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Phenotypic diversity is critical to the lifestyles of many itrobial species, enabling
rapid responses to changes in environmental conditions. Ithe human fungal pathogen
Candida albicans cells exhibit heritable switching between two phenotypistates, white

and opaque, which yield differences in mating, lamentous gowth, and interactions

with immune cellsin vitro. Here, we address thein vivo virulence properties of the
two cell states in a zebra sh model of infection. Multiple dtibutes were compared

including the stability of phenotypic states, lamentatio, virulence, dissemination, and
phagocytosis by immune cells, and phenotypes equated acros three different host
temperatures. Importantly, we found that both white and opgue cells could establish
a lethal systemic infection. The relative virulence of thevb cell types was temperature
dependent; virulence was similar at 25C, but at higher temperatures (30 and 33C)

white cells were signi cantly more virulent than opaque céd. Despite the difference in
virulence, fungal burden, and dissemination were similardtween cells in the two states.
Additionally, both white and opaque cells exhibited robustiamentation during infection

and blocking lamentation resulted in decreased virulenceestablishing that this program
is critical for pathogenesis in both cell states. Interaains between C. albicanscells and

immune cells differed between white and opaque states. Maaphages and neutrophils
preferentially phagocytosed white cells over opaque celig vitro, and neutrophils showed
preferential phagocytosis of white cellsn viva Together, these studies distinguish the
properties of white and opaque cells in a vertebrate host, ahestablish that the two cell
types demonstrate both important similarities and key diéfrences during infection.

Keywords: opaque, C. albicans , zebra sh model, temperature, virulence

INTRODUCTION

Candida albicanss a commensal yeast found colonizing the mouth, gastrsiimal, and
reproductive tracts of approximately 70% of healthy individu@uhnke and Maschmeyer, 2002

However, in immunocompromised individual§;. albicansan invade organs and cause serious,

life-threatening systemic infectionSércia-Vidal et al., 20)3The ability ofC. albicango exist as
both a harmless commensal and as a deadly pathogen is duestanlpart, to its ability to undergo
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rapid and reversible phenotypic change®(dan et al., 2006; preferentially colonize the skin_Léchke et al., 2003whereas
Alby and Bennett, 2009; Lohse and Johnson, 2009; Sudbefy, 20White cells are more virulent in a murine model of systemic
Pande et al., 2013; Tao et al., 2014 particular,C. albicangan infection (Kvaal et al., 1997, 1909t was originally thought that
switch between yeast and lamentous forms, and this traosit opaque cells could not stably exist inside the host, as opadjse ce
is closely associated with the ability to cause diseaseeidlst are unstable at 3T in vitro, rapidly switching back to the white
(Lo etal., 1997; Saville et al., 2003; Zheng et al.,)2004 form (Slutsky et al., 19§7However, it was subsequently shown
C. albicanscan also undergo phenotypic switching betweerthat opaque cells could be maintained at elevated tempemature
di erent cellular states, as exemplied by heritable switghi in certain environmental conditions, including anaerosis, 5%
between “white” and “opaque” formsS(utsky et al., 1997 CO,, and the presence of N-acetylglucosamibeiritru et al.,
C. albicanswhite and opaque cells have distinctive cellular2007; Ramirez-Zavala et al., 2008; Huang et al., 2009).2010
appearances; white cells are spherical and give rise to brigfrthermore, studies have identi ed conditions that suppthre
dome-shaped colonies, whereas opaque cells are elongated @ndpagation of opaque cells within the host, including evidenc
give rise to darker, atter coloniesS(utsky et al., 1997White  that the gastrointestinal tract can promote white-to-opaque
and opaque cells also di er in other attributes including thei switching in certain isolatesRamirez-Zavala et al., 2008
gene expression pro les, their ability to mate, the condison Despite these studies, questions remain as to the preciseafoles
in which they undergo lamentation, their interactions wit white and opaque cells during infection, as well as the trdits o
immune cells, and their virulence in a mouse tail vein model othe two cell types that give rise to di erent propertigsvivo.
systemic candidiasis<{(¢aal et al., 1997; Lan et al., 2002; Miller ~ Zebra sh (Danio rerig have been developed as an alternative
and Johnson, 2002; Lohse and Johnson, 2008; Tuch et al., 201Gn8del system for understanding interactions between nbab
etal., 2013 pathogens and the vertebrate hosto(raca et al., 20)4
The regulation of the epigenetic white-opaque switch has bedaxperimental models using egg, larval, and adult zebra stehav
examined in detail and involves distinct transcriptionatwerks  been developed fa. albicansand have examined both mucosal
in the two cell types. The master regulator of the opaque staend disseminated diseas€h@ao et al., 2010; Brothers et al.,
is Worl, a transcription factor whose expression is necessa011; Brothers and Wheeler, 2012; Gratacap et al., 2014y Che
and su cient for opaque cell formation luang et al., 2006; et al., 201x Zebra sh can be maintained at a wide range of
Srikantha et al., 2006; Zordan et al., 2006, 200fus, cells that temperatures (from 23 to 3&), which allows for temperature-
overexpress Worl are locked in the opaque sStatétro, whereas dependent phenomena to be investigated. Additionally, the
cells that lack Worl are locked in the white state. Worl alsinnate immune system of the zebra sh, which is comprised of
acts in concert with at least ve other transcription factds macrophages, neutrophils, complement, and Toll-like receptor
regulate the white-opaque switch via a network of positive an@TLRs) Seeger etal., 1996; Herbomel etal., 1999; Jault et al., 2004;
negative feedback loopadrdan et al., 2007; Wang et al., 2011;Meijer et al., 2004; Le Guyader et al., 2)b@s a high degree of
Hernday et al., 2003In addition to transcriptional control, the conservation with mammals, allowing for greater undersliag
white-opaque transition is regulated by chromatin modi @ats  of host-pathogen interactionsV{eeker and Trede, 2008; Novoa
including acetylation of histone H3K56 and deposition oftbiee  and Figueras, 2012; van der Vaart et al.,, }01&daptive
H2A.Z (Hnisz et al., 2009; Stevenson and Liu, 2011, R013mmunity develops approximately 2—3 weeks post-fertilization
Switching is also regulated by the mating type locus; opaqu@Villett et al., 1999; Danilova and Steiner, 2002; Lam et al.,
formation occurs predominantly ima or a cells (Miller and 2009, thus experiments with zebra sh larvae speci cally assess
Johnson, 2002although switching has also been documented irinteractions with the innate immune system. The transpayewic
somea/a isolates Kie et al., 2013 zebra sh also permits direct, non-invasive visualizatidrboth
Despite a detailed understanding of the mechanism of whitehost and microbial cells at early life stagésgker and Trede,
opaque switching, there is limited information about how ¥ehi 2008; Knox et al., 20)4Previous experiments infected zebra sh
and opaque cell types di er in their interactions with the host.with C. albicanswhite cells and established that virulence is
In vitro studies suggest that opaque cells are more susceptildlependent on the yeast-hyphal switch, and also showed that host
to killing by neutrophils than white cells, and also stim@at resistance requires NADPH oxidase activity, indicatingatlats
greater superoxide productiorkplotila and Diamond, 199)  with disseminated candidiasis in mammalian models of ititet
whereas only white cells release a chemoattractant foroghils  (Brothers et al., 2011; Gratacap and Wheeler, 2014
(Geiger et al., 2004Furthermore, white cells are more e ciently In this study, we compare and contrast the ability of white
phagocytosed by macrophages and neutrophils than opaque cadisd opaque forms of. albicango infect zebra sh larvae. These
in vitro (Lohse and Johnson, 2008; Sasse et al.)2ibdicating  experiments compare infection, lamentation, disseminatio
that opaque cells may be less visible to immune components. phagocytosis, and virulence by both cellular states, andrasint
contrast, both cell types are phagocytosed with equal e cjdme  these properties over a range of host temperatures. Integdgtin
dendritic cells Gasse et al., 201 While only white cells secrete E, pathogenicity is temperature dependent, with white cells being
E-farnesol, a stimulator of macrophage chemokinesis¢arten more virulent than opaque cells at 30 and 83 but not at
etal., 201p 25 C. Both white and opaque cells formed lamerits vivo,
In addition to dierential interactions with immune which is the rst demonstration that opaque cells can undergo
cells, white and opaque cell types exhibit dierent niche lamentation inside a vertebrate host. Analysis of mutantahle
speci cities during infection of a mammalian host. Opaqud<el to undergo lamentation show that this program contributes
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to virulence by both white and opaque cells. Furthermore, wer 568 carboxylic acid, succinimidyl ester for 30 min in the
examined phagocytosis of white/opaque deligitro andin vivo,  dark. C. albicanscells were washed three times with PBS and
and reveal signi cant di erences in their interactions witiost  resuspended in PBS containing 5% polyvinylpyrrolidone (PVP)
immune cells. We discuss these di erences in light of the ofle (Sigma-Aldrich, St. Louis, MO) to a concentration of 510°

pathogen-phagocyte interactions in promoting susceptibiiity cells/ml. Low concentration PVP is commonly used to ensure

lethal infection byC. albicans a consistent small-volume microinjection doseefrich et al.,
2010.
MATERIALS AND METHODS For experiments performed at the University of Mair@,
) ) ) albicansstrains CAY4975 and CAY4986 were grown at@bn
C. albicans Strains and Media SCD medium for 48 h, washed twice with PBS, stained withriL.5

C. albicansstrains are listed ifable 1 Media was prepared as of 10 mg/ml AlexaFluor-647 carboxylic acid, succinimidgtes
described Guthrie, 199). Yeast extract peptone dextrose (YPD)(Invitrogen, Grand Island, NY) in order to distinguish inottum
plates containing 100-200g/ml nourseothricin (NAT) were and newly dividedC. albicansells, and resuspended in 5% w/v
used for selection of strains that were resistant to noutsgdn  PVP (Sigma-Aldrich, St. Louis, MO) to a nal concentration of
(ReuR et al., 2004All strains were stored as frozen stocks withs 10’ cells/ml.
25% glycerol at 80 C.

To create a uorescently labeled white strain for sh injects
(RBY4975), a construct containing thexy promoter, acodon- Zebra sh Care and Maintenance
optimized dTomato gene, the tEr terminator, and a NAT At Brown University, wild type zebra sh were obtained from
marker that has been previously describ&ddthers et al., 2013; Carolina Biological Supply and housed in multiple recirculating
Gratacap et al., 20)3wvas transformed into strain RBY717. 10 and 20 gallon tanks or in the Aquatic Habitats system
Transformants were selected by plating on nourseothricid an(Apopka, FL). Zebra sh care protocols and experiments were
screened for correct integration at tHeNO1 locus by PCR performed in accordance with NIH and Brown University
and by uorescence. To switch RBY4975 to the opaque statguidelines under Brown University Institutional Animal Care
the strain was grown on LeeS N-acetylglucosamine at 3€¢  and Use Committee (IACUC) protocols 1210031 (Richard
with 5% CQ and the resulting opaque strain named CAY5202Bennett) and 1207022 (Robbert Creton). Water temperature in
To promote the opaque state, BACT1-WOR1plasmid Gi  tanks was maintained at 28 and sh were fed a combination
et al., 201Bwas transformed into RBY4975 to create RBY498Gf Gemma sh food, frozen brine shrimp, and freeze-dried
To construct strain CAY70711(/1 cphl/cphll /1 efgl/efgl bloodworms. Zebra sh were kept in mixed male and female
pPACT1-WORL1::FRT pEnol-dTomato::SATIAY6597 was rst  populations under a 14 h light/10 h dark cycle. Embryos were
transformed with pRB102 (a construct to deld#TLa) that collected from the tanks at the beginning of the light cycle
was linearized with Apal and Sacl, as describédoy and (“dawn”) and grown at a density of 50/dish in 10-cm petri
Bennett, 200p Transformants were selected by growth ondishes containing 60 ml egg water (deionized water with 6(Lmg
nourseothricin and veri ed by PCR. Th8AT1 ipper cassette Instant Ocean salts [United Pet Group Inc. Cincinnati, OH])
was removed as describeB€ul’ et al., 20Q4and the strain  and kept at 28C. To prevent microbial growth, egg water was
transformed withpACT1-WOR itransformants were selected on supplemented with 0.00003% methylene blue (Fisher, Fair Lawn,
nourseothricin. Colonies were veri ed by microscopy to eresu NJ) for the rst 24 h. Larval egg water was changed daily.
they were opaque, and by PCR to verify correct integratiomeft At the University of Maine, zebra sh were housed at the
construct. TheSAT 1ipper cassette was removed and a constructZebra sh Facility in a recirculating system with a ow rate of
containing the Bnor promoter, a codon-optimized dTomato 167 liters/min (Aquatic Habitats, Apopka, FL) on a 10/14-h
gene, the Fer terminator, and a NAT marker @Brothers dark/light cycle, respectively. Water was maintained at28nd
et al., 2013; Gratacap et al., 2ptansformed into the strain. mixed populations of males and females were kept in 3-liter
Transformants were selected by plating on nourseothricid antanks. Zebra sh care protocols and experiments were performed
screened for correct integration at tlENO1locus by PCR and in accordance with NIH guidelines under University of Maine

by uorescence. IACUC protocol A2012-11-03. Larvae were grown at a density
. ) of 150/dish in 150 mm petri dishes containing 150 ml of E3

Preparation of C. albicans Cells for (5mM sodium chloride, 0.174 mM potassium chloride, 0.33 mM

Microinjection calcium chloride, 0.332 mM magnesium sulfate, 2mM HEPES in

Zebra sh experiments were performed both at Brown UniversityNanopure waterpH D 7). For transgenic experiments the sh
and at the University of Maine. For experiments performedstrain used was Tg(mpegl:Gal4 UAS-nfsB-mcherry mpx:EGFP)
at Brown University,C. albicansstrains were grown overnight [72, 73] in which neutrophils express enhanced green uoresce
in SCD medium at 22C, washed three times with phosphate-protein and macrophages express mCherry red uorescent
bu ered saline (PBS), adjusted to a concentration of 11°  protein. E3 media was supplemented with 0.3 mg/L methylene
cells/ml, and stained with AlexaFluor-488 or 568 carboxgtid, blue for the rst 6 h to prevent microbial growth. Larvae were
succinimidyl ester (Invitrogen, Grand Island, NY) as prawdty  transferred to E3 containing 0.02 mg/ml of 1-phenyl-2-thiea
described \(Vheeler et al., 2008Brie y, 100 m of C. albicans (PTU) (Sigma-Aldrich, St. Louis, MO) to prevent pigmentation
cells were stained with 1.51 of 10 mg/ml AlexaFluor-488 and kept at 33C.
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TABLE 1 | Strain list.

Name Genotype MTL References
RBY717 MTLa/MTLa* (white) ala Bennett and Johnson,
2006
RBY731 MTLa/MTLa* (opaque) ala Bennett and Johnson,
2006

CAY4975 MTLa/MTLa pEnol-dTomato::SATT (white) ala This study

CAY4986 MTLa/MTLa pActl-WOR1::HYG pEnol-dTomato::SAT1 (opaque) ala This study

CAY5202 MTLa/MTLa pEnol-dTomato::SATT (opaque) ala This study

CAY715 L26 MTLa/MTLa (white) ala Lockhart et al., 1996

CAY6548 L26 MTLa/MTLa pACT1-WORL1::SAT1(opaque) ala This study

CAY713 12CMTLa/MTLa (white) ala Lockhart et al., 1996

CAY6814 12CMTLa/MTLa pActl-WOR1:SAT1(opaque) ala This study

CAY716 P37005MTLa/MTLa (white) ala Lockhart et al., 1996

CAY1477 P37005MTLa/MTLa (opaque) ala Linetal., 2011

CAY6597 MTLa/MTLa 1/1 cphl/cphl 1/1 efgl/efgl pEnol-dTomato::SAT1(white) ala This study

CAY3292 MTLa/MTLal ::FRT efgl::LEU2/efgl::HIS1 arg4::ARG4/arg4 leu2/leu2 hislitl pActl-WOR1::SATF¥ a/lla Sietal., 2013
(opaque)

CAY4384 MTLa/MTLal ::FRT efgl::LEU2/efgl::HISI/EFG1::HYG leu2/leu2 hisl/his1g4::ARG2/arg4 alla Sietal., 2013
pActl-WOR1::SATT (opaque)

CAY7071 MTLa/MTLal ::FRT1/1 cphl/cphl 1/1 efgl/efgl pActl-WOR1::FRT pEnol-dTomato::SAT1 alla This study
(opaque)

CAY1579 MTLa/MTLal ::FRT1/1 cphl/cphl 1/1 efgl/efgl pActl-WOR1::SAT1(opaque) alla This study

*strains also contain the genotype ura3::imm434/URA3 irol::imm434/IRO1.

Zebra sh Hindbrain Microinjections Z1 microscope equipped with the Vivatome system (Carl Zeiss
At Brown University, zebrash in the Prim25 stage 86 h  Microimaging, Thornwood, NJ) for selection of larvae contagm
post-fertilization) were manually dechorionated and ahesized 20-50 fungal cells in the hindbrain ventricle. Larvae were
in Tris-bu ered tricaine methane sulfonate (tricaine, 0% subsequently incubated at 33in E3 containing PTU.
(Western Chemical Inc., Ferndale, WA). Glass capillary sube
(World Precision Instruments, Inc. Sarasota, FL) were pulle Fluorescence Microscopy
and loaded with 10m of PBS or aC. albicansstrain at a For experiments done at Brown University, DIC and uorescent
concentration of 5 10 cells/ml using MicroFil syringe needles images were collected with a Zeiss Inverted Microscope (Axio
(World Precision Instruments, Inc., Sarasota, FL). Negdlere Observer. Z1) tted with an AxioCam HR. Images were
clipped to achieve a bolus size of 5-10nl, which was measurgtdocessed with AxioVision Rel. 4.8 (Zeiss, Germany) and Ithage
using a 0.01 mm calibration slide. Larvae were aligned on @onfocalimages were collected with a LSM 510 Meta at the Leduc
2% agarose dish and injected through the otic vesicle into thBiolmaging Facility at Brown University and processed using Zen
hindbrain ventricle using a Leitz Wetzlar micromanipulator software, ImageJ, and Adobe Photoshop.
and microinjection machine. Following injection, larvaeeng For experiments performed at the University of Maine, at
individually screened microscopically in glass bottom S98lw 4 h post-injection (HPI) larvae were anesthetized in Trigain
plates (Greiner Bio-One, Monroe, NC) to quantify the numberand immobilized in 0.5% low-melting-point agarose (Lonza)
of C. albicansinjected into the hindbrain using a Zeiss Axio in E3 containing Tricaine in a 96-well glass-bottom imaging
microscope. Larvae were divided into groups based on thdish (Greiner Bio-One, Monroe, NC). Confocal images
inoculum range, kept at 25, 30, or 33, and monitored daily for were acquired using an Olympus IX-81 inverted microscope
survival. Egg water was changed daily. with an FV-1000 laser scanning confocal system (Olympus).
At the University of Maine, injections were performed on The EGFP and dTomato uorescent proteins were detected
zebra sh at the Prim25 stage that were staged according toy laser/optical Iters with a 40x objective (NA 0.75) for
the method of Kimmel et al. (1995) Fish were manually excitation/emission at 488/505-525 nm and 543/560-620 nm,
dechorionated, anesthetized in Tris-bu ered tricaine matle  respectively. Images were collected and processed usingéhuovi
sulfonate (Tricaine; 200 mg/ml) (Western Chemicals, Inc.(Olympus) and Photoshop (Adobe Systems, Inc.). Images were
Frendale, WA), and 5 nl of C. albicanswhite or opaque cell manually analyzed with Fluoview to morphologically categeri
suspensions at 5 x 1@CFU/mI in 5% PVP was microinjected Candiddphagocyte interactions at the site of injection. EGFP-
through the otic vesicle into the hindbrain ventricle to &he expressing cells were scored as neutrophils, mCherry-expgess
a dose of 20-50 fungal cells at the site of injection. Within 1 cells were scored as macrophages, and non- uorescent
post-injection, larvae were screened using a Zeiss Axigbser phagocytic cells were scored as macrophages presumed to
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have a silenced UAS promoter due to mosaic transgenerationd&mentation. To convert ORgp at saturation to cells/ml, cell
silencing. After imaging, larvae were euthanized by Trieai concentration was determined using a hemocytometer.
overdose.

Puri cation of Human PMNs
Switching Assays This study was carried out in accordance with the
To measure the stability of opaque (RBY731 or CAY5202) anceccommendations of Rhode Island Hospital Institutional
WORZoverexpressing (CAY4986) cells at di erenttemperaturesReview Board (IRB 1-00000396 and RIH IRB 2 — 00004624 to
a single colony was inoculated into 5 ml SCD medium and growdR). All subjects gave written informed consent in accordance
overnight at 25, 30, or 3&. Each day, cultures were diluted with the Declaration of Helsinki. Blood was obtained from
1:100 into 5 ml fresh SCD medium. In addition, 100 CFU weréhealthy human volunteers and isolation of PMNs was performed
plated onto SCD and grown for 7 days at 22to determine the as describedRyrd et al., 2013 Brie y, blood was collected in
number of white and opaque colonies. 5 biological replicates weEDTA-containing Vacutainer tubes (BD Biosciences, San, Jose

performed for each strain at each temperature. CA) and used within 5 min of venipuncture. Histopaque-1077
] was used for initial cell separation followed by sedimenptati
Enumeration of Fungal Burdens through 3% dextran (400-500 kDa). Contaminating erythtesy

Individual zebra sh were placed in eppendorf tubes containingvere removed by hypotonic lysis, yielding a95% pure
250 m PBS supplemented with antibiotics [penicillin (500 neutrophil preparation with>90% viability by trypan dye
mg/ml), ampicillin (500 mg/ml), kanamycin (250mg/ml),  exclusion. Neutrophils were suspended in HBSS (without
doxycycline (125mg/ml), streptomycin (250mg/ml), and C&C/Mg?®) and placed on ice until use.

chloramphenicol (125mg/ml)]. Fish were homogenized using

a sample pestle with a Micro Grinder (Research ProductiSolation of Bone Marrow Derived

International Corp.). Serial dilutions were made in PBSMacrophages (BMDM)

containing antibiotics and plated onto SCD medium. Platesewe BMDM were isolated as previously describédipry et al., 201

incubated at 22C for 7 days prior to counting. Brie y, tibia and femur bones from 6 to 8 week-old C57BL/6J
. . . mice were collected in ice cold PBS. Bones were sterilizéd wi
Assessment of Dissemination 70% ethanol and ushed with a 25-G needle using cold DMEM

To determine the degree of dissemination, larvae were tetec supplemented with 10% FCS, 10% L929 conditioned medium
with 21-50C. albicanscells, and kept at 25, 30, or 33. At (| cM), and 1% penicillin-streptomycin. Cells were seeded onto
2 days post-infection, sh were euthanized and heads werg.\ell plates (Nunc) at a concentration ofl€ells per well and
separated from the rest of the body/tail. Each segment (heagcybated at 37C with 5% CQ. After 4 days, complete medium
and body/tail) was homogenized in PBS supplemented witlyas added and cells were split at a ratio of 1:2. After 8 days,
antibiotics [penicillin (500 mg/ml), ampicillin (500 mg/ml), macrophages were fully di erentiated.

kanamycin (250ng/ml), doxycycline (12%5ng/ml), streptomycin

(250mg/ml), and chloramphenicol (128g/ml)] using a sample Cell Lines

pestle with a Micro Grinder (Research Products Internationab. melanogastes2 cells were cultured at 22—28in Schneider's
Corp.). Serial dilutions of each body segment were made in PBfedium (Invitrogen, Carlsbad, California) supplemented with
containing antibiotics and plated onto SCD plates. Platesswer10o heat inactivated fetal bovine serum (FBS), penicilti, a

incubated at 25C for 7 days prior to counting. streptomycin (pen/strep) (0.1 mg/mL, 100 U/mIN. musculus

. . . RAW 264.7 cells were cultured in DMEM (Corning, Manassas,
Assessment of Filamentation by Fish VA) supplemented with 10% heat inactivated FBS, 0.002 M L-
Crushing glutamine, and pen/strep (0.1 mg/mL, 100 U/mL), and grown at

To assess lamentation, larvae were infected with 21-587 C, 5% CQ.

C. albicanscells and kept at 25, 30, or 33. At the indicated

time point post-infection, sh were crushed between a glaistesl Phagocytosis Assays

and coverslip as previously describétdthers et al., 20)Jand  Phagocytosis assays were performed similarly to those mgyio

screened microscopically for lamentous fungi. described I(ohse and Johnson, 200&vith a few modi cations.
For assays using S2 cells, cells were seeded in a tissues cultur
Growth Curves treated 96-well plate at a density of 0.51CP cells/well and

5 ml overnight C. albicanscultures were grown at 2& in  grown overnight at 22—-2&. Overnight cultures of. albicans
SCD, washed twice in #0 and inoculated into 96-well plates were diluted 1:50 and grown for 3 h at Z5. These cultures

at an ODypp of 0.1 in 200m of YPD, SCD, or RPMI. Plates were washed three times with PBS, resuspended in cell culture
were incubated at 25, 30, or 33 in a Biotek Synergy HT medium at a concentration of 4 1Cf cells/ml, and 100r of
plate reader for 24 h. Oy measurements were made at 15fungal cells were co-cultured with S2 cells for 1 h at@8S2

min intervals. Data was analyzed using a previously publishecklls andC. albicanswere then transferred to a Con-A-coated
Matlab script @bbey et al., 20)1and t to a polynomial glass bottom 96-well plate (Greiner Bio-One, Monroe, NC) and
curve. Each well was examined microscopically after theyassmcubated an additional hour. For phagocytosis assays using
reached completion and analyzed for cellular phenotype anBRAWs and BMDMs, cells were seeded in glass bottom 96-well
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plates (Greiner Bio-One) at a density of 11 cells/well and plots. Statistical signi cance was de ned as e ects withalues
grown overnight at 37C with 5% CQ. The next day, supernatant less than or equalto 0.05< 0.05, p< 0.01, p< 0.001,and
was removed, cells were washed 1-2 times with PBS, and 150 p< 0.0001. Analyses were performed using GraphPad Prism
ml fresh cell culture media was added. Overnight culture€of and SPSS version 15.
albicanswere diluted 1:50 and grown for 3 h at 5. These
cultures were washed three times with PBS, resuspendedlin cel
culture media at a concentration of 4 1 cells/ml, and 10on RESULTS
of fungal cells were co-cultured with RAWs or BMDM s for 1 h at . .
37 C, 5% CQ. For phagocytosis assays using human neutrophiIsC' alblpans White ?‘nd Ope}que Cells
glass bottom 96-well plates (Greiner Bio-One) were coatéid wi Establish a Systemic Infection in the
10 mg/ml human bronectin in TBS, pH 9, overnight at €. Zebra sh Model
The following day, wells were washed twice with PBS and humaho compare the properties @. albicansvhite and opaque cells
neutrophils were seeded onto each well at a density of @  we used the zebra sh hindbrain model of infectioBrpthers
cells/well in L15 media containing 18 M fMLP and 2 mM et al., 2011; Brothers and Wheeler, 20Mild type larvae were
MnZ2C. Overnight cultures o€. albicangliluted 1:50 and grown injected with AlexaFluor-488 labeld@l albicansells expressing
for 3 hat25C. These cultures were washed three times with PB&, dTomato reporter (sedable 1). The AlexaFluor-488 signal
resuspended in cell culture medium at a concentration of #°  was used to identif. albicangells immediately after infection
cells/ml, and 100n of fungal cells were added to each well andand dTomato expression used for subsequent identi cation of
co-incubated with PMNs for 30 min at 3T, 5% CQ. C. albicanscells during long-term infections. Unless stated
After co-incubation ofimmune cells wit€@andidg mediawas otherwise, experiments were performed with white and opaque
removed and wells were air dried for 2 min. Cells were xeda/a cells derived from SC5314, the standard laboratory str&in o
with 1% formaldehyde for 5 min, washed, and blocked withC. albicans
5% FBS in PBS for 1 h. During this time, a primary a@ti- The stability of white and opaque cells was compaied
albicansantibody (Biodesign International, Saco, ME) was previtro and in vivo at three di erent temperatures: 25, 30, and
blocked in 5% FBS in PBS at a 1:1000. Blocking solution w&8 C (the latter being the upper limit for zebra sh experiments).
removed and the primary antibody was added and incubatedhe stability of opaque cells has previously been shown to
overnight at 4C. Wells were washed twice with PBS for 5 min.be temperature sensitive; culture of opaque cells atC34
A secondary antibody (FITC-conjugated donkey-anti-rabgG  (or higher) led to switchingen masseto the white state
(HCL)) (Jackson Laboratories, Bar Harbor, ME) was then adde(Slutsky et al., 1987; Rikkerink et al., 18&/e also observed
(1:2000 in 5% FBS in PBS) and incubated for 2 h atC25 instability of opaque cells at elevated temperatuiresvitro.
Wells were washed twice with PBS for 5 min each and Hoech8paque cells were stably maintained during culture in SCD
stain (Invitrogen, Eugene, Oregon) was added to each wethedium at 25 or 30C (Figures 1A,B. At 33 C, however,
(2:2000 dilution of 10 mg/ml in PBS) for 30 min. Hoechsthigh levels of opaque-to-white switching were observed, so
stain was removed and 5fl of uoromount (Southern Biotech, that after 2 days 67% of cells had switched to the white
Birmingham, AL) added to each well. state, and by 5 days 98% of cells were in the white state
Wells were examined microscopically and the percenfFigures 1A,B. In contrast toin vitro experiments, opaque
phagocytosis and phagocytic index (Pl) were determinedells were stablen vivo at all three temperatures. Thus,5%
as described Lohse and Johnson, 2008Each experimental of opaque cells had switched to the white state after 4 days
condition was tested in duplicate or triplicate wells and patce of infection at 25, 30, or 3¥ (Figures 1A,B. Furthermore,
phagocytosis and phagocytic index were calculated for at2easthe majority of opaque cells were stable even out to 7
sets of 100 macrophage cells from each well. Each experiment veiys post-inoculation, regardless of temperature (Figumk).S1

performed at least 3 times. These results show that opaque cells are signi cantly more
o stable in the zebrash host than during standaid vitro
Statistics culture conditions. Thus,n vivo conditions are permissive

Di erences in outcomes between strains were evaluated usirffgr stable propagation of opaque cells during disseminated
Student's t-tests for two group comparisons, and one-waycandidiasis.

and two-factor repeated measuresiOvA appropriately for To help ensure that cells stably maintained the opaque
more complex designs. In the presence of signi cant e ectsstate, strains were constructed in whiG'OR21, the master
pairwise comparisons were made using Tukey's HSD multipleegulator of the opaque statel(ang et al., 2006; Srikantha et al.,
comparisons procedure in the case of the one-wayova, 2006; Zordan et al., 2006, 2Q0pWas constitutively expressed.
and Bonferroni adjusted Fisher's LSD tests in the case @ompared to control opaque cellsfWORLoverexpressing
the two-factor repeated measuresNOvA. Dierences in  (WOR1OE) cells displayed signi cantly increased stability after
survival times were evaluated using Kaplan Meier Produdn vitro passaging at 30 or 3@ (Figure S1B). Furthermore, when
Moment Survival Analysis with Log Rank tests to evaluat®/OR1OE cells were used in zebra sh experiments, 100% of
signi cance. Multivariate survival analysis was performeihg recovered cells retained the opaque state after 7 daysioriect
Cox Proportionate Hazards models. The proportionate hazardat 25, 30, or 33C (Table S1). These results again indicate that
assumption was tested by visual inspection of cumulativeigairv  opaque cells are more stably maintainedvivo than in vitro,
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FIGURE 1 | Stability of opaque cells invitro and in vivo. (A) Opaque cells
(CAY5202) were culturedn vitro (top panel) or in zebra sh larvaen vivo
(bottom panel) at the indicated temperatures. For thén vitro experiment,
cultures were grown in SCD medium at the indicated temperate, and diluted
back daily into fresh SCD medium. Each day, 100 cells were plated onto
SCD and the fraction of white and opaque colonies was determied. Shown
are the mean percentages of white and opaque colonies of 6 biogical
replicates at each time point for each temperature. Foin vivo experiments,
larvae were infected with 5-50 CFU of one of six different bliagical replicates
of CAY5202 and housed at 25, 30, or 33 C. At 1 and 4 days post-infection,
individual sh were homogenized and serial dilutions were pted onto SCD to
determine the fraction of white and opaque cells present. Stwn are the mean
percentages of white and opaque colonies at each time pointdr each
temperature  SD. ND, not determined; I, initial inoculum(B) Comparison of
the stability of opaque cellsin vitroand in vivoat 1 and 4 days. Shown are the
mean percentages of opaque cells SD. Data are a compilation of two
independent experiments using 6 biological replicates atach time point for
each temperature. Statistically signi cant differences wee determined using a
Students t-test. ***p < 0.001; ***p < 0.0001.

especially at 3¥ (see Table SFigures 1A,B. Due to their

201), whereas opaque cell lamentation has not been reported
in vivo.

We compared the ability of. albicansvhite and opaque cells
to undergo lamentation in zebra sh housed at 25, 30, and33
Interestingly, both white and opaque cells formed lamentatth
penetrated out of the head of some zebra sh larvae at 1-day
post-infection Figures 2G,H. White and opaque forms o€.
albicanswvere also both observed to display networks of laments
within the hindbrain of the sh (Figures 2l,Jand Movies S1,
S2). To establish that laments obseniedrivoinvolved opaque
cells, sh were homogenized and serial dilutions of homaes
were plated for single colonies. The overwhelming majority of
the plated colonies (98% for the sh shown inFigure 2J
were opaque colonies, con rming that opaque cells, as well
as white cells, undergo lamentation in a vertebrate model of
infection.

Differences in Virulence between
C. albicans White and Opaque Cells are

Temperature Dependent

White cells were more virulent than opaque cells when compared
in a murine model of systemic infectiorK¢aal et al., 1997To
assess the virulence of these cell types in the zebra sh model,
larvae were infected with white or opaque cells, inoculums
determined by microscopy, and infected sh separated into
inoculum ranges (e.g., 10-20, 21-50, and 51-100). Expesment
were performed at 25, 30, and ¥3(see Methods).

When infected sh were kept at 2&, little mortality was
observed at low inoculums (10-20 cells) regardless of cell
state Figure 3A). At higher inoculums (21-50 or 51-100 cells)
signi cant mortality was observed for cells in both phenotypic
states vs. mock-treated control§igure 3A). Infection with
opaque cells showed higher rates of killing than white cells
at 25C, although the dierence was not signi cant. When

increased stability\WOR1 OE strains were used for infections infections were performed at 30 or 33, white cells were

with opaque cells, unless stated otherwise.

signi cantly more virulent than opaque cells over a range

Following inoculation, both white and opaque forms of Of inocula Eigure 3A). For example, using an inoculum of
C. albicanswere detected in the hindbrain of the sh using 21-50 cells at 3C, white cells resulted in death of 50%

the AlexaFluor-488 signalF{gures 2A-D. By day one post-
infection, white and opaque cells were found disseminatirigpé

of the larvae by day 4, whereas opaque cells did not cause
50% lethality even after 8 days of infectidfigure 3A). These

tail of the sh by monitoring expression of the dTomato reparte Fesults establish thaf. albicanswhite cells are more virulent
(Figures 2E, . Thus, both phenotypic forms are able to establisfhan opaque cells at elevated temperatures (30 andC)33

a systemic infection in the zebra sh model.

Both White and Opaque Phenotypic States

Undergo Filamentation In vivo
C. albicanswhite and opaque cells undergo lamentatidn

whereas the virulence of the two cell types is similar at antbien
temperature (25C).

We also compared the relative virulence @f albicanscells
across the three temperatures and observed that the virulence
of both phenotypic states increased with increasing tempegatu
Thus, the median survival time with an inoculation of 21-50

vitro in response to distinct environmental signals. White cellopaque cells was 11 days at @58 days at 3@, and 7 days
lament in response to cues such as serum and high temperatui@ 33 C (Figure 3B). However, in the case of white cells, this
(37 C), whereas opaque cells show optimal lamentation atrend was even more marked; inoculation with the same number
ambient temperatures (2&) in low-phosphate or sorbitol media of white cells resulted in a median survival time of 11 days at
(Si et al.,, 2013 Filamentation of white cells has also been25 C, 4 days at 3CC, and 3 days at 3. These experiments
observed during oral and systemic infections of a mammaliaestablish thatC. albicansvirulence increases with temperature,
host Saville et al., 2003; Sudbery, 2011; Staab et al.),201and that this trend is sharper for white cells than for opaque

and in the zebrash model of infection Bfothers et al.,

cells.
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Site of infection (hindbrain) Dissemination to tail Filamentation

FIGURE 2 | Both white and opaque phenotypic states of C. albicans infect, disseminate, and are induced to undergo lamentation in vivo . (A) Hindbrain
of wild type zebra sh in the infected with 8C. albicanswhite cells (CAY4975) pre-stained with AlexaFluor-488 (seMethods) at 30 min post-injection. Magni cation,
10 ; scale bar, 50 mm. White box indicatesC. albicanscells in the hindbrain and this area is shown at higher magniation in (C). (B) Hindbrain of wild type zebra sh
infected with 12 C. albicansopaque cells (CAY4986) pre-stained with AlexaFluor-488 €& Methods) at 30 min post-infection. Magni cation, 10 ; scale bar, 50 mm.
White box indicatesC. albicanscells present in the hindbrain shown at higher magni cationni (D). (C) Higher magni cation of white box in(A). Magni cation, 40 ;
scale bar, 20nm. (D) Higher magni cation of white box in(B). Magni cation, 40 ; scale bar, 20 mm. (E) Wild type zebra sh were infected with>200 C. albicans
white cells expressing a dTomato reporter (CAY4975) and ket 25 C. Shown are C. albicanscells that have disseminated to the tail (see arrows) at 2 day
post-infection. Magni cation, 10 . Scale bar, 200 mm. (F) Wild type zebra sh were infected with 50 opaqueC. albicanscells expressing dTomato (CAY4986) and
kept at 25 C. Shown areC. albicanscells that have disseminated to the tail (see arrows) at 1 dgyost-infection. Magni cation, 10 ; scale bar, 200mm. (G) 10
image of wild type zebra sh infected with 25C. albicanswhite cells expressing a dTomato reporter (CAY4975) at 9 daypost-infection. Arrows indicate fungal
laments penetrating out of the sh's head. Scale bar, 200mm. (H) 10 image of wild type zebra sh infected with 100C. albicansopaque cells expressing a dTomato
reporter (CAY4986) and stained with AlexaFluor-488 at 5 daypost-infection. Arrow indicates lamentation out of the shs head. Scale bar, 200mm. (1) Confocal
microscopy of zebra sh infected with C. albicanswhite cells (CAY4975) expressing a dTomato reporter at 1 dagost-infection and exhibiting lamentation.

Magni cation, 20 . (J) Confocal microscopy of zebra sh infected withC. albicansopaque cells expressing a dTomato reporter (CAY4986) at 1 dapost-infection and
exhibiting lamentation. Magni cation, 20 .
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FIGURE 3 | White cells are more virulent than opaque cells at hi  gher temperatures. (A) Wild type zebra sh larvae were infected withC. albicanswhite cells
(CAY4975), opaque cells (CAY4986), or mock infected. Embog were kept at the indicated temperature after infection ath monitored daily for survival. Data are a
compilation of 11, 8, and 7 independent experiments for 25, 8, and 33 C, respectively.N D 14-235 sh/group for each inoculation interval. Statisticdy signi cant
differences were determined using a Log rank (Mantel-Coxgst. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001. (B) Median survival (time to 50% survival or
endpoint of experiment) was compared for sh infected with tle indicated inoculums ofC. albicanswhite or opaque cells housed at 25, 30, and 33C.
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Differences in Fungal Burden and Given that white and opaque cells disseminate from the
Dissemination do not Account for hindbrain in the larval infection model, we assessed wirethe
Virulence Differences between White and di erences in dissemination could contribute to dierences

in virulence. Fish were infected with 21-38D. albicanscells
Qpaqug Cells ) ) and at 2 days post-infection sh were euthanized and their
Since dierences in fungal burdens could contribute t0peaqs removed from the rest of the body/tail. The head and
di erences in virulence, we assessed fungal burdens in sl,qyail segments were homogenized and plated for CFUs and
infected with 21-50 white or opaque cells and housed aC30 for colony morphology to determine cell state. Approximately
following inoculation. Fish were homogenized at di erent®  paif of the sh containedC. albicanscells in the bodyi/tail
points post-inoculation and the number of colony-forming tsi segments, indicative of disseminatidfigure 4C). However, no
(CFUs) per sh was determined. At 1, 2, and 5 days postgj erence was seen in the degree of dissemination betweetewhi
infection, we observed similar fungal burdens with both tehi and opaque cells in experiments at 25, 30, orG@3We also
and opaque cells§gure 4A). For example, at 1 or 2 days post- assessed the fraction @f. albicanscells that disseminated to
infection live sh contained 2000 CFUs, and this declined by the body/tail and, while it was variable between sh, thererev
day 5 to an average of less than 900 CFUs perFspure 4A). C.  ng signi cant di erences between white or opaque cells at any
albicansCFU levels were also seen to decrease over the coursegpfihe temperatures testedFiure 4D). Interestingly, whereas

a zebra sh infection byBrothers et al. (2011We next assessed white and opaque cells generally maintained their phenotype
fungal CFUs in sh housed at dierent temperatures. At 2 after dissemination, we did observe a signi cantly elegtdével
days post-infection, fungal burdens were similar betweeitexvh ( 18%,p < 0.01) of white-to-opaque switching in the tails of
and opague-infected sh whether experiments were performedsh kept at 25 C (Figure 4B, perhaps indicating that this niche
at 25, 30, or 3X (Figure 4B). These results indicate that promotes switching to the opaque state. In general, howewer, w
di erences in virulence between white and opaque cells areonclude that the dierences in virulence between white and
not simply due to dierences in fungal burdens by the two opaque cells are not due to di erences in dissemination by the
cell types. two cell types.
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FIGURE 4 | Fungal burden and degree of dissemination is similar in zebra sh infected with white or opaque cells. For these experiments zebra sh were
injected with 21-50C. albicanswhite cells (W) or opaque cells (O) (strains CAY4975 and CAY86, respectively). Data are a compilation of nine individl
experiments. (A) Fish were housed at 30 C and homogenized at 1, 2, or 5 days post-infection (DPI). Furaj burdens were determined by plating for colony forming
units (CFUs). Each dot represents an individual sh and showare the mean CFUs SEM. A Studentst-test was performed and no signi cant differences were
present between white- and opaque-infected sh.(B) White- and opaque-infected zebra sh were housed at 25, 30, or33 C. At 2 days post-infection sh were
euthanized and heads were dissected from bodies/tails. Seal dilutions of each segment were separately plated for CFU®lotted are the mean CFU per sh (head
and body/tail segments combined) SEM. (C) To determine the degree ofC. albicans (Ca) dissemination, white- and opaque-infected zebra sh were athanized and
sh dissected into two segments (head and body/tail). Serial dutions of both segments were plated for CFUs, and if cells @re present in the body/tail then sh were
scored as exhibiting dissemination. Error bars represent[3. (D) White- and opaque-infected zebra sh were analyzed at 2 days pst-infection at each of the three
indicated temperatures. Fish were euthanized and heads werdissected from bodies/tails. Serial dilutions of these segents were plated for CFUs and the
percentage of C. albicanscells that had disseminated into the body/tail compared to tht present in the head segment. Plotted are the mean percentges of
disseminatedC. albicanscells  SD. (E) Two days post-infection sh were euthanized and heads were disected from bodies/tails. Serial dilutions of each segment
were plated to determine the phenotypic state of each cell. flose that had switched from the parental white (W) or opaqueQ) state to the opposite phenotypic state
are shown for both head and body/tail segments. Data is the mea SD.*p < 0.01.
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Comparative Analysis of Filamentation and addition to any lamentous cells. Representative images for

Growth Rates in White and Opaque Cells infection with each cell type and at dierent time points
The ability to transition between yeast and hyphal formsar€ shown inFigure 5B These data establish that white
is closely linked to virulence inC. albicanswhite cells Cells undergo lamentation more readily than opaque cells
(Sudbery, 2071 We therefore examined whether di erencesduring zebra sh infection, and this could be one factor
in lamentation may account for virulence di erences betwee contributing to the increased virulence of white cells at kigh
white and opaque cells. To do this, sh were infected withtemperatures.

21-50 C. albicanscells and at 1, 2, and 3 days post- 10 further examine the properties of white/opaque cells that
infection sh were examined microscopically for the presencénay impact virulence, we compared the growth rates of the
of lamentous cells (sedlethods). At one day post-infection, two cell types undein vitro culture conditions. Doubling time
60-94% of sh infected with white cells (at 25, 30, or @3 and cell concentration at saturation were assessed at ditere
showed evidence of lamentationFi{gures 5A,B. Filaments temperatures and for cells grown in YPD, SCD, or RPMI media.
were also present in sh infected with opaque cells at alAt the completion of each assay, cells were also examined for
three temperatures. However, only 23-47% of sh infectedhwit phenotypic state and lamentation. We found that 100% of
opaque cells showed evidence of lamentation, signi cantlywhite cells and>95% of opaque cells retained their phenotypic
less than that of sh infected with white cell§igures 5A,B.  state throughout the course of these assays. In generale whi
Filamentation increased with temperature for sh infectedtw cells grew as fast, if not faster, than opaque cells under each
both white and opaque cells. At 25, 60% of white cell- of thein vitro conditions tested, and also reached a higher cell
infected sh and 23% of opaque-cell infected sh containeddensity at saturationRigure 50). In both RPMI and SCD media,
lamentous cells, whereas at 33, 94% of white cell-infected white cells also grew faster at the elevated temperatures (30
sh and 47% of opaque cell-infected sh showed lamentationand 33 C) than at 25C, whereas opaque cells did not show a
(Figures 5A,B. At 2 and 3 days post-infection, sh infected with clear trend with changes in temperature. Filamentation wais n
white cells continued to show signi cantly more lamentatio observed when white or opaque cells were grown in SCD or
than those infected with opaque cell§igures 5A,B. We  YPD media at any of the temperatures tested. In contrast,avhit
note that in all sh examined yeast cells were present ircells grownin RPMI medium exhibited lamentation and opaque
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FIGURE 5 | Comparative analysis of lamentation and growth rat es in white and opaque C. albicans cells. (A) Zebra sh larvae were infected with 21-50
AlexaFluor-568 stainedC. albicanswhite (W) or opaque (O) cells expressing dTomato and housed ¢he indicated temperature after infection. At 1, 2, and 3 dgs
post-infection (DPI) live sh were crushed (see Methods) andssessed for the presence of laments microscopically. “n” idicates the number of sh examined for
each experiment. Shown are the mean percentages of sh contaiing lamentous C. albicanscells SD.*p < 0.05; **p < 0.01; ***p < 0.0001. Data are a
compilation of ve independent experiments.(B) Representative microscopic images of the sh assessed irfA). Arrows indicate laments/hyphae. Magni cation,

40 ; scale bar, 20mm. (C) C. albicanswhite (CAY4975) and opaque (CAY4986) cells were grown in 9%ell plates in YPD, SCD, or RPMI media at 25, 30, or 33.
Cell growth was analyzed using a Biotek Synergy HT plate read for 24 h. OD5gg was measured at 15 min intervals. Data were analyzed using a@viously described
Matlab script. Shown are the average Logg cells/ml at saturation SD for white and opaque cells at the designated temperatureData is representative of 3—4
biological replicates each done in triplicate. Statistidly signi cant differences were determined by two-way ANOVAnd Sidak's Multiple Comparisons test*p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001.
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cells formed chains of cells in this medium, and both of these

phenotypes were strongest at elevated temperatures (see Figur A Opaque Cell Virulence B White vs Opaque Cell Virulence
52)_ : ggfajt;ﬁeef © omiscont - White defg1/Aefg1 Acph1/Acph1
This data indicates that white cells are generally tter thar = eigiaeigr —OPSRS SSGRESE SSpristpt

opaque cells under several standard/itro culture conditions. Toor ST T EFCT -y
The faster growth rates of white cells at higher temperatures § ¥ 33 :
may contribute to the increased virulence of these cell types :;,% 50 ; j:| :;§ 50 :I
our zebra sh assays. However, growth rates alone cannoaexpl ® )
the higher virulence of white cells over opaque cells, given t % : 4 & & %3 4 & &
similar CFU numbers are obtained with the two cell types in _ 100, _ 100
infection (Figure 4B). S ‘%il_‘—, S$ j:_E{:Ll:l
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The yeast-to-hyphal switch is an established virulenceofact ‘S§, 50 D ‘5,,% 50 }
in C. albicansat least for cells in the white stat&dbery, T T
201). The role of lamentation was previously examined in b T S R S %32 a1 &
the zebra sh model, and white cells that were unable to forn DPI DPI

hyphal laments found to be defective in VIrUIenCBmtherS, FIGURE 6 | Virulence is reduced in lamentation-de cient whi te and
et al., 201 We therefore evaluated whether lamentation opaque cells. Zebra sh larvae were infected with the indicated number of
contributes to the virulence of opaque cells in zebra sb. C. albicanscells and kept at 30 C. (A) shows survival data comparing
albicansstrains were constructed that were lackiBgGland infection with different opaque strains. CAY4986 (contrabpaque), CAY1579
CPH1genes, resulting in strains that are unable to form hyphal g’ﬁ?jgzjggal’ti?iflfgh;’ 11°ghE1;'G C])A\((:)Zgjrﬁongsf;ee\f,?rt’ésgléf ‘;“d
cells Brothers et "_il" 2011; Sietal., 2})]&3/6 asse_sse_d whether Whitelefgl/r:)L ngllcghlll cgphl strain (CAY6597p) with that of the equivalent
opaque cells lackingFG1/CPHXormed lamentsin vivo; sh opaque strain (CAY1579). Note that the survival curves fohé CAY1579 strain
were housed at 25, 30, or 33 and after 1, 2, or 3 days | are the same for both(A,B). 8-37 sh were infected for each group in each
of infection sh were sacri ced and assessed microscopy'call inoculum range. Data are pooled from 7 individual experimés. Statistically
for the presence of laments (see Materials and Methods). Np 9" cant differences were determined by Log rank testp < 0.05; ™% <
laments were observed in any of the infected sh (see Figb®g, 001 < 0.0001.
demonstrating that this strain does not undergo lamentatio
in vivo. . . .
We next infected zebrash withC. albicanswhite or C. albicans White Cells Are Preferentially
opaque cells over a range of inocula and monitored shPhagocytosed by Innate Immune Cells
daily for survival at 30C. Infection with opaque cells lacking Compared to Opaque Cells
EFGICPH1resulted in signi cantly less killing than wildtype Dierences in virulence between white and opaque cells may
opaque cells at each of the inocula testé&dg(re 6A). For be due, at least in part, to di erential interactions with host
example, using an inoculum of 21-50 cells, more than 50%nmune cells. Previous studies showed that the two cell state
of the larvae were killed by wildtype opaque cells by day Snteract di erentially with several immune cell types and that
whereas only 23% of the larvae succumbed to infection witthese interactions are dependent on the environment (el., 2
the mutant strain after 8 days of infection. We also compareds. 3D) in which the experiments were performetb(otila and
the virulence of these strains with aefgl/efglmutant and Diamond, 1990; Geiger et al., 2004; Lohse and Johnson, 2008;
an EFGXcomplemented version of this strain. Thefgl/efgl Sasse etal., 2013
mutant was signi cantly more virulent than thesfgl/efgl We rst re-examined the dierences between white and
cphl/cphldouble mutant when using an inoculum of 21-50 opaque cells in theiin vitro interactions with both macrophages
or 101-150 cellsHigure 6A). Together, these data indicate that and neutrophils. White and opaque cells were co-incubated with
CPH1and EFG1lincrease the virulence df. albicansopaque three di erent macrophage cell typeBosophileS2 cells, murine
cells. RAW264.7 cells, and primary mouse bone marrow derived
We also compared the virulence afgl/efgl cphl/cphl macrophages (BMDMSs)), as well as human neutrophils (PMNSs),
mutants between white and opaque cells. In two inoculumand phagocytosis frequencies were determined by microscopy.
ranges (21-50 and 101-150 cells) the opaque mutant wé&sr this analysisC. albicangells expressing a dTomato reporter
signi cantly less virulent than the white mutantF{gure 6B).  were used and non-phagocytosed cells were detected by stainin
This provides further evidence that dierences in virulencewith an anti-Candidaantibody that did not penetrate immune
between white and opaque cells cannot simply be due teoells (see Methods). Using this approach, internaliZedlbicans
di erences in the ability of these cells to undergo lamentati cells appear red, while those that are not phagocytosed are
in vivo. both green and redRigure 7). Phagocytosis was determined
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after a 30 min co-incubation with PMNs, a 1 h co-incubation had phagocytosed white vs. opaque cells, the total numbeér of
with RAW and BMDM cells, or a 2 h co-incubation with S2 albicanscells that had been phagocytosed by each immune cell
cells. We note that white and opaque cells generally remaindgipe was examined to de ne the phagocytic index (PI). This value
in the yeast state, although a minority of white cells began tincorporates both di erences in the number of immune cells that
lament by the end of the assays, especially when performechad taken up at least or@. albicangell and the average number
at37C. of C. albicangells phagocytosed per immune cell, and may more
Using these assays, each immune cell type preferentiatigcurately re ect di erences in the e ciency of phagocytosis
phagocytosedC. albicanswhite cells over opaque cells. The(Lohse and Johnson, 2008he Pl was also signi cantly higher
percent of immune cells that had phagocytosed white cells wdsr white cells than opaque cells with each immune cell type
25, 43, 53, and 47% using S2, RAW, BMDM, and PMN cellgFigure 7).
respectively, whereas the percent of the same immune cells Together, these results establish that both macrophages and
that had phagocytosed opaque cells was only 3, 9, 17, and 78éutrophils preferentially phagocytose. albicanswhite cells
respectively Kigure 7). This demonstrated that white cells are over opaque cell$n vitro. For S2 and RAW cells our data
preferentially phagocytosed over opaque cells by 8-, 5-, 8, arcorroborate that of Lohse and Johnsohofise and Johnson,
7-fold for S2, RAW, BMDM, and PMN cells, respectively. In2009, while Sasse et al. also observed that human neutrophils
addition to di erences in the percentages of immune cells thapreferentially phagocytose white cells over opaque cells, at

FIGURE 7 | C. albicans white cells are phagocytosed more ef ciently than opaque cel Is by macrophages in vitro . The indicated immune cell type was
incubated with C. albicanswhite (CAY4975) or opaque (CAY4986) cells for 30 min to 2 h (seMethods) at 28 C (S2 cells) or 37 C (RAWs, BMDMs, and PMNs) and
imaged by uorescence microscopy. Blue (Hoechst) stainingapresents macrophage nuclei, internalize. albicansappear red (dTomato label), and extracellulat.
albicans are stained both green (using an ant. albicansantibody) and red. Arrows point to phagocytosed cells. The prcent phagocytosis (total number of
macrophages that have phagocytosed 1 C. albicanscell divided by the total number of macrophages scored) and pagocytic index (PI) (total number o€. albicans
cells phagocytosed divided by the total macrophages scorefiwere quanti ed for both white (W) and opaque (O) cells. Data represented as the mean SD and
each dot represents a single biological replicate that wasssayed in triplicate. At least 100 macrophages were quanti d per assay. A Student'st-test was performed
to determine statistically signi cant differences betweerthe two groups. *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001. Arrows represent internalized

C. albicans Scale bars, 20mm.
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least when analyzed on a glass slide or in the wells of glasefection. Zebra sh larvae can be maintained at a wide raofje
bottom plates fasse et al.,, 2013We established that the temperatures, enabling us to determine the e ect of tempematur
preferential phagocytosis was not speci ¢ to strain backgohun on virulence in a vertebrate host. They are also transparent, s
as macrophages and neutrophils also preferentially phagodytostihatimmune cell recruitment, as well & albicanslissemination
white cells over opaque cells from oth&. albicansstrain and lamentation, can be examined non-invasively. We show
backgrounds (Figures S4A,B). This data establishes thiippleu  that both white and opaque cell types infect and disseminate
immune subtypes, fronDrosophilato mammals, preferentially within the zebra sh, ultimately resulting in death of the $io
phagocytoseC. albicanswhite cells over opaque cells when These results establish that opaque cells, as well as whitereells, a

co-culturedin vitro. capable of a systemic infection that kills the host. Interegyi,
the virulence of white and opaque cells was similar al2%ut
Immune Cells Differentially Phagocytose white cells were signi cantly more virulent than opaque cells

at higher temperatures (30 or 33), consistent with studies
ntpat compared the two cell types in a mouse tail vein model of
systemic candidiasig{aal et al., 19970ur results establish that
phagocytes fasse et al., 2013To assess the interaction of temperaFure plays a hlthertg unrecognized role in (_jetemly"nn_
the relative virulence of white and opaque cells. Di erences in

white and opaque cells with immune celts vivo, we utilized . . .

. . . -white and opague fungal burdens did not account for di erences
transgenic zebra sh containing EGFP-expressing neutrgphil. . A
and mCherry-expressing macrophages. We note that due in virulence, as CFUs were similar for both cell types at each

' ttemperature and throughout the course of the infection. Tikis

mosaic silencing of the UAS promoter, a §ubset of zebra Src‘;lespite the fact that white cells generally grew faster anchesh
macrophages do not express mChergy. albicanscells were a higher cell density than opaque cells when cultured under a
injected into the hindbrain (inoculum of 20-50 cells) andaged 9 y paq

at 4 h post-infection Kigure 84). These experiments assessea/arllr? gd(()jfiltri]o\;:ttrg t(;?rr]]dg:r(;rt]jr.e-de endent di erences in virulence
both the recruitment of immune cells to the hindbrain injémt P P

. . . . between white and opaque cells, we found that the virulence of
site and the number of internalize@. albicanscells. Overall, . . -
. L : . bothcell types increased as the temperature of the infection was
internalization of white cells was more e cient than opaquells,

as approximately 46% of white cells were found inside zebra sh‘?ISEd from 25 to 3. Thus, elevated temperatures enhance

phagocytes, whereas only 22% of opaque cells were intemalizqe virulence ofC. a|b|_can$e!ls independent .Of the phenqtyplc
(Figure 8B). Notably, the total number of fungal cells in the state. Many pathogenic fungi are thermally dimorphic, switgh

hindbrain ventricle (HBV) of infected sh was similar for Iio between yeast and lamentous forms when grown a.tllower g,
. S 25 C) or higher (37C) temperatures, and these transitions play a
white and opaque celld={gure 8A), indicating that the greater . . . :
containment of white cells was not simply due to di erences incentral role in promoting pathogenesis(mamoto and Vinces,
ply 2005; Sudbery, 2011; Gow et al., 2018 C. albicanswhite
the number of fungal cells.

. . . . cell lly grow in th t state at ambient temperatur
We next determined immune cell type-speci ¢ phagocytosi €S usually gro € yeast state at ambient temperatures

of white and opaque cells using the dual-reporter neutrophi ut are induced to undergo lamentation at 3¢ (Sudbery,

and macrophage zebrash line. Macrophages preferentiall O11; Shapiro et al., 20Ldn contrast,C. albicanopaque cells
rophage ' phages p . Exhibit optimal lamentation at 25C in vitro, and raising the
phagocytized white cells over opaque ceilts vivo, with

phagocytosis of 31.5% of white cells and 16.4% of opaqtﬁ%mperature reduces lamentous growtBi(et al., 2013 In the

cells, although this di erence was not signi canFigure 8C). zebra sh model, we found that both white and opaque cells

Neutrophils also preferentially phagocytized white ceIIsrove.umlerWent lamentation over the range of temperatures tested

o ; ; .._indicating thatin vivo signals induce lamentation in both cell
opaque cellsn vivo. Neutrophils phagocytized 11.3% of white .
types and at multiple temperatures. Notably, the percentage of
cells, whereas only 3.4% of opaque cells were taken up by t )8

. - . - with observable laments was signi cantly higher in sh
cell type p < 0.05,Figure 8D). The di erential phagocytosis of infected with white cells than those infected with opaquescell

white and opaque cells was not due to increased recruitmer?{ is therefore possible that increased lamentation coniik

of macrophages and neutrophils to the site of infection, ag . - . .
. : - 1o the increased virulence of white cells relative to opaquie ce
the number of uorescent phagocytes present in the hindbrain

ventricle was similar in sh infected with either cell type at higher temperatures. However, sh infected with white ell

(Figures 8E-G Movies S3, S4). Taken together, these da,[glso showed increased Iamentauo_n re_latlve to opaque_cells at
. - 5 C where there was no di erence in virulence, suggesting that
demonstrate thatC. albicansopaque cells escape immune

. . .~ enhanced lamentation alone cannot account for the elevated
containment in the vertebrate host more frequently than tehi . .
virulence of white cells compared to opaque cells at 30 0€33

cells. We discuss the potential consequences of dierential . } .

phagocytosis for virulence in the host below. Tempera'.[ure cquld impact virulence by se\{eral me<_:han|sms
other than induction of the yeast-hyphal switck. albicans
growth rates are in uenced by temperature, and both white and

DISCUSSION opaque cells generally exhibit faster growth rates at 30 o€ 33
than at 25C, at least under standaiid vitro conditions, which

In this study, we exploit zebra sh larvae as a model to studygould contribute to increased virulence at higher temperasur

C. albicanswhite and opaque cell states during am vivo  We note, however, that CFUs were similar when compared at

C. albicans White and Opaque Cells In vivo
Phagocytosis by immune cells is dependent on the environme
and in vitro assays may not re ecin vivo interactions with
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2 days between infections performed at di erent temperaturesigher temperatures increase albicansvirulence in zebra sh
(Figure 4B). Thermal signals also regulate the expression darvae, as hyper-in ammation could increase pathogenesis due
virulence genes in several species, such as bacteria #aiaddt to immunopathology (ionakis et al., 2012; Majer et al., 2p12
between a vector or environmental reservoir and a mammaliafruture experiments could address this hypothesis by using
host (Konkel and Tilly, 2000; Réjasse et al., 20BY analogy, chemical inhibitors of neutrophil recruitmentieng et al., 2013
virulence genes could similarly be expressed at higherdemel and evaluating how this alteiS. albicansvirulence at di erent

C. albicanscells grown at elevated temperatures. Alternativelytemperatures.

di erences inC. albicanwirulence could be due to temperature-  To further examine the role of lamentation in infectignve
dependent di erences in the host immune system. For examplejtilized C. albicans efdl/1 cphll /1 mutants that were unable

it was previously shown that lowering the temperature reduce® form hyphae under a wide range iof vitro conditions Gtoldt

the immune response in shle Morvan et al.,, 1998 It etal., 1997; Brown et al., 1999; Sharkey et al., 1999; Braln a
is therefore possible that stronger immune responses at th&hnson, 2000; Si et al., 201Brothers et al. previously showed

FIGURE 8 | C. albicans white cells are phagocytosed more ef ciently than opaque cel Is in vivo . AlexaFluor-647 stained white or opaque cells expressing
dTomato (CAY4975 and CAY4986, respectively) were micromgted into the hindbrain ventricle of transgenic sh that cotain EGFP-expressing neutrophils and
mCherry-expressing macrophages. Larvae were screened pdsnjection to identify those with 20-50C. albicanscells at the site of injection and subsequently imaged
4 h post-injection via confocal microscopy.(A) The number ofC. albicanscells present in the hindbrain ventricle (HBV) after micrgection (AlexaFluor 647-labeled
cells) and the number ofC. albicanscells present 4 h post-injection (cells displaying cytos@ dTomato uorescence) SD. (B) The percentage ofC. albicanscells
inside vs. outside phagocytes at the site of infection was daulated for each sh (see Methods). Shown are the average peentages of intracellular cells SEM.
Statistically signi cant differences were determined usigp a Student's T-test. *p < 0.05. (C) Mean percentages ofC. albicanscells present in zebra sh macrophages
at the site of infection (SOI) SD. Statistically signi cant differences determined using Student's T-test. ns, not signi cant. (D) Mean percentages ofC. albicanscells
present in neutrophils at the site of infection SD. Statistically signi cant differences determined usin@ Student's T-test. *p < 0.05. (E) Total number of phagocytes
(neutrophils, macrophages, and non- uorescent phagocyte$ recruited to the site of infection for each sh. Shown are mea numbers of phagocytes in the HBV per
sh  SD. (F) Breakdown of phagocyte subtypes with intracellulacC. albicanscells at the site of infection.(G) Confocal images of representative sh in white and
opaque cell cohorts. Maximum projections made from Z-stack with 39 slices and 23 slices for white and opaque cells, resgctively. Scale bar, 100mm. Data were
collected over 9 independent experiments with 14 and 22 indidual sh in the white and opaque cohorts, respectively.

Frontiers in Microbiology | www.frontiersin.org 14 May 2016 | Volume 7 | Article 780



Mallick et al. White and Opaque Statesln vivo

that efgll /1 cphll /1 cells in the white state were unable to phagocytosis could contribute to increased virulence byidgv
form true hyphae during infection of zebra sh larvaBrpthers a hyper-in ammatory response in the host. Studies in mice have
et al., 201). These mutants also exhibited reduced killing, aestablished that some arms of the innate immune responsé resu
well as reduced fungal burdens, compared to wildtype cells. lim immunopathology during systemic Candidiasis. Thus, loss o
this study we compared wildtype arefgll /1 cphIl /1 cells the chemokine receptor, Ccrl, or the type | interferon receptor
in both white and opaque states, and found that mutant cellsubunit, IFNAR1, have been shown to protect against fatal
were signi cantly reduced for virulence in both phenotypiatdgs. fungal disease in the mouskig¢nakis et al., 2012; Majer et al.,
This result indicates that the lamentation program (or germ-  2019. Future experiments will address whether the preferential
regulated with the lamentation program) promotes virulenice phagocytosis of white cells relative to opaque cells results in
both white and opaque cells. Interestingly, we found thattevhi increased or decreased pathogenesis in zebra sh.
efgll /1 cphll /1 mutants still exhibited greater virulence than  Di erential phagocytosis of white and opaque cells is likely
isogenic opaque mutants, again implying that factors othenth due to dierences in pathogen-associated molecular patterns
the formation of hyphae distinguish these cell typesivo. (PAMPs) associated with the two cell types. We note that
Our studies also addressed the stability of white and opaqudi erences were observed using phagocytes from diverse hosts
states during infection. Opaque cells have been shown to ®rosophila zebra sh, mouse, and human), even though these
highly temperature sensitive, often switching to the whitses organisms often utilize distinct pattern-recognition recefst
en massevhen grown at 37C in vitro or during systemic (PRRs). To date, the speci c PRRs on zebra sh macrophages and
candidiasis in the mouse tail vein modebl(itsky et al., 1987; neutrophils that recognize fungal cells have not been idexutj
Rikkerink et al., 1988; Srikantha and Soll, 1993; Kvaal €i39).  although both TLRs and NOD-like receptors are presern(
However, environmental cues can stabilize opaque cells &,37 der Vaart et al., 20)2 Fungal PAMPs that mediate uptake by
including N-acetylglucosamine, G@nd anaerobiasi©umitru  zebra sh phagocytes are likely to include cell wall ligandsissc
etal., 2007; Ramirez-Zavala et al., 2008; Huang et al.,200§,  mannan, glucan and chitin, which have been shown to mediate
and white-to-opaque switching was observed in one clinicahost-pathogen interactions in vertebrate specigan@ et al.,
isolate during passage through the mammalian intestinalttrac2014; Erwig and Gow, 20)L.6A detailed characterization of the
(Ramirez-Zavala et al., 200®ur experiments demonstrate that cell wall and secretomes of white and opaque cells could therefor
both white and opaque cell types are stably maintained duringrovide insights into the di erential recognition of these dveell
infection of zebra sh larvae, independent of the temperatate types by innate immune cells, as well as the contribution of these
which the experiment is performed. Thus, whereas opaque cellactors to virulence of the two cell statesGnalbicans
were unstable when cultured at 33in vitro, switching back

to the white stateen massethese cells were stably maintainedAUTHOR CONTRIBUTIONS
during infections performed at 3%, even out to 7 days post-

infection (Figure 1and Figure S1). This surprising result reveaIsEM’ RB, RW, and AB made substantial contributions to the
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