolatesfrom IcelandandNorthwestTerritoriesrespectively.

Population Locus N* N&? Ne? Uht

2A 32 7 4.92 0.82

2B 32 5 4.70 0.81

2C 32 8 6.10 0.86

3A 32 13 6.02 0.86

3B 32 6 4.66 0.81

Iceland 3C 32 10 6.24 0.87
4A 29 5 2.87 0.68

4B 32 6 2.94 0.68

4C 30 10 5.63 0.85

Mean 31.44 7.78 4.90 0.81
StandarcError 0.38 0.91 0.43 0.03

2A 51 14 4.43 0.79

2B 52 10 3.99 0.76

2C 52 11 6.93 0.87

3A 50 19 13.74 0.95

3B 50 11 4.63 0.80

#'grr:i?(‘)"fesg 3c 50 19 12.89 0.94
4A 52 9 3.25 0.71

4B 52 8 3.22 0.70

4C 52 14 5.88 0.85

Mean 51.22 12.78 6.55 0.82
Standarderror 0.32 1.35 1.34 0.03

IN = numberof alleles 2Na = numberof uniquealleles *Ne = numberof effectivealleles= 1/ ( pi2) where
pi is thefrequencyof theith allelefor the population “uh = unbiasedliversity= (N / (N-1)) (1 - E pi2)
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3.3.3Clonality and recombinationwithin Iceland and Northwest Territories

To investigateevidencefor clonality andrecombinatiorwithin the two arctic A. fumigatus
populationsthei _andthe proportionof phylogeneticallyjcompatibleloci were calculated
for eachpopulation.Thei _valuesof IcelandandNWT were0.36(p = 0.001)and0.16(p =
0.001), respectively,rejecting the null hypothesisof randommating. The hypothesisof
randommatingwasrejectecevenafterclonalcorrectionsvhereonly 20and40uniqueMLGs
within IcelandandNWT populationsyespectivelywereretainedfor analysesSpecifically,
after clonecorrection,thei _valuesof the Icelandand NWT populationswere0.19 (p =
0.001)and 0.13 (p = 0.001), respectively.However, phylogeneticcompatibility analyses
revealedhat55.6%(p = 0.001)and5.6%(p = 0.001)pairsof loci within IcelandandNWT
were phylogeneticallycompatible.The high proportionsof phylogeneticallyincompatible
pairsof loci, at 44.4%and94.4%,respectivelyfor the IcelandandNWT populationsare
consistentvith recombinationOverall, theseresultsindicatethatboththelcelandandNWT
soil populationsof A. fumigatusontainsignature®f bothclonalandrecombiningmodesof

reproduction.

3.3.4Relationshipsbetweenliceland and Northwest Territories samples

We analyzedherelationshipsaamongA. fumigatugsolatesfrom IcelandandNWT.Br uv o0 6 s
geneticdistancewascalculatedoetweensolatesof both populationsandvisualizedthrough
anMSN (Figure3.1). Overall,while we observedsomegeographiclusteringamongMLGs,
isolatesfrom thetwo arctic populationsvereintermixed.For example two differentMLGs
were sharedbetweenlcelandand NWT populations.One of thesetwo MLGs was shared
amongsix strainswith threeisolatesfrom eachof the two regionalpopulations.The other
was sharedamongfour isolates(onefrom Icelandandthreefrom NWT). A DAPC of the
IcelandandNWT samplegieldedcomparableesults which bothshowedsomegeographic
clusteringaswell asoverlapshetweerthesawo regions(Figure3.2). ResultdSrom AMOVA
indicatedthatwhile the majority (86.8%)of the geneticvariationswerefoundwithin thetwo
regionalpopulations,13.2%of thetotal observedyeneticvariancewasfound betweerthese
two populationy #=0.132,p=0.001).Togethertheseaesultsareconsistentvith anoverall

statisticallysignificantgeneticdifferentiationbetweerthesetwo arcticpopulations.
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Figure3.1: Minimum-spanninghetworkshowingthe geneticrelationshipbetweerMLGs of A. fumigatusrom
IcelandandNorthwestTerritory in CanadaThe geneticdistancebetweerMLGs wascalculatedusingBr uv o 6 s
geneticdistancefrom the nine microsatelliteloci that incorporateghe stepwisemutationmodel. Eachnode
represent®neor moreidenticalMLGs, wherenodesize correspondso the numberof strainsfor eachMLG.
Nodesthataremoregeneticallysimilar havedarkerandthicker edgeswhereasiodesgeneticallydistanthave

lighter andthinneredges.

Density

Discriminant function 1

Figure 3.2: Discriminant analysisof principal components(DAPC) of Iceland and NWT A. fumigatus
populationgrepresentinghefirst discriminantfunctionin anindividual densityplot. Isolatesweregenotyped
atninemicrosatellitdoci andclonecorrectedfotaling60 multilocusgenotypesNWTd NorthwestTerritories,
ISLO Iceland.
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3.3.5 Relationship betweenthe Arctic populations to additional global A. fumigatus
populations

To determinehow the arctic populationdit in the global context,the allelic andgenotypic
diversitiesof 12 other geographicpopulationstotaling 2339 A. fumigatusMLGs were
comparedo the Icelandand NWT A. fumigatuspopulations Within the 2423 MLGs, the
numberof privateallelespresenpnly within IcelandandNWT was?2 and1 respectivelyln

Iceland,thesetwo privatealleleswere#116and#117atthe 3A locus.In NWT, the private
allelewas#57 atthe 3B locus.Togethertheallelic distributionresultssuggestimited novel

geneticdiversityin thearcticsoil samples.

To determinethe geneticrelationshipsbetweenthe 2 arctic populationsand the 12 other
geographigpopulations,« pwas calculatedbetweenall pairwise populationcombinations
(Table3.3). Forthisanalysisthedatasetvasalsoclonecorrectedo removetheinfluenceof
multiple clonal MLGs in determininggeneticdifferentiationbetweenpopulations Overall,
our analysesrevealedthat the two arctic populationsof A. fumigatuswere significantly
different from most other geographicpopulations(Table 3.3). Specifically, before clonal
correction,only the BelgianandFrenchpopulationsshowedorsignificantdifferenceto the
Icelandpopulation After clonalcorrection,only the IndianandFrenchpopulationsverenot
significantly differentiatedfrom the Iceland populationwhile the Norwegian and New

Zealandpopulationswverenot significantly differentfrom the NWT population.
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Table3.3: PairwisedifferentiationsbetweercelandandNorthwestTerritoriesA. fumigatugpopulationgo each
otherand12 A. fumigatuspopulationsfrom Eurasia,Oceaniaand North America. NWT/ISL row represents
the Icelandor NorthwestTerritories populationbeing comparedo the other. NWT& NorthwestTerritories,
ISLO Iceland,CMR& CameroonCANd Hamilton,Ontario,CanadaBELd Belgium,FRAd France DEUG
Germany, INDd India, NLDd Netherlands,NORd Norway, NZLd New Zealand, ESR Spain, CHES
SwitzerlandandUSAJ United States.

Pairwise «yt
Iceland NorthwestTerritories
Country Original Dataset CloneCorrected Original Dataset CloneCorrected
NWT/ISL  0.132* 0.083* 0.132** 0.083*
CMR 0.580*** 0.629*** 0.598*** 0.588***
CAN 0.412*** 0.439*** 0.337*** 0.327***
BEL 0.020 0.048* 0.178%** 0.041*
FRA 0.028 0.012 0.070** 0.050*
DEU 0.170*** 0.192%* 0.285*** 0.206***
IND 0.130*** 0.052 0.213%* 0.056*
NLD 0.054** 0.069* 0.088*** 0.062**
NOR 0.152%** 0.050* 0.037** 0.014
NZL 0.067** 0.123* 0.051** 0.024
ESP 0.082** 0.074* 0.122%* 0.069***
CHE 0.089** 0.100** 0.063*** 0.036*
USA 0.162%** 0.146* 0.129%** 0.051*

* p-value= 0.05,** p-value=0.01,*** p-value=0.001

Wealsoanalyzedhegenotypicsimilaritiesamongindividual MLGs from the 14 geographic
populations.An MSN of all 2416 strainswas generatedo visualizethe geneticdistance
amongthe MLGs (Figure 3.3). To highlight the distribution of the arctic isolates,the 12
previouslysurveyedA. fumigatugpopulationsverecolouredwhite. Overall,while theMLGs
from the arctic regionsshowedsomegeographicclustering,thesearctic genotypeswvere
broadly embeddedin the global genotypenetwork. This overall patternwas similarly
supportedoy DAPC analyseqFigure 3.4) whereMLGs from Icelandand NWT clustered
with thosefrom Eurasiaandthe United Statedbutweredifferentfrom the Hamilton,Ontario,

Canadgopulationaswell asfrom the Camerooniamopulation.
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Figure 3.3: Minimum-spanningnetwork showingthe geneticrelationshipbetweenMLGs from Icelandand
NorthwestTerritory to 12 otherA. fumigatugeographigopulationsThegeneticdistancebetweerMLGs was
calculatedusingB r u vgeneticdistancebasedon the nine microsatelliteloci thatincorporateghe stepwise
mutationmodel. Eachnoderepresent®ne or moreidentical MLGs, wherethe nodesize correspondso the
numberof identical MLGs. Nodesthat are more geneticallysimilar havedarkerandthicker edgeswhereas
nodegyeneticallydistanthavelighter andthinneredgesNWTd NorthwestTerritories,ISLO Iceland,CMR&
CameroonCANd Hamilton,Ontario,CanadaBELd Belgium,FRAd France DEUd GermanyJNDd India,
NLDd Netherlands,NORd Norway, NZLd New Zealand,ESR Spain, CHES Switzerland,and USAJ
United States.

DA epenvares |

Figure3.4: Geneticclusteringusingdiscriminantanalysisof principalcomponent¢DAPC) of Iceland,NWT,
Eurasian, North American, and OceanianA. fumigatus populations. Isolates were genotypedat nine
microsatelliteloci andclonecorrectedtotaling1703uniquemultilocusgenotypesPopulationsvereclustered
accordingto populationof origin. NWTd NorthwestTerritories,ISL3 Iceland,CMRd Cameroon,CANG
Hamilton, Ontario, Canada, BEL3 Belgium, FRAJ France, DEUSd Germany, INDJ India, NLDd
Netherlands,NORS Norway, NZLd New Zealand, ESR Spain, CHE® Switzerland,and USAS United
States.
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3.3.6Susceptibility testing

Antifungal susceptibilitytestingusing voriconazoleanditraconazolevas conductedor all
isolatesfrom the two arctic populations(Table 3.4). Oneisolateresistantto both triazoles
wasidentified within NWT but no resistanstrainwasidentified from Iceland(Figure3.5).
Our sequenceanalysisrevealedthat this triazoleresistantstrain NCY6_13 2 had the
TR34/L98H mutationwithin the cyp51Agene.Interestingly,this strainhada nearidentical
genotypeat the nine STRloci to a clonal populationof triazoleresistantstrainsdiscovered
from Indiain 2012,differing by only onerepeaunit atthe3A locusandwith identicalalleles
at the othereight STR loci (Table 3.5 (Chowdharyet al., 2012) Furthermoreall the A.
fumigatugsolatesn thisIndianclonecontainedheidentical TR34/L98H mutationwithin the
cyp51Ageneasthestrainfrom NWT in our sample.

A

NCY6_13_2

B Voriconazole Concentration (mg/L)
16 8 4 2 1 .5 2512506 03 0

NCY6_13_2

. paraps:los:s

SOk ,’ b ;:' 31

C. krusei | (W {GR) GRD (& P NO©)
B A AN W B e y\ NN
Negative L‘J V@\ o @r\ 4@

Figure3.5: Radialgrowthandvoriconazolesusceptibilityof triazoleresistantA. fumigatustrainNCY6_13_2.
(A) Growthmorphologyof A. fumigatustrainNCY6_13 2onMalt extractagarafter5-dayincubationat35°C.
(B) Voriconazolesusceptibilityof NCY6_13_2 Two controlstrains,CandidaparapsilosisATCC® 22019and
C.kruseiATCC® 6258,wereusedto verify thesusceptibilityresults A negativecontrolthatwasnotinoculated
with any microbial strainwasincludedin the bottomrow. Susceptibilityendpointsarecircledin redfor each
strain.
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Table 3.4: Triazole antifungalsusceptibilityof the 32 and52 A. fumigatusisolatesfrom Icelandand NWT,
respectively to itraconazoleand voriconazole Numbersin the table refer to the numberof strainswith the
respectivaminimuminhibitory concentration$or eachof the two drugsin eachgeographigopulation.

Minimum inhibitory concentratior{mg/L)

0125 025 05 1 2 16

Country/Territory Triazole

Iceland Itraconazole O 0 24 8 0 O
Voriconazole 2 29 1 0 0O O
Canada/NWT Itraconazole O 0 35 16 0 1
Voriconazole 0 27 24 0 0 1

Table3.5: Shorttandenrepeagenotypeof theA. fumigatustrainwith the TR34/L98H mutationin thetriazole

targetgenecyp51Aobtainedirom NorthwestTerritoriesin CanadaAlleles at eightof thenine STRIoci in this

strainwereidenticalto thoseof thelargelndiantriazoleresistantlonal populationasreportedoy Chowdhary
etal. (2012).

Strain Region 2A 2B 2C 3A 3B 3C 4A 4B 4C
NCY6-13.2 NWT 14 20 9 31 8 10 8 10 28

1042/09 India 14 20 9 31 9 10 8 10 28

3.4 Discussion

In this study,we obtainedand genotypedA. fumigatudsolatesfrom two northernclimatic
regions,lcelandand NorthwestTerritories,CanadaThis is the first studyto investigateA.
fumigatuspopulationstructuresat high latitudesandcold climates.A total of 32 (20 unique
MLGs) and 52 isolates (40 unique MLGs) were obtained from Iceland and NWT,
respectively.Both populationscontainedabundantallelic and genotypicdiversitiesat the
nine microsatelliteloci, with evidenceof recombinatiorwithin both populationsHowever,
the observedecombinatiorwasnot dueto randommating.Our analyseslemonstratethat
while Iceland and NWT sharedseveralidentical/similar multilocus genotypesthe two
regionalpopulationsveresignificantlydifferentiatedrom eachother.Similarly, while many
allelesweresharedthesetwo arctic soil populationsweresignificantly differentiatedfrom
geographicsampledrom otherpartsof theworld. Interestingly,onetriazoleresistanstrain
wasidentified from NWT andthis strainhad a nearidentical MLG asthe clonal triazole
resistantpopulationpreviouslyidentified in India. Below we discussthe implicationsand

relevanceof this work to previousstudies.
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Thehigh level of allelic andgenotypicdiversity observedwvithin boththe IcelandandNWT
populationsresemblethat seenwithin most regional A. fumigatuspopulations(Ashu,
Korfanty, etal., 2017;Ashuetal., 2018;Korfanty etal., 2019;Zhou, Korfanty, etal., 2021;
Zhou,Wang,etal.,2021) Thehighallelic andgenotypicdiversitieswithin bothpopulations
(Table 3.2) suggestedhat eitherthesetwo populationswereancientor thattherehadbeen
multiple migrationsfrom otherregionsto thesetwo arctic regions.Indeed,the high allelic
andgenotypicdiversitiesin bothregionssuggesteao evidenceof recentselectivesweepn
eitherlcelandor NWT. In comparisonalargeandbroadlydistributedMLG within Indiawas
foundto be causedy a selectivesweepof a highly drugresistangenotypg Chowdharyet
al., 2012) However,severalMLG were overrepresenteddy two or moreisolatesin both
arcticsamplessuggestinghatlocal selectioncould happenn both populationsAt present,
dueto therelativelysmallandunevenpopulationsizesamonglocal populationswithin each
of thesetwo regionsiit is difficult to determinewhatselectiveforce(s)might beresponsible
for their overrepresentationl heoverrepresentatioof certaingenotypess consistentvith
clonalreproductiorof A. fumigatusn nature However evidenceor recombinatiorwasalso
foundin bothregionalpopulations Our resultsare similar to thosereportedpreviouslyfor
otherregionalpopulationsof A. fumigatugAshuetal., 2018; Ashu, Korfanty, etal., 2017;
Korfanty etal.,2019;Zhou,Korfanty, etal.,2021;Zhou,Wang,etal.,2021)aswell asother
humanpathogeniandnon-pathogenidungi (Xu, 2021)

Within individual fungal speciesbothlatitudinal differencesandgeographidistancesave
beenfoundto correlatewith populationgeneticdifferencegBarréset al., 2008;Diao et al.,
2015) For example, a latitudinal gradientbased differentiation was observedamong
populationsof the chili pepperanthracnos@athogerColletotrichumacutatum(Diao et al.,
2015) In therustfungusMelampsordaricipopulina, agradualdispersabf geneticelements
acrossthe Europeanpopulationswas observed,which led to higher genetic variations
betweenpopulationsat greatergeographiadistanceqBarreset al., 2008) In contrast,the
significant genetic differentiation of the Canadianand Icelandic populations of M.
laricipopulina was likely causedby founder effects (Barreset al., 2008) RegardingA.
fumigatus geographicA. fumigatuspopulationshave beenshownto be shapedby both
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historicaldifferentiationandhigh contemporarygeneflow dueto anthropogenianfluences
(Ashu,Hagen.etal., 2017;Korfanty etal., 2019) Our resultsfrom the IcelandicandNWT
sampleof A. fumigatusareconsistentvith previousfindings.Specifically,we observedoth
alleleandgenotypesharingbetweerthesetwo regionsbut alsofound an overall significant
geneticdifferentiationboth betweernthesetwo arctic samplesaswell asbetweenthe arctic

samplesandthe geographigopulationsdrom otherregionsof theworld.

At presentwhile the closerelationshipbetweerthe NWT andNorwegiansamplesnight be
due to similar selection pressure,the reasonsfor the low/norsignificant level of
differentiationbetweenicelandicA. fumigatugpopulationandthosefrom Belgium, France,
andIndian populationsaswell asbetweenthe NWT A. fumigatugpopulationandthe New
Zealandpopulationare unknown.As previouslydiscussedy Korfanty et al. (2019),two
typesof factorsmay contributeto geneflow betweendistantcountries.The first type is
naturalfactorssuchaswind. However,giventhe geographidistancebetweemmostof these
areas,while possible,direct wind-aided dispersalof A. fumigatusconidia is unlikely,
especiallyacrosshemispheresuchasbetweerNew ZealandandNWT in Canadg~12,694
km). The secondypeis anthropogenid¢actorssuchashumantravelandcommercialtrade.
For bothlcelandandNWT, the EuropearJnion is a major exporterandimporterof goods
to andfrom bothregions,contributingto 30% of exportsfrom NWT and53%ofl c el and 6 s
total trade in goodsin 2019 (Library of Parliament,accessedn 21 November2021;
EuropeanCommission,accessecn 21 November2021). Similarly, India was the top
importerof NWT goodsin 2019,whereAsianspecificexportsfrom NWT begarto increase
in 2011. Within Icelandin 2019, 682,700tourists (34.4%) originatedfrom the European
Union (IcelandTourist Board,accesse@n 21 November2021).Similarly, Yellowknife in
NWT hasbeena populardestinationfor observingnorthernlights, which have attracted
touristsfrom aroundthe world, including from many Asian countriessuchas China and
India. However,the numberof touristsfrom all destinationgleclinedsubstantiallysincethe
start of the SARSCovid-19 pandemic.Given the resilienceof A. fumigatussporesto a

variety of environmentastressorsindtheirabundancevithin theatmospheréKwon-Chung
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& Sugui,2013) sporescould havefollowed theseanthropogenicoutesandmigratedto and
from IcelandandNWT.

OnetriazoleresistanA. fumigatustrainwasidentifiedin theNWT populationThistriazole
resistantstrain containedthe TR34/L98H mutationin the cyp51Agene.This mutationhas
beenreportedfrom environmentabndclinical samplefrom manycountries(Bergeret al.,
2017;Etienneetal., 2021;Fanetal., 2020;Wu et al., 2015) includingthe selectivesweep
observedn awidespreadndiangenotypeof A. fumigatusn 2012(Chowdharyetal.,2012)
Theresistanstrainidentifiedin our studyhadanearidenticalMLG to theIndianpopulation.
However,how the strain migratedinto the NWT regionis unclear.A recentlong distance
dispersalevent may have occurred,which introducedthis strain to NWT from India,
potentially by an anthropogenievent. Unfortunately,the lack of clinical researchon A.
fumigatusand aspergillosiswithin both Icelandand Northernregionsin Canadamakesit
difficult to determinethe clinical significanceof triazoleresistantaspergillosisin both
northernregionsandthe potentialrelationshipbetweenthe triazoleresistantstrainisolated
herefrom the soil andthe clinical strainsof A. fumigatusn NWT. Systematicanalysesof
clinical aspergillosisandsusceptibilitytestingof the strainsresponsibldor suchinfections
in bothregionsareneededn orderto assesshe frequencyof triazoleresistantaspergillosis
andtherelationshipbetweerenvironmentahndclinical populationsof A. fumigatusn both

IcelandandNorthernCanada.

3.5Conclusions

This study investigatedthe populationstructureof the opportunisticfungal pathogenA.
fumigatusobtainedfrom northernclimatesabove60° latitude. Prior to this study, limited
isolation and genotypicdatahasbeendescribedfrom soil environmentsn thesenorthern
regions (Land et al., 1989; Schuerger& Lee, 2015; Viegas et al.,, 2020) Here we
characterizedA. fumigatusdiversity presentwithin Iceland and NorthwestTerritoriesin
CanadaOur study revealedsignificantgeneticdiversity with evidenceof both clonal and
sexualreproductionwithin both regional populations.While evidencefor geneflow was

found betweenthesetwo regionalarctic populationsas well as betweenthem and other
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geographicpopulations, unique alleles and genotypeswere also found in both arctic
populationsThefinding of atriazoleresistanttrainfrom the arcticwith a nearlyidentical
genotypeto strainsin India demonstratethe complexityof managingdrugresistancen A.

fumigatus Our study highlights the importanceof both genetically characterizingA.

fumigatuspopulationgrom a diversity of geographi@andecologicalnichesandidentifying

thelevel of triazolesusceptibilitywithin thesepopulationgo helptrackthe spreadof drug

resistanstrainsIndeed thediscoveryof highgenetiadiversityin cold environmentgoupled
with the known high-temperaturetoleranceof A. fumigatuscalls for greatereffort for

understandinghe thermoeadaptabilityof this organism,with implicationsevenfor space
travel and contaminatiorof Mars from the Mars missions(Schuerge& Lee, 2015;Wong

SakHoi etal.,2012)
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Chapter 4

What in Earth? Analyses of a Global Soil Population of

Aspergillus fumigatus

Abstract Aspergillus fumigatus a globally distributed mold and a major cause of
opportunistic infections in humans. Each year, over 200,000 people diéfriumigatus
infections and the number is increasing mainly due to the increasing raohbasceptible
hosts andirugresistam infections Because most infectiomsefrom environmental
exposurej t 6 s cundenstand enVironmental populationgdofumigatusSoil is a
major ecological niche fok. fumigatusin this study, we analyzed 1368il isolates from
69 locatiorsin 11 countrieson 6continentsAll isolates were genotyped using nine
microsatellite markers. Our results indicated high genotypic diversities within most local
and national soil population€omparisons with clinical isolated national and continental
levelsrevealed thabverall the soil population oA. fumigatushadahigher genetic
diversity than those frorpatients Similar to those found among clinigadbpulatiors of A.
fumigatus low but statistically significant genetic differentiations winendamong soil
populationdrom different geographic regionwith relativelysimilar proportions oftrains
andgenotypes belonging to twarge geneticlustersHowever differences were found
amonggeographiaegionsin the relationshipbetweersoil and clinical populationsf A.
fumigatus Of the 1303soil isolatesanalyzed hergs3 were resistant to triazadatifungas.
Mosttriazoleresistansoil isolatesin this study were fronndia and Europewith few or

no triazoleresistant isolates recovered from most other geographic reffiendiscuss the

implications of our results to the evolution and epidemiologi.dbimigatus

Importance Aspergillosis is an opportunistic infection predominately caused by the
ubiquitous mold Aspergillus fumigatus Aspergillosis primarily occurs in
immunocompromised patients, where treatment involves the use of antifungal drugs,

however, resistance has been increasingly reported. Alméstfalihigatusnfections occur
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as a result of the inhalation of spores fr
understand the environmental populations of this species. Here, we analyzed\.1303
fumigatusstrainsfrom natural, agricultural, and urban soils obtaifreth 11 countrieson 6

continents and when possible, compared with corresponding clinical populatiods of
fumigatus Our analyses several broad features of soil populatioAsfomigatusincluding

high genetic diversityand evidence of gene flowithin and amag most local populations

Our resultshighlight the extraordinary nature Af fumigatugpopulations to quickly spread

and adapacrosdiverseregiors.

This chapter has been submittednSphere The format of the chapter therefore follows

themSphere formatl am the first author of this work.

4.1Introduction

Aspergillus fumigatuss a saprophytic mold distributed ubiquitously around the world. The

global presence oA. fumigatusc an be attributed to this mc
characteristics and adaptations. These traits include (i) its broad tadaptability,

including growth at temperatures above 50°C; (ii) its small and abundant asexual spores, the
conidia; and (iii) itsability to grow in many natural niches such as soil, plant wastes such as
compost heap@won-Chung & Sugui, 2013; Xu, 2022)Vithin these niched. fumigatus

can propagate through both sexual and asexual reproduction. Through asexual means,
millions of highly volatile conidia are released into the atmosphere, capable of spreading to
remote geographic areas around the wion-Chung & Sugui, 2013)Through sexual

means, highly fit strains may be produced and quickly spread adaptive mutations through
local populationg Auxi er et al ., 2022; Barber et al .,
al., 2009) The high atmospheric prevalence, small conidial size, and thermophiliciéy aid
fumigatus strains in causing opportunistic infections in humans. These infections,
collectively termed aspergillosis, impact eight million people worldwide each year and led

to A. fumigatusbeing recently classified into the critical priority group of fungal pathogens

by the WHO (WHO, 2022) Aspergillosis primarily occur in individuals with

immunodeficiencies or with previous lung abnormalities caused by asthma, cystic fibrosis,
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or tuberculosis. The most serious form, invasive aspergillosis has a mortality rate between
40-95% (Kwon-Chung & Sugui, 2013; Xu, 2022)Treatment and prophylaxis against
aspergillosis infections mainly involve triazole antifungal drugs, however triazole resistant

strains are increasingly burdening medical centres around the (Mzisl et al., 2016)

In recent years, triazolesistant strains oA. fumigatushave been observed within both
clinical and environmental niches around the world. Compounding this, triazole naive
patients have become more likely to be infected with a triaasistantA. fumigatusstrain.

At present, there is limited evidence for persoiperson transmission &. fumigatusas

most infections originate from environmental sourq@rks et al.,, 2021) Thus,
understanding environmental sources of triazole resistance is very important for limiting
clinical triazole resistance. Many studies have investigated the structérefomigatus
populations to identify prevalence of drugsistant genotypes with clinical and
environmental populations, as well as determine the level of geneflow within and among
these populations. These populations include medical centres, sawmills, and plant bulb
cultivation facilities where triazole are commonly used and/or wheraccumulation of
triazoles occufAbdolrasouli et al., 2018; Alvardgloreno et al., 2017; Barber et al., 2020;
Chowdhary, et al., 2082 Jeanvoine et al., 2017; Rocchi et al., 2028)ithin these
populations, triazoleesistant strains have been detected, likely due to independent selection
pressures exerted by triazoles in their respective environments. Concerningly, mutations
conferring resistance are very diverse but with cemainations highly prevalent within
environmental populations. For example, as4aR9 8 H mut ati on in the
demethylase is observed to manifest in niches with high triazoléBusks et al., 2021)
Furthermore, triazokeesistant strains with highly similar or identical genotypes have been
found in distant geographic locations, suggesting -distance gene flow between
populationgKorfanty et al., 2021; Sharma et al., 2015)

Given the ability forA. fumigatugo thrive in many ecological niches and its propensity to
spread across distant g eA dumiggiugpopalatiens @&tens , it
show significant genetic differentiatiqiAshu, et al., 2018 Korfanty et al., 2019; Zhou et

75



Ph.D. Thesi§ Greg Korfanty McMaster Universityi Biology

al., 2021) Normally, the ancestral population of an organism is expected to contain higher
genotypic diversity than recently derived populations. For example, in the st&iytwami

et al.,(2011) a migrant Asian population @fryptococcusieoformans$ad lower allelic and
genotypic diversity compared to Africa, the center of origi€oheoformansThis pattern

is also seen in other fungal pathogens such as the wheat yellow rust pa@uegana
striiformis f.sp. tritici (Ali et al., 2014) For opportunistic human pathogens with extensive
environmental reservoirs, the environmental population often serve as the source of the
clinical population causing human infections. Therefore, the clinical population likely
represents a subpopulation tbe environmental population and with reduced allelic and
genotypic diversities(Firacative et al., 2016; Muller & McCusker, 2009 owever,
depending on the mode of reproduction, environmental populations may have a higher
proportion of clonal genotypes which may contribute to lower estimates of allelic and
genotypic diversities. In addition, clinical and environmental populaticeg experience
different selection pressures, such as differential antibiotic usages between clinics and

environmental settings, could influence the observed diversities between these two niches.

In population genetic and epidemiological studiefofumigatusa panel of nine highly
polymorphic short tandem repeat (STR) loci are commonly used to compare and analyze the
genotypic relationships amorfy fumigatusstrains andgopulations. These nine loci have
helped reveal genetic differentiation and gene flow anfniyimigatugpopulationsg(Ashu

et al., 2018; Ashu, et al., 206 Thowdhary, et al., 20b2Korfanty et al., 2019, 2021 hese
analyses identified two large fumigatugyenetic clusters, with one cluster having a higher
abundance of triazole resistant strains and the other containing more triazole susceptible
strains(Sewell et al., 2019)The presence of such distinct genetic clusters and the biased
distributions of triazoleesistant strains between clusters were also observed based on whole

genome sequence analy¢ean et al., 2020; Rhodes et al., 2022)

Soil is a significant ecological niche féf. fumigatusand several previous studies have
reported the genetic diversity & fumigatusrom a few geographic locations, including
Cameroon, Auckland (New Zealand), Iceland, Yunnan (China), and Hamilton and the
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Northwest Territories (Canadéshu et al., 2018; Korfanty et al., 2019, 2021; Zhou et al.,
2021) These studies revealed both shared and unique alleles and genotypes within each
geographic population. However, a global analysis of soil populatioAsfamigatugrom
multiple continents have not been performed. In addition, how the global soil population of
A. fumigatusnight differ from the global clinical populations remains to be determined. To
address these issues, we obtained 826&Mdumigatussolatesrom 4357 soil samples from

six countries on four continents. These new soil populationmre wembined with our
previously published 477 soil isolates from six countries on four continents for a global
analysis. Given the different ecological niches in patient's body vs in soil, we hypothesize
that populations oA. fumigatusmay differ between these two niches. However, given that
patients acquire pathogens from environmental sources and soil being a major sdurce of
fumigatus we hypothesize that the soil population may have a higher allelic and genotypic

diversities than clinical population.

4.2 Results

4.2.1 Isolation ofA. fumigatusfrom global soils

The A. fumigatussolates obtained and analyzed in this study are summariZeabla5.1.

In total, this study obtained 822 néwfumigatussolates from 4176 soil samples from across

37 locations spread among 6 countries. Each new isolate was genotyped at nine STR loci. In
addition, we included 481 soil isolates previously reported from our lab. Those 481 isolates
were from Hamilton and Nortiest Territories in Canada, Auckland in New Zealand,
Iceland, various locations in India, the Netherlands, ande@@on(Ashu et al., 2018; Ashu,

et al., 201& Korfanty et al., 2019, 2021pverall, our analyzed global soil populationfof
fumigatuscontained a total of 1303 isolates belonging to 978 multilocus genotypes (MLGS),
of which 91 were each represented by two or more isolates and 887 were each represented
by a single isolatéTable5.2).
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Table4.1: The number of soil samples aAdfumigatussolates collected across 6 continents Ahdountries.

Soil A. fumigatu:
Continent Country Region Samples isolated reference
Africa Cameroon Northwest 201 7" (nglr]?g) o el
Litoral 47 1M
Centre 246 421
Total 494 51
Asia China Ailao Mountain 100 17* SzrlT.],angglln)gh
Fenyi 100 34*
Taihang Mountains 32 15*
Pangquangou 32 12*
Total 264 78
India (Ashu, et al.
NA 74*U 2017)
Saudi Arabia West 346 68, g?l,]ozgalrg) et
East 56 0*
South 32 0*
Total 434 68
Continental Total 698 220
Europe France Nice 250 51* g:;rleazrg;ggh
Hyeres 100 18*
Total 350 69
lceland _ _ (Korfanty et
Dimmuborgir 60 1 al., 2021)
Thingvellir 51 8k
Skaftafell 52 6"
Myvatn Lake 42 10H
Landbrotalaug 60 1k
Reykjavik University 49 61
Total 314 32
Netherlands NA 444 ggslf;:) et al.
Continental Total 664 145
North_/CentraI Canada (Ashu et al.
America Central 1381 235*41 2018)
Eastern 310 124
Northwest Territories 220 524
Western 1340 337
Total 3251 748
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(Samarasingh

Costa Rica Alajuela 154 4* etal., 2021)
Guanacaste 101 0*
Puntarenas 133 2*
Total 388 6
Continental Total 3639 754
Oceania New Zealand Auckland Domain 100 ZOH giforzfgg;y) ®
Mount Eden 110 131
Trusts Arena 100 141
Millenium Field 100 201
University of Auckland 100 17n
Auckland Rail station 100 201
Total 610 104
South America  Peru Rainbow Mountain 110 6. Szmazrgzlggh
Lima 100 7*
Sacred Valley 100 16*
Amazon 100 0*
Machu Pichu 20 0*
Cusco 60 0*
Total 490 29
Grand Total 6595 1303

Table4.2: Summaryof soil-derivedA. fumigatusnultilocus genotypes (MLGs) among continents and countries

Number

o'Number o/MLGs represented by 2

Continent Country Subpopulation isolates MLGs more isolates
Africa Cameroon 51 45 4
Asia China 78 23 2
India 74 16 4
Saudi Arabia 68 19 6
Total 220 58 12
Europe France 69 68 1
Iceland 32 21 4
Netherlands 44 39 2
Total 145 128 7
North/Central
America Canada Central 235 188 9
Eastern 124 92 14
Northern 52 40 8
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Western 337 300 26
Total 748 620 64
Costa Rica 6 6 0
Total 754 626 64

Oceania New Zealand 104 100
South America Peru 29 27 2
World Total 1303 978 91

4.2.2 Allelic diversity and private alleles among the soil populations

To compare our soil populationd A. fumigatusto one another, we stratified the soll
populations first by continent and second by country. Additionally, due to the size and
geographic diversity of the Canadian samples in our collection that spanned across the
country, we compared the regional popioias across Canada, with isolates grouped into
four regional subpopulations: Western (British Columbia and Alberta), Northern (Northwest
Territories), Central (Ontario and Quebec), and Eastern (New Brunswick and Prince Edward

Island).

Allelic diversities for the nine loci variedmong national and continentpbpulations
stratified (Table 4.3). Using ANOVA, we identified significant differences between the
haploid diversity across the 9 loci among both continents and countresliu@ =
1.86x10° and 4.31x16G7 respectively). Among continents, Asia and Europe were observed
to have the lowest and highest haploid diversity respectively (uh = 0.731 and 0.899
respectively). Haploid diversity among countries was considerably moabiahan among
continents China, Saudi Arabia, and India had lower haploid diversity (0.387, 0.416, and
0.478 respectivelythanother countries, where New Zealand had the highest (0.887). After
clonecorrection whereeachSTR genotype within each stratified populatwasreduced to

one representative strainANOVA identified that continents maintained significant
differentiation in haploid diversity, however, no significant difference was seen among
countries (pvalue = 0.008 and 0.173 respectively). Among the four Canadian regional
populations, there was rsignificant difference in haploid diversity &itherthe full or the

clonecorrected dataset{gmlue = 0.236 and 0.124 respectively).
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Table4.3: Summary of haploid diversity and private alleles among continental and national soil populations of
A. fumigatusacross nine STR loci. In addition, four Canadian regional populations were also included.
Clone Correcte

Continent Country Region Shannots IndexNa! (NP?)  Uh®(x SEY)  Uh (+ SE)
Africa Cameroon 0.95 96 (3) 0.755 (0.025) 0.787 (0.029)
Asia China 0.45 96 (4) 0.387 (0.014) 0.879 (0.017)
India 0.52 77 (2) 0.478 (0.015) 0.861 (0.037)
Saudi Arabia 0.501 78 (0) 0.416 (0.038) 0.838 (0.027)
Total 0.83 157 (6) 0.731 (0.023) 0.883 (0.019)
Europe France 0.997 147 (3) 0.875 (0.019) 0.875 (0.019)
Iceland 0.935 70 (2) 0.804 (0.025) 0.818 (0.046)
Netherlands 0.988 118 (4) 0.866 (0.018) 0.881 (0.017)

Total 0.995 199 (9) 0.899 (0.013) 0.9 (0.017)
North AmericaCanada Central 0.975 258 (69) 0.888 (0.015) 0.916 (0.016)
Eastern 0.997 157 (3) 0.852 (0.027) 0.850 (0.029)
Northern0.988 115 (2) 0.819 (0.030) 0.837 (0.029)
Western 0.999 231(42) 0.795 (0.050) 0.815 (0.046)
Total  0.996 323 (73) 0.870 (0.022) 0.882 (0.021)
Costa Rica 1 39 (1) 0.874 (0.042) 0.874 (0.042)
Total 0.996 324 (76)  0.874(0.023) 0.900 (0.014)
Oceania New Zealand 0.997 177 (6) 0.887 (0.021) 0.889(0.021)
South AmericzPeru 0.995 104 (1) 0.896 (0.013) 0.897 (0.014)
World Total 0.993 362 0.840 (0.012) 0.868 (0.010)

*Na = number of unique allelegross 9 loci? NP =Number of private alleks * Uh = unbiased diversity =
( N/ ( NI 1LY¥Pwhere pis the frequency of the ith allele for the populafib8E = Standard error

4.2.3 Linkage disequilibrium among the soil populations

To investigate the clonality and recombination acros#thifemigatussoil populations, we
calculated the phylogenetic compatibility and standardised index of associatipn (
respectively among continents and countii€able 4.4). From our initial observations,
China, Saudi Arabia, and the Quebec region inctr@ral Canadian subpopulation were
dominated by clonal MLGs (21, 15, and 7 unique MLGs were present respectively) where
the most prevalent MLG was represented by 57, 48, and 38 isolates within China, Saudi

Arabia, and Quebec respectively. The dominantallMLGs were unique to each region.
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Across the noitlone corrected continental and country populationsjaluesand linkage
disequilibrium testsejectedthe null hypothesis of random recombinatemmong alleles at
different loci in all populationsThei _values ranged from 0.066r thePerwianand Fench
populationsto 0.851for the Indian population The departure from random recombination
was maintained in the clormrrected dataset, except for Indiavgdue = 0.137). In this
clonecorrected dataset, the_ values ranged from 0.025 within India to 0.258 within
Cameroon. However all populations, except for Costa Rica, showed evidence of
phylogenetic incompatibility, consistent with some level of recombination within each
national population. With regards to the Canadian subpopulationslues ranged from
0.098 (Eastern) to 0.241 (Central) and 0.051 (Central) to 0.117 (Northern) within the full and
clone corrected datasets respectively, all rejecting the null hypothesis of random
recombination within individual population§Table 4.4). Similar to other national
populations, eross all Canadian subpopulations, the hypothesis for complete clonality was
also rejected. Overall, these results indi¢htd soil populatios of A. fumigatusacross the
global contains signatures of both clonaldarecombining modes of reproduction, and the

balance between these modes varied among the geographic populations.

Table4.4: Modes of reproduction across continental and national soil populatiohsfomigatusestimated
using standardized index of associatibn) @nd phylogenetic compatibility.
Clone CorrectePhylogenetic

Continent Country Subpopulation [ i compatibility
Africa Cameroon 0.410+* 0.258*** 0.117*
Asia China 0.802** 0.140** 0.722**
India 0.851* 0.02¢ 0.837=*
Saudi Arabia 0.65(*** 0.107+** 0.63¢*
Total 0.61¢=* 0.062+** 0
Europe France 0.065** 0.050** 0.00(¢
Iceland 0.35(*** 0.143** 0.55¢
Netherlands 0.168x* 0.1 5%+ 0.02¢
Total 0.08&#=* 0.057** 0
North America Canada Central 0.24 Jx+* 0.051%** 0
Eastern 0.09¢+* 0.055** 0
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Northern 0.156** 0.117** 0.056+*
Western 0.127*** 0.100** 0
Total 0.120** 0.07&** 0
Costa Rica 0.20¢* 0.20C* 1.00(¢
Total 0.10&** 0.07&** 0
Oceania New Zealand 0.090 **  0.079 *** 0
South America Peru 0.065 ** 0.030 ** 0.139 *
World Total 0.114 **  0.058 *** 0

* p-value< 0.05, ** p-value< 0.01, *** p-value< 0.001.

4.2.4 Global soil populations are genetically differentiated

We investigated the level of genetic differentiation among geographic populatighs of
fumigatusfrom soil using AMOVA (SupplementaryTables4.1). Among continents, we
observed significant genetic differentiatiomnboththe full and the clonecorrected dataset

(ept = 0.110, pvalue = 0.001 andpt = 0.119, pvalue = 0.001 respectively). Results from
AMOVA indicated that the majority of observed genetic variation was found within
continental populations (89.0% and 88.1% for theand clonecorrected repectively), with

the remaining variation (~11%) from among continental populations. Similarly, significant
genetic differentiations were observed among countuigs-(0.165, pvalue = 0.001 in the

full dataset; and,t = 0.115, pvalue = 0.001 in the cloreorrected dataset). Again, most of
the variation was found within countries (83.5% in the full dataset and 88.5% the clone

corrected dataset), with the remaining variation (~I116.5%) found among countries.

Within Canada, we observegignificant genetic differentiatioamong the four regional
populationg «pt = 0.108, pvalue = 0.001 in the full dataset amgd= 0.104, pvalue = 0.001

in the clonecorrected dataset), with the regional separation contributing about 10% of the
total genetic variancén our previous work, the strains isolated from Hamilton within the
central subpopulation were consistently differentiated from populatiom® other
geographic areas outside of Canada that cont@inanigatusisolates mostly from clinical
sourceqAshu et al., 2018; Ashu, et al., 2@ Korfanty et al., 2019, 2021Therefore, to
investigate the impact of these strains on our analysis, we removed this subset of 124 MLGs
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from the central soil population. Upon removal, a decregsédstill significant level of
genetic differentiation was maintained acrossfthe Canadian soil subpopulations(=
0.043, pvalue = 0.001 in the full datasat: = 0.047, pvalue = 0.002 in the cloreorrected
dataset). Taken together, soil populationg.ofumigatusrom different geographic regions

in Canadavere overall significantly differentiated from each other. However, most local and
regional populations contained abundant genditrersity, with a mixture of sexual and

clonal reproductions

4.2.5 Broad geographic clustering among soll. fumigatusisolates

Following the analysis of population relationships, we next investigated the relationships
among theA. fumigatussolates. We visualized strains relationships using three different
methods: neighbor joining (NJ) tree, minimum spanning network (MSN), and through
discriminant analysis of principal components (DAPC). The NJ tree was generated using
Br uvoods gneervaued between paits af straiRgure4.1). Here, strains from each
continent werseerdispersed across the NJ tree, however, certain strains showed geographic
clustering. Interestingly, the 3 clonal genotypes from China, India, and Saudi Arabia were in
different parts of the tree, with the Chin@deG beingsimilarly distant from the other two.

A similar pattern was observed based on MSN ana{$sipplementaryigure4.1).

As we were interesteth highlighting the genetic diversityetweenstrainsat the different
geographic levelsDAPC was used tanaximize thegeneticvariation between strains
obtained fromdifferent countriesand continentgFigure 4.2). Here DAPC revealed three

large clustersone large compact cluster contained the majority isolates from Canada,
Iceland, Netherlands, Peru, Costa Rica, and a portion of thelowal Indian strains.
Slightly overlapping the first large cluster, the second clustenly contained isolates from
France, New Zealand, Saudi Arabia, and China. The last isolated cluster is comprised of only

strains from Cameroon.
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Figure4.1: Neighbor joining tree oA. fumigatusstrains obtained from soil around the world. The phylogram
was constructed using the Bruvo's genetic distances at nine microsatellite loci. Color strips at each individual
node represent the country and continent of origin (inner and outer ring respgch¥er Africa, AS = Asia,

EU = Europe, OC = Oceania, NA = North America, SA = South America, CMR = Cameroon, CAN = Canada,
CHN = China, CRI = Costa Rica, FRA = France, ISL = Iceland, IND = India, NLD = NetherAds; New
Zealand, PER = Peru, SAU = Saudi Arabia.
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Figure 4.2: Discriminant analysis of principal components (DAPC)Roffumigatusglobal soil populations
grouped by (A) country and (B) continent. Thand yaxes describthefirst and second discriminant functions
highlighted in the barplot of DA eigenvalues (bottom rigRtpulations ardistinguished by colours and 67%
inertia ellipsesAF = Africa, AS = Asia, EU = Europe, OC = Oceania, NA = North America, SA = South
America, CMR = Cameroon, CAN = Canada, CHN = China, CRI = Costa Rica, FRA = France, 1Slnd,Icela
IND = India, NLD = Netherlands, NZL = New Zealand, PER = Peru, SAU = Saudi Arabia.

4.2.6 Soil populations ofA. fumigatus are divided into 2 genetic clusters and 5
subclusters.

Our analyses above revealednoderate contribution of geographic separation to the total
genetic variation within ouglobal A. fumigatussoil population. However, other population

genetic pattern may exist among strains within our dataset. To investigate this possibility, we
first analyzed and assignétk 1303soil isolates into genetic populations using the Bayesian
clustering analysis implemented in the software STRUCTURE. Using the Evanno method,

the optimal number of genetic clusters vwdsntifiedag wo, however t he @K f
of K between 20weresimilarto that of K=2 In the clonecorrected data of 984LGs, the
optimalnumber of clustswas t wo, however the @K for this
t han all ot her K popul -adréeceddatasét,®9K19%=MLGDhadl ) .

an assignment probability above 8@8wne of the two clustef§igure 4.3).The remaining

8.9% (88 isolates) were classified as having mixed ancestry. Of theVi@®& with
assignment probability above 80%, 485 and 411 were assigned to genetis éllstad #2
respectively. All geographic populations excluding Cameroon and Saudiea Atiained

isolates assigned to both clusters, however, most of tpesgraphicpopulations had

different degrees ofineven distributions of isolatdsetweenthe two genetic cluster

(Supplementary Figure 4.2).
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Figure4.3: Genetic structure balot inferred by STRCUTURE for the 11 soil populationsfoffumigatus

Isolates were assigned into one of two genetic populations based on nine microsatellite loci. Isolates were clone
corrected prior to STRUCTURE analysis. CMR = Cameroon, CAN = Canada, CHN = China, CRI = Costa
Rica, FRA = France, ISL = Iceland, IND = IndMLD = Netherlands, NZL = New Zealand, PER = Peru, SAU

= Saudi Arabia.

Following the recommendation by Evanno et al.,, (2005), we conducted a hierarchal
STRUCTURE analysis on the strains assigned to the two genetic clusters revealed whether
there were subclusters nested within each of the two clusters. Our analysis revataled th
Cluster 1, which contained moét fumigatusstrains from North America, was further

di vided into two genetic subclusters (@K =
Cameroon and Saudi Arabia as well as strains from other regions, wasddivid three
genetic subclusters (K = 20.3). I n the ori
of MLGs had an assignment probability above 80% to either Cluster 1 or 2 respectively,
while the remaining strains were considered admixed (53 and.ZsNtom clusters 1 and

2 respectively) (Figure 4.4). For the two subclusters within Cluster 1a, using the >80%
assignment probability criteria, 198 and 234 MLGs were assigned to subclusters 1 and 1b
respectively. For the three nested subclusters withist& 2, 102, 229, and 51 MLGs were
assigned to subclusters 2a, 2b, and 2c respectively. The nested subcluster 1a of Cluster 1 was
broadly distributed in nine countries. However, the majority of subcluster 1b of Cluster 1
came from north and western Cand8applementary Figure 4.3). In cluster 2, Cameroon
contained >70% of strains assigned to nested subcluster 2a (Supplementary Figure 4.4);
subcluster 2b was broadly distributed; and subcluster 2c was mainly found in northern,
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central, and eastern Canada, Peru, and Iceland.
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Figure4.4: Genetic structure balot inferred by STRCUTURE for th&. fumigatussolates assigned to genetic
populations 1 and Zsolates were assigned into genetic populations based on nine microsatellifd)oci.
STRUCTURE assignment of strains assigned to genetic population one. Strains were assigned into one of two
genetic clusters. (BPTRUCTURE assignment of strains assigned to genetic population two. Strains were
assigned into one of three genetic clust&¢lR = Cameroon, CAN = Canada, CHN = China, CRCesta

Rica, FRA = France, ISL = Iceland, IND = India, NLD = Netherlands, NZL = New Zealand, PER = Peru, SAU
= Saudi Arabia.

4.2.7 Novel soil isolates dk. fumigatusare susceptible to itraconazole angloriconazole
antifungals.

Antifungal susceptibility testing for itraconazole and voriconazole was conducted on the 826
new isolates obtained in this study. Among these, one strain from Western Canada presented
an MIC of greaterthan@ e g/ mL) t o voriconazole. Overall
resistant to itraconazole and/or voriconazflables 4.5)
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Table4.5: Itraconazole and voriconazole susceptibilitAofumigatussolates.

Number of isolates in each MIC category of
itraconazole/voriconazole (ug/ml)

Continent Country 0.03 0.06 0.13 0.25 0.5 1 2 >2
Africa Cameroon 00 00 131 12/42 2/8 240  0/0 000
Asia China 00 0/ 000 4/9 70066 32 000 00
SaudiArabia  0/0 00 00 0/5 63/63 50  0/0 0/0
Total 00 00 00 414 133429 8/2  0/0 0/0
Europe France 00 00 0/10 0/51 25/6 432  0/0 0/0
Iceland 0/0  0/0 02 0/29 241 80 0/0 000
Total 00 00 012 0/80 4917 512  0/0 000
North/Central ~ Canada 01 1/0 5/44 184234 332B70 223B4 213 112
America Costa Rica 00 00 0/ o 0/4 6/L  0/0 000
Total 04 1/0 5/44 184R35 332/374 229B5 2113 12
Oceania New Zealand  0/0  0/0 8/0 1211 62172 2019 11 11
South America Peru 0/0  0/0 0/0 0 29RP3 05 00 000
World Total on 1/0 2657 212883 607613 332113 3/14 213

4.2.8 Higher allelic diversity in soil populations than in clinical populations

To test the hypothesis that thergisater genetic diversity in the global soil population than
in the clinical population, we compared the two populations in several diversity indicators:
genotypic diversity, allelic richness, and allelic diversity at global, continental, and country
levels. The diversity, LD and AMOVA results of the clinical population can be found in
Supplementary datBetween soil and clinical populations, a greater proportion of unique
MLGs were found within the soil population (76.5% unique) compared to the clinical
population (71.4% unique). Within the soil and clinical populations, 91 (9.12%) and 142
(16.8%) MLGs respectively were represented by two or more isolates. Of the 1809MLGs
the combined clinical and soil populatiodd MLGs were shared between the clinical and
soil populationgTable 4.6) However, the global clinical population had a lower proportion

of clonal genotypes compared to the soil population

We then compared both allelic richness and diversity between the global soil and clinical
populatiors (Table 4.7)Overall, no significant difference in allelic richness was observed

between the twecologicapopulationsat the global leveHowever, in regional comparisons
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where both clinical and soil populations were present, soil populations had significantly
higher allelic richness in four of six countries and 2 of the 3 continents. In contrast, higher
allelic richness was observed in the Netherlands clinical popul&@onn its soil population,

likely due to sample size effect.

Next, haploid diversity was calculated for both the soil and clidicBimigatugpopulations

on global and regional levels. At the global level, higher allelic diversity for the nine loci was
observed within the soil population compared to the clirpogdulation (pvalue = 0.043
Table 4.7. After clone correction, the higher allelic diversity within soil population was
maintained (pvalue = 0.010). At the country level, allelic diversity was statistically higher
only within the French soil population. In contrast, the clinical populatio@siima and India

had statistically higher diversity that thecorrespondingsoil populations. After clone
correction, only the Chinese soil population feduigher diversity compared to its clinical
population. No gnificant difference was observed between the two populations within any

continent.

Table4.6: Shared multilocus genotypes (MLGs) within continents and countries between soil and Alinical
fumigatuspopulations.

) Soil Isolates Clinical Isolates  Shared
Continent Country

(MLGS) (MLGS) MLGs
Asia China 78 (23) 8 (8) 0
India 74 (16) 22 (14) 1
Total 151 (38) 30 (22) 1
Europe France 69 (68) 30 (14) 0
Netherlands 44 (39) 673 (500) 7
Total 113 (107) 703 (514) 10
North America Canada 748 (620) 71 (68) 0
Total 754 (626) 116 (98)
World Total 1303 (997) 1197 (843) 11
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Table 4.7: Summary of haploid diversity and private alleles among soil and clinical populations and
subpopulations of\. fumigatusacross nine STR loci.

hann Clone Correcter
ContinentCountry Niche Na!(NP?) Mean Na (SD) Uh3 (+ SB)
Index Uh (= SE)
Africa  Cameroon Soil 96 (2) 10.67 (4.42 0.950  0.755 (0.02¢ 0.787 (0.02¢
Asia China Clinical 36 (0) 4.00 (2.12 1.000 0.687 (0.07¢ 0.687 (0.07¢
Soll 96 (4) 10.67(3.04 0.450  0.387 (0.014 0.879 (0.017
Total 108 (3) 12.00(4.15*** 0.593  0.489 (0.01z** 0.885 (0.01%*
India Clinical 75 (0) 8.33(2.96 0.844  0.760 (0.024 0.881 (0.03c
Soll 71 (1) 7.89 (2.32 0.520 0.478 (0.01¢ 0.861 (0.037
Total 107 (1) 11.89 (4.04 0.599  0.548 (0.01%** 0.876(0.036
Saudi ArabiaSoil 78 (0) 8.67 (2.35 0.501  0.416 (0.03¢ 0.838 (0.027
Total Clinical 93 (0) 10.33(3.91 0.917  0.818 (0.02¢ 0.868 (0.02¢
Soil 152 (4) 16.89 (6.2¢ 0.830  0.731 (0.02: 0.883 (0.01¢
Total 175 (4) 19.44(7.92* 0.869  0.764 (0.01¢*  0.908 (0.01<4
Europe Belgium Clinical 148 (3) 16.44 (5.48 0.994  0.857 (0.01€ 0.859 (0.01¢
France Clinical 69 (1) 7.67 (1.73 0.910  0.795 (0.01¢ 0.846 (0.031
Soll 147 (1) 16.33 (6.7% 0.997  0.875(0.019 0.875 (0.01¢
Total 171(2) 19.00 (7.14* 0.992  0.894 (0.01%** 0.892 (0.01¢
Iceland Soll 70 (0) 7.78 (2.73 0.935 0.804 (0.02¢ 0.818 (0.04¢
Italy Clinical 19 (0) 2.11 (0.60 0.600 0.378 (0.071 0.556 (0.10C
Netherlands Clinical 263 (23) 29.22 (16.3¢ 0.995  0.855(0.021 0.863 (0.02C
Soil 118 (0) 13.11(6.01 0.988  0.866 (0.01¢ 0.881 (0.017
Total 267 (27) 29.67 (17.32* 0.998  0.856 (0.021 0.866 (0.02C
Norway Clinical 146 (0) 16.22(7.08 0.991  0.805 (0.03: 0.811 (0.02¢
Spain Clinical 80 (0) 8.89 (3.62 0.882  0.759 (0.031 0.799 (0.03c
Switzerland Clinical 155 (5) 17.22 (6.3€ 0.995 0.866 (0.02Z 0.869 (0.022
Total Clinical 293 (40 32.56 (17.6€  0.998 0.862 (0.022 0.864 (0.02C
Soil 199 (1 22.11(9.28 0.995 0.899 (0.01: 0.900 (0.017
Total 313 (48 34.78 (18.31  0.998 0.871 (0.02C 0.879 (0.01¢
Oceania New ZealancSoll 177 (4 19.67 (7.31 0.997 0.887 (0.021 0.889(0.021
North
America Canada Clinical 154 (3 17.11(5.93  0.997 0.890 (0.01¢ 0.892 (0.01¢
Soll 323 (37 35.89 (16.0¢  0.996 0.870 (0.022 0.882 (0.021
Total 329 (52 36.56 (16.0¢* 0.998 0.881 (0.01¢ 0.892 (0.01¢
Costa Rica Soil 39(1 4.33(1.22 1.000 0.874 (0.042 0.874 (0.04z
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USA Clinical 110 (1 12.22 (4.21 0.960 0.855 (0.02¢ 0.878 (0.021
Total Clinical 201 (4 22.33(7.7 0.995 0.909 (0.01¢ 0.912 (0.01¢
Soil 324 (38 36 (15.96 0.996 0.874 (0.02¢ 0.900 (0.01¢
Total 331 (55 36.78 (15.84« 0.998 0.882 (0.01¢ 0.893 (0.01¢
South ] _
America Peru Soll 104 (1 11.56 (3.3¢  0.995 0.896 (0.01z 0.897 (0.014
Clinical 362 (45 37.22 (17.2Z 0.997 0.874 (0.02C 0.881(0.018
Soll 335 (72 40.22 (18.65  0.993 0.900 (0.01z2 0.909 (0.014
Total 407 45.22 (22.0z 0.998 0.887 (0.01z* 0.895 (0.012*

* p-value< 0.05, ** p-value< 0.01, *** p-value< 0.001.

!Na = number of unique allelexross 9 10Gi?°NP =Number of private allelg ® Uh = unbiased diversity =

( N/ ( NT 1)) where gislthie Equuency of the ith allele for the populafibBE = Standard error

4.2.9 Genetic differentiation between the soil and clinical populations &. fumigatus

Similar to the analysis on soil populations, we quantified genetic differentiation between the
soil and clinical populations within selected countries and continents where both sample
types are available. Overall, a statistically significant genetic difteation was observed
between the soil and clinical populatiatghe global, continental, and country levels (Table
4.8). However, the majority genetic variation was observed within the soil and clinical
populations compared to the variation betweenweecological niche populations (95.8%
and 4.2% respectively). After clorm®rrection, the two ecological niche populations in most
geographic regions remained significantly differentiated. Again, most of the variations were
observed within individual etogical niche populations with the remainder present among

the populations (Table 4.8).

Table4.8: Genetic differentiation between soil and clinical populations.déimigatusat country, continental,
and global levels.

] Sample Clone Correcte Clone
Continent Country ) G pt )
Size Sample Size Correctedu,
Asia China 86 0.356** 34 0.032
India 96 0.143** 29 0.071
TotalA 249 0.06S* 79 0.014
Europe France 99 0.053* 82 0.093
Netherlands 717 0.05Q*** 539 0.056***
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TotalA 1196 0.016** 852 0.021%**
North America Canada 819 0.185** 688 0.164***
TotalA 870 0.060*** 724 0.07C+**
World Total 2500 0.042%** 1820 0.04 7+

* p-value< 0.05, ** p-value<0.01, *** p-value< 0.001.
ANote: Total data has countries without a clinical or soil population included in the continental analysis

4.2.10 Genotypic and genetic clustering of glob&. fumigatusstrains

Following the analyses comparing the tofumigatusecologicalpopulations, we again
investigated the genetic relationships among strains from both clinical a#d &aihigatus
populations. We visualized these strains relationships again using a NJ tree, MSN, and
conducted a DAPC. On the NJ tree, strains from both clinical and soil populations were
dispersed across thee (Figure 4). Several smabltrainclustes were observed containing

a high proportion of strains from one of the mmichepopulationsStrain ¢ustes containing
approximately even proportion$ strains from botmichepopulations were also observed.

A similar pattern was also seen when visualizing genetic distances on an MSN
(Supplementary Figure%). Lastly, DAPC analysis revealedme separation amoisplates

from the two ecological niches but with significant overlapsveen thenfSupplementary
Figure 46).

Given the soil populations were separated into two genetic populations, we therefore used
STRUCTURE on ourA. fumigatusstrains from both clinical and soil populations to
determine if strains would be similarly assigned. The likelihoods of 1 to 20 genetic clusters

were tested for both full and clone corrected datasets. Using the Evanno method for both

datasets, wewerenatb | e t o i dentify an optimum number

all tested values of K were low and similar.

93



Ph.D. Thesi$ Greg Korfanty McMaster Universityi Biology

Tree scale: 0.1 ———

Origin
. Clinical
B soil

Figure 4.5: Neighbor joining tree ofA. fumigatusstrains from global soil and clinical populations. The
phylogram was constructed using the Bruvo's genetic distances at nine microsatellite loci.

4.3 Discussion

In this study, we obtained 826 netu fumigatusisolates from six countrieson four
continents Combined with soil populations obtained in our previous studies, we analyzed a
combined total of 1303 sasolates from eleven countries on six continents. The geographic
structures of the soil populations were analyzed and when possible, compared with their
correspondinglinical population at global, continental, and country levels. Soil populations
contained high allelic and genotypic diversities. At the nine microsatellite loci, the soill
populations had an overall higher allelic diversity than thegrresponding clinical
populations, except for Asian countries. Interestingly, geographic soil populations varied in
the level of recombination. However, random recombination was not observed in any

population sampleSoil population®f A. fumigatudrom different countries and continents
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were differentiated from each other, with a relatively small but statistically significant
proportion of the total genetic variation present among populations. With the exception of
Asian populations, countries containing both clinical and soil populateere also
significantly differentiated. Lastly, STURCTURE analysispaatedsoil strains into two
largegenet i ¢ clusters, where countries differ:

two clusters. Below, we discuss the relevance and implicatibour results

In our previous workA. fumigatussoil populations from several geographic regions showed
high genotypic and allelic diversities and with evidence of genetical differentiation among
some of then{Ashu, et al., 2015} Korfanty et al., 2019, 2021MHere, threeA. fumigatus
populations from Asisshowedrelatively low allelic and genotypic diversities. The low
diversity within the Chinese and Saudi Arabian populationbis studywaslargelycaused

by thehigh abundance of a single clonal genotypesach populationsimilar to what was
observed in the IndiaA. fumigatuspopulations previously describé@howdhary, et al.,
201%). In India, a clonal expansion of a triazeobsistant genotype occurred that caused a
hard selective sweep and reduced both allelic and genotypic diversities. By contrast, strains
from both Chinese and Saudi Arabian populations were not resistant t@atoées tested.

It is possible that a selective sweep(s) occurred within these two geographic populations.
Selective sweeps have been observed to occur across multiple regionsAwitimmgatus
genomegRhodes et al., 2022)he clonal Chinese genotype was found in [soilthern and
northern Chinaapproximately 870 km apart. Given the lack of triazole resistant strains
within both populations, the nature of the clonal expansion was unlikely due to triazole drug
selection pressurét should be noted that this clonal genotype in our Chinese sample was

not reported from Yunnan province, southwestern C{hau et al., 2021, 2023)

Similar to results from previous studi@suxier et al., 2022; Etienne et al., 2021; Lofgren et
al., 2022; Rhodes et al., 2022; Sewell et al., 2048)ence for norrandom recombination

was observed within soil populatiooBA. fumigatusat all geographic scate The observed
evidence for recombination, including many isolates with admixture ancestry, is consistent

with dispersal and genetic exchange among genetic populditotigs study, weshowed
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thatA. fumigatugpopulations based on their geographic origingheregional, country, or
continental levelswere statistically significanty differentiations. The relatively high
proportion of amongyroup genetic variation suggests that each continent and country
contained unique allelic and genotypic frequencldswever evidence forgene flow
including allele and genotype sharingas observed between populations at all three
geographic levels. These results are consistent with previous studi@s fomigatus
populations, where genetic differentiation was observed ahalyzedyeographic levels yet
evidence for gene flow was also fouf#shu et al., 2018; Korfanty et al., 2019, 2021; Zhou
et al., 2021) At smallergeographic levels, genetic differentiation between populations is
expected to be lowdAraujo et al., 2010; Zhou et al., 202For example, in the study by
Araujo et al.,(2010) A. fumigatussamples obtained from multiple sites within a hospital
found no evidence of genetic differentiation at eight microsatellite matevgever, among
sites within a region such as amahgee subpopulations Mancouver in vestern Canada
revealed finescale genetic differentiatiorfdata not shown)Altogether, though evidence for
gene flow was foundacross geographic scale&. fumigatussoil populationscan be

genetially differentiated at all geographic levels

STRUCTURE analysis of the global soil population separated\ttiemigatusgenotypes

into two genetic clusters and five subclusters. Our two cluster results correlated with the two
dominantA. fumigatusladesreported in previous studi¢Rhodes et al., 2022; Sewell et al.,
2019) Thesetwo cladeswere found taiffer in theirtriazolesusceptibility patterns, where

A. fumigatusstrains with environmental azole resistance mostly belonged to one clade, and
azole susceptible strains comprised the other clade. However, the differential distributions
of azoleresistant and azoleusceptible strains between the two clades were not fiouour

soil samples. This was likely due to the small number of aasistant multilocus genotypes

in our samples. lirtherhierarchal analysis idefied two genetic subclusters with@Ziuster

1 and three subclusters witt@tuster 2. Geographic clustering was observed at the subcluster
level, most prominently with the Cameroén fumigatuspopulations. This population is
highly genetically differentiated from all other geographidumigatugpopulations, in line

with what we observed in this and previous studishu, et al., 2013). Apart from
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Cameroon, the extent of the geographic clustefamgother populationss less clear as
populations at all geographic levels contained strains from multiple genetic clusters and
subclustersWe note that even though our analyzed soil population has a relatively large
sample size, they likely represent only a small proportion of the true gloldamigatus
diversity. Using differentgeographic/ecologicaamples could yield different estimaiaf

genetic clusterg~an et al., 2021; Lofgren et al., 2022)

In recent environment&. fumigatugpopulation surveys, higlrequency triazoleesistane

was reported in several ecological niches, including greenhouses and tulip flower bulb
wastes, where up to 83.7% Af fumigatusstrains werdriazoleresistan{Chowdhary et al.,

2014; Gomez Londofio & Brewer, 2023; Rocchi et al., 2021; Shelton et al., 2022; Zhang et
al., 2022; Zhou et al., 2021, 2028y contrast, some environmental studies focused on
natural soil populations found low proportions or no resistant strains within the suAeyed
fumigatuspopulation(Fraaije et al., 2020; Jeanvoine et al., 2017; Kano et al., 2015 soil
samples were mostly from parks and natural forests and strains from these ecological niches
hadlow to no triazoleresistance. Interestingly, in the literature revievwBloiyks et al.(2021)

that investigatethe effect osampling origins of antifungal resistahtfumigatus56.7% of

all triazole resistam strains among the 52 studies originated from soils. Given the high
variation of triazoleresistance prevalence among soil populatiming. fumigatus further
research is required to identify how azole resistant genotypes are maintained within certain
soil populations and not others as well whether resistance was intradiced evolved

within these populations

We compared thA. fumigatussoil population to their corresponding clinical populations at
the global, continental, and country levels. Globally, soil populatiods Gfmigatushad a
greater allelic diversity than their corresponding clinical populations. Overall, the soil
populations had fewer clonal genotypes, and the soil and clinical populations shared
relatively few genotypes in most geographic regions. Interestingly, tme$ghand Indian
clinical A. fumigatugpopulations showed higher allelic diversity than their sointeparts

mainly due to the large clonal soil populagdn our samples from these twamuntries.
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Studies analyzing genetic differences between clinical and soil populations in other
pathogenic species have been perforraed showed results similar to oufigluller &
McCusker, 2009; Pirnay et al., 2009; Simwami et al., 2QhXeneral, theource population

is expected thave ahigha genetic diversitghanthe derivegopulationgLitvintseva et al.,

2006; Simwami et al., 2011)n opportunistic pathogenwith significant environmental
reservoirs clinical isolatesoften containlower allelic and genotypic diverséts of those
found within the natural reservoir of the spe¢isiller & McCusker, 2009; Simwami et al.,
2011) Our results ardargely consistent with tb previously reported patterRecently,
conidia have been found aerosolized from patient coughs and such conidia could be inhaled
by another host nearli§engel et al., 2019; Lemaire et al., 201B)this persorto-person
transmission ofA. fumigatusplays an important role in causing patient infection, coupled
with microevolution of the infecting strains within patients, novel genetic diversity is also
expected in clinical samples that may not be found in environmental sgiBaliesd et al.,

2018)

We observed statistically significant genetic differentiation between soil and clinical
populations at all three geographic levésir results arsimilar to what was observed in
previousstudiesof A. fumigatust regional and national scal@shu, et al., 2013, Korfanty

etal., 2019, 2021%imilar results have also been obtained for sewth@rhumanpathoges

(Chen et al., 2015; Durigan et al., 2017; Muller & McCusker, 2088restingly, alike the

global soil population, STRUCTURE was unable to resolve the combined clinical and soll
A. fumigatugopulations into genetic clusters. The lack of distinct clusters may have resulted
from two possibilitiesFirst, the total number of clusteksmay be above 20. However, given

that previous studies reported eight or fewer clusters for both microsatellite and genomic data
(Ashu, et al., 201& Rhodes et al., 2022; Sewell et al., 2019; Zhou et al., 2024 jherefore
unlikely that there are more than 20 genetic clusters in our global daf&send,as
STRUCTURE uses allelic association patterns to separate reproductively isolated strains into
genetic clusters, theacreasedsample size may have revealed the admixture genotypes
among geographiand ecologicapopulationserodng signatures of reproductive isolations
among genetic clustems nature, resulting in one global metapopulation in this spédies.
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note that one major drawback in this comparison is that our compared soil and clinical
populations ofA. fumigatusvere often from different locations within individual countries

or continents and thus their geographic differences could have causeestwetion of

niche contributiong-urther analyss of A. fumigatusstrains from undesampled regionand

from diverse butomparable geographic and ecological originsrageiired toreveal the

extent of genetic mixing among geographic and ecologmalilationsof A. fumigatus

4.4 Conclusion

This study analyzed the largest number of soil isolatés fafmigatugrom many geographic

and climatic regions around the world. Additionally, we comparedAthiimigatussoil
populations with the clinical populations analyzed previously. Within both the soil analysis
and the comparison of clinical and soil populations, we found extensive genetic and allelic
diversity as well as evidence for both clonal and sexual replioduptesent among soll
populations. Despite the significant genetic differerdiatievidence for gene flow and
genetic exchange was also found. Interestingly, both the Chinese and Saudi Arabian soil
populations contained a widely dispersed but different clonal genotype. At present, the
mechanism(s) for their high prevalence is unkndwn should be closely monitored for
clinical significance. In contrast to the increasing prevalence of triz@sistant strains of

A. fumigatuswithin clinical samples, greenhouses, and agricultural wastes, relatively few
isolates from natural soil sahes from most countries investigated here were resistant to
triazoles. AA. fumigatuss a ubiquitously distributed mold, found in the air, aquatic systems,
and at home and workplaces, additional analyses should fardgetmigatusfrom diverse
ecological niches to identify their relationships with each other and with those from clinics.
Together, such understanding could help develop better prevention and control strategies

against aspergillosis.

4.5 Methods

4.5.1Soil collection, A. fumigatusisolation, and STRgenotyping
The soil samples used to isol&efumigatudor this study were obtained from 6 countries
(Table4.1). In total, 4357 soil samples were processed for this study. Soil samples obtained
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from part of Canada (Northwest Territories), China, Costa Rica, France, Peru, and Saudi
Arabia have been described previously, with a small portion of each used to isolate yeast
species bysamarasinghe et a(2021) totalling 2907 soil samples. An additional 1450 soill
samples were collected from five Canadian provinces that included Alberta (300), British
Columbia (1040), New Brunswick (260) Ontario (500), Quebec (100), and Prince Edward
Island (50).

Each isolate was also genotyped at nine highly polymorphic short tandem repeat (STR) loci
that used primers specific fa fumigatusfollowing a protocol previously described g

Valk et al.,(2005 andKorfanty et al.,(2021) The generated. fumigatusSTR dataset was

then combined with STR datasets obtained previously from soil samples in seven countries
that contained 481 straii8shu, et al., 2013, Korfanty et al., 2019, 2021)

To compare our soil samples with those from clinics, we included a clinical STR dataset
containing 1197 STR genotypes from 11 countries from Europe, Asia, and North America
(Ashu, et al., 2013). Specifically, the number of MLGs within these 11 populations were:
Belgium (66), Hamilton, Canada (71), China (8), France (30), India (94), ltaly (6),
Netherlands (673), Norway (93), Spain (115), Switzerland (68), and USA (45). These clinical
isolates wee obtained from patients suffering cystic fibrosis, undergoing corticosteroid

immunosuppression, or were immunocompromised from a variety of other reasons.

4.5.2 Allelic and genotypic diversities

Allelic diversity was calculatedcross thaine STR locusing the STR datasets grouped by
continent, country, and soil or clinical origiHaploid diversity was calculateasing the

Excel addin GenAlEx 6.5(Peakall & Smouse, 2006, 2012he unbiased haploid (uh)
diversity measures the probability that two individuals will be different within the population
using the sum of allele frequencies within the populations and adjusts for differences in
sample size. Additionally, the numberwfiquealleles (N) wasdeterminedTo determine

whether thedatasets grouped by continent, country, and soil or clinical origin contained
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statistically significant differentiation, an ANOVAnd Bonferroni post hoc tests were

conducted.

4.5.3 Clonality and recombination within the globalA. fumigatuspopulations

To investigate the potential evidence of clonality and/or recombination present within each
stratum of our globaA. fumigatugiataset, we measured two metrics. The first test evaluated
the overall linkage disequilibrium (LD) that is present within each stratum. The overall LD
was measured using the standardized index of associatinpnvhere the null hypothesis
states that random recombination is occurring across individuals within the dataset. The
was calculated using the R packag@pr(Kamvar et al., 2014 Statistical significance was
determined usingur observed population and a sampl838 permutations. The second test
evaluated the proportion of loci that are phylogenetically compatible astras&ss within

each geographic level Using Multilocus (version 1.3b), two loci are phylogenetically
compatible if all observed genotypes can be accounted for by mutation alone without
inferring homoplasy or recombination. Statistical significance was determined through 1000
randomizationd.astly, theShannob sdex was used to calculate the probability of selecting
two identical genotypes. To account for the influence of clonal individuals on our analyses,
bothi _and phylogenetic compatibility was recalculated using a clone corrected version of

each stratum

4.5.4 Genetic relationships among populations

The proportion of genetic variation present within and among populations was assessed
similarly to our previous workKorfanty et al., 2021)In brief, theanalysis of molecular
variance (AMOVA) was conducted using GenAlEx @&ng the haplokbSR parameter
(Peakall & Smouse, 2006, 201Z)he total genetic variance was partitioned among
populations based ooontinent, country, and soil or clinical origgroupings.Genetic
differentiation betweethe defined populationsas calculated usingpt, an analogue of Fst
(Meirmans, 2006)Statistical gynificance was determined through 999 permutatidios.
account for the influence of clonal individuals on our analyses, a repeat analysis was

conducted on a clone corrected dataset.
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To visualize genetic distance between all isolates within our dataset, first the pairwise genetic

di stance between strains was calcul ated usi
R packageoppr(Bruvo et al., 2004; Kamvar et al.,, 2014) Br uvods di st ance
specific to STR MLGs and incorporates the stepwise mutation model, where genotypes with
smaller allele differences will be considered more genetically similar than MLGs with larger
allele difference across their loci. The gindistances between strains were visualized using

a minimum spanning network (MSN) and a neighbor joining tree. Multiple MSNs were

generated for each of the four strata as well as the four genetic clusters.

4.5.5 Genetic structure of the globaR. fumigatuspopulations

To identify genetic clusters within ouk. fumigatusdataset, the Bayesian algorithm as
implemented in STURCTURE version 2.3 was uglditchard et al., 2000)Default
parameters were used for each STRUCTURE run. Specifically, the admixture model was
used as the ancestry model, where an individual can have mixed ancestry to multiple genetic
populations, therefore an individual may share genetic elements abfeane multiple k
populationsThe correlated allele frequencies model was used as the allele frequency model.
This model states that alleles frequencies present within a given K population are more likely
to be similar than allele frequencies between Kpybations This model uses a
(multidimensional) vectorPa, that is assumed to haveldrichlet prior. The vectorPa,
records the allele frequencies, whemtheaK hy pot
populations represented in our soil populatieashundergone independent drift away from
these ancestral frequencies

For ourA. fumigatugdataset, Markoehain Monte Carlo (MCMC) simulations were run for
K populations 1 to 20. The buin period as well as the MCMC sampling was run for 30,000
iterationseach.A stationary digibution of the alpha valuewas observed for almost dlie
300 repetitionsafter the burdn period After the30,000 sampling iterationfi¢ summary
statistics valuesAlpha, Fst, and likelihoodnaintaineda stationary distributionyalidating

the run lengthFifteen replicates were run for each K populati@epetitions where MCMC
alpha values did not achieve a stationary distribution after theibyeriod were removed
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Theseremoved repetitions from the glolsdil STRUCTUREanalysisverel replicate from
eachK value equalindl2, 15, 18 and 20crom the nested clusters STUCTURE analgs$is
Cluster 2 following STRUCTURE, the Evanno method was useddémtify the optimal
number of K populations, as implemented in STRUCTURE HARVESTER v. O(B&B&
vonHoldt, 2012; Evanno et al., 200%)sing this method, the optimal number clusters was

inferred as the K population with the highe

Additionally, the multivariate analysis Discriminant Analysis of Principal Components
(DAPC), implemented bwdegenepackage in R, was usgdombart & Ahmed, 2011)
Samples were analyzed accordingheir geographic/ecological origins. The three origins
used were: continent, country, and soil or clinical. In DAPC analysis, the data is first
transformed using principal component analysis (PCA) to reduce the number of variables
and allowing retention athe variables that have the greatest contribution to the variation
within the dataset. This is followed by discriminate analysis (DA) to cluster the MLGs by

optimizing the betweegroup variation and reducing withgroup variation.

4.5.6Triazole susceptibility testing

Antifungal susceptibility testing was conducted on the 826umigatussolates following

the reference protocols for naermatophyte molds described in the Clinical and Laboratory
Standards I nstitute (CLSI) document AM38 Re
Susceptibility Testing o(fAlex&ddr atrale BA1HTwe Fung
triazoles, itraconazole and voriconazole, were used to test all novel strains obtained in this
study. Two Candida strain€,. parapsilosisATCC® 22019 andC. kruseiATCC® 6258,

were used as references.

4.5.7 Comparison between soil and clinical populations

The allelic and genotypic diversities as well as geographic structures of the chnical
fumigatuspopulations from around the globe based on data published previously were
similarly calculated using the approaches described above. The population genetic

parameters for the clinical samples were then compared with those of the soil samples.
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4.7 SupplementaryM aterial
4.7.1 Supplementary data

Clinical A. fumigatuspopulation data set analyses

Genotypic and allelic diversity of clinical A. fumigatuspopulations

The global clinical population is composedAf fumigatusstrains from 11 countries and
three continentfAshu et al., 2018; Ashu, et al., 2@).7The allelic richness, allelic diversity,
and genotypic diversity for the 1197 global clinical fumigatusstrains are presented in
Supplementary Table2and 43.

Linkage disequilibrium of the global A. fumigatuspopulation

We investigated the level of recombination and clonality present among chnfoatigatus
populations. Of the clinical subpopulations, 10 of the 11 subpopulationis adlies that
departedfrom the null hypothesis of random recombinati@upplementary Table 4).
Upon clone correction, 9 of the Xubpopulations departddom the null hypothesis of
random recombinationAll subpopulations werghylogenetic incompatibilitywith the
exception of the Italgubpopulatiorthat failed to rejedhe hypothesis for complete clonality

104



Ph.D. Thesi§ Greg Korfanty McMaster Universityi Biology

Clinical populations are genetically differentiated

An AMOVA was conducted on the clinical populations. Across continents, we observed
statistically significant genetic differentiation present across the clinical datase0(156,

p-value = 0.001 and,: = 0.181, pvalue = 0.001 clone correctedlhe majority of the
variation was observed within populations (84.4% and 81.9% clone corrected) with the
remainder present among the populations (15.5% and 18.1% clone corréchexds
countries, we again observed statistically significant genetic differemtiptesent across

the clinical dataset«f: = 0.148, pvalue = 0.001 andp: = 0.155, pvalue = 0.001 clone
corrected) The majority of the variation was observed within populations (85.2% and 84.5%
clone corrected) with the remainder present among the populations (14.8% and 15.5% clone

corrected).

4.7.2 Supplementary figures
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Supplementary Figuré1: Minimum-spanning network showing the genetic relationship between MLGs from

A. fumigatudsolates grouped by geographic origin. The genetic distance between MLGs was calculated using
Bruvods genetic distance. Each node represents one ¢
to the number of identical MLGs. Nodes that are mometieally similar have darker and thicker edges,

whereas nodes genetically distant have lighter and thinner edges. Geographic origin grofuypedatus

isolates by(A) country and (B) continent. AF = Africa, AS = Asia, EU = Europe, OC = Oceania, NA = North

America, SA = South America, CMR = Cameroon, CAN = Canada, CHN = China, CRI = Costa Rica, FRA =
France, ISL = Iceland, IND = India, NLD = Netherlands, NZL = Neealdnd, PER = Peru, SAU = Saudi

Arabia.
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Supplementary Figuré2: Proportion of cloneorrectedA. fumigatussolates assigned by STRUCTURE into
two genetic populations amoi@pnadian regiongountries and continents. Admixed strains with assignment
identity less than 0.800 are coloured purple. n = the number of MLGs per population.
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Supplementary Figurd.3: Proportion ofA. fumigatusisolatesfrom genetic population onassigned by
STRUCTURE into twonestedgenetic populations amon@anadian regionsgountries and continents.
Admixed strains with assignment identity less than 0.800 are coloured purple. n = the number of MLGs per
population.
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Supplementary Figureh.4: Proportion of A. fumigatusisolatesfrom genetic population Zssigned by
STRUCTURE intothree nestedgenetic populations amon@anadian regionsgountries and continents.
Admixed strains with assignment identity less than 0.800 are coloured purple. n = the number of MLGs per
population.
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Supplementary Figuré5: Minimum-spanning network showing the genetic relationship between MLGs from

A. fumigatugsolates grouped by clinical or soil origin. The genetic distance between MLGs was calculated
using Bruvobds genetic distance. Each node represent
corresponds to the number of identical MLGs.
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Supplementary Figuré.6: Discriminant analysis of principal components (DAPC) of the clinical andAsoil
fumigatuspopulations representing the first discriminant function in an individual density pl@&. Almigatus
isolates were genotyped at nine microsatellite loci.
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4.7.3 Supplementary tables

Supplementary Tabded.1: AMOVA outputs and pairwisépt between full and cloreorrectedA. fumigatus
populations at country and continental levels.

Please click on the following link to access the table.
https://docs.google.com/spreadsheets/d/1e J6WCVWhEvnWc1HfGJQIrtkFZjVTi8HVwWEMIQbzEpvA/edit?usp

=sharing

Supplementary Tablé.2: Summary of clinically derived\.. fumigatusmultilocus genotypes (MLGs) among
continents and countries

Number Number MLGs represented

Continent Country of isolates of MLGs by 2 or more isolate Reference
Asia China 8 8 8 Ashu et al. 201&
India 22 14 1
Total 30 22 1

Europe Belgium 66 58 6
France 30 14 6
Italy 6 4 1
Netherlands 673 500 84
Norway 93 83 9
Spain 115 28 15
Switzerland 68 62 5
Total 1051 724 131
North America Canada 71 68 3 Ashu et al. 201
USA 45 30 7 Ashu et al. 201&
Total 116 98 10
World Total 1197 843 142

Supplementary Tablé.3: Summary of haploid diversity and private alleles among continents and country of
A. fumigatuslinical populations of across nine STR loci.

Clone Correctec

Continent Country Nat (NP?) Uh3 (+ SE) Uh (x SE)

Asia China 36 (0) 0.687 (0.076  0.687(0.076)
India 75 (1) 0.760 (0.024  0.881 (0.030
Total 93 (1) 0.818 (0.028  0.868 (0.028

Europe Belgium 148 (7) 0.857 (0.016.  0.859 (0.016
France 69 (1) 0.795 (0.019  0.846 (0.031

109


https://docs.google.com/spreadsheets/d/1eJ6WCvWhEvnWc1HfGJQlrtkFZjVTi8HVw6MIQbzEpvA/edit?usp=sharing
https://docs.google.com/spreadsheets/d/1eJ6WCvWhEvnWc1HfGJQlrtkFZjVTi8HVw6MIQbzEpvA/edit?usp=sharing

Ph.D. Thesi$ Greg Korfanty

McMaster Universityi Biology

Italy 19 (0) 0.378 (0.071  0.556 (0.100
Netherlands 263 (56) 0.855 (0.021  0.863 (0.020
Norway 146 (2) 0.805 (0.032°  0.811 (0.029
Spain 80 (1) 0.759 (0.031  0.799 (0.030
Switzerland 155 (8) 0.866 (0.022°  0.869 (0.022
Total 293 (116) 0.862 (0.022°  0.864 (0.020
North America Canada 154 (37) 0.890 (0.019  0.892 (0.018
USA 110 (2) 0.855 (0.023  0.878 (0.021
Total 201 (40) 0.909 (0.015  0.912 (0.016
World Total 335 0.863 (0.014  0.813 (0.016

Na = number of unique allelesross 9 loci2 NP =Number ofprivate allels; ® Uh = unbiased diversity =
( N/ ( NT 1)) wheere gisltie Egmuency of the ith allele for the populatib8E = Standard error

Supplementary Tablé.4: Modes of reproduction across continental and country Clinical populatioAs of
fumigatusestimated using standardized index of associatioh dnd phylogenetic compatibility. Data was
previously analyzed bgAshu et al., 2018; Ashu, et al., 2@).7

Clone Corrected Phylogenetic
Continent Country [ [ compatibility
Asia China 0.027 0.027 0.805
India 0.72€*** 0.039* 0.694***
Total 0.414%* 0.030* 0.250***
Europe Belgium 0.14&*** 0.107*** 0.00C
France 0.377*** -0.017 0.694***
Italy 0.72€*** 0.667*** 1.000
Netherlands 0.14C*** 0.137*** 0.00¢
Norway 0.12&*** 0.124*** 0.00C
Spain 0.44C*** 0.196*** 0.388***
Switzerland 0.09&*** 0.073*** 0.00C
Total 0.13€*** 0.135*** 0.000
North America Canada 0.11&5*** 0.101*** 0.083***
USA 0.265*** 0.102*** 0.166***
Total 0.131%** 0.086*** 0.00¢
World Total 0.144*** 0.144*** 0.00¢

* p-value< 0.05, ** p-value< 0.01, *** p-value< 0.001.
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Chapter 5

Variations in Sexual Fitness among Natural Strains of the

Opportunistic Human Fungal PathogenAspergillus fumigatus

Abstract Aspergillus fumigatuss a ubiquitousascomycetéungus,naturallyinhabitingthe
soil and compost piles. Its conidia readily disperseinto the atmosphereand cause
opportunisticinfections known as aspergillosis.With the emergingresistanceto many
antifungaldrugs,our understandin@f A. fumigatusepidemiologyhasbecomencreasingly
importantfor developingeffectivecontrolandtreatmenstrategiesAs a pathogercapableof
both sexual and asexualreproduction,mutationscausingdrug resistanceand increased
virulencecould be spreadrapidly in A. fumigatugpopulations However,relatively little is
known aboutthe distributionsof sexualreproductivefitness amongnatural strainsof A.
fumigatus Here we investigatedthe formation of sexual reproductive structure (i.e.
cleistothecia)and sexualsporeviability among60 naturalstrainsof A. fumigatus These
strainswere from six geographicallydistant countries(India, China, Canada,Cameroon,
SaudiArabia, and New Zealand),with 10 strains(including five MAT1-1 strainsandfive
MAT1-2 strains)from eachcountry. Thesestrainswere crossedin all combinationswith
strainsof the oppositemating type. In addition, all 60 strainswere crossedwith either
AFB62-1 (MAT1-1) or AFIR928 (MAT1-2), two referencesupermatestrains.Of the 900
crossesamongthe 60 natural strains, 136 crosses(15.1%) producedcleistothecia.Our
analysesrevealed that strains from China had the highest average ability to form
cleistothecia,followed by thosefrom New Zealand,Saudi Arabia, India, Canada,and
Cameroon.Among the crossesthat producedcleistothecia,about 40% producedviable
ascosporeswith the rate of ascosporegerminationvaried significantly among crosses.
Interestingly heitherthe ability to form cleistothecianor ascosporgerminatiorrateshowed
anydistinctrelationshipsvith eithergeographior geneticdistancebetweerparentaktrains.

Our resultssuggesthat geneticexchangeamonggeographicallyand geneticallydivergent
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strainsof A. fumigatusare possible.However,the ratesof geneticexchangdikely vary

amongstrainsandpopulationsn nature.

| was the first authordfr the studyin this chapterthefollowing paperhasbeenpublished:

Korfanty, G., Stanley K., LammersK., Fan,Y. Y., & Xu, J.(2021).Variationsin sexual
fitnessamongnaturalstrainsof the opportunistichumanfungal pathogenrAspergillus
fumigatus Infection, Genetics  and Evolution, 87, 104640.
https://doi.org/10.1016/].meegid.2020.104640

5.1Introduction

Sexual reproductionis a fundamental feature of most eukaryotes. Through sexual
reproduction,alleles from diverse sourcescan be combinedinto the same individual

offspring. The ability to undergosexualreproductionamong strainsand populationsof

organismss alsothe hallmarkof the biological speciessonceptIn contrasttheformations
of barriersleading to the inability to undergo sexual reproductionamong strains and

populationf organismarethehallmarksof speciationtheevolutionaryproces®of forming

distinctspeciesSpeciationis amongthe maindriversof biodiversityandis consideredne

of the fundamentaissuesin evolutionarybiology. At the geneticlevel, speciationoccurs
whenapopulationseparateffom othermemberf its speciesandaccumulatesndependent
geneticchangesleadingto reproductivasolation.Mechanism®f reproductivasolationcan

be groupedinto two broadcategoriespre-zygotic and postzygotic reproductiveisolation.

Prezygoticreproductivebarriersreferto thosethatprevenftertilizationfrom occurringwhile

postzygotic reproductivebarriersreducethe viability or fertility of hybrid offspring. For

severalreasons,fungi can be excellentmodels for studying reproductiveisolation and

speciation:(i) many fungi can be culturedand crossedn vitro, (ii) they are amenableto

experimentamanipulations(iii) theyhaverelativelysmallgenomesand(iv) theyoftenhave

broadgeographicahndecologicalranges(Giraudet al., 2008;Vogan& Xu, 2014) There

are severalknown fungal examplesof pre-zygotic reproductivebarriers|e.g. sexualand

heterokaryon(vegetative)incompatibilities] and postzygotic reproductivebarriers (e.g.
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meioticmutantsandsporekiller mutants)However despitehesepotentialadvantagedittle
is knownaboutthedistributionsof sexualreproductivdithessamongstrainsandpopulations

for mostfungi, includingthe medicallyimportantspeciesAspergillus fumigatus

Aspergillus fumigatuss a cosmopolitansaprophyticfungusfound worldwide, playing an
importantrole in decomposingrganicmaterialsandin nutrientcycling. Its naturalnicheis
soil, growingon organicdebrisandsporulatingabundantlyinto asexuakporesconidia,that
readily becomeairborne. Thesesporesare frequently inhaled by humansand in healthy
individuals, are eliminated by pulmonary defense mechanisms. However, in
immunocompromisetiosts,the hostimmunesystemcanfail to clearthe inhaledconidia,
which leadsto a groupof diseasegienerallytermedasaspergillosisAs such,A. fumigatus
isacommonopportunistigpathogenThefunguswaslong considerec@nasexuafungusuntil
2009whenits sexualcyclewasreported] O 60 G o etahag2009) Specifically,strainsof A.
fumigatusbelongto oneof two matingtypes,MAT1-1 and MAT1-2. Whenstrainsof these
two different mating types are crossedwith each other, cleistothecia the typical sexual
reproductivestructureof ascomycetepeciesmay be observedIn the original experiment
by O6 G o r ena.,{2009) it took aboutsix monthsfor two strainsto mateandgenerate
viable offspring,the ascosporesA subsequerdgtudyidentifieda moresuitableconditionas
well astwo strains AFB62-1 andAFIR928,thatwerecapableof completingthesexualkycle
muchfasterthanoriginally reportedoy O 6 G o r etred, 2009)(Suguietal., 2011) Strain
AFB62-1 was isolatedfrom a patientwith invasive aspergillosisn SanAntonio, Texas,
United Stateg AFB62-1) andit hasthe MAT1-1 matingtype. StrainAFIR928 wasisolated
from an environmentalsamplein Dublin, Ireland and it hasthe alternativematingtype
MAT1-2. Thesetwo strainscould mateandproducematurecleistotheciavith anabundance
of viableascospores four weeks(Suguietal., 2011) As aresultof their highfertility and
efficient reproduction strainsAFB62-1 and AFIR928 havebeenusedas referencestrains

(supermaterdpr geneticstudiesof A. fumigatus

Sexualreproductionin A. fumigatuss similar to thosein otherfilamentousascomycetes.

Specifically, contactbetweenthe hyphaeof parentalstrainswith different matingtypes
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(MAT21-1 andMAT1-2) leadsto cell fusionandthegeneratiorof heterokaryoticbyyphaeThe
nucleiof thetwo matingpartnerghenfuse,followed by meiosisto generatdéour recombinant
haploid nuclei. Eachof thesehaploid nuclei thenundergooneroundof mitosisto produce
eighthaploidascosporewithin eachascus.Theseasciandascosporeare containedwithin
sphericalfruiting bodies known ascleistotheciaandthey aretypically foundin the contact

zoneshetweerthetwo matingpartnercolonies( O 6 G o etah 22009)

Owing to increasesn the numberof immunocompromisegatientsandin the severity of
immunosuppressiviherapieoverrecentyearstherehasbeenadramaticrisein sufferersof
aspergillosigKosmidis& Denning,2015) Approximately10% of the time, this infection
becomesnvasiveand causegleathin up to 90% of casegChowdharyet al., 2013) The
presencef asexualcyclein A. fumigatusuggestsnutationsoriginatedin onestraincould
be passednto anotherstrainwith a different genotype enablingthe potentialcreationof
strainsthatareresistanto multiple drugsand/orwith newvirulencepropertiesin addition,
sexualrecombinationmay confounddiagnosticteststo track the spreadof A. fumigatus
genotypesnddrugresistancgeneqgAlvarezPereztal.,2010) However thereis currently
limited informationon sexualreproductivditnessamongnaturalstrainsof A. fumigatusAs
a result, the potential ratesof spreadof antifungal drug resistancegenesand virulence

propertiesvithin andamongpopulationsof this speciesareunknown.

Theobjectivesof this studywereto assessexualreproductiveability among60 strainsof A.
fumigatusobtainedfrom six geographicallydistinct populationsHere,sexualreproductive
ability betweenpairs of strainswere assayedasedon whetherthey were able to form
cleistotheciaand whether their ascosporesre viable. The ability to form cleistothecia
betweenmating partnersin A. fumigatuswas considereda successfulmating, with the
number of cleistotheciarepresentinga quantitative estimateof their mating ability. In
contrast,the inability to form cleistotheciarepresentedne form of reproductiveisolation
betweenthose strains. For strain pairs that formed cleistothecia,the viability of their
ascosporegepresentthe secondeatureof their sexualreproductivditness,with ahighrate
of ascosporggerminationsignifying a high postzygotic reproductivefitnesswhile a low
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germinatiorrateindicatingthe presencef a postzygoticreproductivebarrier.With dataon
thosetwo traits, we wereinterestedn whethergeographicallycloselylocatedstrainswere
morelikely to besexuallycompatiblewith eachother(i.e.,havingagreatembility to produce
cleistotheciaand producingmoreviable ascosporeghanthosefrom geographicallydistant
regions.In addition,we obtainedmultilocus microsatellitegenotypedrom all strains.The
relationshipbetweergenetiadistanceof the parentaktrainsandtheir sexualffitnesswill also

beanalyzed.

5.2Materials and Methods

5.2.1Aspergillus fumigatusstrains

Thetwo referencesupermatestrainsAFB62-1 and AFIR928 wereobtainedfrom Dr. June
Kwon-ChungatNIAID, NIH, USA. The60A. fumigatusstrainsassayedherewerecollected
from either environmentalor clinical sourcesfrom geographicallydistantregionsin the

following six countries:CanadaCameroonChina,India, New Zealand and SaudiArabia.

From eachcountry, we randomlyselecteden strainstotal, with five representingnating

type MAT1-1 andfive representindghe alternativematingtype MAT1-2 (The strainmating
types were determinedfollowing the proceduredescribedbelow). Strainsfrom Canada,
CameroonJndia, andNew Zealandhavebeenreportedpreviously(Ashu, Korfanty, et al.,

2017;Ashu,Kim, etal., 2018;Changet al., 2016;Korfanty et al., 2019) The strainsfrom

Chinaand SaudiArabia were recentlyisolatedfrom soil samplesof thesetwo countries,
following proceduresiescribedn Ashuet al., (2017) All strainswere genotypedat nine
highly polymorphicmicrosatelliteloci asdescribedelow. Informationaboutall 62 strains,
includingtheirstraincodesgeographi¢ocations matingtypes,andmultilocusmicrosatellite
genotypesare presentedn Table5.1. It shouldbe notedthat the 60 analyzedstrainswere
obtainedfrom limited locationsin eachof the six countries.Thus,while the 10 strainsfrom

eachcountrywererandomlyselectedor this study,they areunlikely representativef the
genotypesand sexual fithess featuresof A. fumigatuspopulationfrom each of the six

countries.
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Table5.1: Aspergillus fumigatustrainsusedwithin this study.Five MAT1-1 strainsandfive MAT1-2 strains
wereselectedrom eachof New Zealand SaudiArabia, CameroonHamilton (Canada)|ndia andChina. Two

supermatestrains,AFB62-1 and AFIR928, were alsoincluded,to give a total of sixty-two strains.Listed in

the table are strain ID, country of origin, specific regionwithin the country, approximatdatitude (Lat) and
longitude(Lon) coordinatesgcologicalorigin (eitherenvironmentabr clinical source) andtheir microsatellite
genotypeat nineloci.

ID Mating Type Region,Country Lat/long  Source 2A 2B 2C 3A 3B 3C 4A 4B 4C

C158 MATI1-2 Makepe,Cameroon 9.741/4.064 Enviro. 14 33 8 6 12 36 6 6 10
C304 MAT12  EloundemCameroot11.437/3.838 Enviro. 8 27 10 35 7 30 3 3 4
C308 MAT1-1 EloundemCameroor11.437/3.838 Enviro. 8 27 10 14 11 34 4 3 4
C322 MAT12  EloundemCameroot11.437/3.838 Enviro. 5 24 7 15 8 31 3 3 4
C372 MATI1 Mbalgong,Cameroot11.468/3.803 Enviro. 9 28 2 6 11 34 6 6 10
C428 MAT12  Simbock,Cameroon 11.475/3.821 Enviro. 5 24 7 14 6 50 3 3 4
C44 MAT1-1 Mbingo, Cameroon 10.29/6.164 Enviro. 5 24 7 25 7 31 3 3 4
C480 MATE1 ~ Mbandoumou, 4 ioais 761 Envio. 9 28 11 20 15 38 8 9 10
Cameroon
C65 MATL1  Bambui,Cameroon 10.232/6.015 Enviro. 9 28 11 20 13 38 8 9 10
C79 MAT1-2 Bambui,Cameroon 10.232/6.015 Enviro. 11 30 3 1 9 32 8 8 8
CF10 MATL1  StGeorgeCanada -80.25/43.271 Agri. 23 41 25 19 5 34 7 9 10
CM16 MATI1 St.GeorgeCanada -80.25/43.271 Agri. 13 32 1510 3 25 8 8 9
CM58 MATL2  St.GeorgeCanada -80.25/43.271 Agri. 10 28 12 32 11 6 7 8 9
Hclin-09 MAT1-2 Hamilton,Canada -79.856/43.26:Clinical 13 31 15 20 10 33 8 9 10
Hclin-21 MAT1-1  Hamilton,Canada -79.856/43.26:Clinical 10 29 12 20 12 32 11 8 9
Hclin-34 MAT1-2 Hamilton,Canada -79.856/43.26:Clinical 10 29 12 10 10 33 5 5 6
Hclin-42 MAT1-1  Hamilton,Canada -79.856/43.26:Clinical 23 41 25 6 2 25 14 6 10
M14 MAT1-2 Hamilton,Canada -79.919/43.26:Urban 17 36 19 26 10 51 7 7 15
M16  MAT12  Hamilton,Canada -79.919/43.26:Urban 23 31 14 30 14 33 9 9 6
P20 MAT1-1 Hamilton,Canada -79.786/43.27°Urban 11 29 13 10 28 21 15 7 8
AC10-2 MATI-2 é'r']?r?amouma'”s’ 101.37/24.206 Enviro. 18 25 16 27 11 26 21 10 4
AC3-3 MATIL1 é'r']?r?amouma'”s’ 101.37/24.206 Enviro. 21 17 11 36 22 25 9 9 9
AC3-4 MATL1 é'r']?r‘]’amouma'”s’ 101.37/24.206Enviro. 8 14 8 2312 9 6 4 4
AC6-5 MATI-1 é'r'ﬁr?amouma'”s’ 101.37/24.206 Enviro. 16 10 13 41 10 26 33 9 7
AC7-1 MATIL-2 é'r']?r?amouma'”s’ 101.37/24.206 Enviro. 9 10 11 21 13 21 10 7 4
AC84 MATIL1 (A:'r']ai‘r?amouma'”s’ 101.37/24.206 Enviro. 21 15 20 27 12 25 12 10 7
C25 MAT1-2 Fenyi,China 114.687/27.82Enviro. 16 10 14 24 10 21 7 7 6
C41 MATL2  Fenyi,China 114.687/27.82Enviro. 16 10 14 24 10 21 7 7 6
C4-2 MAT1-2 Fenyi,China 114.687/27.82Enviro. 16 10 14 24 10 21 7 7 6
C510 MATL1  Fenyi,China 114.687/27.82 Enviro. 16 20 26 30 12 17 11 7 7
11268 MAT1-2 New Delhi, India 77.222/28.598 Clinical 20 26 17 28 9 20 18 10 5
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11272  MAT1-2 New Delhi, India 77.222/28.598 Clinical 25 23 11 0 9 7 7 10 8
11591 MAT21-2 New Delhi, India 77.222/28.598Clinical 0 0 0 0 0 0O O O O
1162 MATI-1 New Delhi, India 77.222/28.598 Enviro. 14 20 9 31 9 10 8 10 28
1245 MAT1-1 New Delhi, India 77.222/28.598 Clinical 14 20 9 31 9 10 8 10 28
12581 MATI-1 New Delhi, India 77.222/28.598 Clinical 19 12 8 13 9 22 18 11 15
1384 MAT1-2 New Delhi, India 77.222/28.598 Enviro. 11 21 8 24 10 10 12 4 5
1388 MAT1-2 New Delhi, India 77.222/28.598 Enviro. 18 12 15 52 25 19 15 9 5
1437 MATI-1 New Delhi, India 77.222/28.598 Enviro. 14 20 9 31 9 10 8 10 28

1591 MATI-1 New Delhi, India 77.222/28.598 Clinical 14 20 9 31 9 10 8 10 28

A3-4  MAT12 L’;‘;?Q;f;ﬁd ég_‘ggga Enviro. 18 10 14 31 10 9 14 8 9
A6 MATLL  (USSATena ég%ggﬁx Enviro. 17 25 16 30 10 26 10 10 9
D2-6  MATZL2 Q:ﬁ\'/"zae”ja'):dmam’ égg;ﬁ{ Enviro. 19 10 13 24 24 19 7 7 4
D6-5 MATL1 Q:ﬁ\'/"zae”ja'):dmam’ égg;ﬁ{ Enviro. 17 20 21 27 42 20 7 8 7
M3-8  MATL2 R,”Q'V‘ir}“;i;’(;‘nﬁie'd’ ég_‘%g” Enviro. 19 10 13 24 24 19 6 7 4
M4-8  MATL1 mﬁgﬁ;@nﬁe'd' ég_‘;zgl’( Enviro. 11 18 8 29 8 9 7 9 19
R5-6  MATL2 Q:ﬁ\'/"zae”;;f‘é" éé“ézga Enviro. 18 10 10 29 12 21 9 8 4
Us-1  MATL1  AucklandUniversity, 7, 27/35 85 Enviro. 15 22 19 25 12 20 11 8 6
New Zealand

Mount Eden, 174.765¢ .
Vel MATER2 (00D e 36 677 Enviro. 11 18 9 26 8 9 14 8 9
Mount Eden, 174.765¢ .
Va8  MATEL (oD Ch 36 677 Enviro. 15 10 9 13 8 15 7 8 7
AML22 MAT12  Al-MadinahBast 59 o100 199 Enviro. 19 10 13 24 24 19 7 7 4
SaudiArabia
AML8L MAT:1  Al-MadinahBast, 59 o000 179 Enviro. 16 22 13 35 10 19 9 8 7
SaudiArabia
Jed22 MATI1-2 JeddahSaudiArabia 39.171/21.606 Enviro. 19 10 13 24 25 19 7 7 4
Jed47 MATL1  JeddahSaudiArabia 39.171/21.606 Enviro. 16 16 10 22 10 32 9 13 4
Jed57 MATL2  JeddahSaudiArabia 39.171/21.606 Enviro. 19 10 13 24 24 19 7 7 4
Jed70 MATL1  JeddahSaudiArabia 39.171/21.606 Enviro. 17 10 14 24 8 19 14 7 7
Jed71 MATL1  JeddahSaudiArabia 39.171/21.606 Enviro. 12 8 6 36 8 6 8 9 13
Jed75 MATL2  JeddahSaudiArabia 39.171/21.606 Enviro. 9 10 13 11 18 59 15 9 4
Yanl79 MATI1-2 Yanbu,SaudiArabia 38.067/24.088 Enviro. 19 10 13 24 24 19 7 7 4
Yan67 MATL1  Yanbu,SaudiArabia 38.067/24.088 Enviro. 19 13 11 18 10 7 6 4 5
AFB62 MATL1  SanAntonio, -98.492/29.42:Clinical 16 14 11 23 16 24 4 10 NA
United States
AFIR928 MAT1-2 Dubilin, Ireland -6.313/53.324 Enviro. 16 10 14 24 10 21 7 7 4
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5.2.2Mating-type identification and strain genotyping

For strainsfrom CanadaCameroon|ndia,andNew Zealandhatwerepreviouslypublished
by ourlab (Ashu,Korfanty,etal.,2017;Ashu,Kim, etal.,2018;Changetal.,2016;Korfanty
etal., 2019) their matingtypesandmultilocusmicrosatellitegenotypesvereobtainedfrom
thosereports For strainsfrom ChinaandSaudiArabia, their matingtypesandmicrosatellite
genotypesveredeterminedollowing protocolsdescribedn Korfanty etal., (2019) Briefly,
the matingtype of eachstrainwasidentifiedthroughPCRusinga 11.5uL reactionvolume
that contained 5 pL 2x GoTaq Master Mix (Promega), 0.32 pL AFM1 ( 5 Nj
CCTTGACGCGATGGGGTGE Ngnd AFM2 ( BCRICTCCTCATCAGAACAACTCG
3 Nigprward primers, 0.64 ¢ |AFM3 ( SCIKEGAAATCTGATGTCGCCACG3 Nyjgverse
primer, 3.72 yL nucleasdree H20, and 1.5 pL diluted genomicDNA. The PCR protocol
involvedadenaturatiorstepof 95°Cfor 5 min, followed by 35 cyclesof 95°Cfor 30seconds,
60°Cfor 30secondsand72°Cfor 1 min, andconcludedwith afinal elongatiorstepat 72°C
for 5 min. For microsatellitegenotypingat nineloci, we followed the protocoldescribedyy
de Valk et al. (2005) In brief, PCRon threeseparatemultiplex reactionswere conducted
whereeachcontainedthreeprimer pairs each.Capillary electrophoresisvas conductedon
the amplified productsto obtainfragmentlengths,andrepeatiengthswere determinedor
eachof the nineloci., following thatdescribecearlier(de Valk etal., 2005;Korfanty et al.,

2019) Only onestrain,Indianstrainl1591,wasnot ableto be genotypedn this study.

5.2.3Mating and cleistotheciaformation

The sixty naturalstrainsbelongedto two matingtypes,with 30 belongingto the MAT1-1

type andthe remaining30 belongingto the MAT1-2 type. Eachstrainwas matedwith 30

strainsof the oppositematingtype. Together 900 crosseqg30 x 30) were madeamongthe
60 strains(Table5.1). In addition,eachof the 60 strainswere matedwith eitherof the two

supermatersAFIR928or AFB62-1. As apositivecontrol,thetwo supermater&FIR928and
AFB62-1 werecrossedwith eachother.For a negativecontrol, eachof the 62 strainswere
crossedwith itself. In total, this yielded 1023 crossesincluding 62 self crossegnegative
controls),900 non-self crossesnvolving only our naturalstrains,and61 crossesnvolving

atleastonesupermater.
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Crosseswvere conductedon oatmealagar(12g/L agar,60g/L Quakeroatmeal),a medium
shownto bethe mostconducivefor matingin A. fumigatusoy previousstudies{ O6 Gor ma n
et al., 2009; Suguiet al., 2011) For eachcross,two dropsof conidia (5 pL each,~1000
conidia)of eachparentaktrainwerepipettedonto opposingendsof anoatmeakgarplate. A
strainwith an opposingmating type wasthen pipettedsimilarly suchthat both strainsare
perpendiculato oneanother(a representativesetup is shownin Figure5.1). Theseplates
weresealedvith parafiimandwrappedn stacksof five with aluminumfoil. Thestackswvere
incubatedat 30°C in the dark. The strainswould thengrow to coverthe plateand produce
crosslike junction zoneswheresexualmatingmay occur. The plateswereinspectedwice
in theinitial month,andfour timesduring eachsubsequentnonthup to sevenmonths.The
colony morphology presencef junction or barragezonesandthe presencendnumberof
cleistotheciafor each plate were recorded. The cleistotheciaformation rate for each
populationwascalculatedastheratio of successfutrosseoverthetotal numberof crosses
performed.n contrastto the methodoutlinedby O 6 G o r eteh (2009),the matingplates
were not hooveredprior to inspectionbut insteadwere scrapedwith the insulin needleto
exposecleistotheciaMating successateswere calculatedfor within and betweenpairs of
countriesln addition,thematingsuccessateswereseparatelgalculatedor thoseinvolving
the supermaterandthosewithout supermatersSexualfertility in this studywasassesseih
two ways:the presencer absencef cleistotheciaandthe numberof cleistothecigdormed

percross.
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Figure5.1: A representativerossshowingsuccessfumating.(A) Here,the crosswasbetweenA. fumigatus
strainJed7QqMAT 1-1 from SaudiArabia)andstrainD2-6 (MAT1-2 from NewZealand)10¢ Lof sporesolution

wasinoculatedon oatmeakgarmedium,wrappedn parafiimandincubatedat 30 °C in thedark.A darkgreen
lawn of conidiacoveredthe surfaceof the plate. Arrow indicatesa cleistothecium(a white dot) formedalong

the junction of two intersectingcoloniesof oppositemating typesafter four weeksof incubation.(B) 48x

magnificationimageof cleistothecia.

5.2.4Ascosporegermination

Crossesthat successfully produced cleistotheciawere examined for their ascospore
germinationsApproximatelythreeweeksaftercleistotheciaverefirst observedthreeto five
cleistotheciavere harvestedisinganinsulin needlefrom successfutrossesandsuspended
in 0.05% TWEEN 20 solution.Cleistotheciassuspensiongerethenvortexedfor 10 min to
releaseascospordrom cleistothecia Ascosporeconcentrationsvere adjustedto 2.00x16
cfu using the CountesE Il Automated Cell Counter from Thermo Fisher Scientific.
Vegetativecellssuchashyphaeandconidiaincidentallyattachedo the cleistotheciaandthe
needleswerekilled via heatingthe cell suspensionat 70°C for 60 min. 100 pL of each
ascosporesuspensiorwas plated on Sebouraud dextrose agé8DA) supplementedvith
chloramphenicohndincubatedat 37°C for 2-3 days.The percentagef viable ascospores
germinatedvascalculatedasthe ratio of germinatedsporesover the total numberof plated

spores.
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5.2.5Data analysis

The numbersof successfutrossesvere comparedamongthosefrom within andbetween
countries.Similarly, the ascosporegerminationrateswere comparedamongsuccessfully
matedcrossesrom different countries.The statisticalsignificancesof the differencesin
mating succesandin sporegerminationwere obtainedbasedon F i s hExactdestusing

theR packagecompanion(R CoreTeam,2020)

Aside from the abovepairwisetests,we alsoinvestigatedvhethergeographiaistanceand
geneticdistance(as estimatedoasedon microsatellitegenotypespetweenmating partners
might impact mating successand/or ascosporegerminationrates.P e a r scarmeldtisn
coefficientswere calculatedfor eachof the comparisonsHere, the geographicdistance
betweereachpair of strainswascalculatedn kilometersbasedon approximatdatitudeand
longitudecoordinateof eachstrain,usingthe R packagegeospheréR Core Team,2020)

The geneticdistancebetweeneachpair of mating partnersusedthe B r u vdistaree.The
B r u vdstdngancorporatesepeatizeinto thedistancealgorithmandassumes stepwise
mutationmodelfor microsatellitemarkersThescriptbruvo.distwithin the R packagepoppr
createda distancematrix betweenall pairwisestrains(Kamvaret al., 2014;R Core Team,
2020) The distancematrix containedvaluesrangingfrom O to 1, whereO indicatedan
identicalgenotypebetweerthe two parentalstrainsand1 indicateda theoreticalmaximum
distancef all allelesfrom onestraindifferedby aninfinite numberof repeatdrom all alleles
atthenineloci in thesecondstrain. Thevaluesgeneratedrom bruvo.distwereusedto create
a neighborjoining treefor all 61 genotypedsolatesusingthe R packageape (Paradis&

Schliep, 2019) KruskalWallace tests were conductedbetweengeographicand genetic

distancegroupsusingthe R packageggpubr(R CoreTeam,2020)

5.3Results

5.3.1Geneticsimilarity amongstrain populations

Among the 60 naturalstrainsanalyzedn this study,40 from India, New Zealand,Canada,
and Cameroorhavebeenreportedin previouslypublishedstudies.The remaining20 were

newlyisolatedwith 10 from Chinaand10from SaudiArabia.We successfullyobtainedthe
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microsatellitegenotypesof these20 strains.Basedon the genotypesof thesestrains,a
neighbo¥joining treeusing B r u vgertecdistancesamongthe strainswere constructed
shownin Figure5.2.0uranalyseshowedhatthe CamerooniaandCanadiarstrainsformed
aclusterdifferentfrom thosein four othercountries Thefour othercountriesveregenerally
inter-dispersedvith eachotheracrosgheremaindeiof thetree.Similarly, bothmatingtypes

wereinter-dispersedvith eachotheracrosghe neighbofjoining tree.

c3z2
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@ Canada S ca4
. C304
® China C308
. Hclin-34
® India C480
® New Zealand CB5
. . Hclin-21
® Saudi Arabia CM58
® Supermaters C158
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Figure5.2: Neighborjoining treeof A. fumigatusstrainsusedin this study.B r u vgengtgdistancebetween
all the parentalstrainswas calculatedusingthe shorttandemrepeat{STR) genotypef eachstrain. MAT1-1
strainsIDs arered, MAT1-2 strainIDs areblue. Countryof origin for eachstrainis representetby a coloured
circle. Scalebarrepresent§% geneticvariation.Indianstrainl1591wasnotincludedasits STRgenotypevas
notdetermined.
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5.3.2Mating and cleistotheciaformation

Of the 900 crossesnvolving the 60 naturalstrains,136 (15.1%)producedcleistotheciaFor

the61crosseshatinvolvedatleastonesupermatestrain,38(62.3%)producectleistothecia.
The crossbetweenthe two supermatersAFIR928 and AFB62-1 producedcleistothecia
within the expectedfour to five weeksas shown previously (Suguiet al., 2011) Also as

expectednoneof the 62 self crossegproducedany cleistotheciaAside from cleistothecia
formation along the junction zone for successfullymated crosses severalother colony

phenotypesverealsoobservedFor example crosseghatdid not produceany cleistothecia
hadseveralphenotypesthe mostcommonbeinga fairly homogeneoukwn of hyphaeand

conidia without cleistothecia.Other phenotypedncludedthe presenceof barragesat the

junction zonesof two matedstrainsor an altered coloration of conidial colour. A few

representativeolony phenotype®f selectcrossesareshownin Supplementaryigure5.1.

Among the crosseghat producedcleistotheciathe numberof cleistotheciavaried widely,

from lessthanfive to over100,dependingnthecross(Figure5.3). Within mostcrossesthe

majority of cleistotheciawere distributedacrossjunction zonesbetweenthe two parental
strains Lesscommonly cleistotheciaverepresentilongthe edgesand/orin thecenterof the

plate.Overall,the numberof observectleistotheciadependean the specificstrainsand/or

straincombinationgFigure5.3).
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Number of Successful Crosses
=3

Cameroon Canada India audi Arabia New Zealand China

Country :

Figure5.3: Thenumberof successfutrossegor eachof thesix countriesFor eachcountry,285 crossesvere

performedinvolving at leastonestrainfrom thatcountry. Successfutrossesveredesignatedy the presence
of cleistotheciaF i s hExactfestwasconductedor eachof the 15 pairwisecombinationsDifferent letters

representhattheir differencesarestatisticallysignificantatp < 0.05betweercountries.

Largevariationsin matingsuccessvereobservedamongindividual strainsoriginatingfrom
the samecountryandbetweerstrainsoriginatingfrom differentcountries Of the 60 strains,
4 failed to matewith any of the 30 strainsof the oppositematingtype,with theremainings6
strainssuccessfullynatedwith atleastonestrain.However,uponinclusionof thesupermater
strains,all strainssuccessfullymatedwith at leastone strain. The strain with the highest
matingsuccessvasC2-5 thatproducedcleistotheciavhencrossedwith 19 of the 31 strains
of oppositematingtype (61%). Interestingly crossesnvolving strainsfrom within thesame
countryhadanoverallhighermatingsuccessatethanthoseinvolving strainsfrom different
countries(Table5.2). Specifically, of the 136 crosseghat producedcleistothecia36 were
fromintranationatrossegoutof 150totalintranationakrossespr anoverallmatingsuccess
rate of 24%). The remaining100 successfucrosseswvere betweenstrainsfrom different
countries(out of 750 total internationalcrossespr a mating succesgate of 13.3%).The
intranationalmating succesgate was significantly higher than that of the international
crossegp-value=0.0016).
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Table5.2: Mating successate (%) betweenstrainsfrom within andbetweenthe six different countries.The
total numberof crossegperformedwithin eachcountry is 25 while that betweenany two countriesis 50.
Significantdifference,obtainedthroughF i s hExactd est,wasdenotedwhenp-value <0.05. Intranational
crossesare shown acrossdiagonalwith different superscriptshave significantly different mating success.
Internationaktrossedn theirmatingsuccessatesareshownbelowdiagonal Statisticallysignificantdifferences
betweerbothintranationalindinternationakrossesredenotedabovethe diagonalline attop right side.

Canada China Cameroon India New ZealancSaudiArabia

Canada 0? * * *

China 14 64° # *# #
Cameroon O 20 42 *

India 12 32 0 42 *

New Zealand 10 38 4 6 56° *
SaudiArabia 0 24 6 14 20 162
Supermaters 40 80 10 20 80 90

* = significanceonly with oneintranationakatewith the countriedistedin therow,
# = significanceonly with oneintranationakatewith the countriedistedin the column,

*# = significancewasobtainedwith bothintranationarates.

Of the six intranationalcrossgroups, China showedthe highestmating succesg64%),
followed by New Zealand56%),SaudiArabia(16%),andindiaandCameroor{bothat4%)
(Table 5.2). None of the 25 intranational crossesbetweenstrains from within Canada
producedcleistotheciaHowever,severalCanadianstrainsmatedsuccessfullywith strains
from China,India,andNew Zealand FurthermorecrosseshatinvolvedatleastoneChinese
strainhadthe highestmatingsuccessate (28.7%),accountingor over50% (79/136)of the
successfukrossesin contrast,crossesnvolving the Camerooniarstrainshad the lowest

matingsuccessate(5.8%),with atotal of 16 successfutrosses.

Mating successateswere further comparedbetweencrossesinvolving and crossesnot
involving the supermaterstrains (Table 5.2). As expected,at the population level, the
supermatestrainshadanoverallsignificantlyhighermatingsuccesshanthosenotinvolving
supermatestrains(p-value< 0.001).Interestingly,two strainsfrom southernChinaof the
MATI1-2 type, strains C2-5 and C4-2 had more successfulcrossesthan the reference
supermateof the MAT1-2 type, AFIR928. Specifically,out of the 31 crossesnvolving each
of thesehreestrainsC2-5, C4-2,andAFIR928,19,17,and15 crossesespectivelyproduced
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cleistothecia. However, the observed differences among the three strains were not

statisticallysignificant.

Aside from mating succesgasdefinedbasedon whetherany cleistotheciavas produced),
we also notedthe numberof cleistotheciagproducedin eachsuccessfucross.Our results
showedargevariationsamongthe 136 crossegFigure5.4).In generalacrossall countries,
the majority of crosseshad few cleistotheciafalling into the oneto five and six to ten
cleistothecigerplate.However,only eightsuccessfutrosseproducedetweerb0and100
cleistothecia.Thesecrossesinvolved strainsfrom China, New Zealand,and India. This
patternof cleistothecigroductionparallelstheobservednatingsuccessatesof thedifferent

geographigopulations.

Cleistothecia Amount

1to5
610 10
11t0 20
21to 50
51to 100

Number of Crosses

CAN CHN CMR ND
Cleistothecia Present

Figure5.4: The numberof cleistotheciadevelopedper crossseparatedbasedon the country of origin. To be

countedtoward a country, at leastone of the parentalstrainsin the crossneedsto comefrom that country.

Cleistothecidrom successfutrosseavere countedandweregroupedinto 5 rangeg1 to 5, 6 to 10, 11 to 20,

21t050,and51to 100).CAN = CanadaCHN = China,CMR = Cameroon|ND = India,NZL = New Zealand,

SAU = SaudiArabia.
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5.3.3Effect of geneticand geographicdistanceon mating success

We investigatedhe relationshipbetweengeographidistancebetweenparentalstrainsand
mating success. The geographic distance between parental isolates ranged from
approximatelyO to 1391 km (for intranationalcrosses}o a maxof 16 248 km (Cameroon
C79andNew ZealandD6-5 parentalstrains)andwasbinnedinto sevenrangesof 2500km
intervals.Thematingsuccessatewasdeterminedor all crosseshatfell into theirrespective
distanceange(Figure5.5A). Geographiaistancevasfoundto significantlyimpactmating
successate (p-value= 0.0385).However,uponadjustmenfor the numberof populations,
no significant differenceswere observedwithin the pairwise comparisonsamong the
different geographicdistanceranges.The effect of geographicdistanceon cleistothecia
productionwastheninvestigated Figure 5.6A). Successfutrosseswvere classifiedon the
numberof cleistotheciahey produced.Thesecleistotheciafangeswvere:1to 5,6 to 10,11
to 20, 21 to 50 and51 to 100. Overall, crosseghat producedoneto five cleistotheciahad
parentalisolateswith a significantly greatergeographicdistancethan those crossesthat
producedsix to ten or elevento twenty cleistotheciap-value < 0.001and p-value< 0.05
respectively).However, no other significant relationshipswere observedbetweenother

cleistothecialangeqdetailedanalysesot shown).

Similarly, the effect of geneticdistanceon mating successas investigated.The genetic
distanceébetweermarentaktrainsvasdeterminedndbinnedinto severrangegFigure5.5B).
Geneticdistancesignificantly influencedmatingsuccessate (p-value= 0.0035).However,
few significantdifferenceswere observedamongthe sevenbins of geneticdistancesThe
only one showingsignificantdifferencewith otherswasthe group of parentalstrainsthat
werebinnedinto the 0.565to 0.678geneticdistancerange.This grouphada significantly
lower matingsuccesshanthosebinnedinto the otherrangesThe effectof geneticdistance
on cleistotheciaproduction was also investigated(Figure 5.6B). However, unlike the
significanceobtainedwith geographiadistanceon cleistothecigproduction,no significant

relationshipsverepresenbetweerany of thefive cleistothecialangeqp-value=0.14).
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Figure 5.5: The effect of geographicand geneticdistancebetweenparentalstrainson mating successand
cleistothecidormation.GeneticdistancebetweerparentalstrainswascalculatedasB r u vdstaneeFi s her 6 s
exacttestwasconductedor boththe overallandthe pairwisecomparisondetweerthe sevendistancegroups

(bins). The numberaboveeachbar representshe total numberof crosseswithin eachbin. Different letters

above each bar representstatistically significant difference at p < 0.05 betweendistancebins. (A) The
percentage®f successfutrossewithin eachof the sevenbinnedgeographidistances(B) The percentagef
successfutrossesvithin eachof thesevenbinnedB r u vgen&tedistances.
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Figureb.6: Effectof geographi@ndgenetiadistance®n cleistotheciahumberin successfutrossesSuccessful
crossesvere separatednto five groupsbasedon cleistothecialnumber.KruskalWallis testfor significance
wasconductedetweengroups.Wilcoxon signedrank testdeterminecpairwisesignificancebetweengroups.
*Representsa p-value <0.05, ***Representsa p-value <0.001. (A) Cleistothecialnumber comparedto
geographidistance(B) Cleistotheciahumbercomparedo geneticdistance.
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5.3.4Ratesof germination succesamongsuccessfutrosses

Crosseghat producedcleistotheciaveretestedfor ability to produceviable ascosporesn
SDA medium (Table 5.3). Variable ascosporegerminationrates were observedamong
crossesOf the 136 successfukrossesascosporeshat were harvestedrom 55 of them
(40.4%)successfullygerminatedOf these55 crosses22 wereintranationalcrossegout of
36 total intranationalcrosseghat producedcleistotheciafor an overall rate of 61.1%that
producedany viable ascospore)The remaining33 were internationalcrosseqout of 100
total international crossesthat producedcleistothecia,for an overall rate of 33% that
producedany viable ascospore)The ascosporegerminationratesamongthe 55 crosses
rangedfrom 0.17%to 21.1%,with anaverageof 3.9% (= 4.78%).Similar to cleistothecial
developmentthere was a significant proportional difference betweenintranationaland
internationalcrosseghat producedviable ascospore§p-value= 0.0052)(Figure5.7). Here,
successfukrossesnvolving strainsobtainedfrom China, India and New Zealandhad a
significantly higher averagegerminationsuccessate than thoseinvolving strainsfrom
CanadasSaudiArabia, and CameroonNone of the crosseswith a Canadiarparentalstrain

producedviableascospores.

Table5.3: Germinationrate,in descendingrder, of the 55 crosseswith viable ascosporesGeographicand
geneticdistancebetweenparentalstrainsis listed in additionto the germinationrate of eachcross.CHN =
China,CMR = Cameroon|ND = India, NZL = New Zealand SAU = SaudiArabia.

VATLL WATEz Crossype TN B Sowant,
AC6-5 AC7-1 CHNXCHN 21.1(+23.26) 0.655 0

M4-8 A3-4 NZL X NZL  17.33(¢15.53) 0.556 16.06
AB-6 AC7-1  NZLXCHN  16.4(+19.84)* 0.556 10223.8
AC3-4 C41 CHNX CHN  14.33(+11.73) 0.546 1391.22
Jed_70 AML_22 SAUXSAU  111(15.02)* 0.722 320.71
AC3-4 C25 CHNX CHN  8.9(+8.8)* 0.616 1391.22
AC3-4  Jed 57 CHNXSAU g7(+9.13)* 0523 6334.24
U5-1 C4-2 NZL X CHN  8.67(x7.57) 0.533 9523.59
C510  Jed_75 CHNXSAU 75(:x12.99) 0.318 7553.5
1591 Cc25 IND X CHN  7.5(2.29) NA 3663.63
12581 AC7-1  INDXCHN  7(+x12.09*  0.276 2453.44
M4-8 R5-6 NZL X NZL  7(1.32) 0.533 12.11
12581 Cc42 INDX CHN  §.9(+7.79)+  0.557 3663.63
C44 Cc25 CMRX CHN 6.17(x1.04)  0.583 11098.3
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U5-1 V6-1 NZL X NZL  5.8(8.4)* 0479 3
M4-8 C2-5 NZL X CHN  4.67(x1.04) 0561  9513.35
1591 c41 IND X CHN  4.5(x4.3)* 0557  3663.63
M4-8 c41 NZL X CHN  4.4(x4.66)* 0556  9513.35
1162 A3-4 INDXNZL  433(+176) 05 12468.58
AC6-5  C42 CHNX CHN 3.83(x0.58) 0.375  1391.22
C510  C42 CHNXCHN 367(x0.76) 0.62 0

12581  C25 INDX CHN  3.5(2.18) 0.71 3663.63
AC3-3  C42 CHNX CHN  33(+3.9)* 0.59 1391.22
C510  Jed 57 CHNXSAU 267(x4.62) 0.484 75535
U5-1 R5-6 NZL X NZL ~ 233(+2.25) 0556  0.44
Us-1 A3-4 NZL X NZL ~ 2.3(¢1.96)* 0563  12.11
C510 AC102 CHNXCHN 213(2.17) 0637 139122
c44 C4-2 CMRX CHN 1.67(x1.61) 0.622  11098.3
AC6-5 C25 CHNXCHN  133(231) 0.72 1391.22
M4-8 AC7-1  NZLXCHN  1.33(x1.04) 0524  10224.7
AG-6 A3-4 NZL X NZL  1.3(+2.08* 0556 0

AC3-3 C41 CHNX CHN  1.17(x0.29)  0.59 1391.22
AML_81 A3-4 SAUXNZL  117(x029) NA 15547.1
AG-6 C25 NZL X CHN 1 (+0.87) 0552  9515.48
AC3-3 C25 CHNXCHN 083(x1.44) 0236 139122
C510  C428 CHNX CMR 0.83(x1.44) 0.606  11110.77
1437 A3-4 INDXNZL  083(+x0.58) 0.375  12468.58
M4-8 V6-1 NZL X NZL  0.83(+1.04) 0.358  15.13
C510 AC7-1 CHNXCHN (67(x0.76) 0461 139122
1162 AC7-1 INDXCHN  0.67(x0.76) 0.582  2453.44
M4-8 D2-6 NZL X NZL  067(+1.15) 0.484  13.49
1591 C4-2 IND X CHN  0.5(+0.5) 0.453  3663.63
Jed 70 A3-4 SAUXNZL  0.5(+0.87) 0.359 1542561
M4-8 M3-8 NZL X NZL  0.5(0.87) 0285 0

Us-1 AC7-1  NZLXCHN  0.5(0.5) 0.453  10233.46
D6-5 A3-4 NZL X NZL  0.33(x0.29) 0.318  12.51
1162 Cc41 INDXCHN  033(0.29) 08 3663.63
1245 AC7-1  INDXCHN  0.33(x0.58) 0.586  2453.44
M4-8 AC102 NZLXCHN 033(x029) 0644  10224.7
M4-8 C4-2 NZL X CHN  0.33(x0.58) 0.656  9513.35
U5-1 C25 NZL X CHN  033(x0.58) 0434 952359
AC3-3 Jed 57 CHNXSAU 0.17(x0.29) 0.194  6334.24
AC3-4  A3-4 CHNXNZL  017(x029) 0.385  10223.8
AC3-4 AML 22 CHNXSAU 0.17(x0.29) 0538  6210.75
C510  C25 CHNXCHN 017(x029) 0561 0
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Figureb.7: Percentagef viableascosporebasecn geographioriginsof parentaktrains A. fumigatusstrains
originatedfrom six countries:China,New Zealand SaudiArabia, India, CanadagndCameroonA total of 55
crossesontainedviable ascosporeasdeterminedasedon their ability to germinateon SDAmedia.Fi s her & s
Exact testwas conductedfor eachof the 15 pairwise combinations Different lettersrepresentstatistically
significantdifferenceof p < 0.05betweercountries.

Amongthe 56 strainsthatproducedleistotheciawith atleastoneotherparentalstrain,only
30 of thesehad viable ascosporgrogenywhen crossed.Interestingly,strain C2-5 to be
involved in the highestnumberof crosseghat producedviable progeny.Along with the
MAT1-1 strainM4-8, strainsC2-5 and M4-8 eachproducedviable progenyin 10 different
crosses.The supermaterfAFIR928 and AFB62-1 parentedviable progenyin 11 and 15
crossegespectively.The supermatecontrol had a germinationrate of 9.83% (+ 4.04%).
Indeed,the germinationrateswere quite variable betweencrosseswhereonly 5 (9.09%)
crossediadabovel0% germination Within a cross,ascosporefom differentcleistothecia
alsoshowedhighly variablesporegerminationrates.Among the top five crosseswith the
highest ascosporegermination rates, four were intranational and only one was an
internationatross Of thesantranationatrossestwo involvedChinesestrains pneinvolved
New Zealandstrainsandthelastinvolved SaudiArabianstrains. Theonly internationaktross

producinghighly viable ascosporewasbetweera New Zealandstrainanda Chinesestrain.
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5.3.5Effect of geneticand geographicdistanceon germination success

Parallelto our investigationon the relationshipbetweengeographic/genetidistanceand
mating success,the relationshipsbetween these two-distance metrics and ascospore
germinatiorrateswerealsoinvestigatedHere,the geographiaistancevassimilarly binned
into sevenrangesof 2500km intervalsandthe crosseshat producedany viable ascospores
were placedin their respectivebins (Figure 5.8A). Similar to mating successgeographic
distanceébetweerparentabktrainswerefoundto besignificantlycorrelatedvith theirprogeny
ascosporgerminationsuccesgp = 0.005). Specifically, ascosporesrom parentslocated
betweenl2,500km to 15,000km aparthadno germinationsuccesswhich wassignificantly
differentthanintranationakrosseg0 to 2500km range).This suggestshatparentalsolates
thatweregeographicallycloserto eachotherweremorelikely to produceviable ascospore
progeny.However,no correlationwas observedbetweengeneticdistanceof the parental

strainsandthe germinationsucces®f their ascospor@rogeny(p = 0.647)(Figure5.8B).
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Figureb5.8: Theeffectof geneticandgeographialistanceon ascosporgerminationsuccessk- i s hegactt@ss
wasconductedor bothoverallandpairwisebetweerthe sevendistancegroups(bins). Thenumberaboveeach
bar representshe total numberof crosseswithin eachbin. Different lettersrepresenstatistically significant
differencesat p < 0.05betweendistancebins. (A) The percentag®f germinationsuccessvithin eachof the
severbinnedgeographiaistances(B) The percentagef germinationsuccessvithin eachof theseverbinned
geneticdistances.
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We alsoinvestigatedhe potentialrelationshipbetweengeographicgeneticdistanceof the
parentalstrainsand the ascosporegerminationrate for only the 55 crosseghat produced
viableascosporeszigure5.9showsthenegativecorrelationbetweerthegeographialistance
of the parentalstrainsand ascosporggerminationrate of these55 crossesHowever,the
relationshipwas statistically not significant (p-value = 0.2023). By contrast,a positive
correlationwasobservedetweerthe geneticdistanceof the parentaisolatesandascospore

germinationrate (Figure 5.10). Again, this correlationwas statistically not significant (p-
value=0.1427).

w

Average Germination Rate (%)

0 5000 10000 15000
Geographic distance (km)

Figure 5.9: Relationship betweengeographicdistance of parental strains and their progeny ascospore
germinationrate. The geographidistance(km) betweerthe 55 parentalstrainpairswascalculatedusingthe
latitudinal andlongitudinal coordinatef eachstrain. This distanceis plotted againstthe germinationrate of
theoffspringascosporeEachdatapointrepresenttheaverageof 3 to 5 repeatsLinearmodelp-value= 0.202.
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Figure 5.10: The relationshipbetweengenetic distancebetweenparentalstrain pairs and their offspring
ascosporgerminatiorrate.B r u vgen@tidistancebetweerparentaktrainpairsin eachof the55 crosseshat
producedascosporewascalculatedusingthe shorttandenrepeaf STR) genotype®f eachstrain. Thegenetic
distancewasplottedagainsthe germinatiorrateof the offspringascosporegalculatedrom anaverageof 3i 5

repeatsRedandblue circlesareinternationalandintranationalcrossegespectively Linear modelp-value =
0.1427.

5.3.6Correction for the low sexuallyfertility presentwithin distant populations
Ourresultssuggestedhattherewashigh variability in sexualfertility within andamongour
studypopulationsThis variability wasparticularlyobviouswithin the Canadiarpopulation,
ascrossesnvolving Canadiarstrainsexhibitedmuchlower fithessin termsof both mating
successand ascosporgerminationthanisolatesfrom other populations.As the Canadian
populationwasthe mostgeographicallydistantpopulationusedin our study,thelow mating
succes®f thestrainsin this populationscouldhavecontributeddisproportionallyto someof
the observeccorrelations.To correctfor this potentialbias,we analyzeda subsebf strains
that produced6 to 10 cleistothecigFigure5.4) from eachstudy populationand performed
the correlational analysis with both geographicand genetic distances.The 6 to 10
cleistothecialrangewas chosenas it representech low to moderatemating successand
containedenoughcrossedor analysis.
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The relationshipbetweengeographic/genetidistancefor crossesthat produced6 to 10
cleistotheciavasinitially investigated Supplementaryigure5.2). Similar to Figure5.5A,
geographiadistancewas significantly correlatedwith mating succesqp-value = 0.0350).
However nosignificantdifferencesvereobservecaamongtheseverbins.In addition,similar
to Figure 5.5B, geneticdistancewas significantly correlatedwith mating succesgate (p-
value= 0.0005).Furthermorethe bin with parentalstrain geneticdistancebetween0.565
and0.678showedower matingsuccesshanthebinswith closergeneticdistanceg0.226to
0.339and0.452to 0.565).

Next, we investigatedhe relationshipbetweengeographic/genetidistancefor crosseghat
producedb to 10 cleistotheciaandthe percentagesf viable ascosporethatthey produced
(SupplementaryFigure 5.3). Again, similar patternsto Figure 5.8A and B, geographic
distancewassignificantly correlatedwith ascosporgerminationsuccesgp-value= 0.005).
The0 to 2500km rangehadsignificantlymorecrosseshatproducedviableascosporethan
the 2500to 5000km range.No significantdifferencesbetweenthe remainingrangeswere
observedWith regardgo geneticdistancesno significantrelationbetweergeneticdistance

andthe productionof viableascosporewasobservedp-value= 0.2024).

Lastly,weinvestigatedvhethemgeographior genetiadistancevascorrelatedvith ascospore
germinationratefor crosseghatproducedb to 10 cleistothecig Supplementaryigures5.4
and5.5).Similarto bothFigures5.9and5.10,significantcorrelationsvereobservedor both
geographi@andgeneticdistancewith ascosporgerminatiorrate(SupplementarfFiguress.4
and5.5; p-value= 0.3454and p-value = 0.1217respectively).In summary,the subsetof
crosseghat produced6 to 10 cleistotheciashowedsimilar correlationsto geographicand
genetidistancessthosebasednthetotal sample Bothtypesof analysesevealedhotential
effectsof geographiandgeneticdistance®f their parentalstrainson sexualfitnessin our

crosses.
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5.4 Discussion

This study investigatedthe potential presenceof pre- and postzygotic isolation between
geographicallydistantA. fumigatusstrainsandpopulations Sixty isolatesthat containedan
evendistribution of both MAT1-1 and MAT1-2 were analyzed,ten from eachof the six
countriesandcrossedn all 900 combinationsTwo supermatecontrolswereadditionally
crossedwith eachparentalstrain. Crosseghat involved Chinesestrainsdemonstratedhe
highestaveraganatingsuccessn termsof cleistotheciadevelopmentBy contrastcrosses
involving Canadiarand Camerooniarstrainshadthe lowestmating successAdditionally,
the potential effects of geographicand geneticdistancebetweenparentalstrainson both
mating successand ascosporgerminationrate were investigated Our analysesdentified
thatthe origin of a parentalstrain could significantly influenceboth matingandascospore
germinationsuccessesOverall, an increaseof geographicor genetic distancebetween
parentabktrainsgenerallyledto adecreasé bothmatingandascosporgerminatiorsuccess.

Belowwe will discusourresults.

A large proportionof crosseg84.9%)did not produceany cleistothecia.The phenotypes
associateavith thesecrossesangedfrom a standardyreensuedelike lawn of myceliaand
conidiato growthinhibition alongthejunction zonesandalteredconidial pigmentsfor both
parentaktrains.Vegetativeincompatibility hasbeenstudiedandshownpreviouslyin fungal
andAspergillusliterature(Bruggemaretal., 2003;Glass& Kaneko,2003) Thephenotypes
observedwithin our studyhad characteristielementsf vegetativeincompatibility. These
include hyphalrepulsionor deadlockacrossthe junction zone(Falconeret al., 2008; Glass
etal.,2000) suggestetly thelack of myceliaacrosghejunctionbetweerthe parentaktrains.
In someof the crossesincreasednycelialgrowthat the junctionzonewasfound,forming a
barrage,where mycelia from the parentalstrainsdevelopedinto an elevatedridge at the
junction zone.The biological significanceof the morphologicalchangesbservedereare
notknown.In nature myceliaof differentfungalspeciesareknownto competaegularlyfor
resourcesy eitheroutgrowingor inhibiting competitorspeciegUjor et al., 2018) These
mechanismsnclude pigmentation mycelial production,sealingof septa,up-regulationof

hydrophobiccompoundsandthereleaseof secondarynetabolitesinterestingly the colony
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morphologicalchangeswvere observedn both intranationalandinternationalcrossesThe
broad distributions for these phenomenasuggestpotentially sharedgenetic basesthat

contributeto their development.

Within this study, relatively few crossesmated successfullyto produce viable sexual
offspring. Similar observationsn low mating successate havebeenfoundin otherfungi
(Barrettetal.,2009;Yanetal.,2002) Onepossibilityfor thelimited successnayberelated
to our samplingandto thereproductivehistory of individual strains.For example the plant
pathogerMelampsordini consistedf two lineageswhereonewaspredominantlyasexual
and the other was sexual and asexual(Barrett et al., 2009) Recombinantand clonal
populationsof the yellow rust fungus Puccinia striiformis f. sp. tritici have also been
identifiedin differentcontinentgAli etal.,2010) Clonalstrainsof A. fumigatusstrainshave
beenobservedin both clinical and environmentalpopulations(Chowdharyet al., 2012;
Guineaetal., 2011) Thus,i t pdssiblethatmanystrainsof A. fumigatususedin our tests
hadbeenreproducingasexuallyandlost the ability to mate.Thelossof sexualreproduction
ability hasbeenexperimentallydemonstratedh the humanpathogenig/eastCryptococcus
neoformangXu, 2002) Specifically,in experimentapopulationsof this yeastsubjectedo
600 generationsof asexualreproduction,severereductionsin sexualreproductiveability
wereobserved Xu, 2002) Thelossof sexualreproductionrwasalsoseenin Magnaporthe

oryzaeafter10to 19 asexualjenerationgSalehetal., 2012)

Within our analyzedsamplesthe Chinesestrainshad the greatestpropensityto develop
cleistotheciacomparedto all other populations,whereasthe fewest successfulcrosses
involved parentalstrainsfrom, Canadaand Cameroon(Figure 5.2). Interestingly,both the
Canadianand CameroonianA. fumigatuspopulationswere previously shownto have a
distinctgeneticmakeupwhencomparedo othergeographi@opulationgAshu,Korfanty, et
al., 2017; Ashu, Kim, et al., 2018) Additionally, the Canadianpopulationwas shownto
containstrainsthatareamphotericirB tolerant,possiblydueto historicalselectioror genetic

drift of the Canadiarpopulation.
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It is temptingto speculateéhatthe observedyeneticdifferentiationsof thesetwo geographic
populationgrom otherpopulationshasedon microsatellitemarkersalsoreflecttheir sexual
reproductivasolations.Indeed thesetwo geographigopulationamay be closeto complete
their speciationprocessHowever,despitethe limited mating successand low ascospore
germinatiorrates geneticexchangdetweerstrainsfrom CanadandCameroorwith strains

from othergeographiareasarestill possible.

Our resultsindicatedlow levels of ascosporeyerminationbetweensuccessfukcrossesin
total, 81 of the 136 crossesthat producedcleistotheciayielded no viable ascospores,
suggestingsomeform of postzygotic reproductiveisolation. In addition, for crosseghat
producedviableascosporesheascosporgerminatiorratesamongcleistotheciaf thesame
crosscandiffer greatly.Overall,thegerminatiorrateof A. fumigatusascosporem our study
differedfrom thosefrom previousstudiesForexampleO 6 G o r etah, (2009) foundthat
offspring from an AfRB2/AfIR956 crossgerminatedat a rate of approximately50.5% (+
3.4%).This wasconsiderablijhigherandlessvariablethanwhatwasobservedn our study.
Whencharacterizinghe supermatepair, Suguiet al., (2011) found that the proportionof
viable ascosporescreasedvith the ageof the cross.In our study, cleistotheciagrom the
supermatecrosswereobservedfterfour weeksandharvestedhreeweels later, similar to
that reported previously by Sugui et al., (2011) However, while a 40% ascospore
germinatiorratefrom thesupermatepairwasobservedy Suguietal., (2011) only a9.83%
(= 4.04%) germinationrate was observedn our analysisof this cross.Other Aspergillus
speciesalsohaveshownvariablegerminatiorrates.A. lentulusstrains upondiscoveryof its
sexualcycle, hadlow matingsuccesamong,whereonly 4 of 14 (28.6%)crossegproduced
cleistotheciafter3 weeks.An additionald weeksof incubationincreasedhesuccessateto
35% (Swilaimanet al., 2013) In addition a low fertility rate hasbeennotedin A. terreus
whereonly 8.3% of crosseswere viable (Arabatzis& Velegraki,2013) At present,the
mechanismsinderlyingtheseadifferencesaareunknown.However severafactorsmighthave

contributedto thediscrepancyandthelow ascosporgerminationratesin our study.
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Dependingon the species,the germinationof sexualfungal sporescan be initiated by
subjectingthe sporesto specific environmentalconditions. Within the current study, as
suggested O 6 G o etal.a2009;Suguietal., 2011) 70 °C heatshockfor onehourwas
usedto stimulateascosporggermination.However, heatshocktemperaturausedin other
ascomycetespeciesvary, and 70 °C may not be the mostoptimal temperaturdor someof
the crossesin A. fumigatus For example,in Neosartoryafischeri and Talaromyces
macrosporusthe heat shock temperatureand duration requiredto germinateascospores
varieddependingon the structureand compoundswithin the cell wall (Wyatt et al., 2015)
with a recommendedheatshockof 85 °C for 2 min that resultedin ~94% of ascospore
germinationrateswithin both speciesAnotherascomycetelMonosporascusannonballus
is presentin the soil rhizosphereand required actinomycetesto prompt ascospore
germinationin 25 °C to 35 °C (Stanghelliniet al., 2000) In basidiomycetes|ower
temperaturesare usedto germinatebasidiosporesThe study by Forsytheet al., (2016)
investigatedthe basidiosporeggerminationratesin six C. neofomansand C. deneoformans
intraspecificandinterspecificcrossesThey found that overall, greatergeneticdifferences
betweenparentalstrainswererelatedto decreaseaffspring basidiosporgerminationrate.
Interestingly thelowestbasidiosporgerminatiorratewasobservedhehighesttemperature
of 37 °C comparedo both23 °C and30 °C. Thevariationsin sporegerminatiorrateamong
crossesat different temperaturegnd other conditionscould have contributedto the low
ascosporgerminationobservedn this study. At present,studieson A. fumigatussexual
cycleused70 °C asthe optimal heatshocktemperatureéo germinateascosporefl_osadaet
al., 2015; 006 Go r ehal.n2009; Sugui et al., 2011) However, parentalstrainsof A.
fumigatusrom differentgeographi@andecologicalpopulationsmayproduceascosporethat

germinateunderdifferentoptimal conditions.

Secondly,the low and variable germinationrate may be associatedwith our specific
experimentaprocedure When extractingcleistotheciafrom mating junctions,the asexual
conidiasporesnaystickto thesurfaceof cleistotheciaWhile treatmentt 70 °C for onehour
can effectively destroyall contaminatingconidia, someof the conidiamay be includedin

cell counts.In our study, after heatshock,the concentratiorof ascosporesasdetermined
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by a cell counter. Becauseascosporesare larger than conidia (415 € mand 2i3 € m
respectively)(Kwon-Chung & Sugui, 2013; 06 Go r ehal.n 2009) the identification
parameteof the cell counterwassetbetweerthe4i 5 ¢ nrange However,it is possiblethat
clumpedconidia were countedand thereforeartificially inflated the concentrationof the
ascosporasolutions thusleadingto decreasederminationcounts.While the contaminating
conidiamight decreaseur estimatef sporegerminationrates,someconidiamight also
survive the 70 °C heatshocktreatmentand lead to increasedsporegermination.in our
preliminarypilot experimentthe70 °C heatshockof aconidiasolutioncontainingthousands
of conidiayieldedno to very few colonieson SDA medium.However,asa 0% germination
rate was seenin threereplicatesfor many crosseghat producedcleistotheciajt is highly
unlikely that any viable conidiacontributedpositively to the observedsporegerminations.
Thisresultis consistentvith the observatiorthatheattreatmentt 70 °C for 30 min resulted
in 100% conidial inactivation, without affecting the viability of ascosporegSuguiet al.,
2011)

Third, variableascosporgerminationrate may alsobe impactedby meiosisandascospore
developmentin A. fumigatusascosporesriginatefrom anascusnothercell thatunderwent
meiosisfollowed by one round of mitosis. The eight ascosporesvithin an ascustherefore
originatefrom the samemeioticeventanddifferentasciundergandependenineiosis If the
parentalstrainshaddifferentchromosomastructuresuchasinversionsandtranslocations,
different meiotic events would produce progeny spores with different chromosomal
complementsvith someof the combinationsnot viable (Sun& Xu, 2009;Vogan& Xu,
2014) The proportionsof inviable ascosporedependon wherecrossingovershappenand
how differentchromosomese-assortwith eachother(Kassimet al., 2016) Chromosomal
structuralpolymorphismshavebeenfrequentlyreportedin fungi (Zolan, 1995) However,
the chromosomastructuresof the 60 A. fumigatusstrainsanalyzedhereare not known at

present.

Overall, our analysesshowedthat geographicdistancehad relatively low but significant

influenceon ascosporgerminationrate. This resultis consistenwith resultsfrom recent
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populationgeneticstudieshatshowedrecentglobal migrationof A. fumigatusamongmany
geographigpopulations Recentgeneflows makethe currentgeographiadistancesamong
strainsnotaninformativefeatureof their historicalgeographigsolation(Ashu,Hagenetal.,

2017;Korfanty etal.,2019) Othergeneraof fungi thataremorelimited in globalgeneflow

havecontrastingresults,as demonstratedy Dettmanet al., (2003)in a parallelparadigm
work. Heretheauthordanvestigatedhe sexualdivergencewithin specie®f thefungalgenus
Neurosporausing929 crossesThe authorsusedtwo specief NeurosporaN. crassaand
N. intermedia andcrossedothwithin andbetweerspeciedo testtheir ability to recognize
speciesTheyassessetherelationshipbetweerthebiologicalspeciesecognition(BSR)and
phylogeneticspeciesrecognition (PSR). The parentalstrainswere obtainedfrom distant
geographicalregions and had high genetic variability. The authorsidentified that both
increasedjeneticandgeographidistancebetweerparentaktrainssignificantlyyieldedboth
lower matingsuccessindreducedprogenyviability. Parentabtrainsthatwereclassifiedinto

differentspeciedy theauthorsalsoyieldedvery low sexualfertility.

Severaktrainswithin this study,particularlythosefrom China,werecapableof matingwith
bothgeographicallyandgeneticallydistantstrains.The presencef viableoffspringsuggests
reproductivecompatibility anda lack of reproductivebarriersbetweerthosestrains.Given
the high level of geneflow and recombinationbetweenboth geneticand geographicA.
fumigatuspopulationg Ashu,Hagen etal., 2017) the sexualcompatibility at leastbetween
certainstrainssuggesthatvirulenceanddrugresistancgenesoriginatedn oneregioncould
be spreadto othergeographiaegions.For example within our study,the Canadiarstrain
CM16 successfullymated with the Indian strain 11272. Amphotericin B resistanceis
widespreadn the Hamiltonpopulation(Ashu,Korfanty, etal., 2018)andhigh-level triazole
resistancas prevalentwithin the Indian population(Chowdharyet al., 2012) Successful
offspring betweenthesetwo populationcould produceoffspring that are resistantto both
classe®f drugs.In anothestudy,Campsetal., (2012)demonstratethatA. fumigatustrains
containingthe TR34/L98Hmutation,which confersazoleresistanceareableto outcrosgo
azolesusceptiblestrains.Consideringhattheresistanstrainsusedweregeneticallysimilar

and lessdiverse,the resistantstrainswere still capableof crossinginto different genetic
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backgroundsThe authorsalsodemonstratedhat the TR34/L98H mutationwas capableof
being transferredto the progenyof a crossinvolving a susceptibleand resistantstrain.

Continuougmonitoringis neededn orderto evaluateheseandotherpossibilitiesin nature.

5.5Conclusions

This study investigatedthe extent of both pree and postzygotic isolation between
geographicallydistantpopulationsof A. fumigatusin total, of the 900 crossesnvolving 60
strainsfrom six differentcountries, 136 crossesuccessfullyproducedleistotheciaOverall,
intranationalcrossesdevelopedmore cleistotheciathan internationalcrosseswith strains
from China and Cameroonproducingthe mostand leastaveragenumberof cleistothecia
respectivelyViable offspring were obtainedfrom 55 of the 136 successfumatedcrosses.
Theparentaktrainscapableof matingandproducingviableoffspringspanbroadgeographic
regions Ouranalysesevealedhatthegerminatiorrateswerehighly variableamongcrosses
andamongrepeat®f thesamecross.Thoughtheobservedscosporgerminatiorrateswere
overall low, our resultsindicated that genetic exchangedetweenstrains from diverse
geographicand geneticbackgroundsre possible Furthermorewe would like to notethat
only 10strainswererandomlyselectedrom eachof the six countriesfor this study,thus,our
observationamight not accuratelyrepresentall A. fumigatuspopulationsfrom thesesix
countries.Expandedanalysesand active surveillanceare neededn orderto examinethe
extent of genetic exchangeamong geographicpopulationsand genetic clustersin this

importanthumanfungal pathogeratthegloballevel.

5.6 Funding

This study was supportedby grantsfrom the Natural Sciencesand EngineeringResearch
Council (NSERC)of Canadaly the Ontario GraduateScholarshipandby the Institute of
InfectiousDiseasefesearctat McMasterUniversity

5.7 Declaration of Competing Interest
We declarethat we have no competinginterestassociatedvith this study, commercialor

otherwise.

153



Ph.D. Thesi$ Greg Korfanty McMaster Universityi Biology

5.8 Acknowledgemens

We would like to thank Dr. Eta Ashu for the acquisitionof A. fumigatusisolatesfrom
Cameroorand CanadaRenadAljohani for the soil acquisitionfrom SaudiArabiaandDr.
Anu Chowdharyfor the strainsoriginatingfrom India. We would like to thankall members
of theJianpingXu lab for their helpandsupportduringthis project.

5.9 Supplementary Figures

Supplementaryigure5.1: Representativ@inction zonephenotypeshatproducedo cleistothecia(A) Cross

betweerthelndianstrainl2581andthe CanadiarstrainM14. (B) Barrageformationin thecrosshetweenC437

andHclin-09. Arrow designatepositionof the elevatedidge of the barrage(C) Altered colony pigmentation
in the crossbetweerthe SaudiArabianstrainYan67andthe New ZealandstrainR5-6. Arrow designatesrea
of no conidialproduction.(D) Lack of conidialgrowth betweerthe CanadiarstrainM16 andthe Cameroonian
strainC322.
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Supplementaryrigure5.2: The effectof geographiandgeneticdistancebetweenparentalstrainson mating
successand cleistotheciaformation for crosseshat produced6 to 10 cleistotheciaF i s hexactfestwas
conductedfor both the overall and the pairwise comparisonsetweenthe 7 distancegroups. The number
representsotal amountof crosseswithin eachbin. (A) The percentagef successfutrosseswithin 7 binned
geographidistances(B) The percentagef successfutrossesvithin 7 binnedgeneticdistances.
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crosses that produced 6 to 10 cleistothecia. Fisher
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statistical significance of p < 0.05 between countries. (A) The percentage of germination success within 7
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Supplementaryigure5.4: Geographidistanceeffectson ascosporgerminationrateof crosseshat
producedb to 10 cleistotheciaThe geographiaistancekm) betweerthe 55 parentaktrainswascalculated
usingthelatitudinalandlongitudinalcoordinate®f eachstrain.This distances plottedagainsthe

germinatiorrateof the hybrid offspring, calculatedrom anaverageof 3 or 5 repeatsLinearmodelp-value=
0.3454.
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Supplementaryigure5.5: Geneticdistanceandascosporgerminationrateof crosseshatproduceds to 10
cleistotheciaB r u vgeng&tedistancebetweerthetwo parentalkstrainsinvolvedin eachof the 55 crosseghat
producedascosporeanalyzedvascalculatedusingthe STR genotype®f eachstrain. Thegeneticdistance
wasplottedagainsthe germinationrateof the hybrid offspring, calculatedrom anaverageof 3-5 repeats.
RedandbluecirclesareinternationalandintranationakrossestespectivelyLinearmodelp-value= 0.1217.
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Chapter 6

Assessinglhermal Adaptation of a Global Sample of Aspergillus

fumigatus Implicationsfor CI i mat e Change Ef f ect

Abstract Aspergillus fumigatuss a commonenvironmentalmold and a major causeof
opportunistidnfectionsin humansit's distributedamongmanyecologicalnichesacrosghe
globe.A majorvirulencefactor of A. fumigatuds its ability to grow at high temperaturg
However atpresentlittle is knownaboutvariationsamongstrainsin theirgrowthatdifferent
temperatureandhow their geographi®@riginsmayimpactsuchvariations In this study,we
analyzed9 strainsfrom 12 countrieCameroonCanadaChina,CostaRica, France]ndia,
Iceland, Ireland, New Zealand, Peru, Saudi Arabia, and USA) representingdiverse
geographiclocations and temperatureenvironments.Each strain was grown at four
temperaturesnd genotypedat nine microsatelliteloci. Our analysesevealeda rangeof
growth profiles, with significant variations among strains within individual geographic
populationgn their growthsacrosshe temperaturedNo statisticallysignificantassociation
was observedbetween strain genotypesand their thermal growth profiles. Similarly
geographicseparatiorcontributedittle to differencesn thermaladaptation@mongstrains
and populations.The combinedanalysesamonggenotypesand growth ratesat different
temperaturem the global samplesuggesthatmostnaturalpopulationsof A. fumigatusare
capableof rapidadaptatiorio temperaturehangesWediscusgheimplicationsof ourresults

to the evolutionandepidemiologyof A. fumigatusinderincreasingclimatechange.
| was the first authoroir the studyin this chapter Thefollowing paperhasbeenpublished:
Korfanty,G. A., Heifetz,E.,& Xu, J.(2023).Assessinghermaladaptatiorof aglobalsample

of Aspergillus fumigatudmplicationsfor climate changeeffects.Frontiersin Public
Health 11, 1059238 https://doi.org/10.3389/FPUBH.2023.1059238
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6.1Introduction

Among the vast diversity of biotic and abiotic factorsthat can impact the evolution of
organismstemperaturéasundoubtedlycapturednorethanits shareof attention Biologists
have linked variationsin temperatureto everythingfrom temporal patternsof growth,
survival, and reproductionof individual organismsto broadspatial patternsof population
density and speciesdistributionsacrossa rangeof geographicscales.Thesestudieshave
shownthatthe samechangen temperatureftenaffectdifferentorganismdifferently. Even
for the sameorganism, temperatureloesnot affect all life stagesequally. However,most
thermaladaptationstudiesso far havefocusedon plantsand animals.Relatively little is
known abouthow temperatura@mpact the spatialand temporaldistributionsof microbial
populations,including populationsof humanfungal pathogensWith increasingclimate
changeandglobalwarming,thereis a pressingneedto understandhe thermaladaptatiorof
theseorganismsn orderto betterprepardor potentialfuture epidemicsandpandemicgXu,
2022)

The ascomycetanold Aspergillus fumigatuss amongthe most common opportunistic
humanpathogengLatgé & Chamilos,2020; Xu, 2022) It's ubiquitouslydistributedin a
diversity of ecologicalnichessuch as air, water, compost,and soil acrossthe globe. A.
fumigatus can causea broad spectrumof opportunistic infections collectively termed
aspergillosighat affectsapproximately8 million individuals worldwide (Kwon-Chung&
Sugui, 2013) Among aspergillosisinfections, invasive aspergillosisis the most severe,
responsibldor ~250,000deathsworldwide eachyear (Kwon-Chung& Sugui,2013;Latgé
& Chamilos,2020; Xu, 2022) At risk-populationsinclude immunocompromisegbatients
suchaspatientsreceivingimmunosuppressivérugsdueto haematopoietistemcell or solid
organtransplantspatientswith severeneutropeniaand as co-infectionsin patientswith
coronavirusdisease2019 (COVID-19) (Alanio et al., 2020; Latgé & Chamilos, 2020)
Differentfrom otherhumanfungal pathogensA. fumigatusangrow attemperatureabove
50°C(Kwon-Chungé& Sugui,2013) However theselectiveforcesandgeneticmechanisms

governits high thermotoleranceemaindargely unknown.
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Populationgeneticsurveyshaveshownthattheglobalpopulationof A. fumigatusonsistsof

at leastthreedistinct cladesand multiple geneticclusters(Ashuet al., 2017; Etienneet al.,

2021;Sewelletal., 2019) Thesegeneticclusterswerelikely historically differentiatedrom

eachother due to geographicseparationsHowever, evidencefor geneflow and clonal
dispersalhave been found acrosscountriesand continents,resulting in most regional
geographigopulationscontainingstrainsof different cladesand different geneticclusters
(Ashuetal., 2017;Korfanty et al., 2019; Korfanty, Dixon, et al., 2021;Zhouetal., 2021)

Someof thesedispersalsveremostlikely drivenby contemporaryanthropogeni@ctivities,
includinghumantravelandcommerciatrade(Korfanty etal., 2019;Korfanty, Dixon, etal.,

2021) In addition,agriculturalfungicidesare creatingsignificantselectivepressurevhere
drugresistantstrains are rapidly spreading(Barber et al., 2020) The identification of

successfulrecent migrants acrossbroad geographicscalesand ecological niches with

different temperaturespectrasuggestghat there might be little or no variationin thermal
adaptationamong strains of A. fumigatus Alternatively, the individual genomesof A.

fumigatus may have high adaptive potential and/or that immigrants may be readily
recombiningwith local strainsto acquire a thermal responseprofile adaptedto local

environmentsAt presentlittle is known aboutthe geographicand ecologicalpatternsof

thermaladaptatiorof A. fumigatugpopulations.

With theeffectsof climatechangean adiversityof areaseingincreasinglyfelt, animportant
questionto consideris how climate changemay affect naturalA. fumigatuspopulationsin
different areas around the world. With increasing temperatures,potentially more
thermotoleranstrainswill likely emergeandthatA. fumigatusmayfurtherexpando colder
regions.Indeed,global warming is the major suspectedauseof the newly emergedand
highly antifungalresistanipathogerCandidaauris thathasalreadycausednanyoutbreaks
acrosgheworld (Aroraetal.,2021;Wang& Xu, 2022;Yadavetal.,2022) Theemergence
of C. auris occurredsimultaneoushacrosamultiple continentsandis hypothesizedo bethe
first documenteaccurrenceof a pathogeremergingdueto globalwarming(Casadevalet
al.,2019,2021)
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In this study,we aimto characterizéhevariationsamongstrainsin their growthsat different
temperaturesnd investigatehow their geographicorigins and geneticrelationshipsmay
impact suchvariations.To achievethe goals,we selectedstrainsthat originatedfrom 12
countriesThephenotypiglasticityof thesestrainsto temperaturewhichwetermedasstrain
thermaladaptationwasmeasuredia growthin liquid mediaatfourincubatiortemperatures.
Elucidatingtheimpactof temperaturen straingrowthvariationwill provideinsightsonhow
A. fumigatusmay adaptto global climate change Suchknowledgeshouldhelp us develop
better understandingf A. fumigatusepidemiologyand minimize the diseaseburdenon

humans.

6.2 Methodology
6.2.1Geographicpopulations of A. fumigatus

In total, 89 A. fumigatustrainswereanalyzedn this study.Thesestrainswereobtainedrom
avarietyof ecologicalnichesandgeographidocations(Table6.1). Theywereselectedrom
our strain collectionsto representdifferent mating types, antifungal susceptibilities,and
ecologicalandgeographiorigins. Amongthe 89 strains,77 wereisolatedfrom soil samples
collectedfrom 11 countries:Cameroon(11 strains),CanadgNorthwestTerritories(NWT)
(3 strains)and Hamilton, Ontario (11 strains)],China (10 strains),CostaRica (6 strains),
France(3 strains),India (4 strains),Iceland(3 strains),Ireland(1 strains),New Zealand(11
strains), Peru (3 strains), and Saudi Arabia (11 strains). Environmental strains from
CameroonCanadaChina,CostaRica,France]celand NewZealand PeruandSaudiArabia
havebeendescribedn previousstudies(Ashuetal., 2017;Korfanty etal., 2019; Korfanty,
Dixon, et al., 2021) Environmentalstrainsfrom soil sampleswere isolatedfollowing the
procedureslescribedn Samarasinghet al., (2022) The remaining12 strainswere from
patientsin Hamilton, Ontario(5 strains),New Delhi, India (6 strains),andthe US (1 strain)
(Ashuetal., 2018;Chowdharyetal., 2012) Two strains,onefrom Ireland (environmental)
andthe otherfrom US (clinical), representetivo supermatersof this speciesandtheywere
includedin our study (Suguietal., 2011) For additionalstraininformation,pleasereferto

Supplementaryrable6.1.
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Table6.1: Metadataaboutthe 89 A. fumigatusstrainsusedin this study.

Average Temperaturdrange
ID Country Region Temperature of Monthly Latitude Longitude Source
(°C) Averageg°C)
C4a4 Cameroon Mbingo 19.9 26.8t013.1 6.164 10.290 Envir.
C65 Cameroon Bambui 19.9 26.81t013.1 6.015 10.232  Envir.
C79 Cameroon Bambui 19.9 26.81t013.1 6.015 10.232 Envir.
C158 Cameroon Makepe 26 30to 23 4.064 9.741 Envir.
C304 Cameroon Eloundem 23 291to0 18 3.838 11.437 Envir.
C308 Cameroon Eloundem 23 291to0 18 3.838 11.437 Envir.
C322 Cameroon Eloundem 23 29to 18 3.838 11.437 Envir.
C372 Cameroon Mbalgong 23 291to0 18 3.803 11.468 Envir.
C428 Cameroon Simbock 23 291to0 18 3.821 11.475 Envir.
C443  Cameroon Simbock 23 291to0 18 3.821 11.475 Envir.
C480 Cameroon Mbandoumou 23 29to 18 3.791 11.453 Envir.
AC10-2 China Ailao mountains 14 25102 24.206 101.370 Envir.
AC3-3 China Ailao mountains 14 25t0 2 24.206 101.370 Envir.
AC3-4 China Ailao mountains 14 25t0 2 24.206 101.370 Envir.
AC6-5 China Ailao mountains 14 25t0 2 24.206 101.370 Envir.
AC7-1 China Ailao mountains 14 25t0 2 24.206 101.370 Envir.
AC7-10 China Ailao mountains 14 25102 24.206 101.370 Envir.
C2-5 China Fenyi 18.2 29.9t0 2.2 27.828 114.687 Envir.
C41 China Fenyi 18.2 29.9t0 2.2 27.828 114.687 Envir.
C4-2 China Fenyi 18.2 29.9t02.2 27.828 114.687 Envir.
C510 China Fenyi 18.2 29.9t02.2 27.828 114.687 Envir.
EJ13  Costa Rica ElJardin 21 30.2t018.2 10.016 -84.214 Envir.
EJ24  Costa Rica ElJardin 21 30.2t0 18.2 10.016 -84.214 Envir.
MA28 Costa Rica Manuel Antonio 25.8 33.41t019.1 9.392 -84.137 Envir.
MA31 Costa Rica Manuel Antonio 25.8 33.41t019.1 9.392 -84.137 Envir.
LF18 Costa Rica La Fotuna 21 30.2t0 18.2 10.468 -84.643 Envir.
LF25 Costa Rica La Fotuna 21 30.2t0 18.2 10.468 -84.643 Envir.
DF29  France Downtown Nice 16 27.71t05.3 43.710 7.262 Envir.
TF59 France Oldtown Nice 16 27.71t05.3 43.710 7.262 Envir.
HF16  France Hyeres 15.3 28.2t04.3 43.121 6.129 Envir.
AV88  Hamilton  St. George 7.9 26.5t0-9.3 43.271 -80.250 Envir.
CF10 Hamilton  St. George 7.9 26.51t0-9.3 43.271 -80.250 Envir.
CM11 Hamilton  St. George 7.9 26.51t0-9.3 43.271 -80.250 Envir.
CM16 Hamilton  St. George 7.9 26.51t0-9.3 43.271 -80.250 Envir.
CM21  Hamilton St. George 7.9 26.510-9.3 43.271 -80.250 Envir.
CM38 Hamilton  St. George 7.9 26.510-9.3 43.271 -80.250 Envir.
CM58 Hamilton  St. George 7.9 26.510-9.3 43.271 -80.250 Envir.
151 Hamilton Hamilton 7.9 26.5t0-9.3 43.263 -79.856 Clinical
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Jed47 Saudi ArabicJeddah 28 37to0 18 21.606 39.171 Envir.
Jed57 Saudi ArabicJeddah 28 371018 21.606 39.171 Envir.
Jed70 Saudi ArabicJeddah 28 371018 21.606 39.171 Envir.
Jed71 SaudiArabia Jeddah 28 371018 21.606 39.171 Envir.
Jed75 Saudi ArabieJeddah 28 371018 21.606 39.171 Envir.
AML38 Saudi ArabicAl-Madina East 27 381012 24525 39.569 Envir.
Yan179 Saudi Arabic Yanbu 27 37to 15 24.088 38.067 Envir.
Yan67 SaudiArabia Yanbu 27 37to 15 24.088 38.067 Envir.
AFB62-1 United States SanAntonio 20.6 34.9t04.3 29.425 -98.492 Clinical

6.2.2Experimental conditions

To identify variationsin growthamongA. fumigatusstrainsat differenttemperaturesstrains
were grown at the following five temperaturesn triplicates per temperature4°C, 15°C,
22°C,35°C,and41°C.For eachstrain,aninoculumwascreatedandusedto assesgrowth
at all temperaturesTo preparethe inoculum, A. fumigatusstrainswere culturedon malt
extractagar(MEA) for 2i 3 daysat37°C.Conidiawerethenharvestedy dispensingl ml of

a sterile 0.85% saline solution onto the culture and aspiratingthe conidial suspensiorio a
sterile 1.5 ml tube. Conidial densitywas measuredisinga Countes8 |l FL automatectell

counterandadjustedto 1 x 10° conidia/mlin saline.Conidial suspensionsverediluted in

RPMI 1,640to0 a concentratiorof 1 x 10° conidia/ml.In total 200¢ Lof this suspensiomwas
thenaliquotedin triplicatesinto a 96 well microtiter plate for eachtemperatureRelative
growthwasestimatedisingthe opticaldensity(OD) valuesat 600 nm absorbancesingthe
Biotek EpoclE 2 Microplate SpectrophotometeGrowth measurementweretakenat four
time points:immediatelyafter inoculation,and 24 h, 48 h, and 72 h postinoculation.For
each96-well microtiter plate,threewells with mediumbut without any fungal culturewere

usedasnegativecontrols.

6.2.3Strain genotypingand geographicclimate data
EachA. fumigatusstrainwasgenotypedt nine highly polymorphicshorttandenrepeat
(STR)loci (alsocalledmicrosatelliteloci) andatthe matingtype (MAT) locus.Strain

genotypingatthenine STRIoci followed the protocoldescribedy deValk etal., (2005)
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Thematingtype of eachstrainwasidentifiedfollowing the protocoldescribedy Paoletti
etal., (2005)

Atmospheridemperaturgrofiles of thegeographicalocationswhereindividual strains
wereisolatedwereobtainedusingthe websiteWeatherbaséveatherbase.com).
Specifically,the closestrity to the samplingsite with recordeddatawasusedasa proxy of
thetemperaturat eachlocation. The averagegemperaturehighestandlowestmonthly
averaggemperaturecrossall monthsof ayear,andthetemperatureangebetweerthe

highestandlowestmonthly averagegemperaturesverecollected.

6.2.4Statistical analysis

Thegrowthof eachstrainundereachtemperatureonditionwasobtainedatthreetime points.
To identity differencesin growth betweenstrainsand populations,pairwise t-testswere
conductedPosthoccorrectiongollowed theHolm method No growthwasobservedor any
strainat 4°C. Thus,our analysef growthswere conductedn dataat the remainingfour
temperature45°C, 22°C,35°C,and41°C. All analysesvereconductedn R version4.2.1

(R CoreTeam,2022) Specifically,thefollowing analysesvereconducted.

In the first, we constructedeactionnorm plots for all strainsacrossfour temperature$o
showif therearestrainx temperaturenteractionsThemeanOD valueof eachstrainateach

temperatur@vasusedto constructhereactionnormplot.

Secondthe broadsenseheritability contributingto growth differencesamongstrainswas
calculatedusingthe belowformula.
O - @ —
W ()
whereH? is the broadsenseheritability, Ve is the phenotypiovariancecalculatedasthetotal
variancein growth acrossall strains,and Vg is the genotypicvariance,calculatedas the

differencebetweenVp and environmentalariance(Ve). Ve is calculatedasthe averageof
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the variancesin growth betweenreplicatesover all strains.H? was calculatedfor each

temperatur@n eachof the 3 days.

Third, a mixed ANOVA was conductedto determine the contribution of country,
temperatureand day postincubationon strain growth. The r packagerstatix was usedto
conductthe ANOVA.

Forth, for each strain, we quantified the extent of variation in their growths among
temperaturesjsingthemeasuref coefficientof variation.Thecoefficientof variation(CV),

shownbelow,

6w —
is theratio of standarddeviation( 0td themean( € A largeCV representsig differences
in growth ratesamongtemperaturedn contrasta small CV representselative uniformity
in growthsamongtemperatures$or the specificstrain. The CV was calculatedfor eachA.

fumigatusstrainusinggrowthvaluesacrossall four temperatures.

Fifth, the contributionsof matingtype, temperatureangeand averageemperaturevhere
straincamefrom on the CV of eachstrainon eachday wereestimatedasfollows. For each
independenvariable,the assumption®f normality wereverified using Shapird Wilk's test
and homoscedasticitysing the BreuschiPagantest. For mating type, we usedboth the
parametric Student'st-test and the nonparametricMannWhitney test to comparethe
differences between them. For temperaturerange and averagetemperature,a linear
regressiommodel was generatedo determinesignificancein the relationshipbetweenthe

temperaturgparameter their nativeenvironment®n CV.

Lastly, we testedwhetherthedifferencein CV amongstrainswererelatedto their genotypic
relationshipsas determinedbasedon the nine STR loci. Specifically, we obtainedtwo
matrices and conductednonparametricMantel test betweenthem. In one matrix, we

calculatedthe absolutedifferencein CV betweenall pairs of strains.In the other matrix,
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Bruvo'sgeneticdistancebetweenall pairwisecombinationof strainswas calculatedusing
bruvo.distin the R packagepoppr(Kamvaretal., 2014) Bruvo'sgeneticdistances specific
for STR loci as it incorporatesthe stepwise mutation model during genetic distance
calculationsA ShapireWilk's testwasconductedn theresidualdo determinevhetherthe

distributionsof the two matriceswere Gaussian A linear regressiormodel was usedto

determingherelationshipbetweendifferencesn geneticdistanceandin CV betweernpairs
of strains All 3,916pairwisestraincombinationgvereincludedin theanalysis Additionally,

usingthe Bruvo'sgeneticdistancematrix, a neighborjoining treewasgeneratedisingthe R

packageape (Paradis& Schliep,2019) The tree was edited and visualizedthroughthe
InteractiveTreeof Life (iTOL) website(Letunic& Bork, 2016)

6.3 Results

6.3.1 Growth is significantly influenced by temperature but remains highly varied
within four of the five testedtemperatures

In this study,we determinedhe growthsof 89 strainsfor 3 daysat5 differenttemperatures.
No growthwasfound at the 4°C environmentfor any of the 89 strains.Thus,our analyses
will befocusedontheremainingfour temperaturesThe growth profilesfor all strainsatthe
four temperatureareshownin Figure6.1asthereactionnormplots.For bettervisualization
andcomparisoramongstrainswithin eachcountry,growth profiles of strainsseparatedby
country of origin were also generated(SupplementaryFigure 6.1). Among the four
temperaturessignificant growth differencesbetweentemperaturesvere observed(Figure
6.1). Overall, amongthesefour temperaturesimited growthswere observedat 15°C for
most strainsover all 3 days. Similarly, there was limited growth within 24 h at 22°C.
However, broad variations among strains were observedat both the 35°C and 41°C

environmentsinterestingly manystrainsshowedsimilar growthsat 35°Cand41°C.
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Figure6.1: Reactionnorm plot showingstrain x temperaturenteractionsin the day 3 growth profiles of 89
strainsacrosgour temperatureNWT, NorthwestTerritories,Canada.

Toinvestigatehow muchof thedifferencesn growthateachtemperaturateachof thethree
time points were due to geneticdifferencesamongstrains,we calculatedthe broadsense
heritability (BSH) of the growth observedamongour strains(Table 6.2). Our analyses
revealedthatin 10 of the 12 temperaturex datecombinationstheir BSH valueswere all

greaterthan0.5. The only two combinationsvith BSH <0.5 were growthsat 35°C during

day 2 andday 3. Overall, at eachof the 3 days,the 35°C environmentshowedthe lowest
BSH while the 22°C and41°C showedthe highest.However,therewasno obviouspattern

amongthe 3 daysat eachof thefour temperatures.

Table 6.2: Broad senseheritability (BSH, H?) calculatedusing the observedgrowth of the 89 A. fumigatus
strainsacrosghe 3 daysandfour temperatures.

Temperature
Day
15°C 22°C 35°C 41°C
24h 0.454 0.675 0.514 0.749
48h 0.654 0.806 0.368 0.565
72h 0.652 0.703 0.355 0.701
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At eachtemperatureye observedsubstantialvariationsin growth amongstrains(Figures
6.1, 6.2). As the temperaturancreasesthe range of growth ratesbecamewider among
strains.Similarly, astime progressesthe growth differencesamongmaost strainsbecame
moreobviousandthe standarddeviationscorrespondinglyncreasedTo highlight someof
the differencesFigure 6.3 showsthe growthsof thetop six fastestgrowingandthe bottom
six slowestgrowing strainsover the 3 daysat eachof the four temperaturesturther,to
visualizethe differencesin growth between72 and 24 h, we calculatedthe differencein
growthof eachA. fumigatusstrainateachtemperaturéetweerday3 andday1 (Figure6.4).
Within eachtemperaturestrainsshowedhigh variability in growth differencebetweenthe
days.Interestingly,exceptbetweer35°C and41°C whereno differencein changebetween
growthat day 1 andday 3 wasobservedn our sample the remainingpairwisetemperature
comparisonall showedstatisticallysignificantdifferencegp-value< 0.001).Togetherour
resultsindicate tremendousvariationsin growth profiles among strains acrossthe four

temperatureandamongthe 3 days.
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Figure 6.2: Temperaturesignificantly contributesto growth differencesamongstrainsof A. fumigatus A.
fumigatusstrainswere grown at four temperaturesi5°C, 22°C, 35°C, and 41°C during a 3-day period. To
quantifygrowth,theopticaldensity(OD) at 600 nm of eachstrainwasmeasuredSignificancewasdetermined
throughpairwiset-testswith posthoc correctionvia Holm's method.Boxplot centerline representhe median
and the top and bottom represeninterquartilerange.*p-value < 0.05, *** p-value < 0.001,**** p-value <
0.0001.
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Figure6.3: Visualrepresentationsf thetop six fastesgrowingstrainsandthebottomsix slowestgrowingones
ateachof the four temperaturesn 3 daysto showthe rangeof growth differenceof A. fumigatusstrains.The
top 6 (Max) areshownin redandthebottom6 (Min) areshownin blue.
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Figure6.4: Differencein growth betweerday 3 andday 1 ateachof four temperatureamong89 A. fumigatus
strains.X-axisrepresentstrainnamesy -axisrepresentin OD valuedifferencedetweerday 3 andday1.
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6.3.2A. fumigatusstrains demonstratehighly variable thermal adaptability to different
temperatures

Thebroadrangeof growthbetweerstrainsseenn Figurest.1i 6.4 suggesthattherearehigh
variationsin growths betweenstrainsin their responsedo different temperaturesTo
effectively analyzethe broadvariationsand partition the observedvariationsto different
contributors,we calculatedthe coefficientof variation (CV), a dimensionles&and unitless
measurdor eachstrainfor eachof the3 days(Figure6.5).Ourresultsshowedoverallhighest
CV valuesin Day 1, followed by thosein Day 2 andwith Day 3 beingthelowest. Theresults
suggestig differencesin strains'initial responseso different temperaturesHowever,as
time progressesnd the strainsadapt,the differencesin growth amongthe temperatures
decreasednterestingly mostof thedelayedyrowthoccurredat 22°Cwherelimited growths
wereseenfor moststrainsduring thefirst 24 h but significantgrowthswereobservedver
thefollowing 48 h atday2 andday 3 (Figure6.5A). Indeed,uponremovalof the22°C data
from the datasetthe threeday datashowedno significantcontributionto differencesn CV
at the whole samplelevel (p-value = 0.722; Figure 6.5B). However,obviousvariationsin
CVs amongstrainswereobservedDay 1 range= 0.299,Day 2 range= 0.160,Day 3 range
=0.208).
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Figure6.5: Thecoefficientsof variationarehighly variableamongA. fumigatustrainsbutdecreasedvertime.
X-axisrepresent89 A. fumigatusY -axis representgoefficientof variation (CV) valuesfor eachstrain.(A)

CV calculatechasedn all four temperature§15°C,22°C,35°C,and41°C).(B) CV calculatecbasecnthree
temperature§l5°C,35°C,and41°C).
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6.3.3 Geographic origin and the atmospheric temperature at isolation sites have no
significant contribution to the high CV betweenstrains

To determinghe potentialenvironmentafactorsthatmay contributeto the broadvariability
in growth and CV amongstrains,we investigatedthe impact of geographicorigin, the
averageemperatur@resentiteachsoil samplesite,aswell astherangebetweerthehighest
andlowesttemperaturesit eachsamplingsite (Table 6.3 and Figure 6.6). For geographic
origin, strainsweregroupedby their countryof origin. Countriesthathad< 3 strainswere
excludedfrom theanalysesWe conducteda mixed ANOVA to determinethe contributions
of countryof origin, temperatureandday postincubationon straingrowth aswell astheir
interactioneffects(Table 6.3). Our ANOVA analysegevealeda significantbut relatively
minor effectof countryof origin on straingrowthaloneandin its interactionswith daypost
incubationandtemperatureHowever,thoughan overall significant contributionbasedon
countryof origin wasobservednoneof thepairwisecountrycomparisonshowedsignificant
differencein thegrowth (Figure6.6A) andCV betweertheir strains(Figure6.6B).

Table6.3: Mixed ANOVA on the contributionsof countryof origin, temperatureandday postincubationand
theirinteractionsonthe growthof A. fumigatusstrains ges =generalized eta squared

Effect DF F p-value ges
Country 12 2.773 4x103 ** 0.118
Temperature 3 723.02 4 46X 105 *xrx 0.836
Day 2 1581.05¢ 1.87x10102 %¥** 0.429
Country:Temperature 39 3.054 8x 108 #xrx 0.206
Country:Day 26 2.07¢ 4x103 ** 0.012
Temperature:Day 6 163.871 8.02x10BL #** 0.209
Country:-Temperature:Day 72 3.16 311X *** 0.058
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Figure6.6 : Countryof origin hasno significantcontributionto straingrowth andto coefficientof variation
(CV). (A) Boxplot showingthe growth of strainsgroupedby countryandtemperature(B) Boxplot showing
the CV of strainsgroupedby country. The CV was calculatedasthe ratio of varianceto the meanusingthe

growthvaluesof eachtemperature.
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