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THESIS&ABSTRACT&

Aspergillus* fumigatus* is+ an+ opportunistic+ human+ pathogen+ associated+ with+ human+

disease+in+individuals+of+both+the+hypoN+and+hyperNimmune+states.++Infection+within+the+

lung+begins+with+the+inhalation+of+dormant+spores+that+can+either+cause+hyperNimmune+

responses+such+as+Allergic+Bronchopulmonary+Aspergillosis+ (ABPA),+a+severe+ form+of+

asthma,+ or+ invasive+ growth+ (Invasive+ Aspergillosis,+ IA)+ in+ the+ hypoNimmune+ due+ to+

insufficient+ host+ recognition,+ neutralization,+ and/or+ clearance+ of+ spores.+ + The+ signals+

governing+germination+or+ invasive+growth+which+are+paramount+ to+ the+development+of+

these+diseases+are+poorly+understood.+++

+

Oxylipins+are+crossNkingdom+signaling+molecules+with+documented+roles+in+mammalian+

immune+ responses,+ plant+ defense,+ and+ fungal+ development.+ + Oxylipins+ produced+ by+

human+cyclooxygenases+and+lipoxygenases+are+wellNcharacterized+and+modulate+many+

immunological+ responses+ associated+ with+ allergy+ and+ asthma.+ + While+ A.* fumigatus+

encodes+ three+ cyclooxygenase+ and+ two+ lipoxygenase+ homologs,+ their+ role+ in+ fungal+

development+ and+ modulation+ of+ host+ immune+ responses+ has+ not+ been+ thoroughly+

investigated.++This+thesis+finds+that+disruption+of+an+A.*fumigatus*lipoxygenase*results+in+

a+ significant+ germination+ defect+ in+ the+ presence+ of+ the+ polyunsaturated+ fatty+ acid,+

arachidonic+ acid+ (AA),+ likely+ due+ to+ the+ lack+ of+ of+ an+ AANderived+ oxylipin+ signal+ that+

promotes+spore+germination+in+the+presence+of+AA.++Overexpression+of+this+lipoxygenase+

(OE::loxB)+accelerates+germination,+but+yields+a+more+allergenic+strain+as+extracts+from+

the+OE::loxB+strain+cause+an+increase+in+airway+hyperresponsiveness,+macrophage+and+

eosinophil+recruitment,+and+serum+IgE+levels+in+a+murine+model+of+asthma.++Investigation+
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+

of+an+A.*fumigatus+cyclooxygenase+homolog+(PpoA)+reveals+its+cognate+oxylipin+products+

play+ a+ critical+ role+ in+ asexual+ spore+ development,+ production+ of+ immunoNmodulatory+

metabolites,+ and+hyphal+ branching.+ +Collectively,+ the+ following+ chapters+ provide+novel+

insight+into+1.)+host+recognition+of+A.*fumigatus+spores+and+2.)+the+pivotal+role+of+two+fungal+

oxygenases.+ Specifically+ germination,+ secondary+ metabolite+ production,+ and+ hyphal+

branching+are+examined+which+are+lucrative+drug+targets+for+the+control+of+human+fungal+

disease.+
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1.1&Introduction&

Communication+is+key+in+all+aspects+of+life+processes.++Organisms+must+be+able+to+sense+

their+surrounding+environment+and+adapt+accordingly+depending+on+appropriate+cues.++It+

is+ becoming+ increasingly+ clear+ that+ plants,+ animals,+ and+ fungi+ all+ utilize+ oxygenated+

polyunsaturated+ fatty+ acids+ (oxylipins)+ as+ a+ common+ communication+ currency+ to+ elicit+

biological+responses.+In+recent+years,+it+has+become+apparent+that+fungi+not+only+produce+

oxylipins+to+coordinate+their+developmental+program,+but+to+modify+plant+and+mammalian+

host+responses.+++

+

Oxylipins+are+produced+by+ the+ incorporation+of+molecular+oxygen+ into+polyunsaturated+

fatty+ acids+ (PUFAs),+ and+ occasionally+ monounsaturated+ fatty+ acids,+ by+ the+ action+ of+

oxygenases.++PUFAs+vary+by+the+length+of+the+carbon+chain+and+by+the+location/number+

of+ double+ bonds+ within+ the+ carbon+ chain.+ + A+ list+ of+ unsaturated+ fatty+ acids+ and+ their+

corresponding+ oxylipin+ classes+ are+ listed+ in+ Table+ 1.+ +C18+PUFAs+ such+ as+ linoleic,+αN

linolenic,+and+the+monounsaturated+oleic+acid+are+classified+as+omegaN6+fatty+acids+and+

are+ the+ predominant+ oxygenase+ substrates+ used+ in+ plants+ and+ fungi,+ specifically+

basidiomycetes+and+ascomycetes+(1).++A+C20+PUFA+known+as+arachidonic+acid+(AA)+is+

utilized+by+mammals+to+produce+a+class+of+oxylipins+known+uniquely+as+the+eicosanoids+

(Figure+1A).+ +Most+ fungi+only+produce+minor+amounts+of+AA,+however+ the+zygomycete+

Mortierella*alphina+ synthesizes+ large+quantities+of+AA+ (2,+ 3).+ +Those+ fungi+ that+ do+not+

produce+significant+amounts+of+AA+readily+utilize+and+oxygenate+AA+from+environmental+

sources+(1)+to+generate+various+bioactive+oxylipins+implicated+in+disease+development+(4).+

+
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Oxygenases+are+predominantly+classified+into+three+major+categories+in+plants,+animals+

and+fungi:+cyclooxygenases,+including+the+αNdioxygenases+which+share+common+catalytic+

features+ with+ cyclooxygenases+ (5),+ lipoxygenases,+ and+ monooxygenases.+ + The+

cyclooxygenase+and+lipoxygenase+classes+are+wellNknown+for+their+role+in+the+synthesis+

of+ the+AANderived+ eicosanoids+ (Figure+ 1A)+ that+ are+ regulators+ of+mammalian+ immune+

responses,+particularly+with+ inflammation+and+allergy+ (6).+ +Eicosanoids+are+potent+and+

shortNlived,+ usually+ being+ synthesized+ de* novo* and+ exerting+ their+ effects+ locally+ at+

nanomolar+concentrations+(7,+8).+ +Monooxygenases+are+a+broader+class+of+specialized+

cytochrome+ P450+ enzymes+ that+ are+ responsible+ for+ downstream+ processing+ of+ many+

oxylipins,+particularly+in+plants+(e.g.+allene+oxide+synthases,+hydroperoxide+lyases,+divinyl+

ether+synthases,+and+peroxygenases,+9).++While+knowledge+of+oxylipin+function+in+plants+

and+animals+has+been+known+for+several+decades,+the+idea+that+hostNpathogen+“crossN

talk”+ occurs+and+contributes+ to+ infection+has+only+emerged+ in+ the+ last+ ten+ years+ since+

discovering+ that+ many+ microbes,+ including+ some+ fungi,+ produce+ prostaglandins+ and+

prostaglandinNlike+ molecules+ (6).+ + As+ a+ result,+ examples+ of+ interNkingdom+ signaling+

molecules+ that+ are+ perceived+ between+ animals,+ plants,+ and+ fungi+ are+ now+ well+

documented+(Table+2).+

&

Here+we+present+a+summary+of+ the+oxylipins+produced+by+each+class+of+oxygenase+ in+

fungi,+ focusing+on+oxylipins+ that+also+have+ functions+ in+plants+and+mammals.+ +Recent+

examples+of+fungi+responding+to+plant+oxylipin+defense+molecules+are+provided+as+well+as+

cases+where+the+fungal+oxylipins+affect+the+mammalian+host.+Understanding+what+fungal+

species+produce+oxylipins+and+ the+mechanism+by+which+ they+are+perceived+as+ crossN
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kingdom+signaling+molecules+will+have+implications+on+both+human+health+and+global+food+

production+as+fungi+are+intimately+linked+with+both+topics.+

&

1.2&Fungal&oxygenases&and&their&corresponding&oxylipins.&&&

Sequencing+of+ fungal+genomes+has+ revealed+putative+homologs+of+ canonical+oxylipinN

producing+ enzymes+ found+ in+ plants+ and+mammals+ (10).+ + In+ some+ cases,+ biochemical+

analyses+have+determined+oxylipins+produced+by+particular+oxygenases,+some+of+which+

are+already+known+to+regulate+biological+responses+in+plants+and+animals.++For+example,+

eicosanoids+ derived+ from+ environmental+ or+ host+ AA+ have+ been+ identified+ in+ several+

pathogenic+species+of+Candida,+Cryptococcus*neoformans,*Paracoccidioides*brasiliensis,*

Epidermophyton* floccosum,* Fusarium* dimerim,* Microsporum* audiouinii,* Microsporum*

canis,* Trichophyton* rubrum,* Sporotrix* schenkii,* Absidia* corymbifera,* Histoplasma*

capsulatum,* Blastomyces* dermatitidis,* Penicillium* spp.,+ Rhizopus* spp.,* Rhizomucor*

pusillus*and+numerous+Aspergillus*species+(6,+11,+12).+

&

1.2.1*Fungal*Cyclooxygenases.**

Prostaglandins+were+first+identified+in+environmental+yeasts+of+the+Lipomycetaceae+family+

(Dipodascopsis,+Lipomyces,+Zygozyma,+and+Myxozyma)+and+Saccharomyces*cerevisiae*

in+ the+ early+ 1990s+ (6,+ 13).+ + Since+ then,+ prostaglandins+ have+ been+ identified+ in+

Cryptococcus* neoformans,* several+ pathogenic+ species+ of+ Candida,+ Paracoccidioides*

brasiliensis,*and+several+Aspergillus+spp.+(11,+14–16).+

+
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The+ psi+ factorNproducing+ oxygenases+ (Ppo+ proteins),+ first+ described+ in+ the+ genus+

Aspergillus+but+found+in+most+fungi,+are+a+well+characterized+class+of+cyclooxygenaseNlike+

enzymes.++These+enzymes+and+their+cognate+oxylipins+were+initially+investigated+in+the+

fungus+A.*nidulans*with+regard+to+their+impact+on+asexual+or+sexual+spore+development+

(17–20).++

+

Aspergillus* species+ contain+ between+ 3N4+ Ppo+ enzymes+ (19–24).+ + Although+ chemical+

characterization+has+been+assessed+primarily+with+linoleic+acid+as+a+substrate,+additional+

work+suggest+that+Ppo+proteins+also+oxidize+oleic,+ linolenic,+and+arachidonic+acids+(16,+

18,+25,+26)+and+may+synthesize+certain+prostaglandins+(16,+22).+++

+

PpoA+in+A.*nidulans*is+wellNcharacterized+and+contains+two+heme+domains+each+of+which+

catalyze+specific+reactions+(27).++The+NNterminal+heme+peroxidase+domain+predominantly+

oxidizes+linoleic+acid+to+8RNhydroperoxyoctadecadienoic+acid+(8RNHPODE)+which+can+be+

reduced+to+8Nhydroxyoctadecadienoic+acid+(8RNHODE),+or+further+isomerized+by+the+CN

terminal+P450+heme+thiolate+domain+to+5,8Ndihydroxyoctadecadieonic+acid+(5,8NdiHODE)+

(27–29).+ + Studies+with+GFPNtagged+ forms+ of+ PpoA+ reveal+ that+ PpoA+ localizes+ to+ lipid+

bodies+within+ the+ reproductive+ structures+ of+A.* nidulans,+ including+ the+metulae+ of+ the+

asexual+conidiophore+and+the+Hülle+cells+and+young+cleistothecia+of+the+sexual+structures.++

Bioinformatic+analysis+of+PpoA+confirmed+the+presence+of+a+proline+knot+motif+essential+

for+targeting+proteins+to+lipid+bodies+(30).++Thus,+PpoA+is+localized+within+the+reproductive+

tissues+of+A.*nidulans+(such+as+phialides,+metulae,+cleistothecia,+and+Hülle+cells)*with+large+

quantities+of+fatty+acid+substrate+in+close+proximity+for+conversion+to+oxylipins.+++
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+

Other+ Ppo+ proteins+ are+ also+ involved+ in+ sporulation+ processes+ as+ determined+ by+

overexpression+of,+or+deletion+of,+ppo*genes+or+exogenous+application+of+ the+oxylipins+

and+ their+ substrate+ produced+ by+ these+ (and+ host)+ enzymes+ affects+ sporulation+ in+

Aspergillus*spp.*(20,+31).++Detailed+work+with+A.*nidulans+showed+deletion+of+either+ppoA+

or+ppoB+results+in+increased+production+of+asexual+spores+with+a+corresponding+decrease+

in+sexual+spore+production+whereas+loss+of+ppoC+yields+the+opposite+phenotype+(19,+20,+

30).+ + + In+A.* flavus*where+ there+are+ four+ppo*genes,+disruption+of+both+ppoA*and+ppoC*

resulted+ in+ decreased+ asexual+ sporulation+ whereas+ disruption+ of+ ppoD* resulted+ in+

increased+ asexual+ sporulation+ in+ a+ densityNdependent+ fashion+ (22).+ + In+ A.* fumigatus*

deletion+of+ppoC*significantly+reduced+spore+numbers+but+resulted+in+enlarged+spore+size+

(32).+ + In+ addition+ to+ sporulation+ processes,+ Ppo+ proteins+ have+ an+ impact+ on+ diverse+

processes+such+as+production+of+toxic+secondary+metabolites+and+degradative+enzymes+

as+will+be+discussed+in+greater+detail+in+the+fungal/plant+interaction+section+below.+

+

Several+studies+have+focused+on+characterizing+Ppo+homologs+(also+known+as+linoleate+

diol+ synthases,+ linoleate+ dioxygenases,+ or+ LDSs)+ in+ fungi+ other+ than+ aspergilli.+ LDSN

encoding+ genes+ have+ been+ identified+ in+ both+ pathogenic+ and+ nonNpathogenic+ fungi+

including+Magnaporthe*oryzae+(33,+34),*Cercospora*zeaeVmaydis*(35),*Ustilago*maydis*

(36),* and+ the+ cereal+ pathogen+ Fusarium* verticillioides* (37).+ + Fusarium* verticillioides+

contains+ an+ LDS+ termed+ Fvlds1+ that+ produces+ oxylipins+ that+ regulates+ fungal+

development.+Oxylipin+profiling+of+a+Fvlds1*deletion+strain+identified+reduced+levels+of+11N
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HPODE,+ 12,13NdiHOME,+ 12NepoOME+ (epoxyNoctadecenoic+ acid),+ 9,10NdiHOME,+ 9N

epoOME,+8,13NdiHODE,+8NHPODE,+and+8NHODE+(37).+

+

The+dimorphic+fungus+Cryptococcus*neoformans+produces+prostaglandin+E2+(PGE2)+that+

is+identical+to+human+PGE2+even+though+a+canonical+cyclooxygenase+is+not+present+in+the+

genome+ (Figure+ 2).+ +Mass+ spectrometry+ of+C.* neoformans+ lysate+with+ exogenous+AA+

identified+PGE2+ production+which+ could+ not+ be+ inhibited+ by+ the+ additions+ of+ aspirin+ or+

indomethacin,+ known+ inhibitors+ of+ cyclooxygenase+ enzymes+ (38).+ + Further+ studies+

identified+that+a+C.*neoformans+laccase+(lac1)*was+necessary+to+synthesize+PGE2+from+

exogenous+AA.+ +Recombinant+ Lac1+did+ not+ convert+AA+ to+PGE2,+ but+ could+ convert+ a+

prostaglandin+ intermediate+ PGG2+ to+ PGE2+ and+ 15NketoNPGE2,+ suggesting+ additional+

enzymes+participate+in+C.*neoformans+prostaglandin+production+(39).+

+

1.2.2*Fungal*Lipoxygenases.***

Reports+of+fungal+lipoxygenase+activity+were+published+as+early+as+the+1950s.+The+first+

partially+purified+lipoxygenase+was+reported+in+Fusarium*oxysporum*in+1975+through+the+

detection+of+ linoleic+acidNderived+hydroperoxides+with+ similar+Rf+ values+ to+ linoleic+acid+

hydroperoxides+ from+ a+ soybean+ lipoxygenase+ (40).+ + Since,+ LOX+ activity+ has+ been+

documented+ in+ the+ fungus* Pityrosporum* orbiculare* (the+ causative+ agent+ of+ the+ skin+

disorder,+pityriasis+versicolor)+(41,+42),+Gaeumannomyces*graminis+(the+causative+agent+

of+takeNall+root+rot+disease)+(43),+A.*fumigatus*(44),*and+A.*flavus*(21).+

+
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The+most+recent+comprehensive+analysis+of+fungal+lipoxygenases+has+been+carried+out+

by+ Heshof,+ et* al* (44)+ who+ phylogenetically+ describe+ the+ relation+ of+ fungal+ LOXs+ with+

respect+ to+their+ability+ to+be+secreted+(signal+peptide+sequence),+ their+carboxyNterminal+

amino+acid,+oxylipin+stereochemistry,+and+metal+ion+cofactor.++Heshof+et*al+divided+fungal+

LOXs+ into+ two+groups:+ those+ that+encode+a+CNterminal+ isoleucine+ (IleNgroup)+or+ valine+

(ValNgroup).++The+IleNgroup+LOXs+all+contain+a+conserved+WRYAK+motif+whereas+the+ValN

group+ contain+ a+ conserved+ WLNL/FNAK+ sequence+ found+ in+ plant+ and+ mammalian+

lipoxygenases.+ + The+ ValNgroup+ LOXs+ have+ signal+ peptide+ sequences+ suggesting+ the+

proteins+are+expressed+extracellularly.++Biochemical+analysis+of+a+ValNgroup+LOX+from+A.*

fumigatus+identified+manganese+as+the+cofactor+and+the+predominant+oxylipin+product+to+

be+13NHPODE,+derived+from+linoleic+acid+(44).*

+

In+the+plant+pathogen+A.*flavus,+the+sole+lipoxygenase+(Lox)+along+with+the+Ppo+proteins+

is+ involved+ in+quorum+sensing+ (Figure+2).+ +Disruption+of+either+Lox+or+PpoC+alters+ the+

densityNdependent+ production+ of+ sclerotia+ and+ conidia:+ specifically,+ an+ increase+ in+

sclerotia+and+a+decrease+in+conidia+at+high+cell+densities+(>105+spores/plate)+compared+to+

increased+conidia+and+decreased+sclerotia+in+wild+type+(21,+22).++Mutants+where+all+four+

ppo*genes+and+lox*were+downNregulated+together+resulted+in+up+to+a+500Nfold+increase+in+

the+sexual+stage+and+100Nfold+decrease+in+the+asexual+stage+(22).+

+

1.2.3*Fungal*Monooxygenases.++
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Monooxygenases+are+much+more+prevalent+in+fungi+than+lipoxygenase+or+cyclooxygenase+

homologs.+ + Only+ recently+ has+ a+ monooxygenase+ been+ definitively+ linked+ to+ oxylipin+

production+in+fungi,+specifically+with+the+production+of+12NOHNjasmonic+acid+(12NOHNJA)+

in+ the+ rice+blast+ fungus,+M.*oryzae+ (Figure+1B)+ (45).+ +A+possible+connection+has+been+

inferred+with+ the+dimorphic+ fungus+Candida*albicans.* *Lipidomic+studies+of+C.*albicans*

cultures+ show+ that+ the+ fungus+ is+ capable+ of+ producing+ Resolvin+ E1,+ a+ potent+ antiN

inflammatory+ oxylipin+ identified+ in+ mammals+ and+ derived+ from+ the+ modification+ of+

eicosapentaneoic+acid+ (EPA)+ (46)+by+a+cytochrome+P450+monooxygenase+ (CYP450s)+

and+ neutrophil+ 5Nlipoxygenase+ in+mammals+ (46,+ 47).+ +Candida* albicans+ grown+ in+ the+

presence+of+EPA+produces+significant+amounts+of+Resolvin+E1+(Figure+2).++Furthermore,+

canonical+mammalian+LOX+inhibitors,+such+as+esculetin+(12/15NLOX)+and+zileuton+(5NLO+

inhibitor)+inhibit+the+production+of+C.*albicans+RvE1+by+91%+and+53%,+respectively+yet+no+

lipoxygenase+is+not+present+in+the+genome+of+the+fungus.++However,+the+genome+encodes+

at+ least+ fifteen+ CYP450s+ that+ the+ authors+ speculate+ participate+ in+ one+ or+ multiple+

biosynthetic+steps+in+Resolvin+E1+production+(48).+

&

1.3&Oxylipin&Perception.&&

In+mammals,+eicosanoid+oxylipins+are+detected+by+different+GNprotein+coupled+receptors+

(GPCRs)+which+vary+depending+on+the+cell+type+(6,+7).++Nine+prostaglandin+receptors+have+

been+identified+in+humans+and+mice:+four+of+the+receptors+(EP1NEP4)+bind+PGE2,+two+(DP1+

and+DP2)+bind+PGD2,+and+PGF2,+PGI2,+and+TxA2+via+FP,+IP,+and+TP,+respectively.++Most+

of+the+prostaglandin+receptors+are+localized+at+the+plasma+membrane,+but+some+are+also+
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found+in+the+nuclear+envelope+(7,+49).++Cysteinyl+leukotrienes+are+also+perceived+via+two+

subtypes+of+GPCRs,+CysLT1+which+is+expressed+on+smooth+muscle+cells+and+vascular+

endothelial+cells,+and+CysLT2+which+is+expressed+on+spleen,+Purkinje+fibers+of+the+heart,+

and+regions+of+the+adrenal+gland.++CysLT1+activation+promotes+bronchoconstriction+and+

upNregulation+of+cell+adhesion+molecules+whereas+the+role+of+CysLT2+is+less+clear.+G2A+is+

a+GPCR+expressed+ in+ lymphoid+ tissues+ that+ induces+cell+ cycle+arrest+during+ the+G2/M+

transition+ and+ on+ macrophages+ near+ atherosclerotic+ lesions.+ + Oxylipins+ derived+ from+

linoleic+and+arachidonic+acid+including+9(S)NHPODE,+13(S)NHPODE,+5NHETE,+8NHETE,+8N

HETE,+11NHETE,+12NHETE,+15NHETE,+and+9(S)NHODE)+are+recognized+by+G2A+(50).+

+

Interestingly,+two+of+the+G2A+ligands,+13(S)NHPODE+and+9(S)NHPODE,+affect+sporulation+

and+mycotoxin+production+in+Aspergillus*(31,+51),+suggesting+that+fungal+GPCR+receptors+

might+also+recognize+and+respond+to+these+oxylipins.++To+query+this+possibility,+Affeldt+et*

al+(52),+characterized+10+A.*nidulans*GPCR+disruption+mutants+and+found+that+GprD+was+

responsible+for+perception+of+13(S)NHPODE,+9(S)NHPODE,+13(S)NHODE,+and+9(S)NHODE+

(52).++Since+then,+a+deletion+library+for+GPCRs+was+developed+in+A.*flavus*and+responses+

to+PUFAs+and+oxylipins+characterized+(53).+Strains+where+gprA,*gprB,*gprF,*gprG,*gprM,*

gprO,*gprP,*or+gprR*are+deleted+are+nonNresponsive+to+exogenous+methyl+jasmonate+–+a+

potent+plant+defense+oxylipin+(Figure+1B+and+Table+2).++Mutants+where+gprA,*gprC,*gprD,*

gprF,*gprG,*gprJ,*gprO,+or+gprP+are+disrupted+still+sporulate+in+response+to+linoleic+acid,+

but+are+nonNresponsive+ to+ the+ sporulation+ inducing+oxylipin+13(S)NHPODE,+ suggesting+

that+the+lack+of+sporulation+is+specific+to+the+inability+to+detect+13(S)NHPODE+(53).+

&
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1.4&Oxylipin&signaling&in&fungal/host&interactions&

1.4.1*Fungi*and*plants.++

Jasmonic+acid+(JA)+ is+a+plant+signaling+molecule+ that+ is+ involved+ in+plant+responses+to+

desiccation,+ozone,+UV,+osmotic,+cold,+and+light+stresses+and+regulation+of+seasonal+and+

circadian+ rhythms+ (54)+ (Table+ 2).+ + Upon+ wounding,+ αNlinolenic+ acid+ is+ liberated+ from+

chloroplast+membranes+via+phospholipase+A1+and+is+oxygenated+by+a+13Nlipoxygenases+

(13NLOX),+modified+by+a+13Nallene+oxide+synthase+(AOS)+and+allene+oxide+cyclase+(AOC),+

and+undergoes+βNoxidation+in+peroxisomes+to+yield+JA+(Figure+1B)+(54).++JA+is+only+active+

when+conjugated+to+an+amino+acid+(valine,+leucine,+or+isoleucine+(55,+56)+or+methylated+

(9).++JasmonylNisoleucine+is+formed+specifically+upon+wounding+or+attack+by+fungi,+leading+

to+the+production+of+toxic+compounds+that+deter+further+damage+and+initiate+plant+defense+

responses.+ & JA+may+ impact+ aflatoxin+ production,+ a+mycotoxin+ produced+ by+A.* flavus,+

during+fungal+invasion+of+seed+although+the+literature+supports+cases+for+JA+inhibition+(57),+

JA+induction+(58),+and+no+impact+of+JA+(51)+on+aflatoxin+synthesis+(Figure+2).+

+

Disrupting+ JA+ biosynthesis+ in+ Arabidopsis* and+ in+ rice+ increases+ susceptibility+ to+ F.*

oxysporum*and+Magnaporthe*oryzae*infection,+respectively+(59,+60).++Specifically,+the+loss+

of+allene+oxide+cyclase+increases+rice+susceptibility+to+M.*oryzae+strains+that+are+normally+

unable+to+cause+virulence+(60).++A+recent+investigation+by+Patkar+et*al+(45)+identified+a+M.*

oryzae*monooxygenase+(referred+to+as+antibiotic+biosynthesis+monooxygenase,+or+abm)+

that+specifically+modifies+JA+in+rice.++M.*oryzae+strains+that+lack+abm+grow+like+wild+type+

with+ respect+ to+appressorium+ formation,+ vegetative+growth,+and+asexual+development.++
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However,+the+strains+are+severely+attenuated+in+their+ability+to+penetrate+the+rice+cell+wall.++

Only+35%+of+appressoria+penetrate+the+rice+sheath+when+abm+is+disrupted,+compared+to+

70%+ in+ the+ wild+ type.+ + When+ appressoria+ formation+ is+ induced+ artificially+ on+ a+ glass+

surface,+ extracellular+ fluid+ from+ the+wild+ type+ and+ the+∆abm* strains+ reveals+ a+ striking+

difference+in+the+jasmonates+produced+by+M.*oryzae:+wild+type+extracellular+fluid+contained+

JA+and+a+hydroxylated+derivative+12NOHNJA+(Figure+2),+whereas+∆abm*fluid+only+contained+

JA+and+methylNjasmonate+(MeJA).++Interestingly,+addition+of+increasing+concentrations+of+

exogenous+MeJA+to+the+wild+type+strain+reduce+the+number+of+invading+appressoria+in+a+

doseNdependent+ fashion.+ + Alternately,+ exogenous+ 12NOHNJA+ increases+ the+ number+ of+

∆abm*invading+appressoria+in+a+doseNdependent+fashion.++The+authors+went+on+to+identify+

that+ Abm+ is+ secreted+ from+ both+ the+ biotrophic+ interfacial+ complex+ (BIC)+ and+ the+

appressorium+ of+M.* oryzae+ during+ pathogenic+ growth,+ providing+ evidence+ that+ Abm+

hydroxylates+not+only+M.*oryzae+JA,+but+plantNderived+JA+as+well+(45).+

+

As+mentioned+ earlier,+A.* flavus*contains+ a+ single+ lipoxygenase+ that+ produces+ oxylipin+

products+that+influence+host+responses+in+maize+and+peanut.++Lipidomic+approaches+to+

characterize+ the+ oxylipin+ profile+ of+ wild+ type+ and+ lox*mutants* on+maize+ kernels+ show+

increased+ levels+of+diHODES+and+HPODE+oxylipins+ in+maize+ inoculated+with+ the+∆lox*

strain,+suggesting+that+A.*flavus+LOX+produces+compounds+that+suppress+maize+kernel+

oxylipin+production.++Furthermore,+the+lox*(also+called+∆Aflox1)+disruption+strain+is+unable+

to+produce+aflatoxin+ in+axenic+ culture+under+ inducing+ conditions,+ but+ produces+slightly+

more+aflatoxin+when+grown+on+maize+kernels+(61).++The+LOX+product,+13NHPODE+and+its+

stable+surrogate,+13NHODE+have+been+well+characterized+as+an+ important+mediator+of+
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mammalian,+plant,+and+fungal+biological+responses+(Table+2).++Seeds+produce+13NHPODE+

and+9NHPODE,+both+lipoxygenase+products,+when+subjected+to+abiotic+or+biotic+stresses+

such+ as+ fungal+ infection.+ + Both+ oxylipins+ alter+ secondary+ metabolism+ in+ Aspergillus*

parasiticus*and*A.*nidulans*(51,+62),+increase+levels+of+asexual+spores+in+A.*flavus+and+A.*

nidulans,+and+increase+cAMP+levels+in+A.*nidulans*(Figure+2)+(31,+52).++Experiments+done+

with+F.*verticillioides*infection+of+maize+have+revealed+similar+results:+when+inoculated+on+

maize,+LOXNderived+products+from+linoleic+acid+(9N+and+13NHODE)+and+linolenic+acid+(9N+

and+ 13NHydroxyoctadecatrienoic+ acid+ or+ HOTE)+ were+ significantly+ upNregulated+ when+

compared+to+levels+found+in+F.*verticillioides*or+maize+grown+independently+(63).+

+

Aspergillus*infection+alters+plant+LOX*gene+expression+in+corn+(64)+and+in+peanut+(65,+66)+

through+the+action+of+ppo*genes+(Figure+2)+(67).++Infection+of+peanut+seeds+with+A.*nidulans+

strains+with+defects+ in+one+or+more+ppo*genes+decreases+peanut+13VLOX+ (pnlox2*and*

pnlox3)+expression,+specifically+when+inoculated+with+ΔppoAC+and+ΔppoABC*strains+(67).++

A+ppo*homolog+in+Fusarium*verticillioides*(Fvlds1)+ influences+plant+LOX+expression+as+

well.+ +Virulence+assays+on+maize+ cobs+ revealed+ that+ a+Fvlds1*deletion+ strain+ is+more+

virulent+than+wild+type,+and+does+not+trigger+the+expression+of+ZmLOX3+and+ZmPR4+as+

vigorously+in+maize+as+wild+type+(37).++ZmLOX3+is+a+maize+lipoxygenase+that+is+induced+

upon+interaction+with+mycotoxinNproducing+fungi+(68)+and+ZmPR4+is+a+chitinase+that+helps+

degrade+the+invading+fungal+cell+wall+(69).++Interestingly,+ZmPR4*is+known+to+be+regulated+

through+the+action+of+ethyleneN+and+jasmonic+acid+pathways+in+Arabidopsis*(70).++Maize+

strains+where+lipoxygenases+are+deleted+(lox3V4)+are+more+susceptible+to+A.*flavus*and+
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A.* nidulans+ infection.+ + These+ fungi+ produced+more+ spores+ and+ increased+ amounts+ of+

mycotoxins+when+maize+lox3V4*are+disrupted+(71).+

+

1.4.2*Fungi*and*mammals.***

Higher+eukaryotes+rely+heavily+on+oxylipins+to+respond+to+environmental+factors+and+cue+

responses.++Eicosanoids+are+derived+from+AA+and+include+leukotrienes+and+prostanoids+

(prostaglandins,+ thromboxanes,+ and+ prostacyclins)+ (Figure+ 1A).+ + Leukotrienes+ (LTs+

including+LTB4+LTC4,+LTD4,+and+LTE4)+are+lipoxygenase+derived+and+play+an+important+

signaling+ role+ in+ inflammation+ and+ bronchial+ smooth+ muscle+ contraction+ (72,+ 73)+ (for+

review,+see+74).++Prostaglandins+are+cyclooxygenaseNderived+and+have+widespread+roles+

in+ numerous+diseases,+with+ implications+ in+ bronchodilation,+ pain+ signaling,+ innate+ and+

adaptive+immune+responses,+arthritis,+atherosclerosis,+and+cancer+(75,+76)+

+

Paracoccidioides*brasiliensis+evades+dendritic+cell+recognition+by+inhibiting+the+production+

of+PGE2+by+immature+dendritic+cells,+as+their+maturation+is+PGE2Ndependent+(Figure+2)+

(77).+ + A+ potent+ derivative+ of+ PGE2,+ 3NhydroxyNPGE2,+ is+ produced+ by+ the+ yeast+

Dipodascopsis*uninucleata+and+the+commensal+dimorphic+fungus,+Candida*albicans+from+

the+ incomplete+ βNoxidation+ of+ exogenous+ arachidonic+ acid+ into+ 3NHETE+ (78,+ 79).++

Oxygenation+of+3NHETE+by+purified+COXN2+enzymes+leads+to+the+production+of+a+milieu+

of+ 3NHETENderived+ compounds,+ one+ of+ which+ (3NhydroxyNPGE2,+ Figure+ 1A)+ induces+

elevated+expression+of+ILN6+mRNA+in+A549+cells+when+compared+to+PGE2.)+(Figure+2).++

CoNincubation+ of+C.+ albicans+ (which+ lacks+ a+ canonical+ COXN2+ enzyme+ to+ produce+ 3N
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hydroxyNPGE2)+with+HeLa+cells+ led+ to+ the+production+of+3NhydroxyNPGE2.+ +Thus+ fungal+

derived+oxylipin+products+can+be+modified+by+host+cells+into+compounds+that+modify+host+

cellular+responses+(Figure+2)+(79).++Oxylipin+transcellular+biosynthesis+is+well+documented+

in+different+cell+types+of+mammals,+particularly+for+leukotrienes+(80–83).+++

+

ppoC+has+been+extensively+studied+in+the+context+of+pathogenicity+for+A.*fumigatus.++In+

addition+to+the+reduction+in+asexual+spores+upon+ppoC+deletion,+disruption+alters+conidial+

shape,+germination+ rate,+hydrogen+peroxide+susceptibility,+and+spore+neutralization+by+

alveolar+ macrophages+ (32).+ + Interestingly,+ even+ though+ Dagenais+ et* al+ observed+ an+

increase+ in+ hydrogen+ peroxide+ resistance+ in+ the+ ∆ppoC+ strain,+ spores+ were+ more+

susceptible+ to+ killing+ by+ alveolar+ macrophages,+ which+ carry+ out+ their+ killing+ via+ the+

production+of+ superoxide+anion.+ +Thus,+while+ catalase+activity+may+be+greater+ than+or+

equal+to+that+of+WT+spores,+the+activity+of+superoxide+dismutase+is+diminished+when+PpoC+

is+absent.+++

+

1.5&Thesis&Overview&

This+ thesis+ begins+ with+ work+ describing+ a+ novel+ clearance+ mechanism+ by+ which+ the+

mammalian+host+clears+spores+involving+fucosylated+mucins+and+immune+cells.++Spore+

recognition+ and+ uptake+ mechanisms+ are+ reviewed+ in+ the+ introduction+ of+ Chapter+ 2.++

However,+ the+predominant+ focus+of+ this+work+ investigates+the+effects+of+disruption+and+

overexpression+ of+ lipoxygenase+ (loxB)* and+ cyclooxygenase+ (ppoA)+ homologs+ on+ A.*

fumigatus+development.++The+overarching+hypotheses+driving+this+work+are+the+following:+
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1.)+ Oxylipins+are+intimately+ linked+to+basic+fungal+development+as+demonstrated+by+

increases+in+asexual+development,+germination+rates,+mycotoxin+(e.g.+secondary+

metabolite)+synthesis,+and+hyphal+branching+phenotypes.++

2.)+ Fungal+oxygenase+activity+can+exacerbate+host+immune+responses.+

Efforts+ to+ investigate+ the+ first+ hypothesis+ resulted+ in+ two+ studies:+ the+ first+ examining+

germination+phenotypes+of+loxB+disruption+and+overexpression+mutants+(Chapter+3)+and+

the+second+quantifying+defects+ in+spore+production,+mycotoxin+production,+and+hyphal+

branching+with+ppoA+disruption+and+overexpression+mutants+(Chapter+4).++To+investigate+

the+second+hypothesis,+a+murine+asthma+model+was+used+to+assess+loxB*mutant+fungal+

extracts+for+their+ability+to+induce+allergenic+responses+(Chapter+3).+A+concluding+remarks+

section+summarizes+the+findings+of+this+work+and+potential+areas+for+future+study.+

+ +
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1.6&FIGURES&AND&LEGENDS&

+

Figure&1.&Partial&eicosanoid&and&jasmonic&acid&pathways&and&oxylipin&products&with&

biological&activities.+

(A)+Arachidonic+acid+(AA)+can+be+modified+by+lipoxygenases+(LOXs)+or+cyclooxygenases+

(COXN1/2)+ to+ yield+ different+ eicosanoids+ (prostanoids:+ blue+ boxes,+ leukotrienes:+ green+

box).++A+prostaglandin+intermediate+can+be+modified+into+thromboxanes+or+prostacyclins.++

Incomplete+ βNoxidation+ of+ AA+ by+ several+ fungi+ in+ coNculture+ with+ mammalian+ cells+

produces+3NHETE,+that+upon+further+modification+by+host+COX+enzymes+yields+a+potent+

prostaglandin+derivative,+3NOHNPGE2+(red+box)+(79).++5NLOX+is+the+first+committed+step+to+
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leukotriene+ production,+ yielding+ the+ unstable+ intermediate,+ 5N

hydroperoxyeicosatetraenoic+acid+(5NHPETE),+from+AA.++12N+and+15NLOXs+produce+other+

immuneNmodulating+compounds+including+lipoxins,+which+resolve+inflammation,+and+15N

hydroxyeicosatetraenoic+acid+(15NHETE),+a+MAP+kinase+and+PPARNγ+pathway+activator+

(84).+(B)+αNlinoleic+acid+is+modified+by+a+13Nlipoxygenase+enzyme+yielding+13(S)NHPOTE+

(13(S)Nhydroperoxyoctadecatrienoic+ acid)+ that+ after+ additional+ modification+ yields+

jasmonic+acid+ (JA).+ +JA+ is+ further+modified+ into+several+compounds+ including+ jasmonyl+

isoleucine+(JANIle),+methyl+jasmonate+(MeJA),+and+12Nhydroxyjasmonate+(12NOHNJA)+all+

of+which+are+implicated+in+hostNpathogen+interactions.+

+ +
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+

Figure&2.&CrossCspecies&oxylipin&signaling&between&plants,&animals,&and&fungi.&

Oxylipins+ produced+ by+ fungi+ are+ documented+ in+ mammals+ and+ mediate+ important+

immunological+ responses+ and+ promote+ cell+ maturation.+ + Candida* albicans+ and+ P.*

brasiliensis+ both+ produce+ compounds+ that+ can+ impact+ host+ immunological+ responses,+

such+ as+ resolution+ of+ inflammation+ or+ immune+ cell+ maturation,+ respectively.++

Prostaglandins+ are+ central+ to+ many+ mammalian+ immune+ responses,+ but+ are+ also+

produced+by+many+fungi+and+have+been+shown+to+impact+sporulation.++Fungal+LOX+activity+

is+ implicated+ in+ sporulation,+ but+ has+ been+ investigated+ more+ extensively+ in+ the+ plant+

context.++Both+fungal+Ppos+and+LOXs+can+impact+plant+LOX+expression+through+oxylipin+
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production,+ inducing+ fungal+ sporulation+ in+ the+ plant+ host.+ + A+ secreted+ M.* oryzae+

monooxygenases+ modifies+ endogenous+ and+ plant+ jasmonic+ acid+ (JA)+ into+ 12NOHNJA+

greatly,+increasing+the+efficiency+at+which+the+fungus+infiltrates+the+plant+cell.+

+ +
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1.7&TABLES&

Table+1.+Polyunsaturated+fatty+acids+and+their+cognate+oxylipins.+

Fatty&Acid& Lipid&Name& Structure& Oxylipins&

αNlinolenic+acid+ 18:3+(nN3)+

+

Hydroperoxyoctadecatrienoic+
acid+ (HPOTEs),+
Hydroxyoctadecatrienoic+
acid+ (HOTEs),+ diN
hydroxyoctadecatrienoic+acid+
(diHOTES).+

Eicosapentaenoic+
acid+

20:5+(nN3)+

+

Resolvin+E1+

Linoleic+acid+ 18:2+(nN6)+

+

Hydroperoxyoctadecadienoic+
acid+ (HPODES),+
Hydroxyoctadecadienoic+acid+
(HODES),+ diN
hydroxyoctadecadienoic+acid+
(diHODES)+

δNlinolenic+acid+ 18:3+(nN6)+

+

Hydroperoxyoctadecatrienoic+
acid+ (HPOTEs),+
Hydroxyoctadecatrienoic+
acid+ (HOTEs),+ diN
hydroxyoctadecatrienoic+acid+
(diHOTES).+

Arachidonic+acid+ 20:4+(nN6)+

+

Hydroperoxyeicosatetraenoic+
acid+ (HPETE),+
Hydroxyeicosatetraenoic+
acid+ (HETEs),+ diN
hydroxyeicosatetraenoic+acid+
(diHETEs),+ Leukotrienes+
(LTs),+ Prostaglandins+ (PGs),+
Lipoxins,+Thromboxanes+

Oleic+acid+ 18:1+(nN9)+

+

Hydroperoxyoctanoic+ acid+
(HPOMES),+Hydroxyoctanoic+
acid+ (HOMEs),+ diN
hydroxyoctanoic+ acid+
(diHOMEs)+

+

+
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Table!2.!Oxylipins!with!cross6kingdom!roles!in!mammals,!plants,!and!fungi.!

Oxylipin( Full(Name( PUFA( Enzyme( Mammals( Plants( Fungi(
96HODE!
(96
HPODE)!

9S6Hydroxyoctadecadienoic!acid! Linoleic!
Acid!

LOX! Induce! Ca2+! mobilization! via! G2A!
GPCR!receptor!(50).!

Induce! programmed! cell!
death! in! tomato!
protoplasts!(85).!

Altered! A.# nidulans!
sporulation! (31).! Promote!
cAMP!production!via! fungal!
GPCR!signaling!(52).!

136HODE!
(136
HPODE)!

13S6Hydroxyoctadecadienoic!acid! Linoleic!
Acid!

LOX! Airway! hyperresponsiveness! (86,! 87)!
and! disruption! of! Ca2+! homeostasis! in!
airway!epithelial!cells!and!bronchial!cell!
injury!(Ng,!Huang,!Reddy,!Falck,!Lin,!&!
Kroetz,!2007]!Spears,!et#al.,!2009).!

Produced! as! product! of!
lipid! body! mobilization!
during! cucumber!
germination! (90).!
Proposed! to! be! “labeled!
form”!of! lipid! stores! for!β6
oxidation! during!
germination!(91,!92).!

Suppress! mycotoxin!
production!(51)!and!promote!
asexual! spore! production!
(31).! Promote! cAMP!
production!via!fungal!GPCR!
signaling!(52).!

56HETE!
(56HPETE)!

56Hydroxyeicosatetraenoic!acid! Arachidonic!
Acid!

LOX! Precursor! to! leukotriene! biosynthesis.!
Potent! survival! factor! that! inhibits!
apoptosis! of! human! prostate! cancer!
cells!(93).!

Induce! programmed! cell!
death! in! tomato!
protoplasts!(85).!!

66!

156HETE!
(156
HPETE)!

156Hydroxyeicosatetraenoic!acid!! Arachidonic!
Acid!

LOX! Precursor! to! lipoxin! biosynthesis.!
Induces! constriction! of! pulmonary!
arteries! in! response! to! hypoxia! (94).!
Modulate!vascular!smooth!muscle!and!
endothelial! cell! function! (95)! and! cell!
proliferation!(96).!

Induce! programmed! cell!
death! in! tomato!
protoplasts!(85).!

66!

JA!
!

Jasmonic!Acid! α6Linolenic!
Acid!

LOX/Allene!
Oxide!Synthase!

Suppresses! proliferation! and! induces!
apoptosis! in! human! lymphoblastic!
leukemia!cells!(97).!

Global! plant! stress,!
defense,! and!
developmental! processes!
(54).!

JA! and! numerous! analogs!
produced! by! F.# oxysporum#
(98)!and!A.#niger#(99).#

MeJA! Methyl!Jasmonate! α6Linolenic!
Acid!

LOX/Allene!
Oxide!
Synthase/Others!

Membrane! depolarization! and!
cytochrome! C! release! of! human!
leukemic!cancer! lines!(100).!Suppress!
proliferation! and! induces! apoptosis! in!
human! lymphoblastic! leukemia! cells!
(97).!

Global! plant! stress,!
defense,! and!
developmental! processes!
(45,!54).!!

Secondary! metabolite!
induction!(101).!

126OH6JA! 126hydroxy6jasmonic!acid! α6Linolenic!
Acid!

Monooxygenase! 66! Promotes!flower!and!tuber!
development,! suppresses!
plant! defense! responses!
(45).!!

Produced! during! host!
penetration!and!suppresses!
methyl! jasmonate! formation!
(45).!



!

!

23!

!

!

86HODE! 86hydroxyoctadecadienoic!acid! Linoleic!
Acid!

COX6like! 66! 66! Aspergillus! fungal!
sporulation! factor! (18,!102).!
Secreted! by! Laetisaria#
arualis# and! is! antifungal! to!
plant! pathogenic! strains! of!
Pythium#ultimum!(103).!

5,86
diHODE!

5,86dihydroxyoxctadecadienoic!acid! Linoleic!
Acid/!
86HODE!

COX6like! 66! 66! Inducer! of! sexual!
development! in!A.# nidulans#
and! regulates! ratio! of!
asexual! to! sexual! spores!
(Champe!&!El6Zayat,! 1989]!
Horowitz!Brown,!Zarnowski,!
Sharpee,! &! Keller,! 2008]!
Mazur,! Meyers,! Nakanishi,!
Elzayat,! &! Champe,! 1990]!
Mazur,! Nakanishi,! Elzayat,!
&! Champe,! 1991]!
Tsitsigiannis!&!Keller,!2007).!

PGs! Prostaglandins! (PGD2,! PGE2,!
PGF2,)!

Arachidonic!
Acid!

COX/COX6like! Central!role!in!initiation!of!inflammatory!
responses.! ! For! review,! see! (105).!!
PGE2!enhances!Th17!host!defenses!of!
mucosa!(106).!

66! Produced! by! COX6like!
enzymes! Ppos! in! A.#
fumigatus! (Tsitsigiannis,!
Bok,! Andes,! Nielsen,!
Frisvad,!&!Keller,!2005)!and!
produced!by!C.#neoformans!
and! C.# albicans# (12).!!
Production! of! PGE2! by! C.#
neoformans! suppresses! IL6
176dependent! antimicrobial!
responses!(106).!

LTs! Leukotrienes! (LTB4,! LTC4,! LTD4,!
LTE4)!

Arachidonic!
Acid!

LOX! Induce! bronchial! smooth! muscle!
contraction! (107),! promote! mucus!
secretion! in! airway! (72),! and! promote!
recruitment! of! leukocytes! (73).! For!
review,!see!(74).!

66! Produced! by! pathogenic!
fungi! (11).! No! documented!
response!on!fungi.!

36HETE! 36Hydroxyeicosatetraenoic!acid! Arachidonic!
Acid!

Unclear/!
Monooxygenase!

Affects! signal! transduction! in! human!
neutrophils!and!tumor!cells!(108,!109).!

66! Regulatory! role! of! sexual!
cycle!in!D.#uninucleata(110).!!
Associated! with! proper!
aggregation! of! ascospores!
in!D.#uninucleata#(111).!
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CHAPTER$ 2:$ FleA$ expression$ in$ Aspergillus* fumigatus$ is$ recognized$ by$
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2.1.$ABSTRACT$

The# immune# mechanisms# that# recognize# inhaled# Aspergillus# fumigatus) conidia# to#

promote# their#elimination# from# the# lungs#are# incompletely#understood.#FleA# is#a# lectin#

expressed# by# Aspergillus) fumigatus# that# has# twelve# binding# sites# for# fucosylated#

structures#that#are#abundant#in#the#glycan#coats#of#multiple#plant#and#animal#proteins.#The#

role# of# FleA# is# unknown:# it# could# bind# fucose# in# decomposed# plant# matter# to# allow#

Aspergillus#fumigatus#to#thrive#in#soil,#or#it#may#be#a#virulence#factor#that#binds#fucose#in#

lung#glycoproteins#to#cause#Aspergillus)fumigatus)pneumonia.#Our#studies#show#that#FleA#

protein#and#Aspergillus)fumigatus#conidia#bind#avidly#to#purified#lung#mucin#glycoproteins#

in# a# fucoseGdependent# manner.# In# addition,# FleA# binds# strongly# to# macrophage# cell#

surface#proteins,#and#macrophages#bind#and#phagocytose#fleA<deficient#(∆fleA)#conidia#

much#less#efficiently#than#wild#type#(WT)#conidia.#Furthermore,#a#potent#fucopyranoside#

glycomimetic# inhibitor# of# FleA# inhibits# binding# and# phagocytosis# of# WT# conidia# by#

macrophages,#confirming#the#specific#role#of#fucose#binding#in#macrophage#recognition#

of#WT#conidia.#Finally,#mice#infected#with#ΔfleA)conidia#had#more#severe#pneumonia#and#

invasive#aspergillosis# than#mice# infected#with#WT#conidia.)These#findings#demonstrate#

that#FleA#is#not#a#virulence#factor#for#Aspergillus)fumigatus.#Instead,#host#recognition#of#

FleA# is# a# critical# step# in# mechanisms# of# mucin# binding,# mucociliary# clearance,# and#

macrophage#killing#that#prevent#Aspergillus)fumigatus)pneumonia.#

#

2.2.$INTRODUCTION$$

Aspergillus)fumigatus#(A.)fumigatus)#is#an#ubiquitous#opportunistic#pathogen#that#causes#

invasive#and#often#fatal#lung#infection,#particularly#in#immunocompromised#patients#(1).#
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Aspergillus)fumigatus#produces#small#hydrophobic#conidia#that#are#easily#inhaled#into#the#

lungs#and#require#robust#host#defense#mechanisms#to#prevent#infection.#The#mechanisms#

of#clearance#of#conidia#from#the#lung#are#incompletely#understood#but#phagocytosis#by#

macrophages#is#known#to#be#important#(2–5).#Macrophages#express#DectinG1,#a#CGtype#

lectin#that#recognizes#βG1G3#glucan#on#the#surface#of#A.)fumigatus#conidia.#Although#the#

amount#of#surface#accessible#βG1G3#glucan#is#low#on#resting#conidia,#it#is#much#higher#in#

swollen#conidia#that#appear#early#during#germination#and#infection#(6).#Binding#of#βGglucan#

by#DectinG1#promotes#macrophage#killing#of#A.)fumigatus#conidia,#and#other#macrophage#

receptors,# such# as# the# mannose# receptor# and# tollGlike# receptors# (TLR)# G2# and# G4,#

cooperate#in#this#killing#effect#(7,#8).#Notably,#however,#the#phagocytosis#of#A.)fumigatus#

conidia# by# macrophages# is# incompletely# blocked# by# inhibitors# of# DectinG1,# mannose#

receptor,# and# TLRG2/4# (9),# which# means# that# macrophages# must# employ# additional#

mechanisms#to#phagocytose#and#kill#A.)fumigatus.#

#

Many#microorganisms#use# lectins#as#adhesins# to# interact#with#host# glycoproteins.#For#

example,# Pseudomonas,) Burkholderia,# Ralstonia,# and# Chromobacterium) bacteria# all#

express#adhesins# that# include#galactophilic# and# fucophilic# lectins# that# initiate#bacterial#

adherence#to#glycan#receptors#on#host#cells#and#tissues#(10–14).#In#addition,#fungi#such#

as#Aleuria)aurantia,#A.)oryzae,#and#A.)fumigatus#all#express#fucophilic#lectins#(15–18)#with#

multiple#fucose#binding#sites#(11,#19).#For#example,#A.#fumigatus#lectin#(AFL,#also#known#

as#FleA)#exists#as#a#dimer#with#12#fucoseGbinding#sites#available#for#strong#multivalent#

interactions#with#fucosylated#structures#(18).#As#a#result,#FleA#has#unusually#high#binding#

affinity# for# fucosylated# structures# (18,# 20),# but# its# role# in# fungal# biology# is# unknown.#
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Fucosylated#glycans#are#abundant#in#plants#and#animals,#and#FleA#expression#by#fungi#

may#help#them#bind#plant#or#animal#tissues,#as#has#been#found#for#fucose#binding#lectins#

in#bacteria#(11,#21).#Aspergillus)fumigatus)conidia#enter#the#human#host#via#inhalation,#

and#fucosylated#proteins#in#the#lung#that#could#bind#conidial#FleA#include#mucins#in#the#

airway#mucus#gel#and#multiple#glycoproteins#in#the#glycocalyx#of#macrophages#(22–24).#

Fucose#in#different#linkages#is#a#common#carbohydrate#structure#in#gelGforming#mucins#

(22)# such#as#MUC5AC#and#MUC5B# (23),# and# recent# studies# in# transgenic#mice#have#

revealed#the#essential#role#of#gelGforming#mucins#in#host#defense#against#lung#infection#

(25).# In# addition,#membraneGtethered#mucins# (such# as#MUC1#and#MUC4)# function# as#

receptors#in#epithelial#cells#(26)#and#macrophages#(24)#and#it#is#possible#that#they#may#

function#as#adhesins#for#A.#fumigatus.#To#determine#the#role#of#FleA#in#the#pathogenesis#

of# A.) fumigatus# pneumonia,# we# studied# the# behavior# of# recombinant# FleA# and) fleA<

deficient# conidia# in#multiple# complimentary# functional# assays,# including#mucin# binding#

assays,#macrophage#binding#assays,#and#a#mouse#model#of#A.)fumigatus#pneumonia.#

 

2.3.$MATERIALS$AND$METHODS$

Subjects$ and$ clinical$ samples.$ Induced# sputum# was# collected# from# 5# healthy#

nonsmoking,#nonGallergic#subjects#aged#between#24G55#years#(4#male)#as#described#(27).#

Bronchoalveolar# lavage# (BAL)#was#collected# from#3#healthy#nonGsmoking,#nonGallergic#

subjects#aged#30#G#45#years#(2#male,#1#female)#by#instilling#4#aliquots#of#50mLs#of#warmed#

(37ºC)#normal#saline#into#a#segmental#bronchus#in#the#right#middle#lobe#or#lingula.#After#

the#first#two#50mL#aliquots#were#instilled#and#aspirated#from#one#segmental#bronchus,#the#
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bronchoscope#was#moved#to#an#adjacent#bronchus#in#the#same#segment#for#collection#of#

two#additional#50#mL#aliquots.#$

#

Purification$ of$ high$ molecular$ weight$ mucin$ from$ sputum.$ 8M# guanidine#

hydrochloride#was#added#in#1:1#volume#to#sputum#samples#and#the#samples#rotated#at#

4oC# until# homogenized.# Mucins# were# then# purified# from# the# sputum# as# described#

previously#(28,#29)#with#additional#details#in#S1#text.$

##

FleA$binding$to$mucin.$Recombinant#FleA#(prepared#as#described#previously#(18)#was#

biotinylated#with#EZGlink#sulfo#NHS#biotin#(Pierce,#Thermo#Fisher,#Rockford,#IL).#Purified#

human#mucin#was#coated#on#a#Nunc#maxisorp#plate#at#20#μg/ml#in#carbonate#bicarbonate#

buffer#pH#9.6#overnight#at#4ºC,#washed#and#blocked#with#TBS#+#0.05%#TweenG20,#10mM#

CaCl2,#3%#BSA.#Biotinylated#recombinant#FleA#was#incubated#at#5#μg/ml#in#TBS#+#0.05%#

TweenG20,#10#mM#CaCl2,#1%#BSA#(binding#buffer)#in#the#presence#or#absence#of#100mM#

LGfucose#or#100mM#LGgalactose.#For#inhibition#assays,#recombinant#FleA#was#incubated#

with#a#dilution#series#of#synthesized#carbohydrate#compounds#starting#at#5mM.#Plates#

were#washed#with#binding#buffer,#incubated#with#ExtrAvidinGalkaline#phosphatase#(SigmaG

Aldrich,# St# Louis,# MO)# and# detected# using# phosphatase# substrate# (SigmaGAldrich,# St#

Louis,#MO)# in#carbonate#bicarbonate#buffer#pH#9.6#+#1#mM#MgCl2#and#read#at#405nm#

(Biotek#Synergy#plate#reader,#Winooski,#VT).$

#

Synthesis$ of$ carbohydrates.) The# disaccharides# were# synthesized# by# glycosylating#

appropriately# protected# glucose# acceptors# with# a# fucosyl# bromide# donor,# 2,3,4GtriGOG
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benzylGLGfucopyranosyl# bromide,# using# Lemieux’s# halide# assisted# conditions# (30),#

followed#by#deprotection#of#the#αGlinked#disaccharides#using#catalytic#hydrogenolysis#to#

give#the#target#structures.#Detailed#synthesis#methods#are#in#S1#text.)

#

Aspergillus*strains$and$culture.)#Unless#noted,#all#A.)fumigatus#strains#were#propagated#

on# solid# glucose# minimal# media# (GMM)# at# 37# °C# (31).# A.) fumigatus# asexual# spore#

suspensions#were#fixed,#where#appropriate,#in#4%#formaldehyde#in#PBS.#All#strains#used#

in#this#study#are#listed#in#Table#2.#

#

Generation$ of$ FleA$ mutant$ conidia.) ) A.) fumigatus# strains# expressing# GFP# were#

constructed#using#pJMP51#to#transform#AF293.1#and#AF293.6#which#yielded#TJMP131.5#

(GFP::H2A)# and# TGJF5.3# (GFP::H2A,) argB1),# respectively.# A# fleA# gene# disruption#

cassette# (Fig# 2A)# was# used# to# transform# TGJF5.3# to# create# TGJF6.7,# 6.8# and# 6.13#

(GFP::H2A,)∆fleA).#The#strain#was#confirmed#by#Southern#and#northern#analysis#(Figure#

2B,C).# TGJF5.3# was# also# transformed# with# a# FleA# RFP# (fleA:RFP)# tagged# cassette#

yielding# the# prototrophic# fleA:RFP# strain,# TGJF7.11.# FleA# tagging# was# confirmed#

microscopically# and# by# Southern# and# northern# analysis# Figure# 2D,E).#A.) flavus#ΔfleA)

deletion#mutants#were#created#by#transforming#the#deletion#construct#into#parental#strain#

CA14∆ku70∆pyrG)(32))to#create#strains#TFYL62.1G62.3.#Single#integration#of#the#deletion#

cassette# was# verified# via# Southern# analysis# (Figure# 2).# More# detailed# methods# are#

available#in#S1#text.)

#
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Immunofluorescence$of$Aspergillus$conidia.) )A.) fumigatus#strains#were#cultured#on#

GMM#at#37°C#for#3#days,#spores#were#harvested,#placed#on#a#preGcleaned#glass#slide#and#

coverslipped.#Images#were#taken#of#GFP#and#RFP#fluorescence#using#a#Nikon#Ti#inverted#

microscope# equipped#with# a#Nikon#Plan#Apo#VC# 60x/1.40#Oil# DIC/∞/0.17#WD.# TimeG

course# microscopy# was# carried# out# over# 27# hours# at# 37°C.# The# average# fluorescent#

intensity#at#each#developmental#state#(resting#conidia,#swollen#conidia,#and#hyphae)#of#

untagged# FleA# (TJMP131.5# or# wild# type)# was# subtracted# from# the# mean# fluorescent#

intensity#value#of#two#different#transformants#(TGJF7.11#and#TGJF7.15)#expressing#RFPG

tagged#versions#of#FleA.#The#adjusted#mean#fluorescence#was#then#standardized#to#area.#)

#

Western$ blot$ of$A.* fumigatus$ extracts$ and$ supernatant.) )Resting# and# swollen#A.)

fumigatus)conidia#and#hyphae#were#isolated#from#WT#and#ΔfleA#cultures#as#described#in#

S1#text#and#extracted#in#50mM Tris/HCl pH 7.4, 50 mM EDTA, 2% SDS, and 40 mM β-

Mercaptoethanol. Protein concentrations were determined by BCA assay and 15 μg of 

protein was loaded into each well of a 4-12% BOLT SDS PAGE gel (Life Technologies, 

Grand Island, NY) and electrophoresed. Gel was then blotted onto nitrocellulose, blocked 

with non fat milk and stained with an anti-FleA rabbit polyclonal antibody (18) and donkey 

anti-rabbit HRP (Jackson immunoresearch, West Grove, PA) prior to chemiluminescent 

detection. Culture supernatants were filtered through a 0.2 μM filter and concentrated 10x 

in a 0.5 ml Amicon Ultra (EMD Millipore, Billirica, MA) before being run as described 

above. )

#
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Mucin$conidia$binding$assay.))8#well#glass#chamber#slides#(Labtek,#Scotts#Valley,CA)#

were#coated#with#20#μg/ml#purified#human#mucin# in#dH2O#overnight#at#37ºC#and# then#

blocked# in# PBS# +# 1%#BSA# for# 1# hour.# Fixed#A.) fumigatus# conidia# suspensions#were#

centrifuged#at#6000#x#g#for#5#minutes#to#pellet#and#resuspended#in#PBS#+#1%#BSA#in#the#

presence# or# absence# of# 10mM# (2E)Ghexenyl# αGLGfucopyranoside# (2EHex)# or# 100mM#

fucose.#2x107#conidia#were#added#per#well#and#incubated#for#4#hours#at#room#temperature.#

Unbound#conidia#were#removed#by#washing#in#PBS+#BSA,#the#slides#were#mounted#in#

Prolong#Gold#antiGfade#reagent#(Life#Technologies,#Grand#Island,#NY)#and#allowed#to#cure#

for#24#hours#prior#to#sealing.#Images#were#acquired#using#an#FV10i#confocal#microscope#

(Olympus,#Center#Valley,#PA)#using#the#multipoint#ZGstack#mode#to#acquire#9#fields#per#

well# with# 3# wells# imaged# per# condition# per# experiment.# Each# ZGstack# image# was#

compressed#into#a#single#plane#of#focus#and#conidia#were#counted#using#NIH#Image#J#

with# the#ITCN#plugin.#Each#experiment#was#repeated#at# least#3# times.#A.)flavusGmucin#

interactions#were#investigated#as#described#above#with#one#exception.#These#conidia#lack#

GFP#so#were#stained#with#Calcofluor#white#for#5#minutes#to#allow#imaging#prior#to#adding#

to#mucinGcoated#slides.#)

#

Cell$culture.)RAW#264.7#cells#(UCSF#cell#culture#facility)#were#maintained#in#DMEM#+#

10%#fetal#bovine#serum#+#1%#penicillin/streptomycin#until#seeded#and#grown#on#8#well#

chamber#slides#(Labtek,#Scotts#Valley,#CA)#overnight.#Human#alveolar#macrophages#from#

BAL#were#centrifuged#at#450#x#g#for#10#minutes#and#washed#with#PBS#prior#to#plating#on#

polyGLGlysine#coated#8#well#chamber#slides#in#RPMI#1640+#10%#fetal#bovine#serum#+#1%#
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penicillin/streptomycin#+#0.5μg/#ml#amphotericin#B.#Cells#were#washed#after#2#hours#of#

adherence#and#cultured#overnight#prior#to#experiments.#)

#

FleA$binding$to$macrophages$by$flow$cytometry.))RAW264.7#or#primary#human#lung#

macrophages#were#incubated#with#AlexaG488#tagged#recombinant#FleA#in#the#presence#

or#absence#of#100mM#fucose#prior#to#analysis#on#a#Becton#Dickenson#FACScalibur#and#

Flow#Jo#software#(Treestar,#Ashland,#OR).)

#

Phagocytosis$assay.) )RAW#264.7#cells#were#plated#at#5x104/well#on#8#well#chamber#

slides#(Labtek,#Scotts#Valley,#CA)#and#allowed#to#grow#overnight#in#culture#media.#5x106#

conidia#from#either#the#PFAGfixed#WT#or#�fleA#strain#were#added#per#well#in#the#presence#

or#absence#of#10mM#2EHex#or#500mM#fucose#and#incubated#at#37oC#for#1#hour.#Wells#

were#washed#and#incubated#for#a#further#2#hours#at#37ºC#for#complete#uptake.#Cells#were#

stained#with#7.5μg/ml#CellMask#Deep#Red#plasma#membrane#stain#(Life#Technologies,#

Grand# Island,#NY)#and#calcofluor#white# (Sigma,#St#Louis,#MO),#washed#with#PBS#and#

mounted#with#FluoromountGG#(Southern#Biotech,#Birmingham,#AL).#ZGstack#images#were#

acquired#using#an#FV10i# confocal#microscope# (Olympus,#Center#Valley,#PA).#Each#ZG

stack#image#was#compressed#into#a#single#plane#of#focus#and#both#internalized#conidia#

and#cell#number#were#counted#using#NIH#Image#J#with#the#cell#counter#plugin.#Phagocytic#

index#was#calculated#as#the#number#of#conidia#internalized#per#cell.##Internalized#conidia#

were# counted# as# conidia# within# the# boundary# of# the# cell# that# were# not# stained# with#

calcofluor#white.#Calcofluor#white#stained#conidia#were#excluded#from#the#count#as#they#

were#not#internalized.#For#human#macrophages,#cells#were#plated#at#5x105#per#well#and#
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grown#overnight.#1.5x106#conidia#from#the#PFA#fixed#WT#or#�fleA#strains#were#added#per#

well#in#the#presence#or#absence#of#10mM#2EHEX,#incubated#at#37ºC#for#30#minutes#then#

washed,#stained#and#mounted.)

#

Flow$ cytometry$ analysis$ of$ A.* fumigatus$ conidia.# # Recombinant# DectinG1# was#

purchased#from#R&D#Systems#(Minneapolis,#MN)#and#biotinylated#using#the#EZGlink#sulfo#

NHS# biotin# kit# (Thermo# Fisher# Waltham,# MA)# according# to# manufacturers#

recommendations.#1x107#WT#or#ΔfleA)conidia#were#labeled#with#biotinylated#DectinG1#and#

StreptavidinGPE#(Biolegend,#San#Diego,#CA)#and#fixed#in#4%#paraformaldehyde#prior#to#

analysis#on#a#Becton#Dickenson#FACSCalibur#and#FlowJo#software#(TreeStar,#Ashland,#

OR).##

#

Phagocytosis$of$FleADcoated$particles.))YellowGgreen#1μM#sulfate#treated#FluoSpheres#

(Life# Technologies,# Grand# Island,# NY)# were# coated# with# recombinant# FleA,# added# to#

RAW264.7# cells# in# the# presence# or# absence# of# 500mM# fucose# and# incubated# with#

agitation#for#2#hours#at#37oC#prior#to#extensive#washing#with#DMEM#to#remove#unattached#

FluoSpheres# from# the# cell# surface.# Cells# were# fixed# in# 4%# paraformaldehyde# prior# to#

analysis#on#a#Becton#Dickenson#FACSCalibur#and#FlowJo#software#(TreeStar,#Ashland,#

OR).#)

#

Mice.))Male#C57BL/6#mice#from#Charles#River#Laboratories#(Wilmington,#Massachusetts,#

MA)# were# housed# in# a# pathogen# free# facility# at# UCSF.# Animal# experiments# followed#

protocols#approved#by#the#UCSF#Institutional#Animal#Care#and#Use#Committee.)
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Mouse$model$ of$Aspergillus$ infection.) )Eight# to# ten#week# old#C57BL/6#mice#were#

infected#intranasally#with#5x107#of#WT#or#ΔfleA)conidia.#Mice#were#sacrificed#3#days#post#

infection.#Measures#of#lung#inflammation,#infection#and#lung#injury#were#evaluated#using#

methods#described#in#S1#text.##)

#

Statistical$ methods.) Data# analyses# were# performed# GraphPad# Prism# version# 6#

(GraphPad,#San#Diego,#CA).#ANOVA#was#used#for#threeGgroup#comparisons#followed#by#

pairwise#analyses#with#the#Tukey#multiple#comparisons#test#when#appropriate.#Two#group#

comparisons#were#analyzed#using#the#Students#tGtest#or#for#nonGparametric#analyses,#a#

ranked#MannGWhitney#test.#)

#

Ethics$Statement.))Human#samples#were#obtained#from#the#UCSF#Airway#Tissue#Bank#

(ATB).#All# participants# signed# two# informed#consent# forms# G#one# for# the#original# study#

protocol#and#the#other#for#the#ATB#protocol.#All#study#and#ATB#procedures#were#reviewed#

and#approved#by#the#UCSF#Committee#on#Human#Research,#protocol#number#11G05176.#

All#animal#studies#were#carried#out#in#strict#accordance#with#the#recommendations#in#the#

Guide#for#the#Care#and#Use#of#Laboratory#Animals#of#the#National#Institute#of#Health.#All#

protocols# involving# animals#were# approved# by# the# animal# care# and# use# committee# at#

UCSF#and#are#in#compliance#with#Public#Health#Service#Policy#(PHS),#(IACUC#protocol#

number#AN090458G03).)

#

#
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2.4$RESULTS$

2.4.1.$Phylogenetic$analysis$of$FleA.$

We#generated#a#phylogenetic#tree#to#illustrate#the#fungal#genera#and#species#that#contain#

a#putative#FleA#ortholog.#The# tree#shows# that#FleA# is#not#widespread# in# the#Kingdom#

Fungi#and#is#found#in#several#pathogenic#species#of#fungi.#FleA#is#present#in#the#genomes#

of# only#a# few#Aspergillus)species,# including#A.) fumigatus,#A.) flavus,)A.)oryzae)and)A.)

calidoustus# # (Supplemental#Figure#1).#FleA) is#also#present# in#other#human#pathogens#

including# dermatophytes# (Trichophyton,) Microsporum# and# Arthroderma),#

entomopathogenic# fungi# (Metarhizium,) Ophiocordyceps),) a# nematode# pathogen#

(Arthrobotrys)oligospora),#several#plant#pathogens#(Penicillium)expansum,)Marssonina,)

Magnaporthiopsis,)Ceratocystis,)Gaumannomyces,)Rhizoctonia)#and#Trichoderma)spp.#

(pathogenic#on#other#fungi).##

#

2.4.2.$FleA$mediates$binding$of$A.*fumigatus$conidia$to$airway$mucin$in$a$fucose$

dependent$manner.$

To# determine# if#A.) fumigatus# conidia# can# bind# to#mucin# glycans# in# a# FleAGdependent#

manner,#we#coated#microtiter#plates#with#mucins#that#we#purified#from#the#induced#sputum#

of# healthy# subjects,# and# we# used# labeled# recombinant# FleA# to# quantify# FleAGmucin#

binding.# We# found# that# FleA# binds# strongly# to# airway# mucin# and# that# this# binding# is#

inhibited#by#fucose#(Figure#1A).#No#inhibition#was#observed#with#galactose#(Figure#1A).#

To#examine#the#specificity#of#FleA#for#the#different#linkage#forms#of#fucose#found#naturally#

on#mucins,#we#synthesized#disaccharides#with# fucose# linked# to#glucose# in#α1,2,#α1,3,#
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α1,4,# or# α1,6# positions.# These# fucoseGglucose# compounds# all# strongly# inhibited# FleA#

binding#to#mucin#in#a#dose#dependent#manner#(Figure#1B).##

 

2.4.3.$Generation$of$ΔfleA*A.*fumigatus$and$A.*flavus$conidia.$

To# further# characterize# fleA# in#A.) fumigatus# and# examine# the# functional# role# of# FleA#

binding#to#mucin,#we#created#reagents#to#allow#us#to#make#quantitative#measurements#of#

A.)fumigatus#binding#to#mucin#and#to#dissect#the#specific#binding#role#of#FleA.##To#facilitate#

visualization#of#the#conidia,#we#created#strains#of#A.)fumigatus#expressing#nuclear#GFP)

by#transformation#of#AF293.1#and#AF293.6#strains#with#the#plasmid#pJMP51#resulting#in#

histone# 2A# fused# GFP# prototrophic# (TJMP131.5)# and# auxotrophic# (TGJF5.3)# strains,#

respectively.# TGJF5.3# was# further# modified# and# transformed# to# prototrophy# using# a#

disruption#cassette#targeting#disruption#of#the#fleA#locus#(Figure#2A)#and#multiple#ΔfleA#

deletion#transformants#were#identified.#Confirmation#of# fleA#deletion#was#demonstrated#

by# Southern# and# northern# blotting# (Figure# 2B,C).# Despite# repeated# attempts# to#

complement# the#ΔfleA# deletion#strains,#we#encountered#problems#such#as#phenotypic#

abnormalities# in# spore# size# and# shape,# which# precluded# generation# of# reliable#

complement#reagents.#Hence#the#mucin#binding#studies#described#below#were#repeated#

with#several#ΔfleA#deletions#to#confirm#the#role#of#FleA#as#an#A.)fumigatus#fucose#binding#

protein.# The# mucin# binding# studies# were# also# repeated# using# a# novel# synthetic#

glycomimetic# inhibitor# of# FleA# as# an# alternative# experimental# approach.# To# assess#

localization# of# FleA# in# conidia,# we#made# a# CGterminal# RFP# tagged# fleA# mutant# in#A.)

fumigatus#by#modifying#the#native# fleA# locus#using#a#disruption#cassette#similar# to#that#
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used#to#delete#the#fleA)ORF#(Figure#2D,E).##Multiple#ΔfleA#deletion#A.)flavus#strains#were#

generated#using#the#same#methods#described#for#A.#fumigatus#above#and#as#illustrated#

in#Supplemental#Figure#2.###

 

2.4.4.$FleA$is$present$on$resting$and$swollen$A.*fumigatus$conidia.$

Protein#levels#of#FleA#on#A.)fumigatus#conidia#and#hyphae#have#not#been#characterized.#

We# found# that# RFPGtagged# FleA# is# present# on#A.) fumigatus# conidia# when# fleA<rfp# is#

expressed#under#its#endogenous#promoter#(Figure#3A),#and#we#used#two#different#strains#

of#FleAGRFP#tagged#conidia#to#quantify#FleA#levels#over#time#by#fluorescence#microscopy#

(Figure#3B).##FleA#fluorescence#was#high#on#resting#conidia#(with#some#variation#among#

conidia),#low#in#swollen#conidia,#and#largely#absent#in#hyphae#(Figure#3B,C).#TimeGlapse#

microscope#images#of#germinating#conidia#show#that#FleA#begins#to#decrease#by#21#hours#

and#is#almost#entirely#absent#by#27#hours#(Figure#3C).#These#results#were#confirmed#in#

extracts#from#resting#and#swollen#conidia#and#from#hyphae#that#were#analyzed#for#FleA#

protein#by#western#blot#(Figure#3D).#We#also# investigated#the#possibility# that#FleA#was#

secreted# by# conidia,# even# though# FleA# lacks# a# canonical# secretion# signal# peptide#

according# to# the#Signal#P#4.0#server# (33).#Analysis#of#proteins# in#concentrated#culture#

supernatant#of#A.) fumigatus#at#various#developmental# timepoints# revealed# that# resting#

conidia# shed# significant# amounts# of# FleA,# whereas# conditioned# media# from# swollen#

conidia#and#hyphal#culture#supernatant#did#not#have#detectable#FleA#(Figure#3D).##
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2.4.5.$ Binding$ of$ A.* fumigatus$ conidia$ to$ airway$ mucins$ and$ phagocytosis$ by$

macrophages$is$FleA$dependent.$

To#examine#if#binding#of#A.)fumigatus#conidia#to#airway#mucins#is#FleA#dependent,#we#

first#developed#a#binding#assay#to#determine#the#specific#binding#role#of#FleA.##For#the#

conidiaGbinding# assay,# we# coated# mucins# onto# chamber# slides# and# used# confocal#

microscopy#to#image#binding#of#conidia.#As#shown#in#Figures#4A#and#4B,#the#binding#of#

three# independent#ΔfleA# deletion#mutant# strains# (TGJF#6.7,#6.8#and#6.13)# to#mucin# is#

much#weaker#than#the#binding#of#WT#conidia.#These#data#demonstrate#that#A.)fumigatus#

conidia#bind#to#mucin#in#a#FleAGdependent#manner.#After#confirming#that#all#3#ΔfleA#mutant#

strains#showed# identical#patterns# in#mucin#binding#assays,#we#chose# the#A.) fumigatus#

strain#TGJF6.7#for#all#further#functional#studies.##

 

2.4.6.$Binding$of$A.*flavus$conidia$to$airway$mucins$is$FleA$dependent.$

To# determine# if# FleA# is# also# required# for# binding# of# A.# flavus) conidia# to# mucin,# we#

examined#the#binding#of#WT#and#ΔfleA#A.#flavus)conidia#in#our#chamber#slide#assay.#As#

shown#in#Figure#4C,#the#binding#of#three#independent#ΔfleA#deletion#mutant#strains#of#A.#

flavus) (TFYL# 62.1,# 62.2# and# 62.3)# to#mucin# is#much#weaker# than# the# binding# of#WT#

conidia.##

#

Fucosylated#glycoproteins#are#not#restricted#to#mucin#glycoproteins.##Macrophages#also#

express#multiple#fucosylated#proteins#on#their#cell#surface,#including#membraneGtethered#

mucins# (24).# We# therefore# explored# whether# fleA# expression# by# A.) fumigatus# might#
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mediate# binding# or# phagocytosis# by# macrophages.# We# first# explored# binding# of#

recombinant#FleA#to#macrophages#by#flow#cytometry#and#showed#that#FleA#binds#very#

strongly#to#the#surface#of#RAW264.7#mouse#macrophages#and#primary#human#alveolar#

macrophages# in# a# fucoseGdependent# manner# (Figure# 5A,B).# Next,# we# investigated#

phagocytosis#of#A.)fumigatus#conidia#to#RAW264.7#mouse#macrophages.#Using#confocal#

microscopy,#we#found#that#A.)fumigatus)WT#conidia#bound#to#RAW264.7#cells#and#that#

many# are# internalized/phagocytosed# (Figure# 5C).# Notably,# the# internalization# of#ΔfleA#

conidia#was#50%#less#than#that#of#WT#(Figure#5C,D).#We#repeated#these#experiments#in#

alveolar# macrophages# isolated# from# bronchoalveolar# lavage# from# healthy# human#

subjects.#Similar#to#data#from#the#RAW264.7#cells,#we#found#that#A.)fumigatus#conidia#are#

internalized#and#phagocytosed#by#human#macrophages#and#that#ΔfleA#conidia#show#a#

reduction# in# phagocytosis# of# 40%# compared# to#WT# (Figure# 5E,F).# Thus,# fucosylated#

structures# on# lung# macrophages# act# as# receptors# for#A.) fumigatus# FleA,# resulting# in#

enhanced#phagocytosis#of#conidia.#

 

To#rule#out#the#possibility#that#deletion#of#FleA#causes#changes#to#βGglucan#in#the#fungal#

cell#wall#that#could#be#affecting#binding#and#phagocytosis,#we#used#FACS#to#examine#the#

binding#of#a# β−glucan#ligand#(DectinG1)#to#ΔfleA#and#WT#conidia.#We#found#no#significant#

differences#in#the#affinity#of#recombinant#biotinylated#DectinG1#for#ΔfleA)and#WT)conidia)

in#these#experiments)(Figure#5G).#We#also#coated#fluorescent#microspheres#with#FleA#to#

create#a#simplified#model#of#conidia#and#found#that#FleA#causes#a#significant#and#fucoseG

dependent# increase# in# binding# and# phagocytosis# of#microspheres# by#RAW264.7# cells#

(Figure#5H).##
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2.4.7.$(2E)Dhexenyl$αDLDfucopyranoside$is$a$potent$functional$inhibitor$of$FleA.$

To#provide#additional#evidence#that#binding#of#A.)fumigatus#conidia#to#mucins#and#alveolar#

macrophages# is#FleAGdependent,#we#synthesized#a# library#of#modified# fucopyranoside#

structures#using#methods#we#previously#described#for#inhibitors#of#the#FimH#lectin#in#E.)

coli)(34))(Figure#6).#To#screen#for#the#relative#potency#of#different#fucopyranosides,#we#

used# the# FleAGmucin# binding# assay.# In# this# way,# we# found# that# (2E)Ghexenyl# αGLG

fucopyranoside# (2EHex)# (Figure# 6A)# inhibits# FleA# with# marked# (nanomolar)# potency#

(Figure#6B).#In#contrast#to#its#potent#inhibition#of#FleA#binding#to#mucin,#2EHex#does#not#

show#potent#inhibition#of#PAGIIL#(a#fucoseGbinding#lectin#from#Pseudomonas#aeruginosa)#

binding# to# mucin# (Figure# 6C).# We# next# tested# the# effects# of# 2EHex# and# fucose# on#

interactions#between#A.)fumigatus#conidia#and#mucins#and#macrophages.#We#found#that#

both#2EHex#and#fucose#decreased#the#mucin#binding#of#WT#A.)fumigatus#conidia#to#the#

levels#observed#with#ΔfleA)conidia#(Figure#6D).#2EHex#also#decreased#the#phagocytosis#

of#WT#A.)fumigatus#conidia#by#RAW264.7#cells#and#primary#human#macrophages#to#the#

levels#observed#with# the#ΔfleA#conidia#(Figure#6E,#F).#These# inhibition#studies#confirm#

that# binding# of#A.) fumigatus# conidia# to#mucins# and#macrophages# requires# the# fucose#

binding#activity#of#FleA.##

 

2.4.8.$FleA$loss$increases$lung$infection$and$lung$injury$by$A.*fumigatus.$

Based# on# our# data# that# FleA# is# required# for# binding# and# phagocytosis# of# conidia# by#

macrophages,#we#hypothesized#that#ΔfleA#conidia#might#evade#phagocyte#killing#leading#
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to# increased# lung# infection# compared# to# WT.# To# test# this# hypothesis,# we# infected#

immunocompetent# C57BL/6#mice# intranasally# with#WT# conidia# or#ΔfleA# conidia.# H&E#

staining# of# infected# lung# tissue# showed# that#mice# infected#with#WT# conidia# had#wellG

contained#pneumonia#(Figure#7A)#whereas#ΔfleA#conidia# treated#animals#had#a#poorly#

contained#pneumonia#(Figure#7B).#GMS#staining#showed#limited#numbers#of#conidia#with#

little# evidence# of# germination# in# sections# from#WT# treated# animals# (Figure# 7C,# E).# In#

contrast,#a#large#number#of#conidia#from#ΔfleA#treated#animals#showed#hyphae#generation#

(germlings)#evident#on#the#GMS#stain,#typical#of#invasive#aspergillosis#(Figure#7D,F).#Both#

the#total#number#and#percentage#of#germinating#conidia#are#significantly#higher#in#mice#

infected#with#ΔfleA#conidia#than#WT#conidia#(Figure#7GGH).#Lung#injury#is#more#severe#in#

ΔfleAGinfected# mice,# as# evidenced# by# a# higher# concentration# of# hemoglobin# in#

bronchoalveolar# lavage# (BAL)# (Figure# 7I).# Aspergillus# 18S# gene# expression# in# lung#

homogenates# from#ΔfleAGinfected#mice# is# higher# than# in# lung# homogenates# from#WT#

infected#mice,#indicative#of#higher#fungal#burden#(Figure#7J).###

 

BAL#cells#from#mice#infected#with#WT#and#ΔfleA#conidia#were#analyzed#by#flow#cytometry#

to# quantify# multiple# immune# cells# and# by#multiplex# immunoassay# to# quantify# multiple#

cytokines,#chemokines#and#growth#factors.#Mouse#BAL#cells#were#labeled#with#a#panel#of#

antibodies# including#CD11c,#F4/80,#CD11b,#MHCII,#Ly6G,#Ly6C,#NK1.1,#TCRβ,#B220,#

CD4#and#CD8.#Compared#to#mice#infected#with#WT#conidia,#we#found#that#several#cell#

types#were#decreased#in#BAL#from#mice#infected#with#ΔfleA#conidia,# including#alveolar#

macrophages,#neutrophils,#NK#and#NKT#cells#and#CD4#and#γΔ#T#cells# (Figure#8).#No#

significant#differences#were#observed#for#eosinophils,#dendritic#cells,#B#cells,#monocytes#
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and# inflammatory# monocytes# and# CD8# T# cells.# Compared# to# mice# infected# with# WT#

conidia,#we#found#that#the#concentrations#of#multiple#cytokines,#chemokines#and#growth#

factors#were#similar#in#BAL#from#mice#infected#with#ΔfleA#conidia,#including#ILG6,#IFNγ,#KC#

and#VEGF#in#BAL#fluid#(Supplmental#Table#1).#

 

2.5.$DISCUSSION$

We#have#discovered#that#FleA#produced#by#A.)fumigatus#conidia#allows#airway#mucins#to#

bind# conidia# and# macrophages# to# effectively# phagocytose# them.# Notably,# when# we#

engineer#conidia#that#lack#FleA,#the#resultant#ΔfleA)conidia#show#increased#virulence#in#a#

mouse# model# of# A.) fumigatus# pneumonia.# # Together# these# data# uncover# a# novel#

mechanism#of#host#defense#against#A.)fumigatus#infection#in#which#fucosylated#receptors#

in# the#airway#mucus#gel#and#on# the#surface#of#macrophages#bind#FleA# to#hasten# the#

elimination#of#A.)fumigatus)conidia.##

#

To#date,# research#on#binding#of#A.) fumigatus# conidia# to# lung#proteins#has# focused#on#

binding# to#basement#membrane#proteins# in# the#airway#epithelium#(35–38).#But#mucins#

provide#the#first#line#of#defense#against#inhaled#pathogens#in#the#bronchi#and#bronchioles#

(25),#and#studies#of#binding#of#A.)fumigatus#conidia#to#human#airway#mucins#are#highly#

relevant# to# mechanisms# of# infection# and# invasion.# Mucin# glycans# include# multiple#

fucosylated#structures#(22),#and#we#report#avid#binding#of#FleA#to#human#airway#mucins#

that#is#inhibited#by#a#wide#range#of#fucose#structures,#including#fucose#in#α1,2,#α1,3,#α1,4,#

or#α1,6# linkages.#We#also#report# that#deletion#of#FleA# in#Aspergillus) fumigatus#conidia#

markedly# decreases# mucin# binding# and# that# this# role# for# FleA# is# conserved# in# the#
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pathogenic#A.)flavus.#We#conclude#that#a#range#of#sterically#available#fucosylated#glycans#

in#mucins#can#act#as#FleA#ligands#and#the#airway#mucus#gel#is#a#powerful#“sticky”#barrier#

that#can#capture#and#remove#conidia#to#guard#against#invasive#infection.#

#

Phagocytosis#of#inhaled#conidia#by#alveolar#macrophages#represents#an#important#innate#

immune# defense# against# A.# fumigatus# infection,# especially# in# the# alveolar# lung#

compartment#where#mucocilliary#clearance#does#not#operate.#We#explored# the# role#of#

FleA#in#phagocytosis#of#A.#fumigatus#conidia#by#murine#and#human#macrophages#using#

two#approaches.#First,#we#compared#the#phagocytosis#of#wild#type#(WT)#conidia#and#fleA<

deficient#(∆fleA)#conidia#and#showed#that#macrophage#phagocytosis#of#the#∆fleA#conidia#

is#decreased#by#40G50%.#Second,#we#screened#a#library#of#fucopyranosides#to#reveal#that#

(2E)Ghexenyl#αGLGfucopyranoside#(2EHex)#inhibits#FleA#with#nanomolar#efficacy#and#also#

inhibits#the#binding#and#phagocytosis#of#WT#A.#fumigatus#conidia#by#lung#macrophages.#

Together,# these# two# lines#of# evidence# leads#us# to# conclude# that#A.) fumigatus)conidia#

interact#with#macrophages# in#a#mechanism# that# requires# the# fucose#binding#activity#of#

FleA.#Multiple#glycoproteins#on#the#surface#of#macrophages#could#act#as#the#receptors#for#

FleA,#including#membraneGtethered#mucins#(24).#Neutrophils are also important in cellular 

immunity against Aspergillus (39, 40), but we did not study whether neutrophils have 

defective uptake of fleA-deficient conidia, and it remains unknown whether fucosylated 

receptors on neutrophils have a role in host defense against Aspergillus. The identity of 

all of the cell types participating in FleA-dependent host defense in the lung has not been 

elucidated in this study. While we have described an alveolar macrophage dependent 
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mechanism, it is also likely that other non-alveolar macrophage dependent cellular 

mechanisms, including neutrophils or monocytes, can contribute to FleA mediated host 

defense.#

 

The#FleAGdependent#binding#of#A.) fumigatus# conidia# to#mucin#and# the#poor#uptake#of#

ΔfleA#conidia#by#lung#macrophages#indicate#that#FleA#is#not#a#virulence#factor.##Instead,#

we# propose# it# is# a# fungal# protein# recognized# by# the# host# to# promote# defense# against#

invasive# aspergillosis.# We# provide# evidence# for# this# in# our# experiments# in# which# we#

infected# immunocompetent# mice# with# A.) fumigatus# WT# or# ΔfleA) conidia.# The# mice#

infected#with#the#ΔfleA#conidia#developed#invasive#aspergillosis#whereas#those#infected#

with#WT#conidia#did#not.#Notably,#the#ΔfleA#infected#mice#showed#blunted#recruitment#of#

immune#cells#integral#to#the#fungal#immune#response.#Specifically,#FACS#analysis#of#BAL#

cells#showed#a#significant#decrease#in#the#number#of#alveolar#macrophages,#neutrophils,#

NK#and#NKT#cells#and#CD4#and#γΔ#T#cells.#Thus,#it#appears#that#ΔfleA#conidia#fail#to#elicit#

the#same#inflammatory#response#as#WT#conidia#resulting#in#reduced#recruitment#of#key#

effector#cells#in#the#fungal#immune#response#in#the#lung.#We#conclude#that#the#absence#

of#FleA#in#A.# fumigatus#conidia#results# in#a#hypoGinflammatory#response#and#promotes#

invasive#infection.#

#

Our#experiments#prove#that#FleA#is#a#pathogenGassociated#molecular#pattern#that#can#be#

recognized#by#lung#mucins#and#macrophages#to#protect#the#host#from#infection.#The#fact#

that#we# show# that#A.) flavus# also#uses#FleA# to# bind# lung#mucin#and# that# phylogenetic#
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analysis#reveals#FleA#present#in#several#pathogenic#species#may#suggest#a#conserved#

role#for#FleA#in#fucoseGmediated#host#pathogen#interactions.#It#is#unclear#why#A.)fumigatus#

and#other#pathogenic#fungi#have#evolved#to#express#fleA.##Since#fungi#commonly#grow#on#

carbonGrich#carbohydrate#substrates,#it#is#possible#that#FleA#is#involved#in#helping#these#

organisms#to#establish#a#niche#on#the#surface#of#carbohydrateGrich#substrates.#

#

Our#finding#for#a#role#for#FleAGfucose#mediated#mechanism#of#host#defense#against#A.)

fumigatus) does# not# cast# any# doubt# on# the# validity# of# the# well# established# role# for# βG

glucan/DectinG1#interactions#(41).##βGglucan#is#abundant#on#swollen#conidia#and#hyphae,#

and#DectinG1#binds#βGglucan#on#swollen#conidia#to#trigger#a#robust#host#defense#response#

(42).##But#DectinG1#does#not#bind#to#resting#conidia,#because#these#conidia#have#masked#

exposure# of# βGglucans# due# to# the# action# of# hydrophobin# proteins# (43,# 44)# and# the#

mechanism#of#clearance#of#resting#conidia#from#the#lung#is#not#completely#understood.#

We#propose#a#model#whereby#fucosylated#receptors#on#mucins#and#macrophages#interact#

with#FleA#on#resting#conidia#to#facilitate#clearance#of#resting#conidia#via#the#mucociliary#

escalator#and/or#macrophage# ingestion.# #Conidia# that#escape# this# initial# response#and#

mature#(swell#and#germinate),#possibly#through#the#shedding#of#FleA,#would#be#cleared#

by#DectinG1#mediated#phagocytosis#(9).#Our#data#thus#reveal#contrasting#roles#for#distinct#

protein# carbohydrate# interactions# in# host# immune# responses# to#A.) fumigatus.#On# one#

hand,#a#macrophage#expressed#lectin#G#DectinG1#G#recognizes#and#binds#a#βGglucan#on#A.)

fumigatus#conidia#to#promote#phagocytosis#and#killing.#On#the#other#hand,#we#reveal#here#

that# fucosylated# carbohydrates# on# macrophages# engage# a# conidial) lectin# (FleA)# to#

promote# phagocytosis# and# killing.#We# conclude# that# proteinG# and# carbohydrateGbased#
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defenses# on# macrophages# provide# complimentary# mechanisms# to# prevent# potentially#

fatal#Aspergillus#lung#infections.#

#
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2.7.$FIGURES$AND$LEGENDS$

#

Figure$1.$FleA$binding$to$airway$mucin$is$inhibited$by$fucose.$$$

(A)#Biotinylated#FleA#binding#to#mucin#is#inhibited#by#fucose,#but#not#by#galactose.#The#

substrate#is#mucin#purified#separately#from#induced#sputum#collected#from#5#donors#and#

then# pooled.# Data# shown# is# a# representative# experiment# +/G# S.D# of# 3# replicates,#

representative#of#at# least#3#experiments.# # *Denotes#significantly#different# from#control,#

p=<0.0001.##(B)#α1,2,#α1,3,#α1,4#and#α1,6#linked#fucose#all#inhibit#FleA#binding#to#mucin#

in#a#dose#dependent#manner.#$

# #
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Figure$2.$Generation$of$ΔfleA$conidia$in$A.*fumigatus.$$$

(A)#Diagram#showing#the#gene#disruption#cassette#used#to#generate#ΔfleA#conidia.##(B)#

Southern# blot# depicting# successful# deletion# of# fleA.# The# restriction# digest# pattern#

corresponding# to# deletion# of# fleA# was# used# to# identify# those# strains# where# fleA# was#

deleted.# # (C)# Confirmation# of# fleA# deletion# was# provided# by# northern# blotting}# fleA)

transcript#is#visible#in#the#WT#strain#AF293#whereas#fleA#deletion#was#confirmed#by#the#

absence#of#this#fleA#transcript#in#TGJF6.7,#6.8,#and#6.12.##(D)#Confirmation#of#successful#

RFP#tagging#of#fleA#as#shown#by#Southern#blotting#and#northern#blotting#(E).#

# #
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Figure$3.$FleA$is$expressed$in$A.*fumigatus$conidia.$

(A)#RFPGtagged#FleA#is#present#in#A.)fumigatus#conidia#when#fleA<rfp#is#expressed#under#

its#endogenous#promoter.#No#FleA#signal# is#visible# in# the#ΔfleA#deletion#conidia#or# the#

nonGRFPGtagged#WT#conidia.##Data#is#representative#of#at#least#3#experiments.#Scale#bar#

is#10μM.#(B)#RFPGtagged#FleA#was#quantified#by#fluorescence#microscopy#in#2#different#

strains#(TGJF7.11,#TGJF7.15)#showing#higher#levels#of#FleA#in#resting#conidia#compared#

to# swollen# conidia# and# hyphae.# (C)# Still# images# showing# RFP# fluorescence# during#

germination,#at#time#points#representative#of#resting#and#swollen#conidia#and#hyphae.#(D)#

Western#blot#image#showing#strong#expression#of#FleA#in#resting#WT#conidia#with#weak#

expression# in# swollen# conidia.# Control# lane# shows# recombinant# FleA# running# at# the#

expected#molecular#weight#of#34kD.#No#protein#was#detected#in#hyphal#extract#or#extracts#

from#ΔfleA#conidia#(TGJF6.7).#Secreted#FleA#was#detected#in#10x#concentrated#culture#

supernatants#from#resting#conidia#of#WT#only.#$

# #
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Figure$4.$Binding$of$Aspergillus$conidia$to$airway$mucins$is$FleA$dependent.$

(A)#ZGstack#confocal#images#showing#binding#of#WT#A.)fumigatus#conidia#(TJMP131.5)#to#

mucin#and#that#ΔfleA#conidia#have#very#limited#binding.##(B)#Quantitative#binding#of#WT#

A.)fumigatus#conidia#to#mucin#or#ΔfleA#deletion#mutants.##(C)#Quantitative#binding#of#WT#

A.) flavus# conidia# to# mucin# or# ΔfleA# deletion# mutants.# Note# that# A.) fumigatusGmucin#

interactions#were# investigated#using#GFP# labeled#conidia#whereas# the#A.) flavusGmucin#

interactions#were#investigated#using#Calcofluor#whiteGstained#conidia#(since#the#A.)flavus#

conidia#lack#GFP).#The#data#shown#in#panels#B#and#C#(27#replicates)#reflects#the#mean#±#

SD#of#three#independent#experiments.# #
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Figure$ 5.$ Binding$ of$ A.* fumigatus$ conidia$ to$ alveolar$ macrophages$ is$ FleAD

dependent.$

FACS# data# showing# binding# of# FleA# (black)# to# (A)# RAW264.7# or# (B)# primary# human#

alveolar#macrophages.#100mM# fucose# (dark#grey)# inhibits#binding#almost#down# to# the#
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background#level#(light#grey).##ZGstack#confocal#images#show#binding#and#phagocytosis#

of# GFP# expressing# WT# conidia# by# (C)# RAW264.7# cells,# (E)# primary# human# alveolar#

macrophages#and#that#ΔfleA#conidia#are#not#bound#well#or#phagocytosed#effectively.#Cells#

were# dyed# with# CellMask# Deep# red# (red)}# internalized# conidia# express# GFP# (green)}#

calcofluor#white#(nonGinternalized#conidia)#stain#blue.#Quantitative#data#(expressed#as#an#

index#of#total#number#of#conidia#internalized/total#cell#number)#demonstrate#how#loss#of#

FleA# significantly# inhibits# binding# and# phagocytosis# of# A.) fumigatus# conidia# by# (D)#

RAW264.7#cells#or#(F)#primary#human#alveolar#macrophages.#Calcofluor#white#stained#

conidia#were#excluded# from#these#counts# to# reflect#only# internalized#conidia.#The#data#

shown# in# D# (6# replicates)# reflects# the#mean# ±# SD# of# three# independent# experiments#

whereas#the#data#in#panel#F#(6#replicates)#reflects#the#mean#±#SD#of#three#independent#

donors.# (G)# FACS# plots# showing# that# binding# of# DectinG1# is# not# significantly# different#

between#WT#(dark#grey)#and#ΔfleA#(black)#conidia#compared#to#control#(light#grey).#(H)#

Binding# and# internalization# of# FleA# coated# microspheres# by# RAW264.7# cells# is#

significantly#higher#than#control#and#inhibited#by#500mM#fucose.###*Denotes#significantly#

different#from#control,#p=<0.05.#Scale#bar#is#10μM.$

# #
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Figure$6.$Inhibition$of$FleA$by$2EHex$or$fucose$results$in$a$loss$of$mucin$binding$

and$greatly$reduced$phagocytosis$by$macrophages.$$$

(A)#Structures#of#fucopyranoside#compounds.##(B)#Amount#of#compound#required#to#inhibit#

binding#of#labeled#FleA#to#mucin#by#50%#(IC50#[μM]).#Addition#of#a#methyl#or#allyl#group#

to#the#anomeric#position#of#fucose#(methyl#αGLGfucopyranoside,#allyl#αGLGfucopyranoside)#

improves# inhibition# by# 2G4# fold# but# inclusion# of# a# longer# (6Gcarbon)# unsaturated# chain#

improves#inhibition#by#3#orders#of#magnitude.#Removing#the#double#bond#or#extending#the#
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carbon# chain# beyond# 6# carbons# (hexyl# αGLGfucopyranoside,# (2E)Goctenyl# αGLG

fucopyranoside)#markedly#decreases#inhibition.#(2E)Ghexenyl#αGDGgalactopyranoside#has#

no#effect#on#FleA#binding#to#mucin.##(C)#Amount#of#compound#required#to#inhibit#PAIIL#

binding#to#mucin#by#50%#(IC50#[μM]).#2EHex#does#not#have#a#strong#inhibitory#effect#on#

PAIILGmucin#interactions.##(D)#Inhibiting#WT#conidia#with#10mM#2EHex#or#100mM#fucose#

significantly#reduced#binding#of#conidia#to#mucin.#WT#conidia#were#poorly#phagocytosed#

in# the# presence# of# 2EHex# or# fucose# by# RAW264.7# cells# (E)# or# primary# human#

macrophages#(F).#The#data#shown#in#D#and#E#(6#replicates)#reflects#the#mean#±#SD#of#

three# independent#experiments#whereas# the#data# in#panel#F# (6# replicates)# reflects# the#

mean#±#SD#of# three# independent#donors.# *Denotes#significantly#different# from#control,#

p=<0.05.#

# #
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Figure$7.$Mice$infected$with$FleADdeficient$A.*fumigatus$conidia$have$more$severe$

Aspergillus$lung$infection.$$$

(A)#Section#of#whole#mouse#lung#after#infection#with#WT#conidia.##(B)#Section#of#whole#

mouse#lung#after#infection#with#ΔfleA#conidia.##(C)(D)#GMS#stained#sections#(20x#image)#

of#mouse#lung#after# intranasal# infection#with#WT#conidia#or#ΔfleA#conidia.##(E)(F)#GMS#

stained#sections#(zoom#image)#of#mouse#lung#after#intranasal#infection#with#WT#conidia#

or#ΔfleA#conidia.#(G)$Germination#of#A.)fumigatus#conidia#in#the#lungs#of#mice#infected#

with#WT#or#ΔfleA#conidia.#The#tissue#is#stained#with#GMS#and#the#number#of#germinating#

conidia#are#quantified#in#at#least#20#high#power#fields#per#mouse#using#lung#surface#area#
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(μM2)# as# a# reference# (n# =# 5#mice# per# group).# # (H)# The# percentage# of# germinating#A.)

fumigatus#conidia# in# the# lungs#of#mice# infected#with#WT#or#ΔfleA#conidia.#Germinating#

conidia#are#significantly#more#prevalent#in#the#lungs#of#mice#infected#with#ΔfleA#conidia#(n#

=#5#mice#per#group).##(I)#Hemoglobin#concentration#is#significantly#higher#in#lung#lavage#

from#mice#infected#with#ΔfleA#conidia#than#WT#conidia#(n=10#mice#per#group)#(J).##Gene#

expression# for#Aspergillus# 18S# is# significantly# higher# in# lung# homogenates# from#mice#

infected#with#ΔfleA#conidia#than#from#mice#infected#with#WT#conidia#(n=10#per#group).#All#

mouse#samples#were#harvested#3#days#after#infection.#Scale#bar#is#10μM.#Data#are#mean#

+/G#SD.#*Denotes#significantly#different#from#control,#p=<0.05.$

# #
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Figure$8.$ΔfleA$conidia$treated$animals$have$more$severe$lung$injury$and$reduced$

recruitment$of$some$immune$cell$types.$$$

FACSGbased#identification#and#quantification#of#immune#cells#in#bronchoalveolar#lavage#

of#mice#infected#with#WT#conidia#or#ΔfleA#conidia#(n=5#per#group).#All#mouse#samples#

were#harvested#3#days#after#infection.$

# #
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2.8.$TABLES$

Table#1.$Luminex#assay#in#BALF#from#WT#and#∆fleA#treated#mice.$

# WT#

Concentration#

(pg/ml)#

ΔfleA)Concentration#

(pg/ml)#

p#value#

Cytokines$
GMGCSF# 27.6#±#13.6# 38.7#±#16.1# 0.27#
IFNGγ# 187.2#±#91.6# 118.1#±#24.0# 0.14#
ILG1α# 53.8#±#13.24# 66.7#±#39.0# 0.50#
ILG1β# 184.0#±#27.9# 181.6#±#26.9# 0.89#
ILG2# 93.5#±#36.9# 79.1#±#8.4# 0.42#
ILG4# 17.4#±#2.6# 20.1#±#4.8# 0.30#
ILG5# 93.5#±#31.0# 125.3#±#95.0# 0.50#
ILG6# 1444.86#±#337.3# 2571.2#±#1242.4# 0.09#
ILG10# Below#Range# Below#Range# #
ILG12# 3330.1#±#1338.4# 2211.9#±#839.2# 0.15#
ILG13# Below#Range# Below#Range# #
ILG17# 747.6#±#541.7# 495.8#±#338.2# 0.40#
TNFGα# Above#Range# Above#Range# #

Chemokines$
MIPG1α# 4453.4#±1354.3# 9797.4#±#8686.9# 0.12#
MCPG1# 2581.7#±#1065.8# 7834.7#±#4540.6# 0.22#
IPG10# 15344.8#±#21573.5# 4375#.2#±#4333.2# 0.31#

MIG# 13497.9#±#6266.1# 6795.7#±#5143.0# 0.10#
KC# Below#Range# Below#Range# 0.14#

Growth$Factors$
FGF#Basic# 16.7#±#5.2# 19.8#±#5.9# 0.41#
VEGF# 2821.7#±#552.5# 3709.2#±#38.9# 0.09#
# #



77#

#

#

Table#2.$Strains#used#or#developed#in#this#study.#

Fungal#Strain# Genotype# Source#or#Reference#

Aspergillus)fumigatus)
AF293# Wild#type# (45)#

AF293.1# pyrG1) (46)#

AF293.6# pyrG1,)argB1) (45)#

TJMP131.5# pyrG1W)AfpyrG::gpdA(p):GFP:H2A# This#study#

TGJF5.3# pyrG1,)argB1W)AfpyrG::gpdA(p)::GFP::H2A# This#study#

TGJF6.7# pyrG1,) argB1W) AfpyrG::gpdA(p)::GFP::H2A,#

∆fleA::A.)fumigatus)argB#

This#study#

TGJF6.8# pyrG1,) argB1W) AfpyrG::gpdA(p)::GFP::H2A,#

∆fleA::A.)fumigatus)argB#

This#study#

TGJF6.13# pyrG1,) argB1W) AfpyrG::gpdA(p)::GFP::H2A,#

∆fleA::A.)fumigatus)argB#

This#study#

TGJF7.11# pyrG1,)argB1,)gpda(p):gfp:H2A#in#pJMP51,#

pyrG#from#A.)fumi,)fleA:rfp:argB#from#A.)fumi#

This#study#

TGJF7.15# pyrG1,)argB1,)gpda(p):gfp:H2A#in#pJMP51,#

pyrG#from#A.)fumi,)fleA:rfp:argB#from#A.)fumi#

This#study#

Aspergillus)flavus)
CA14# Wild#type# (47)#

∆ku70∆pyrG# ΔpyrG::cypAW)ΔnkuA) (32)#

TKJA13.1# ΔpyrG::cypAW)ΔnkuA::fumi)pyrG) (48)#

TFYL62.1# ΔfleA::fumi)pyrGW)ΔpyrG::cypA.)ΔnkuA) This#study#

TFYL62.2# ΔfleA::fumi)pyrGW)ΔpyrG::cypA.)ΔnkuA) This#study#

TFYL62.3# ΔfleA::fumi)pyrGW)ΔpyrG::cypA.)ΔnkuA) This#study#
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Table#3.#Primers#and#plasmids#used#in#this#study.#

Primer/Plasmid# Sequence# Purpose#
GF#FleA#del#F#(P1)# 5’DCATTAGGTGCATATGACGTGD3’# 5’#Flank#
GF#FleA#del#F#(P2)# 5’DGGCCTTAGAAGAGTCAGTCD3’# Cassette#

fusion#GF#FleA#del#R#(P3)# 5’D$

GAAAATTTGTCTTGGATGCAGACCGCG

T#TCGGTCTTGCGGTATCTTGTCAGD3’#

5’#Flank#

GF#A.#fumi#argB#F#(P4)#5’DGAACGCGGTCTGCATCCAAGD3’# argB#

GF#A.#fumi#argB#R#(P5)#5’DGAAGGAGAGACCCATACATCCD3’# argB#
GF#FleA#del#F#(P6)# 5’D$

GATCAAATGGATGTATGGGTCTCTCCT

T#CGCTATAGACTACTACAGGTGD3’#

3’#Flank#

GF#FleA#del#R#(P7)# 5’DGGGAACATGTACGTGCTAGD3’# Cassette#

fusion#GF#FleA#del#R#(P8)# 5’DGGATGAGATCCTCCTTGTAGD3’# 3’# Flank,# 3’#

fleA) RFP#

Flank#
GF#argB#QC#F#(pGJF7)#5’D$

CGTTAAAAGTTCCGTGGAGTTACCAG

TG#

ATTGACCAGAACGCGGTCTGCATCCAA

G#

G3’#

pGJF7.2#

Plasmid#

GF#argB#QC#R#(pGJF6G#

7)#

5’D$

GCCCTCTGTCTGAGAGGAGGCACTGAT

G#CGAAGGAGAGACCCATACATCCG3’#

pGJF7.2#

Plasmid#

GF#FleA#Native#Tag#P1#

F#

5’DGGAACAACCGTCTAGCTACATGCD

3’#

5’# fleA) RFP#

Flank#GF#FleA#Native#Tag#P3#

R#

5’D$

GGCACCGGCTCCAGCGCCTGCACCAG

C# TCCAGCAGGAGGAAGAGCACTTCG

3’#

5’# fleA) RFP#

Flank#

GF#FleA#Native#Tag#P6#

F#

5’D$

TCCTTCGCATCAGTGCCTCCTCTCAGA

C#AGGCTATAGACTACTACAGGTGG3’#

3’# fleA) RFP#

Flank#

GF/JP#GFP/RFP#F# 5’G#

GGAGCTGGTGCAGGCGCTG#

G3’#

RFP/argB)

cassette#
GF/JP#GFP/RFP#R# 5’G#

CTGTCTGAGAGGAGGCACTGG3’#

RFP/argB)

cassette#



80#

#

#

GF#FleA#Native#Tag#P2#

F#

5’G#

GGCCTCAATGGCCTCTATGCG3’#

RFP# cassette#

fusion#
JP#AfpyrG#ClaI#For# 5’D

GAGAATATCGATCCTCAAACAATGCT

CTTCG3’#

AfpyrG#

JP#AfpyrG#ClaI#Rev# 5’D

CCAGGTATCGATTCGGGAGGTATTGD

3’#

AfpyrG#
pGJF7.2# Plasmid# RFP:argB)tag#
pJMP51# Plasmid# Histone#GFP#
FY#AFLA#FleA#5’#FOR# 5’DGGTGGAGACTCGATACAGCTCD3’# 5’#flank#
FY#AFLA#FleA#5’#REV# 5’D$

GAAGAGGGTGAAGAGCATTGTTTGAGG

C#AGCCGCAAGTGAAAGTTTCGD3’#

5’#flank#

FY#AFLA#FleA#3’#FOR# 5’D$

GACGACAATACCTCCCGACGATACCTG

G#GGTCTGTCTACTACCGACCGD3’#

3’#flank#

FY#AFLA#FleA#3’#REV# 5’DCGCCATTAACCCTCATCGCTGD3’# 3’#flank#
FY# AFLA# FleA# Nest#

FOR#

5’DGGCCAAGGTGCTCTAGCCD3’# Whole#

deletion#

cassette#
FY# AFLA# FleA# Nest#

REV#

5’DCGGACACGATGGAGGGTCGD3’# Whole#

deletion#

cassette#
KS#Afu#pyrG#FOR# 5’DTGCCTCAAACAATGCTCTTCD3’# A.# fumigatus#

pyrG#KS#Afu#pyrG#REV# 5’DCCAGGTATCGTCGGGAGGTD3’# A.# fumigatus#

pyrG#18S#RNA#forward# 5’DACGAGACCTCGGCCCTTAD3’# 5’#flank#
18S#RNA#reverse# 5’DAGGGCATCACAGACCTGTTD3’# 3’#flank#
18S#RNA#probe# 5’DCTATCGGCTCAAGCCGATGGAAGD

3’#

qPCR#
HPRT#forward# 5’DAGGTTGCAAGCTTGCTGGTD3’# 5’#flank#
HRPT#reverse# 5’D

TGAAGTACTCATTATAGTCAAGGGCAD

3’#

3’#flank#
HPRT#probe# 5’DTGTTGGATACAGGCCAGACTTTGTD

3’#

qPCR#
#

# #
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2.9.$SUPPLEMENTARY$FIGURES$AND$LEGENDS$

#
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Supplemental$ Figure$ 1.$ Phylogenetic$ analysis$ of$ fucoseDbinding$ lectins$ using$

FastTree$NeighborDJoining$method.$$$

Aspergillus# and# bacterial# fucoseGbinding# lectins# are# highlighted# in# green# and# orange#

boxes,#respectively.#Aleuria)aurantia#lectin#(AAL)#was#used#to#BLAST#fungal#and#bacterial#

fucoseGbinding# lectin# protein# sequences# deposited# in# NCBI# (blue# box).# # A# multiple#

sequence#alignment#of#the#selected#sequences#was#used#to#identify#the#conserved#region#

among#bacterial#and#fungal#sequences,#which#was#extracted#and#subsequently#used#for#

phylogenetic#analysis.##Bootstrap#values#are#presented#at#nodes.#

# #
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Supplemental$Figure$2.$Generation$of$∆fleA$condia$in$A.*flavus.$

Southern#blot#depicting#successful#deletion#of#fleA#in#A.)flavus.#This#work#was#completed#

by#FangYun#Lim.$

# #
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Supplemental$Text$1.$Detailed$Material$and$Methods.#

Phylogenetic#analysis#of#fucoseGbinding#lectins#using#FastTree#NeighborGJoining#method#

Phylogenetic# analysis# of# fucoseGspecific# lectins# was# carried# out# based# on# previous#

homology# searches# to#Aleuria) aurantia# lectin# (AAL}# protein# sequence#BAA00451# (11,#

18)).# #The#AAL#protein#sequence#was#used# to# identify# fungal#and#bacterial#sequences#

from# the# National# Center# for# the# Biotechnology# Information# (NCBI)# database# by#

performing#a#protein#BLAST#search.##A#sole#bacterial#fucoseGbinding#lectin#was#identified#

in#Ralstonia) solanacearum) (RSL}# protein# sequence#CUV53810.1),#which#was#used# to#

subsequently#BLAST#bacterial#sequences.# #Bacterial#and#fungal#sequences#with#an#eG

value#less#than#or#equal#to#1x10G10#were#included#in#subsequent#steps.##An#initial#multiple#

sequence# alignment# of# complete# sequences# was# performed# using# MAFFT#

(http://mafft.cbrc.jp/alignment/software/)# (49).# Using# the# AliView# multiple# sequence#

alignment#editor#(50),#the#conserved#region#among#bacterial#and#fungal#sequences#was#

extracted# and# run# through# FastTree# (http://www.microbesonline.org/fasttree/)# (51)# to#

compute# a# phylogenetic# tree# based# on# the# NeighborGJoining# method.# # Results# were#

visualized#using#FigTree#(http://tree.bio.ed.ac.uk/softG#ware/figtree/)#and#midpoint#rooted.#

#

Sputum)Induction)

Sputum#inductions#were#performed#according#to#standard#protocols#(27).#Briefly,#subjects#

inhaled#a#nebulized#solution#of#3%#saline#through#a#mouthpiece#for#20#minutes,#pausing#

every#2#minutes# to#spit#saliva# into#a#saliva#cup#and#sputum# into#a#sputum#cup.#A#1ml#

aliquot#of#sputum#was#processed#for#total#and#differential#cell#counts#by#the#addition#of#

10%#Sputolysin#(EMD#Millipore,#Billerica,#MA)#at#a#1:1#g/ml#(sputum#weight:#Sputolysin)#
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ratio,#mixing#with#a#pipette#and#incubating#at#37oC#with#agitation.#Samples#were#removed#

for# additional# physical#mixing# every# 5#minutes# for# a# total# of# 15#minutes# and# used# for#

measurement# of# cell# differentials.# Samples# containing# less# than# 50%# squamous# cells#

were#approved# for#mucin#purification.#An#equal#volume#of#8M#guanidine#hydrochloride#

was#added#to#the#remainder#of#the#sputum#and#rotated#at#4oC#until#homogenized.##

#

Purification)of)high)molecular)weight)mucin)from)sputum)

High#molecular#weight#mucin#was#purified#from#induced#sputum#from#healthy#subjects,#as#

described#previously#(29).#Briefly,#sputum#samples#mixed#with#8M#GuHCl#in#a#1:1#ratio#

were#subjected#to#a#cesium#chloride#gradient#with#a#density#of#1.4#g/mL#to#separate#the#

mucins# from# proteins,# glycoproteins# and# nucleic# acids.#CarbohydrateGrich# fractions# as#

confirmed# by# slot# blotting# with# PAS# detection# pertaining# to# 1.3G1.47# g/mL# were# then#

subjected#to#gel#filtration#on#a#Sepharose#CL4B#column#in#50#mM#Tris,#100mM#KCl#pH#

7.5.#Undegraded#mucins#identified#by#PAS#staining#on#a#slot#blot#were#present#in#the#Vo#

fraction#of#this#column.#This#material#was#then#desalted#on#Sephadex#G25#prior#to#freeze#

drying#and#quantified#by#dried#weight.##

 

Mucin)plate<)binding)assay)

Recombinant#FleA#(prepared#as#(18))#was#incubated#with#100#mM#fucose#in#PBS#for#1#

hour#then#biotinylated#with#EZGlink#sulfo#NHS#biotin#(Pierce,#Thermo#Fisher,#Rockford,#IL)#

according# to#manufacturers# instructions.#Labeled#protein#was#dialysed#against#TBS# to#

remove#fucose.##Purified#human#mucin#was#coated#on#a#Nunc#maxisorp#plate#at#20#μg/ml#

in#carbonate#bicarbonate#buffer#pH#9.6#overnight#at#4oC.#After#washing#with#TBS#+#0.05%#
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TweenG20,#10#mM#CaCl2,#3%#BSA,#plates#were#blocked#with#the#same#buffer.#Biotinylated#

recombinant#FleA#was#incubated#at#5#μg/ml#in#TBS#+#0.05%#TweenG20,#10#mM#CaCl2,#

1%# BSA# (binding# buffer)# in# the# presence# or# absence# of# 100#mM# fucose# or# 100#mM#

galactose.#For#inhibition#assays,#recombinant#FleA#was#incubated#with#a#dilution#series#

of#synthesized#carbohydrate#compounds#starting#at#5#mM.# #Plates#were#washed# three#

times#with# binding# buffer# and# incubated#with#ExtrAvidinGalkaline# phosphatase# (SigmaG

Aldrich,#St#Louis,#MO)#at#1:10000#in#binding#buffer.#After#three#washes#with#binding#buffer,#

the#plates#were#detected#using#Phosphatase#substrate#(SigmaGAldrich,#St#Louis,#MO)#in#

carbonate# bicarbonate# buffer# pH# 9.6# +# 1# mM#MgCl2# and# read# at# 405nm# in# a# Biotek#

Synergy#plate#reader#(Biotek,#Winooski,#VT).##

#

General)Methods)

Unless#noted,#chemical#reagents#and#solvents#were#used#without#further#purification#from#

commercial#sources.#Full#description#of#the#general#methods#for#carbohydrate#synthesis#

can#be#found#online#at:#

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.

ppat.1005555.s007.#

)

Aspergillus#strains)and)culture)

All#strains#utilized#or#developed#are#listed#in#Table#2.##Unless#noted,#all#A.)fumigatus#strains#

were# propagated# on# solid# glucose#minimal# media# (GMM)# at# 37°C# (31).#A.) fumigatus#

asexual#spores#were#collected# in#water#supplemented#with#0.01%#Tween#80,#counted#

using# a# hemocytometer,# and# maintained# at# G80°C# in# 50%# glycerol.# Fixed# spore#
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suspensions#were#prepared#as#follows:#1#x#109#spores#were#added#to#a#4%#formaldehyde#

solution#prepared#in#1x#PBS#and#allowed#to#incubate#for#30#minutes#at#room#temperature.##

Aldehydes#were# quenched# by# adding# glycine# to# a# final# concentration# of# 100#mM#and#

incubated#at#room#temperature#for#an#additional#10#minutes.##Conidia#were#washed#via#

centrifugation#in#Tween#water#three#times#and#resuspended#to#a#final#concentration#of#1#

X#108#spores/mL#using#Tween#water.##Killing#of#spores#was#confirmed#by#lack#of#growth#

on#GMM#media#after#three#days.#

#

Generation)of)FleA)mutant)conidia)

Construction,# isolation,# and# maintenance# of# fusion# PCR# products# was# carried# out#

according#to#standard#methods#(52).#Primers#used#are#listed#in#Table#3.##Genomic#DNA#

was#isolated#from#lyophilized#hyphal#tissue#as#previously#described#(53).##The#ORF#of#A.)

fumigatus) fleA) (Afu5g14740)# was# identified# via# the# AspGD# database#

(http://www.aspergillusgenome.org).#

#

NuclearGtagged#GFP#A.)fumigatus#strains#were#created#by#transforming#A.)fumigatus#with#

a#plasmid#termed#pJMP51#containing#histone#H2A#NGterminally#fused#to#GFP#driven#by#

the#constitutive#gpdA#promoter#(gpdA(p)::GFP::H2A)#and#harboring#the#A.)fumigatus)pyrG#

gene# for# selection.# # Briefly,# pJMP51# was# created# from# pSK505# (54)# which# already#

contained#the)gpdA(p)::GFP::H2A#cassette#by#enzymatic#digestion#with#ClaI.#A#ClaI<ClaI#

fragment#of#Aspergillus)fumigatus)pyrG#was#then#amplified#with#the#primer#pair#“JP#AfpyrG#

ClaI#For/Rev”#and#subGcloned#into#the#ClaI#site#to#create#pJMP51.#pJMP51#was#used#to#

transform# AF293.1# and# AF293.6# to# construct# TJMP131.5# (GFP::H2A)# and# TGJF5.3#
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(GFP::H2A,)argB1)#respectively.##Integration#was#confirmed#by#Southern#blot#(data#not#

shown)#and#nuclear#GFP#signal#confirmed#via#microscopy.##We#then#generated#a#gene#

disruption#cassette#for#fleA#using#published#protocols#[13]#and#transformed#the#cassette#

into#TGJF5.3# to#create#TGJF6.7#(GFP::H2A,)∆fleA).# #The# fleA)disruption#cassette#was#

constructed#by#fusion#of#a#2kb#region#upstream#and#downstream#of#the#fleA)open#reading#

frame#amplified#using#“GF#FleA#del#F#(P1)”#with#“GF#FleA#del#R#(P3)”#and#“GF#FleA#del#F#(P6)”#

with#“GF#FleA#del#P8#R”,#respectively.# #The#A.)fumigatus)argB)gene#was#amplified#via#

genomic#DNA#using#“GF#A.#fumi#argB#F#(P4)”#with#“GF#A.#fumi#argB#R#(P5)”#and#fused#to#the#

flanking#fleA#PCR#fragments#using#“GF#FleA#del#F#(P2)”#and#“GF#FleA#del#P7#R”#primers#

via#fusion#PCR#(55).#Deletion#of#fleA#was#confirmed#by#Southern#and#northern#blot#(Figure#

2B,C).##

#

To#identify#FleA#localization,#the#native#fleA)locus#was#tagged#with#RFP#through#double#

homologous# recombination#using# the#A.) fumigatus)argB# gene#as#a#marker.# #For#RFP#

tagging,# the# auxotrophic# marker,# pyrG,# was# replaced# with# A.) fumigatus) argB# within#

pXDRFP4#(56)#via#QuickChange#siteGdirected#mutagenesis#(57)#using#the#primer#pair#“GF#

argB#QC#F#(pGJF7)”#and#“GF#argB#QC#R#(pGJF6G7)”,#yielding#the#plasmid,#pGJF7.2.#A#

gene#disruption#cassette#was#developed#as#described#for#deletion#of#fleA.)Briefly,#a#2kb#

region#upstream#and#downstream#of#the#fleA)stop#codon#was#amplified#using#“GF#FleA#

Native#Tag#P1”#with#“GF#FleA#Native#Tag#P3”#and#“GF#FleA#Native#Tag#P6”#with#“GF#FleA#

del#P8#R”,#respectively.##An#rfp/argB#cassette#was#amplified#from#pGJF7.2#using#“GF/JP#

GFP/RFP#F”#with# “GF/JP#GFP/RFP#R”#and# fused# to# the# flanking# fleA#PCR# fragments#

using# “GF# FleA# Native# Tag# P2”# and# “GF# FleA# del# P7”# primers# via# fusion# PCR# [13].##
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TGJF5.3# was# then# transformed# using# the# cassette# yielding# the# prototrophic# fleA:RFP#

strain,#TGJF7.11.##FleA#tagging#was#confirmed#microscopically#and#using#Southern#and#

northern#blots#(Figure#2#D,E).#

#

The# fleA#deletion#mutants# in#A.)flavus#were#made#by#targeted# integration#of#a#deletion#

cassette#via#transformation.#To#construct#the#fleA#deletion#cassette#in#A.)flavus,#a#1.0#G#

1.5#kb#region#flanking#the#fleA)open#reading#frame#was#amplified#from#gDNA#(5’#Flank:#

“FY#AFLA#FleA#5’#FOR”#with#“FY#AFLA#FleA#5’#REV”,#3’#Flank:#“FY#AFLA#FleA#3’#FOR”#

with# “FY# AFLA# FleA# 3’# REV”).# # The# flanking# fragments# were# fused# to# the# selectable#

auxotrophic#marker#(A.)fumigatus#pyrG,)amplified#with#primer#pair#“KS#Afu#pyrG#FOR”#and#

“KS#Afu#pyrG#REV”)#using#a#doubleGjoint# fusion#PCR#approach# (“FY#AFLA#FleA#Nest#

FOR”#with#“FY#AFLA#FleA#Nest#REV”)#as#described#above.#The#deletion#construct#was#

transformed#into#parental#strain#CA14∆ku70∆pyrG)(32)#to#create#strains#TFYL62.1G62.3.#

Single#integration#of#the#deletion#cassette#was#verified#via#Southern#analysis#using#two#

distinct#restriction#digests#(Supplemental#Figure#2).#

#

Immunofluorescence)of)Aspergillus)conidia)

For#imaging#of#spores,#A.)fumigatus#strains#were#cultured#on#GMM#at#37°C#for#3#days,#

and#spores#harvested#in#0.1%#Tween#20.##2μl#of#spore#suspension#was#plated#on#a#preG

cleaned#glass#slide#with#15#µL#of#H2O#spotted#in#the#center#of#the#slide,#a#coverslip#was#

added,# and# sealed# with# nail# polish.# # Images# were# taken# using# a# Nikon# Ti# inverted#

microscope#equipped#with#a#Nikon#Plan#Apo#VC#60x/1.40#Oil#DIC/∞/0.17#WD#objective#

and#a#Nikon#Intensilight#CGHGFIE#light#source#using#the#Nikon#NISGElements#Advanced#
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Research# V3.22# software# package.# # Microscope# settings# were# kept# identical# for# all#

images.#TimeGcourse#microscopy#was#carried#out#over#27#hours#at#37°C#to#monitor#FleA#

production#on#hyphae,#resting#conidia,#and#swollen#conidia#using#the#Nikon#NIS#ElementsG

AR#software#package#(v.4.3).##The#average#fluorescent#intensity#at#each#developmental#

state#(resting#conidia,#swollen#conidia,#and#hyphae)#of#untagged#FleA#(TJMP131.5#or#wild#

type)# was# subtracted# from# the# mean# fluorescent# intensity# value# of# two# different#

transformants#(TGJF7.11#and#TGJF7.15)#expressing#RFPGtagged#versions#of#FleA.##The#

adjusted# mean# fluorescence# was# then# standardized# to# area.# # The# adjusted#

fluorescence/area#of# the#different#developmental#states#were#then#compared#using#the#

Student’s#TGtest#(n≥13).#

#

Western)blot)of)A.#fumigatus)extracts)and)supernatant)

Resting#and#swollen#A.)fumigatus)conidia#and#hyphae#were#isolated#from#WT#and#ΔfleA#

cultures.#Resting#conidia#grown#on#solid#GMM#were#immediately#collected#in#liquid#GMM,#

enumerated,#and#diluted#to#a#final#concentration#of#8.3x106#spores/mL.##Six#milliliters#of#

spore#suspension#(5x107#spores)#was#separated#from#supernatant#via#centrifugation#at#

13,000# RPM# for# 5#minutes# and# resting# conidia# supernatant# immediately# frozen.# # For#

swollen#conidia,#5X107#spores#were#inoculated#in#50#mL#liquid#GMM#(1X106#spores/mL)#

and# grown# 6# hours# at# 37°C,# after# which# swollen# spore# tissue# was# separated# from#

supernatant# as# described# above.# # Hyphal# tissue# and# supernatant# was# collected# from#

identical# growth# conditions#after# 24#hours# at# 37°C.#Hyphal# tissue#was# lyophilized#and#

ground#to#a#fine#powder.##Tissue#from#resting#and#swollen#conidia#and#100#µL#of#ground#

hyphal#powder#were#resuspended#in#1#mL#50mM Tris/HCl pH 7.4, 50 mM EDTA, 2% SDS, 
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and 40 mM β-Mercaptoethanol#and#homogenized#using#sterile#0.5#mm#beads#and#beat#

for#5#minutes.##After,#extracts#were#boiled#for#1#hour#and#centrifuged#to#remove#insoluble#

material.#Protein concentrations were determined by BCA assay and 15 μg of protein was 

loaded into each well of a 4-12% BOLT SDS PAGE gel (Life Technologies, Grand Island, 

NY) and electrophoresed under reducing conditions. The gel was then blotted onto 

nitrocellulose, blocked with 5% non fat milk for 2 hours and stained with an anti-FleA 

rabbit polyclonal antibody at 1μg/ml [1] and donkey anti-rabbit HRP (Jackson 

Immunoresearch, West Grove, PA)  prior to chemiluminescent detection. Culture 

supernatants were filtered through a 0.2 μM filter and concentrated 10x in a 0.5 ml 3 kDa, 

MWCO Amicon Ultra (EMD Millipore, Billirica, MA) before being run as described above. #

 

Mucin)conidia)binding)assay)

8#well#glass#chamber#slides#(Labtek,#Scotts#Valley,#CA)#were#coated#with#20#μg/ml#purified#

human#mucin#in#MilliQ#dH2O#overnight#at#37oC#until#material#was#dried#onto#surface.#The#

slide#was#then#blocked#in#PBS#+#1%#BSA#for#1#hour#at#room#temperature.#Fixed#conidia#

suspensions#were#centrifuged#at#6000#x#g#for#5#minutes#to#pellet#and#resuspended#in#PBS#

+# 1%# BSA# in# the# presence# or# absence# of# 10# mM# (2E)Ghexenyl# αGLGfucopyranoside#

(2EHex)#or#100#mM#fucose.#2x107#conidia#were#added#per#well#and#incubated#for#4#hours#

at# room# temperature.#Unbound# conidia#were# removed# by#washing# in#PBS+#BSA,# the#

slides#were#mounted#in#Prolong#Gold#antiGfade#reagent#(Life#Technologies,#Grand#Island,#

NY)#and#allowed#to#cure#for#24#hours#prior# to#sealing.# Images#were#acquired#using#an#

FV10i#confocal#microscope# (Olympus,#Center#Valley,#PA)#using# the#multipoint#ZGstack#
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mode#to#acquire#9#fields#per#well#with#3#wells#imaged#per#condition#per#experiment.#Each#

ZGstack#image#was#compressed#into#a#single#plane#of#focus#and#conidia#were#counted#

using#NIH#Image#J#with#the#ITCN#plugin.#Each#experiment#was#repeated#at#least#3#times.#

A.)flavusGmucin# interactions#were# investigated#as#described#above#with#one#exception.#

These# conidia# lack#GFP#so#were# stained#with#Calcofluor#white# for# 5#minutes# to#allow#

imaging#prior#to#adding#to#mucinGcoated#slides.#

 

Cell)culture)

RAW#264.7# cells#were#obtained# from# the#UCSF#cell# culture# facility# and#maintained# in#

DMEM#+#10%#fetal#bovine#serum#+#1%#penicillin/streptomycin.#Cells#were#seeded#and#

grown# on# 8#well# chamber# slides# (Labtek,#Scotts#Valley,#CA)# overnight# prior# to# use# in#

assays.#Primary#alveolar#macrophages#were#obtained#from#bronchoalveolar#lavage#(BAL)#

taken#during#research#bronchoscopy.#BAL#was#centrifuged#at#450#x#g#for#10#minutes#and#

cells#were#washed#with#PBS#prior#to#plating#on#polyGLGlysine#coated#8#well#chamber#slides#

in# RPMI# 1640+# 10%# fetal# bovine# serum# +# 1%# penicillin/streptomycin# +# 0.5# μg/# ml#

amphotericin#B.#Cells#were#washed#after#2#hours#of#adherence#and#cultured#overnight#

prior# to# use# in# experiments.# All# cell# culture# reagents# were# purchased# from# Life#

Technologies,#Grand#Island,#NY.##

#

Flow)cytometry)analysis)of)macrophages)

Recombinant#FleA#was#tagged#with#AlexaG488#using#the#microscale#labeling#kit#according#

to# manufacturers# instructions# (Life# Technologies,# Grand# Island# NY).# # RAW264.7#

macrophages#were#harvested#by# scraping#or# primary#human# lung#macrophages#were#
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freshly#isolated#from#bronchoalveolar#lavage#from#research#bronchoscopy.#5x105#cells#per#

sample#were#washed#with#PBS#and# incubated#with#20#μg/ml# recombinant#FleAG488# in#

PBS#+#0.25%#BSA#+#0.02%#sodium#azide#(PBA)#on#ice,#in#the#dark#for#1#hour.#Controls#

included#unstained#cells#and#FleA#in#the#presence#of#100#mM#fucose.#Cells#were#washed#

three#times#in#PBA#and#fixed#in#4%#paraformaldehyde#for#20#minutes#at#room#temperature.#

Cells#were#analyzed#using#a#FACScalibur#(Beckton#Dickenson,#San#Jose,#CA)#and#Flow#

Jo#software#(Treestar,#Ashland,#OR).#

#

Confocal)phagocytosis)assay)

RAW#264.7#cells#were#plated#at#5x104#per#well#of#an#8#well#chamber#slide#(Labtek,#Scotts#

Valley,#CA)#and#allowed#to#grow#overnight#in#culture#media.#5x106#conidia#from#either#the#

PFA#fixed#WT#or#ΔfleA#strain#were#added#per#well#in#a#1:10#dilution#of#growth#media#in#

the#presence#or#absence#of#10#mM#(2E)Ghexenyl#αGLGfucopyranoside#or#500#mM#fucose#

and# incubated# at# 37oC# for# 1# hour.# Wells# were# washed# gently# with# warm# media# and#

incubated#for#a#further#2#hours#at#37oC#for#complete#uptake.#Cells#were#then#incubated#

with# a# 7.5# μg/ml# solution# of# CellMask# Deep# Red# plasma# membrane# stain# (Life#

Technologies,#Grand#Island,#NY)#for#5#minutes#at#37oC,#prior#to#staining#with#calcofluor#

white#for#1#minute#at#room#temperature#(Sigma,#St#Louis,#MO),#washing#with#PBS#and#

mounting#with#FluoromountGG#(Southern#Biotech,#Birmingham,#AL).#ZGstack#images#were#

acquired#using#an#FV10i# confocal#microscope# (Olympus,#Center#Valley,#PA).#Each#ZG

stack# image#was#compressed# into#a#single#plane#of# focus#and#conidia#were#manually#

counted#using#NIH#Image#J#with#the#cell#counter#plugin.#Internalized#conidia#were#counted#

as#conidia#within# the#boundary#of# the#cell# that#were#not#stained#with#Calcofluor#white.#
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Calcofluor#white#stained#cells#were#excluded#from#the#count.#For#primary#human#alveolar#

macrophages,# cells# were# plated# at# 5x105# per# well# on# a# polyGLGlysine# coated# 8# well#

chamber#slide#(Labtek,#Scotts#Valley,#CA)#and#allowed#to#grow#overnight#in#culture#media.#

1.5x106#conidia#from#either#the#PFA#fixed#WT#or#ΔfleA#strains#were#added#per#well#in#a#

1:10#dilution#of#growth#media# in# the#presence#or#absence#of#10#mM#(2E)Ghexenyl#αGLG

fucopyranoside#or#500#mM#fucose,#incubated#at#37oC#for#30#minutes#then#washed,#stained#

and#mounted#as#described#above.##

#

Flow)cytometry)analysis)of)A.#fumigatus)conidia)

Recombinant# DectinG1# was# purchased# from# R&D# Systems# (Minneapolis,# MN)# and#

biotinylated# using# the# EZGlink# sulfo# NHS# biotin# kit# (Thermo# Fisher# Waltham,# MA)#

according# to# manufacturers# recommendations.# 1x107# WT# or# ΔfleA) conidia# were#

centrifuged#and#resuspended#in#a#solution#of#20#μg/ml#biotinylated#DectinG1#in#PBS#for#1#

hour#at#4oC.#Conidia#were#washed#in#PBS#and#the#DectinG1#detected#using#StreptavidinG

PE#(Biolegend,#San#Diego,#CA)#in#PBS#at#20#μg/ml#for#a#further#1#hour#at#4oC.#Conidia#

were#washed#in#PBS#then#fixed#in#4%#paraformaldehyde#prior#to#analysis#on#a#Becton#

Dickenson#FACSCalibur#and#FlowJo#software#(TreeStar,#Ashland,#OR).##

#

Phagocytosis)of)FleA<coated)particles)

YellowGgreen# 1μM# sulfate# treated#FluoSpheres# (Life# Technologies,#Grand# Island,#NY)#

were#coated#with#50μg/ml#recombinant#FleA#in#H2O#and#incubated#for#2#hours#at#room#

temperature.#Beads#were#washed#3#times#to#remove#unattached#protein#and#resuspended#

in#1:10#dilution#of#RAW264.7#growth#media#in#the#presence#or#absence#of#500#mM#fucose#
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and#incubated#for#30#minutes#with#agitation.#FluoSpheres#were#added#to#RAW264.7#cells#

at# a# ratio# of# 10:1# and# incubated#with# agitation# for# 2# hours# at# 37oC# prior# to# extensive#

washing#with#DMEM#to#remove#unattached#FluoSpheres#from#the#cell#surface.#Cells#were#

fixed#in#4%#paraformaldehyde#prior#to#analysis#on#a#Becton#Dickenson#FACSCalibur#and#

FlowJo#software#(TreeStar,#Ashland,#OR).##

 

Mice)

Male# C57BL/6# mice# were# purchased# from# Charles# River# Laboratories# (Wilmington,#

Massachusetts,#MA)#and#housed#in#a#specific#pathogen#free#facility#at#the#University#of#

California,#San#Francisco#(UCSF).#Animal#experiments#followed#protocols#approved#by#

the#UCSF#Institutional#Animal#Care#and#Use#Committee.#

#

Mouse)model)of)Aspergillus)infection)

Eight# to# ten#week#old#C57BL/6#mice# (Charles#River#Laboratories,#Hollister,#CA),#were#

anaesthetized#with#isoflurane#and#infected#intranasally#with#5x107#of#either#WT#or#ΔfleA#

conidia.#Mice#were#sacrificed#3#days#post#infection.###For#the#first#experiment,#5#mice#were#

treated#per#group#and#analyzed#by#flow#cytometry#for#lung#inflammation#with#histology,#

qPCR# and# hemoglobin# measurements# made# for# assessment# of# fungal# burden# and#

invasive#disease.#For#the#second#experiment#10#mice#were#treated#per#group#and#analysis#

focused#on# fungal#burden,#hemoglobin#measurements#and#histological#outcomes.#The#

left# lung# lobe#was#snap#frozen# in# liquid#nitrogen#for#RNA#analysis.#The#remaining# lung#

lobes#were#either# fixed# for#histology#analysis#or#used# for# flow#cytometry#analysis.# #For#

histology,# lung# lobes#were#fixed# in#4%#PFA#and#subsequently#embedded# into#paraffin,#
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sectioned#and#stained#for#H&E#or#Grocott’s#Methanamine#Silver#(GMS)#stain#by#the#UCSF#

Pathology#core.#Snap#frozen#lung#was#homogenized#in#1.2#ml#of#RLT#(Qiagen,#Valencia,#

CA)# containing# 0.14#M# βGME# using# Tissumizer# (Tekmar,# Cincinnati,# Ohio).# From# that#

lysate,#600#μl#was#spun#at#20,000#x#g#for#3#minutes.#RNA#was#purified#from#the#clarified#

lysate#using#the#RNeasy#mini#kit#with#onGcolumn#DNase#digestion#(Qiagen,#Valencia,#CA)#

according# to#manufacturer’s#protocol.# #1#μg#of#RNA#was#used# to#make#cDNA#with# the#

iScript# cDNA# kit# (Biorad,# Hercules,# CA)# following#manufacturer’s# protocols.# RealGtime#

qPCR#was#performed#using#2#µl#of#cDNA#in#a#25#µl#reaction#to#measure#the#relative#levels#

of#Aspergillus#18S#RNA.#The#HPRT#gene#was#used#as#a#loading#control#to#normalize#the#

amount#of#cDNA#input#in#the#PCR#reaction.#All#primer#sequences#used#are#shown#in#the#

Supplemental#Table#3.#

Bronchoalveolar#lavage#(BAL)#was#performed#with#1#ml#of#ice#cold#PBS#+#2%#FBS.#BAL#

was#centrifuged#at#1500#rpm#for#5#minutes#at#4oC.#The#supernatant#was#removed#and#10#

μL#was#used#to#measure#the#hemoglobin#(Hb)#concentration#using#a#Plasma#/#Low#Hb#

Photometer#(HemoCue#AB,#Angelholm,#Sweden).#Two#million#BAL#cells#were#transferred#

into#VGbottomed#96#well#plates#for#flow#cytometric#staining#and#analysis.#Cells#were#spun#

down#and#resuspended#in#25#µl/well#FACS#buffer#(PBS#with#2%#FBS,#1mM#EDTA#and#

0.1%#sodium#azide)#containing#Fc#receptor#(CD16/32)#blocking#antibody#(clone#2.4G2).##

After# 15#min# incubation# on# ice,# fluorescentGconjugated#antibodies# diluted# in# 25#µl/well#

FACS#buffer#were#added#to#the#cells#for#45#mins#on#ice.#The#cells#were#washed#twice#with#

200# µl/well# FACS# buffer# and# resuspended# in# 100# µl/well# FACS# buffer# containing#

propidium#iodide#(0.5#µg/ml)#for#live/dead#discrimination.#Samples#were#acquired#on#an#

LSRFortessa# cell# analyzer# (BD# Biosciences)# in# the# DERC# Flow# Cytometry# and# Cell#
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Sorting#Core#Facility#at#UCSF.#Data#analysis#was#done#using#FlowJo#software#(TreeStar,#

Ashland,#OR).#Antibodies#used# for# flow#cytometric# staining#were:#CD11c# (clone#HL3),#

F4/80#(clone#CI:A3G1),#CD11b#(clone#M1/70),#MHCII#(#clone#M5/114.15.2),#Ly6G#(clone#

1A8),#Ly6C#(HK1.4),#NK1.1#(PK136#),#TCRβ#(H57G597),#B220,#CD4#and#CD8.#Antibodies#

were#purchased#from#BD#Biosciences,#eBiosciences#or#Biolegend.#

#

Quantification)of)conidia)germination)

GMS#stained#slides#of#mouse#lung#infected#with#WT#or#ΔfleA)conidia#(n=5#per#group)#were#

examined#at#20X#using#an#integrated#microscope#(Olympus,#Albertslund,#Denmark),#video#

camera#(JVC#Digital#Color}#JVC,#Tatstrup,#Denmark),#automated#microscope#stage,#and#

computer# (Dell# Optiplex# GS270# PC# running# ComputerGAssisted# Stereology# Toolbox#

(CAST)# software}# Olympus,# Albertslund,# Denmark)# (58).# For# each# slide,# the# software#

systematically#selected#at#least#20#fields,#and#the#number#of#conidia#and#the#number#of#

germlings#were#counted#in#each#field.##

Number#of# conidia:#The#number#of#germlings#was#expressed#as# the#number#per# lung#

surface# area# (μM2).# The# surface# area# of# lung# tissue# was# quantified# using# the# pointG

counting#and#lineGsegment#grid#tools#available#in#the#CAST#software.##

Percentage#of#germinating#conidia:#The#percentage#of#germinating#conidia#was#calculated#

as# the# number# of# germinating# conidia# divided# by# the# sum# of# nonGgerminating# and#

germinating#conidia#(x100).##

#

Statistical)methods)
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Data#analyses#were#performed#GraphPad#Prism#version#6#(GraphPad,#San#Diego,#CA).#

ANOVA#was#used#for#threeGgroup#comparisons#followed#by#pairwise#analyses#with#the#

Tukey#multiple#comparisons#test#when#appropriate.#Two#group#comparisons#were#made#

using#Students#tGtest#or#for#non#parametric#analyses,#a#ranked#MannGWhitney#test.#

$

Accession)numbers)

FleA,#A.#fumigatus,#NC_007198.1,#XP_753183.1#

FleA,#A.#flavus,#NW_002477244.1,#XP_002380155.1#

PAIIL,#NC_002516.2#NP_252051.1#

DectinG1,#NM_022570.4,#NP_072092.2#

MUC5AC,#NM_001304359.1,#NP_001291288.1#

MUC5B,#NM_002458.2,#NP_002449.2#

# #
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CHAPTER$3:$Programmed$spore$germination$and$allergenic$responses$in$a$murine$

model$of$asthma$are$mediated$by$lipoxygenase$activity$in$Aspergillus*fumigatus.*

#

#

#

#

#

#

#
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#

This#work#is#being#resubmitted#as:#
#
Fischer,$G.,#Yang,#J.,#Bacon,#W.,#Palmer,#J.,#Dagenais,#T.,#Huang,#X.,#Hammock,#B.,#&#
Keller,#N.,#(2016)#Programmed#spore#germination#and#allergenic#responses#in#a#murine#
model#of#asthma#are#mediated#by#lipoxygenase#activity#in#Aspergillus)fumigatus.#
Environ.)Micro.)(Resubmission).#
#
Strain#development#(besides#the# loxB)disruption#mutant,#which#was#completed#by#J.P.#
and#T.G.)#was#carried#out#by#G.F.##Experiments#were#conceived#by#G.F.#and#N.P.K.#and#
all#data#collected#by#G.F.#with#assistance#from#W.B.##X.H.#performed#all#murine#allergenic#
assessments.##The#manuscript#was#written#by#G.F.#with#assistance#from#N.P.K.#
# #
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3.1$ABSTRACT$

The# opportunistic# human# pathogen# Aspergillus) fumigatus# initiates# invasive# growth#

through#a#programmed#germination#process#that#progresses#from#dormant#spore#(DS)#to#

swollen#spore#(SS)#to#germling#(GL)#to#invasive#hyphal#growth.##We#find#a#lipoxygenase,#

LoxB,#impacts#the#transition#of#these#programmed#stages#of#germination.##Deletion#of#loxB)

(∆loxB)#or#its#signal#peptide#delays#progression#to#the#SS#stage#in#the#presence#of#the#

LoxB#substrate#arachidonic#acid#(AA)}#this#delay#is#remediated#by#the#LoxB#AA#product#

5Ghydroxyeicosatetraenoic#acid#(5GHETE).##In#contrast,#overexpression#of#loxB#(OE::loxB)#

increases#germination#with#rapid#advance#to#the#GL#stage#regardless#of#substrate.##LoxB#

shows#considerable#identity#(24.3%)#to#the#human#lipoxygenases#5GLox#and#15GLox,#both#

of#which#are#important#in#asthma#development.##Extracts#of#the#OE::loxB)strain#lead#to#

hallmark# traits# of# asthma# including# increases# in# airway# hyperresponsiveness,#

macrophage#and#eosinophil#recruitment,#and#IgE#levels#in#a#murine#asthma#model.##We#

propose#that#A.)fumigatus#acquisition#of#LoxB#(found#in#few#fungi)#enhances#germination#

rates#in#environments#such#as#the#lung#containing#elevated#polyunsaturated#fatty#acids,#

and#its#activity#may#contribute#to#the#exacerbation#of#allergic#and#asthmatic#responses#in#

sensitive#patients.#

#

3.2$INTRODUCTION$

Pathogenic# and# saprophytic# fungi# begin# interactions# with# their# environment# through#

contact#of#airborne#conidia#with#a#host#or#substrate.#In#response#to#the#right#signals,#this#

can# lead# to# spore# germination# followed# by# extensive# hyphal# (vegetative)# growth.# The#

genus# Aspergillus,# composed# of# ca.# 300# species,# contains# both# pathogenic# and#
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saprophytic#species#which#break#spore#dormancy#through#three#distinct#stages#of#spore#

maturation,#collectively#known#as#the#germination#process.#The#dormant#spore#(DS),#or#

resting#spore/conidium,#when#activated#by#specific#cues#undergoes#isotrophic#growth#and#

swells# to# almost# double# its# initial# size# into# what# is# termed# the# swollen# spore# (SS).#

Additional#cues#signal#polarized#germ#tube#emergence#from#the#swollen#spore#to#form#a#

germling# (GL)# which# may# or# may# not# lead# to# extensive# hyphal# growth# (also# called#

mycelium,#Figure#1).###

#

Genetic#approaches#to#identify#phaseGspecific#germination#mutants#have#identified#only#a#

handful#of#candidates.#A#genetic#screen#for#temperatureGsensitive#germination#mutants#of#

A.)nidulans#identified#genes#directly#involved#in#translation#and#protein#folding,#a#putative#

malonylGCoA#synthatase,#and#a#ras#homolog#(1).#Overexpression#of#dominant#negative#

forms#of# rasA# in#A.)nidulans#delays#germination,#whereas#overexpression#of#dominant#

active# forms# yields# large# multinucleate# spores# where# early# germ# tube# formation# is#

inhibited# (2).# #Spermidine# levels#are#also# important# for#progression# from#GL# to#hyphal#

growth,# and# deletion# of# the# spermidine# synthase# gene# spdA) results# in# enlarged#

multinucleate# spores# that# can# germinate# but# not# proceed# to# hyphal# growth# (3).##

Additionally,#many#studies#have#described#delays#in#the#general#germination#process#in#

Aspergillus)spp.,)either#associated#with#genetic#mutations#or#treatment#with#chemicals,#

but#provide#little#detail#on#the#effects#on#specific#aspects#of#the#germination#program#(4,#5#

and#reviewed#in#6).#

#
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The#environmental#triggers#which#initiate#germination#of#dormant#spores#are#thought#to#

include# sugars,# amino# acids,# and# inorganic# salts# (7).#Studies#with#Neurospora) crassa#

found#a#carbon#source#and#salt#are#sufficient#to#initiate#germination,#but#a#carbon#source#

alone# is#sufficient# to# induce#germination# in#A.)nidulans# (1,#8).#Sensing#of#hostGspecific#

substances#such#as#surface#hydrophobicity#and#hardness#regulate#spore#germination#in#

Magnaporthe) grisea) (9).# Host# compounds# such# as# the# isoflavanoid# pisatin# induce#

germination# of# Fusarium) solani# (10).# Alternatively,# compounds# produced# by# fungi#

themselves#can#inhibit#germination.#The#autoGinhibitors#cisGferulic#acid#methyl#ester#and#

3,4Gdimethoxycinnamic# acid#methyl# ester# inhibit# germination# of# certain# rust# fungi# (11).##

Another#autoGinhibitor,#1GocteneG3Gol,#is#an#oxylipin#volatile#derived#from#the#oxygenation#

and# breakdown# of# linoleic# acid.# DensityGdependent# germination# effects# have# been#

attributed#to#1GocteneG3Gol#in#Penicillium)paneum)(12)#and#A.)nidulans#(13,#14),#although#

conflicting#results#have#been#observed#in#Aspergillus)flavus#(15).#

#

The# transition# from# DS# to# SS# and# eventual# GLs# is# a# critical# fungal# process# for# host#

recognition#and#establishment#of#infection#by#Aspergillus)fumigatus.))This#opportunistic#

human# pathogen# causes# diseases# ranging# from# invasive# aspergillosis# (IA)# in# hypoG

immune# states# or# allergic# bronchopulmonary# aspergillosis# (ABPA)# in# hyperGimmune#

states.# # Host# recognition# of# A.) fumigatus# spores# is# initially# delayed# upon# inhalation#

because#the#hydrophobic#rodlet#layer#covering#the#spore#evades#immune#recognition#(16).##

As#the#spore#swells,#the#proteinaceous#rodlet#layer#is#shed,#exposing#numerous#cell#wall#

components# that# function# as# pathogenGassociated# molecular# patterns# (PAMPs)# (for#

review,#see#17).##In#ABPA,#numerous#PAMPs#on#SS#can#elicit#hypersensitivity#responses#
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and#as#extensive#hyphal#growth#is#not#associated#with#this#disease,#it#is#presumed#fungal#

development# is# largely# limited# to#SS#and/or#GL#stages.# # In#contrast,# in# IA,# the#host# is#

unable#to#destroy#SS#or#GLs#and#the#fungus#transitions#to#invasive#hyphal#growth.##

#

A#coordinated#immune#response#is#necessary#for#the#proper#response#and#clearance#of#

spores.##Oxylipins,#potent#signaling#molecules#that#influence#biological#responses#in#fungi,#

plants,#and#mammals#(for#review,#see#18),#play#a#critical#role#in#the#coordination#of#these#

immune#responses.#Oxylipins#are#derived#from#the#incorporation#of#molecular#oxygen#into#

a#diverse#set#of# polyunsaturated# fatty#acids# (PUFAs).# #As#mentioned#above,#oxylipins#

derived#from#C18#linoleic#acid#(LA)#have#been#associated#with#some#germination#defects.##

Oxylipins# derived# from# C20# arachidonic# acid# (AA)# are# called# eicosanoids# and# are#

indispensable# for# proper#mammalian# immune# responses.# # Different# eicosanoids# have#

been# implicated# in# inflammatory# conditions# including# arthritis,# cancer,# allergy,# and#

extensively#in#asthma#(reviewed#in#19)#and#several#fungal#diseases#(20–22)#including#A.)

fumigatus)(23).#

#

A# key# eicosanoid# generating# enzyme# is# lipoxygenase.# Humans# have# several#

lipoxygenases,# but# one# of# the#most# characterized# is# 5Glipoxygenase# (5GLox).# 5GLox# is#

associated#with#inflammatory#pathway(s)#leading#to#prolonged,#severe#asthma#and#is#the#

first#committed#step#in#cysteinyl#leukotriene#production#(Supplemental#Figure#1)#through#

the#production#of#5GHPETE#(5GHydroperoxyeicosatetraenoic#acid,# the#unstable#oxylipin#

precursor#of#5GHydroxyeicosatetraenoic#acid#or#5GHETE).#Cysteinyl#leukotrienes#(CysLTs,#

including# LTC4,# LTD4,# LTE4)# exacerbate# airway# inflammation# by# affecting# vascular#
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permeability,#mucus#production,#smooth#muscle#constriction,#and#airway#remodeling#(24).##

A# second# Lox# product# derived# from# a# 15GLox# acting# on# linoleic# acid,# 13GHODE,# is# a#

mediator#of#antiGinflammatory#responses#and#exacerbates#airway#constriction#(25,#26).#

#

Some#fungi#also#contain#lipoxygenases#which#fall#in#two#groups#based#on#their#C#terminal#

sequence:##either#a#conserved#WRYAK#motif#with#a#CGterminal#isoleucine#or#a#WLGL/FG

AK#motif#with#a#CGterminal#valine#(27).##CGterminal#valine#Lox#also#contain#signal#peptides#

implicating#them#as#secreted#Loxs.##Only#a#few#Aspergillus)spp.)contain#any#lox)genes#in#

their#genomes.##Aspergillus)flavus)encodes#one#lipoxygenase,#Aflox,#(a#valineGtype#Lox)#

with#a#role#in#quorum#sensing#and#developmental#switching#from#asexual#to#sexual#growth#

(28).# # Interestingly,#the#A.)fumigatus#genome#contains#two#lipoxygenases,#one#ValGLox#

(Afu4g02770,#here#on#referred#to#as#loxB)#homologous#to#the#sole#A.)flavus)Lox,)and#one#

IleGLox#(Afu7g00860,# loxA).#Purification#and# in)vitro)reaction#found#LoxB#predominantly#

synthesizes# 13Ghydroperoxyoctadecadienoic# acid,# the# unstable# precursor# to# 13G

hydroxyoctadecadienoic#acid#(13GHODE),#the#same#metabolite#produced#by#human#15G

Lox#(Supplemental#Figure#1)#(27).#

#

Considering#the#reports#linking#oxylipins#to#fungal#development,#the#role#of#eicosanoids#in#

immune# responses# to# infection,# and# the# shared# chemistry# of# LoxB# and# human# Lox#

substrates#and#products,#we#investigated#possible#fungal/host#interactions#mediated#by#

A.)fumigatus)LoxB.##As#reported#here,#we#find#LoxB#an#important#mediator#in#transition#

stages#of#programmed#germination#and#its#activity#a#potential#trigger#of#allergic#asthma.##

Overexpression#of# loxB#significantly#increases#the#ability#of#A.)fumigatus#to#progress#to#
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GL#stage#whereas#deletion#of#loxB#or#its#signal#peptide#region#delays#progression#to#the#

SS#stage#in#the#presence#of#AA.##This#delay#is#remediated#by#the#LoxB#AA#product#5G

HETE.##Extracts#from#an#overexpression#loxB)strain#elicits#acute#respiratory#distress#and#

elevated#serum#IgE# in#a#murine#model#of#asthma.# #We#propose#that# the#acquisition#of#

LoxB#may#represent#a#mechanism#by#which#A.)fumigatus#enhances#germination#rates#in#

environments#such#as#the#lung#containing#elevated#polyunsaturated#fatty#acids,#and#its#

activity# may# contribute# to# the# exacerbation# of# allergic# and# asthmatic# responses# in#

sensitive#patients.##

#

3.3$MATERIALS$AND$METHODS$

Fungal$strains$and$culture$conditions.#All# strains#utilized#or#developed#are# listed# in#

Table#1.#Strains#were#propagated#on#solid#glucose#minimal#media#(GMM),#amended#as#

necessary#with#supplements#for#auxotrophs,#at#37°C#(29).#A.)fumigatus#asexual#spores#

were# collected# in# water# supplemented# with# 0.01%# Tween# 80,# enumerated# using# a#

hemocytometer# and#maintained# as# glycerol# stocks.#Spore# suspensions# of# the# various#

mutants#were#used# to# inoculate# liquid#GMM#and#RPMI#1640#media# (Sigma,#St.#Louis,#

MO)#for#oxylipin#profiling.#

#

Creation$ of$ lipoxygenase$ mutants.) Construction,# isolation,# and# maintenance# of#

recombinant#plasmids#was#performed#according#to#standard#methods#(30).#Primers#used#

are#listed#in#Table#2.#The#ORF#of#A.)fumigatus#loxB)(Afu4g02770)#was#identified#via#the#

AspGD#database#(http://www.aspergillusgenome.org).)

#
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Deletion# of# loxB#was# achieved# by# creating# a# doubleGjoint#PCR# fragment# consisting# of#

approximately# 1# kb# flanking# regions# of# loxB# and# utilization# of# the# argB# gene# of# A.)

fumigatus.#Briefly,# the#regions#upstream#and#downstream#of# loxB#were#amplified#using#

TDLoxB#P1#F#with#TD#LoxB#P3#R#and#TDLoxB#P4#F#with#TDLoxB#P6#R,#respectively.#The#

A.)fumigatus)argB)gene#was#amplified#using#JP#Afumi#argB#F#and#JP#Afumi#argB#R.#The#

corresponding# loxBGdisruption# fragment#was#amplified#using# the# three#PCR# fragments#

described# above# with# the# primer# pair# TDLoxB# P2# F# and# TDLoxB# P5# R# and# used# to#

transform#AF293.6# to# arginine#prototrophy#according# to# previously# published#methods#

(31).#The#strain#TTRD51#was#isolated#and#confirmed#to#be#a#single#integration#disruption#

mutant#by#Southern#blot# (Supplemental#Figure#2A).#TTRD51#was# then# transformed# to#

prototrophy#with#A.)parasiticus)pyrG#via#the#plasmid#pJW24#(32).#Single#copy#integration#

of#A.)parasiticus)pyrG#was#confirmed#by#Southern#blot#(data#not#shown),#which#resulted#

in#the#prototrophic#∆loxB#strain,#TJMP39.6#(Supplemental#Figure#2A).#

#

An#overexpression# loxB#plasmid#construct,#pGJF1.1,#carrying#A.)parasiticus#pyrG#as#a#

marker#gene#was#developed#as#described.#GF)gpdA/loxB<loxB(t))F#and#GF)loxB(t))XbaI)

Site)R#were#used#to#amplify#the#loxB)ORF#and#a#0.581#kb#3’#flanking#region.#These#primers#

introduced#30#base#pairs#of# the#3’#end#of# the#A.)nidulans)glyceraldehydeG3Gphosphate#

dehydrogenase#(gpdA)#promoter#to#the#5’#end#of#the#PCR#product#and#an#XbaI#restriction#

site#to#the#3’#end#of#the#PCR#product.#The#A.)nidulans)gpdA#promoter#was#amplified#from#

pJMP8#(33)#using#GF)gpdA)F#and#GF)gpdA/loxB)R#which#introduced#a#SpeI#restriction#

site#to#the#5’#end#of#the#product#and#30#bp#of#the#5’#region#of#the#loxB#PCR#product#to#the#

3’#end#of#the#gpdA#amplicon.#In#order#to#fuse#the#loxB#PCR#product#downstream#of#the#
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gpdA#promoter#amplicon,#fusion#PCR#was#performed#as#previously#described#(31).#The#

gpdA:loxB#fusion#product#was#digested#with#XbaI#and#SpeI#and#ligated#into#pJMP7#(33),#

an#A.)parasiticus)pyrGGcontaining#plasmid.#pGJF1.1#was#used#to#transform#AF293.1#to#

yield# TGJF1.5# and# TGJF1.7# and# TTRD51# transformed# to# produce# TGJF34.9# and#

TGJF34.10#(Table#1)#(31).#Verification#of#ectopic#plasmid#integration#was#confirmed#by#

PCR# and# Southern# blot# (Supplemental# Figure# 2A).# # Complementation# of# loxB# was#

achieved#by#amplifying#the#flanking#intergenic#region#of# loxB#using#the#primer#pair#“GF#

loxB#Complement#F”#and#“GF#loxB#Complement#R”,#which#introduced#NotI)and#SpeI)sites#

at#the#end#of#the#loxB#intergenic#DNA)fragment.#The#loxB#cassette#was#digested#with#NotI)

and#SpeI)and#ligated#into#pJMP7,#yielding#the#plasmid#pGJF22.1.#This#plasmid#was#then#

transformed# into# TTRD51,# yielding# the# prototrophic# ectopic# loxB) complement# strain,#

TGJF33.6.#Integration#was#confirmed#via#Southern#blot#(Supplemental#Figure#2A).#

#

For# deletion# of# the# signal# peptide# of# loxB,# pGJF1.1# was# subjected# to# quickGchange#

mutagenesis#using#a#modified#approach#as#previously#described#(34).#For# loxB# lacking#

the#signal#peptide#region,#“GF#d1G20:loxB#F”#was#used#to#amplify#a#modified#version#of#

pGJF1.1) lacking# residues#1G20# (∆SP1)# yielding#pGJF10.1,#while# “GF#d1G26:loxB”#was#

used#to#amplify#a#modified#version#yielding#pGJF11.2#which#lacked#NGterminal#residues#

1G26#(∆SP2).##

#

Tagging#of#LoxB#with#gfp#was#achieved#via#modifications# to#pGJF1.1,#pGJF10.1,#and#

pGJF11.2#using#quickGchange#mutagenesis.#The#primer#pair#“GF#loxBGNterm#GFP#F”#and#

“GF# loxBGNterm# GFP# R”# were# used# to# amplify# a# gfp<GA# linker# amplicon# from# a#
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synthesized# GGBlock# fragment# (IDT)# with# 30# bp# of# homology# to# sequence# directly#

upstream#and#downstream#of#LoxB#residues#30#and#31.#This#nested#location#was#selected#

since# it# was# downstream# of# the# putative# signal# peptide# regions# but# upstream# of# the#

predicted#lipoxygenase#domain.#The#GGblock#was#synthesized#using#the#sequence#of#gfp#

from# pFNO3# (35)# with# the# addition# of# a# CGterminal# 5x# glycine/alanine# linker# codon#

optimized#for#A.)niger.#The#purified#gfp)cassette#was#used#to#amplify#gfpGtagged#versions#

of#fullGlength#loxB#(pGJF26.3),#∆SP1#loxB#(pGJF27.2),#and#∆SP2)loxB#(pGJF28.5).#

#

Together,# pGJF10.1,# pGJF11.2,# pGJF26.3,# pGJF27.2,# and# pGJF28.5# were# all#

independently# transformed# into# the# fungal# strain# TTRD51,# yielding# TGJF35.4# &# 35.5,#

TGJF36.1#&#36.3,#TGJF43.8,#TGJF44.14,#and#TGJF45.15,#respectively.#Integration#of#the#

corresponding#plasmids#was#verified#via#Southern#blot#(Supplemental#Figure#2A)#based#

on#genome#structure#outlined#in#(Supplemental#Figure#2C).#

#

Disruption#and#overexpression#of# loxB#was#confirmed#using#a#combination#of#northern#

blots#and#semiGqPCR.#For#northern#blotting,#total#RNA#was#extracted#with#TRIzol#reagent#

from# lyophilized# mycleia.# Probes# for# northern# analysis# are# indicated# in# Supplemental#

Figure# 4B# and# labeled# with# dCTPGαP32.# Because# transcript# levels# for# loxB)were# not#

detectable#in#wild#type#nor#the#complementation#strain#(Supplemental#Figure#2D),#semiG

qPCR# was# used# to# further# verify# wild# type# loxB) expression,# disruption,# and#

complementation#(Supplemental#Figure#2E).#SemiGqPCR#was#carried#out#as#follows:#5#µg#

of#RNA#from#lyophilized#mycelium#was#treated#with#DNAseI#for#1#hour#at#37°C.#500#ng#of#

DNAseGtreated#RNA#was#converted# to#cDNA#using# the#BioGRad#(Hercules,#CA)# iScript#
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cDNA#synthesis#kit#according# to#manufacturer’s#protocol.#25#ng#of#cDNA#was#used#as#

template#for#cDNAGspecific#amplicon#production.#For#loxB#cDNA,#the#primer#pair#“GF#loxB#

qPCR#F”#and#“GF#loxB#qPCR#R”#was#used#to#amplify#a#225#bp#amplicon# lacking# loxB#

intron#2.#For# loxA,#a#cDNA#amplicon#was#produced#via#PCR#using#the#primer#pair#“GF#

loxA#seq#1F”#and#“GF# loxA#Probe#R”.#Actin#cDNA#served#as#a# loading#control#and#an#

amplicon#was#produced#via#PCR#using#the#primer#pair#“FY#act1#RT#FOR”#and#“FY#act1#

RT#REV”.#

#

Fatty$acid$germination$assay$and$loxB$qRTDPCR.))Germination#assays#were#carried#

out#on#spores#derived# from# the#various# loxB#mutant# strains.#Two#milliliters#of#1#X#105#

spores/mL# in# GMM# supplemented# with# 0.5%# tergitol# (Sigma,# St.# Louis,# MO)# in# the#

presence#or#absence#of#arachidonic#or#linoleic#acids#(Sigma,#St.#Louis,#MO)#were#used#to#

inoculate#each#well#of#a#Costar®#12Gwell#dish#(Corning,#Corning,#NY).#For#germination#

studies#in#lung#homogenate,#one#lung#was#harvested#from#wild#type#mice#after#sacrifice#

and#homogenized#in#1#mL#water/lung.##The#homogenate#was#then#filter#sterilized#using#a#

0.2#µm#syringe#filter.##Microscopic#images#were#captured#using#a#Nikon#Eclipse#Ti)inverted#

microscope#equipped#with#a#OKOGLab#microscopic#enclosure#to#maintain#the#temperature#

at#37°C#for#A.)fumigatus)and)A.)nidulans,)and#30°C#for#A.)flavus)(OKO#Lab,#Burlingame,#

CA).#Germinated#spores#were#observed#using#a#Nikon#Plan#Fluor#20xPh1#DLL#objective#

and#phaseGcontrast#images#captured#every#1G2#hours#using#the#Nikon#NIS#Elements#AR#

software#package#(v.#4.13).#Germinated#spores#were#counted#with#slight#modifications#as#

previously#described#(36).#Briefly,#a#dormant#spore#was#considered#swollen#if#the#diameter#

was#double# in# size# to# dormant# spores#or# a#GL# if# an# emerging#germ# tube#was# clearly#
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present.#One#hundred#spores#were#observed#for#each#strain#(n=3)#and#growth#condition.#

Values#in#figures#represent#the#average#percentage#of#spores#germinated#±#SEM.#The#

Student# t# test#was#carried#out# to#determine#statistical#significance#using# the#Graphpad#

Prism#software#(La#Jolla,#CA).)

#

Mycelial#growth#in#the#presence#of#AA#was#monitored#using#an#OD600#reading#in#a#96Gwell#

plate#format.#To#establish#a#mycelial#network,#105#spore#were#inoculated#in#GMM#+0.5%#

tergitol#and#grown#overnight#at#37ºC.# Initial#absorbance#values#were#collected#using#a#

BioTek#EPOCH#2#microplate#reader#with#Gen5#acquisition#software.#Arachidonic#acid#was#

added#to#wells#at#a#final#concentration#of#1.0,#0.5,#and#0.25#µg/µL#to#challenge#mycelial#

growth.#TwentyGtwo#hours#after#AA#treatment,#another#absorbance#reading#was#collected#

and#the#net#growth#calculated.#

#

Fluorescent#microscopy#of#GFP# localization#was#carried#out#on# the#same#platform#but#

using# a# 60x# Nikon# Plan# Apo# VC# Oil# DIC# objective.# Briefly# 104# spores# were# used# to#

inoculate#glass#coverslips#immersed#in#GMM#+#0.5%#tergitol#overnight#at#30°C#(to#reduce#

sample#autofluorescence),#after#which#the#slides#were#imaged.#Spores#were#inoculated#

directly#on#a#coverslip#and#imaged#similarly.#

#

For#quantification#of# loxB# expression# in# the#presence#of#arachidonic#and# linoleic#acid,#

quantitative#RTGPCR#was#carried#out#as#follows:#RNA#for#cDNA#synthesis#was#isolated#as#

previously# described# for# semiGqPCR# from# total# fungal# tissue# after# 48# hours# of# growth#

(increase#tissue#yield)#in#the#presence#of#0.5#µg/µL#LA#and#AAs.#Samples#were#analyzed#
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in# a# volume# of# 20# µL# using# iQ# SYBRGreen# Supermix# (BioGRad# Laboratories,# Inc.).#

Reactions# were# performed# in# triplicate# using# cDNA# template# for# loxB# and# actin.# A#

mastermix#of#SYBRGreen#and#primers#was#prepared#for#each#primer#pair#(loxB:#“GF#loxB#

qPCR#F#with#“GF#loxB#qPCR#R”,#actin:#“FY#act1#RT#FOR”#with#“FY#act1#RT#REV”).#Each#

reaction#contained#25#ng#of#cDNA#and#a#final#primer#concentration#of#300#nM.#Reactions#

were#performed#with#the#MyiQ#RealGTime#PCR#detection#system#(BioGRad#Laboratories,#

Inc.)#using#the#“2Gstep#amplification#plus#melting#curve”#protocol:#95ºC#for#3#min#followed#

by# 40# cycles# of# 95ºC# for# 1# min.# (denaturation)# and# 55ºC# for# 45# s# (annealing# and#

elongation).#The#determination#of#the#threshold#values#(Ct)#was#generated#automatically#

by#the#MyiQ#software.#The#identities#of#the#amplicons#and#the#specificity#of#the#reactions#

(absence# of# primerGdimers)# were# confirmed# by# the#melt# curve# profile# of# the# amplified#

products.#The#amount#of#loxB#cDNA#was#standardized#to#the#amount#of#the#actin#internal#

standard#cDNA# for#each#sample#and#normalized# to# loxB#expression#with#no# fatty#acid#

treatment#(vehicle).#

#

Development$of$antigenic$extract/oxylipin$solutions$from$Aspergillus*fumigatus$for$

asthma$studies.))The#wild#type#and#loxB)mutant#strains#from#A.)fumigatus#were#grown#in#

RPMI#media#within#CoStar#12Gwell#cell#culture#plates#(Corning,#Corning#NY)#containing#3#

mL#of#RPMI#media#inoculated#with#the#respective#strain#to#a#final#concentration#of#1#X#106#

spores/mL.##Plates#were#covered#with#AeraSeal#Breathable#Sealing#Film#(Excel#Scientific,#

Victorville,# CA)# and# incubated# for# 3# days# at# 37˚C# and# 185# rpms.# # On# the# third# day,#

arachidonic#acid#(Sigma,#St.#Louis,#MO)#suspended#in#100%#ethanol#was#added#to#a#final#

concentration#of#10#µm#and#allowed#to#incubate#2#hours.##Eighteen#3#mL#cultures#for#each#
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strain#were#pooled# together#and# fungal# tissue#was#separated# from#culture#supernatant#

using#Miracloth#(EMD#Millapore).#Fungal#tissue#was#lyophilized#overnight#and#weighed.#

Fungal#antigenic#extract#solution#was#prepared#from#a#modified#protocol#(37).#Briefly,#an#

extraction# solution# comprised# of# 0.25%#sodium# chloride,# 0.125%#sodium#bicarbonate,#

50%#glycerol,#and#0.4%#phenol#was#added#to#the#ground,#lyophilized#tissue#in#a#1:10#ratio#

(w/v).# The# solution# was# incubated# overnight# at# 4°C# and# then# run# through# a# 0.45# µm#

cellulose#acetate#filter#to#remove#insoluble#material#(Thermo#Scientific).#A#Bradford#assay#

was#used#to#determine#protein#concentration#within#the#filtered#solution#and#adjusted#to#

0.667# µg/µL# using# extraction# solution# lacking# glycerol.# Culture# supernatant# was# filter#

sterilized#using#a#0.45#µm#cellulose#acetate#syringe#filter#(Thermo#Scientific)#and#added#

to# the#protein#antigenic#solution# in#a#1:1#ratio# for#a# final#protein#concentration#of#0.333#

µg/µL.)

#

Murine$analysis$of$airway$hyperresponsiveness,$immune$cell$recruitment,$and$IgE$

antibody$production.) )A#mouse#model#of#allergic# lung#disease#was#established#using#

methods#described#previously#with#minor#modifications#(38)#under#a#protocol#approved#

by# the# UCSF# IACUC.# Thirty#microliters# of# fungal# antigenic# extract# solution# (see# prep#

above)#was#delivered#into#female#C57BL/6#mice#3#times#per#week#for#3#weeks.#Control#

mice# were# given# saline# or# 10# µg# of# A.) fumigatus) commercial# extract# (HollisterGStier#

Laboratories,#Spokane,#WA).#To#measure#airway#reactivity,#mice#were#anesthetized#48#h#

after# the# last#antigen#delivery#with#ketamine# (100#mg/kg#of#body#weight),# xylazine# (10#

mg/kg),#and#acepromazine#(3#mg/kg)#and#the#trachea#cannulated#with#a#20#gauge#tubing#

adaptor.# Mice# were# attached# to# a# ventilator# and# pulmonary# mechanics# analyzer#
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(FlexiVent)#and#ventilated#at#9#ml/kg#tidal#volume,#150#breaths/minute#frequency,#and#2#

cmH2O# positive# endGexpiratory# pressure.#Mice#were# paralyzed#with# pancuronium# (0.1#

mg/kg# i.p.)#and#airway#mechanics#were#measured#continuously#using# the# linear#single#

compartment#model#while#challenged#with#escalating#doses#of#acetylcholine#(0.03,#0.1,#

0.3,#1#and#3#µg/g#i.v.).#BAL#was#performed#via#the#tracheal#cannula.#Lungs#were#washed#

3#times#with#1#ml#PBS,#erythrocytes#were#lysed,#and#total#BAL#cells#were#counted#with#a#

hemocytometer.#Percentages#of#cell#types#were#determined#using#cytospin#preparations#

stained#with#HEMA#3#(Fisher)#by#evaluating#>300#cells/slide#by#light#microscopy.#Lavaged#

lungs#were#inflated#with#10%#buffered#formalin#to#25#cm#H2O#of#pressure#and#fixed#for#1#

day.#Multiple#paraffinGembedded#5Gµm#sections#of#the#entire#mouse#lung#were#prepared#

and# stained# with# Hemotaxylin# &# Eosin# (H&E)# to# evaluate# the# morphology# and# with#

Periodic# acidGSchiff# (PAS)# to# evaluate# mucus# production.# Total# serum# IgE# level# was#

evaluated#by#enzymeGlinked# immunosorbent#assay#using#microplates#coated#with#antiG

mouse#IgE#(BD#Biosciences#—#Pharmingen).#Diluted#serum#samples#were#added#to#each#

well,#and#the#bound#IgE#was#detected#with#biotinylated#antiGmouse#IgE#(BD#Biosciences#

—#Pharmingen).#Color#development#was#achieved#using#streptavidinGconjugated#HRP#

(BD#Biosciences#—#Pharmingen)#followed#by#the#addition#of#HRP#substrate#(TMB}#BD#

Biosciences#—#Pharmingen).)

#

3.4$RESULTS$

3.4.1$Identification$of$5DLox$and$15DLox$homologs$within$Aspergillus*fumigatus.$
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The#human#5GLox#protein#sequence#was#used#to#identify#homologs#within#the#A.)fumigatus#

genome.#GenomeGwide#BLAST#analysis#identified#two#lipoxygenases#with#considerable#

homology#to#human#5GLox,#Afu7g00860)(LoxA,)24.2%#identity)#and#Afu4g02770)(LoxB,)

24.3%#identity),#both#of#which#were#also#identified#by#Heshof#et)al.#Both#proteins#show#

similar#identities#to#15GLox#(LoxA,#25%#identity#and#LoxB,#23%#identity).#Within)human#5G

Lox,)LeuG368,#373,#414,#607,#and#IleG406#are#necessary#for#proper#alignment#of#the#AA#

pentadiene# for#catalysis# (39).#Conservative#substitutions# for# Ile406#are#present# in#both#

loxA#(I406L)#and# loxB#(I406V)#(Supplemental#Figure#3).#Amino#acid#residues#important#

for# positional# specificity# in# 15GLox# are# partially# conserved# in# LoxB,# but# not# LoxA#

(Supplemental#Figure#3)# (40).#Moreover,# a#distinguishing# characteristic# of# LoxB# is# the#

presence# of# a# predicted# signal# peptide# for# LoxB,# which# is# absent# from# LoxA.# An#

examination#of#published#microarray#data#and#mRNA#expression#studies#identified#loxB)

but#not#loxA)as#an#expressed#gene#(41).#We#confirmed#these#findings#by#probing#for#loxB)

and#loxA#expression#when#A.)fumigatus#was#inoculated#in#different#media#(GMM#or#RPMI)#

and#at# varying# spore# concentrations# (105G106#spores/mL).#We#observed#expression# of#

loxB#in#all#conditions#tested,)but#never#expression#of#loxA#(Figure#2A).#Thus,#due#to#lack#

of#expression#of#loxA,)and#the#possibility#of#secretion#of#LoxB,#we#focused#on#this#latter#

gene# and# created# both# deletion# and# overexpression# mutants# of# loxB) (Supplemental#

Figure#2).#

#

3.4.2*Aspergillus*fumigatus*loxB*affects$programmed$germination.$
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A#previous#study#had#shown#changes#in#development#of#A.)fumigatus)exposed#to#disks#

soaked#in#AA#(42),#thus#we#investigated#this#response#microscopically#to#determine#if#loxB#

was#important#for#this#alteration#in#development.##Both#AA#and#LA#were#tested#at#2.0,#1.0,#

and#0.5#µg/µL#in#GMM#+#0.5%#tergitol#(to#aid#in#PUFA#solubility)#with#ethanol#used#as#a#

vehicle.##The#degree#of#germination#was#quantified#by#assessing#the#percentage#of#DS#

that#had#progressed#to#the#SS#or#GL#stage#at#a#particular#timepoint.#

#

Tergitol#was#verified#to#have#no#effect#on#SS#or#GL#formation#compared#to#GMM#media#

(Supplemental#Figure#4A).##At#2.0#and#1.0#µg/µL#of#AA#or#LA,#all#spores#remained#arrested#

at#the#DS#stage:#even#after#24#hours#at#37°C,#no#SS#were#observed#(data#not#shown).#At#

0.5#µg/µL#AA,#after#15#hours#at#37°C,#the#percentage#of#wild#type#spores#progressing#to#

SS#and#GL#was#30%#less#than#spores#grown#in#the#mock#condition#(Figure#2B).##However#

at#0.5#µg/µL#LA#no#significant#difference#in#the#total#number#of#SS#and#GL#was#recorded#

in#wild#type#(Figure#2C).##We#were#curious#whether#the#presence#of#these#PUFAs#had#an#

effect#on# loxB)expression,#so#quantitative#RTGPCR#was#done# from#the#wild# type#strain#

grown#in#the#presence#of#vehicle#(ethanol)#and#0.5#µg/µL#AA#and#LA.#We#found#that#AA#

increased# loxB# expression# twoGfold,# whereas# LA# increased# loxB# expression,# but# not#

significantly#from#the#vehicle#treatment#(Figure#2D).#

#

Based#on#the#differences#in#growth#observed#at#0.5#µg/µL#AA#and#that#loxB)expression#

was#induced#2Gfold#in#the#presence#of#AA,#we#quantified#the#differences#in#SS#and#GL#

levels#upon#loxB#deletion#(ΔloxB)#or#overexpression#(OE::)loxB).##Timecourse#microscopy#
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was#used#to#monitor#SS#and#GL#formation#for#the#wild#type#and#loxB#mutants#over#a#period#

of# 36# hours# under# mock# and# 0.5# µg/µL# AA# treatments.# In# the# control# treatment,# the#

OE::loxB# strain# consistently# had#more# spores# germinate# through# 15# hpi# whereas# the#

ΔloxB#and#ΔloxB)complemented#(loxB(c))#strains#had#equivalent#numbers#of#SS#and#GL#

as#wild#type#through#15#hpi#(Figure#2E).##Although#all#strains#were#delayed#in#germination#

processes# under# AA# treatment,# the#OE::loxB) strain# again# transitioned# to# SS# and# GL#

stages# faster# than# the# other# three# strains.# # Notably,# the# proportion# of#∆loxB# dormant#

spores#(DS)#that#became#SS#or#GL#was#less#than#wild#type#and#at#all#time#points#tested#

(Figure#2E).##Due#to#the#fact#that#differences#in#all#treatments#could#be#observed#at#the#15#

hpi,# all# further# experimentation# were# quantified# at# this# time# point# unless# otherwise#

specified.##

#

Next#we#asked#if#the#delay#in#germination#of#ΔloxB)was#a#function#of#PUFA#treatment#and#

compared#germination#of#all#four#strains#on#0.5#µg/µL#LA#to#the#15#hpi#of#control#and#the#

AA#treatment#of#Figure#2E.##As#shown#in#Figure#2F,#whereas#the#OE::loxB)strain#again#

showed#accelerated#germination#processes,#the#ΔloxB)presented#the#same#phenotype#as#

the#wild#type#and#complemented#strains.##Thus#the#ΔloxB)delay#in#SS#and#GL#formation#

was#a#function#of#AA.#

#

To#confirm#that#OE::loxB)increased#the#transition#of#DS#to#SS#and#GL#stages,#additional#

OE::loxB)strains#were#examined#including#strains#containing#both#an#OE::loxB)and#wild#

type# loxB) allele# (TGJF# 1.5# and# TGJF1.7)# or# just# OE::loxB) allele# (TGJF34.9# and#
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TGJF34.10).##All#strains#had#a#higher#percentage#of#SS#and#GL#than#wild#type#on#GMM#+#

0.5%#tergitol#(Supplemental#Figure#5A).#Even#on#lung#homogenate#media#that#contains#

endogenous#AA,# overexpression#of# loxB# led# to# increased# levels# of#SS#and#GLs# (only#

TGJF1.5#tested,#Supplemental#Figure#5B).###

#

Finally,#we#asked#if#AA#had#any#differential#impact#on#the#loxB)mutants#and#wild#type#in#

postGgermination#growth.##In#contrast#to#the#loxB<dependent#regulation#of#germination#by#

AA,# there#was# no# difference# in#mycelial# growth# by# the# three# strains# on# AA# amended#

medium#(Supplemental#Figure#5CD).#

#

3.4.3$LoxB$loss$delays$entry$into$swollen$spore$stage$and$overexpression$of$loxB*

accelerates$both$swollen$spore$and$germling$transitions.$

To#clarify#if#loxB#overexpression#or#loss#impacted#specific#germination#stage#transitions#

on#AA,#SS#and#GL#were#individually#assessed.##Differences#in#the#number#of#SS#were#

observed# at# several# time# points.# # Particularly# at# 15# and# 19# hpi,# the# ∆loxB# strain#

consistently# had# less# SS# than# wild# type# or# the# loxB(c)) strains.# The# OE::loxB# strain#

maintained#a#higher#number#of#SS#that#peaked#approximately#19#hpi#(Figure#3A)#as#a#

reflection#of#transition#to#GL#stage#which#was#higher#at#all#time#points#in#this#mutant#(Figure#

3B).##No#difference#in#the#number#of#GLs#was#observed#between#the#wild#type,#∆loxB,#and#

loxB(c)#strains#until#29#hpi#at#which#the#number#of#∆loxB#GLs#was#significantly#less#than#

the#wild#type#or#loxB(c))strains#(Figure#3B).#

#
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3.4.4$Disruption$of$the$LoxB$signal$peptide$impairs$germination$in$presence$of$AA$

and$affects$protein$localization.$

Heshof#et)al#2014#commented# that# fungal# lipoxygenases#with#a#CGterminal#valine#also#

contain# an#NGterminal# signal# sequence,# suggestive# of# a# protein# trafficked# through# the#

canonical# ERGGolgi# apparatus# for# secretion.# # LoxB# has# two# putative# cleavage# sites#

demarcating# the# signal# peptide# region:# one#between# residues#20#and#21#and#another#

between#residues#26#and#27#according#to#predictions#by#the#Signal#P#4.0#server#(Figure#

4A)#(43).#

#

To#visually#investigate#LoxB#localization,#signal#peptide#deficient#and#fullGlength#versions#

of# LoxB#were# tagged#with#GFP# and# transformed# into#A.) fumigatus# (See#Material# and#

Methods#and#Supplemental#Figures#2AD).##FullGlength#GFP:LoxB#localized#to#punctate#

spots#within#hyphae#but#also#the#cell#wall#and#septa#(Figure#4B,#white#arrow).##In#spores,#

fullGlength#GFP:LoxB#localized#on#the#periphery#of#DS#(Figure#4B,#white#arrow)#as#well#as#

in#puncta#within#the#spore.##When#the#first#20#NGterminal#residues#were#absent,#GFP:LoxB#

protein#was#found#uniformly#throughout#the#cytoplasm#of#hyphae#with#no#localization#to#

the#cell#wall#or#septa,#and#at#undetectable#levels#in#DS.#The#same#cytoplasmic#localization#

was#observed#when#the#first#26#NGterminal#residues#were#deleted,#and#barely#detectable#

fluorescent#signal#in#DS.#The#strain#overexpressing#untagged#fullGlength#LoxB#was#used#

as#a#negative#fluorescence#control#for#both#hyphae#and#spores#(Figure#4B).#

#

To#determine#if#the#LoxB#signal#peptide#was#important#for#germination,#we#created#two#

overexpression#constructs#of# loxB) lacking# the#signal#peptides.# #Strains#overexpressing#
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versions#of#loxB#lacking#the#first#20#NGterminal#residues#(OE::∆SP1<loxB)#or#the#first#26#

NGterminal#residues#(OE::∆SP2<loxB)#were#created#in#a#∆loxB#background#(Supplemental#

Figures# 2AD).# # In# control# GMM# +0.5%# tergitol# media# (mock),# OE::∆SP1<loxB# and#

OE::∆SP2<loxB#strains#germinated#the#same#as#wild#type#in#contrast#to#the#two#OE::loxB)

strains# (Figure# 4C).# Interestingly,# the# number# of# functional# loxB) alleles# impacted#

germination#as#the#strain#with#both#a#wild#type#and#OE::loxB)allele#showed#accelerated#

germination#over#the#strain#with#only#an#OE::loxB)allele#(Figure#4C).#Upon#addition#of#0.5#

µg/µL# AA,# strains# overexpressing# versions# of# loxB# lacking# signal# peptides# had#

significantly#less#SS#and#GLs#than#strains#overexpressing#fullGlength#loxB.##However,#with#

the#exception#of#one#OE::∆SP1<loxB)mutant,#all#of#these#strains#maintained#increased#SS#

and#GLs#compared#to#the#wild#type#(Figure#4D),#suggestive#of#partial#activity#in#contrast#

to#the#delayed#germination#phenotype#of#∆loxB)on#AA#(Figure#2E#and#3A).#

#

3.4.5$ Synthetic$ lipoxygenase$ expression$ promotes$ germination$ in$ Aspergillus*

nidulans.*

From# the# results# obtained# with#A.) fumigatus,# we# were# curious# whether# lipoxygenase#

expression#impacted#germination#process#in#other#Aspergilli.##Aspergillus)nidulans)does#

not#contain#a#native#Lox#but#a#synthetically#expressed#and#enzymatically#active#Zea)mays#

9Glipoxygenase#(Zmlox3)#strain#of#A.)nidulans#was#available#from#a#previous#study#(44).#

Therefore,# germination# of# two# A.) nidulans# transformants# overexpressing# zmlox3#

compared#to#wild#type#was#investigated.##

#
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Germination#of#A.)nidulans)spores#occurs#significantly#faster#than#A.)fumigatus,#with#SS#

and#GLs#observed#as#early#as#5#hpi#at#37ºC.##Like#A.)fumigatus,#0.5#µg/µL#AA#decreased#

the#proportion#of#SS#and#GLs#in#wild#type#(Figure#5A).##Germination#was#monitored#in#the#

presence#and#absence#of#AA#for#the#three#strains#for#17#hours#(Figure#5B).#The#proportion#

of#SS#and#GLs#in#the#mock#treatment#for#the#OE::zmlox3#strains#(RDIT99.2#and#RDIT98.5)#

was#20%#higher#than#wild#type#(Figure#5C).#However#after#17#hpi#the#wild#type#strain#had#

equivalent#spore#germination#to#the#OE::zmlox3)strains#(Figure#5B).##When#0.5#µg/µL#AA#

was#present,#the#reduction#in#SS#and#GLs#from#wild#type#was#further#exacerbated:#7#hpi#

OE::zmlox3#SS#and#GL#levels#were#almost#1Gfold#greater#than#the#wild#type#(Figure#5D).##

Tergitol#was# found# to#have#no#effect# on#any#of# the#A.)nidulans)strains# (Supplemental#

Figure#4B).#

#

Aspergillus)flavus)encodes#an#endogenous#Lox#(Aflox1#or#Lox),#important#in#asexual#to#

sexual#shifts#in#this#species,#with#high#identity#(82%)#to#A.)fumigatus)LoxB#(28).##The#A.)

flavus)wild#type#was#sensitive#to#AA,#with#levels#of#SS#and#GLs#reduced#by#77%#compared#

to# the# mock# treatment# at# 9# hpi# (Figure# 5E).# # Using# A.) flavus# lox# disruption# and#

complementation#mutants#previously#characterized#(28),#we#examined#the#germination#

profile# over# 16# hours# at# 30ºC# in# the# presence# and# absence#of#AA# (Figure# 5F).#While#

germination#of#all#strains#was#delayed#at#9#hpi# in#the#presence#of#AA#compared#to#the#

mock#treatment,#unlike#in#A.)fumigatus#or#A.)nidulans)there#was#no#statistical#difference#

in#SS#or#GLs#levels#in#the#∆lox#mutant#in#the#presence#or#absence#of#AA#(Figure#5G#and#

5H).##Tergitol#did#not#impact#spore#germination#(Supplemental#Figure#4C).#

#
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3.4.6$The$human$5DLox$oxylipin$metabolite$5DHETE$promotes$swollen$spore$and$

germling$formation.*

The# differences# in# germination# stage# progression# of# both#OE::loxB# and#ΔloxB# strains#

treated#with#AA# (Figures#2,#3#and#4)# suggested#a#possible# role# for#a#LoxB#generated#

oxylipin# in# A.) fumigatus) germination.# # Given# the# similarity# of# LoxB# to# human# Lox#

sequences# (5G,12G,15GLoxs,# Supplemental# Figure# 3),# we# hypothesized# loxB# produced#

various#AA#products#including#the#commercially#available#5GHETE#(Figure#6A),#the#stable#

surrogate# for# 5GHydroperoxyeicosatetraenoic# acid# (5GHPETE)# of# the# 5GLox# pathway# in#

mammals#(Supplemental#Figure#1).#

#

Specifically#we#wanted#to#test#whether#the#delay#of#DS#transition#to#SS#and/or#GLs#in#the#

ΔloxB# strain# in#AA#medium#was#due# to#either#AA# toxicity# or# lack#of# an# induction# cue,#

possibly#5GHETE.# #To#ascertain# this,#all# four#strains# (both# loxB#mutants,#wild# type#and#

complemented#ΔloxB)# were# grown# on#mock,# 0.5# µg/µL# AA# alone,# 0.5#µg/µL# 5GHETE#

alone,#or#both#metabolites#at#0.5#µg/µL.##Germination#profiles#were#repeated#as#before#on#

mock# and# AA# medium# (Figure# 6B# and# 6C)# with# ΔloxB# delayed# on# AA# (Figure# 6C).##

Treatment#with#5GHETE#resulted#in#a#profile#similar#to#that#of#control#medium#where#ΔloxB#

had#equivalent# levels#of#SS#and#GLs#as#the#wild#type#and#complement#while#OE::loxB#

showed#accelerated#germination#(Figure#6D).##This#restoration#of#germination#levels#of#

ΔloxB# to#wild# type# levels# by# the#AA# product# 5GHETE# still# did# not# distinguish# between#

inhibition# by# AA# or# induction# by# 5GHETE.# # Thus,# we# assessed# germination# on# both#
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compounds.# # Germination# rates# increased# for# all# four# strains,# with# OE::loxB# still#

germinating#faster#than#the#other#three#strains#(Figure#6E).#

#

Because# the# ΔloxB# strain# showed# similar# germination# rates# as# the# wild# type# and#

complement#control,#it#appeared#that#5GHETE#could#act#as#a#germination#cue.##To#further#

tease#apart#the#effects#of#the#AA/5GHETE#coGtreatment#and#to#understand#the#increases#

in# germination# for# all# strains,# we# counted# just# SS# (Figure# 6F)# or# GLs# (Figure# 6G).##

Progression#to#SS#was#greatly#increased#in#wild#type,#ΔloxB#and#complement#(Figure#6F),#

whereas#OE::loxB#had#largely#exited#out#of#this#stage#and#was#primarily#in#the#GL#stage#

(Figure#6G).##

#

3.4.7$LoxB$induction$of$asthmatic$symptoms$in$a$murine$asthma$model.$

Considering# oxylipins# associated#with# human#allergenic# diseases# seemed# to# act# as# a#

germination#cue#in#a#LoxBGdependent#manner,#we#were#curious#whether#elevated#levels#

of# these# compounds# through# loxB# overexpression# could# exacerbate# asthmaticGlike#

responses.# A# cocktail# composed# of# fungal# antigens# and# oxylipins# (see#Materials# and#

Methods)#was#prepared#from#wild#type,#ΔloxB,#and#OE::loxB#and#subjected#to#mice#using#

a#previously#established#murine#model#of#asthma#(38).##The#murine#response#to#the#fungal#

preparations# was# compared# to# positive# (commercial# antigenic# preparation# of# A.)

fumigatus)#and#negative#(saline)#controls#(37).#The#OE::loxB)conditioned#mice#displayed#

the# highest# airway# hyperresponsiveness# among# all# treatments,# statistically# more#
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significant# than#either#wild# type#or#ΔloxB#with# increasing#application#of#acetylcholine,#a#

signaling#molecule#that#induces#airway#constriction#(Figure#7AB).#

#

We# next# assessed# any# impact# of# these# treatments# on# pulmonary# inflammatory# cell#

recruitment# in# bronchoalveolar# lavage# fluid# (BALF).# The# levels# of# macrophages,#

eosinophils,#lymphocytes,#and#neutrophils#were#compared#among#treatments.#The#total#

cell# count# for# all# of# these# cells# was# significantly# increased# in# mice# treated# with# the#

overexpression# loxB#cocktail# (Figure#7C).#Specifically,#significantly#more#macrophages#

and# eosinophils# were# detected# than# in# mice# treated# with# the# wild# type# or# ΔloxB#

(macrophages# only)# cocktails# (Figure# 7DE).# However,# no# difference# in# lymphocyte# or#

neutrophil#levels#was#observed#among#wild#type,#ΔloxB,)or#OE::loxBGtreated#mice#(Figure#

7FG).# Finally,# serum) IgE# levels# were# assessed# due# to# a# canonical# increase# of# this#

antibody#in#asthmatic#patients#(45).#Total#serum#IgE#levels#were#almost#three#times#higher#

in#mice#treated#with#the#OE::loxB)antigenic#cocktail# than#mice#treated#with#wild#type#or#

ΔloxB)cocktail#(Figure#7H).#

#

3.5$DISCUSSION$

Programmed#spore#germination#is#a#critical#process#for#survival#and#entry#into#vegetative#

growth#for#all#fungi.##The#spore#should#remain#dormant#in#unfavorable#environments#and#

respond# to# cues# in# favorable# settings# for# entry# into# vegetative# growth.# # Despite# the#

importance#of#germination,#surprisingly#little#is#know#about#this#process,#particularly#for#

human# pathogenic# fungi.# # Here# we# present# unexpected# insight# into# this# programmed#

event#in#A.)fumigatus)where#we#find#an#important#role#for#a#lipoxygenase#in#accelerating#
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the#transitions#of#DS#to#SS#and#GL#stages#of#germination.##We#find#both#substrate#and#

product#of#LoxB,#AA#and#potentially# its#oxylipin#product#5GHETE,#are#key#molecules# in#

these# transitions,#where# 5GHETE#appears# to# act# as# a# germination# accelerator# for# this#

species.##Coupling#these#data#with#the#finding#that#extracts#from#A.)fumigatus)OE::loxB#

induce#hallmark#allergenic#response#in#a#murine#model#of#asthma,#we#speculate#that#the#

lung#environment#is#a#favorable#milieu#for#Aspergillus)germination#which,#in#the#case#of#

susceptible#hosts,# can#contribute# to#worsening#of# allergenic#diseases#such#as#allergic#

bronchopulmonary#aspergillosis#(ABPA).#

#

Whereas#our#work,#to#our#knowledge,#is#the#first#to#identify#molecules#directly#affecting#

the#germination#program#in#A.)fumigatus,#deletion#of#the#G#protein#RasA#or#spermidine#

synthase#SpdA#have#been#shown# to# impact# the#SS# to#GL#stage# in#A.)nidulans) (2,#3).##

Inactivation# of# the# RasA# homolog# in# A.) fumigatus) also# delays# germination,# although#

detailed#assessment#was#not#analyzed# in# this#mutant# (46).# #However,# loss#of# function#

RasA#or#SpdA#mutations#have#pleiotropic#effects#on#fungal#growth#resulting#in#significantly#

aberrant#morphologies#beyond#delays# in#spore#germination.# # In#contrast,#both#deletion#

and#overGexpression#of# loxB)appear#to#only#affect#transition#of#germination#stages#with#

the#former#mutant#(ΔloxB)#only#showing#a#phenotype#when#AA#is#incorporated#into#the#

media.#

#

Several#PUFAS#have#been#shown#to#be#important#in#the#germination#process#of#multiple#

fungi,# often# as# an# inhibitor# (47).#However,#AA#has# not# been# investigated# except# as# a#

potential#germination#inducer#in#Mortierella)alpine#(48).##This#fungus,#which#produces#high#
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levels#of#endogenous#AA,#displays#a#similar#germination#program#as#A.)fumigatus)with#

rapid#AA#depletion#during#the#SS#stage#for#this#species.##The#authors#speculated#that#this#

was#related#to#fatty#acid#desaturase#activity#but#no#mechanism#was#described.##Here#we#

suggest#a#process#in#A.)fumigatus)where# loxB) is# induced#by#AA,#the#enzyme#secreted#

and#exogenous#AA#converted# to#5GHETE# (and#other#subsequent#oxylipins)# (Figure#8).##

Both# AA# and# 5GHETE# altered# the# dynamics# of# the# germination# program# in# a# loxB<

dependent# fashion.# # Whereas# AA# treatment# delays# germination# in# all# strains,#

overexpression#of#loxB)overcomes#AA#suppression#at#the#DS#to#SS#stage.##In#contrast,#

∆loxB# is# delayed# at# this# same# transition}# this# delay# may# be# associated# not# with# AA#

inhibition#per#se#but#with#the#lack#of#5GHETE,#as#∆loxB)presents#an#identical#phenotype#

as#wild#type#in#both#5GHETE#and#5GHETE/AA#treatments#(Figure#6DE).##This#phenomenon#

appears#specific# to#AA,#as#LA#did#not#affect#germination# in#either#a# loxB<dependent#or#

independent#manner.##We#suggest#that#possession#of#an#AA#metabolizing#lipoxygenase#

presents#an#advantage#to#A.)fumigatus)in#PUFA#rich#environments#through#acceleration#

of# the# germination# program.# # Supporting# this# statement# was# our# observation# that# A.)

nidulans,) a# species# that# does# not# contain# a# lipoxygenase,# showed# accelerated#

germination#in#synthetic#strains#containing#a#plant#lipoxygenase#(Figure#5BCD).##However,#

we#did#not#see#a#statistical#difference#in#germination#of#the#A.)flavus)∆lox)strain#treated#

with# AA# so# it# remains# to# be# determined# if# lipoxygenases# in# general# play# roles# in#

germination#of#fungi.#

#

As# hypothesized# in# an# earlier# study# (27),# LoxB# is# a# secreted# protein# and# its# proper#

localization#is#required#for#full#function#in#germination#dynamics#(Figure#4C#and#4D).##GFPG
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tagged#versions#of#fullGlength#LoxB#revealed#the#protein#localized#to#the#cell#wall#and#septa#

of#the#mycelium#as#well#as#the#cell#wall#of#DS#when#overexpressed#(Figure#4B),#which#is#

the#expected#localization#pattern#for#secreted#fungal#proteins#such#as#the#fumiquinozoline#

C#oxidoreductase,#fmqD#in#A.)fumigatus)(49)#and#a#glucoamylaseGGFP#fusion#protein#in#

A.) niger# (50).# # Truncated#GFPGLoxB# no# longer# localized# to# the# cell# wall# or# septa# but#

appeared#diffused#throughout#the#cytoplasm#of#the#cell,#similar#to#localization#of#truncated#

versions#of#FmqDGGFP#lacking#the#signal#peptide#sequence#carried#out#by#(49).##Secretion#

of#LoxB#would#aid#in#rapid#conversion#of#environmental#AA#(germination#inhibitor)#to#5G

HETE#(germination#stimulator).#

#

We#found#5GHETE#increased#the#proportion#of#SS#in#a# loxB<independent#manner.##The#

proportion#of#GLs#was#significantly#greater#in#all#strains#when#compared#to#AA#treatment,#

suggesting#that#5GHETE#promotes#the#formation#of#SS#and#GLs#(Figure#8).##Although#we#

only#assessed#the#impact#of#5GHETE#on#germination#(due#to#cost#of#these#metabolites),#it#

is#possible#that#other#LoxB#oxylipins#may#affect#germination.##Oxylipins#thus#far#have#been#

described#as#inhibitors#of#germination.##In#some#studies,#the#volatile#1GocteneG3Gol#was#

found#to#inhibit#germination#in#a#density#dependent#manner#(12–14),#although#not#in#A.)

flavus#(15).##Also,#several#plantGderived#oxylipins#have#inhibitory#properties#against#spore#

germination# of# the# oomycetes# Phytophthora) infestans# and# P.) parasitica,# and# the#

ascomycete#Botrytis)cinerea#(51).##To#the#best#of#our#knowledge#this#is#the#first#example#

of#an#oxylipin#inducer#of#fungal#spore#germination.#

#
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Aspergillus) fumigatus) is# one# of# the# most# common# fungi# associated# with# allergenic#

diseases#and#the#primary#pathogen#causing#ABPA.##This#work#supports#a#potential#role#

of#LoxB#in#potentiating#these#associations#at#two#levels,#one#by#altering#host#recognition#

of#the#spore#and#one#where#LoxB#metabolites#–#identical#to#several#immunomodulatory#

oxylipins#produced#by#the#host#itself#G#could#contribute#to#harmful#inflammatory#processes.##

Considering#the#first#point,#it#is#known#that#germination#kinetics#have#a#profound#impact#

on#host# recognition#and#clearance#of# fungal#spores.#The#speed#at#which#host# immune#

cells# can# clear# fungal# spores# is# dependent# on# the# size# and# shape# of# the# spore# and#

interactions#with#spore#surface#receptors#(PAMPs)#(52).#PAMPs#are#masked#by#a#layer#

of#rodlet#proteins#on#dormant#spores#of#A.)fumigatus,#which#are#shed#during#isotrophic#

growth#to#the#SS#stage.##Many#studies#have#identified#A.)fumigatus#PAMPs#that#influence#

macrophage#clearance#of#A.)fumigatus#spores,#such#as#ßG1,3Gglucan#(53,#54),#mannans#

(55),#and#lectins#(56).##Once#phagocytosed,#reactive#oxygen#killing#through#macrophage#

NADPH#oxidase#(57)#and#acidification#of#the#phagolysosome#(58)#are#thought#to#be#the#

predominant#ways#macrophages#neutralize#spores.#The#A.)fumigatus)spore#pigment#DHN#

melanin#suppresses#acidification#(59)#and#is#thought#to#allow#for#rapid#germination#and#

escape#from#the#macrophage,#but#also#renders#A.)fumigatus#more#vulnerable#to#antifungal#

agents,#since#hyphae#are#generally#more#susceptible#than#spores#(60,#61).##In#changing#

germination#kinetics,#LoxB#activity#–#or#lack#of#it#–#could#have#influence#on#all#of#these#

fungal#developmental#factors#and#subsequent#host/microbe#interactions.#

#

With# regard# to# LoxB# products,# 5GHETE# and#many# of# the# other# oxylipins# differentially#

produced#by#loxB#overexpression#may#play#a#role#in#immune#function.##IgE,#the#hallmark#
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indicator# of# asthmatic# responses,#was# elevated# in# the#OE::loxB# treated#mice,# as#was#

airway#hyperresponsiveness#and#macrophage/eosinophil# infiltration#of# lung#tissue.##20G

HETE#and#13GHODE#(previously#shown#to#be#produced#by#A.)fumigatus#LoxB,#27)#are#

both#implicated#in#airway#hyperresponsiveness#(25,#62),#while#13GHODE#has#also#been#

implicated#in#disruption#of#airway#epithelial#cells#calcium#homoeostasis#and#mitochondrial#

structure,# resulting# in# bronchial# cell# injury# (63).# This# injury# leads# to# severe# airway#

remodeling,# increased# airway# neutrophilia,# and# an# increase# in# stressGrelated# proG

inflammatory# cytokine# release.# DiHETrEs# are# able# to# activate# PPARα# and# PPARγ,#

transcription#factors#which#regulate#the#inflammatory#state#of#many#airway#diseases#(64,#

65).##Whether#DiHOMES#and#TriHOMES#play#a#role#in#inflammation#is#unclear,#however#

these#compounds#are#elevated#in#asthmatics#compared#to#healthy#individuals#(66).##Thus,#

while#the#actual#contribution#of#fungal#oxylipins#in#an#environmental#setting#to#asthma#is#

unclear,# we# suggest# future# studies# should# attempt# to# delineate# whether# particular#

oxylipins#(produced#directly#or#indirectly#through#loxB#perturbation)#are#sufficient#to#induce#

elevated#asthmatic#responses#in#mammalian#hosts.###

#

In#conclusion,#we#have#characterized#a#previously#described#A.)fumigatus#lipoxygenase,#

LoxB,# the#substrate# (AA)#and#various#oxylipins#products# (e.g.#5GHETE)#of#which#could#

provide#A.)fumigatus)a#competitive#edge#in#colony#establishment#in#varied#environments.##

The#mammalian#host#is#one#such#environment#where#kinetics#of#spore#germination#are#

intimately#linked#with#immune#recognition#and#clearance.#Considering#that#germination#is#

the#first#developmental#program#of#fungal#growth#where#antimicrobial#intervention#could#

reduce# the# incidence# of# infection,# our# findings# also# provide# insights# into#A.) fumigatus)



138#

#

#

germination# processes# which# may# be# useful# for# development# of# future# therapeutics.##

Several# Lox# inhibitors# have# been# developed# for# treatment# of# asthma# and# other#

inflammatory#diseases#(67,#68),#and#it#would#be#interesting#if#measures#along#these#lines#

could#impact#diseases#caused#by#A.)fumigatus.##

#
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3.7$FIGURES$AND$LEGENDS$

#

#

#

Figure$1.$Germination$of$A.*fumigatus.$$

Development#of#A.)fumigatus#begins#with#the# isotrophic#growth#of#dormant#spores# into#

swollen# spores.# Emergence# of# hyphae# demarks# germling# formation# which# leads# to# a#

hyphal#network#or#mycelium.#

# #
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Figure$ 2.$ LoxB$ is$ upDregulated$ upon$ arachidonic$ acid$ exposure$ and$ promotes$

germination.$$

(A)#loxB#but#not#loxA)is#expressed#in#glucose#minimal#media#(GMM)#+0.5%#tergitol#and#

RPMI.#Different#spore#concentrations#of#1#X#106#and#1#X#105$spores#were#tested#to#look#

at#densityGdependent#effects#on#lipoxygenase#expression.#loxB)was#upGregulated#at#1#X#

106#spores/mL#in#RPMI#media#compared#to#GMM.#Actin#served#as#a#loading#control#for#

semiGqPCR#analysis.#(B)#Addition#of#0.5#µg/µL#arachidonic#acid#(AA)#reduces#the#number#
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of# wild# type# swollen# spores# (SS)# and# germlings# (GLs)# compared# to# mock# treatment,#

however# the# same# concentration# of# linoleic# acid# (LA)# does# not# (C).# (D)# loxB# is# upG

regulated#in#the#presence#of#AA.#Values#are#average#(n=3)#fold#expression#±#SEM#after#

standardization#to#wild#type#tissue#from#mock#treatment#(vehicle).#(E)$Germination#assay#

for#loxB#strains#grown#in#GMM#+#0.5%#tergitol#in#the#presence#and#absence#of#AA.#Addition#

of# AA# significantly# delays# SS# and# GL# formation# of# all# strains# compared# to# the#mock#

treatment.# (F)# Upon# exposure# to# 0.5# µg/µL# linoleic# acid,# no# difference# in# growth# is#

observed#after#15#hpi#between#wild#type,#ΔloxB,#and#loxB(c))complement#strains,#however#

the#increase#in#SS#and#GLs#when#loxB#is#overexpressed#is#maintained#as#in#(E).#Values#

represent#average#of#n=3#trials#±#SEM#and#Student’s#tGtest#was#used#to#identify#statistical#

differences,#*p<0.05,#**p<0.01,#***p<0.001.#

# #
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Figure$3.$LoxB$affects$swollen$spore$and$germling$formation.$$

Breakdown# of# the# total# number# of# germinating# spores# by# swollen# spore# (SS)# (A)# or#

germlings#(GLs)#(B)#in#the#presence#of#AA.#Overexpression#of#loxB#yields#a#higher#number#

of#GLs#through#29#hpi.#Difference#in#the#number#of#SS#were#more#significant#at#multiple#

timepoints,# with# the# greatest# difference# among# the# strains# observed# 15# hpi.# Values#

represent#average#of#n=3#trials#±#SEM#and#Student’s#tGtest#was#used#to#identify#statistical#

differences,#*p<0.05,#**p<0.01,#***p<0.001.#

# #
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Figure$4.$Disruption$of$signal$peptide$affects$LoxB$localization$and$dormant$spore$

maturation.$$

(A)#Location#of#the#putative#signal#peptide#cleavage#sites#predicted#by#Signal#P#4.0#server#

(43).#Cleavage#site#are#predicted#between#resides#20#and#21#or#residues#26#and#27.#(B)#

Localization#of#various#permutations#of#GFPGLoxB#fusion#proteins.#FullGlength#GFPGLoxB#

protein#localizes#to#the#cell#wall,#septa,#and#puncta#within#hyphae#and#cell#wall#and#puncta#

within#dormant#spores.#GFPGLoxB#protein#lacking#the#first#20#or#26#amino#acids#localizes#

throughout#the#cytoplasm#of#the#hyphae#only#and#is#undetectable#in#dormant#spores.#A#
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strain# overexpressing# untagged# fullGlength# loxB# was# used# as# a# fluorescence# negative#

control.#(C)#Spores#derived#from#strains#overexpressing#truncated#versions#of#loxB#(Δ1<

20:)OE:ΔSP1<loxB,#Δ1<26:#OE:ΔSP2<loxB)#germinate# to# the#same#degree#as#wild# type#

spores,#whereas#spores#derived#from#strains#expressing#fullGlength#loxB#in#wild#type#and#

ΔloxB)backgrounds#maintain#a#higher#degree#of#swollen#spores#(SS)#and#germlings#(GLs)#

than#wild# type.# (D)#Upon# incubation#with# 0.5#µg/µL#AA,# dormant# spores# derived# from#

strains#overexpressing#truncated#versions#of#loxB#produce#significantly#more#SS#and#GLs#

than# wild# type,# with# the# exception# of# one#Δ1<20:) OE:ΔSP1<loxB# strain.# However,# the#

percentage#of#dormant#spores#that#proceed#to#SS#or#GLs# is#still#significantly# less#than#

those#expressing#fullGlength#versions#of# loxB.#Values#represent#average#of#n=3#±#SEM#

and# Student’s# tGtest# was# used# to# identify# statistical# differences,# *p<0.05,# **P<0.01,#

***p<0.001.#

# #
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Figure$5.$Synthetic$lipoxygenase$expression$promotes$germination$in$Aspergillus*

nidulans.**
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(A)$Addition#of#0.5#µg/µL#AA#reduced#the#number#of#swollen#spores#(SS)#and#germlings#

(GL)# compared# to#mock# treatment# in# the# wild# type.# (B)#Aspergillus) nidulans# mutants#

overexpressing#a#synthetic#Zea)mays)lipoxygenase#(zmlox3)#have#a#higher#degree#of#SS#

and#GLs# than#wild# type# in# both# the#mock#and#AA# treatment# through#16#hpi,# at#which#

equivalent#profiles#to#the#mock#treatment#are#observed.#Differences#were#quantified#and#

compared#at#7#hpi#in#both#the#mock#treatment#(C)#and#AA#treatment#(D).#(E)#Addition#of#

0.5#µg/µL#AA#inhibited#germination#of#A.)flavus)wild#type,#particularly#9#hpi.#However,#by#

16# hpi,# equivalent# numbers# of# SS# and# GLs# were# observed# when# treated# with# AA#

compared# to# the# mock.# Disruption# and# complementation# of# the# bonefide# lox# had# no#

differential#effect#on#SS#and#GL#formation#compared#to#wild#type#(F).#Comparisons#were#

made#9#hpi#and#no#differences#observed#in#both#the#mock#(G)#or#AA#treatment#(H).#Values#

represent#average#of#n=3#trials#±#SEM#and#Student’s#tGtest#was#used#to#identify#statistical#

differences,#*p<0.05,#**p<0.01,#***p<0.001.$

# #



147#

#

#

#

#

Figure$6.$5DHETE$promotes$swollen$spore$and$germling$formation$$

(A)# The# human#5GLox#metabolite,# 5GHETE.#Quantification# of# swollen# spores# (SS)# and#

germlings#(GL)#for#loxB)strains#grown#in#GMM#+0.5%#tergitol#(mock)#(B),#0.5#µg/µL#AA#

(C)#or#5GHETE#(D)#or#both#(E).#While#exposure#to#AA#reduces#the#number#of#SS#and#GLs#
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compared#to#wild#type#in#the#∆loxB#strain,#exposure#to#0.5#µg/µL#5GHETE,#or#AA#and#5G

HETE# maintains# or# increases# the# proportion# of# SS# and# GLs# compared# to# the# mock#

treatment,# respectively.# (F)# SS# are# significantly# increased# compared# to# the# mock#

treatment# in#the#presence#of#AA#and#5GHETE.#Few#SS#were#observed#in#the#OE::loxB#

strain# since# all# dormant# spores# had# already# progressed# to# the#GL# stage# (G).# Values#

represent# average# of# n=3# ±# SEM# and# Student’s# tGtest# was# used# to# identify# statistical#

differences,#*p<0.05,#**p<0.01,#***p<0.001.#

# #
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Figure$ 7.$ LoxB$ fungal$ extract$ and$ culture$ supernatant$ induce$ airway$

hyperresponsiveness,$promote$macrophage/eosinophil$ recruitment$and$elevated$

IgE$levels$in$a$murine$asthma$model.$$

(A)#Fungal#extract#and#culture#supernatant#from#the#OE::loxB#strain#resulted#in#mice#with#

an#airway#much#more#responsive#to#acetylcholine#challenge#than#mice#treated#with#wild#
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type# or# ∆loxB# fungal# extract# and# culture# supernatant.# (B)# Differences# in# airway#

hyperresponsiveness#was#greatest#at#9.6#µg/g#body#weight,#the#highest#concentration#of#

acetylcholine#administered.#In#mice#treated#with#overexpression#loxB)fungal#extract#and#

culture# supernatant,# significantly# more# total# immune# cells# (C)# were# observed# in#

bronchoalveolar# lavage# fluid# of# treated# mice.# Specifically,# macrophages# (D)# and#

eosinophils#(E)#were#increased#compared#to#mice#treated#with#wild#type#or#∆loxB#fungal#

extract#and#culture#supernatant.#No#difference#in#lymphocytes#(F)#or#neutrophils#(G)#was#

observed#among#the#loxB#strains.#(H)#Serum#IgE#levels#were#almost#three#times#higher#in#

mice#treated#with#OE::loxB#fungal#extract#and#culture#supernatant#than#mice#treated#with#

wild#type#or#∆loxB#extract#and#supernatant.#Values#are#mean#of#nine#replicates#±#SEM.#

*p<0.05,#**p<0.01,#***p<0.001.#

# #
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Figure$ 8.$ Hypothetical$model$ for$ the$ effects$ of$ AA,$ LoxB,$ and$ oxylipins$ on$ the$

germination$of$spores$in$A.*fumigatus.$$

Arachidonic#acid#(AA)#has#inhibitory#effects#on#each#stage#of#A.)fumigatus#development#

from#dormant#spores#to#mycelial#network.#The#inhibitory#effects#of#AA#can#be#suppressed#

in#a#loxB<dependent#fashion#through#the#AAGdependent#upGregulation#of#loxB#via#unknown#
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mechanisms.# Upon# proper# localization,# LoxB# is# poised# to# convert# the# germination#

program#inhibitor#AA#to#stimulatory#5GHETE.#

# #
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3.8$TABLES$

Table#1.#Aspergillus)fumigatus)strains#used#in#this#study.#

Fungal#strain# Genotype# Source# or#

reference#

AF293# Wild#type# (69)#

AF293.1# pyrG1) (70)#

AF293.6# pyrG1)argB1) (69)#

TGJF1.5# pyrG1WgpdA(p):loxB)A.)parasiticus)pyrG# This#study#

TGJF1.7# pyrG1W)gpdA(p):loxB)A.)parasiticus)pyrG# This#study#

TTRD51# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB) This#study#

TJMP39.6# pyrG1)argB1W)∆loxB::A.) fumigatus)argB,)

A.)parasiticus)pyrG))

This#study#

#

TGJF33.6# pyrG1)argB1,)W)∆loxB::A.)fumigatus)argB,)

loxB(p):loxB)A.)parasiticus)pyrG))

This#study#

TGJF34.9# pyrG1,)argB1,)∆loxB::A.) fumigatus)argB)

gpdA(p):loxB)A.)parasiticus)pyrG#

This#study#

TGJF34.10# pyrG1,)argB1,)∆loxB::A.) fumigatus)argB)

gpdA(p):loxB)A.)parasiticus)pyrG#

This#study#

TGJF35.4# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB)

gpdA(p):Δ1<20:loxB)A.)parasiticus)pyrG#

This#study#

TGJF35.5# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB) This#study#
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gpdA(p):Δ1<20:loxB)A.)parasiticus)pyrG)

TGJF36.1# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB)

gpdA(p):Δ1<26:loxB)A.)parasiticus)pyrG)

This#study#

TGJF36.3# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB)

gpdA(p):Δ1<26:loxB)A.)parasiticus)pyrG#

This#study#

TGJF43.8# pyrG1,)argB1,)∆loxB::A.) fumigatus)argB)

gpdA(p):gfp:loxB)A.)parasiticus)pyrG)

This#study#

TGJF44.14#

#

pyrG1,)argB1,)∆loxB::A.)fumigatus)argB)

gpdA(p):Δ1<20:gfp:loxB) A.) parasiticus)

pyrG#

This#study#

TGJF45.15# pyrG1,)argB1,)∆loxB::A.)fumigatus)argB)

gpdA(p):Δ1<26:gfp:loxB) A.) parasiticus)

pyrG#

This#study#

RDIT9.32# Wild#type# (71)#

RDIT99.2# gpdA(p)::ZmLOX3::pyroA)veA) (44)#

RDIT98.5# gpdA(p)::ZmLOX3::pyroA)veA) (44)#

NRRL3357# Wild#type# (72)#

TSHB2.39# ∆pyrG,)∆Aflox::pyrG) (28)#
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TSHB3.1c# ∆pyrG,)∆Aflox::pyrGW)Aflox::phleomycin) (28)#

# #
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Table#2.#Primers#used#in#this#study.#

Primer# Sequence# Purpose#

GF#gpdA/loxBG

loxB(t)#F#

5’G

AGCTACCCCGCTTGAGCAGACATCACCA

TGATGGTCTTCAGTGATTGCCTG3’#

Overexpress#

loxB#

GF# loxB(t)#

XbaI#Site#R# 5’GGGCGGCCGCTCTAGAAGCAGACG3’#

Overexpress#

loxB#

GF#gpdA#F#

5’G

CTCTCTACTAGTATCCGGATGTCGAAGG

CTTGGGGCACCTGCG3’#

gpdA(promoter)#

GF# gpdA/loxB#

R#

5’G

CGAGAAAATCAGGCAATCACTGAAGACC

ATCATGGTGATGTCTGCTCAAGG3’#

gpdA(promoter)#

JP#Afumi# argB#

F$

5’G#GAACGCGGTCTGCATCCAAGG3’# argB#

JP#Afumi# argB#

R$

5’G#GAAGGAGAGACCCATACATCCG3’# argB#

TDLoxB#P1#F# 5’GGAAAGACATCCCAGACAAG3’# 5’#Flank#

TDLoxB#P2#F$ 5’GGCATGTAAGCACCCTTGTCG3’# Nested#For#

TD#LoxB#P3#R$ 5’G

CTTGGATGCAGACCGCGTTCGCCAAAGT

GTTTCTCATCGTCG3’#

loxB) 5’# Flank#

cassette#
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TDLoxB#P4#F$ 5’G

GGATGTATGGGTCTCTCCTTCCGTTTGC

TGACGCTGGAAGTAG3’#

loxB) 3’# Flank#

cassette#

TDLoxB#P5#R$ 5’GGTCAGGAAATGGCCTCTGAG3’# Nested#Rev#

TDLoxB#P6#R$ 5’GATACCCTGGGCTCGATTAGG3’# 3’#Flank#

GF# d1G20:loxB#

F#

5’G

CCCCGCTTGAGCAGACATCACCATGCTG

CCAGTGGTTCCCGGCCAAACAGG3’#

loxB) Signal#

Peptide# Deletion#

(1G20)#

GF# d1G26:loxB#

R#

5’G

CCCCGCTTGAGCAGACATCACCATGCAA

ACAGTGATGGAACCTTCCGCAGCG3’#

loxB) Signal#

Peptide# Deletion#

(1G26)#

GF# loxB#

Complement#F#

#

5’G#

CTCTCTACTAGTTTGGAGACGAGAAATG

TGATCCAAAGGG3’#

loxB)

Complement#

GF# loxB#

Complement#R#

#

5’G#

GCTCAGGCGGCCGCTTGGTTTGCAGCA

TCGTATCAGGG3’#

loxB#

Complement#

GF#loxBGNterm#

GFP#F#

5’G

CTGCCAGTGGTTCCCGGCCAAACAGTG

ATGAGTAAAGGAGAAGAACTTTTCACTG

GG3’#

loxB#gfp#
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GF#loxBGNterm#

GFP#R#

5’G

CCCGTCATCAGGAAGGGCTGCGGAAGG

TTCGGCACCGGCTCCAGCGCCTGCACC

AGCG3’#

loxB#gfp#

GF#loxB#qPCR#

F# 5’GCCATGAGCGCTCGTCATCCG3’#

loxB#qPCR#

GF#loxB#qPCR#

R# 5’GCGCGGTCAAACAGGTCTTGGG3’#

loxB#qPCR#

GF# loxA# seq#

1F# 5’GCGAGCCTTTGGTTCCATCGG3’#

loxA#qPCR#

GF#loxA#Probe#

R# 5’GGCATCGCTGTACCAATCTGGG3’#

loxA#qPCR#

FY# act1# RT#

FOR# 5’GCGGCCGTGATCTGACGGACG3’#

Actin#qPCR#

FY# act1# RT#

REV# 5’GAGCTCTGGGAGGCAGTCTGG3’#

Actin#qPCR#

.# #
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3.9$SUPPLEMENTAL$FIGURES$AND$LEGENDS$

#

#

#

Supplemental$ Figure$ 1.$ Oxylipin$ biosynthetic$ pathway$ and$ corresponding$ fatty$

acid$precursors.$$

The# major# classes# of# enzymes# that# act# upon# polyunsaturated# fatty# acids# include#

lipoxygenases# (Lox),# cyclooxygenases# (Cox),# cytochrome# (Cyp)# P450# epoxygenases,#

cytochrome# (Cyp)# P450# ωGhydrolases,# and# soluble# epoxide# hydrolases# (sEH).# Cox#
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enzymes# are# responsible# for# the# synthesis# of# 11GHETE,# prostaglandins,# and#

thromboxanes.# Epoxygenases# act# upon# either# linoleic# or# arachidonic# acid# to# produce#

epoxyoctadecanoic# acids# (EpOMEs)# and# epoxyeicosatrenoic# acids# (EpETrEs),#

respectively.# sEHs# further# convert# these# epoxides# into# dihydroxyoctadecanoic# acids#

(DiHOMEs)# and# dihydroxyeicosatrenoic# acid# (DiHETrEs).# The# exact# mechanism# of#

trihydroxyeicosatrenoic# (TriHETrE)# and# trihydroxyoctadecanoic# (TriHOME)# is# not#

completely#elucidated.#Linolenic#acid#can#be#acted#upon#by#cytochrome#P450#enzymes#

to# produce# diGhydroxyoctadecadienoic# acids# (DiHODES),# such# as# 12,13GDiHODE.#

Lipoxygenases,# including# 12GLox,) 15GLox,) and) 5GLox,# oxygenate# arachidonic# acid# to#

produce# hydroperoxyeicosatrenoic# acids# (HpETEs)# that# are# further# reduced# to#

hydroxyeicosatrenoic#acids# (HETEs).#5GHPETE,#produced#by#human#5GLox,# is# the# first#

committed# step# in# leukotriene# synthesis.# Conversely,# lipoxygenase# activity# yields#

hydroxyoctadecadienoic#acids#(HODEs)#from#linoleic#acid.#

#

# #
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Supplemental$Figure$2.$Development$and$verification$of$A.*fumigatus$loxB$mutant$

strains.$

(A)$Auxotrophic# strains# in# the# AF293# background#were# utilized# to#make# various# loxB#

mutants.# As# described# in# Experimental# Procedures,# various# disruption# cassettes# and#

plasmid#constructs#were#used# to# transform#AF293.6#or#AF293.1#auxotrophic#strains# to#

prototrophy.##Verification#of#the#appropriate#strain#was#carried#out#via#Southern#blot#using#

the# specified# restriction# enzyme# and# radiolabeled# DNA# probe# as# diagramed# in# (B).)

TTRD51#(∆loxB)auxotroph),#TJMP39.6#(∆loxB)prototroph,#used#in#this#study),#TGJF1.5#&#

TGJF1.7# (OE::loxB,# used# in# this# study),# TGJF33.6# (loxB# complement# in# ∆loxB)

background,#used#in#this#study),#TGJF34.9#&#TGJF34.10#(OE::loxB#in#∆loxB)background,#

used#in#this#study),#TGJF35.4#&#TGJF35.5#(OE::[ΔSP1]:loxB#in#∆loxB)background,#used#

in#this#study),#and#TGJF36.1#&#TGJF36.3#(OE::[ΔSP2]:loxB#in#∆loxB)background,#used#in#

this#study),#TGJF43.8#(OE::gfp:loxB#in#∆loxB)background,#used#in#this#study),#TGJF44.14#

(OE::[ΔSP1]:gfp:loxB# in# ∆loxB) background,# used# in# this# study),# and# TGJF45.15#

(OE::[ΔSP2]:gfp:loxB#in#∆loxB)background,#used#in#this#study)#were#all#compared#to#the#

AF293#(WT)#strain#and#confirmed.#SP1#and#SP2#refer#to#the#two#putative#NGterminal#signal#

peptide#regions#as#diagramed#in#(B).$(B).$Gene#structure#for#loxB#and#regions#used#for#

radiolabeled#probes#in#Southern#and#northern#blots.#(C))Restriction#digest#pattern#used#to#

confirm# ectopic# integration# of# loxB# constructs.# # Depending# on# the# location# of# the#

recombination#event,#different#size#products#are#identified#via#Southern#blot.##(D)#Northern#

analysis#of#total#RNA#isolated#from#mycelial#tissue.##The#entire#ORF#of#loxB#was#used#to#
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probe#for#transcript.##Ribosomal#RNA#was#used#as#a#loading#control.##Note#the#shift#in#the#

band#size#for#the#gfpGloxB#fusion#construct#(TGJF43.8,#TGJF44.14,#and#TGF45.15).##(E)#

To#further#verify#deletion#and#complementation#of#loxB,)semi#RTGPCR#was#carried#out#of#

cDNA# produced# from# total# RNA# (see# Experimental# Procedures).# # Amplicons#

corresponding# to# cDNA# from# spliced# loxB# mRNA# (vs.# genomic# DNA# or# gDNA)# were#

identified# in# the# wild# type# (AF293),# loxB# complement# (TGJF33.6),# and# loxB#

overexpression# (TGJF1.5)# strains.# # No# amplicon# was# detected# in# the# deletion# strain#

(TJMP39.6).##act1#was#used#as#a#cDNA#loading#control.#

#
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Supplemental$ Figure$ 3.$Multiple$ sequence$alignment$of$A.* fumigatus*LoxB$with$

mammalian$ 5D,12D,and$ 15DLox$ sequences$ as$ well$ as$ a$ 13DLox$ sequence$ from$

Arabidopsis*thaliana.$

Numerous# studies# have# investigated# domains# of# mammalian# Loxs# to# predict# oxylipin#

product# formation.# #For#example,#5GLox#residues# important# for#proper#alignment#of# the#

arachidonic#acid#pentadiene#motif#within#the#active#site#are#highlighted#in#red#(39)#while#a#

15GLox# splice# variant# lacking# the# region# highlighted# in# orange# yields# a# 15GLox# that#

produces# predominantly# 5G# and# 15GHETE# from# arachidonic# acid# (73).# # Residues#

implicated# in# catalytic# activity,#metal# ion# coordination,# and# sequence# determinants# for#

positional#specificty#of#oxygenation#are#depicted#in#tan#(40).##Other#residues#implicated#in#

positional# specificty# include# those# shaded# in# blue# (12G# vs.# 15GLox)# (74).# #While#most#

human#Loxs#contain#a#iron#coordination#doman,#Heshof#et#al#reports#that#A.)fumigatus#

LoxB#is#a#manganeseGcontaining#lipoxygenase#(27).#

# #
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Supplemental$Figure$4.$Effects$of$0.5%$tergitol$on$various$lipoxygenase$mutants.*

Aspergillus)fumigatus#(A),)A.)nidulans#(B),#and#A.)flavus#(C)$were#all#tested.#

# #
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Supplemental$Figure$5.$Germination$and$loxB$expression$in$various$A.*fumigatus*

loxB*mutants.$

(A)#The#proportion#of#swollen#spores#(SS)#and#germlings#(GL)#in#A.)fumigatus)mutants#

overexpressing# loxB# in# wild# type# (TGJF1.5# and# TGJF1.7)# or# ∆loxB# (TGJF34.9# and#

TGJF34.10)#backgrounds# is#elevated#compared# to#wild# type.# (B)#Percent#SS#and#GLs#



168#

#

#

over#15#hours#in#lung#homogenate#media.#All#strains#had#similar#levels#of#SS#and#GLs,#

with#the#exception#of#the#OE::loxB#strain,#which#had#significantly#more#SS#and#GLs#at#all#

timepoints#tested.#(C)#Mycelial#growth#of#wild#type#and#loxB)mutant#strains.#1#X#105#spores#

were#inoculated#in#100#µL#of#GMM#+0.5%#tergitol#and#grown#in#a#96#well#plate#overnight,#

after#which#and#OD600# reading#revealed#no#difference# in#mycelial#growth.# #Arachidonic#

acid#was#added#to#the#mycelium#at#a#final#concentration#of#0.25,#0.5,#and#1.0#µg/µL#and#

an# additional# OD600# reading# collected# 22# hours# later# (D).# Arachidonic# acid# inhibited#

mycelial#growth#in#a#doseGdependent#fashion,#but#loxB#disruption#or#overexpression#had#

no#differential#effect#on#growth.#

# #
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CHAPTER$ 4:$ Aspergillus* fumigatus* PpoADderived$ 5,8DdiHODE$ induces$

hyperbranching$while$disruption$influences$asexual$development$and$endocrocin$

production$

#

#

#

#

#

#

#

#

#

#

Fischer,$G.,#Palmer,#J.,#Henke,#M.,#Lim,#F.Y.,#Berthier,#E.,#Kelleher,#N.,#Oliw,#E.H.,#&#
Keller,#N.,#(2016)#Aspergillus)fumigatus)PpoAGderived#5,8GdiHODE#induces#
hyperbranching#while#disruption#influences#asexual#development#and#endocrocin#
production.#(In)Preparation).#
#
Strain#development#was#carried#out#by#J.P,#F.Y.L.,#&#G.F.# #E.B.#designed#microfluidic#
mold#device.##M.H.#&#N.K.#carried#out#oxylipin#quantification#and#E.O.#provided#purified#
oxylipin#compounds.##All#experiments#were#conceived#by#G.F.#and#N.P.K.#and#all#data#
collected#by#G.F.##The#manuscript#was#written#by#G.F.#with#assistance#from#N.P.K.#
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4.1$ABSTRACT$

The#fungal#opportunistic#pathogen#Aspergillus)fumigatus)contains#three#cyclooxygenase#

(COX)Glike#enzymes#termed#PpoA,#PpoB#and#PpoC.##Ppos#produce#bioactive#oxygenated#

lipid#signaling#molecules#(oxylipins)#important#for#fungal#development#and#prostaglandins#

implicated# in# human# immunological# responses.# # Previous# work# showed# that# PpoA#

disruption#promotes#asexual#development#and#reduces#secondary#metabolite#production#

in#the#model#fungus,#Aspergillus)nidulans.##Aspergillus)fumigatus#developmental#studies#

of#PpoA#loss#and#overexpression#also#revealed#changes#in#asexual#spore#production#and#

secondary# metabolite# production,# particularly# those# classified# as# conidial# metabolites#

such# as# the# neutrophil# chemotaxis# inhibitor,# endocrocin.# # Furthermore,# the# oxylipin#

product#of#PpoA#(5,8Gdihydroxyoctadecadienoic#acid)#induces#mycelial#hyperbranching#in#

a#doseGdependent#manner#while#the#other#PpoA#product,#8Ghydroxyoctadecadienoic#acid#

inhibits# this# phenomenon.# # This# study# reaffirms# that# oxylipins# (both# endogenous# and#

external)# serve# an# important# role# in# coordination# of# developmental# cues# for# asexual#

development,# secondary# metabolite# production,# and# can# drastically# change# mycelial#

morphology#when#manipulated.#

#

4.2$INTRODUCTION$

The#Aspergillus)life#cycle#begins#with#spore#germination#and#culminates#in#either#sexual#

or# asexual# sporulation,# a# developmental# program# that# is# carefully# coordinated# and#

influenced#by#the#production#and#detection#of#signaling#molecules#known#as#oxylipins#(1).##

Oxylipins#are#derived#from#oxygenation#of#polyunsaturated#fatty#acids#and#mediate#many#

critical#processes#in#plants,#animals,#and#fungi.##These#processes#include#the#regulation#



181#

#

#

of#inflammatory#responses#in#humans#(eicosanoid#pathway),#regulation#of#defense#genes#

in# plants,# and# signaling# molecules# for# committed# developmental# programs# and#

pathogenicity#(reviewed#in#Fischer#and#Keller,#2016).##Aspergillus)oxylipins#were#initially#

characterized#in#the#context#of#the#asexual/sexual#spore#development#program#(1,#3–6)#

and#later,#in#mediating#fungal/plant#interactions#(7).##In#the#course#of#these#later#studies,#

it# was# found# that# both#Aspergillus# and# plants# could# produce# similar# or# even# identical#

oxylipins# and# respond# to# each# other’s# oxylipins# in# a# manner# that# affected# disease#

development# (7–9).# # Concurrently,# Aspergillus) spp.# were# also# found# to# produce# and#

developmentally#respond#to#specific#mammalian#oxylipins#known#as#prostaglandins#(10).##

The#Aspergillus)proteins# responsible# for# prostaglandin# synthesis# (Ppo# proteins)# share#

considerable# homology# to# cyclooxygenase# enzymes# responsible# for# mammalian#

prostaglandin#production#(10,#11).#

#

Both#A.)fumigatus#and#A.)nidulans#contain#three#Ppo#proteins#(PpoA,#PpoB,#and#PpoC)#

(5).##Although#chemical#characterization#has#been#assessed#primarily#with#linoleic#acid#as#

a#substrate,#additional#work#suggests#that#Ppo#proteins#also#oxidize#oleic,#linolenic,#and#

arachidonic#acids#(3,#10,#12,#13).##PpoA#in#A.)nidulans#is#the#most#characterized#enzyme#

and#contains#two#heme#domains#each#of#which#catalyze#specific#reactions#(14).##The#NG

terminal# heme# peroxidase# domain# oxidized# linoleic# acid# to# 8RG

hydroperoxyoctadecadienoic#acid#(8RGHPODE)#which#can#spontaneously#reduce#to#8RG

hydroxyoctadecadienoic#acid#(8RGHODE),#or#further#isomerized#by#the#CGterminal#P450#

heme# thiolate# domain# to# 5,8Gdihydroxyoctadecadienoic# acid# (5,8GdiHODE)# (14–16).##

Similar#products#have#been#described#for#the#ppoA#homolog#in#A.)clavatus#(17)#and#other#
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oxylipin# diols# (7,8Gdihydroxyoctadecadienoic# acid# or# 7,8GdiHODE)# from#Ppo# homologs#

such#as#7,8GLDS#(linoleate#diol#synthase)#in#the#takeGall#fungus,#Magnaporthe)oryzae)(18).#

#

Ppo#genes#and# their#products#have#a#profound#effect#on#development#and#secondary#

metabolite#production# in#Aspergillus)species#(19).# #Overeexpression#or#deletion#of#ppo)

genes,#or#exogenous#application#of#the#oxylipins#and#their#respective#substrate#produced#

by#these#(and#host)#enzymes,#affects#sporulation#in#Aspergillus#spp.#(5,#9).##Detailed#work#

with#A.)nidulans#showed#deletion#of#either#ppoA#or#ppoB#results#in#increased#production#

of#asexual#spores#with#a#corresponding#decrease#in#sexual#spore#production,#whereas#

loss#of#ppoC#yields#the#opposite#phenotype#(4–6).##Regulation#of#asexual#sporulation#in#

these# mutants# was# positively# correlated# with# expression# data# for# brlA,# a# zinc# finger#

transcription# factor# necessary# for# asexual# conidiophore# development# in# Aspergillus)

species#(20).##That#is#brlA#expression#was#increased#in#∆ppoA)strains#but#decreased#in#

∆ppoC)mutants.##An#association#of#either#or#both#genes#with#sporulation#processes#has#

since#been#noted#in#several#developmental#studies#in#A.)nidulans)(21,#22),#however#not#

investigated#in#A.)fumigatus.#

)

As# noted# above,# ppo) expression# is# linked# with# secondary# metabolite# production,#

potentially#directly#as#a#result#of#their#influence#on#spore#development.##Both#asexual#and#

sexual# spore# development# is# associated# with# specific# secondary#metabolites# –# some#

playing# important# roles# in# virulence# of# pathogenic# strains# such# as# A.) flavus# and# A.)

fumigatus.##For#example,#endocrocin,#fumigaclavines,#trypacidin,#and#fumiquinozoline#C#

are# present# in# the#asexual# spores#of#A.) fumigatus) (23–26).# #Because#A.) fumigatus# is#
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associated# with# hyperGimmune# (allergic# bronchopulmonary# aspergillosis,# allergy,# and#

asthma)# and# hypoGimmune# (invasive# aspergillosis)# conditions,# oxylipinGdependent#

perturbations# of# metabolite# production# are# of# particular# interest# for# opportunistic#

pathogens#such#as#A.)fumigatus.#

#

Hyphal#branching#and#the#signals#that#influence#mycelial#growth#are#of#particular#interest#

for#fungi#that#cause#invasive#growth,#which#can#lead#to#further#tissue#damage#in#the#lung.##

However# little# data# has# been# recorded# on# the# mechanisms# that# may# influence# this#

phenomenon#in#fungi#such#as#A.)fumigatus.##Branching#begins#with#the#recruitment#of#the#

morphogenetic#machinery#necessary#for#vesicle#trafficking#leading#to#cell#wall#expansion#

and#deposition.##Polarization#occurs#when#this#morphogenetic#machinery#(Spitzenkörper#

complex,# or# apical# organizing# body)# establishes# a# polarity# axis# leading# to# established#

polarized#growth#at#a#maximal#extension#rate#(27).##The#regulatory#mechanisms#of#branch#

formation#have#been# investigated# in#A.) nidulans#where#GTPases# such#as# and#Cdc42#

(ModA)#and#Rac1#(RacA)#play#and# important#role# in#polarity#establishment#by#marking#

specific# sites# for# growth# (28).# # ROS# and# the# activation# of# plasma#membrane# calcium#

channels#have#also#been#implicated#in#the#establishment#of#new#axes#of#hyphal#growth#

(29,#30).##External#cues#that#influence#hyphal#morphogenesis#in#arbuscular#mycorrhizal#

fungi#such#as#Gigaspora#and#Glomus#and#the#rice#blast#fungus,#Magnaporthe)oryzae#have#

been# recorded# (31,# 32)# (for# review,# see# 29).# # Plant# pathogenic# species# such# as#

Magnaporthe)oryzae)precisely#regulate#their#hyphal#branching#during#infection.##Hyphae#

do# not# branch# prior# to# appresorium# formation# until# inside# the# plant# host,# after# which#

hyphae#branch#extensively#presumably#due#to#host#signals#within#the#cell#(32).##However#
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to#our#knowledge,#no#external#factor#has#been#implicated#in#the#induction#of#branching#in#

Aspergillus.#

#

Considering#the#existing#evidence#that#ppoA)is#a#critical#regulator#of#the#developmental#

decision#to#proceed#with#either#asexual#or#sexual#development#and#its#ability#to#produce#

bioactive# oxylipins# such# as# prostaglandins,# we# investigated# the# physiological# roles# of#

ppoA#in#the#opportunistic#pathogen,#A.)fumigatus.##We#find#disruption#of#ppoA#significantly#

upGregulates# the# master# regulator# of# sporulation,# brlA,# and# numerous# secondary#

metabolites,#particularly#the#known#inhibitor#of#neutrophil#chemotaxis,#endocrocin.##This#

upGregulation# is# remediated# when# ∆ppoA# tissue# is# transferred# to# conditioned# media#

derived#from#either#the#wild#type#or#an#overexpression#ppoA)strain,#both#of#which#contain#

the#known#oxylipin#products#of#PpoA,#8RGHODE#and#5,8GdiHODE.##Interestingly,#purified#

5,8GdiHODE#and#a# subset# of# diolGoxylipins# induce#mycelial# hyperbranching# in# a# doseG

dependent#manner,#while#8RGHODE#can#inhibit#this#phenomenon.##We#propose#that#the#

products# of# PpoA# are# used# to# carefully# regulate# the# coordinated# development# of# A.)

fumigatus,)ranging#from#asexual#sporulation,#secondary#metabolite#production,#and#even#

mycelial#branching.##The#fact#that#specific#oxylipins#can#regulate#such#critical#processes#

of#A.) fumigatus) development# may# provide# insight# into# the# recognition# and# control# of#

invasive#growth#within#the#human#host.)

#

4.3$MATERIALS$AND$METHODS$

Fungal$strains$and$culture$conditions.$All#strains#utilized#or#developed#are# listed# in#

Table#1.##Strains#were#propagated#on#solid#glucose#minimal#media#(GMM),#supplemented#
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as#necessary#for#auxotrophies#at#37°C#(33).##A.)fumigatus#asexual#spores#were#collected#

in#water#supplemented#with#0.01%#Tween#80,#enumerated#using#a#hemocytometer,#and#

maintained#as#glycerol#stocks#at#G80°C.##Fresh#spore#suspensions#of#the#various#mutants#

were#used#to#inoculate#liquid#GMM#media#for#developmental#and#hyperbranching#studies.#

#

Deletion$and$overexpression$of$ppoA.$Construction,#maintenance,#and#purification#of#

recombinant# DNA# fragments# was# performed# according# to# established# methods# (34).##

Primers#used#are#listed#in#Table#2.##The#ORF#of#A.)fumigatus#ppoA#(Afu4g10770)#was#

identified#via#the#AspGD#database#(http://www.aspergillusgenome.org).#

#

Overexpression#of#ppoA#was#achieved#by#development#of#a#double#joint#PCR#fragment#

(35)#targeting#replacement#of#the#native#ppoA#promoter#with#an#overexpression#promoter#

via#homologous#recombination.##A#1.5#kb#region#upstream#and#downstream#of#the#ppoA#

start#codon#was#amplified#(upstream:#JP#OE#Af#ppoA#5'#F#For#with#JP#OE#Af#ppoA#5'#F#

Rev,#downstream:#JP#OE#Af#ppoA#3'#F#For#with#JP#OE#Af#ppoA#3'#R#For)#from#AF293#

genomic#DNA#template#and#fused#to#a#3.6#kb#DNA#fragment#consisting#of#the#Aspergillus)

parasiticus)pyrG)gene#and#the#A.)nidulans#gpdA)promoter#amplified#(primers:#JP#modified#

T7# promoter# For# with# JP# gpdA(p)# Fusion#Rev)# from# the# plasmid# pJMP9.1# (36).# # The#

promoter# replacement# construct#was# amplified# via# fusion# of# the# three#PCR# fragments#

described#above#with#a#nested#primer#pair#(JP#OE#Af#ppoA#Nest#For#with#JP#OE#Af#ppoA#

Nest# Rev)# and# used# to# transform# AF293.1# to# uridine/uracil# prototrophy# according# to#

previously#published#methods#(37).#

#
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Development#and#confirmation#of#the#∆ppoA#deletion#mutant#(TDWC1.13)#was#described#

previously#(38).##For#development#of#the#∆ppoA)∆akuA)mutant,#the#previously#described#

TFYL45.1# (39)#was# transformed#with# pJMP4# (containing#A.) fumigatus)argB)# to# create#

TFYL80.1,#an#∆akuA#uridine/uracil#auxotrophic#strain.# #To#generate# the#∆ppoA#∆encA)

∆tpcC)∆akuA#strain,#a#pyrG#auxotrophic#strain#(TFYL110.1),#was#developed#by#removal#

of# A.) parasiticus) pyrG# from# the# encA# locus# through# transformation# of# the# previously#

characterized#strain#TFYL72.1#(39)#with#a#singleGjoint#PCR#product#containing#0.5–1#kb#

genomic#DNA#fragments# flanking#the#pyrG#sequence.#Transformants#were#plated#onto#

sorbitol# minimal# media# supplemented# with# the# aboveGmentioned# concentrations# of#

uridine,#uracil#and#subGinhibitory#concentration#(0.75#mg#ml−1)#of#5Gfluoroorotic#acid#(5G

FOA)#as#previously#described#(39).#

#

Together#TFYL80.1#and#TFYL110.1#were# transformed#with#a#∆ppoA)deletion#cassette#

amplified#from#pDWC4.2#(GF#ppoA#del#Cassette#F#with#GF#ppoA#del#Cassette#R)#(38)#

generating#the#prototrophic#∆ppoA,)∆akuA#strain#TGJF40.9#and#the#prototrophic#∆ppoA#

∆encA) ∆tpcC) ∆akuA# strain# TGJF41.1.# # Deletion# was# verified# via# Southern# blot#

(Supplemental#Figure#1).#

#

Verification#of#8RGHODE#and#5,8GdiHODE#absence#and#overproduction#in#the#∆ppoA#and#

OE::ppoA# strains,# respectively,# was# carried# out# using# LCGMS# analysis.# # Strains# were#

grown# according# to# conditions# previously# described# for# 8RGHODE# and# 5,8GdiHODE#

detection#(40).##Briefly,#250#mL#of#GMM#was#inoculated#each#respective#strain#to#a#final#

concentration# of# 106# spores/mL# and# grown# at# 37˚C# for# 96# hours# at# 250# rpms.# # Total#
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oxylipins# were# extracted# from# tissue# and# supernatant# using# 8:1:1# ethyl#

acetate:methanol:dichloromethane# overnight.# # The# organic# phase# was# separated# and#

evaporated#to#dryness#using#a#Buchi#Rotovap#RG210#and#standardized#to#dry#mycelial#

mass.###Extracts#were#resuspended#in#methanol#to#a#final#concentration#of#2#mg/mL.#

#

Fifty#micrograms#of#sample#was#loaded#onto#a#Phenomenex#Luna#C18#column#(150#mm#

×#2#mm,#3#μm).#Analysis#was#performed#using#an#Agilent#1150#system#at#a#flow#rate#of#

0.2#mL#min−1.#A#30#minute#gradient#was#employed#using#water/0.1%#formic#acid#(solvent#

A)#and#acetonitrile/0.1%# formic#acid# (solvent#B).#The#LC#was#placed# inGline#with#a#QG

Exactive#mass#spectrometer#for#MS#analysis.#Full#MS#spectra#were#acquired#at#70,000#

resolution#for#the#mass#range#m/z#150−1500#for#all#samples.#Following#each#full#MS#scan,#

the# top# three#most# intense# ions#were# selected# for# a# dependent#MS2# scan.#MS2#was#

conducted#using#HCD#with#a#normalized#collisional#energy#of#25.#Following#each#duty#

cycle#(an#MS1#scan#followed#by#3#MS2#scans)#instrument#polarity#was#switched.#Each#

strain#analyzed#was#prepared#in#biological#triplicate.#

$

Culture$conditions$for$expression$studies.$For#liquid#shake#expression#studies,#wild#

type,#∆ppoA,)and)OE::ppoA#spore#suspensions#were#used#to#inoculate#50#mL#liquid#GMM#

media#to#a#final#concentration#of#107#spores/mL#and#grown#at#25°C,#250#rpms#for#72,#96,#

and#120#hours.##For#37°C,#spores#were#inoculated#into#50#mL#of# liquid#GMM#to#a#final#

concentration#of#106#spores/mL#and#grown#for#72#hours#at#250#rpms.##At#the#appropriate#

timepoint,# fungal# tissue# was# separated# from# culture# supernatant# via# Miracloth#

(Calbiochem)# and# both# culture# supernatant# and# tissue# lyophilized.# # Total# RNA# from#
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lyophilized#tissue#was#extracted#with#TRIzol#reagent#(Invitrogen)#following#manufacturer’s#

protocol.##Probes#for#northern#analysis#were#constructed#within#the#gene#using#primers#

listed#in#Table#2#and#labeled#with#dCTP#αP32.#

#

For#tissue#transfer#studies,#conditioned#media#were#generated#by#inoculating#500#mL#of#

liquid#GMM#to#a#final#concentration#of#106#spores/mL#with#wild#type,#∆ppoA,#and#OE::ppoA#

spores#and#grown#for#96#hours#at#37˚C#as#previously#described#for#8RGHODE#and#5,8G

diHODE# production# (40).# # Supernatants# were# filtered# through# miracloth# to# remove#

mycelial#mass#followed#by#centrifugation#at#7,000#rpms#for#15#minutes.##The#supernatant#

was#removed#from#pelleted#material#and#subsequently#filter#sterilized.#Simultaneously,#50#

mL#cultures#of#GMM#were#inoculated#to#a#final#concentration#of#106#spores/mL#and#grown#

at#37˚C#for#72#hours#at#250#rpms.##The#∆ppoA#tissue#was#collected#and#separated#from#

supernatant#by#centrifugation#at#4,000#rpms#for#10#minutes#and#rinsed#and#centrifuged#

twice#with#double#distilled#water.##Fifty#milliliters#of#conditioned#media#from#either#the#wild#

type,#∆ppoA,)or#OE::ppoA)strains#was#used# to# resuspend# the# tissue#and# incubated#at#

37˚C#250#rpms#for#either#0,#1,#or#3#hours#after#which#a#portion#of#tissue#was#collected#and#

freezeGdried.# # Total# RNA# was# extracted# from# lyophilized# tissue# as# described# above.##

Probes# for# northern#analysis#were# constructed#within# the#gene#using#primers# listed# in#

Table#2#and#labeled#with#dCTP#αP32.#

#

HPLC$Analysis$of$Secondary$Metabolites.##Culture#supernatants#from#each#respective#

growth#conditions#were#prepared#as#follows:#50#mL#of#supernatant#was#lyophilized#and#

resuspended# in# 10# mL# double# distilled# (dd)# H2O# with# 1%# (v/v)# formic# acid.# # After#
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centrifugation#at#4,000#rpms#for#10#minutes,#5#mL#of#aqueous#solution#was#removed#and#

added#to#10#mL#of#ethyl#acetate#in#a#glass#vial.##After#vigoruous#vortexing,#8#mL#of#the#

organic#layer#was#removed#and#dried#down#using#a#Thermo#Scientific#Savant#SC250EXP#

SpeedVac#Concentrator.##The#extracts#were#then#resuspended#in#200#µL#20%#Acetonitrile#

(ACN)#+#1%#(v/v)# formic#acid#and#50#µL#examined#by#HPLC#photo#diode#array#(PDA)#

analysis.##The#samples#were#separated#as#previously#described#(41).##Briefly,#samples#

were#separated#using#a#ZORBAX#Eclipse#XDBGC18#column#(Agilent,#4.6#mm#by#150#mm#

with#a#5#µm#particle#size)#with#a#binary#gradient#of#1%#formic#acid#(Solvent#A)#and#1%#

formic# acid# in# ACN# (Solvent# B)# using# a# Flexar# Binary# Liquid# Chromatography# Pump#

(PerkinElmer).##Starting#conditions#were#80%#A#for#2#min#followed#by#linear#gradient#to#

40%#A#in#10#min#and#an#additional#linear#gradient#to#100%#B#in#30#sec.#The#column#was#

rinsed#for#5#minutes#between#each#sample#using#100%#B#and#equilibrated#for#the#next#

run# at# 80%# A# for# 4# minutes.# # The# flow# rate# for# all# steps# was# 1.5# mL/min.# # Purified#

endocrocin#was#used#as#metabolite#standard#(Dr.#Clay#Wang,#personal#communication).#

#

Microfluidic$ Analysis$ of$ Hyperbranching.$ # A# microfluidic# OGChannel# template# was#

designed#according#to#previously#established#methods#(24).#The#device#was#designed#to#

allow#microscopic# observation#of# 5#µL# stationary# cultures#of# spore# suspensions.# # The#

Illustrator#template#file#is#available#upon#request.##The#microfluidic#arrays#were#developed#

using#the#OGchannel#mold#using#a#siliconeGpolymer,#PDMS#(Sylgaard#184,#Dow#Corning,#

USA)#in#a#ratio#of#10:1#polymer#to#curing#agent#and#placed#in#vacuum#for#30#minutes#to#

deGgas.##The#molding#process#was#completed#by#placing#items#in#order#on#a#hotplate:#a#

transparency# sheet,# OGchannel# mold,# deGgassed# PDMS# with# curing# agent,# a# second#
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transparency#sheet,#a#1#mm#thick#layer#of#silicon#foam#(McMaster,#USA),#a#rectangle#of#

plexiglass,#and#5#kg#weight#(24).##The#hotplate#was#heated#to#65˚C#for#6#hours#and#cooled#

completely#before#removal#of#the#PDMS#layer#from#the#mold,#which#was#then#bonded#nonG

covalently#inside#a#polystyrene#Omnitray#dish#(NUNC,#USA).##The#Omnitray#and#bonded#

PDMS#device#was#plasma#treated#for#2#minutes#using#a#Unitronics#device#(Plasma#Etch,#

Carson#City#NV)#to#develop#a#hydrophilic#surface#for#inoculation.#

#

Five#microliters#of#liquid#GMM#cultures#inoculated#with#spores#to#a#final#concentration#of#

5#X# 104# spores/mL#with# or#without# the# various# treatments#was# inoculated# into# the#OG

channel# device# and#allowed# to# incubate# overnight# (16#hours)# in# a# heated#microscope#

enclosure#at#37˚C#(OKO#Labs,#Burlingame,#CA)#developed#for#a#Nikon#Eclipse#Ti#inverted#

microscope.##Germinating#spores#were#identified#16#hours#later#and#monitored#using#a#

Nikon#Plan#Fluor#20x#Ph1#DLL#objective#and#phaseGcontrast#images#captured#every#15#

minutes#using#the#Nikon#NIS#Elements#AR#software#package#(v.#4.13)#for#5#hours.# #At#

least#6#germinating#spores#were#monitored#and#the#number#of#branches/#100#µm#leading#

hyphae# quantified# with# slight# adjustments# to# previously# described# methods# (42)# (see#

Results#section#for#quantification#description).#

#

For#calcofluor#white#staining#of#the#fungal#cell#wall#and#septa#after#oxylipin#treatment,#the#

PDMSGdevices# were# bonded# to# sterilized# 1.5# mm# coverslips# instead# of# Omintrays#

(interferes#optically#with#fluorescent#microscopy)#and#plasma#treated#as#described#above.##

The#devices#were#inoculated#and#grown#under#the#same#conditions#as#with#the#Omnitrays,#

except# after# 21# hours,# the# PDMS# portion# removed# and# discarded.# The# coverslip#
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containing#established#fungal#colonies#was#treated#with#CFW#(1#µg/µL)# for#10#minutes#

and#rinsed#with#GMM.##DAPI#fluorescent#images#were#captured#using#the#same#objective#

and#microscope#platform#described#above.#

#

4.4$RESULTS$

4.4.1$PpoA$deletion$accelerates$while$overexpression$delays$asexual$sporulation.$

To#further#understand#how#A.) fumigatus#PpoA#could# impact#asexual#development#and#

fungal# physiology,# we# utilized# an# existing# ∆ppoA# strain# (38)# and# developed# an#

overexpression#ppoA)strain# (OE::ppoA).# #Deletion#and#overexpression#was#verified#by#

northern# blot# (Supplemental# Figure# 1)# as# well# as# mass# spectrometry# of# culture#

supernatants#for#loss#and#upGregulation#of#8RGHODE#and#5,8GdiHODE,#the#known#oxylipin#

products#of#PpoA#(16).##Neither#8RGHODE#or#5,8GdiHODE#were#detected#in#∆ppoA#strain#

culture# supernatants#and#only#8RGHODE#was#detected# in# the#wild# type.# # In#OE::ppoA#

strain# supernatant,# both# 8RGHODE# and# 5,8GdiHODE# were# detected# at# 3# orders# of#

magnitude#higher#levels#than#8RGHODE#in#the#wild#type#(Figure#1A).#

#

We#began#our#assessment#of#the#PpoA#mutants#by#investigating#any#difference#in#asexual#

sporulation# and# secondary# metabolite# production# under# previously# described# growth#

conditions#at#25˚C#(see#Material#and#Methods)#(43).##After#120#hours#at#25˚C,#the#∆ppoA)

strain#had#a# clear#accelerated#asexual# developmental# phenotype:# fungal# tissue#had#a#

pronounced#green#pigmentation,#while#the#wild#type#strain#had#no#green#coloration,#but#

only#slight#yellow#pigmentation.##The#OE::ppoA#strain#had#no#pigmentation:#fungal#tissue#
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was#bright#white# in#color# (Figure#1B).# #Conidiophores#were#present# in#∆ppoA#cultures,#

however#few#were#observed#in#wild#type#or#OE::ppoA#tissue#(Figure#1C).##Quantification#

of#conidia#production#after#120#hours#at#25˚C#also#revealed#a#significant#increase#in#spores#

in# the# ∆ppoA# strain:# asexual# conidia# were# present# at# concentrations# almost# 3# times#

greater#than#those#observed#in#the#wild#type#or#OE::ppoA)strains#(Figure#1D).##To#induce#

synchronized#asexual#development#of#the#ppoA#strains#on#solid#media,#vegetative#tissue#

grown#in# liquid#media#was#transferred#to#solid#media#as#previously#described#(44)#and#

asexual#conidia#quantified#0,#24,#and#48#hours#post# transfer# (hpt)#at#25˚C.# #At#24#hpt,#

significantly#more#conidia#were#produced#compared#to#the#wild#type#and#OE::ppoA#strains.##

However#by#48#hpt,#all#strains#had#equivalent#numbers#of#conidia#(Figure#1E).#

#

Since#more#conidia#and#their#respective#conidiophores#were#observed#at#25˚C,#we#were#

curious#whether#the#expression#of#the#master#conidiation#regulator#brlA#was#altered.#brlA#

expression#was#significantly#upGregulated#compared#to#wild#type#or#the#OE::ppoA)strain#

at#both#72#and#120#hour#timepoints#(Figure#1F).##Numerous#studies#have#focused#on#the#

conidiation#suite#of#genes#both#up#and#downstream#of#brlA.##We#decided#to#test#whether#

those#genes#directly#downstream#of#brlA)(abaA,)wetA)#were#also#differentially#regulated.##

We#found#that#abaA#and#wetA#were#slightly#upGregulated#at#both#timepoints#in#the#∆ppoA)

strain,#but#not#to#the#same#degree#as#brlA#(Figure#1F).#

#

4.4.2$ppoA*deletion$disrupts$the$regulation$of$secondary$metabolite$clusters.$
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Since# ppoA# disruption# affects# brlA# expression,# we# hypothesized# that# secondary#

metabolites#associated#with#brlA# activity#may#also#be#dysregulated.# (particularly# those#

sporeGassociated)# and# would# be# upGregulated# in# the# ΔppoA# strain.# # Therefore,# we#

examined#the#production#of#various#secondary#metabolites#in#culture#supernatants#grown#

at#both#25˚C#and#37˚C:#conditions#documented#to#yield#very#different#metabolite#profiles.##

For#example,#the#sporeGspecific#metabolite#endocrocin#(described#in#44)#is#not#observed#

at#37˚C,#but#only#at#lower#temperatures#such#as#25˚C#(24).##

We#observed#numerous#metabolites#that#were#differentially#produced#in#the#∆ppoA)strain#

at#25˚C,#120#hours#after# inoculation#(Supplemental#Figure#2).# #Significant# levels#of# the#

sporeGspecific#metabolite#endocrocin#were#observed#at#25˚C,#with#undetectable#levels#in#

the#wild#type#or#OE::ppoA#strains#(likely#due#to#the#fact#that#the#wild#type#and#OE::ppoA#

strains#had#not#yet#undergone#conidiation#at#this#timepoint)#(Figure#2A).##To#further#verify#

our#HPLC#results,#we#probed#both#the#endocrocin#polyketide#synthase#(PKS)#(encA))and#

oxidoreductase#(encD)#necessary#for#endocrocin#production#(45)#and#found#both#to#be#

upGregulated#in#the#∆ppoA#strain.##encA)nor#encD#transcripts#were#detected#in#the#wild#

type#or#OE::ppoA)strains#grown#in#similar#conditions#(Figure#2B).#

Since#previous#reports#found#higher#temperatures#(such#as#37˚C)#to#be#nonconductive#to#

endocrocin#production#(even#within#spores)#(24),#we#grew#the#ppoA)strains#at#37˚C#for#72#

hours# to#determine#whether# this# temperatureGspecific# regulation#was#maintained# in# the#

∆ppoA#strain.##We#were#surprised#to#find#that#endocrocin#production#was#maintained#in#

the#∆ppoA)strain,#with#even#higher#levels#of#the#metabolite#being#produced#than#at#25˚C#

(Figure#2C).##Again#we#probed#both#the#endocrocin#PKS#and#oxidoreductase#and#found#
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both# to#be#significantly#upGregulated# in# the#vegetative# tissue#of# the#∆ppoA# strain.#brlA#

expression# was# also# significantly# upGregulated:# while# none# of# these# transcripts# were#

detected#in#the#wild#type#strain#and#only#basal#expression#of#brlA#detected#in#the#OE::ppoA#

strain#(Figure#2D).#

#

While# HPLC# analysis# with# purified# endocrocin# indicated# the# novel# peak# was# indeed#

endocrocin,# and# expression# studies# revealed# upGregulation# of# this# biosynthetic# gene#

cluster,# to# conclusively# show# this# was# indeed# endocrocin# we# developed# disruption#

mutants# of# both# encA# and# tpcC) (a# polyketide# synthase# primarily# responsible# for# the#

production# of# the# secondary# metabolite# trypacidin,# but# also# capable# of# producing#

endocrocin#intermediates}#45)#in#a#∆ppoA,)∆akuA)background.#The#double#∆ppoA,)∆akuA)

mutant#produced#an#endocrocinGassociated#peak#much#like#the#∆ppoA#strain#in#the#wild#

type#background.##However,#the#∆ppoA,#∆encA,#∆tpcC,)∆akuA)mutant#no#longer#produced#

an#endocrocinGassociated#peak#at#37˚C,#providing#strong#evidence# that# this#peak#was#

indeed#endocrocin#(Figure#2E).#

#

4.4.3$ Growth$ of$ ∆ppoA$ tissue$ in$ wild$ type$ or$ OE::ppoADconditioned$ medium$

suppresses$brlA$expression.$

Since# ppoA) disruption# significantly# upGregulates# brlA) and# endocrocin# under# nonG

permissive# conditions,# we# wanted# to# confirm# whether# the# lack# of# the# PpoAGspecific#

oxylipins# (8RGHODE#and# 5,8GdiHODE)#was# directly# responsible# for#brlA)upGregulation.##
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Because#8RGHODE#and#5,8GdiHODE#are#not#commercially#available#and#purified#in#small#

quantities,#we#utilized#previous#data#confirming#production#of#both#8RGHODE#and#5,8G

diHODE#in#the#culture#supernatants#of#the#wild#type#and#OE::ppoA#strains.##

The#OE::ppoA,)wild#type,#and#∆ppoA#strain#were#grown#in#identical#conditions#to#that#used#

for# oxylipins# analysis# (Figure# 1A)# and# tissue# separated# from# conditioned# media# via#

centrifugation# (see# Material# and# Methods).# # Tissue# from# the# ∆ppoA) strain# was# then#

collected,# rinsed,# and# transferred# to#either#wild# type,#∆ppoA,# or#OE::ppoAGconditioned#

media#and#tissue#samples#collected#0,#1,#3#hours#post#transfer.##We#found#that#∆ppoA#

tissue#moved#to#either#wild#type#or#OE::ppoA#conditioned#media#saw#a#decrease#in#brlA#

expression#as#soon#as#one#hour#post#transfer#(Figure#3).##However,#in#tissue#transferred#

to#∆ppoAGconditioned#media,#while#the#initial#brlA)expression#seemed#to#be#lower#in#both#

biological# replicates# (series#C# and#D)# compared# to#wild# type# or#OE::ppoA) treatments#

(series#A,B##or#E,F,#respectively),#only#a#slight#decrease#was#observed#after#3#hours#post#

transfer#in#one#of#the#samples#(series#D,#Figure#3).#

4.4.4.$Purified$5,8DdiHODE$but$not$8DHODE$induce$hyperbranching.$

We#attempted#RNA#extraction# from#tissue#grown# in#a#microfluidic#device# (4#µL#culture#

volumes,# see# Material# and#Methods)# to# investigate# brlA# expression# with# purified# 8RG

HODE#and#5,8GdiHODE#but#were#unsuccessful.##During#this#attempt#growth#was#observed#

microscopically# which# revealed# a# pronounced# hyperbranching# phenotype# in# hyphae#

treated#with# 50# ng/µL# 5,8GdiHODE# but# not# 8RGHODE# (Figure# 4A).# # The# ability# of# this#

compound# to# induce# this# distinct# phenomenon# has# not# been# described# previously.##
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Therefore,#we#continued#our#examination#of#the#ppoA#mutants#and#explored#the#ability#of#

the#PpoA#oxylipin#product#5,8GdiHODE#to#induce#mycelial#hyperbranching.#

To#quantify#the#degree#of#hyperbranching,#we#developed#a#modified#method#based#on#

that#previously#described#(42).##The#distances#between#primary#branches#emanating#from#

the#leading#hypha,#or#hypha#directly#derived#from#the#germinated#spore,#were#quantified#

for#a#given#mycelial#colony#and#used#to#calculate#the#number#of#branches#over#a#100#µm#

segment#of#the#leading#hyphae#(Figure#4B).##Using#this#quantification#scheme,#we#found#

that#addition#of#50#ng/µL#5,8GdiHODE#increased#the#number#of#branches/#100#µm#by#2G

fold#in#the#wild#type#strain#(Figure#2A).##This#phenomenon#was#also#doseGdependent:#with#

a# significant# increase# in# branching# observed# when# 5,8GdiHODE# was# added# at# a#

concentration#of#0.5#ng/µL#(Figure#4CD).##The#ppoA#disruption#strain#had#a#higher#degree#

of# branching# than# that# of# the# wild# type# at# 5# ng/µL# (Figure# 4E).# # We# next# compared#

branching# of# the# OE::ppoA# strain# (confirmed# to# produce# more# 8RGHODE# and# 5,8G

diHODE)# in# the#absence#and#presence#of#exogenous#5,8GdiHODE,#hypothesizing# that#

overexpression#would# increase# the#basal# level#of#mycelial#branching#compared#to#wild#

type.##However,#we#observed#no#difference#in#the#degree#of#branching#of#the#OE::ppoA#

strain#in#the#absence#or#presence#of#5#ng/µL#5,8GdiHODE#(Figure#4F).#

PpoA#does#not#make#a#single#oxylipin#product,#but#rather#a#mixture#of#8RGHODE#and#5,8G

diHODE# (16# and# Figure# 1A).# # Therefore,# 8RGHODE# could# be# acting# to# suppress# the#

hyperbranching# activity# of# 5,8GdiHODE.# #We# added# 5# ng/µL# of# either# 8RGHODE,# 5,8G

diHODE,# or# both# simultaneously# to# wild# type# spores.# # As# previously# observed,#

hyperbranching# only# occurred# in# tissue# treated# with# 5,8GdiHODE,# not# 8RGHODE.##
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However,# when# both# oxylipins# were# added# simultaneously# in# equal# concentrations,#

hyperbranching#was#significantly#reduced#compared#to#the#sole#5,8GdiHODE#treatment,#

but# still# significantly# increased# compared# to# the# mock# treatment# (ethanol# treatment),#

suggesting#8RGHODE#could#block#the#hyperbranching#activity#of#5,8GdiHODE#(Figure#4G).##

$

4.4.5$5,8DdiHODE$induces$hyperbranching$of$A.*fumigatus$and$A.*flavus*hyphae,$

but$not$A.*nidulans$and$is$one$of$several$diolDoxylipins$that$induce$hyperbranching.$

PpoA# homologs# are# prevalent# in# many# genera# of# fungi# including# Blastomyces,)

Magnaporthe,) as# well# as# other# aspergilli.# # We# extended# our# investigation# to# the#

hyperbranching#ability#of#5,8GdiHODE#on#other#Aspergillus#species.##We#found#5#ng/µL#

5,8GdiHODE#was# capable# of# inducing# hyperbranching# in#A.) flavus# but# not#A.) nidulans)

(Figure#5A).##As#observed#in#A.)fumigatus,)5,8GdiHODE#increased#the#number#of#branches#

/#100#µm#leading#hyphae#by#twoGfold#in#A.)flavus)compared#to#the#mock#treatment,#but#no#

significant#increase#in#branching#was#observed#with#A.)nidulans#treated#hyphae#(Figure#

5B).#

#

5,8GdiHODE# is# just# one# of# several# diolGoxylipins# (containing# two#hydroxyl# groups)# that#

have#been#characterized#or#are#commercially#available.##Oxygenase#enzymes#such#as#

PpoA# are# promiscuous# in# their# substrate# utilization,# producing# related# but# different#

compounds#depending#on#the#substrate#fatty#acid#used,#for#example#prostaglandins#when#

fed#exogenous#arachidonic#acid#(10),#or#5,8Gdihydroxyoctadecaenoic#acid#(5,8GdiHOME)#

by#PpoA#when#oleic#acid#is#present#(47).##Furthermore,#a#ppoA#homolog#in#Magnaporthe)
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grisea)(now#M.)oryzae))(7,8Glinoleate#diol#synthase#or#7,8GLDS)#produces#8RGHODE#and#

7,8Gdihydroxyoctadecadienoic#acid#(7,8GdiHODE)#from#linoleic#acid#(46).# #To#determine#

whether# 5,8GdiHODE# solely# induced# hyperbranching# in# A.) fumigatus,# a# collection# of#

commercially# available# diolGoxylipin# compounds# were# tested.# # Interestingly,# only# 5,8G

diHOME#and#7G8GdiHODE#were#able# to# induce#hyperbranching#similar# to#5,8GdiHODE.##

5,8GdiHODE#and#5,8GdiHOME#increased#the#number#of#branches/#100#µm#by#almost#3#

fold,#whereas#7,8GdiHODE#increased#branching#by#almost#2#fold#(Figure#6).#

#

4.4.6$Induction$of$hyperbranching$by$5,8DdiHODE$can$be$suppressed$by$addition$

of$exogenous$calcium.$

Hyperbranching#is#a#common#phenotype#for#many#mutants#in#A.)fumigatus#that#can#be#

induced#by#altered#production#or#localization#of#ROS#species#(48,#49),#hypoxic#stress#(50),#

disrupted# cell#wall# synthesis# (51,# 52),# and# calcium# signaling# through# disruption# of# the#

calcineurin#pathway#(53,#54).#Mutants#where#either#the#regulatory#or#catalytic#subunits#of#

calcineurin#have#been#disrupted#show#pronounced#defects#in#growth:#characterized#by#a#

significant#degree#of#hyperbranching#and#reduced#distance#between#septa#(55).#

#

Because#of#the#similarities#in#the#hyperbranching#morphology#of#the#5,8GdiHODE#treated#

tissue#with#calcineurin#mutants,#we#were#curious#whether#the#septal#network#and#spacing#

were#similar#to#calcineurin#mutants#when#wild#type#tissue#was#treated#with#5,8GdiHODE.##

Calcofluor#white#was#used#to#stain#mock#and#5,8GdiHODEGtreated#wild#type#hyphae.##In#

the#mock#treatment,#septal#differences#were#variable,#with#values#as#high#and#low#as#70#
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µm#and#5#µm,#with#an#average#septal#distance#of#30#µm.##In#wild#type#hyphae#treated#with#

5,8GdiHODE,# septal# distances# were# reduced# and#much#more# consistent:# the# average#

distance#decreased#from#approximately#30#µm#to#18#µm#(Figure#7AB).#

#

Because#calcineurin#disruption#is#intimately#linked#with#cytosolic#calcium#homoeostasis,#

we# hypothesized# that# 5,8GdiHODE#may# be# inducing# hyperbranching# through# a# similar#

mechanism.# # Therefore,# we#monitored# branching# in# the# presence# or# absence# of# 5,8G

diHODE#with#addition#of#exogenous#CaCl2,#MgCl2,#NaCl,#or#KCl.# #Addition#of#4.5#mM#

calcium,#magnesium,#sodium,#or#potassium#chloride#had#no#impact#on#hyphal#branching#

compared# to# the# mock# treatment,# although# a# slight# (but# not# statistically# significant)#

increase#was#observed#with#the#addition#of#MgCl2.##The#addition#of#5,8GdiHODE#induced#

hyperbranching#to#the#same#degree#in#the#presence#of#these#ions#as#when#the#ions#were#

absent,# with# the# sole# exception# being# CaCl2,# which# suppressed# the# hyperbranching#

morphology# in# the# presence# of# 5,8GdiHODE# (Figure# 7CD),# suggesting# 5,8GdiHODE#

disrupted#calcium#homeostasis#and#led#to#hyperbranching.#

#

4.5$DISCUSSION$

Since#the#discovery#of#Psi#factor#oxylipins#in#the#1980s,#8RGHODE#(also#known#as#PsiBα)#

and#5,8GdiHODE#(also#known#as#PsiCα)#and#other#PpoGderived#compounds#have#been#

known#almost#exclusively#for#their#ability#to#promote#either#sexual/asexual#development#

in#A.)nidulans.##Later#work#revealed#A.)fumigatus#Ppo#enzymes#were#capable#of#producing#

prostaglandins#similar#in#structure#to#the#human#equivalents#(10).##This#work#ascribes#two#

novel# functions# to# the# already# characterized# psiGfactor# producing# oxygenase# PpoA:#
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disruption# accelerates# asexual# development# through# the# upGregulation# of# brlA,#

subsequently#changing#the#secondary#metabolite#profile#of#A.)fumigatus.##Secondly,#we#

find#that#both#oxylipin#products#have#antagonistic#roles#in#hyphal#branching:#8RGHODE#is#

capable#of#blocking#the#hyperbranching#activity#of#5,8GdiHODE#which#likely#acts#through#

calciumGdependent#mechanisms.#

#

Physiological#characterization#of#ppoA#mutants#have#been#well#described#in#A.)nidulans.#

Champe# and# colleagues# isolated# a# fungal# compound# that# could# influence# the# ratio#

between#asexual#(conidia)# to#sexual#(ascospores)#development#(1,#3),#which# later#was#

identified#to#be#a#collection#of#oxylipin#compounds,#known#as#psi#factors,#for#their#ability#

to# induce#precocious#sexual#development# (precocious#sexual# inducer).# #Two#of# these#

compounds#were#8RGHODE#and#5,8GdiHODE#(56),#which#were#later#associated#with#the#

enzymatic# activity# of# A.) fumigatus) and# A.) nidulans# PpoA# through# biochemical#

characterization#(16).##Deletion#of#ppoA#led#to#A.)nidulans)strains#with#increased#conidia#

compared# to# ascospores# while# overexpression# led# to# the# opposite# phenotype.# # This#

phenomenon#was#attributed#to#the#presence#or#absence#of#8RGHODE#in#each#respective#

PpoA#mutant# (6),# however# since# 5,8GdiHODE# has# subsequently# been# linked# to# PpoA#

activity#in#both#A.)fumigatus)and#A.)nidulans)(16),##it#cannot#be#ruled#out#that#either#or#both#

PpoA#oxylipin#products#are#responsible#for#the#change#in#the#asexual/sexual#spore#ratio.#

Continued# developmental# observations# of# both# ppoA# and# ppoC# disruption# mutants#

revealed#feedback#regulation#among#ppoA)and#ppoC#expression:#while#the#∆ppoA)strains#

had#increased#numbers#of#asexual#spores,#the#ppoC#disruption#mutants#had# increased)
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numbers# of# ascospores# (4).# # These# observations# correlated# with# expression# of# the#

transcriptional# regulators# for# both# asexual# (brlA)# and# sexual# (nsdA)# development:# the#

∆ppoA# strain# had# increased#expression#of#brlA#while# the#∆ppoC)strain# had# increased#

expression# of#nsdA) (4).# # Interestingly#ppoC# expression#was# downGregulated# in# ∆brlA,)

∆nsdA,)and#OE::nsdA#strains#and#ppoA#unaffected#in#∆brlA,#induced#in#the#∆nsdA,)and#

suppressed#in#the#OE::nsdA)backgrounds#(4).##Aspergillus)fumigatus#reproduces#almost#

exclusively#through#asexual#sporulation,#although#the#sexual#cycle#has#been#described#

(57).##Thus#our#study#focused#on#the#asexual#sporulation#phenotypes#in#the#A.)fumigatus)

ppoA)mutants.# # Our# observations# that# ppoA# disruption# in# A.) fumigatus# induces# brlA#

expression# and# increases# asexual# sporulation# mirror# documented# phenotypes# in# A.)

nidulans.#

#

Aspergillus) fumigatus# is# the# causative# agent# of# invasive# aspergillosis# (IA)# among# the#

immunocompromised.# #While#many#of# its#secondary#metabolites#have#ecological# roles#

related# to# antimicrobial# activity# and# environmental# protection,#many# compounds# have#

immunomodulatory# and# cytotoxic# characteristics# (e.g.# endocrocin).# # Cases# describing#

oxylipinGdependent# regulation# of# secondary# metabolite# production# are# limited.# # In# A.)

nidulans# ∆ppoA) ∆ppoC# and# ∆ppoA) ∆ppoB) ∆ppoC# mutants# did# not# produce#

sterigmatocystin#in#axenic#culture#or#on#a#plant#host#and#led#to#increased#production#of#

penicillin#(19).##Disruption#of#ppo)homologs#in#Fusarium)sporotrichioides)compromises#T2#

toxin#synthesis#(58)#and#cercosporin#production#is#correlated#with#upGregulation#of#a#ppo)

homolog#in#Cercospora)zeae<maydis#(59).# #The#regulation#of#secondary#metabolism#in#
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fungi,# particularly# with# respect# to# spatial# and# temporal# control# has# been# the# focus# of#

numerous#recent#studies#(reviewed#in#58).##Spore#associated#compounds,#which#include#

endocrocin#(24,#45),#DHN#melanin#(61–63),#fumigaclavines#(25),#and#fumiquinozoline#C#

(23)#are#of#particular#interest#since#their#localization#within#spores#may#contribute#to#the#

invasive#growth#and#pathogenicity#of#A.)fumigatus.###

Endocrocin#has#been#shown#to#inhibit#neutrophil#recruitment#doseGdependently#using#an#

in)vitro#microfluidics#platform#and#an# in)vivo)zebrafish#model.# #Furthermore#endocrocin#

production# is# temperature#dependent,#with# temperatures#higher# than#32˚C#found# to#be#

inhibitory#to#detection#in#spores#(24).##Our#work#shows#that#the#absence#of#PpoA#disrupts#

this# regulation# and#metabolite# localization,# with# significant# levels# of# endocrocin# being#

produced#in#vegetative#tissue#grown#at#37˚C.##This#may#be#a#direct#effect#from#the#upG

regulation#of#brlA.##Further#investigation#through#development#of#a#∆brlA)∆ppoA#double#

mutant#could#elucidate#whether#endocrocin#production#is#mediated#through#BrlA#activity.##

Endocrocin# has# also# been# shown# to# be# produced# through# the# trypacidin# biosynthetic#

pathway,#with#endocrocin#being#an#intermediate# in#trypacidin#production#(39),#however#

induction# of# the# trypacidin# PKS# (tpcC,# 39)# in# the# ∆ppoA# strain# was# not# observed#

(Supplemental#Figure#3).###

$

While# immune# modulation# via# secondary# metabolite# production# may# allow# niche#

establishment#for#A.)fumigatus#in#the#lung,#invasive#growth#of#hyphae#into#lung#tissue#is#

the#most#damaging#effect#to#the#host.##The#mechanisms#that#induce#invasive#growth#(i.e.#

hyphal#branching)#are#somewhat#understood#but# to#date#no#external# factor# influencing#
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this#behavior#has#been#described#for#A.)fumigatus.##We#find#that#the#PpoA#product#5,8G

diHODE#and# the#M.)oryzae)7,8GLDS#product# 7,8GdiHODE#can#drastically# increase# the#

branching# behavior# of#A.) fumigatus) hyphae.# # Strigolactones# and# synthetic# analogues#

(GR24)#induce#hyphal#branching#of#the#arbuscular#mycorrhizal#(AM)#fungus#Gigaspora)

margarita)(31).##Interestingly,#hydroxy#fatty#acids#from#carrot#root#exudates#are#the#only#

documented#case#of#oxylipin#compounds#inducing#hyphal#branching,#specifically#for#the#

AM# fungus# Gigaspora) gigantea.# # Length# of# the# hydroxyl# fatty# acid# was# critical# for#

hyperbranching#activity,#as#2Ghydroxytetradecanoic#acid#(14C)#and#2Ghydroxydodecanoic#

acid#(12C)#induce#branching#while#2Ghydroxydecanoic#(10C)#and#2Ghydroxyhexadecanoic#

acids#(17C)#do#not.##Positioning#of#the#hydroxyl#group#is#critical#for#the#hyperbranching#

activity#as#well:##3Ghydroxytetradecanoic#acid#has#no#effect#on#hyphal#branching#(64).##We#

observed#similar#phenomenon#with#the#diol#oxylipin#tested#in#Figure#6.##Our#observations#

implicated#only#C18#oxylipins#where#both#hydroxylations#were#near#the#carboxylic#acid#

functional# group# and# after# the# last# unsaturated# ω# carbon# (ωG10).# # Future# work# with#

synthetic# derivatives# of# these# compounds# could# help# elucidate# the# structural#

characteristics#of#these#oxylipins#necessary#to#induce#hyperbranching.#$

$

Our#observations#of#5,8GdiHODEGinduced#hyperbranching#lead#to#and#increase#in#lateral#

branches#only.# #Hyphae# for# the#most#part#exhibit#apical#dominance,# targeting#exocytic#

vesicles# containing# cell# wall# components# to# the# hyphal# tip# instead# of# potential# novel#

branching#sites.##Only#when#sufficient#distance#is#achieved#between#the#growing#hyphal#

tip# and# a# potential# branch# site# is# the# new# branch# initiated# (27).# # Observations# in#

Neurospora) crassa) reveal# that# lateral# branching# initiates# from#de) novo# formation# of# a#
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vesicular#organizing#center#collectively#known#as#the#Spitzenkörper,#compared#to#apical#

branching#which#is#initiated#from#a#transient#loss#of#Spitzenkörper#activity#at#the#hyphal#tip#

(65).##Studies#in#A.)nidulans#have#implicated#GTPases#(FadA#and#Cdc42)#in#the#regulation#

of#lateral#branching#as#disruption#of#these#genes#yields#hyphae#devoid#of#lateral#branches#

(66),# with# similar# observations# in#Cochliobolus) heterostrophus,) Fusarium) oxysporum,)

Alternaria) alternata# (67–69).# A# specific# class# of# GTPases# known# as# Ras# proteins#

transduce# environmental# signals# into# the# cell.# # Disruption# of# a# particular# Ras# protein#

(RasA)# results# in# hyperbranched# hyphae# and# appears# to# act# through# a# CDC42#

(ModA)/MAPK#pathway#in#A.)fumigatus#(70).##5,8GdiHODE#likely#acts#as#an#endogenous#

signal,# which# can# be# blocked# through# the# presence# of# 8RGHODE,# that# yields# a#

hyperbranching# phenotype# from# aberrant# intracellular# signaling.# # Besides# the# MAPK#

cascade,# the# central# elements# of# these# conserved# pathways# in#A.) fumigatus# include#

calcium#signaling# (calcineurin/calmodulin)#and#cAMP#protein#kinase#A# (71–73).# #Since#

exogenous# calcium# suppresses# the# hyperbranching# phenotype,# we# hypothesize# 5,8G

diHODE#likely#targets#a#component#of#calcium#regulation.#

$

Calcium#homeostasis#has#been#linked#with#aberrant#branching#behavior#in#Neurospora)

crassa) through# calcium# gradient# establishment# at# existing# hyphal# tips# and# emerging#

branchpoints#(74).##In#N.)crassa,#the#hyphal#growth#rate#correlates#with#the#difference#in#

calcium#at#the#hyphal#tip#compared#to#subGapical#zones#in#older#segments#of#the#hyphae#

where#activation#of#cell#wall#enzymes#appears#to#be#calciumGdependent#(74).##Neurospora)

crassa# calcium/calmodulin# activity# has# been# shown# to# activate# chitin# synthases# (75),#

cAMP#phosphodiesterases# (76),#and#associations#with#microtubule#proteins# (77)#all# of#
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which#are#necessary# for#polarity#establishment#and#growth.# Interestingly,#spontaneous#

calcium# gradients# are# sufficient# to# initiate# lateral# branches# as# microinjection# of# Ca2+#

induces#hyphal#branching#(78).#

#

In#A.) fumigatus,# disruption# of# calcium#homeostasis# through# the# calcineurin/calmodulin#

pathway#yields#hyperbranching#phenotypes.##Calcium#homeostasis#is#maintained#through#

the#expression#of#various#calcium#efflux#and# influx#pumps# (vacuolar,#stretchGactivated,#

voltageGgated,#and#highGaffinity#Ca2+/Mn2+#PGtype#ATPases)#which#are#modulated#by#the#

activity#of#the#transcription#factor,#CrzA.##CrzA#translocation#to#the#nucleus#is#dependent#

on#its#dephosphorylation#by#the#heterodimeric#calcineurin#complex#(79),#composed#of#the#

calcineurin#catalytic#subunit#CnaB,#the#regulatory#subunit#CnaA,#which#when#bound#and#

associated# with# calmodulin# (CmdA)# in# the# presences# of# calcium# yields# an# active#

phosphatase#(80–82).##Calcineurin#is#critical#to#the#proper#activation#of#Protein#Kinase#C#

(PKC),# which# is# also# associated# with# cell# wall# integrity# (83).# # Mutants# where# various#

calcium#channels#or#pathway#components#are#disrupted#are#attenuated#in#virulence#and#

display# hyperbranching# phenotypes.# # Disruption# of# the# catalytic# subunit# of# calcineurin#

(cnaA)#yields#irregularly#septated#hyphae#that#are#blunt#and#hyperbranched#(similar#to#the#

septation# pattern# observed# with# 5,8GdiHODE# treatment—Figure# 7B),# which# is#

exacerbated#when#both#cnaA#and#cnaB#are#disrupted#(53–55).##Furthermore,#disruption#

of# two#highGaffinity#calcium# influx#sensors# (voltageGgated#and#stretchGactivated#calcium#

channels#cchA#and#midA,#respectively)#results#in#hyperbranched#hyphae#in#the#presence#

of#EGTA,#a#calcium#chelater#(84).# #Whether#5,8GdiHODE#is#able#to#disrupt# the#calcium#
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uptake#system(s)#of#A.)fumigatus#which#yields#a#hyperbranching#phenotype#remains#an#

interesting#area#for#further#research.#

$
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4.7$FIGURES$AND$LEGENDS$

$
$
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Figure$ 1.$ Characterization$ of$ ppoA* disruption$ and$ overexpression$ mutants$ in$

Aspergillus*fumigatus.$$

(A)$Quantification#of# the#known#PpoA#oxylipin#metabolites#8RGhydroxyoctadecadienoic#

acid# (8RGHODE)# and# 5,8Gdihydroxyoctadecadienoic# acid# (5,8GdiHODE)# based# on#

characteristic#MS2#ions#extracted#from#culture#supernatants#of#wild#type,#ppoA)disruption,#

and# ppoA) overexpression# mutants.# (B)$ Disruption# of# ppoA# significantly# accelerates#

asexual#development#after#growth#at#25˚C#for#120#hours.##Fungal#balls#of#the#∆ppoA)strain#

have# a# green# appearance# due# to# the# accelerated# production# of# conidiophores# (white#

arrows)#and#conidia#on#the#fungal#balls.#Scale#bar#represents#10#µm#(C).$#The#number#of#

conidia# present# in# culture# supernatant# of# strains# grown# for# 120# hours# at# 25˚C# are#

significantly#higher#in#the#∆ppoA#strain#compared#to#wild#type#or#the#overexpression#ppoA)

(OE::ppoA)# strains# (D).# (E)# Quantification# of# conidia# derived# from# the# transfer# of#

vegetative# hyphae# to# solid#media# also# revealed# an# elevated# number# of# spores# in# the#

∆ppoA#strain#compared#to#wild#type#or#the#OE::ppoA#strains#24#hours#post#transfer#(hpt).##

However,#this#phenotype#was#no#longer#observed#48#hpt.##(F)$The#accelerated#asexual#

development#phenotype#correlates#with#maintained#upGregulation#of#brlA.##At#both#72#and#

120#hours#post#inoculation,#brlA)is#upGregulated#compared#to#the#wild#type#or#OE::ppoA#

strains.#The#members#of#the#conidiation#suite#downstream#of#brlA#(abaA)and#wetA)#are#

also#upGregulated#in#the#∆ppoA)strain.#Bars#represent#average#values#from#3#biological#

replicates#±#SEM.#*#p<0.05,#**#p<#0.01,#***p<#0.001.$

$ $
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Figure$2.$HPLC$analysis$of$endocrocin$production$in$various$ppoA$mutants$grown$

at$either$25$or$37˚C.$$

(A)#HPLC#chromatogram#of#metabolites#detected#at#441#nm#identifies#endocrocin#as#a#

metabolite#product#from#cultures#grown#at#25˚C#for#120#hours.##Purified#endocrocin#has#
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an#identical#retention#time#to#that#of#a#major#peak#identified#only#in#extracts#derived#from#

the# ∆ppoA# strain.# # (B)$Expression# studies# of# tissue# extracted# from# the# same# growth#

condition#reveals#that#brlA,#the#endocrocin#polyketide#synthase#encA,#and#the#endocrocin#

oxidoreductase# encD# are# upGregulated# only# in# the# ∆ppoA) strain.# # (C)# HPLC#

chromatograms#of#extracts#from#the#various#strains#grown#72#hours#at#37˚C.##Previous#

studies# have# identified# that# endocrocin# is# a# sporeGassociated# metabolite# detected# at#

temperatures#below#32˚C#(24).##However,#in#supernatant#from#vegetative#hyphae#derived#

from# the# ∆ppoA# strain,# a# significant# peak# corresponding# with# purified# endocrocin# is#

observed.##Furthermore,#expression#analysis#of#tissue#derived#from#this#growth#condition#

reveals# upGregulation# of# brlA,) encA,) and# encD# (D).$ $ (E)# To# conclusively# show# this#

metabolite#was#indeed#endocrocin,#disruption#of#the#known#endocrocin#PKS#(encA)#and#

the#trypacidin#PKS#(tpcC)#capable#of#also#producing#endocrocin#as#an#intermediate#(39)#

were#disrupted#in#a#∆ppoA)∆akuA)background.##A#peak#corresponding#to#endocrocin#was#

identified#in#extracts#derived#from#the#∆ppoA)∆akuA)strain#grown#at#37˚C,)similar#to#that#

observed#in#the#∆ppoA#wild#type#background#strain.##However,#in#the#∆ppoA)∆encA)∆tpcC)

∆akuA#mutant,#the#endocrocinGassociated#peak#(as#well#as#several#others)#are#no#longer#

observed.#

#$ $
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Figure$3.$Transfer$of$∆ppoA$tissue$into$conditioned$media$containing$the$oxylipin$

products$of$PpoA$results$in$the$downDregulation$of$brlA$transcript.$

Tissue#derived#from#the#∆ppoA#strain#was#grown#for#72#hours#at#37˚C.##Tissue#was#then#

removed# from#culture#supernatant# (SN)#and# transferred# to#conditioned#media# from#the#

wild# type# (WT),#∆ppoA,# or# overexpression#ppoA# (OE::ppoA)# strains#grown# in# identical#

conditions#for#oxylipin#analysis#analyzed#in#Figure#1A#(see#Material#and#Methods).##Each#

treatment# was# carried# out# in# biological# duplicate# and# the# letters# above# each# well#

correspond#to#tissue#derived#from#the#same#biological#sample#over#3#hours.##In#treatments#

where#∆ppoA)tissue#was#transferred#to#either#WT#or#OE::ppoA)conditioned#media,#brlA*

transcript#levels#decreased#as#quickly#as#1#hour#post#transfer.##However,#∆ppoA)tissue#

transferred# to# ∆ppoA) conditioned# supernatant# maintained# an# equivalent# level# of# brlA#

expression#to#the#0#hr#timepoint#in#both#replicates.#

$ $
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Figure$ 4.$ 5,8DdiHODE$ but$ not$ 8RDHODE$ induces$ hyperbranching$ in$ a$ doseD

dependent$fashion$in$A.*fumigatus.$

(A)$Addition#of#5,8GdiHODE#induced#hyperbranching#of#wild#type#hyphae.##Quantification#

of#the#degree#of#branching#revealed#a#significant#increase#in#the#number#of#branches#/#

100# µm# leading# hyphae# in# colonies# treated#with# 50# ng/µL# 5,8GdiHODE:# 50# ng/µL# 8RG

HODE#did# not# affect# branching# compared# to# the#mock# treatment.# (B)*To#quantify# the#

degree# of# hyperbranching,# a# measurement# scheme# was# developed# based# on# one#

previously#described#(42).##The#number#of#primary#branches#(green)#originating#from#the#

leading#hypha# (red)#are#determined#and# the#distance#between#each#branch# recorded.##

The# number# of# branches# are# then# divided# by# the# sum# of# the# total# distance# recorded#

between# each# branch# for# that# colony# and# standardized# to# 100# µm.# # The# origin# (blue)#

demarks# the# initial# swollen# spore# from#which# the# hypha# emerged.# (C)$TenGfold# serial#

dilutions#of#5,8GdiHODE#revealed#the#hyperbranching#behavior#was#doseGdependent,#and#

was#statistically#different#from#no#treatment#at#concentrations#as#low#as#0.5#ng/µL#(D).##(E)*

The#∆ppoA)strain#has#a#doseGdependent# response#equivalent# to#wild# type#except#at#5#

ng/µL,#at#which#the#degree#of#branching#was#greater.##Branching#of#the#OE::ppoA#strain#

was# tested# at# the# same# concentration# of# 5,8GdiHODE# (5# ng/µL),# but# no# statistical#

difference#in#branching#was#observed#compared#to#wild#type#in#the#mock#condition#or#with#

5# ng/µL# 5,8GdiHODE# (F),$ even# though#OE::ppoA) produces# more# 8RGHODE# and# 5,8G

diHODE.# # (G).$CoGincubation# of# 5# ng/µL# 8RGHODE# and# 5,8GdiHODE# suppresses# the#

hyperbranching#phenotype.##Values#represent#average#branches#/#100#µm#(n=6)#±#SEM.#

*#p<0.05,#**#p<#0.01,#***p<0.001.#

# #
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Figure$5:$Aspergillus*fumigatus,$Aspergillus*flavus,$but$not$Aspergillus*nidulans$

hyperbranch$upon$exposure$to$5,8DdiHODE.$

To# determine# whether# the# hyperbranching# phenomenon# was# conserved# in# other#

aspergilli,# wild# type#A.) nidulans) and#A.) flavus# spores# were# treated# with# 5# ng/µL# 5,8G

diHODE.#(A).$$Only#A.)flavus#hyperbranched#to#a#higher#degree#than#the#mock#treatment#
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in#5,8GdiHODE,#but#to#a#much#less#extent#than#that#observed#in#A.)fumigatus)(B).##Values#

represent#average#branches#/#100#µm#(n=6)#±#SEM.#*#p<0.05,#**#p<#0.01,#***p<0.001.##

# #
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Figure$6:$Hyperbranching$behavior$is$induced$by$specific$diolDoxylipins.$

Commercially# available# and# purified# oxylipin# compounds# from# Magnaporthe) oryzae)

(formally#Magnaporthe)grisea,#7,8GdiHODE)#and#the#oleic#acidGderived#PpoA#product#5,8G

diHOME#were#tested#for#their#ability#to#induce#hyperbranching#in#A.)fumigatus#(5#ng/µL).##

Only# 7,8GdiHODE# (not# produced# by# A.) fumigatus)) and# 5,8GdiHOME# could# induce#

hyperbranching#similar#to#5,8GdiHODE,#suggesting#the#response#is#specific#to#particular#

diolGoxylipins.##Values#represent#average#branches#/#100#µm#(n=6)#±#SEM.#*#p<0.05,#**#

p<#0.01,#***p<0.001.##

# #



217#

#

#

#

Figure$ 7:$ 5,8DdiHODE$ reduces$ the$ septal$ distance$ of$ hyphae$ and$ induces$

hyperbranching$through$calciumDdependent$mechanisms.#

(A).#Septal#distances#in#hyphae#stained#with#calcofluor#white#(CFW)#are#reduced#in#tissue#

treated# with# 5,8GdiHODE.# # (B).# Representative# image# of# both# mock# and# 5,8GdiHODE#

CFWGstained#tissue.#(C).#Addition#of#4.5#mM#CaCl2#but#not#MgCl2,#NaCl,#or#KCl#suppress#

hyperbranching# in# the# presence# of# 5# ng/µL# 5,8GdiHODE.# # Representative# images# of#
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hyphae# treated# with# 5,8GdiHODE# and/or# 4.5# mM# CaCl2.# # Values# represent# average#

branches# /# 100# µm# (n=6),# with# the# exception# of# Figure# 7A,# where# n=36# and# n=50,#

respectively#(average#septal#distance),#±#SEM.#*#p<0.05,#**#p<#0.01,#***p<0.001.#

# #
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4.8$TABLES$

Table#1.#Strains#used#in#this#study#

Strain$ Genotype$ Source$

AF293# wild#type# #

TDWC1.13# pyrG1,#∆ppoA::A.)parasiticus)pyrG# (38)#

TJMP143.28# pyrG1,#pyrG::gpdA(p)::ppoA# This#study#

TFYL72.1# ∆encA::parapyrGW)∆tpcC::fumiargBW)∆akuA::mlucW)pyrG1W)argB1# (39)#

TFYL45.1# ∆akuA::mlucW)pyrG1W)argB1# (39)#

TFYL80.1# ∆akuA::mlucW)A.)fumi)argBW)pyrG1W)argB1# This#study#

TFYL110.1# ∆encAW)∆tpcC::fumiargBW)∆akuA::mlucW)pyrG1W)argB1# This#study#

TGJF40.9# ∆akuA::mlucW)A.)fumi)argBW)∆ppoA::parapyrGW)pyrG1W)argB1# This#study#

TGJF41.1# ∆encAW) ∆tpcC::fumiargBW) ∆akuA::mlucW) ∆ppoA::parapyrGW) pyrG1W)

argB1#

This#study#

#

Table#2.#Primers#used#in#this#study#

Name$ Sequence$(5’D3’)$ Purpose$

JP# OE# Af# ppoA#

5'#F#For#
TGGGGACACACTAATTGGGC#

OE::ppoA#Up#Flank#

JP# OE# Af# ppoA#

5'#F#Rev#

CAATTCGCCCTATAGTGAGTCGTATTACGGGC

GGATATAGCTTGCAGAAC#

OE::ppoA#Up#Flank#

JP# modified# T7#

promoter#For#

CGTAATACGACTCACTATAGGG# pyrG<gpdA(p))

JP# gpdA(p)#

Fusion#Rev#

CATGGTGATGTCTGCTCAAG# pyrG<gpdA(p))

JP# OE# Af# ppoA#

3'#F#For#

CTACCCCGCTTGAGCAGACATCACCATGTCTG

AGAAGCAAACCGGTTC#

OE::ppoA#Down#Flank#

JP# OE# Af# ppoA#

3'#F#Rev#

TCGTCGTACGATCCATCTGC# OE::ppoA#Down#Flank#

JP# OE# Af# ppoA#

Nest#For#

GCCTTCTCCGTTGCGTATCG# Fusion#cassette#
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JP# OE# Af# ppoA#

Nest#Rev#

GCAAGAAGTCCTGCAGGGAG# Fusion#cassette#

GF# abaA# Probe#

F# CCTCCTGGCATGACTGATGC#

abaA#Probe#

GF# abaA# Probe#

R# CCATGCGCTCTGGCTATTTCC#

abaA#Probe#

GF# wetA# Probe#

F# TCACCCCCTCCATCTGATATCC#

wetA#Probe#

GF# wetA# Probe#

R# CGCGTCTTGCTTTAGTCTTGG#

wetA#Probe#

brlA)INT#FOR# TCTTGCCGGTCCATTGGGG# brlA#Probe#

brlA)INT#REV# AGCTGGAGCCCATAGACGG# brlA#Probe#

FY# 4G00210#

INTB#FOR#

CAAGAGTTGGAACCATACCTC# encA#Probe#

FY# 4G00210#

INTB#REV#

GCTGCAGATTGATGATGTCAG# encA#Probe#

FY#4G00230#INT#

FOR#

GACCAAGCCACAGCCACC## encD#Probe#

FY#4G00230#INT#

REV#

CTCTCTCGACGGTGCCTC## encD#Probe#

GF# ppoA# 5'#

Probe#F# GAGAAGCAAACCGGTTCAGCC#

ppoA)Probe#

GF# ppoA# 5'#

Probe#R# CCAACGTCCGGAGGGAATCC#

ppoA)Probe)

GF#tpcC#Probe#F# GCAGGAGAACACCAAGTCACC# tpcC)Probe#

GF# tpcC# Probe#

R# CGTCTCCCGGAACTTCTCGG#

tpcC)Probe#

GF# ppoA# del#

Cassette#F# CGCGCGTAATACGACTCACTATAGG#

ppoA)deletion#cassette)

GF# ppoA# del#

Cassette#R# AACAAAAGCTGGAGCTCCACC#

ppoA)deletion#cassette)

4G00210# 5’F#

FOR# CGCTGAACTCAGGCCATAGAC#

PCR# amplification# of# encA# 5G

FOA#pyrG#recycling#5’#flank#



221#

#

#

#

# #

#5GFOA#encA#5’F#

REV#

GAGATCACCAATGGTGGGACAGGGTCAACTC

AATGAATGCCCATCC#

PCR# amplification# of# encA# 5G

FOA#pyrG#recycling#5’#flank)

5GFOA#encA#3’F#

FOR#

GGATGGGCATTCATTGAGTTGACCCTGTCCCA

CCATTGGTGATCTC#

PCR# amplification# of# encA# 5G

FOA#pyrG#recycling#3’#flank)

4G00210# 3’F#

REV# CCAAATGTGCAAAGCGCGG#

PCR# amplification# of# encA# 5G

FOA#pyrG#recycling#3’#flank)

4G00210# NEST#

FOR# CGAAGATTACCTCGGCGC#

PCR# amplification# of# encA<5<

FOA)pyrG)recycling#construct)

4G00210# NEST#

REV# GGATGACAGAGCGTCCAG#

PCR# amplification# of# encA<5<

FOA)pyrG)recycling#construct)
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4.9$SUPPLEMENTAL$FIGURES$AND$LEGENDS$

$
$

Supplemental$Figure$1.$Confirmation$of$A.*fumigatus*ppoA*mutants.$

(A)#Southern#blot#analysis#of#the#various#mutants#developed#for#this#study.##The#restriction#

digest#and#expected#bands#for#the#various#constructs#are#depicted#below#(BDD)#with#PCR#

primers# for# probes# listed# in# Table# 2.# (E)$ Northern# blot# analysis# was# used# to# verify#

disruption#and#overexpression#of#the#various#ppoA)mutants.$ $
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Supplemental$Figure$2.$Standardized$metabolite$profile$of$ppoA$mutants$compared$

to$wild$type.$

A# collection# of# compounds# for# which# standards# were# available# were# used# to# assess#

difference# in# metabolite# production# after# 120# hours# at# 25˚C# in# 50# mL# GMM# (107#

spores/mL).# For# each# metabolite,# the# relative# abundance# is# standardized# to# the#

corresponding#amount#observed# in# the#wild# type.# #Neither#endocrocin#or#questin#were#

observed# in# the#wild# type,# thus#values#were#standardized# to# the#amount# in# the#∆ppoA#

strain#(†).#Value#represents#average#abundance#(n=3)#±#SEM.#*#p<#0.05,#**#p<#0.01,#***#p#

<#0.001.#

# #
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Supplemental$Figure$3.$Expression$of$the$PKS$encA*but$not$tpcC* is$observed$in$

the$∆ppoA*strain.$

While#both#an#endocrocin#and#trypacidin#cluster#in#A.)fumigatus#are#capable#of#producing#

endocrocin#(39),#only#the#PKS#within#the#endocrocin#cluster#is#upGregulated#in#the#∆ppoA#

strain.##Tissue#was#extracted#from#cultures#grown#72#hours#at#37˚C#in#50#mL#GMM#(106#

spores/mL).#
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CONCLUDING$REMARKS$

Among#organisms,#variations#of#common#biological#themes#are#observed#in#almost#every#

aspect#of#their#biology.##Conserved#signaling#pathways#like#MAPK#cascades,#signaling#

molecules#such#as#calcium,#epigenetic#regulation#of#gene#expression,#and#developmental#

programs#are#only#a#few#examples#that#are#observed#and#regulated#in#mammals,#plants,#

and# fungi.# # This# thesis# set# out# to# investigate# a# common# class# of# signaling#molecules#

(oxylipins)# and# their# role# in# development# of# a# ubiquitous# opportunistic# pathogen,# A.)

fumigatus.##I’ve#provided#strong#evidence#that#both#A.)fumigatus)and#the#mammalian#host#

produce# shared# lipid# signals# that# influence# fungal# development,# but# may# also# affect#

disease#outcomes.#

#

Oxylipins# and# the# enzymes# that# produce# them# are# wellGcharacterized# in# mammals.##

Interestingly# lipoxygenases#were# first# described# in#plants#and# fungi,# but# thought# to#be#

absent#in#animals#until#1974#(1,#2).##The#extent#to#which#fungal)oxylipins#(both#endogenous#

and# exogenous)# influence# fungal# development# and# host# responses# is# not# wellG

understood.##The#best#examples#to#date#consist#of#the#work#done#with#Ppo#enzymes#in#

Aspergillus)spp.#and# their# influence#on#asexual/sexual#development#and#prostaglandin#

production#(3,#4).##Recently#a#global#analysis#of#fungal#lipoxygenases#was#carried#out,#but#

only#a#few#studies#comment#on#the#biological#roles#of#these#fungal#enzymes#(5–8).#

#

This#thesis#work#ascribes#several#new#functions#of#A.)fumigatus#oxylipins#and#oxygenase#

activity#to#fungal#development#and#host#responses.##Chapter#3#investigates#an#otherwise#

unknown#function#of#fungal#lipoxygenases:#their#ability#to#influence#spore#germinations.##
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We# initially# hypothesized# that# the# lipoxygenase# activity# of# LoxB# may# contribute# to#

allergenic#disease,#and# indeed#we#observed# that# loxB# overexpression# yielded#a#more#

allergenic# strain.# # This# supports# the# hypothesis# that# increased# fungal# LoxB# activity#

correlates#with#heightened#immune#responses.##Unexpectedly,#my#observations#revealed#

that# LoxB# promotes# germination# in# environments# where# arachidonic# acid# (which# is#

inhibitory#to#germination)#is#high,#while#the#mammalian#leukotriene#intermediate#5GHETE#

promotes# spore# germination.# # This# is# an# excellent# example# by# which# two# different#

organisms# utilize# the# same# molecule# in# different# ways:# the# host# to# bring# about#

inflammatory#responses#through#5GHETE#modification#into#leukotrienes,#and#the#fungus#

an#environmental#germination#cue.#

#

Chapter# 4# describes# a# novel# hyperbrancing# phenomenon# from# an# oxylipin# previously#

characterized.##5,8GdiHODE#has#not#been#identified#in#mammals#and#its#hyperbranching#

activity#is#the#first#of# its#kind#described#for#A.)fumigatus.##These#observations#lead#to#a#

new# set# of# interesting# questions#with# respect# to# host# interactions.# For# example,# does#

transient# PpoA# activity# from# interactions# with# immune# cells# intensify# branching# and#

subsequently# invasive# growth?# # Are# hyperbranched# A.) fumigatus) mycelia# more#

susceptible#to#antifungal#agents?##It#remains#to#be#determined#whether#hyperbranching#is#

desirable#or#undesirable#in#the#context#of#invasive#disease.#

#

Aspergillus) fumigatus# hyperbranching# behavior# appears# unique# to# specific# symbiotic#

relationships,# as# oxylipins# produced# by# Magnaporthe) oryzae# could# elicit# the# same#

behavior.##With#the#development#of#microGscale#growth#platforms,#oxylipinGspecific#growth#
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phenotypes# can# continue# to# be# used# to# answer# these# questions.# # Oxylipins# are#

commercially#available,#but#at#low#quantities#and#high#cost.##Microfluidic#platforms#are#a#

costGeffective# way# to# investigate# developmental# phenotypes# on# a# large# scale# with#

numerous#compounds#or#immune#cell#types.#

#

What# other# classes# of# signaling# molecules# are# part# of# a# shared# language# between#

mammals,#fungi,#plants,#or#even#bacteria?##While#this#work#has#only#considered#oxylipins,#

other# signals# have# been#described#which# contribute# to# the# developmental# program#of#

fungi.# # For# example,# the# bacteria# Ralstonia) solenaciarum# produces# a# lipopeptide#

(ralsolamycin)# that# induces# production# of# survival# structures# (chlamydospores)# in# 34#

species# of# fungi# among# ascomycetes,# basidiomycetes,# and# zygomycetes# (9).# # This#

suggests# that# responses# from# shared# signaling# molecules# are# abundant# among#

organisms,# and# even# more# when# considering# that# microbial# diversity# is# orders# of#

magnitude#greater#than#that#of#plants#or#multicellular#organisms#(10).##Any#ion,#peptide,#

lipid,# oxygenated# lipid,# sugar,# secondary# metabolite,# or# host# factor# could# serve# as# a#

signaling#molecule#for#interGspecies#crossGtalk.#

#

Now# that#simultaneous#profiling#of#various#oxylipin#compounds#via#mass#spectrometry#

has# become# a# reality# (11),# the# scientific# community# should# develop# detailed# oxylipin#

profiles# for# mammals,# plants,# and# fungi,# or# an# “oxylipome”# signature.# # Most# studies#

focusing#on#fungal#infection#have#looked#at#physical#and#chemical#interactions#between#

cell# types,# the# pathogen,# and# host# tissue.# #My# thesis#work# contributes# to# this# area# of#

research#with#the#FleAGfucose#interactions#described#in#Chapter#2.##However,#perturbation#
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of#the#A.)fumigatus#oxylipome#open#up#a#whole#new#area#of#research#for#hostGpathogen#

interactions,#unveiling#ways#to#combat#primary#aspects#of#fungal#disease#such#as#spore#

germination#and#invasive#growth.##Future#studies#investigating#the#mechanisms#by#which#

oxylipins#(or#any#signaling#molecular#for#that#matter)#are#perceived#in#fungi#(previous#work#

in#A.)flavus)suggests#GGProtein#Coupled#Receptors#as#intriguing#candidates,#11)#could#

lead#to#novel#antifungal#compounds.##Individual#oxylipome#profiling#could#also#shed#light#

on# any# deficiencies# that# predispose# individuals# to# microbial# infection.# # While# our#

interactions#with#microbial#pathogens#have#existed#for#thousands#of#years#and#likely#will#

continue#for#a#thousand#more,#it#is#critical#that#we#understand#the#interpretation#of#these#

signaling# molecules# by# pathogens,# particularly# the# oxylipome,# if# we# want# to# improve#

disease#outcomes.#

# #
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