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Abstract 

The fungal organism Candida albicans is a nearly ubiquitous commensal 

inhabitant of the human body.  However, in susceptible individuals it can establish 

mucosal infections as well as life-threatening systemic infection.  We are investigating a 

key contributor to C. albicans’ pathogenesis: its ability to switch among multiple growth 

forms in response to an array of environmental signals.  We hypothesize that this ability 

to undergo morphological transitions mediates its ability to disseminate from localized 

infections to system-wide bloodstream infection.  Using a transparent zebrafish embryo 

model of infection, we have directly assessed specific contributions of C. albicans’ 

morphologies in the process of tissue-to-bloodstream dissemination.  We have observed 

that yeast is the primary form of C. albicans within the bloodstream.  We have 

demonstrated that hyphae are not required for dissemination in our model, but they play 

an important role in promoting yeast cell dissemination.  It is our expectation that further 

elucidation of the roles of morphological transitions will permit the development of more 

effective therapies to prevent C. albicans-related mortality in susceptible individuals.
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1  

INTRODUCTION 

 

 Protection against infection is a cooperative effort involving physical and 

chemical barriers as well as the numerous elements of the immune system.  Preventing 

infection involves more than just keeping harmful organisms from entering the body.  It 

also requires control of the localization of microbes normally residing within us.  A 

breach of microbial containment represents a potentially dangerous violation of host-

microbe boundaries.  Entry of even normally non-pathogenic microorganisms into the 

bloodstream is a dangerous event, as systemic dissemination of microbes can lead to 

multi-organ disease.  The nearly ubiquitous human commensal fungus Candida albicans 

is capable of causing such disseminated infections in certain individuals.   

 Despite widespread harmless colonization, Candida species are responsible for 

superficial infections in otherwise healthy individuals, such as oral thrush in infants and 

vaginal yeast infections.  However, in susceptible individuals, primarily those with 

impaired immune systems and compromised mucosal barriers, they can cause life-

threatening disseminated infections (Sudbery et al., 2004, Spellberg, 2008).  

Epidemiological data show that in recent decades, fungi as a whole are becoming 

increasingly more important as human pathogens, with C. albicans among the leading 

causes of bloodstream infections acquired in the hospital (Pfaller et al., 2007).  The 

following literature review will discuss important aspects of C. albicans physiology and 

virulence, as well as previous work in existing experimental models of infection. 
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LITERATURE REVIEW 

 

C. albicans morphologies and morphological switching 

 C. albicans is a successful human commensal organism in part due to its ability to 

reversibly change its morphology in response to diverse environmental cues.  This 

morphological flexibility is proposed to aid in the colonization of diverse anatomical sites 

with distinct microenvironments (Biswas et al., 2007).  C. albicans grows in three 

primary morphologies, depicted in Figure 1A, by employing different growth and 

division strategies.  It may grow as ovoid unicellular budding yeast or exhibit filamentous 

growth in the forms of elongated hyphae and pseudohyphae.  These two filamentous 

forms grow by extending buds that remain attached to the mother cell rather than 

pinching off, generating chains of cells attached end-to-end.  During hyphal growth, all 

but the apical cell are halted in the G1 phase of the cell cycle, leading to unidirectional 

hyphal extension and little to no branching.  Cells growing as pseudohyphae, however, 

have synchronized cell cycles leading to multi-directional bud extension and a branched 

structure (Sudbery et al., 2004).  Hyphae and pseudohyphae can be further distinguished 

by appearance.  Hyphae have parallel-sided walls while pseudohyphal cells tend to be 

wider in the middle than at the poles, as they have a constriction at each junction between 

cells (Merson-Davies and Odds, 1989).  The varying dimensions and degree of branching 

of pseudohyphal cells blurs the distinction between the three morphologies to an extent, 

and it is likely that in most environments, C. albicans exhibits a wide variety of 

morphological states (Merson-Davies and Odds, 1989). 
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Environmental sensing and regulation of morphogenesis 

 The coordinated regulation of morphology and other aspects of C. albicans 

physiology is influenced by a variety of environmental stimuli as well as numerous genes 

collectively termed the filamentous growth program.  Conditions demonstrated in vitro to 

induce the yeast-to-hyphae transition include 37°C, 5% CO2, neutral pH, nutrient 

starvation, serum, and the presence of N-acetylglucosamine (Biswas et al., 2007).  Yeast 

cells, however, predominate at temperatures below 30°C and at acidic pH (Biswas et al., 

2007, Sudbery et al., 2004).  In general, elevated temperature (35-37°C) and neutral pH 

favor filamentous forms, with other subtle stimuli dictating the formation of hyphae or 

pseudohyphae (Sudbery et al., 2004).  For example, under generally filament-inducing 

conditions, high phosphate concentrations (e.g., 600 mM) favor uniform pseudohyphal 

morphology (Hornby et al., 2003).  Additionally, C. albicans produces quorum-sensing 

molecules to auto-regulate filamentous growth.  Hyphal growth is limited at high cell 

densities by the compound farnesol, while another compound, tyrosol, stimulates growth 

and the yeast-to-hyphae transition at low cell densities (Hornby et al., 2001, Chen et al., 

2004).   

 As reviewed by Biswas et al. (2007), C. albicans morphogenesis is under precise 

transcriptional regulation, with multiple signaling pathways downstream of different 

environmental sensors involved in coordinating morphological transitions.  Mutagenesis 

of genes in these pathways has yielded many mutant strains with dysregulated 

morphogenesis that are useful for investigations of the roles of morphological transitions 

in infection.  Table 1 summarizes the mutant strains used in our investigations, and 

Figure 1B illustrates the range of morphologies each is capable of exhibiting.   Two 
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important transcription factors, CPH1 and EFG1 are thought to be elements of distinct 

signaling pathways regulating filamentous growth.  Induction of filamentous growth in 

response to serum requires EFG1, while CPH1 is involved in yeast-to-hyphae transitions 

stimulated by N-acetylglucosamine and nitrogen starvation.  In addition to regulating 

morphology transitions, these transcription factors have also been implicated in other 

physiological changes associated with morphogenesis.  Both EFG1 and CPH1 may be 

positive or negative regulators of secreted aspartyl protease (SAP) gene expression 

depending on specific conditions.  SAP gene expression is associated with virulence and 

could be important for invasive growth and dissemination (Hube et al., 1997).  EFG1 

also plays a role in regulating genes involved in cell wall organization, including the 

expression of virulence- and adhesion-associated genes (Biswas et al., 2007).  Another 

gene, EDT1, is a downstream target of EFG1 and is important for germ-tube extension 

into true hyphae as well as the expression of hyphae-associated genes (Martin et al., 

2011).  It is evident that C. albicans is highly evolved for precise and sensitive control of 

morphology and physiology.  However, it remains poorly understood what role this plays 

in the context of human infection. 

 

Roles of morphology in invasive growth and dissemination 

 Despite a great deal of focus on morphology in the pathogenesis of candidiasis, 

the exact contributions of morphogenesis and their relative importance in dissemination 

are not known.  Many pathogenic fungi of humans are capable of morphological 

transitions, but often, distinct morphologies are associated primarily with growth outside 

the body or with disease progression in the body (Gow et al., 2002).  In contrast, such 
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concrete associations are non-existent for C. albicans, as its morphological transitions are 

more vague (Merson-Davies and Odds, 1989) and it has no known natural ecological 

reservoir (Romani et al., 2003).  Instead, epidemiological studies suggest that prior 

gastrointestinal tract colonization is a prerequisite for developing bloodstream infection 

(Pfaller, 1996).  This endogenous reservoir of C. albicans is thought to be the source 

from which fungi invade and disseminate (Cole et al., 1996, Bendel et al., 2003).  It is 

important then to consider the steps required to access the bloodstream from the gut, 

including crossing the gut endothelium and vascular endothelium and other cellular 

layers between.  Secondary tissue and organ infections require extravasation from the 

bloodstream by an additional passage across the vascular endothelial cell layer.  The 

number and diversity of host cells and environments encountered by C. albicans during 

these processes complicates modeling candidiasis in the laboratory.  However, existing 

models have made important contributions to our understanding of the roles of 

morphological switching in dissemination. 

 C. albicans normally colonizes mucosal surfaces, and since cellular barriers stand 

between it and the bloodstream, in vitro studies modeling the interaction of fungi with 

cell layers have furthered our understanding of how C. albicans may reach deeper tissue 

and disseminate.  In the context of in vitro systems, notable mechanisms include 

mechanical penetration of filaments through tissue and host-mediated internalization of 

fungi (Grubb et al., 2008).  The exact strategy employed likely depends on the complex 

combination of host cell types encountered, C. albicans morphology, and other associated 

aspects of fungal physiology.  A rigorous systematic comparison of penetration versus 

endocytosis using specific inhibitors of either process demonstrated that active 
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penetration is the overall dominant mechanism of epithelial cell invasion in vitro, though 

host-mediated endocytosis occurred to an appreciable extent (Wächtler et al., 2012).  

Furthermore, the importance of host-mediated endocytosis depends on the type of cell 

encountered.  In another study, mechanical penetration by filaments occurred 

indiscriminately in both oral and gut epithelial cells, but only oral cells could internalize 

fungi by endocytosis (Dalle et al., 2010).  Such mechanistic differences that seem to be 

dictated by host cell type may reflect important points of contrast in the pathogenesis of 

oropharyngeal candidiasis and invasive infection originating in the gut, for example.   

Studies of fungal determinants of invasion have highlighted the importance of 

specific morphologies and other aspects of C. albicans physiology.  Hyphal growth has 

frequently been cited as a requirement for invasion in vitro.  Invasion assays using multi-

layer reconstituted models of human skin and intestinal tissues demonstrated that 

filamentation was required for C. albicans invasion through cellular layers.  Using 

hypofilamentous cph1efg1 mutants, it was determined that failure to undergo the yeast-

to-filament transition restricted fungi to superficial growth (Dieterich et al., 2002).  In the 

case of host-mediated endocytosis, the importance of hyphal growth has been stressed, as 

the predominantly hyphae-associated protein agglutinin-like sequence 3 (Als3) has been 

deemed an important stimulator of endocytosis by virtue of its interaction with cadherins 

on the surface of host cells (Moreno-Ruiz et al., 2009, Zhu et al., 2012).  The role of 

hyphae in mechanical penetration of tissue is fairly intuitive.  Hyphal extension generates 

surprisingly large forces, which are likely sufficient in the right conditions to penetrate 

cells and tissues (Gow et al., 2002).  Additionally, proteases and other degradative 

enzymes are secreted at the apical tip of growing hyphae that may assist hyphae during 
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invasion (Gow et al., 2002).  Among these, several SAPs have been demonstrated to be 

important for virulence in vivo (Hube et al., 1997).  In particular, SAP5 has been 

implicated in the in vitro proteolytic degradation of E-Cadherin, an important component 

of host cell junctions (Villar et al., 2007).  Another interesting characteristic of hyphal 

growth is thigmotropism, or the ability to alter growth directionality in response to 

contact stimuli.  Thigmotropism could contribute to invasion by guiding hyphae along 

cell surfaces, potentially scanning for weak areas like cell junctions, where a combination 

of mechanical force and proteolytic digestion could help hyphae breach cell layers. 

(Brand and Gow, 2009, Brand et al., 2007). 

 Animal models of candidiasis have deepened and expanded our understanding of 

how fungal morphological changes contribute to the development of systemic infection 

by providing intact anatomical structures and complex arrangements of heterogeneous 

host cells, including functional immune systems.  Interestingly, observations in these 

systems often contrast with in vitro findings.   In mice for example, dissemination into 

the bloodstream from the gut and dissemination from the bloodstream to organs can 

occur without filamentation (Bendel et al., 2003, Saville et al., 2003).  While in vitro 

evidence suggests that filamentation is critical for both penetration and endocytosis, 

filamentation is evidently not required for dissemination in mice.  Some have suggested 

that yeast cells are unable to be internalized by epithelial cells (Wächtler et al., 2012), 

and filamentation is clearly necessary for active mechanical penetration (Gow et al., 

2002).  However, yeast cells have been observed invading gut endothelial cells following 

oral inoculation of newborn mice (Cole et al., 1988).  These yeasts first adhered to cells 

and were then internalized without loss of cytoplasmic contents, indicative of maintained 
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cellular integrity.  Another study, implementing a chick embryo infection model, 

demonstrated that Candida glabrata, a species naturally unable to form hyphae and with 

limited ability to form pseudohyphae, was able to disseminate efficiently without causing 

mortality (Jacobsen et al., 2011).   

Animal models are indispensible complements to in vitro studies for C. albicans 

pathogenesis research due to the current impossibility of accurately representing 

complete and functional body systems in vitro.  In particular, animal hosts facilitate the 

modeling of bloodstream infection, which would otherwise be impractical due to the 

complexity of vascular networks, consisting of vessels of varying diameters with 

dynamic flow conditions.  In vitro adherence assays demonstrated that under conditions 

of flow, yeast adhere better to epithelial cell layers than pseudohyphae or hyphae (Grubb 

et al., 2009).  In vivo experiments involving intravenous injection of fungi into mice 

corroborated these findings, demonstrating that yeast-locked mutants were capable of 

leaving the bloodstream and disseminating to target organs (Saville et al., 2003, Bendel et 

al., 2003).  However, proteins such as Als3 that seem important for adhesion in vitro 

have not been as important in vivo (Cleary et al., 2010).  Intact animal models are also 

important because of the role of the immune system in preventing infection in healthy 

individuals.  Impaired mucosal immunity is considered a susceptibility factor for 

disseminated infection (Cole et al., 1996).  Other risk factors for systemic infection 

include neutropenia, microbiome disruption by broad-spectrum antibiotics, and 

gastrointestinal mucosal damage (Bendel et al., 2003, Koh et al., 2008).  Though 

mechanisms highlighted for in vitro invasion may still be relevant in the context of an 
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intact host, it is likely that a variety of mechanisms contribute to dissemination in human 

infections, underscoring the importance of further outlining mechanisms in vivo. 

Exploitation of transparent zebrafish larvae for studies of microbial pathogenesis 

 Recently, the zebrafish (Danio rerio) has gained popularity as a model host for 

infectious disease research.  Major advantages over traditional mammalian models 

include optical transparency of embryos and the relative ease and low-cost of zebrafish 

maintenance.  Large-scale experiments are feasible due to a combination of high 

reproductive rates, rapid embryonic development, and the small size of individual 

embryos (Carradice and Lieschke, 2008).  The natural optical transparency of embryos is 

of critical importance, as it permits real-time intravital imaging of infection.  Such studies 

are further aided by the variety of transgenic zebrafish lines that have been developed, 

which permit fluorescence imaging of specific cell types and anatomical structures 

(Carradice and Lieschke, 2008).  These factors, combined with the greater degree of 

immunological similarity between zebrafish and mammals than other small hosts, make 

zebrafish an excellent model organism for studying host-pathogen interactions and the 

spatiotemporal dynamics of infection (Chao et al., 2010). 

 Early in development, zebrafish develop components of the innate immune 

system that are similar to their mammalian counterparts in both appearance and function, 

meaning embryos are ready at an early stage to engage pathogens.  Macrophages are the 

first leukocytes to appear in embryos, and these early macrophages are highly motile and 

capable of phagocytosing cellular debris and injected bacteria and yeast as early as 24 

hours post-fertilization (Carradice and Lieschke, 2008, Traver et al., 2003).  Importantly, 

these early activities indicate that zebrafish macrophages bear pattern recognition 
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receptors for bacteria and fungi (Traver et al., 2003).  Neutrophils are the second to 

develop and increase in number over the first few days post-fertilization (Carradice and 

Lieschke, 2008).  It is important to note that in the embryonic stages, the innate immune 

branch predominates in zebrafish, as components of the adaptive immune branch are 

slower to develop (Clay et al., 2007, Traver et al., 2003).  This enables the dissection of 

this particular aspect of host-pathogen interactions in the absence of a completely 

functional adaptive immune response.   

Rationale for probing host and fungal determinants of dissemination in zebrafish 

 In order to assess the roles of morphogenesis in tissue-to-bloodstream 

dissemination of C. albicans in a living host, an injection site that permits the 

establishment of a localized infection is required.  Additionally, the injection site must 

also provide an opportunity for systemic infection to develop.  Zebrafish embryos have at 

least two such anatomical sites: the hindbrain ventricle and the yolk sac, the latter of 

which was used for our studies.  The zebrafish embryo yolk sac is a compartment discrete 

from the rest of the body, but blood vessels pass through it for the acquisition and 

delivery of nutrients to the developing embryo (Kimmel et al., 1995).  Yolk sac infection, 

therefore, places fungi in position to interact with the endothelial cells lining the 

vasculature, modeling an important step in dissemination.  Furthermore, the anatomical 

accessibility of the yolk makes accurate yolk sac microinjection relatively easy.  As 

described previously, the optical transparency of zebrafish embryos makes them ideal for 

non-invasive intravital microscopy.  Using fungi transformed to constitutively express 

fluorescent proteins, the course of C. albicans infection can be observed in real time 

using fluorescence microscopy.  Unlike mammalian models, the zebrafish model allows 
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the direct monitoring of the morphological status of C. albicans (Chao et al., 2010).  This 

is critical for our interest in the roles of morphology switching in the process of tissue-to-

bloodstream dissemination.  Also, visualization of transient but potentially important 

fungal and host activities makes possible the investigation of alternative methods of 

dissemination, for example, the immune cell-mediated barrier transmigration employed 

by Mycobacterium marinum, which has been observed in zebrafish (Clay et al., 2007). 

All of these facts combined make the zebrafish embryo yolk an ideal site for establishing 

a localized infection with dissemination potential, while permitting powerful image-based 

analysis. 

 

 

MATERIALS AND METHODS 

 

Zebrafish care and embryo maintenance 

 Adult spawning zebrafish were maintained in a recirculating water system in the 

University of Maine Zebrafish Facility.  Water temperature was maintained at 28°C.  All 

fish care and experiments were performed in accordance with NIH guidelines under 

Institutional Animal Care and Use Committee (IACUC) approved protocol A2012-11-03.  

Zebrafish embryos were collected in the early stages of development.  Embryos were 

raised at 28°C at a density of 100 or 150 embryos in 60 or 90 mL of egg water, 

respectively.  Egg water (60 mg/liter Instant Ocean salts in deionized water) was 

supplemented with 0.00003% methylene blue for the first 24 hours post-collection to 
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prevent microbial growth.  Egg water was changed daily to wash embryos.  Optionally, 

egg water was supplemented with 1-phenyl-2-thiourea (PTU, 15 µg/mL) beginning at 24 

hours post-fertilization (hpf) to block zebrafish melanogenesis (Karlsson et al., 2001). 

 

Fungal strain maintenance and growth conditions 

 Adapted from Brothers and Wheeler (2012).  C. albicans strains were maintained 

at room temperature on yeast-peptone-dextrose (YPD) agar (DIFCO; 20 g/liter peptone, 

10 g/liter yeast extract, 20 g/liter glucose, 2% agar).  New plates were re-streaked weekly 

and every four weeks streaked from frozen stocks.  Prior to injection, C. albicans cultures 

were grown overnight in liquid YPD at 30°C.  Overnight cultures were washed three 

times in calcium- and magnesium-free phosphate buffered saline (PBS; Lonza, 

Walkersville, MD, USA) and diluted 1:1000.  Cells were counted on a hemocytometer 

and diluted to a final concentration of 5x106 cells/mL.  C. albicans strains used are 

described in Table 1. 

 

Zebrafish yolk microinjection 

 Adapted from Brothers and Wheeler (2012).  Zebrafish between the Prim-15 and 

Prim-25 stages of development (30-36 hpf) were manually dechorionated using Dumont 

Dumoxel tweezers (VWR Scientific).  At the long-pec stage of development 

(approximately 48 hpf), zebrafish embryos were anesthetized in Tris-buffered tricaine 

methane sulfonate (tricaine; 200 µg/mL; Western Chemicals, Inc., Frendale, WA, USA) 

and immobilized in minimal liquid on 1% agarose plates.  Using an MPPI-3 injection unit 
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(Applied Scientific Instruments), 3-8 nL of PBS or C. albicans suspension (5x106 

cells/mL in PBS) were microinjected into the yolk of zebrafish embryos.  Injection was 

performed in the posterior half of the yolk, taking care to avoid penetration of the 

common cardinal vein.  Following injection, embryos were screened for proper injection 

on a Zeiss Axiobserve.Z1 fluorescence microscope (Carl Zeiss Imaging).  Proper 

injection was defined as 5-20 C. albicans cells contained exclusively within the yolk.  

Properly injected embryos were maintained at 33°C after injection and screened for 

mortality daily. 

 

Two-strain co-injections 

Zebrafish embryo preparation and infection was conducted as described above.  

C. albicans suspensions of individual strains at 5x106 cell/mL in PBS were mixed in 

varying ratios prior to yolk microinjection.  Proper injection was defined as 5-15 total C. 

albicans cells contained exclusively within the yolk, with both injected strains present.  

Achieving an equal balance of strains in the yolk was not possible by simply mixing them 

in equal proportions prior to injection.  Yeast cells of the cph1/cph1 efg1/efg1 mutant 

strain tend to be smaller and more elongated than they are ovoid, and as a result of their 

size pass more easily through the bore of the microinjection needles.  This led to over-

representation of this strain, and we attempted to manipulate the ratio of mutant to wild-

type in the inoculum to achieve approximately equal numbers of each in the yolk.  These 

efforts, however, were not consistently successful.  Over-representation of wild-type was 

favored to avoid giving any potential growth and dissemination advantages to mutant 

strains. 
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In vivo microscopy 

 Fish were anesthetized in tricaine (200 µg/mL), immobilized in 0.5% low-

melting-agarose (Lonza, Walkersville, MD, USA) in egg water supplemented with 

tricaine (200 µg/mL) and staged in 24-well glass bottom imaging dishes (MatTek 

Corporation).  An Olympus IX-81 inverted microscope equipped with an FV-1000 laser 

scanning confocal system (Olympus) was used for confocal imaging.  Images were 

acquired using objective lenses of powers 10x/0.4 numerical aperture (NA), 20x/0.7 NA, 

and 40x/0.75 NA (Olympus).  Excitation/emission filters of 488/510 nm and 543/618 nm 

were used for fluorescence detection of EGFP and dTomato, respectively.  Images in 

figures are maximum projection overlays of only red and green fluorescence channels or 

red and green fluorescence plus a differential interference contrast (DIC) channel. 

 

Quantification of Inoculum 

 To verify the number of C. albicans injected into the yolk, colony forming units 

(CFU) assays were performed immediately after screening fish for proper injection 

(defined as 0 hours post-injection [hpi]).  Four embryos were randomly selected per 

inoculum and homogenized individually in 1.5 mL Eppendorf tubes in 100 µL 

Penicillin/Streptomycin (5000 U Pen./mL, 5000 µg Strep./mL; Lonza, Walkersville, MD, 

USA) using a Kontes Pellet Pestle® Motor and pestles.  The entire volume of each 

homogenate was plated on a YPD agar plate using the Copacabana method with 3 mm 

glass beads.  All YPD agar plates were prepared with antibiotics to prevent bacterial 

contamination (50 U/mL penicillin, 50 µg/mL streptomycin, 30 µg/mL gentamicin 
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sulfate [Lonza, Walkersville, MD, USA]).  After 2 days of growth at 30°C or 3 days at 

room temperature, viable C. albicans colonies were counted.  Data reported are the 

number of colonies counted. 

 

Quantification of fungal dispersibility 

 At advanced stages of infection (27-28 hpi), the number of viable fungal particles 

was quantified by CFU assays, and the total number of individual fungal cells was 

quantified using the AlamarBlue® cell viability assay in parallel.  We compared the 

results of these two assays (particles vs. total cells) as an indicator of fungal 

dispersibility, or inversely, cell-to-cell clustering.  Groups of 5 or fewer randomly 

selected embryos were homogenized for 10 seconds in 100 µL 0.2% Triton X-100 in 1.5 

mL Eppendorf tubes as performed for the quantification of inoculum described above.  

Prior to the addition of Triton X-100, any egg water transferred to Eppendorf tubes with 

the embryos was removed.  Following homogenization, samples were prepared according 

to one of the following protocols. 

• Homogenates were incubated at room temperature for 5 minutes, followed 

by the addition of 150 µL PBS.  Cells were pelleted by centrifugation, 

washed three times with PBS and re-suspended in a final volume of 110, 

120, or 150 µL PBS. 

• Homogenates were incubated at room temperature for 10 minutes, 

followed by the addition of 1 mL deionized water (diH2O).  Cells were 

pelleted by centrifugation, washed three times with diH2O and re-

suspended in a final volume of 150 µL diH2O. 
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From the final volume of washed homogenate, 10 µL were serially diluted in 

Penicillin/Streptomycin (5000 U Pen./mL, 5000 µg Strep./mL) and 40 µL of each 

dilution were plated in duplicate on YPD agar plates using the Copacabana method as 

before.  Plates were incubated as described previously for 0 hpi CFU assays and C. 

albicans colonies were counted.  Data reported are CFU per fish, calculated based on one 

pair of duplicates chosen from each dilution series (see Appendix for sample 

calculations).  The selected plate counts ranged from 9 colonies to 275 colonies, though 

nearly all plates chosen had between 20 and 200 colonies. 

The remainder of washed homogenate was used for the AlamarBlue® assay 

(Resazurin reduction assay), which quantifies viable cells based on metabolic activity.  

Varying volumes of washed homogenate and PBS totaling 50 µL were plated in triplicate 

in a 96-well flat-bottomed assay plate.  Vehicle-control injected fish were also 

homogenized and plated in parallel with C. albicans-infected fish.  This was to determine 

how much signal viable zebrafish cells generated in this assay, which was a necessary 

consideration for calculating fungal cells per fish (see Appendix for sample calculations).  

Standard curves were prepared for each strain represented in the infected fish.  A 

6.25x106 cell/mL suspension in PBS was first generated from an overnight culture and 

then serially diluted and plated in duplicate such that the number of cells assayed ranged 

from 9766 to 312500 cells per well.  Negative control wells containing 50 µL of PBS 

were used to subtract baseline fluorescence signal from the standard curve readings to 

generate standards based solely on fungal metabolic activity.  Equal volumes of 2x 

AlamarBlue® Cell Viability reagent (Invitrogen, Carlsbad, CA, USA) were added to 

each well for a total volume of 100 µL (all wells at 50 µL volume prior to reagent 
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addition).  The assay plate was incubated at 37°C for 16-20 hours after which the change 

in AlamarBlue® reagent from a non-fluorescent blue dye to a fluorescent red dye was 

measured using a Synergy 2 Microplate Reader (BioTek Instruments, Inc.) with 

excitation and emission filters of 530/25 nm and 590/20 nm, respectively. 

 

 

RESULTS 

 

Hypofilamentous mutant C. albicans strains have attenuated virulence in zebrafish 

embryo yolk infections. 

 Evidence from existing models of C. albicans infection suggests that filamentous 

growth is important for virulence.  Hypofilamentous mutants cause reduced mortality 

following intravenous injection in mice (Banerjee et al., 2008, Lo et al., 1997), as well as 

in a zebrafish hindbrain ventricle infection model (Brothers et al., 2011).  Additionally 

these studies implicated the expression of certain transcriptional regulators of filamentous 

growth, including EFG1 and CPH1, as determinants of virulence.  In order to better 

understand the contribution of fungal filamentation to virulence and to assess C. albicans 

virulence in the zebrafish yolk sac infection model, we evaluated fish survival after 

injection of wild-type C. albicans or mutant strains with gene deletions in the filamentous 

growth program.  A vehicle control (PBS) or 3-9 fungal yeast cells (as counted post-

injection) were injected into the yolk sac of fli1:EGFP transgenic zebrafish embryos, and 

fish survival was monitored for the following 8 days (Figure 2A).  As hypothesized, 
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hypofilamentous strains cph1/cph1 efg1/efg1 (CAN34) and edt1/edt1 (CAN76) had 

significantly reduced virulence in this model of infection compared to wild-type and 

other hyphae-forming mutants (Figure 2B).  Corroborating findings in mice, the 

reintegrant strain cph1/cph1 efg1/EFG1 and wild-type C. albicans were highly lethal in 

this model, killing all fish by the second day post-injection.  Heterozygosity at the EDT1 

allele in the edt1/EDT1 strain (CAN76) only partially sustains filamentation and 

virulence, as some fish survived for the duration of the experiment.  Our results in the 

zebrafish yolk infection model support earlier findings in mice and in other zebrafish 

models, indicating that hyphal growth is largely necessary for C. albicans virulence. 

 

C. albicans filamentous growth program mutants have enhanced yolk-to-bloodstream 

dissemination. 

 The specific roles of C. albicans’ morphological states in the process of 

dissemination have yet to be clearly outlined.  Previous in vitro models of tissue invasion 

and mouse models of bloodstream and gut extravasation have disagreed somewhat as to 

the relative importance of yeast and filamentous forms.  In vitro studies argue that 

filamentation is necessary for invasion and likely dissemination (Dieterich et al., 2002), 

but in mice hyphae are not necessary for bloodstream and gut transmigration (Saville et 

al., 2003, Bendel et al., 2003).  To further our understanding of the role of 

morphogenesis in dissemination, we have used the zebrafish embryo yolk infection 

model to evaluate the ability of filamentous growth program mutants to cross the cellular 

barrier of the bloodstream.  The yolk sac is a compartment separated from the body, but it 

is served by blood vessels for nutrient uptake and delivery to the developing embryo.  
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Microinjection of C. albicans into the yolk sac, therefore, provides an opportunity to 

visualize fungi-bloodstream interactions and spatiotemporal aspects of tissue-to-

bloodstream dissemination using non-invasive intravital confocal microscopy.  We found 

that by 30 hpi, strains with gene deletions in the filamentous growth program had 

disseminated from the yolk to the tail or head of the embryos with greater frequency than 

wild-type C. albicans.  Embryos infected with hypofilamentous mutants cph1/cph1 

efg1/efg1 and edt1/edt1, which do not produce hyphae, not only had overall greater 

frequencies of dissemination than cph1/cph1 efg1/EFG1 and edt1/EDT1, respectively, 

but also tended to yield greater numbers of fungi outside of the yolk in the embryos that 

had disseminated infections (Figure3A).  Wild-type C. albicans disseminated 

comparatively infrequently, and when it did occur (3 out of 51 fish observed), fewer than 

10 fungal cells were found in the bloodstream outside of the yolk.  These disseminated 

cells were in yeast morphology, despite the bulk of fungi in the yolk appearing to be 

hyphae.  Statistical analysis (Fisher’s Exact test) indicated that all mutants tested 

disseminated significantly more frequently than wild-type with the exception of the 

heterozygous EDT1 mutant strain (Figure 3D), though infections with this strain tended 

to lead to greater numbers of disseminated fungi than wild-type.  Since hyphae seem to 

be the primary morphology of wild-type C. albicans in the yolk (Figure 3B), and mutant 

strains that cannot form hyphae disseminate efficiently, this suggests that hyphal growth 

alone is insufficient for yolk-to-bloodstream dissemination and that hyphal growth is not 

required for dissemination in this model. 

Interestingly, the hyphae-forming reintegrant strain cph1/cph1 efg1/EFG1 

disseminated with a significantly greater frequency than wild-type, despite also growing 
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predominantly as hyphae in the yolk.  This suggests that the absence of CPH1 and one 

EFG1 allele may promote dissemination by a morphology-independent mechanism.  

While our results preclude any simple explanations for the roles of morphology 

transitions in tissue-to-bloodstream dissemination, they do indicate that gene deletions in 

the filamentous growth program improve dissemination in this model, and that hyphae 

are not essential for dissemination. 

 

Mixed inocula of hypofilamentous mutants with wild-type lead to greater yolk-to-

bloodstream dissemination than single strain infections 

Having established that gene deletions in the filamentous growth program confer 

an advantage for dissemination, and that the ability to form hyphae is not a prerequisite 

for dissemination, we sought to characterize the role of hyphae in the process of 

dissemination.  As previous research suggested that filamentation is necessary for 

invasive growth, we hypothesized that hyphae could still play an important role in our 

model.  Other groups have devised competition assays involving co-infection of two 

strains (Cleary et al., 2011).  We adopted a similar approach to assay the roles of hyphae, 

co-injecting individual wild-type (AB) zebrafish in the yolk sac with a mixed inoculum 

of a hypofilamentous mutant and wild-type C. albicans (SC5314).  We utilized both the 

cph1/cph1 efg1/efg1 and edt1/edt1 strains in these co-infection experiments.  Co-

infections provided an opportunity to examine hyphal growth in combination with yeast 

and pseudohyphal growth, which was not possible using wild-type alone in single strain 

injections due to the filament-promoting nature of the yolk.  Surprisingly, the presence of 

hyphae in mixed inocula led to a dramatic increase in the frequency of mutant strain 
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dissemination, while in all fish observed, wild-type cells remained localized to the yolk 

sac.  The frequency of dissemination of cph1/cph1 efg1/efg1 increased from 35% of 

infected AB embryos to more than 90% when co-injected with wild-type.  The frequency 

of edt1/edt1 dissemination increased from just over 30% to approximately 57% in the 

presence of wild-type.  As data reported are pooled from multiple experiments with 

varying ratios of mutant to wild-type in the inoculum, the conditions and results of 

individual experiments are summarized in Table 2.  These results are striking in that they 

suggest that filamentous forms may play an important role in promoting the 

dissemination of yeast cells, potentially through mechanical penetration of host tissue and 

blood vessels.  These findings further support our hypothesis that balanced expression of 

yeast and filamentous forms of C. albicans is an important contributor to its ability to 

cause life-threatening systemic infection. 

 

Hyphal growth limits fungal dispersibility, with potential effects on fungal cell mobility 

in the host  

 Considering the importance of hyphal growth in some models of C. albicans 

tissue invasion and its ability to promote dissemination of yeast in our co-infection 

experiments, we are interested in why hyphal growth on its own seems to limit 

dissemination.  Although wild-type C. albicans appears to be uniformly filamentous in 

the yolk, we have observed the presence of yeast cells at low frequencies in fish 

homogenates (results not shown).  If a balanced ratio of yeast to filamentous fungi is 

important for dissemination, why then does the apparent shift in morphology toward 

mostly hyphal growth prevent dissemination?  We have observed that even after 
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homogenizing infected embryos that hyphal cells remain associated with one another in 

large conglomerates.  We hypothesized that these clumps of hyphae are held together by 

physical entanglement of the elongated cells and/or by hyphae-associated adhesion 

proteins.  Furthermore, we hypothesized that hyphae-mediated fungal cell clustering may 

be partially responsible for the reduced mobility of wild-type from the yolk to the 

bloodstream. 

 Along with other groups, we have noticed that filamentous forms of C. albicans 

tend to have lower plating efficiency in CFU assays, presumably due to cell-to-cell 

clustering, which leads to an underestimation of the true number of cells (Bendel et al., 

2003, Saville et al., 2003).  Individual clumps of fungi, unless further separated, would be 

recovered as a single colony in CFU assays (see Figure 5).  We have exploited this 

consequence of hyphal growth to measure fungal dispersibility, which may also reflect 

the ratio of morphologies exhibited by fungi within infected embryos.  We hypothesized 

that the cell-to-cell clustering that limits dispersibility in CFU assays also inhibits 

mobilization, and therefore dissemination, of C. albicans in the yolk infection model. 

 To evaluate dispersibility, we performed CFU assays on infected embryo 

homogenate between 27 and 28 hpi.  Since hyphal growth leads to lower CFU recovery, 

we used the AlamarBlue® metabolic assay to determine the total number of fungi in the 

infected fish.  We found that infection with filamentous wild-type or cph1/cph1 

efg1/EFG1 led to significantly lower CFU recovery per fish than hypofilamentous 

mutants cph1/cph1 efg1/efg1 and edt1/edt1 (Figure 6B).  The most striking difference 

was observed between wild-type and cph1/cph1 efg1/efg1.  CFU assays performed at 0 

hpi (Figure 6A) verified that there were no significant differences in initial fungal burden 
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between these groups.  Previous work has shown that the cph1/cph1 efg1/efg1 and 

cph1/cph1 efg1/EFG1 strains grow at the same rate as wild-type (SC5314) in YPD media 

(Lo et al., 1997).  The edt1/edt1 strain actually grows more slowly than wild-type in vitro 

(unpublished data), suggesting the difference observed between these strains is due to 

cell-to-cell clustering.  To determine the percentage of the fungi that were individually 

dispersible, we divided the number of CFUs by the total number of fungi as determined 

by the metabolic assay (Figure 6E).  In general, fewer than 10% of total wild-type fungi 

were accounted for by CFU assays, reflecting a high degree of cell-to-cell tangling and 

adhesion and limited dispersibility as single cells.  Mutant strains cph1/cph1 efg1/efg1 

and edt1/edt1 yielded a range of values between approximately 30% and 100% 

dispersibility.  Though these results are preliminary, they suggest that cell-to-cell 

clustering, mediated by morphology and morphology-associated adhesion proteins, may 

play a role in preventing tissue-to-bloodstream dissemination of wild-type C. albicans in 

our model by limiting individual cell mobility.   

 The primary difficulty we encountered in assessing fungal dispersibility is the 

unwanted contribution of viable zebrafish cells to Resazurin reduction in the 

AlamarBlue® assay.  As the reduction of this compound is coupled to the electron 

transport chain, a ubiquitous cellular energy generation strategy, the assay cannot 

distinguish between metabolically active cells of fungi and fish.  As demonstrated in the 

sample calculations (see Appendix), the AlamarBlue® signal generated by vehicle-

injected control embryos was subtracted from the signal generated by samples containing 

fungi.  This approach was used to determine the signal generated by fungi alone.  In some 

experiments, however, the control sample generated more signal than infected samples, 
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resulting in the calculation of a negative number of fungi per fish.  To resolve this 

problem, we have attempted to kill and/or eliminate zebrafish cells during the sample 

preparation process without harming fungal cells.  We have attempted to disrupt cell 

membranes with detergent (0.2% Triton X-100), which the C. albicans cell wall is 

resistant to.  Furthermore, we have attempted to lyse zebrafish cells using hypotonic 

washes with diH2O, which the rigid fungal cell wall also protects against.  Though these 

methods have improved our outcomes, further troubleshooting is still necessary to 

optimize this assay for this particular application. 

 

Proximity of phagocyte-contained C. albicans to the bloodstream suggests potentially 

opposing roles of phagocytes in dissemination. 

Host phagocytic cells are of great interest regarding C. albicans host-pathogen 

interactions.  Previous studies in our lab have shown that C. albicans is able to survive 

and even replicate in zebrafish macrophages and neutrophils without killing these 

immune cells (Brothers et al., 2011), and that early containment of infection by 

phagocytes is a determinant of prognosis (Brothers et al., 2013).  Other bacterial and 

fungal pathogens are actually capable of taking advantage of phagocytosis for barrier 

transmigration within the host (Charlier et al., 2009, Clay et al., 2007).  In the zebrafish 

yolk model of infection, we have observed phagocyte containment of C. albicans in and 

around the yolk as well as in distal parts of the body.  To date, it is unclear if phagocytes 

initially recruited to the site of infection then transport fungi throughout the body.  Figure 

8 illustrates a striking example of extensive phagocyte containment of fungi near the site 

of infection.  Both extracellular and intracellular fungi are distinguishable at 48 hpi 
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(Figure 8A, 8B) and a large number of yeast cells may be contained within a single 

phagocyte (Figure 8C).  Colocalization of EGFP (endothelial cells) and dTomato (fungi) 

fluorescence within horizontal and vertical sections indicates that some phagocytosed 

fungi are in close proximity to the bloodstream (Figure 8D, 8E).  However, it is unclear if 

these phagocyte-contained fungi fully enter the bloodstream, potentially implicating 

phagocytes in the promotion of dissemination, or if the phagocytes are limiting fungal 

entry into the bloodstream.   

 

 

DISCUSSION 

 

 C. albicans is currently among the most important human fungal pathogens, a 

startling fact considering its ubiquity as a commensal organism.  This organism’s ability 

to undergo reversible morphological transitions in response to diverse environmental cues 

is important for its success both as a commensal and a pathogen.  Our findings in a 

zebrafish model of C. albicans infection shed light on the importance of morphological 

flexibility in the passage of this organism across cellular barriers during tissue-to-

bloodstream dissemination. 

Host and fungal factors impact C. albicans virulence 

 We have demonstrated using a zebrafish yolk infection model that hyphal growth 

is important for C. albicans pathogenicity, as strains that were unable to produce hyphae 

had significantly attenuated virulence.   These results paralleled findings in mouse 
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models of candidiasis, but it is clear that different infection models highlight alternative 

aspects of C. albicans pathogenesis.  Use of the zebrafish embryo, therefore, carries with 

it unique host factors that influence susceptibility to C. albicans infection, and use of the 

yolk sac as the route of inoculation influences fungal morphogenesis and the outcomes of 

infection.  Without a doubt, the host and route of inoculation impact our interpretations of 

the importance and exact roles of morphology in causing virulence. 

 Mice and zebrafish have obvious anatomical differences that must be kept in mind 

when comparing C. albicans virulence in these models, as these major structural factors 

may influence outcomes.  Researchers utilizing mouse models of systemic candidiasis 

established by intravenous injection have reported seemingly contradictory findings in 

regards to the contributions of filamentous growth.  For example, both hypofilamentous 

and constitutively filamentous strains have been described as avirulent in this infection 

model (Lo et al., 1997, Bendel et al., 2003).  In contrast, we have not found any strains 

completely avirulent in the zebrafish yolk infection model, even those strains lacking the 

ability to produce true hyphae.  Even compared to injection in the zebrafish hindbrain 

ventricle, both wild-type and hypofilamentous C. albicans seem to be more virulent in 

the yolk model (Brothers et al., 2011).  The difference between mice and zebrafish may 

reflect greater sensitivity of zebrafish embryo tissues to fungi-induced damage and/or an 

inability of the zebrafish embryo innate immune defenses to control C. albicans infection.  

The enhanced virulence of C. albicans in the yolk as compared with the hindbrain 

ventricle may be related to the degree of filamentation and the proximity of the yolk to 

critical organs such as the heart.  The superficially conflicting results of intravenous 

infections in mice described above may be explained by the requirements for fungal 
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virulence in that model.  While the rapid lethality observed with filamentous strains in 

our model seems primarily due to extensive tissue damage including hyphal penetration 

of the heart, lethality in mice likely requires dissemination to target organs from the 

bloodstream, another area in which constitutively filamentous C. albicans were found 

deficient (Bendel et al., 2003).  Mouse experiments have demonstrated that yeast can 

disseminate efficiently to target organs, but unless they form hyphae they are unable to 

damage tissues and cause significant host mortality (Saville et al., 2003).  The long-term 

survival of fish with extremely high levels of mutant dissemination may be accounted for 

by the inability of these strains to undergo the yeast-to-hyphae transition.  Overall, our 

real-time observations have validated claims made in vitro about the ability of filaments 

to penetrate and damage tissue (Dieterich et al. 2002, Dalle et al., 2010) and the 

importance of this process in vivo.  It is evident from previous work in mice as well as 

our findings in zebrafish that host anatomy and route of inoculation impact the 

requirements for fungal virulence and the relative importance of filamentation. 

It is also necessary to consider the impact of host microenvironment on our 

interpretations of zebrafish mortality.  Through real-time imaging of infection, our 

experiments have demonstrated the strong influence of environmental conditions on C. 

albicans morphogenesis.  We have observed that the microenvironment of the yolk leads 

to nearly uniform filamentation of wild-type C. albicans even at a normally sub-optimal 

temperature for filamentous growth (33°C), and in this state the fungus is highly virulent.  

Currently, we do not understand exactly what chemical characteristics of the yolk could 

account for this high degree of filamentation.  The yolk sac is rich in lipids, playing roles 

in early nutrition as well as some signaling during development.  Among the lipids 
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contained in the yolk sac are triglycerides, wax, and polar phospholipids (Hölttä-Vuori et 

al., 2010).  To our knowledge, the roles of lipids in C. albicans morphogenesis have yet 

to be characterized.  Additionally, the yolk sac does not possess resident phagocytes, and 

a failure to engulf fungi early during infection has been demonstrated in the zebrafish 

hindbrain ventricle infection model to enable intense extracellular filamentous growth 

and higher mortality (Brothers et al., 2013).  Additionally, as a consequence of the 

evidently filament-promoting nature of the yolk, the hypofilamentous strains cph1/cph1 

efg1/efg1 and edt1/edt1 efficiently formed elongated pseudohyphae, despite failing to do 

so in vitro in known filament-inducing conditions.  This finding may explain the 

mortality of fish injected with these hypofilamentous strains, suggesting that 

pseudohyphal growth plays a similar role as hyphal growth in causing tissue damage and 

mortality.  Our preliminary experiments using another hypofilamentous strain, PHR1, 

support this hypothesis.  This strain cannot form true hyphae, but grows nearly uniformly 

as elongated pseudohyphae in the yolk at 33°C.  It caused mortality comparable to wild-

type, but death was delayed by approximately 24 hours (see Appendix for supplementary 

data).  In total, these results suggest that filamentous growth, inclusive of hyphae and 

pseudohyphae, is important for virulence in this model.  Furthermore, through the use of 

intravital microscopy, the zebrafish model has also served to demonstrate the magnitude 

of environmental influence on C. albicans morphogenesis. 

 

Morphology and other fungal factors influence pathogenesis and dissemination 

Our goal in using the yolk sac as the initial site of injection was to establish a 

localized C. albicans infection while providing an opportunity for fungi to enter the 
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bloodstream.  This infection model is applicable to human disease, as the development of 

a localized mucosal infection by endogenous C. albicans is likely a prerequisite for 

dissemination and systemic infection.  We theorize that from the yolk, C. albicans has 

two probable routes of dissemination: 1) directly accessing the vasculature via the blood 

vessels that pass through the yolk and 2) reaching the bloodstream by first passing 

through the tissue surrounding the yolk.  In either case, the outcome of the interactions of 

fungi with host tissue and the endothelial cell barrier of the bloodstream determines the 

progress of infection.  In vitro studies stressed the importance of host cell type in 

dictating the interaction with fungi (Dalle et al., 2010, Wäcthler et al., 2012).  We have 

found that filamentous growth program mutants disseminated better than wild-type C. 

albicans, suggesting that these strains interacted with host cells in a manner more 

favorable for dissemination.  Two-strain co-infection experiments demonstrated that 

wild-type hyphal growth remains localized to the yolk, but dramatically enhances the 

dissemination of hypofilamentous mutants.  We hypothesize that hyphae promote 

dissemination by mechanically penetrating blood vessels and tissue, possibly assisted by 

proteases secreted at the hyphal tip (Gow et al., 2002, Hube et al., 1997, Villar et al., 

2007).  Though co-infection experiments suggest a role for hyphal growth in 

dissemination, our single-strain experiments did not clearly indicate distinct roles of 

morphology switching.  Overall, our findings suggest that morphology and others factors 

dependent or independent of morphology influence dissemination. 

 It is important to note that C. albicans’ morphological transitions are 

accompanied by other changes in cellular physiology that impact metabolism, cell well 

organization and adhesion properties (Biswas et al., 2007).  Since many of these changes 
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are co-regulated with the yeast-to-filament transition, we cannot hold morphology alone 

accountable for the outcomes of infection we have observed.  In the case of virulence for 

example, we cannot assume that the attenuation we observed with cph1cph1 efg1/efg1 

and edt1/edt1 was entirely due to the absence of hyphae.  Likewise, the long-term 

survival of some edt1/EDT1-infected fish suggests that factors other than filamentation 

may play a role in virulence.  Defective expression of some non-morphology factors 

regulated by EDT1 may be responsible for this small defect in virulence.  Non-

morphology factors likely influenced dissemination as well in our studies.  In general, 

strains that could not produce hyphae disseminated more efficiently than those that did 

produce hyphae.  However, the hyphae forming strain cph1/cph1 efg1/EFG1 

disseminated in a sizable fraction of infected fish.  This may suggest that the 

consequences of homozygous cph1 deletion promote dissemination independently of 

morphology.  Additionally, construction of these strains by removal and reintegration of 

genes may have introduced polymorphisms that could have influenced experimental 

outcomes.  Conducting experiments with additional mutant strains, representing defects 

in a variety of pathways regulating morphogenesis, is an important next step to support 

our hypothesis that morphology itself is important for dissemination, independently of the 

contributions of individual signaling pathways. 

 The filament-promoting nature of the yolk has been both an advantage and a 

disadvantage for our studies of the role of morphogenesis in yolk-to-bloodstream 

dissemination.  Though we did not utilize any constitutively filamentous mutant strains, 

the yolk sac promotes seemingly uniform hyphal growth of wild-type C. albicans.  This 

was useful, as there was no risk of altering other morphology-independent phenotypes as 
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a consequence of mutations or exogenous transcriptional control to confer constitutive 

filamentation.  Our results indicate that fungi in a constitutively filamentous state are 

unlikely to disseminate from the yolk to the bloodstream.  These findings support 

findings in mice, where constitutive filamentation also prevented dissemination (Bendel 

et al., 2003, Saville et al., 2003).  The yolk has also been a limitation, as we have been 

unable to observe the fate of truly yeast-locked fungi in this model.  The hypofilamentous 

mutant strains we used were characterized as yeast-locked in vitro, but we have observed 

them forming elongated pseudohyphae within the yolk.  Though we have determined that 

yeast cells are the primary form of C. albicans within the bloodstream, we have not been 

able to evaluate the ability of yeast cells alone to cross the cellular barrier of the 

bloodstream.  Previous work involving oral inoculation of neonatal mice demonstrated 

that yeast cells were capable of bypassing gut endothelial cells within hours of ingestion, 

possibly by endocytosis (Cole et al., 1988).  The potential contributions of pseudohyphae 

have been a limitation to probing a similar mechanism in our model.  Our preliminary use 

of the PHR1 strain has suggested that pseudohyphae could play an important role, like 

hyphae, in promoting dissemination.  This strain formed uniform pseudohyphae in the 

yolk and disseminated at a comparable frequency to wild-type (see Appendix for 

supplementary data).  Further use of this strain in co-infection experiments with wild-

type and with the mutants cph1/cph1 efg1/efg1 and edt1/edt1 would be useful for 

outlining the roles of pseudohyphae in dissemination.  We hypothesize that neither wild-

type nor PHR1 would disseminate when injected together, and we hypothesize that PHR1 

would promote the dissemination of cph1/cph1 efg1/efg1 and edt1/edt1 as wild-type did.  

These are important future considerations, as the roles of pseudohyphae remain largely 



32  

uncharacterized, and most existing models of candidiasis lack the ability to discriminate 

between pseudohyphae and hyphae visually during infection. 

  

Dispersibility of fungi may impact dissemination 

 Preliminary results comparing CFU recovery to total fungal mass have begun to 

shed light on morphology-dependent and morphology-independent factors that are 

important for infection and dissemination, such as cell-to-cell adhesion.  C. albicans is 

known to form biofilms on medical devices such as catheters and these biofilms are 

thought to contribute to antifungal drug resistance (Zhao et al., 2006).  The yolk model 

does not provide an obvious typical substrate for biofilm formation, but we have 

observed distinct cell-to-cell adhesion of fungi.  Our results suggest that increased cell-to-

cell adhesion in the yolk sac may prevent dissemination into the bloodstream.  Taking 

into account the contributions of in vitro models, the role of fungal adhesion likely 

depends on the stage of infection.  In an in vitro assay modeling C. albicans adhesion to 

epithelial cell layers under conditions of liquid flow, it was found that fungi not only 

adhered directly to the cellular substrate, but also associated with other fungi already 

attached to the substrate (Grubb et al., 2009).  The authors proposed that forming these 

attachments to substrate and fungi to form conglomerates could be important in the 

context of intravenous infection, enabling C. albicans to settle on the inner wall of blood 

vessels prior to extravasation to target organs.  In a study of biofilm formation on a man-

made material surface, the predominantly hyphal protein Als3 was found important for 

normal biofilm formation (Zhao et al., 2006).  This supports our finding that increased 

growth as hyphae leads to greater cell-to-cell clustering and reduced CFU recovery from 
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homogenates.  An important distinction of the yolk model is that fungi do not experience 

the forces of liquid flow, as they would within a blood vessel.  Additionally, the fungal 

mass appears suspended in the yolk, rather than anchored on a cellular or synthetic 

substrate.  Regardless, we hypothesize that the consequences of cell-to-cell adhesion may 

still influence individual fungal mobility and therefore dissemination.  As illustrated in 

Figure 7, even if fungi are in close proximity to the bloodstream and host cellular barriers 

have been disrupted, unless individual fungi are unable to separate from surrounding 

cells, they may not be able to enter the circulation.  

 

Conclusion 

The zebrafish yolk infection model has provided significant advantages over 

existing models for the study of C. albicans pathogenesis, namely, the ability to visualize 

fungi in the process of dissemination.  The ability of C. albicans to undergo 

morphological transitions accompanied by other physiological changes is complex and 

dynamic, and much work remains to fully dissect the roles of these processes in 

dissemination.  Taken together with evidence from previous in vitro and in vivo models, 

this work demonstrates that the notion that yeast and hyphae represent commensal and 

pathogenic forms of this organism, respectively, is an oversimplification.  In fact, our 

findings suggest that all morphologies play important roles in virulence and 

dissemination. 
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Figure 8 
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APPENDIX 

 

Electronic Index of Confocal Image Files 

Image File Path 
All preceded by: 
file:///\\TS-QVHLC90\share\JJONES\Confocal Images 

Figure 3, Panel B 
     CAF2 \2012.08.15\fish1.30hpi.20x.caf2.yolk.yolk.oib 
     CAN34 \2012.08.08\fish1.30hpi.20x.can34.yolk.yolk.oib 
     CAN38 \2012.08.15\fish3.30hpi.20x.can38.yolk.yolk.oib 
     CAN76 \2012.08.03\fish4.30hpi.20x.can76.yolk.yolk.oib 
     CAN74 \2012.08.03\fish1.30hpi.20x.can74.yolk.yolk.oib 
Figure 4 
     Panel C \2013.01.25\fish1.30hpi.10x.WT-GFP,CAN34-dTom.yolk.oib 

\2013.01.25\fish1.30hpi.10x.WT-GFP,CAN34-dTom.tail.oib 
     Panel D \2013.01.31\fish1.WT-GFP,CAN76-dtom.10x.yolk.yolk.oib 

\2013.01.31\fish1.WT-GFP,CAN76-dtom.10x.yolk.tail.oib 
Figure 6, Panel F 
     CAF2 \2013.09.19\Fish1.CAF2.25hpi.10x.oib 
     CAN34 \2013.09.19\FishD6.CAN34.25hpi.10x.oib 
     CAN76 \2013.11.08\C2.CAN76.27hpi.10x.oib 
Figure 8 
     Panel A \2013.11.17\D5TL.CAN76.48hpi.10x.oib 

\2013.11.17\D5TL.CAN76.48hpi.10x.tail.oib 
     Panel B \2013.11.17\D5TL.CAN76.48hpi.20x.yolk.oib 

\2013.11.17\D5TL.CAN76.48hpi.20x.yolk2.oib 
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Sample Calculations: AlamarBlue® and CFU Assays 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

#"Fungal"cells 312500 156250 78125 39063 19531 9766
CAF2 5825 2578 1445 802.5 424.5 204
CAN34 2993.5 1331 623 301 144 74
CAN76 7232 3638 2040.5 1052 567.5 287

y=0.0182x+13.5390(CAF2)

y=0.0096x677.5710(CAN34)

y=0.0227x+141.030(CAN76)

CAF26injected0fish
CAN346injected0fish
CAN766injected0fish

PBS0negative0control
PBS6injected0fish

1 2 3 4 5 6 7
A 5819 3019 1910 1257 867 646 6681
B 3500 1734 1082 743 584 515 3337
C 7953 4009 2529 1506 1006 744 7361
D 924 885 873 1206 1064 948 1290
E 815 967 999 1260 1163 1366 1344
F 902 901 1024 1354 1221 1014 1404
G 482 639 492 7 7 8 7
H 489 481 478 8 8 8 8

8 9 10 11 12
2987 1830 1198 832 612
1778 1014 709 554 483
4117 2402 1448 979 680
727 817 799 692 423
744 858 909 723 427
782 759 839 675 430
7 7 7 8 420
8 8 8 8 7

Sample0966well0plate0readout

Key
A166,0A7612:0CAF20standard0duplicates
B166,0B7612:0CAN340standard0duplicates
C166,0C7612:0CAN760standard0duplicates

Generation0of0Standard0Curves
Average0standard0well0duplicate0pairs,0subtract0average0of0PBS0negative0control0(425)

ex:00((A10+0A7)/2)0604250
0000000((58190+06681)/2)0604250=05825

#0Fungal0cells

Fl
uo
re
sc
en
ce

C.#albicans6injected0fish0samples0plated0in0triplicate0
arranged0in0columns0(ex:0D1,E1,F10from0one0sample).00
Two0samples0of0PBS6injected0fish0plates0in0triplicate0
arranged0horizontally0(ex:0G1630from0one0sample).

Evaluation0of0standard0curves0for0control0fish0samples

27278.08
61205.31
16254.19

PBS6injected0fish0average0(both0samples):0510

y0=0510,0solve0for0x
x0=0signal0generated0by0viable0fish0cells

CAF2

CAN76
CAN34
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Sample Calculations: AlamarBlue® and CFU Assays (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Evaluation*of*standard*curves*for*infected*fish*samples

CAF2*sample*1*triplicate*average:*880

CAN34*sample*1*triplicate*average:*1273

CAN76*sample*1*triplicate*average:*751

Plug*in*averages*into*appropriate*standard*curve*as*y,*solve*for*x

CAF2*sample*1:**x
1
=47607.75

CAN34*sample1:**x
1
=140684.48

CAN76*sample1:**x
1
=26870.93

Subtract*appropriate*control*fish*signal*(x)*from*infected*sample*x
1
*to*calculate*

signal*generated*by*fungi*only

CAF2*sample*1:**47607.75*N*27278.08*=*20329.67

CAN34*sample1:**140684.48*N*61205.31*=*79479.17

CAN76*sample1:**26870.93*N*16254.19*=*10616.74

Divide*fungal*signal*by*the*volume*of*homogenate*plated*(15*�L),*multiple*by*
total*volume*of*fish*homogenate*(150*�L),*then*divide*by*number*of*fish*
homogenized*(5*fish)*to*obtain*the*number*of*fungi*per*fish

CAF2*sample*1:**((20329.67*/*15)*x*150)*/*5*=*40659.33*fungi/fish

CAN34*sample1:**((79479.17*/*15)*x*150)*/*5*=*158958.30*fungi/fish

CAN76*sample1:**((10616.74*/*15)*x*150)*/*5*=*21233.47*fungi/fish

Calculate*CFUs*per*fish*by*averaging*plate*duplicates,*dividing*#*colonies*by*

volume*of*liquid*plated*(40*�L),*multiplying*by*the*dilution*factor,*multiplying*
by*the*total*volume*of*homogenate*(150*�L),*and*dividing*by*the*number*of*
fish*homogenized*(5*fish)

Avg.*#*colonies Dilution*factor CFU/fish

CAF2*sample*1

CAN34*sample*1

CAN76*sample*1

86.5

127.5

144.5

10

1000

100

649

95625

10838

Divide*CFUs/fish*by*fungi/fish*and*multiple*by*100%*to*obtain*the*percent*of*

fungi*that*are*individually*dispersible

CAF2*sample*1:**(649*/*20329.67)*x*100%*=*1.60%

CAN34*sample1:**(95625*/*158958.3)*x*100%*=*60.16%

CAN76*sample1:**(10838*/*21233.47)*x*100%*=*51.04%
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Supplementary Data 

 

Frequencies of PHR1 dissemination. 

Exp. Date Inoculum Frequency of 
Dissemination 

Time of Evaluation 

04.18.13 PHR1 0 of 27 30 hpi 
04.25.13 PHR1 1 of 19 30 hpi 
05.23.13 PHR1 1 of 11  30 hpi 

Pooled Data 2* of 57 3.5%  
*Both low dissemination (<10 cells) 
 

 

Kaplan-Meier Survival/Mortality Curve 

 

 

 

 

 

 

Survival data pooled from two experiments for PHR1 and PBS, and one experiment for 

SN250 (wild-type reference strain for PHR1). 
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