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Characterization of the She3-dependent RNA transport system in
Candida albicans

Sarah L. Elson

ABSTRACT

Candida albicans is an opportunistic fungal pathogen of humans.  Among the

many factors contributing to its virulence is the ability to switch between single cell

(budding yeast) and filamentous (hyphal and pseudohyphal) forms.  Hyphae are chains of

long cells with parallel cell walls and are distinguished from pseudohyphae – chains of

elongated ellipsoid cells – by highly polarized apical growth.  Within hyphae, the tip

(apical) cells are distinguished from sub-apical (non-tip) cells by a number of molecular

and morphological features that contribute both to maintenance of hyphal polarity and to

specialized hyphal function, including invasive and directional growth.  The mechanisms

that control this hyphal tip cell specification are incompletely understood.

This study addresses the role of RNA transport – a widespread mechanism for

generating cellular polarity – in hyphal tip cell specification and hyphal development.

Specifically, we characterized a She3-dependent RNA transport system in C. albicans.

We used immunoprecipitation of She3-RNA complexes and whole genome microarray

analysis to identify transported mRNAs, and we applied fluorescent in situ hybridization

(FISH) techniques to assess these transcripts’ sub-cellular localization.  To assess the role

of RNA transport in hyphal formation and function, we analyzed the phenotypes

associated with loss of She3 and with loss of individual She3-associated transcripts.
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We found that C. albicans She3 binds a set of 40 mRNAs and transports these

transcripts to the buds of yeast form cells and to the tips of hyphae. The proteins encoded

by She3-associated transcripts are predicted to act in a variety of cellular processes,

including mitosis, cytoskeletal dynamics, transcription, and small molecule transport.

Interestingly, there is little overlap between the sets of transcripts bound by She3 in C.

albicans and Saccharomyces cerevisiae, a closely related fungus, suggesting that the

transport system has undergone relatively rapid evolution.  Inactivation of C. albicans

She3 is associated with specific hyphal defects, including reduced invasive growth and

decreased capacity to damage an epithelial cell monolayer.  Disruption of individual

cargo mRNAs produced a range of filamentation defects, suggesting that the associated

genes make diverse contributions to hyphal development.
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Introduction

Generation of cellular polarity – asymmetry in shape, protein distribution, and/or

sub-cellular function – is an essential feature of most eukaryotic cells and underlies such

diverse processes as differentiation, mating, nutrient acquisition, cell-cell communication,

and barrier formation.  One manifestation of such asymmetry is polarized growth, which

refers to restricting cell growth to a discrete region of the cell.  In the most extreme

examples, essentially all growth is localized to a single site, resulting in the generation of

elongated tubular projections.  Examples exist across kingdoms and include mammalian

neurons [1], pollen tubes and root hairs of vascular plants [2], and filamentous fungi [3].

Filamentous fungi are characterized by persistent polarized growth that proceeds

throughout the cell cycle, leading to the formation of long hyphae.  In addition to

conferring cells shape, this hyphal tip growth is an important component of environment

sensing and substrate invasion [4].  For fungal pathogens, in particular, hyphal tip

dynamics are critical to host-pathogen interactions.  Tip-localized cytoskeletal expansion,

exertion of force through turgor pressure, and secretion of degradative enzymes are

among the key mechanisms that facilitate entry into host tissues [5, 6].  Some fungal

plant pathogens, including the rice blast fungus Magnaporthe grisea and the corn smut

Ustilago maydis differentiate tip-localized appressorium structures that are dedicated to

penetrating host tissue [7, 8]. A strict association between hyphal tip cell specialization

and invasive growth has not yet been described in the human pathogen Candida albicans;

however, there is increasing evidence that behavior at the hyphal tip plays an important

role in host invasion.
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C. albicans is a commensal fungus and an opportunistic pathogen that can cause a

severe infection in immunocompromised hosts.  C. albicans can adopt multiple

morphologies, and its ability to undergo a reversible switch between single cell (yeast)

and filamentous (hyphal and pseudohyphal) forms is one of the numerous factors

contributing to its virulence.  Hyphae are chains of long cylindrical cells with parallel cell

walls and are distinguished from pseudohyphae – chains of elongated ellipsoid cells – by

highly polarized apical growth [9].  In both yeast and pseudohyphal forms, polarized

cellular growth alternates with isotropic growth in a cell-cycle dependent fashion; hyphae

(also referred to as “true hyphae”), in contrast, exhibit polarized growth throughout the

cell cycle.  In the laboratory, conditions that support mostly pure populations of the

different cell types have been defined, allowing researchers to study their distinct

properties.  While all three morphological forms may be capable of entering host tissue

[10], there is evidence that hyphae are specialized for invasive and directional growth

[11, 12].

Two active areas of C. albicans research are the mechanisms responsible for

polarized hyphal growth and the molecular processes underlying host cell invasion.  For

both lines of investigation, an understanding of hyphal tip cell differentiation is pivotal.

This study addresses the role of RNA transport – one specific mechanism of generating

cellular asymmetry – in hyphal development.  To introduce this topic, the current

understanding of polarity establishment and of tip cell differentiation in C. albicans

hyphae are summarized.
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Cytological and molecular features of C. albicans hyphal tip cells

Spitzenkörper

A common feature of the fungal filament tip is the Spitzenkörper, a specialized

secretion structure comprised of exocytic vesicles that drives polarized growth by

concentrating secretion at the tip (the Spitzenkörper is reviewed in [3, 5, 13]).  Its precise

position within the hyphal tip is thought to determine the direction of hyphal growth.  In

most fungi, the Spitzenkörper is detected by light microscopy as a phase dark body; it is a

dynamic structure that is present at actively growing tips and disappears when growth

ceases.  While the Spitzenkörper of all fungi is comprised primarily of exocytic vesicles,

the precise composition and cargo of different species and remain unclear. The

Spitzenkörper is enriched in F-actin and may co-localize with formins, the actin binding

proteins that nucleate actin localization.  Some Spitzenkörpers contain ribosomes,

suggesting that this structure may concentrate protein synthesis at the hyphal tip.  Finally,

it has been proposed, but not demonstrated, that the Spitzenkörper contributes to invasive

growth by secreting degradative enzymes [6].

In C. albicans hyphae, the Spitzenkörper is not visible by light microscopy, as in

other filamentous fungi.  It was identified as a spot at the hyphal tip defined by the co-

localization of two markers:  1) the dye FM64-4, which marks the Spitzenkörper in other

filamentous fungi, and 2) a YPF-tagged version of the Mlc1, protein, which transports

vesicles to the hyphal tip [14].  The formin Bni1 also co-localizes to this spot.  A

computer program that models hyphal shape based on Spitzenkörper location accurately

predicted the location of the hyphal tip based on the position of the Mlc1-YFP spot,

further validating the identity of this spot as the C. albicans Spitzenkorper.  The
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Spitzenkörper is unique to the hyphal form of C. albicans; Mlc1-YFP in yeast and

pseudohyphae localizes to a crescent-shaped apical structure that resembles the S.

cerevisiae polarisome, a protein complex assembled at the bud that directs polarized

growth [15].  A subset of hyphal tips also display this polarisome-like structure, defined

by a second region of Mlc1-YPF fluorescence that is distinct from the spot, suggesting

that the Spitzenkörper and polarisome can co-exist in hyphal tips.  While the

Spitzenkörper structure is present throughout the cell cycle, the polarisome in yeast and

pseudohyphae disappears at or before mitosis.   Maintenance of the Spitzenkörper

depends on both microtubules and actin.  Spitzenkörper integrity also depends on the

cytoskeletal regulatory proteins Spa2 and Bud6, which are components of the S.

cerevisiae polarisome and co-localize with the apical crescent of C. albicans hyphae.

Thus, a key finding from these studies is that C. albicans hyphae, as compared to yeast

and pseudohyphae, maintain distinct mechanisms for regulating polarized growth.

Golgi complex

Asymmetric Golgi distribution is another aspect of hyphal polarity.  Studies

utilizing tagged Golgi markers, primarily VRG4-GFP, found that the Golgi complex in

growing hyphae is continuously redistributed to tip cells [16].  This asymmetric

distribution is unique to the hyphal form, and other organelles, including mitochondria,

endoplasmic reticulum and vacuoles, do not similarly accumulate in tip cells.  The

process requires actin polymerization and the formin Bni1, but microtubules do not

appear to be essential.   The finding suggests that that hyphal tip cells are the primary

secretory cells of hyphae, which is consistent with the general understanding that
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secretion in fungal hyphae occurs mostly at the tip.  Asymmetric Golgi distribution may

be a means by which hyphae achieve polarized growth via localized protein secretion.

Further, as Golgi-derived vesicles are thought to target the Spitzenkörper, apical

distribution of the Golgi complex may support Spitzenkörper maintenance.

Vacuoles

Vacuoles and cytoplasm are also asymmetrically distributed during hyphal

growth.  At cell division, newly formed tip cells receive the majority of the cytoplasm

and remain cytologically active, while the sub-apical (i.e., non-tip) cells become

extensively vacuolated and undergo temporary cell cycle arrest [17].  Unequal vacuolar

inheritance, which is not observed in C. albicans pseudohyphae, appears to regulate

hyphal branching.  While the tip cells continue to grow and divide at a constant rate,

arrested sub-apical cells do not bud until cytosol is regenerated and vacuolar volume

decreased.  Accordingly, mutants lacking the VAC8 gene, which regulates vacuolar

inheritance, display increased hyphal branching [18].

Cytoskeletal polarity

A polarized cytoskeleton is a common feature of budding and filamentous fungi.

Studies in Saccharomyces cerevisiae have shown that establishment of a polarized actin

cytoskeleton is critical to most aspects of cellular polarity [15].  In filamentous fungi, F-

actin is essential for tip growth, and it is thought that the plus ends of F-actin are oriented

towards the region of hyphal expansion.  Type V myosins, the actin motor proteins that
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transport secretory vesicles and organelles, move toward the plus ends of actin filaments,

suggesting that myosin V transport along hyphal actin cables supports tip growth [5].

As further described herein, actin polarization is critical to numerous aspects of C.

albicans hyphal polarity.   Actin patches accumulate at the buds of dividing yeast cells,

and at the tips of growing hyphae.  Hyphae also display prominent actin cables.   While

actin patches in yeast redistribute from the bud to the cytoplasm in a cell-cycle dependent

fashion, actin patches in hyphae remain persistently clustered at the tip [19].  Formins,

which also accumulate at the tip, are also essential for hyphal morphogenesis [14, 20].

The C. albicans genome contains a single Type V myosin gene, MYO2, which is not

required for yeast form growth but is required for actin polarization and for filamentous

growth [21].

Localized transcription factors

At least one, and possibly two transcription factors are localized to the tip cells of

hyphae.  Both of these proteins – Ash1 and Ace2 – are restricted to daughter cell nuclei

of budding yeast both of both S. cerevisiae and C. albicans [22, 23].  In C. albicans,

Ash1 is also localized to hyphal tip cell nuclei [22].  Ace2 is predominantly in the apical

nucleus of two-cell hyphae, but it is not known if this tip cell localization persists in

longer hyphae [23].  Both transcription factors regulate aspects of filamentous growth.  In

C. albicans, loss of Ash1 is associated with filamentation defects in colonies grown on

solid filament-inducing media, as well as attenuated virulence in a mouse model of

candidiasis.  Loss of Ace2 is associated with inappropriate formation of pseudohyphae in

conditions that promote yeast form growth, as well as increased agar invasion.   Thus, tip
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cell differentiation and function may rely on the localized regulation of sets of genes

controlled by localized transcription factors.

Polarized hyphal function

A number of studies, focused on diverse aspects of C. albicans hyphal biology,

have suggested that the hyphal tip cells play an integral role in the organism’s interaction

with the host.  First, hyphal tip differentiation is likely to be critical for invasion of host

tissue, which is thought to require both secretion of degradative enzymes and exertion of

mechanical force.  Electron micrographs have shown a zone of clearing around hyphae

penetrating mammalian epithelia, suggesting that there is a concentration of hydrolytic

enzymes at the invading tip [24].  At least one such enzyme, phospholipase B, has been

shown to be preferentially secreted from the hyphal tip cells [25].  Secreted aspartyl

proteases (SAPs) may also be concentrated at the tip.  Studies addressing the affect of

antifungal agents on SAP gene expression found that exposing C. albicans to sub-

inhibitory concentrations of fluconazole caused strong upregulation of SAP4 and SAP6

genes specifically in hyphal tip cells [26].  Hyphal tip cells may play a critical role

generating mechanical force to effect host cell invasion.  C. albicans invades host cells

both by stimulating its own endocytosis and by active penetration, and it has been

postulated that active penetration requires an exertion of mechanical force that only true

hyphae can achieve [11].  As invading hyphae enter host tissue tip-first, it seems likely

that tip cells would play an important role in force generation.

Hyphal tip cell differentiation is also likely to play an important role in hyphal

directional migration in response to external cues.  C. albicans hyphae exhibit polarized
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extension and reorientation of the growth axis in response to specific environmental

signals.  Thigmotropism, or contact guidance, refers to the tendency of C. albicans

hyphae to grow along grooves and ridges, as well as through pores of a substrate; it is

thought that this property promotes infiltration of epithelial surfaces during tissue

invasion [27].  Galvanotropism describes the growth of hyphae in the cathodal orientation

of an applied electric field [28].  Both processes are calcium-dependent, and the current

model suggests that, in both conditions, the hyphal tip membrane receives signals that

activate calcium channels, and the resultant tip-high calcium gradient in hyphae directs

polarized extension [28].  The model thus posits that hyphal tip cells play an important

role in sensing and responding to the environment.

Polarity factors

Researchers investigating the molecular mechanisms underlying polarized growth

of C. albicans hyphae have largely focused on known regulators of cellular polarity,

particularly those in the Rase superfamily of small GTPases that function in generating

asymmetry in other eukaryotic cells.  Much of our understanding of the mechanisms that

generate cellular polarity derives from studies in S. cerevisiae, whose cells exhibit

polarized growth during budding, mating, and pseudohyphal growth in response to

nitrogen starvation.  A number of studies have defined four hierarchical steps in the

establishment of polarity.  First, intrinsic or extrinsic signals define a site on the cell

surface.  Second, landmark proteins are deposited to mark this site.  Third, a cascade of

small GTPases is activated in the region of the landmark to establish polarity.  These

GTPases then organize actin and other factors involved with polarized growth [29].  In S.
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cerevisiae, the critical GTPases for polarity establishment are Rho, Rac, and Cdc42

proteins [15, 29, 30].  GTPases cycle between active, GTP-bound, and inactive, GDP-

bound states.  Thus, the proteins that regulate GTPase activity are critical polarity factors.

Guanine nucleotide exchange factors (GEFs) activate GTPases by promoting the

exchange of GDP for GTP, whereas GTPase activating proteins (GAPs) promote

hydrolysis of bound GTP, thereby turning off GTPase activity.

As in many other fungal and non-fungal species, Cdc42 appears to be a master

regulator of cellular polarity in C. albicans.  It is s essential for proliferation and

morphology of both yeast and hyphae [31], and it is localized to buds of dividing yeast

cells and to the tips of growing hyphae [32].  Like Cdc42 itself, its GEF, Cdc24, is

required for growth [33].  Ectopic expression of either Cdc24 or Cdc42 from the MET3

promoter allows yeast-form proliferation but is not sufficient for filamentous growth.

MET3-Cdc24 expression is six-fold lower than wild-type Cdc24 expression.  These data

thus suggest that a higher level of Cdc42 activity is required for filamentous growth than

for yeast form growth.  Studies with C. albicans strains lacking Cdc42 GAPs Rga2 or

Bem3 further suggest that increased Cdc42 activity promotes hyphal growth [34].

Deletion of either of these proteins produces hyperpolarized yeast.  Furthermore, in

conditions that normally promote pseudohyphal growth, the mutant filaments display

characteristics of hyphae, including an ectopic Spitzenkörper, the presence of a first

septum in the bud, nuclear division within the apical bud, and hyperpolarization of Cdc42

to the apical tip.  In contrast to these GAP mutants, a Cdc42 mutant that is locked in the

active, GTP-bound state (Cdc42-G12V) does not confer hyphal characteristics in

pseudohyphal growth conditions and produces aberrant, branched filaments in hyphal-
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inducing conditions.  Thus, it appears that polarized hyphal development also requires

Cdc42’s intrinsic GTPase activity and cycling between GTP- and GDP- bound states.

Cdc42 shares approximately 60% sequence identity with the Rac1 GTPase, but

the two proteins appear to have non-overlapping functions [35].  They are expressed in

distinct patterns in the hyphal cell membrane, and over-expression of one protein cannot

complement deficiencies associated with loss of the other.  Rac1 is dispensable for C.

albicans viability and for hyphal growth in serum-containing liquid media, but it is

required for invasive filamentation in agar.   Interestingly, Rac1 regulates morphogenesis

in numerous higher eukaryotes but is absent in S. cerevisiae.  Further, while Rac1

controls cytoskeletal organization in multi-cellular organisms, it is not required for actin

organization, at least not in yeast form cells, of C. albicans.  Thus, it is likely that C.

albicans Rac1 has evolved to fill a distinct function in C. albicans hyphal development.

A third Ras GTPase, Rsr1, also contributes to polarity establishment in C.

albicans hyphae [36-38].  Strains lacking Rsr1, or its predicted GAP, Bud2, produce

short, aberrantly shaped hyphae with depolarized actin patches.  These strains are unable

to invade agar and display specific defects in hyphal guidance [37].  On serum agar,

where wild type strains maintain relatively stable directional hyphal growth, the mutant

hyphae display more frequent bends and deviations.  The mutant strains further display

diminished thigmotropic and glavanotropic responses, and reduced invasion of epithelial

cells [36].  These data suggest that Rsr1 GTPase activity is important for directional

growth and for hyphal tip responses to external cues.

Finally, studies of the Rho3 and Rho4 GTPases have assigned them distinct roles

in polarized growth.  In S. cerevisiae, Rho3 and Rho4, function in actin assembly through
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activation of formins.  C. albicans Rho3 may have a similar role.  Rho3 appears essential,

and studies with a regulatable RHO3 gene implicate it in polarized growth and

maintenance of a polarized actin cytoskeleton.  Rho4, in contrast, is not required for

hyphal morphology but contributes to other aspects of polarity, including cytokinesis

[39].

RNA transport mechanisms

Diverse RNA trafficking mechanisms control cell polarity, specification of cell

fate and subcellular specialization in numerous eukaryotes.  For instance, the anterior-

posterior and dorsal-ventral axes of the Drosophila melanogaster embryo are established

by localization of mRNAs encoding polarity factors in the unfertilized oocyte.  There,

mRNAs encoding the bicoid and nanos genes, which control anterior and posterior

polarity, are localized to the anterior and posterior poles of the future embyo (reviewed in

[40-42]).  Similarly, in the oocyte of Xenopus laevis, localization of the mRNAs encoding

Vg1 and An1-3 mark the vegetative and animal poles of the presumptive embryo

(reviewed in [43, 44]).  In chick fibroblasts trafficking of beta-actin mRNA targets actin

assembly to the leading edge of the cells, which provides cellular polarity and mobility

[16-18], and in mammalian neurons, transport of RNA to dendrites and localized protein

synthesis is a key regulator of synaptic activity [19-22].  In each of these examples, RNA

localization occurs via active transport along cytoskeletal elements:  microtubules in the

Drosophila embryo, microfilaments in chick fibroblasts, and both structures in the

Xenopus embryo and in neurons.
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One of the best understood RNA localization mechanisms is the She system of S.

cerevisiae, a riboprotein complex that uses actomyosin transport to move a set of RNAs

from the mother cell to the bud during mitosis [45-49].  The complex contains at least six

proteins.  She2 is thought to be the primary RNA binding protein that links the set of

RNAs to Myo4p, an unconventional Type V myosin motor, via the adaptor protein She3

[50-53].  Puf6 as well and Kdh1 are translational repressors that are thought to prevent

premature translation of cargo RNA [54, 55]; both proteins contribute to proper RNA

localization.  Also required for proper RNA localization is Loc1, an exclusively nuclear

protein that binds double stranded RNA [56].   The She transport mechanism has been

elucidated mostly through studies of the ASH1 RNA cargo.   S. cerevisiae Ash1 is a

transcriptional repressor of HO, an endonuclease required for the genetic recombination

event that allows sexual differentiation (mating-type interconversion); Ash1 localization

to daughter cells ensures that only mother cells express HO and thereby undergo mating-

type interconversion [57-60].  S. cerevisiae Ash1 is also implicated in promotion of

pseudohyphal growth in response to nitrogen starvation, but it is not known how ASH1

transport by the She machinery affects this process.

RNA transport has also been implicated in polarized growth of other fungi [61].

For instance, in the maize pathogen Ustilago maydis, the RNA Recognition Motif (RRM)

protein Rrm4 moves along hyphal microtubules and displays increased RNA-binding

activity during hyphal growth, the infectious growth phase.  Loss of Rrm4, or a mutation

of the RNA-binding domain, results in defective filamentous growth and reduced

virulence of the organism [62, 63].  Associations between mutations in RRM-containing

proteins and defects in polarized filamentous growth in the soil fungus Aspergillus
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nidulans and in the elm pathogen Ophiostoma novo-ulmi have suggested that these

proteins may be involved in RNA localization systems in additional species.

As previously described, C. albicans Ash1 protein is restricted to the tip cells of

hyphae, as well as to daughter cells of budding yeast [22].  When the mRNA encoding C.

albicans Ash1 is expressed in S. cerevisiae, it localizes to daughter cells [64], indicating

that the C. albicans ASH1 transcript likely contains localization signals recognized by the

S. cerevisiae She complex, and further suggesting that a She-dependent mechanism may

localize the C. albicans ASH1 transcript to hyphal tip cells.

Based on these considerations, we hypothesized that RNA transport via the She

machinery might regulate the development of C. albicans hyphae.   The primary

objectives of this work were to characterize the She machinery in C. albicans and its

contribution to hyphal growth, morphogenesis, and function.
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CHAPTER 2

An RNA Transport System in Candida albicans Regulates

Hyphal Morphology and Invasive Growth
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Suzanne Noble constructed a subset of the strains comprising deletions of

individual She3-transported RNAs; these strains’ phenotypes are described in

Figure 8.  The epithelial and endothelial cell damage assays whose results are

described in Figure 7 were performed in the laboratory of Scott Filler (Division of

Infectious Diseases, David Geffen School of Medicine at UCLA).
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An RNA Transport System in Candida albicans Regulates Hyphal

Morphology and Invasive Growth

ABSTRACT

Localization of specific mRNAs is an important mechanism through which cells

achieve polarity and asymmetric growth.  Based on a framework established in

Saccharomyces cerevisiae, we describe a She3-dependent RNA transport system in

Candida albicans, a fungal pathogen of humans that grows in budding (yeast) and

filamentous (hyphal and pseudohyphal) forms.  We identify a set of 40 mRNAs that are

selectively transported to the buds of yeast-form cells and to the tips of hyphae, and we

show that many of these genes contribute to hyphal development.  Although the basic

system of mRNA transport appears conserved between S. cerevisiae and C. albicans, the

cargo mRNAs have diverged considerably, probably reflecting the distinct selective

pressures acting on the two species.  Inactivation of the transport system results in

specific hyphal defects, including a loss of invasive hyphae on agar plates and reduced

capacity to damage an epithelial monolayer.  These results indicate that She3-dependent

transport of mRNAs into the C. albicans hyphal tip cell is not required for formation of

hyphae per se but is required for several specialized functions of hyphae.

INTRODUCTION

Cell polarity – asymmetry in shape, protein distribution, and/or sub-cellular

function – is an essential feature of most eukaryotic cells and underlies such diverse

processes as cell differentiation, mating, and cell-cell communication.  One mechanism
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for achieving cellular asymmetry is through localization of RNAs.  For instance, the

anterior-posterior and dorsal-ventral axes of the Drosophila embryo are established by

localization of specific mRNAs in the unfertilized ooctye (reviewed in [1-3]).  Similarly,

mRNA localization in the oocyte of Xenopus laevis underlies establishment of embryo

polarity (reviewed in [4, 5]).  In chick fibroblasts, transport of beta-actin mRNA

promotes actin assembly at the leading edge of the cells [6-8], and in mammalian

neurons, transport of RNA to dendrites for localized protein synthesis is critical to

synaptic activity [9-12].  In each of these examples, RNA localization occurs via active

transport along cytoskeletal elements:  microtubules in the Drosophila embryo,

microfilaments in chick fibroblasts, and both structures in the Xenopus embryo and in

mammalian neurons.

RNA transport has also been documented in fungi.  In the maize pathogen

Ustilago maydis, the Rrm4 protein binds RNA and moves along microtubules.  Loss of

Rrm4, or a mutation of its RNA-binding domain, results in polarity defects and reduced

virulence of the organism [13, 14].  One of the best understood RNA localization

mechanisms is the Saccharomyces cerevisiae She system, a riboprotein complex that uses

actomyosin transport to move a set of mRNAs from the mother cell to the bud during

mitosis [15-19].  Within the She complex, She2 is thought to be the primary RNA

binding protein that links specific mRNAs to Myo4, a type V myosin motor, via the

adaptor protein She3 [20-23].  Thus, a small set of mRNAs, selected by binding to She2,

are transported from the mother cell to the bud.  One such mRNA encodes Ash1, a

transcriptional repressor of HO, an endonuclease required for mating-type
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interconversion; Ash1 localization to daughter cells ensures that only mother cells

express HO and thereby undergo this type of programmed DNA rearrangement [24-27].

In this study, we investigated the biological role of She-dependent RNA transport

in Candida albicans, a commensal fungus and an opportunistic pathogen that can cause

severe infection in immunocompromised humans.   In the host, C. albicans exists in a

variety of forms, including budding yeast, pseudohyphae (chains of elongated ellipsoid

cells), and hyphae (chains of long, cylindrical cells with parallel cell walls) [28].  The

ability to rapidly switch among these forms in response to external cues is one of

numerous factors contributing to virulence.  While the three forms each appear to have

roles in infection, there is evidence that hyphae are specialized for invasive growth and

virulence [29, 30].

C. albicans hyphae are formed by polarized growth at the apical cell (the hyphal

tip cell).  Several morphological and molecular characteristics distinguish the hyphal tip

cell from the sub-apical (i.e., non-tip) cells of the filament.  Newly formed, apical cells

inherit most of the cytoplasm and are cytologically active, while the mother or sub-apical

cells are extensively vacuolated and undergo temporary cell cycle arrest [31].  Further,

the Golgi complex is continuously redistributed to tip cells [32], suggesting a means by

which hyphae achieve localized secretion at the tip.  As in other filamentous fungi, the tip

of C. albicans hyphae contains the Spitzenkörper, a cluster of exocytic vesicles that

drives polarized growth by concentrating secretion at the tip [33].  Finally, there is

evidence that hyphal tip cells serve an important function during C. albicans invasion of

host tissues.  Electron micrographs have shown a zone of clearing around hyphae

penetrating mammalian epithelia, suggesting a concentration of hydrolytic enzymes at the
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invading tip [34].  At least one such enzyme, phospholipase B, is preferentially secreted

from the hyphal tip cells [35].

Previous work has shown that the C. albicans Ash1 protein is restricted to the tip

cells of hyphae, as well as to daughter cells of budding yeast [36].  When the mRNA

encoding C. albicans Ash1 is expressed in S. cerevisiae, it localizes to daughter cells

[37], indicating that the C. albicans ASH1 transcript likely contains localization signals

recognized by the S. cerevisiae She complex, and further suggesting that a She-dependent

mechanism may localize the C. albicans ASH1 transcript to hyphal tip cells.

In this study, we establish the existence of a She3-dependent mRNA transport

system in C. albicans.  In addition, we (1) identify a set of RNA transcripts specifically

bound to She3; (2) determine the cellular localization of the She3-bound transcripts, and

(3) characterize the phenotypes associated with loss of She3 and with loss of individual

She3-bound transcripts.  From the results of these experiments, we conclude that C.

albicans has a She3-mediated system that transports selected transcripts into both

daughter cells of budding yeast and into tip cells of the hyphae.  We further show that

approximately one third of these transcripts have roles in hyphal development.  Finally,

we show that She-based RNA transport, although not required for hyphal growth per se,

is important for proper hyphal morphology and for specific aspects of hyphal function,

specifically, invasive hyphal growth and tissue damage.

Although the general features of the C. albicans She transport system appear

conserved with that of S. cerevisiae, the mRNAs carried by She3 differ considerably

between the two species, suggesting relatively rapid evolution in the set of cargo RNAs.

This finding is analogous to comparisons of transcriptional circuits between C. albicans
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and S. cerevisiae; although the transcriptional regulators are often highly conserved, the

genes they regulate can differ considerably.

RESULTS

Actin-based RNA transport in C. albicans

By searching the genome sequence of C. albicans (www.candidagenome.org), we

identified ORF19.5595, encoding a 377 amino acid protein, as a likely ortholog of S.

cerevisiae SHE3.  An alignment of this protein with other putative fungal She3 orthologs

indicates that the region of highest conservation is in the amino-terminal half of the

protein, the putative myosin interaction domain [23].   No clear SHE2 ortholog was

identified in C. albicans; either She3 may serve as the RNA-binding protein, or another,

yet-unidentified protein may fulfill this function in C. albicans.  The C. albicans genome

contains a single gene encoding a class V myosin, MYO2 (orf19.5015 [38]); if the She

mechanisms are essentially the same in S. cerevisiae and C. albicans, Myo2 is most

likely the motor linking She3 to actin filaments.

As a preliminary test of whether C. albicans She3 is involved in transporting

mRNAs, we took advantage of previous work showing that C. albicans Ash1 is localized

to yeast daughter cells and to hyphal tip cells [36].  We deleted both copies of the C.

albicans SHE3 gene (C. albicans is diploid) and observed that Ash1 now appears in both

mother and daughter nuclei in yeast, and in nuclei of multiple cells of hyphae (Figure 1).

The results indicate that C. albicans Ash1 localization (to daughter cells in yeast and to

tip cells in hyphae) is mediated by She3 and, based on homology, likely occurs through a

mechanism similar to that observed for S. cerevisiae.
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Identification of She3-associated RNAs

We used immunoprecipitation (IP) of She3-RNA complexes, followed by

hybridization to whole genome microarrays, to identify the set of RNAs bound and

potentially localized by C. albicans She3 (Figure 2).  Cellular lysates were prepared from

a C. albicans strain (YSE25) containing a single copy of She3 fused to a tandem affinity

purification tag (She3-TAP) [39], which was grown in yeast form or induced to form

hyphae by growth in serum at 37°C for 30 minutes, one hour, or three hours.  The tagged

She3 protein was immunoprecipitated from these lysates, and the associated RNAs were

eluted.  Labeled cDNA generated from the She3-associated RNA was compared to

reference cDNA by competitive hybridization to C. albicans microarrays representing the

entire genome [40].  For this experiment, we used two different types of reference cDNA

prepared from either (1) total RNA from the She3-TAP strain, or (2) RNA isolated from a

mock IP performed with an untagged strain.  Comparing immunoprecipitated and total

RNA from the She3-TAP strain risks false positives inherent to the IP methods (i.e.,

“sticky RNAs”), whereas comparison to reference cDNA from mock IP is subject to false

positives based on potential strain differences.  In a given experiment, we used either one

reference or the other, and we combined results for data analysis, as explained below.

This approach allowed us to eliminate false positives that were inherent to either method.

Stringent filter criteria were used to identify the set of candidate She3-associated

RNAs.  Data were derived from twelve microarrays from yeast  (six each using either of

the two reference samples) and 24 from hyphae (from each of three time points, four

arrays each using the two reference populations). To pass the initial filter, array elements
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(spots) must have produced interpretable hybridization in greater than 50% of arrays from

any single experiment (i.e., from one growth condition using one reference population)

and must have had median percentile rank of at least 98.  A second filter required that

transcripts be identified using both reference populations, and, for those identified from

hyphal lysates, be identified in at least two growth conditions.  These criteria identified a

set of 31 high-confidence transcripts bound by She3 in yeast and a partially overlapping

set of 38 transcripts bound by She3 in hyphae (Table 2).

The genes represented by the set of She3-bound transcripts act in a variety of

cellular processes, including mitosis and cytoskeletal dynamics, cell polarity,

transcription, small molecule transport and regulation, virulence, and cell wall structure

and function (Table 2).  Ten genes encode proteins of unknown function.  ASH1 was

identified as She3-associated in both yeast and hyphae, validating the approach and

providing further evidence that Ash1 protein is localized via She3-dependent transport of

ASH1 RNA.  Twenty-eight other transcripts were also She3-bound in yeast and hyphae,

and nine were identified only in hyphae.  Only two of the She3-bound transcripts, GLN3

and orf19.7228, were identified solely from yeast, indicating that the cargo mRNAs

transported by She3 are largely overlapping in yeast and in hyphae.  It is possible that a

greater number of She3-associated transcripts were identified in hyphae relative to

budding yeast simply because more microarrays were performed with hyphal lysates.

We also note that certain genes whose expression is annotated as yeast-specific or

hyphal-specific were identified in both yeast and hyphal lysates.  These include CHT2,

which is expressed primarily in yeast [41], and RBT4, whose expression is enriched in

hyphal lysates [42].  Our IP methodology relied solely on differential She3 binding and
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should not require high levels of expression of bound transcripts.  Taken together, the

data suggest that the RNA IP methods used provided a sensitive assay for She3-bound

RNAs and could identify rare transcripts even under conditions where these genes’

expression was low.

In summary, we identified 31 She3-bound transcripts in yeast and 38 in hyphae.

While we cannot rule out a hyphal-specific difference in the RNA transport mechanism,

the majority of the bound transcripts are common to both yeast and hyphae, suggesting

that the machinery has a similar role in both types of cells.

Comparison of She-associated transcripts in S. cerevisiae and C. albicans.

Of the 24 RNAs identified as She-transported in S. cerevisiae, clear orthologs of

only two – ASH1 and WSC2  – were also identified as She-associated in C. albicans

(Table 2 and [16]).  Two possibilities could explain this difference:  1)  the mRNAs

transported by She3 differ considerably between the two species, or 2) the difference was

an artifact of overly stringent filter criteria.  To distinguish between these alternatives, we

analyzed the C. albicans yeast form IP data to determine the percentile ranking of close

homologs of those RNAs transported in S. cerevisiae.  Excluding ASH1 and WSC2, we

identified C. albicans orthologs (or, at least, best BLAST hits) for 13 of the S. cerevisiae

She-transported RNAs.  We considered the percentile rank of all spots that met our basic

threshold criteria (i.e., produced interpretable hybridization in greater than 50% of arrays

from one type of experiment); based on these criteria, 145 array spots representing eleven

genes were included in the analysis.  The median percentile rank across all these array

spots was 59, suggesting that these transcripts are not strongly enriched in the C. albicans
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She3-TAP IPs.  When the same analysis was applied to the set of transcripts that were

She3-associated in C. albicans, the median percentile rank was 99.  Thus, the She

machinery appears to bind distinct sets of transcripts in C. albicans and in S. cerevisiae.

The RNA elements that specify She3-dependent transport in S. cerevisiae are

incompletely understood; they appear to be a complex combination of RNA secondary

structure and RNA primary sequence [19, 43-46].  For these reasons, simple sequence

inspection of the transported mRNAs could not reveal whether the C. albicans She3-

dependent transport system uses signals similar to those in S. cerevisiae.

Localization of She3-associated transcripts

Based on Ash1 protein localization, we predicted that transcripts bound to C.

albicans She3 would accumulate in yeast daughter cells (buds) and in the tip cells of

hyphae.  We tested this prediction using fluorescent in situ hybridization (FISH) to detect

endogenous localization of a subset of 21 transcripts bound by She3 in yeast and hyphae.

Each probe was hybridized to wild type and she3∆/she3∆ cells under conditions in which

these transcripts had been identified from the She3 IP experiments.  We detected She3-

dependent localization from 14 of the probes.  Table 3 summarizes the results of the

FISH, and representative examples of She3-dependent RNA localization are shown in

Figure 3.  In yeast cells, signal was observed in the presumptive bud site and/or the bud,

but it was generally not localized within the bud of large budded cells.  In hyphae, the

signal from all probes that showed She3-dependent localization accumulated at the distal

tip of the hyphal tip cell, or at the distal tip of the germ tube (the nascent form of hyphae

where a yeast cell sends out a long projection).  Some probes, such as CHT2 in yeast, and
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SAP5 and RBT4 in hyphae, were detected in the majority of budding cells or filaments.

For other probes, including HAC1 and orf19.5224 (PKH1 ortholog), a localized signal

was present in a minority of cells but was only detected in the SHE3/SHE3 strain.  For the

seven probes that did not show a clearly localized signal, we believe that the signal was

below our detection threshold.  In any case, the majority of probes (14/21) revealed that

mRNAs identified as She3-bound were localized in a She3-dependent fashion, validating

the IP and microarray analysis methods for identifying transported transcripts.

In order to exclude the possibility that She3 transports all or most RNAs, we

performed FISH with three control probes, ACT1 (orf19.5007), ACC1 (orf19.7466) and

ADH1 (orf19.3997).  These genes all had a median percentile rank of less than 75 in the

She3 binding experiments.  In each case, no specific localization was detected in yeast or

in hyphae.  Moreover, there was no difference in distribution of the signal between wild

type and she3∆/she3∆ cells (Figures 3B and 3D).  This result supports the conclusion that

She3 mediates localization of a specific set of transcripts.  It is noteworthy that although

ACT1 RNA is not localized, Act1 protein (actin) accumulates at sites of polarized growth,

including yeast buds and the tips of hyphae [47].  Thus, She3-dependent RNA transport is

likely to be one of several mechanisms used by C. albicans to achieve subcellular protein

localization.

She3 is necessary for invasive hyphal growth

Based on the role of She3 in localizing transcripts to the hyphal tip, we next

investigated the requirement for She3 in the formation and proper function of hyphae.

When grown in liquid serum-containing medium, the she3∆/she3∆ strain forms germ
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tubes that are initially indistinguishable from wild type (Figure 4A), indicating that She3-

regulated RNA transport is not required for the induction of hyphal growth.  However,

defects become apparent as the filaments grow.  Hyphae have parallel sides with no

constrictions at septal junctions, and their first septa are within the germ tube [28]. By

two hours of serum exposure, approximately two-thirds of the she3∆/she3∆ cells that had

initiated germ tube formation failed to form normal hyphae; instead they displayed a

range of defects, including constrictions at their septal junctions and uneven filament

width.   As judged by the same criteria, only five percent of wild type hyphae displayed

any abnormality (Figure 4B).  These data indicate that She3-mediated RNA transport is

not required for germ tube formation, the earliest stage in hyphal growth, but is important

for later stages of hyphal growth or for hyphal maintenance.

A more striking defect caused by deletion of the SHE3 gene is observed on

filament-inducing solid media (we use the term filament to include both hyphae and

pseudohyphae).  When grown on YEPD agar with 10% serum or glucose-deficient Spider

agar, wild type C. albicans colonies develop a wrinkled central region, containing yeast,

hyphae and pseudohyphae, as well as peripheral filaments (predominantly hyphae) that

invade the agar.  she3∆/she3∆ colonies specifically lack these peripheral filaments; the

central filamentous region is expanded, but otherwise indistinguishable from wild type

colonies (Figure 5).  This pronounced phenotype is observed at both 30°C and 37°C, and

the identical defect was observed in six independently derived she3∆/she3∆ strains,

representing three strain backgrounds.  In the SN152 background [48], the she3∆/she3∆

defect was complemented by re-introduction of the wild type SHE3 gene (see Methods).

We dissected out cells from the central portions of wild type and she3∆/she3∆ colonies
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and observed them by light microscopy.  Central colonies from both strains contained

yeast, hyphae, and pseudohyphae (data not shown), suggesting that She3-mediated

transport does not significantly affect morphologies of cells in the central portion of these

colonies.  In contrast, She3 is absolutely required for filaments that grow out from the

central portion of the colony.  While other loss-of-function mutations that preferentially

affect central or peripheral filaments have been described [49], none completely and

selectively eliminates peripheral filaments without affecting the central portion of the

colony, as does the SHE3 deletion.  Of note, this phenotype is distinct from that

associated with loss of Ash1, which is characterized by a partial loss of peripheral

filaments [36].  Although the phenotypes partially overlap, it is unlikely that the she3 null

phenotype is solely attributable to a reduction of ASH1 RNA at the hyphal tips.  Rather,

the she3 null phenotype suggests that She3-mediated RNA transport is generally required

for C. albicans’ ability to direct invasive filamentous growth in response to solid media.

In order to visualize the defect caused by the SHE3 deletion in greater detail, we

monitored the initial events in the formation of peripheral filaments.  Wild type and

she3∆/she3∆ cells were seeded on thin agar slabs, and colony growth under a cover slip

was observed (Figure 6A).  Colonies from both strains initially grew predominantly as

yeast.  By 36 hours of growth on Spider agar slabs, filaments had begun to grow out from

the edges of both wild type and she3∆/she3∆ colonies.  This initial filamentation at the

interface between the agar and the cover slip was followed by extensive invasive

filamentation into the agar.  In wild type colonies, the initial filaments were a mixture of

hyphae and pseudohyphae, and the longer filaments were predominantly hyphal.  In

she3∆/she3∆ colonies, in contrast, hyphae were never observed; filaments at the colony



36

edge and those growing into the agar were all pseudohyphae.  Similar results were

observed on YEPD/10%serum slabs (data not shown).  Since the thin slabs did not

support growth for more than about three days, colonies were also grown under a cover

slip on standard agar plates.   After five days of growth, wild type colonies displayed

extensive filamentation (predominantly hyphae), while colonies of the she3∆/she3∆ strain

remained compact with much less filament outgrowth (Figure 6B).  These results, taken

together, suggest that She3-regulated RNA transport is required for true hyphal growth in

solid media.  It appears that the pseudohyphae of the she3 null strain are inefficient at

invasive growth, and that the absence of peripheral filaments in the she3 null colonies

stems from the inability to make invasive hyphae.

She3 mediates epithelial cell damage

We next tested whether the defect in invasive growth on solid agar might

correspond to a defect in invasive growth in host cells.  A she3∆/she3∆ strain was tested

for the ability to damage monolayers of human epithelial and endothelial cells [50, 51].

While cells lacking SHE3 were able to damage endothelial cells as efficiently as wild

type, their ability to damage epithelial cells was reduced by about 40%, a statistically

significant difference (Figure 7A).  The defect suggests that tip-localization of one or

more of the She3-assoicated transcripts may be required for the physical processes

associated with epithelial cell damage or may mediate signals for invasive hyphal growth

in this niche.   When the same strains were tested in a mouse model of oropharyngeal

candidiasis [52], wild type and mutant strains showed equivalent virulence, as assayed by

fungal load in infected tissue (data not shown).  It is possible that the defect caused by
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loss of She3 is simply not observable in this model, or that, in the complex environment

of the host, redundant mechanisms mask this defect.  Likewise, the she3 null strain also

showed normal virulence in a mouse model of disseminated candidiasis (data not shown);

again, it is not known whether the type of invasive growth dependent on She3 is required

for this disease model [53].

Transported transcripts make diverse contributions to hyphal development

In order to explore further the role of She3 in hyphal development, we analyzed

the roles of individual transported RNAs in filamentous growth.  We obtained knockout

strains for 33 out of the set of 40 transported transcripts and assessed their phenotypes

after 48 hours growth on Spider agar slabs under a coverslip and after ten days on Spider

agar plates, as previously performed with the she3∆/ she3∆ strain.  Eleven of the 33

strains displayed colony morphology defects on Spider agar plates, and, of these, nine

displayed aberrant filamentation in the early stages of embedded colony growth on Spider

slabs (Figure 8A and 8B).   The mutants fell into one of two broad classes, reflecting

either increased or reduced filamentous growth.  Four strains produced colonies with

increased filamentation after ten days, either in the central region of the colony (knockout

of orf19.1536) or in the peripheral region (knockouts of BCR1, orf19.5406, and CCC1);

two of these (knockouts of BCR1 and orf19.5406) were also hyperfilamentous after two

days growth under a coverslip.  The remaining seven strains (knockouts of ASH1, CHT2,

orf19.6044, orf19.6705, orf19.267, CTA9 and ZCF11) displayed reduced or absent

filamentation both at early stages of growth under a coverslip and in ten-day colonies.
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Two possibilities would explain the filamentation defects exhibited by the eleven

different knockout mutants:  (1) they could be defective in forming hyphae (or

pseudohyphae), or (2) they could play a more specialized role in directing hyphal

invasion.  To distinguish between these possibilities, we tested these strains’ ability to

form hyphae in liquid serum-containing medium (Figure 8C).  Exposure to serum at an

elevated (37°C) temperature is one of the strongest known inducers of filamentous

growth and, accordingly, can highlight defects in strains’ fundamental abilities to form

normal hyphae.  Three strains, those lacking CHT2, orf19.6044, or orf19.267, displayed

obvious defects.  The orf19.6044 knockout strain produced short, swollen filaments,

while the cht2 knockout made predominantly pseudohyphae or aberrant hyphae; hyphae

from the orf19.267 null strain were short but otherwise normal in appearance.  The

remaining strains showed normal hyphal morphology in liquid serum-containing media,

suggesting that the deleted genes are required for proper hyphal invasion but not for

hyphal formation per se.

DISCUSSION

In this paper, we have described an RNA transport system in C. albicans that

localizes specific mRNAs to daughter cells in the budding yeast form and to the tip cells

in the hyphal mode of growth.  When this RNA transport is inactivated by mutation in

She3, a component of the transport system, hyphae display specific defects, including

reduced invasive growth and decreased capacity to damage an epithelial cell monolayer.

We identified mRNAs transported by this system through their tight association

with She3.  Based on previous studies in C. albicans or characterization of orthologous
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genes in S. cerevisiae, the mRNAs bound by She3 are predicted to have diverse

functions.   Several (orf19.3356, MSS4, CDC20, orf19.267, orf19.3071, orf19.5537,

CHT2) encode proteins that function in mitosis, the cytoskeleton, or cell wall dynamics,

indicating that She3 may help localize the basic machinery required for cellular growth.

Two additional RNAs (orf19.6044 and orf19.6705) encode predicted polarity factors –

proteins that control asymmetric cellular processes – implicating She3 in localizing the

machinery for polarized hyphal growth.  Another group of associated RNAs encode

transcriptional regulators (ASH1, CTA9, CTA9, BCR1, HAC1, GLN3), suggesting that

She3 may help to specify whole transcriptional programs in daughter cells and in hyphal

tip cells.  She3 also associates with RNAs for predicted GPI anchored cell-surface

proteins (PGA55, YWP1, PGA6, and PGA54), as well as regulators of ion transport, at

least two of which are predicted to be cell-membrane associated (orf19.1582 and

orf19.5406); differential distribution of these proteins along hyphal filaments could

provide a mechanism by which filaments directionally interact with their environment.

Finally, She3-associated RNAs encode known hyphal specific virulence factors, RBT4

and SAP5, suggesting that She3 may directly program hyphal tip cells to function in host

infection.

We used FISH to determine where transported transcripts accumulated within

yeast and hyphae.  The patterns of RNA localization were similar for almost all

transcripts that gave interpretable results – transported RNAs accumulate in yeast buds

and/or in the tips of hyphae.  This study thus represents the first description of a set of

mRNAs that are specifically localized to hyphal tip cells of a filamentous fungus.
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We present several lines of evidence that She3-mediated RNA transport is

required for invasive hyphal growth.  First, she3∆/ she3∆ strains display reduced ability

to penetrate solid agar media.  The defect is associated with failure to develop true

hyphae, a process that is thought to be related to invasive growth [29, 30].  Second,

although she3∆/ she3∆ strains can form hyphae in certain conditions, these filaments

display aberrant morphologies.  Third, a she3-null strain shows reduced capacity to

damage an epithelial cell monolayer, a process that requires cell penetration.  Finally, we

note that two She3-associated transcripts (RBT4 and SAP5) have been previously

implicated in invasive growth and virulence [42, 54].

The proteins encoded by She3-associated transcripts are critical to basic cellular

functions and to specialized functions associated with hyphae.  Accordingly, it might

have been predicted that loss of She3 would result in even more severe defects in growth,

morphogenesis, and/or virulence.   Five transported RNAs are predicted to encode

essential genes, either based upon the failure to recover a homozygous insertional

mutation of the gene (HAC1 [55] ) or because the S. cerevisiae ortholog is essential

(orf19.3356, MSS4, CDC20, orf19.5710; Table 3 and http://www.yeastgenome.org/);

deletions of other She3-associated genes result in attenuated virulence in the mouse

model of disseminated candidiasis (ASH1, RBT4, YHB1; [36, 42, 56]).  In contrast,

she3∆/ she3∆ strains show normal growth rates and normal virulence, indicating that for

at least some of the She3-controlled genes, proper RNA localization is not critical for the

function of the encoded proteins.  At least two explanations can account for the absence

of more severe phenotypes associated with the loss of SHE3.  First, She3-mediated RNA

transport may be one of several overlapping mechanisms to ensure the proper localization
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of proteins within C. albicans cells.  For example, the protein itself could contain

localization signals [2, 16].  Second, mislocalization of an important gene product would

not necessarily be expected to produce the same phenotype as its deletion.  Even without

a transport system, some gene product is likely to be in the proper place just by chance.

In principle, loss of She3 could also produce gain-of-function phenotypes, based on the

persistence of transcripts in mother and/or subapical cells.  In S. cerevisiae, disruption of

She transport produces a gain-of-function ASH1 phenotype; in the absence of a functional

She complex, Ash1 protein is made in both mother and daughter cells, thereby repressing

HO expression and preventing mating-type conversion in both [18, 27].

Keeping these possibilities in mind, we constructed and tested deletions of 33

genes whose transcripts are She3-bound.  As might be expected, none of these strains

displayed exactly the same filamentation defects observed in the she3∆/she3∆ strains,

indicating that, at least for these strains, the She3 mutant phenotype does not simply

reflect the absence of a single transported mRNA in hyphal tip cells.  Approximately one

third of these strains display filamentation defects on solid filament-inducing medium,

and these aberrant morphologies vary considerably, suggesting that the encoded proteins

make diverse contributions to filamentous growth.

Our analysis of the She system in C. albicans allowed the first cross-species

comparison of an RNA transport system.  A notable finding from our studies is how little

overlap there appears to be between the sets of She-associated transcripts in S. cerevisiae

and C. albicans.  Only two genes – ASH1 and WSC2 – are common to the two sets,

suggesting that She-based RNA transport supports distinct biological functions in the two

organisms.  Furthermore, at least one of the common transcripts, ASH1, plays different
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roles in the two organisms.  S. cerevisiae ASH1 controls mating type switching through

regulation of the HO endonuclease; C. albicans does not have an HO protein and lacks

mating type switching altogether.

 Based on existing data, two plausible mechanisms may account for the

apparently rapid evolution of the She system.  In one model, changes in the RNA-binding

mechanism of a modular She complex could account for this evolution.  C. albicans

appears to lack an ortholog of She2, which is thought to be the primary RNA-binding

protein in the S. cerevisiae She complex.  Furthermore, while BLAST analysis identified

a clear ortholog of She3 in many fungal species within the ascomycetes lineage including

S. cerevisiae, C. albicans, P. stipitis, D. hansenii, L. elongisporus, P. guilliermondii, E.

gossypii, K. lactis, C. glabrata, and Y. lipolytica, a clear She2 ortholog was identified in

only four of these species: S. cerevisiae, C. glabrata, E. gossypii , and K. lactis.

Substitution of different RNA binding proteins in different organisms could bring new

sets of RNAs under control of She-regulation.

In an alternate model, evolution of the system could occur via changes in

nucleotide sequences of transported RNAs.  The cis-acting elements that mediate

localization of She-associated transcripts in S. cerevisiae have been characterized for a

small subset of transported RNAs [19, 43-46].  Independent studies suggest that these

localization elements are comprised of short degenerate sequence motifs, as well as

secondary structures that are largely sequence-independent.  Thus, it is plausible that

small sequence changes could alter She-mediated binding and transport.  In this regard,

the machinery resembles transcriptional regulatory machinery, where, over evolutionary

timescales, the basic transcriptional machinery has remained conserved, but changes in
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cis-regulatory sequences can bring new sets of genes in and out of control of ancient

regulators.

MATERIALS AND METHODS

Strains and media

Strains used in this study are listed in Table 1 and described in greater detail

below.  CAI4, CAF2-1, SN87, SN152, and QMY23 have been described previously [48,

57, 58]. C. albicans transformations were performed according to standard lithium

acetate methods.  Transformants were plated onto Saubouraud dextrose (SD) medium

lacking uracil, histidine, leucine, and/or arginine depending on the marker used.  For

cultivation of C. albicans yeast, strains were grown in YEPD at 30°C unless otherwise

indicated.  For cultivation of C. albicans hyphae, strains were growth to OD 10-12, then

diluted at least tenfold into YEPD containing 10% serum and grown at 37°C, unless

otherwise indicated.

Strain construction

Supplemental Table S1 lists primers used in this study. SHE3 was deleted using a

modified Ura-blaster protocol [59].  The recyclable URA3 marker was PCR-amplified

from pDDB57 using long oligonucleotides identical to the sequence flanking the SHE3

ORF  (SEO1 and SEO2).  The disruption fragment was transformed into the CAI4 [57]

strain. The resulting heterozygote was plated onto 5-flouroorotic acid (5-FOA) and

uridine to select for loss of URA3.  A second round of transformation, which used
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primers SEO3 and SEO4 to amplify URA3, generated the she3-null strain SE4.  SE4 was

again subjected to 5-FOA selection to yield the URA- she3-null strain SE5.

SHE3 was also deleted using fusion PCR methods, as described, that avoided

using the URA3 marker [48].  SHE3 5’ and 3’ flanking sequences were PCR-amplified

with primer pairs SEO112 / SEO113 and SEO19/SEO20, respectively, and used to

generate HIS1 and LEU2 disruption fragments.  Strains SN87 and SN152 were

transformed with the she3::HIS1 fragment, and the resulting heterozygotes (SE28 is the

she3::HIS/SHE derivative of SN152) were transformed with she3::LEU2 to produce the

null mutants SE30 and SE32, in, respectively, SN87 and SN152 backgrounds.

For complementation studies, a construct containing SHE3 under the control of its

own regulatory sequence was introduced to the region downstream of RPS1 (orf19.3002)

in the she3 null mutant SE32.  The plasmid pSN67, containing the ARG4 marker cloned

into pCR-BluntII (Invitrogen) is the same as pSN69 [48] except that ARG4 is in the

opposite orientation.  The RPS1 downstream region was amplified with primers SEO120

and SEO121 and cloned into BamHI and SpeI sites in pSN67 to generate pARG4r.   A

SHE3 fragment was amplified with primers SEO126 and SEO127, cut with NotI on the

5’ end (the 3’ end was left blunt) and cloned into Not1 and blunted XhoI sites of pARG4r

to generate pSHE3-ARG4r.  pSHE3-ARG4r was integrated into the NruI site downstream

of RPS1 in SE32 to generate SE64.  Testing on Spider-agar medium [60] confirmed that

the introduced SHE3 gene complemented the filamentation defect (see Results).  she3

heterozygote and null mutant strains with the same nutritional markers as SE64 were also

generated.  pARG4r was linearized with NruI and transformed into SE28 and SE32 to

generate SE61 and SE63, respectively.  SE61 was additionally transformed with a LEU2
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fragment that the site of the deleted endogenous LEU2 gene (as in QMY23 [58]) to

generate SE67.

Strains in which one copy of ASH1 contained an amino-terminal 6xMYC tag were

generated in wild type (CAI4) and she3-null backgrounds.  An ASH1 disruption fragment

was excised from pDI-03 [36] with HindII and KpnI and transformed into CAI4 and SE5

to generate, respectively, ash1::URA3/ASH1 and ash1::URA3/ASH1; she3∆/she3∆.  Both

strains were plated on 5-FOA and uridine to select URA- derivatives. The plasmid p DI-

30 [36], carrying 6MYC-ASH1, was integrated at the Pac1 sites in the region upstream of

the deleted ASH1 alleles of these derivative strains to yield ash1::p6MYC-

ASH1::URA3/ASH1 (SE18) and ash1::p6MYC-ASH1::URA3/ASH1; she3∆/she3∆

(SE20).  Expression of the 6MYC-ASH1 gene was confirmed with Western blotting.

A strain in which the single copy of SHE3 was TAP-tagged [39] was constructed.

A plasmid containing a TAP-URA3 cassette was generated by amplifying URA3 from

pDDB57 [59] and cloning it into AscI and PmeI sites of the pFA6a-TAP plasmid from

which the HIS3MX cassette had been excised [61].  Modified fusion PCR methods [48]

were used to generate a tagging cassette comprising the 3’ end of the SHE3 coding

sequence, amplified with primers SEO14 and SEO27, the TAP-URA3 cassette, amplified

with primers SEO28 and SEO18, and the SHE3 stop codon and downstream region,

amplified with primers SEO19 and SEO20.  SE6 was transformed with the tagging

cassette to generate the SHE3-TAP strain3 (SE25).  Expression of the SHE3-TAP gene

was confirmed with western blotting using an antibody to the calmodulin binding peptide

portion of the TAP tag (Upstate #07-428), and functionality of She3 was confirmed by
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observation of peripheral filaments when the strain was grown on Spider agar (see

Results).

Knockout strains corresponding to individual She-associated transcripts were

constructed in the SN152 background using the same fusion PCR methods, described

above, used for generation of the SHE3 knockout SE32.

Immunoprecipitation of She3-RNA complexes and microarray analysis

Immunoprecipitation of She3-RNA complexes from a She3-TAP strain (SE25)

were adapted from published methods [16, 20]. Approximately 250 OD units of

exponentially growing yeast cells, or an equivalent volume of hyphal cells following 30

minutes, 1 hour, or 3 hours of serum induction, were collected by filtration, washed, and

lysed with glass beads in the Mini Beadbeater (Biospec Products, Bartlesville, OK) in

extraction buffer containing 25mM HEPES-KOH, pH7.5/ 150mM KCl/ 2mM

MgCl2/0.1% Nonidet P-40/1mM DTT/ 200U/ml RNasin/1mM each of PMSF and

benzamidine/5 g/ml aprotinin/200 µg /ml amino-benzamidine/100 µg /ml amino caproic

acid/ and 1 µg /ml each of leupeptin, pepstatin, and bestatin.  Lysates were incubated

with IgG-sepharose beads in the above buffer containing 200 µg /ml heparin. The

immunoprecipitate was released from the beads by cleavage with TEVprotease

(Invitrogen), and RNA was isolated by phenol-choloroform extraction followed by

ethanol precipitation.  For a mock RNA immunoprecipitation, the SHE3-TAP parental

strain SE6 was subjected to the same methods.  Total RNA from the SHE3-TAP strain

was harvested from cultures prepared as above and was isolated by a hot phenol protocol

[62]. cDNA samples were derived from 8 µg of each RNA sample.  Labeled cDNA was
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generated, coupled to fluorescent dyes and hybridized to DNA microarrays essentially as

described [40].  Arrays were scanned on a GenePix 4000 scanner (Axon Instruments,

Foster City), and data were quantified using GENEPIX PRO version 3.0 or 5.0 and were

further processed using NOMAD (http://ucsf-nomad.sourceforge.net/). Processed data

were analyzed in Microsoft Excel; filters applied to the data are described in the Results.

cDNA samples from generated from total RNA from SE25 and SE6 were directly

compared on DNA microarrays using the above methods.  One transcript, ECE1, which

was enriched in the SE25 strain, was eliminated from consideration as being She3-

associated based on this strain difference.

Fluorescent in situ hybridization (FISH)

Methods were adapted from published protocols [63].  A template for each FISH

probe was generated by cloning a portion of the corresponding gene into the pCR2.1

plasmid (Invitrogen, Carlsbad, CA) using primers listed in Supplemental Table S1.  Gene

fragments were excised from the multiple cloning region and purified by phenol-

chloroform extraction, and digoxigenin-labeled antisense riboprobes were generated from

500-600 ng DNA using the DIG RNA labeling kit and T7 RNA polymerase (Roche,

Indianapolis, IN) from promoter sequences incorporated into 3’ primers.  Following a

two-hour in vitro transcription reaction and DNase- treatment to digest template DNA,

the probes were hydrolyzed by incubation with 125mM sodium carbonate, pH10.2, for

10-20 minutes at 65°C then ethanol-precipitated and resuspended in 50-80ul buffer

comprising 50% formamide/50% TE/ 0.1% Tween-20.  Yeast and hyphal cells were

grown as described above and fixed in 5% formaldehyde for 1 hour.  Cells were washed
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and spheroplasted for 20-50 minutes in buffer comprising 1.2M sorbitol, 0.1M KPO4,

pH7, 0.2U/ul RNasin, and, for yeast, 40  µg /ml zymolyase 100T and 30mM beta

mercaptoethanol, or, for hyphae, 80 µg /ml zymolyase and 60mM beta mercaptoethanol,

then fixed for two minutes in 4% paraformaldehyde directly on the slide.  Probe

hybridization and signal detection with the HNPP Fluorescent Detection Set (Roche)

were performed essentially as described [24], except that Triton X-100 replaced CHAPS

in the hybridization buffer.  Cells were mounted in FluoroMount-G (SouthernBiotech,

Birmingham, AL) containing 0.5 µg /ml DAPI and imaged on the Axiovert-200 (Carl

Zeiss, Thornwood, NY).

Preparation of hyphae on coverslips

C. albicans strains were grown to approximately OD-12 in YEPD at 30°C, diluted

1:50 into YEPD/20% serum, and incubated with rotation for 2 hours at 37°C.  Cultures

were fixed in culture medium plus 4% formaldehyde for one hour, washed and

resuspended in PBS, and sonicated in Branson Sonifier 450 for 30 seconds with power

setting 1.5, 40% duty cycle.  Cells were adhered for ten minutes to cover slips that had

been pretreated overnight with 1mg/ml concanavalin A, washed twice in PBS, then

stained with 1 µg /ml fresh Calcofluor White for ten minutes in the dark.  Cover slips

were washed five times with PBS, then inverted onto glass slides and mounted with

FluoroMount-G.
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TABLE AND FIGURE LEGENDS

Table 1.

Names and genotypes of strains used in this study.

Table 2.

 Genes whose transcripts were identified as She3-associated from RNA IP experiments.

Systemic name, standard name, and S. cerevisiae ortholog or best hit are as listed in the

Candida Genome Database (CGD, www.candidagenome.org).   Predicted function and

predicted biological process summarize information in the “Description,” “Molecular

Function,” and “Biological Process” fields in CGD and/or the Saccharomyces Genome

Database (www.yeastgenome.org).  Growth stage(s) refers to the lysates from which

transcripts were identified as She3-associated.  An X indicates that at least one array

element representing a given transcript passed the initial filter, as described in Results.

*Note:  The arrays spots for SAP4 (orf19.5716), SAP5 (orf19.5585), and SAP6

(orf19.5542) cross-hybridized.  In order to distinguish which of these three SAP

transcripts were She3-associated, we performed quantitative PCR using primers specific

to each SAP gene.  cDNA from the She3-TAP RNA IP from 30 minute and three hour

serum inductions was compared to cDNA from total RNA or mock IP.  These

experiments showed consistent enrichment of SAP5 in the She3-TAP IP and more

variable enrichment of SAP4 and SAP6.
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Table 3.

Results of FISH experiments.  FISH experiments were performed in wild-type and she3

null yeast and/or hyphae following 30 minutes, one hour, or three hours of serum

induction, as indicated.   indicates probe enrichment in the yeast bud and/or hyphal tip

of  wild-type cells.  –  indicates the absence of specific signal accumulation.

Supplemental Table S1.

Primers used in this study.  Primers used for strain construction are described in the

Methods section.  For primers used for generation of FISH probes, the Description

column lists gene name (as in Table 2) and primer orientation.  The reverse primers

include T7 promoter sequence, which is in lowercase.

Figure 1.

Ash1 is mis-localized in C. albicans lacking She3. SHE3/SHE3 (SE18, A and C) and

she3∆/she3∆ cells (SE20, B and D) carrying a myc-tagged version of Ash1 (Myc-Ash1)

were processed for indirect immunofluorescence, as described [36].  Cells were stained

with the mouse 9E10 anti-myc antibody followed by the Alexa-546 secondary antibody

(red).  Cell nuclei were visualized with DAPI (blue).  In a wild type background, Myc-

Ash1 accumulates in daughter cells of yeast (A) and in tip cells of filaments (C).  In the

she3∆/she3∆ strain, myc-Ash1 accumulates in both mother and daughter cells of yeast

(B) and in tip and non-tip cells of filaments (D).
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Figure 2.

Schematic representation of the methods used to identify She3-associated transcripts. A

TAP-tagged version of She3 was immunoprecipitated from lysates from C. albicans yeast

and from hyphae collected 30 minutes, one hour, or three hours after serum induction.

The associated mRNAs (it is not clear whether She3 binds RNA directly or indirectly)

were eluted and used to generate cDNA for microarray analysis.  Fluorescently labeled

cDNA from She3-associated transcripts was competitively hybridized against reference

cDNA derived either from total RNA from the She3-TAP strain or from a mock IP with

the parental strain (derived from four pooled mock IPs).

Twelve microarrays from yeast  (6 each using either the two reference samples) and 24

from hyphae (from each of three time points, 4 four arrays each using the two reference

populations) were performed to determine the set of She3-associated RNAs.

Figure 3.

She3-associated transcripts accumulate in yeast buds and in hyphal tips.  Cells from wild

type (“WT,” CAF2-1) and she3∆/she3∆ (SE4) strains were processed for fluorescent in

situ hybridization (FISH) to detect endogenous She3-associated transcripts; cell nuclei

were visualized with DAPI.  Representative examples illustrate She3-dependent

localization of the indicated transcripts.  (A) Probe signal accumulates in the incipient

bud (CHT2), bud (CDC20) or daughter cell (ASH1) of wild type C. albicans yeast.

There is no specific localization of probe signal in yeast cells lacking She3.  (B) A

control probe for ACT1 is not localized in yeast cells from either strain.  (C) In wild type

hyphae, probe signal accumulates in the distal end of the germ tube (SAP5 and PGA6) or
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hyphal tip cell (orf19.1536).  Hyphae shown hybridized with SAP5, PGA6, and

orf19.1536 probes were collected, respectively, 30 minutes, one hour, and three hours

after serum induction.  (D) A control probe for ACT1 is not localized in hyphae from

either strain collected 40 min after serum induction.  Signals from two additional control

probes, ACC1 and ADH1, were not localized in yeast or hyphae (data not shown).

Figure 4.

Morphology of C. albicans filaments from a she3 null strain.   Wild-type (“WT,” CAF2-

1) and she3∆/she3∆ (YSE4) strains were grown in YEPD/10% serum at 37°C for one (A)

or two (B) hours, then fixed on cover slips and stained with Calcofluor White.   (A) After

one hour, germ tubes from the two strains are essentially indistinguishable.  (B)  By two

hours, the majority of filaments from the she3 null strain display subtle defects, including

swelling (), uneven filament width (), and constrictions at the septal junctions in

filaments that appear to have originally developed as true hyphae ().  The filament

marked "PH" is a pseudohypha.  The proportion of stereotypical and abnormal filaments

from each strain at two hours after serum induction was determined.  From 35-40 distinct

fields, all fully visibly, un-branched hyphae with no constriction at junction of mother

cell/filament junction were scored.  Filaments displaying any of the above described

defects were scored as abnormal.  Sixty-six percent of filaments from the she3 null strain

(n = 167) showed some abnormality, whereas only five percent of wild type filaments (n

= 171) displayed any defect.
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Figure 5.

C. albicans lacking She3 are defective in invasive growth in agar.   Wild type (“WT,”

CAF2-1) and she3∆/she3∆ (SE4) strains were grown for ten days on solid Spider medium

(A) or on YEPD/10% serum medium (B).  Images show representative colonies from

each strain on each condition.

Figure 6.

C. albicans She3 contributes to development of hyphae in embedded conditions. (A)

Colonies from wild type (“WT,” CAF2-1) and she3∆/she3∆ (SE4) strains were grown on

Spider agar slabs under a glass cover slip at 30°C. Images show typical colony edges at

the indicated time periods.  Similar results were obtained when colonies were grown on

YEPD/10% serum slabs (data not shown).   (B) Colonies from wild type and

she3∆/she3∆ strains grown for five days under a cover slip placed atop a Spider agar

plate.

Figure 7.

C. albicans lacking She3 shows reduced capacity to damage oral epithelial cells.

Damage to human primary endothelial cells (A) or FaDu epithelial cells (B) induced by

wild-type C. albicans (“WT,” QMY23), a she3∆/SHE3 heterozygote (SE67), a

she3∆/she3∆homozygous deletion (SE63), or a she3∆/she3∆ strain complemented with

SHE3 added to the RP10 locus (SE64).  Results for endothelial and epithelial represent

the mean +/- standard deviation of, respectively, two or three independent experiments.
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Figure 8.

C. albicans strains lacking She3-associated transcripts are defective in filamentous

growth.   Wild-type C. albicans (“WT,” QMY23) or strains lacking the indicated

transcripts were grown for ten days on solid Spider medium at 30°C (A), on Spider agar

slabs under a glass cover slip at 30°C  (B), or in liquid YEPD with 20% serum at 37°C.

Images are representative of two isolates of each genotype.
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Table 1.

Strain name Genotype Reference

CAF2-1 URA3/ura3::imm434 [57]
QMY23 leu2::pLEU2 /leu2::pHIS1; his1∆/his1∆ [58]

SE4 she3∆/she3::URA3; ura3∆/ura3∆ this study

SE5 she3∆/she3∆; ura3∆/ura3∆ this study

SE6 she3∆/SHE3; ura3∆/ura3∆ this study

SE18 ash1::p6MYC-ASH1::URA3/ASH1; ura3∆/ura3∆ this study

SE20 ash1::p6MYC-ASH1::URA3/ASH1; she3∆/she3∆; ura3∆/ura3∆ this study

SE25 SHE3-TAP::URA3/she3∆; ura3∆/ura3∆ this study

SE28 she3::HIS1/SHE3; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆ this study

SE30 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆ this study

SE32 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆ this study

SE61
she3::HIS1/SHE3; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆; RPS10-
pARG4

this study

SE63
she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆;
RPS10-pARG4

this study

SE64
she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆;
RPS10-pSHE3-ARG4

this study
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Table 2.

Systemic
Name

Standard
Name

S. cerevisiae
ortholog or
best hit

Predicted function Predicted biological
process

Growth stage(s)

       serum induction
Y     30m    1hr   3hr

orf19.3356 ESP1 Endopeptidase (separase) Mitosis X      X        X        X
orf19.3153 MSS4 MSS4 1-phosphatidylinositol-4-

phosphate 5-kinase
Actin cytoskeleton X      X        X        X

orf19.122 CDC20 CDC20 Activator of the anaphase
promoting complex

Mitosis X      X        X        X

orf19.267 NET1 Core subunit of the RENT
complex

Nucleolar regulation,
mitosis

X      X        X        X

orf19.3071 MIH1 Tyrosine phosphatase Mitosis X      X        X        X
orf19.3895 CHT2 CTS1 Endochitinase Cytokinesis X      X        X        X
orf19.5537 WSC2 Stress receptor Cell wall

maintenance
X      X        X        X

orf19.207 PGA55 YMR317W Putative GPI-anchored cell
surface protein

Unknown X      X        X        X

orf19.5224 PKH1 Serine/threonine kinase Endocytosis,and cell
wall maintenance

X      X        X

orf19.3618 YWP1 FLO1 Putative GPI-anchored cell
wall and secreted protein

Adhesion          X        X

orf19.4765 PGA6 CCW12 Putative GPI-anchored cell
surface protein

Unknown X      X        X        X

orf19.2685 PGA54 Putative GPI-anchored cell
wall protein

Unknown X      X        X        X

orf19.6948 CCC1 CCC1 Putative manganese
transporter

Cellular ion
homeostsis

X      X        X        X

orf19.1536 ZRC1 Iintracellular ion
transporter

Iintracellular ion
homeostsis

X      X        X        X

orf19.1582 HOL1 Ion Transporter Ion Transport          X        X        X
orf19.5406 PSR1 Plasma membrane

associated protein
phosphatase

Regulation of sodium
ion transport

X      X        X

orf19.5343 ASH1 ASH1 Transcription factor Filamentous growth
and virulence

X      X                   X

orf19.2423 ZCF11 YBR239c Transcription factor Filamentous growth X      X        X        X
orf19.3315 CTA9 Transcriptional activator Unknown X      X        X        X
orf19.723 BCR1 USV1 Transcription factor Biofilm regulation X      X        X        X
orf19.2432 HAC1 HAC1 Transcription factor Unfolded protein

response
         X        X        X

orf19.3912 GLN3 GLN3 Transcription factor Unknown X
orf19.6202 RBT4 PRY1 Unknown secreted protein Virulence X      X        X        X
orf19.5585* SAP5 YPS3 Secreted protease Virulence          X                   X
orf19.3707 YHB1 YHB1 Flavohemoglobin Nitric oxide response X      X        X
orf19.4432 KSP1 Serine/threonine kinase Unknown X      X        X        X
orf19.2219 ORF298 YIL082W-A Transposable element

genes
Unknown X      X        X        X

orf19.5710 NSP1 Nuclear pore structural
protein

Nuclear import and
export

         X        X        X

orf19.7228 GMH1 Golgi membrane protein Unknown X
orf19.2459 Unknown Unknown X      X        X        X
orf19.660 Unknown Unknown X      X        X        X
orf19.6660 YHR131C Unknown Unknown X      X        X        X
orf19.3460 Unknown Unknown X                 X        X
orf19.5282 Unknown Unknown X      X        X        X
orf19.2431 Unknown Unknown          X                   X
orf19.1354 YER067W Unknown Unknown                     X        X
orf19.6044 MOB2 Protein kinase activator,

component of the RAM
signaling network

Polarity                     X        X

orf19.6705 YEL1 Guanyl-nucleotide
exchange factor activity

Polarity           X        X        X

orf19.3793 Unknown Unknown X      X        X        X
orf19.3422 FMP27 YLR454W Unknown Unknown X                 X
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Table 3.

Probe Cell Type

Yeast Hyphae from serum induction
30 min 1 hr 3 hr

CDC20  

MSS4  

orf19.267 – – –
CHT2  

PGA6  –
PGA55   

orf19.5537 – –
ASH1   

CTA9 –
HAC1  –
BCR1 – –
ZCF11 – – –
CCC1 – 

orf19.1582 –
orf19.5406 – – 

orf19.1536  

RBT4   

SAP5  

YHB1 –
orf19.4432  

orf19.5224 – 
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 Supplemental Table S1.
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Figure 1.
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Conclusions
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Conclusions

Across kingdoms, RNA localization mechanisms are critical to establishing

cellular polarity.  The Saccharomyces cerevisiae She system is a riboprotein complex that

uses actomyosin transport to move a set of mRNAs from the mother cell to the bud

during mitosis and is critical for establishing distinct identities in mother and daughter

cells.  Prior to the initiation of the present study, the S. cerevisiae She complex was the

only RNA transport system that had been described in a fungus.

The present study describes a related RNA transport mechanism in Candida

albicans, an opportunistic fungal pathogen that grows in both budding yeast and hyphal

(filamentous) forms. We found that the C .albicans She RNA transport system localizes

specific mRNAs to daughter cells in the budding yeast form and to the tip cells in the

hyphal mode of growth.  The C. albicans She3 protein was identified as a critical

component of the transport mechanism.  We used immunoprecipitation of She3-RNA

complexes and whole genome microarray analysis to identify a set of 40 She3-bound

mRNAs with high confidence.  Fluorescent in situ hybridization (FISH) experiments

were used to determine where transported transcripts accumulated within yeast and

hyphae.  The patterns of RNA localization were similar for almost all transcripts that

gave interpretable results – transported mRNAs accumulate in yeast buds and/or in the

tips of hyphae – giving further confidence that we had identified a set of transcripts that

were localized via a common mechanism. This study thus gives the first description of a

set of mRNAs that are specifically localized to hyphal tip cells of a filamentous fungus.
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This study also describes the contribution of She3-dependent RNA transport to

hyphal growth in several different environments and the contribution of individual

transported mRNAs to hyphal growth in a subset of these environments.  Disruption of

the She mechanism results in a number of hyphal defects, including aberrant hyphal

morphology, reduced invasive growth, and decreased capacity to damage an epithelial

cell monolayer.  Deletion of individual transported mRNAs results in a range of defects

in filamentous growth, indicating that the transported mRNAs make diverse contributions

to hyphal development.

The study further provides the first comparison of an RNA transport mechanism

across species – in a non-pathogenic budding yeast, S. cerevisiae, and in a pathogenic

fungus, C. albicans, which grows in both yeast and hyphal morphologies.  Comparison of

the cargo mRNAs transported in these organisms suggests that the She system has

undergone rapid evolution and likely fulfills distinct functions in these two closely related

organisms.  At least two models may account for this apparently rapid evolution.  First,

substitution of different RNA binding proteins in the She complex or different organisms

could bring new sets of mRNAs under control of the She system.  Alternatively, changes

in nucleotide sequence of genes encoding transported mRNAs could alter She-mediated

transport in different organisms.

Summarized below are a set of five questions that the present study raises and that

define key directions for further studies of the C. albicans She system.

1. What is the mechanism of mRNA binding and transport in the C. albicans She

complex?
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Specifically, which protein(s) and what cis-acting RNA elements mediate

transcript binding and transport?  We were not able to identify a C. albicans ortholog of

She2, which is thought to be the primary RNA binding protein of the S. cerevisiae She

complex (Appendix A).  Based on the model provided by the S. cerevisiae She complex,

there are several conceivable mechanisms by which the C. albicans She complex could

transport cargo mRNAs.   First, there may be a C. albicans She2 protein – i.e., a protein

that binds the same RNA localization elements as S. cerevisiae She2 and links these

mRNAs to She3 for actomyosin transport – that is simply unrecognizable by primary

sequence.  Alternatively, the C. albicans She complex may include a different mRNA

binding protein that binds distinct RNA localization elements.  Finally, C. albicans She3

may bind mRNAs directly; and it could do so by binding conserved or distinct RNA

localization elements.  Unbiased protein-protein interaction studies could be used to

define the protein components of the C. albicans She complex and identify candidate

RNA binding proteins.  Identifying the putative RNA binding protein would then allow

identification of cis-localization elements within transported mRNAs using known

techniques [1-4].  Identifying these sequences would be critical for probing evolution of

the She system and testing the two above-mentioned models for evolution of the system.

Such information could also resolve phenotypes associated with loss of RNA

transport.  Presently, there is no straightforward means to assess the consequence of

mislocalization of individual transported mRNAs.  Further, there is no means to identify

which of these mRNAs’ mislocalization is responsible for the mutant phenotypes

associated with loss of She3.  Both of these questions could be addressed by identifying

and specifically mutating the cis-localization sequences of transported mRNAs.
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2. How does She3-dependent mRNA transport contribute to protein localization?

Specifically, where do individual proteins encoded by She3-bound transcripts

accumulate in yeast and hyphae, and is RNA transport required for specific protein

localization?  It is generally thought that RNA transport mechanisms represent a means

to achieve asymmetric protein distribution in a cell [5].  However, studies of the S.

cerevisiae She system have challenged this assumption.  First, some of the proteins

encoded by She-transported RNAs in S. cerevisiae are not asymmetrically distributed.  It

has been proposed that, for these proteins, RNA transport may support new cell growth

by ensuring that newly formed cell buds receive a critical level of important proteins.

Further, for most of the proteins that are localized, asymmetric protein distribution

occurs even when RNA transport has been disrupted by mutation of the She genes [6].

Determining the localization patterns of proteins encoded by She-transported mRNAs in

C. albicans (for instance, by making tagged versions of these proteins) will address

whether She-mediated RNA transport is a means of achieving asymmetric protein

distribution in C. albicans hyphae.  These experiments may also help explain how

individual proteins, particularly those for which knockouts were associated with

filamentation defects, contribute to hyphal polarity and hyphal tip cell specification.

3. How does elimination of She3 lead to a defect in invasive hyphal growth?  

C. albicans strains lacking the She3 gene show a dramatic defect in invasive

growth when grown on solid filament-inducing media; the phenotype is associated with

an absence of invasive true hyphae.  The defects presumably stem from mislocalization
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of one or more of the transported mRNAs, for She3 is not known to have any functions

apart from RNA transport.  It is unlikely that the mutant phenotype results from the

reduction of a single transported RNA at the hyphal tip, as none of the knockouts of

individual transported mRNAs phenocopy the she3-null defect (Chapter 2).  Thus, the

she3-null colony defect probably reflects the additive effect of the reduction of multiple

transported mRNAs in tip cells, or it may result from the persistence of one or more

She3-associated mRNAs in sub-apical cells.  One way to distinguish between these

possibilities is to analyze the phenotypes associated with over-expression of individual

transported mRNAs, which, presumably, would produce excess transcript in sub-apical

hyphal cells (this prediction could be tested by FISH analysis).  An over-expression

phenotype that resembled the she3-null phenotype would suggest that the she3-null

strain’s defect in invasive hyphal growth was due to that RNA’s persistence in sub-

apical cells.

4. Does RNA transport via the C. albicans She system contribute to virulence in

the mammalian host?

In two models of candidiasis, a she3-null strain was shown to have equivalent

virulence to that observed in a wild type strain (Chapter 2 and Appendix B).  This result

was surprising in light of other existing research suggesting that most mutations that

perturb normal hyphal development also affect virulence.  Further studies could be

directed to finer examination of she3-null virulence phenotypes, particularly those related

to invasive growth.  For instance, it is not known whether the she3-null strain is capable

of invading the same range of organs targeted by the wild-type strain.  Accordingly, it
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would be useful to assess fungal burden in host organs of following introduction of wild

type and she3-null C. albicans in the mouse model of systemic candidiasis.

5. Does the She transport system interact with other known regulators of C.

albicans hyphal polarity and hyphal tip cell differentiation?

C. albicans hyphal tip cells are distinguished from the non-tip hyphal cells by a

number of different molecular and morphological characteristics.  These attributes, in

turn, are understood to support the highly polarized growth of hyphae (Chapter 1).  she3-

null hyphae display a range of aberrant morphologies, including characteristics of

pseudohyphae (Chapter 2), suggesting defects in appropriate polarity maintenance.  Thus,

an intriguing question is whether She3-dependent RNA transport is required for other

known determinants of hyphal tip cell differentiation and polarity.  This question may be

addressed by assessing known markers of hyphal tip cell differentiation in a she3-null

background.  Exemplary studies could address the known cytological features of tip cells,

including the presence of the Spitzenkörper, the inheritance of essentially all of the Golgi

complex, and the inheritance of much smaller vacuoles than the progenitor cells [7-9].

In conclusion, this study provides data and research tools that make C. albicans

an ideal system for further study of the She system of RNA transport.  These include a

validated set of cargo mRNAs and RNA localization data for a large subset of these

mRNAs, as well as specific FISH probes and robust FISH methods for assessing the

endogenous mRNAs localization.  The FISH reagents may be useful for studying

perturbations to the RNA transport mechanism (see, e.g., Appendix A).  The study also
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provides a detailed description of hyphal defects associated with the loss of She3, and

filamentation defects associated with the loss of most of the individual transported

transcripts.  Together, these strains and phenotypes may be used to further dissect how

the system of RNA transport, as well as the transport of individual mRNAs, contributes

to hyphal development.  Future studies that address the mechanism of RNA transport, the

relationship between RNA transport and asymmetric protein localization, and the

phenotypic consequences of disrupting RNA transport offer to bolster our understanding

of how the She system contributes to polarity, cellular function, and pathogenesis.
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Analysis of a Potential She2 Ortholog in Candida albicans

INTRODUCTION

One of the best understood RNA localization mechanisms is the She system of S.

cerevisiae, a riboprotein complex that uses actomyosin transport to move a set of RNAs

from the mother cell to the bud during mitosis [1-5].  The core complex contain three

proteins, Myo4, She2, and She3, whose individual roles have been elucidated largely

based on their contributions to localization of the RNA cargo ASH1, and by analyses of

their physical interactions with the ASH1 and with each other.  Myo4 is a Type V

unconventional myosin motor whose only known cargos are RNA and cortical

endoplasmic reticulum [6].  Myo4 association with RNAs depends on She2 and She3 [3].

She2, a 246 amino acid protein that is only found in yeasts, is thought to be the primary

RNA binding protein; this understanding is based largely upon co-immunoprecipitation

experiments.  While She2, She3, and, to a lesser extent, Myo4 can all immunoprecipitate

ASH1 mRNA, only She2 is capable of doing so in the absence of the other two proteins

[7, 8].  Further, She2, but not She3, was found to directly bind to specific ASH1 mRNA

fragments (i.e., those required for RNA localization) in in vitro binding assays [7, 9].

Elucidation of the crystal structure of She2 indicated a dimeric, globular protein

containing five alpha helices.  A novel RNA-binding domain was mapped to a basic

helical hairpin [10].  She3 is thought to be the adaptor protein the links the She2-RNA

complex to Myo4.  The amino-terminal region of She3 interacts with Myo4 via coiled-

coil domains, while the carboxy terminus interacts with She2 [7, 9].  In both co-
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immunoprecipitation assays and a yeast three-hybrid assay, the interaction of She3 with

ASH1 mRNA depends on She2.

We sought to identify components of the She transport system in the fungal

pathogen Candida albicans.  By searching the genome sequence of C. albicans, we

identified ORF19.5595, encoding a 377 amino acid protein, as the ortholog of S.

cerevisiae SHE3.  An alignment of this protein with other putative fungal She3 orthologs

indicates that the region of highest conservation is in the amino-terminal half of the

protein, the putative myosin interaction domain [7].  The C. albicans genome contains a

single gene encoding a class V myosin, MYO2 (orf19.5015 [11]); if the She mechanisms

are essentially the same in S. cerevisiae and C. albicans, Myo2 is most likely the motor

linking She3 to actin filaments.   No clear SHE2 ortholog was identified in C. albicans;

however, the protein encoded by ORF19.8369 displayed some weak similarity to She2.

We investigated whether the ORF19.8369 protein, which had no known or predicted

function, might serve as a She2 in C. albicans.

(Since this study was performed, ORF19.8369 has been merged with ORF19.48

in the Candida Genome Database [http://www.candidagenome.org].  ORF19.8369

encodes a 756 amino acid protein, which comprises the carboxy-terminal residues of the

1393 amino acid protein encoded by ORF19.48.)

MATERIALS AND METHODS

Reference strains used in this study – CAF2-1 and SN87 – have been previously

described [12, 13].  Strain SE4 is described in Chapter 2.
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Strains were routinely plated on YEPD agar.  For cultivation of C. albicans yeast,

strains were grown in YEPD at 30°C unless otherwise indicated.  Spider agar was

prepared as described [14].

The mutant ORF19.8369 strain was generated in the SN87 background using

standard fusion PCR methods and an adaptation of these methods [13]. ORF19.8369 5’

and 3’ flanking sequences were amplified with primer pairs fu1(ttcaattctgttgcttatttacc)

and fu3 (cacggcgcgcctagcagcggAAGACATCTCGACATGCTTTACC), and with fu4

(gtcagcggccgcatccctgcAtggatgatggacaaatcacc) and fu6 (ctattctataatatatcgaacg),

respectively.  The HIS1 and LEU2 markers were amplified from, respectively, pSN52

and pSN40 [13] with primers fu2

(ccgctgctaggcgcgccgtgACCAGTGTGATGGATATCTGC) and fu5

(gcagggatgcggccgctgacAGCTCGGATCCACTAGTAACG).  Strain SN87 was

transformed with the orf19.8369::HIS1 cassette to generate the orf19.8369 heterozygous

deletion.  To mutate the remaining allele, a cassette containing DNA sequence encoding

the amino acid substitutions described in Table A1 was generated from four overlapping

fragments.  A fragment containing these substitutions was amplified using mutagenic

primers mut1 (TGATGgcTAAATTCATTGATACAATTgcATTATG) and mut2

(CGATTgtATATAACTGTTAAAAGATCAGATTTGATCTCGGTTAAAAATgcAATG

ATTgcCAAAAAAgcCTCC).  An overlapping fragment containing the L681Y

substitution was amplified using mutagenic primer mut5

(CTGATCTTTTAACAGTTATATacAATCGATTC) and primer fu3m

(CACGGCGCGCCTAGCAGCGGcgcagatacacgaattctacc).   An ORF19.8369

downstream fragment was generated using primers fu4m
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(GTCAGCGGCCGCATCCCTGCagatcaatgtaggaaatgacg) and fu6m

(catcggtatttagaaaaacgc).  A first set of fusion PCR reactions combined the two mutant

fragments using primers mut1 and fu3m, as well as the LEU2 and ORF19.8369

downstream fragments using primers fu2 and fu6m, and the resulting fragments were

combined in a PCR reaction using primers mut1 and fu6m.  The final fragment was

introduced into the ORF19.8369 heterozygous deletion strain.   Genomic DNA from the

mutated region of the resulting transformants was amplified and subjected to restriction

analysis to identify candidate mutants, then sequenced.

Fluorescent in situ hybridization was performed as described in Chapter 2.

RESULTS AND CONCLUSIONS

Using BLAST analysis to search the genome sequences of C. albicans, we

identified ORF19.8369 as the top hit to S. cerevisiae She2.  The limited homology was

exclusively in the carboxy terminus of ORF19.8369.  To investigate whether the She2

residues that had been identified as important for RNA binding were conserved in the

ORF19.8369 protein, we performed a multiple sequence alignment of the carboxy-

terminal 156 amino acids of ORF19.8369 with S. cerevisiae She2 and She2 orthologs in

Candida glabrata and Kluyveromyces walti (gi49527864, 244 amino acids, and sequence

number 7599, 236 amino acids, respectively) (Figure A1).   Within the predicted RNA

binding surface, She2 residues N36, R52, R60, and R63 were found to be critical for

She2-ASH1 RNA binding; mutating these residues abolished RNA binding in a yeast-

three hybrid assay.  Mutations in three additional residues, R43, R44, and K57 partially

reduced RNA binding, as did mutations in T47 and L130, which were outside of the
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predicted RNA binding surface [10].  Of these, N36, R60, R63 and L130 are all

conserved in the ORF19.8369 protein, while residues at positions corresponding to R43

and K57 are semi-conserved.  The relatively high conservation of residues found to be

important for RNA binding, compared with a much lower overall sequence identity,

suggested that the ORF19.8369 protein might participate in RNA binding.

We predicted that, if ORF19.8369 encoded a She2 protein, disruption of this gene

might produce similar phenotypes to those associated with disruption of the C. albicans

SHE3 gene.   However, we could not test this directly, as this gene was predicted to be

homozygous lethal [10], and, indeed, we were unable to obtain a homozygous deletion of

this gene by standard gene disruption techniques [13].  Instead, we generated a mutant

version of ORF19.8369, containing the amino acid substitutions that had disrupted ASH1

RNA binding.  Our strategy was to generate a heterozygous disruption of ORF19.8369,

where the single copy of the gene contained the six amino acid substitutions that were

made at conserved or semi-conserved residues and that had been found to disrupt RNA

binding by She2.   Table A1 lists these amino acid substitutions.  The strategy for

generating the disruption cassette is described in the Methods.   We obtained an isolate

(“orf19.8369/orf19.8369m”) that contained all mutations except N639A (corresponding

to She2 N36A).

We used two strategies to assess whether the ORF19.8369 mutant resembled the

C. albicans she3-null mutant and, accordingly, whether ORF19.8369 could encode a

She2 protein.  First, we tested the colony phenotype of this strain.  On filament-inducing

solid media, either YEPD agar with 10% serum or glucose-deficient Spider agar, wild

type C. albicans colonies develop a wrinkled central region, containing a mixture of
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yeast, pseudo-hyphae, and true hyphae, as well as peripheral filaments, primarily true

hyphae, and that invade the agar.  she3-null colonies completely lack peripheral

filaments; the central filamentous region is expanded, but otherwise indistinguishable

from wild type colonies (see Chapter 2).  In contrast, colonies from the ORF19.8369

mutant made colonies with normal, or slightly increased peripheral filamentation (Figure

A2).  Thus, by colony phenotype, ORF19.8369 did not appear to have the same function

as C. albicans SHE3.

Next, we directly tested whether ORF19.8369 was involved in RNA localization.

We previously identified a set of 40 RNAs that are bound by C. albicans She3.  We used

fluorescent in situ hybridization (FISH) to detect the endogenous localization of a subset

of these transcripts and found that they accumulated in yeast buds and/or in the tips of

hyphae in a She3-dependent fashion (Chapter 2).   We assessed the localization of the

CHT2, a She3-associated transcript that showed strong bud- or daughter cell-localized

signal, in cells of the ORF19.8369 mutant.  These cells, although grown in conditions that

normally give rise to a population that is almost entirely yeast form cells, displayed an

aberrant, pseudohyphal-like morphology.  Regardless, the CHT2 probe was clearly

localized to buds, daughter cells, and tips of filamentous cells (Figure A3).  These results

further suggest that ORF19.8369 is not required for proper localization of She3-

associated transcripts.

From these results, we conclude that ORF19.8369 most likely does not act in the

same pathway as ORF19.5595, C. albicans SHE3, and, therefore, is probably not the C.

albicans SHE2 gene.
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TABLE AND FIGURE LEGENDS

Table A1.   

List of mutations in She2 that abolished or partially abolished (*) RNA binding and the

corresponding mutations introduced into the ORF19.8369 gene.  Only those She2

residues that are conserved or semi-conserved in C. albicans are listed.

Figure A1.

Multiple sequence alignment of putative She2 proteins.   Multiple sequence alignment of

the carboxy-terminal 156 amino acids of C. albicans ORF19.8369 with S. cerevisiae

She2 and She2 orthologs in Candida glabrata (gi49527864) and Kluyveromyces walti

(sequence number 7599) was performed with ClustalW.

Figure A2.

C. albicans lacking ORF19.8369 are capable of invasive growth in agar.   Wild type

(SN87) and orf19.8369∆/orf19.8369m (SE74) strains were grown for ten days on solid

Spider medium at 30°C.  Images show representative colonies from each strain.

Figure A3.

ORF19.8369 is not required for localization of a She3-associated transcript.  Cells from

wild type (CAF2-1), she3∆/she3∆ (SE4), and orf19.8369∆/orf19.8369m (SE74) C.

albicans strains were processed for fluorescent in situ hybridization (FISH) to detect

endogenous CHT2 transcript; cell nuclei were visualized with DAPI.  Probe signal
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accumulates in the buds of wild type and orf19.8369∆/orf19.8369m yeast-form cells, as

well as in the tip of filamentous orf19.8369∆/orf19.8369m cells.
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Table A1.

RNA-binding mutations

She2 mutation ORF19.8369
protein mutation

N36A N639A

R43A* K646A

K57* N660A

K60A K663A

R63K R666K

L130Y* L681Y
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Figure A1.

6322719_Sc_She2        MSKDKD--IKVTPGTCELVEQILALLSRYLSSY---IHVLNKFISHLRRVATLRFERTTL 55
49527864_Cg            MSREEQPYIVATDGIVDALTKISSVFSAYLSAN---IHILNKYINYLRRVTSLKNERSIM 57
7599_Kw         MKRSN---LTTNDKVLNSLQSAAQSYSDYLCSY---IDALNKYISHQRRVSTLRFERATL 54
Caorf19.8369           -IIDFNDIKIEPSKLFDEMISILIELSSYNQSSESQLLMMNKFIDTIKLCKYLRLKSVSM 59
                          .            : : .     * *  :    :  :**:*.  :    *: :   :

6322719_               IKFVKKLRFYNDCVLSYNASEFINEGKNELDPEADSFDKVILPIASMFVKCVETFDLLNY 115
49527864_[Candida      IKIVKKLRFFNDTLLSTDLAQLQTT----YEGEEPELALNIQTFASYLVKCLETIDLLNY 113
7599_{K_waltii]        IKYVKKLRFFNEELARLDLIEYFSG--------QASLRTVISSLASFFIRCLEVVDLLNY 106
Caorf19.8369           ENFLKIIRFL-------------------------------------------------- 69
                        : :* :**                                                   

6322719_               YLTQSLQKEILSKTLNEDLTLTAESILAIDDTYNHFVKFSQWMIESLRIGSNLLDLEVVQ 175
49527864_[Candida      FLLKPLQKELIAKTLNFDLVFPEDITDTVEDTYNHFVKFTQWSIESLSIDDPLLDIEVVQ 173
7599_{K_waltii]        YLTQALKNETISKTLNRDLVVSESCVVFIENTYRHFVKFTQWMLEAVDIRDPTLTVEVLE 166
Caorf19.8369           ---TEIKSDLLTVILNRFINNNNNGHDDADDNVGSFADIVMFYFIEVDLFNYKSKLIVLK 126
                            ::.: ::  **  :    .     ::.   *..:  : :  : : .    : *::

6322719_               FAIKCADEDGTNIGETDNIFLQEILPVNSEEEFQTLSAAWHSILDGKLSALDEEFDVVAT 235
49527864_[Candida      FSLRCAEEDQSYAEETDNIFLQEVLPVKDSQEYETLTLQWLDVLNGKLAILGERFEKVAD 233
7599_{K_waltii]        FAKKCAREDGLDTEDTDDILLQEVGIVSNVSEYQHLLDEWCLVLSEQLATLTKTLEIEST 226
Caorf19.8369           ELLNSMKKLG----DNFNVLKINEFCQSNGIRFS-------------------------- 156
                          ..  :      :. :::  :    ..  .:.                          

6322719_               KWHDKFGKLKN 246
49527864_[Candida      DWYKKFGKNRS 244
7599_{K_waltii]        RWSDVFEGRK- 236
Caorf19.8369           -----------
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Figure A2.
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Figure A3.
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APPENDIX B

Analysis of She3’s Contribution to Virulence and Hyphal Tropisms in

Candida albicans
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Medicine at UCLA). Alexandra Brand (School of Medical Sciences, University of

Aberdeen, Scotland) performed the thigmotropism and galvanotropism studies.
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Analysis of She3’s Contribution to Virulence and Hyphal Tropisms in

Candida albicans

INTRODUCTION

Candida albicans is a commensal fungus and an opportunistic pathogen that can

cause a severe infection in immunocompromised hosts.  Among the numerous factors

contributing to C. albicans virulence is its ability to undergo a reversible switch between

single cell (yeast) and filamentous (hyphal and pseudohyphal) forms.  True hyphae are

chains of long cells with parallel cell walls and are distinguished from pseudohyphae –

chains of elongated ellipsoid cells – by highly polarized apical growth [1].  While all

these morphological forms may be capable of entering host tissue [2], there is evidence

that hyphae are specialized for invasive and directional growth [3, 4].

Several morphological and molecular characteristics distinguish hyphal tip

(apical) cells from the sub-apical cells of the filament.  For instance, during hyphal

growth, unequal cytoplasmic partitioning at cell division gives rise to differences in

organelle content.  Newly formed, apical (tip) cells inherit most of the cytoplasm and are

cytologically active, while the mother or sub-apical cells are extensively vacuolated and

undergo temporary cell cycle arrest [5].  Further, Golgi are continuously redistributed to

tip cells [6], suggesting that tip cells may be the primary secretory cells of hyphae. There

is evidence that hyphal tip cells serve an important function during C. albicans invasion

of host tissues.  Electron micrographs have shown a zone of clearing around hyphae

penetrating mammalian epithelia, suggesting a concentration of hydrolytic enzymes at the
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invading tip [7].  At least one such enzyme, phospholipase B, is preferentially secreted

from the hyphal tip cells [8].

We found that Candida albicans has an RNA transport system, mediated by the

She3 protein, which carries a set of RNAs to the tips of hyphae, as well as to buds of

yeast cells.  We used immunoprecipitation of She3-RNA complexes and whole genome

microarray analysis to identify a high-confidence set of 38 RNAs that are bound by She3

in hyphae, as well as a largely overlapping set of 31 transcripts bound by She3 in yeast.

The genes represented by the set of She3-bound transcripts act in a variety of cellular

processes, including mitosis and cytoskeletal dynamics, cell polarity, transcription, small

molecule transport and regulation, virulence, and cell wall structure and function

(Chapter 2).

We predicted that She3-associated transcripts would accumulate in yeast daughter

cells (buds) and in the tips of hyphae (previous work showed that the Ash1 protein, which

is encoded by the She3-bound transcript ASH1, is localized to yeast daughter cells and to

hyphal tip cells). We tested this prediction using fluorescent in situ hybridization (FISH)

to detect endogenous localization of a subset of the She3-bound transcripts bound by

She3 in yeast and hyphae.  The patterns of RNA localization were similar for almost all

transcripts that gave interpretable results – mRNAs accumulated in yeast buds and/or in

the tips of hyphae; RNA localization was completely disrupted by loss of She3 (Chapter

2).

Based on the role of She3 in localizing transcripts to the hyphal tip, we

investigated the requirement for She3 in the formation and proper function of hyphae,

and we found that loss of She3 is associated with defects in hyphal growth (Chapter 2).
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Although she3∆/ she3∆ strains can form true hyphae in certain conditions, these

filaments display aberrant morphologies.  A striking defect is observed on filament-

inducing solid media.  Wild type C. albicans colonies develop a wrinkled central region,

containing a mixture of yeast, pseudohyphae, and true hyphae, as well as peripheral

filaments (primarily true hyphae) that invade the agar.  In contrast, she3-null colonies

completely lack these invasive peripheral filaments, and the defect is associated with

failure to develop invasive true hyphae.  The defect in invasive growth on solid agar

appears to correlate with a defect in invasive growth in host cells.  A she3-null strain

shows reduced capacity to damage an epithelial cell monolayer, a process that requires

cell penetration.

Based on the findings that She3-mediated RNA transport affects hyphal tip cells

and contributes to normal hyphal development, we predicted that this transport system

might function in diverse environments that induce or require hyphal growth.

Accordingly, we tested the role of She3 in assays that seem to require proper hyphal

and/or hyphal tip cell function; these included two mouse models of candidiasis and two

assays for polarized hyphal migration.

The mouse model of disseminated candidiasis, which monitors the ability of C.

albicans to cause lethal infection in a mouse, is the most commonly used assay to test C.

albicans virulence.  Previous work has indicated that there is a high correlation between

filamentation defects in vitro and attenuated virulence in vivo for a given C. albicans

mutant [9].  Given the filamentation defects observed in the she3-null strain, we predicted

that loss of She3 would result in attenuated virulence in the mouse model of disseminated
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infection.  As the strain shows reduced capacity for invasive growth, we further predicted

that the strain have reduced ability to disseminate and/or colonize organs in the host.

A more recently developed virulence assay models oropharyngeal candidiasis and

tests the ability of C. albicans to colonize murine oral epithelial tissue [10].  Although a

relatively small number of C. albicans mutants have been tested in this assay, results

have suggested that mutants showing reduced ability to damage an epithelial cell

monolayer will also show reduced capacity to colonize oral epithelium [10, 11].  Based

on the she3-null strain’s decreased ability to damage an epithelial monolayer, we

hypothesized that this strain might also show reduced virulence in the mouse model of

oropharyngeal candidiasis.

C. albicans hyphae exhibit polarized extension and reorientation of the growth

axis in response to particular environmental cues.  Thigmotropism, or contact guidance,

refers to the tendency of C. albicans hyphae to grow along grooves and ridges, as well as

through pores of a substrate; it is thought that this property promotes infiltration of

epithelial surfaces during tissue invasion [12].  Galvanotropism describes the growth of

hyphae in the cathodal orientation of an applied electric field [13].  Both processes are

calcium-dependent, and the current model suggests that, in both conditions, the hyphal tip

membrane receives signals that activate calcium channels, and the resultant tip-high

calcium gradient in hyphae directs polarized extension [13].  The model posits that

hyphal tip cells play an important role in sensing the environment.  Based on evidence

that She3-mediated RNA transport contributes to hyphal tip cell development, we

hypothesized that She might be required for proper thigmotropic and/or galvanotropic

behaviors.
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MATERIALS AND METHODS

The strains used in this study are listed in Table B1 and are described in Chapter

2.

The thigmotropic and galvanotropic responses of different C. albicans strains

were tested as described previously [13].

The ability of C. albicans strains to cause oropharyngeal infection in mice was

tested as described previously [10].

The virulence of C. albicans strains in was tested in a mouse model of

disseminated candidiasis essentially as described [14].  Per strain, ten mice (5-6 weeks

old virus-antibody-free male Balb/c) received intravenous injection into the lateral tail

vein of 0.2 ml of a 2.5 x 106 CFU/ml C. albicans suspension.  Mice were monitored daily

for a period of two weeks.  Clinical symptoms – weight loss, coat condition, amount of

grooming, and physical and respiratory activity – were monitored, and moribund mice

were euthanized.  Mice that survived the duration of the experiment were sacrificed on

the final day of the study.  The animal study was conducted at the Alberta Provincial

Microbiology Laboratory located at the University Hospital of University of Alberta in

accordance with the guidelines set out by the Canadian Council on Animal Care.  The

University Animal Policy and Welfare Committee of University of Alberta approved all

of the procedures.

RESULTS AND CONCLUSIONS

Strains used in virulence and tropism experiments
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Studies testing the requirement for She3-based RNA transport in virulence and

tropism assays used a set of four prototrophic strains made in SN87 or SN152

backgrounds, which derive from RM1000#2 [15]; these strains are listed in Table B1 and

described in Chapter 2.  The wild-type strain, QMY23, is a derivative of SN87, which

was made prototrophic by addition of nutritional markers LEU2 and HIS1 [16].  The

she3 heterozygous (she3∆/SHE3, SE67) and homozygous (she3∆/ she3∆, SE63) deletion

strains were generated in the SN152 background and were made prototrophic by addition

of appropriate nutritional markers.  A SHE3 complemented strain  (she3∆/

she3∆+pSHE3) was made by introducing a construct containing SHE3 under the control

of its own regulatory sequence into the RPS1 locus in a she3-null mutant.  The strains

were prepared for the virulence and tropism studies in a blind fashion.

Requirement for She3 in virulence studies

As a first test of whether She3-mediated RNA transport is required for normal

virulence, the she3-null strain, as well as heterozygous deletion and SHE3-complemented

strains, were tested in the mouse model of disseminated candidiasis [14].   All strains

showed essentially equivalent, normal virulence – all caused lethal infection within

approximately one week (Figure B1).   As a second measure of virulence, the strains

were tested in the mouse model of oropharyngeal candidiasis, which monitors the strains’

ability to colonize murine oral tissue [10].  The fungal burden of all strains was

essentially equivalent (Figure B2).  Thus, She3-mediated RNA transport is not required

for normal virulence in either of these models of candidiasis.
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Our initial prediction that the she3-null strain would display attenuated virulence

in the mouse model of disseminated candidiasis was largely based on the high correlation

between in vitro filamentation defects and attenuated virulence in the mouse assay.  In

fact, this correlation may not be as significant as was previously understood.  A recent

study suggested that nearly one third of virulence defects observed in C. albicans strains

may derive from use of the URA3 selectable marker and not from the target disrupted

gene [17].  Another recent study suggested that mice with disseminated candidiasis die

from sepsis [18].  Given these findings, it is not surprising that a defect in invasive

growth would not necessarily translate into a virulence defect.  The model for

oropharyngeal candidiasis, on the other hand, is thought to require invasive growth.  It is

possible that the defect caused by loss of She3 is simply not observable in this model,

which relies on measurement of fungal burden as an indication of virulence and may not

detect more subtle defects in invasive growth.  It is also possible that, in the complex

environment of the host, redundant mechanisms that promote invasive growth mask the

she3-null defect.

Requirement for She3 in tropism studies

The thigmotropism assay measures the tendency of C. albicans hyphae growing

along a contoured surface to turn upon contact with a ridge.  Wild type cells, on average,

turn after 60% of these contacts.  Results from the thigmotropism assay revealed a

possible minor role for She3 in turning response.  Both heterozygous and homozygous

she3 deletion strains, as well as the SHE3 complemented strain, turned approximately

half as often as wild type strains  (Figure B3).  However, there was no significant
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difference between strains containing one or no copies of SHE3.  This result was

surprising, as the phenotypes of she3 heterozygous and homozygous deletion strains are

quite different; the she3 heterozygous deletion strain does make invasive peripheral

filaments, albeit at a reduced rate as compared to wild-type (data not shown).

The galvanotropism assay measures both the orientation of germ tube emergence

in yeast-form cells exposed to an electric field (emergence angle), and the tendency of

hyphae to grow toward the cathode (final angle).  Results of these assays indicated that

She3 does not contribute to the galvanotropic response (Figure B4).  The heterozygous

deletion strain (SE67) showed a minor defect in the emergence angle.  However, since

the she3–null strain showed essentially normal behavior, it is highly unlikely that this

observed defect is related to the loss of one copy of SHE3.

REFERENCES

1. Sudbery, P., N. Gow, and J. Berman, The distinct morphogenic states of Candida

albicans. Trends Microbiol, 2004. 12(7): p. 317-24.

2. Saville, S.P., et al., Engineered control of cell morphology in vivo reveals distinct

roles for yeast and filamentous forms of Candida albicans during infection.

Eukaryot Cell, 2003. 2(5): p. 1053-60.

3. Kumamoto, C.A. and M.D. Vinces, Contributions of hyphae and hypha-co-

regulated genes to Candida albicans virulence. Cell Microbiol, 2005. 7(11): p.

1546-54.



109

4. Kumamoto, C.A. and M.D. Vinces, Alternative Candida albicans lifestyles:

growth on surfaces. Annu Rev Microbiol, 2005. 59: p. 113-33.

5. Barelle, C.J., et al., Asynchronous cell cycle and asymmetric vacuolar inheritance

in true hyphae of Candida albicans. Eukaryot Cell, 2003. 2(3): p. 398-410.

6. Rida, P.C., et al., Yeast-to-hyphal transition triggers formin-dependent Golgi

localization to the growing tip in Candida albicans. Mol Biol Cell, 2006. 17(10):

p. 4364-78.

7. Scherwitz, C., Ultrastructure of human cutaneous candidosis. J Invest Dermatol,

1982. 78(3): p. 200-5.

8. Ghannoum, M.A., Potential role of phospholipases in virulence and fungal

pathogenesis. Clin Microbiol Rev, 2000. 13(1): p. 122-43, table of contents.

9. Navarro-Garcia, F., et al., Virulence genes in the pathogenic yeast Candida

albicans. FEMS Microbiol Rev, 2001. 25(2): p. 245-68.

10. Park, H., et al., Role of the fungal Ras-protein kinase A pathway in governing

epithelial cell interactions during oropharyngeal candidiasis. Cell Microbiol,

2005. 7(4): p. 499-510.

11. Chiang, L.Y., et al., Candida albicans protein kinase CK2 governs virulence

during oropharyngeal candidiasis. Cell Microbiol, 2007. 9(1): p. 233-45.

12. Sherwood, J., et al., Contact sensing in Candida albicans: a possible aid to

epithelial penetration. J Med Vet Mycol, 1992. 30(6): p. 461-9.

13. Brand, A., et al., Hyphal orientation of Candida albicans is regulated by a

calcium-dependent mechanism. Curr Biol, 2007. 17(4): p. 347-52.



110

14. Santangelo, R., et al., Efficacy of oral cochleate-amphotericin B in a mouse model

of systemic candidiasis. Antimicrob Agents Chemother, 2000. 44(9): p. 2356-60.

15. Noble, S.M. and A.D. Johnson, Strains and strategies for large-scale gene

deletion studies of the diploid human fungal pathogen Candida albicans.

Eukaryot Cell, 2005. 4(2): p. 298-309.

16. Mitrovich, Q.M., et al., Computational and experimental approaches double the

number of known introns in the pathogenic yeast Candida albicans. Genome Res,

2007. 17(4): p. 492-502.

17. Brand, A., et al., Ectopic expression of URA3 can influence the virulence

phenotypes and proteome of Candida albicans but can be overcome by targeted

reintegration of URA3 at the RPS10 locus. Eukaryot Cell, 2004. 3(4): p. 900-9.

18. Spellberg, B., et al., Mice with disseminated candidiasis die of progressive sepsis.

J Infect Dis, 2005. 192(2): p. 336-43.



111

TABLE AND FIGURE LEGENDS

Table B1.

Names and genotypes of strains used in this study.

Figure B1.

She3 mutants in a mouse model of disseminated candidiasis.  C. albicans SHE3

heterozygous knockout (SE67), homozygous knockout (SE63), and add-back (SE64)

strains  were compared to a wild type (QMY23) strain in the mouse tail vein model of

disseminated candidiasis, as described in Materials and Methods.   All strains showed

essentially equivalent virulence.

Figure B2.

She3 mutants in a mouse model of oropharyngeal candidiasis.  C. albicans SHE3

heterozygous knockout (SE67), homozygous knockout (SE63), and add-back (SE64)

strains were compared to a wild type (QMY23) strain in the mouse model of

oropharyngeal candidiasis, as described in the Materials and Methods.  Fungal burden in

oral tissue was assessed five days after inoculation of mouse oral tissue with the different

C. albicans strains.  All strains showed essentially equivalent fungal burden.

Figure B3.

She3 mutants in a thigmotropism assay.  C. albicans SHE3 heterozygous knockout

(SE67), homozygous knockout (SE63), and add-back (SE64) strains were compared to a
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wild type (QMY23) strain in a thigmotropism assay, as described in the Materials and

Methods.   The CAI4 /CIp10 strain was included as an internal control for wild type

activity.  Thigmotropic response was measured as the number of hypha-ridge contacts

that resulted in hyphal turning.  All strains lacking at least one copy of the SHE3 gene

showed a slightly reduced response.  However, there was no difference between the

homozygous deletion strain and strains with only one copy of SHE3.

Figure B4.

She3 mutants in a galvanotropism assay.  C. albicans SHE3 heterozygous knockout

(SE67), homozygous knockout (SE63), and add-back (SE64) strains were compared to a

wild type (QMY23) strain in a galvanotropism assay, as described in the Materials and

Methods.   The CAI4 /CIp10 strain was included as an internal control for wild type

activity.  Both initial angle of germ tube emergence and final angle of hyphal orientation

were measured.  The apparent reduction in emergence angle of SE67 is likely a spurious

result.
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Table B1.

Strain Name Genotype

QMY23 leu2::pLEU2 /leu2::pHIS1; his1∆/his1∆
SE63 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆; RPS10-pARG4
SE64 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆; arg4∆/arg4∆; RPS10-pSHE3-ARG4
SE67 she3::HIS1/SHE3; leu2::pLEU2/leu2∆; his1∆/his1∆; arg4∆/arg4∆; RPS10-pARG4
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Figure B1.

Virulence of Candida albicans strains
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Figure B2.
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Figure B3.

Thigmotropism
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Figure B4.

Galvanotropism
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APPENDIX C

Analysis of She3 Function in Candida albicans Opaque Cells
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Analysis of She3 Function in Candida albicans Opaque Cells

INTRODUCTION

In addition to morphological switches between budding yeast and filamentous

forms, Candida albicans can interconvert between two distinct cell types designated

“white” and “opaque.”  The previously described yeast, hyphal, and pseudohyphal

morphologies occur in the white phase; the opaque phase is a morphologically and

transcriptionally distinct phase associated with mating competence, as well as changes in

cell shape, colony appearance, and virulence.  Switching between white and opaque

phases is stochastic and occurs at a low frequency; thus, each state is heritable for many

generations.

We found that Candida albicans has an RNA transport system, mediated by the

She3 protein, which carries a set of RNAs to the tips of hyphae, as well as to buds of

yeast cells.  We used immunoprecipitation of She3-RNA complexes and whole genome

microarray analysis to identify a high-confidence set of 38 RNAs that are bound by She3

in hyphae, as well as a largely overlapping set of 31 transcripts bound by She3 in yeast.

The genes represented by the set of She3-bound transcripts act in a variety of cellular

processes, including mitosis and cytoskeletal dynamics, cell polarity, transcription, small

molecule transport and regulation, virulence, and cell wall structure and function

(Chapter 2).

Several lines of evidences suggested that She3-mediated RNA transport could

have a role in opaque phase growth and mating.  First, several She3-associated transcripts

have been linked to the opaque phase (Chapter 2).    Five of these are induced in the
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opaque phase: HAC1 and CTA9 are up-regulated during mating [1], and RBT4,

orf19.2431 and orf19.2219 are induced in opaque cells exposed to mating pheromone [2].

Next, opaque cells that are exposed to mating pheromone display an extreme form of

polarized growth in the generation of mating projections.  Mating between cells of

opposite mating type (termed “a” and “alpha”) further involves asymmetric processes

that occur at the tips of mating projections, specifically, recognition and cell fusion to

form zygotes, followed by nuclear fusion.  Finally, daughter cell inheritance of a

diffusible factor underlies the model for maintenance of the opaque state.   The

inheritance of threshold levels of Wor1, the master transcriptional regulator required for

establishment and maintenance of the opaque phase, is thought to be critical for opaque

cell maintenance [3].

To address a potential role for She3-mediated RNA transport in opaque cells,

She3-RNA complexes were immunoprecipitated from opaque cells.  While previous

immunoprecipitation experiments (Chapter 2) had not uncovered an interaction between

She3 and WOR1 (or any of the other regulators of opaque maintenance), it is possible that

such an interaction would only be detected in immunoprecipitation from opaque cell

lysates.  The she3∆/she3∆ strain was also tested for its contribution to opaque cell

maintenance.  Finally, the she3∆/she3∆ strain was tested in three assays relating to the

opaque phase; these assays detected 1) generation of long mating projections in response

to mating pheromone, 2) zygote formation, and 3) nuclear fusion within zygotes.

MATERIALS AND METHODS

Media
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Synthetic complete media, supplemented with 2% glucose and 100 µg/ml uridine

(SCD+Urd) was used to maintain strains in the white and opaque phases at room

temperature. Spider medium contained 1.35% agar, 1% nutrient broth, 0.4% potassium

phosphate, and 2% mannitol (pH 7.2).  Unless otherwise described, opaque cells were

grown in SCD+Urd at 25°C.

Strain construction

Stains used in this study are described in Table C1.  Strains Za and Zalpha are

derived from QMY23, which has been described previously [4].  Strain SE87 is derived

from SE25, which is described in Chapter 2.  Strains SE53 and SE57 are derived from

independent isolates of she3∆/she3∆ strains made by fusion PCR, as described in Chapter

2, in the SN87 background.  The strains were grown on sorbose-containing medium to

select a/a and alpha/alpha strains, which were confirmed by PCR analysis of the mating

type [2].   For selection of opaque isolates, strains were streaked from frozen stock onto

SCD+Urd and grown for at least six days.  Opaque sectors of colonies were re-streaked to

obtain pure opaque colonies.

RNA immunoprecipitation and microarray analysis

Immunoprecipitation of She3-RNA complexes and microarray analysis were

performed as described in Chapter 2 with the following changes.  For

immunoprecipitation of opaque cells in standard growth conditions, approximately 250

OD units of exponentially growing cells were collected.  For immunoprecipitation of

opaque cells following exposure to mating pheromone (MFα), approximated150 OD
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units of exponentially growing cells were washed in water, resuspended in Spider

medium containing 10 µg/ml MFα, cultured for four additional hours, then collected.

RNA yields from opaque cell immunoprecipitations were approximately 3-8

µg/immunoprecipitation, several-fold lower than they were for white cells.  Accordingly,

RNA from two-four immunoprecipitations was pooled in order to obtain 10-12 µg of

RNA for each cDNA synthesis reaction.  Total RNA from the same stain was prepared

from cells cultured as described above.  DNA microarrays were from the AJ6.1 print run

(A. Johnson, unpublished data).

Opaque cell assays

Opaque-to-white switching assays were performed as described [3].  Switching

assays were performed with strains Za (wild type), SE53, and SE57.  Pheromone assays

and mating assays were performed as described [5], with the exception that cells were

exposed to mating pheromone for 48 hours.  For observation of zygote formation and

nuclear fusion within zygotes, cells were prepared as for the quantitative mating assay.

RESULTS AND CONCLUSIONS

Identification of She3-associated transcripts in opaque phase cells

In order to determine if She3 binds known regulators of the opaque phase, She3-

RNA complexes were immunoprecipitated from opaque phase cells, and the She3-bound

transcripts were identified by whole genome microarray analysis.  Cellular lysates were

prepared from opaque (mating type a/a) cells of a C. albicans strain (YSE87) containing

a single copy of She3 fused to a tandem affinity purification tag (She3-TAP), which was
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grown in logarithmic phase or induced to form mating projections by growth in the

presence of mating pheromone MFα, as described in the Methods section.  The tagged

She3 protein was immunoprecipitated from these lysates, and the associated mRNAs

were eluted.  Labeled cDNA generated from the She3-associated mRNA was compared

to reference cDNA derived from total RNA from the She3-TAP strain by competitive

hybridization to C. albicans microarrays representing the entire genome.

Table C2 lists the set of mRNAs preliminarily identified as She3-associated in

cultures of logarithmically growing opaque cells.  The data were derived from five

microarrays.  To pass the initial threshold, array elements must have given interpretable

hybridization in at least three out of five arrays and must have had a median percentile

rank of at least 98.  Table C3 lists the set of mRNAs preliminarily identified as She3-

associated in cultures of opaque cells exposed to mating pheromone.  The data were

derived from three microarrays, two of which were high quality.  To pass the initial

threshold, array elements must have given interpretable hybridization in at least one array

and must have had a median percentile rank of at least 98.

Preliminary results suggest that there is a large overlap among transcripts that

were identified as She3-associated in the white and opaque phase.  A number of the genes

identified by RNA immunoprecipitation experiments with opaque cell lysates have been

previously characterized as regulated by phase, by mating, or by exposure to mating

pheromone (Tables C2 and C3); however, none of the regulators of opaque phase

switching or maintenance appear to be bound by She3.
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She3 is not required for mating behaviors

Strains lacking SHE3 were tested in three qualitative assays that test mating

behavior.  These were:  1) generation of long mating projections in response to mating

pheromone, 2) zygote formation, and 3) nuclear fusion within zygotes.  Loss of SHE3 did

not abrogate the ability to perform any of these functions (Figure C1).  However, the

she3∆/she3∆ strain (mating type a/a) made mating projections that appeared shorter than

those of the wild type strain after a 48-hour exposure to pheromone; further, there were

noticeably more white cells in the she3-null culture compared to the wild type culture.

Mating of a/a and alpha/alpha isolates of wild type and she3-null strains was assessed

qualitatively, that is, by observation of zygotes.  By this measure, there was no obvious

difference between wild type and she3∆/she3∆ strains.  DAPI staining to visualize the

nuclei of zygotes indicated that nuclear fusion occurred in both wild type and

she3∆/she3∆ zygotes.  Thus, She3 does not appear to be required for these mating-related

behaviors.  While She3 is not required for generation of mating projetction, She3 may

contribute to the morphology of these structures.

She3 is not required for opaque cell maintenance

As described, significant numbers of white cells were observed in 48-hour

cultures of she3∆/she3∆ (but not wild-type) cells exposed to mating pheromone.  This

observation suggested that She3 might be required for maintenance of the opaque state.

To test this possibility, the opaque-to-white switching rate of she3-null strains was

compared to that of a wild type strain.  As shown in Table C4, the observed switching

rate of wild type and she3-null strains were similar.  For the standard switching assay,
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cells are diluted directly from colonies.  Since white cells had been observed in liquid

cultures (i.e., Spider medium with mating pheromone), a switching assay was also

performed with cells that had been grown overnight in liquid SCD+Urd.  While

switching rates after growth in liquid culture were more variable, there was no obvious

switching defect in the she3-null strains (data not shown).  Thus, it appears that She3 is

not required for maintenance of the opaque state.
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TABLE AND FIGURE LEGENDS

Table C1.

Names and genotypes of strains used in this study.  All strains have been switched to the

opaque phase, as described in Materials and Methods.

Table C2.

She3-associated transcripts in opaque cells.  The transcripts of listed genes were

identified as She3-associated by immunoprecipitation of She3-RNA complexes from

opaque cells in SCD+Urd.  Systemic name, standard name, S. cerevisiae ortholog or best

hit, and description are as listed in the Candida Genome Database (CGD,

www.candidagenome.org).

Table C3.

 She3- associated transcripts in opaque “a” cells exposed to mating pheromone.  The

transcripts of listed genes were identified as She3-associated by immunoprecipitation of

She3-RNA complexes from opaque cells exposed to mating pheromone (MFα).

Systemic name, standard name, S. cerevisiae ortholog or best hit, and description are as

listed in the Candida Genome Database (CGD, www.candidagenome.org).
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Table C4.

Opaque to white switching rates of wild type and she3-null strains.  Switching

frequencies of wild type (Za) and she3∆/ she3∆ (SE53 and SE57) strains were

determined as described in the Methods.  Switching rate values reflect the number of

colonies that were fully white or had white sectors.  “n” refers to the total number of

colonies observed.

Figure C1.

She3 is not required for mating behaviors of opaque cells.  A)  Wild type (“WT,” Za) and

she3∆/ she3∆ (SE53) opaque cells after 48 hour exposure to MFα.  B)  Representative

zygotes observed following mating preparation of a/a and alpha/alpha isolates of WT (Za

and Zalpha) and she3-null (SE53 and SE 55) strains.  C)  DAPI staining of the zygotes in

(B) shows that there are single nuclei in the zygotes, which indicates that nuclear fusion

has occurred.
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Table C1.

Strain name Genotype Mating
Type

Za leu2::pLEU2 /leu2::pHIS1; his1∆/his1∆ a/a
Zalpha leu2::pLEU2 /leu2::pHIS1; his1∆/his1∆ alpha/alpha
SE87 SHE3-TAP::URA3/she3∆; ura3∆/ura3∆ a/a
SE53 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆ a/a
SE55 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆ alpha/alpha
SE57 she3::HIS1/she3::LEU2; leu2∆/leu2∆; his1∆/his1∆ a/a
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Table C2.

Systemic
Name

Standard
Name

S. cerevisiae
ortholog Description

orf19.909 STP4 STP3

Putative transcription factor with zinc finger DNA-binding motif; induced in core caspofungin
response; shows colony morphology-related gene regulation by Ssn6p; induced by 17-beta-
estradiol, ethynyl estradiol

orf19.85 GPX2 HYR1

Similar to glutathione peroxidase; expression greater in high iron; alkaline upregulated by
Rim101p; transcriptionally induced by alpha factor or interaction with macrophage; regulated
by Efg1p; caspofungin repressed

orf19.816 YLR422W
Predicted ORF in Assemblies 19, 20 and 21; similar to S. cerevisiae Ylr422wp; transposon
mutation affects filamentous growth

orf19.7514 PCK1 PCK1

Phosphoenolpyruvate carboxykinase; role in gluconeogenesis; regulated by hyphal switch,
carbon source; repressed on glucose; induced by fluconazole, phagocytosis, H2O2; predicted
ATP-dependent, dimeric; predicted PKC phosphorylation sites

orf19.7150 NRG1 NRG2

Transcriptional repressor; regulates hyphal genes, virulence genes, chlamydospore
development, and genes involved in rescue and stress responses; effects both Tup1p-dependent
(major) and -independent (minor) regulation

orf19.671 PSP1 YLR177W Protein repressed during the mating process

orf19.6705 YEL1

Protein described as a putative guanyl nucleotide exchange factor with Sec7 domain;
transcriptionally regulated upon yeast-hyphal switch; filament induced; regulated by Nrg1p,
Tup1p

orf19.670.2 ORF Predicted by Annotation Working Group

orf19.6660 YHR131C Predicted ORF in Assemblies 19, 20 and 21

orf19.6586 NAB3

Predicted ORF in Assemblies 19, 20 and 21; increased transcription is observed upon benomyl
treatment or in an azole-resistant strain that overexpresses MDR1; shows colony morphology-
related gene regulation by Ssn6p; induced by nitric oxide, 17-beta-estradiol, ethynyl estradiol;
macrophage-downregulated gene

orf19.6514 CUP9 CUP9
Transcription reduced upon yeast-hyphal switch; ketoconazole-induced; Plc1p-regulated; shows
colony morphology-related gene regulation by Ssn6p

orf19.6202 RBT4 PRY1

Similar to plant pathogenesis-related proteins; required for virulence in mouse systemic, rabbit
corneal infections; not required for filamentation; secretion signal; TUP1/RFG1/SSN6/HOG1
repressed; serum, hyphal, pheromone, alkaline-induced

orf19.5843

Predicted ORF in Assemblies 19, 20 and 21; Plc1p-regulated; greater mRNA abundance
observed in a cyr1 homozygous null mutant than in wild type; possibly spurious ORF
(Annotation Working Group prediction)

orf19.5735.3 ORF Predicted by Annotation Working Group

orf19.5626 RLM1 Predicted ORF in Assemblies 19, 20 and 21; Plc1p-regulated

orf19.5595 SHE3 Predicted ORF in Assemblies 19, 20 and 21

orf19.5537 WSC2 Predicted ORF in Assemblies 19, 20 and 21

orf19.5045 PTP2 Predicted ORF in Assemblies 19, 20 and 21

orf19.4941 TYE7 TYE7

Putative bHLH (basic region, helix-loop-helix) transcription factor; hyphally regulated via
Cph1p, Cyr1p; flucytosine, Hog1p induced; amphotericin B, caspofungin repressed;
downregulated in azole-resistant strain overexpressing MDR1

orf19.4657 NEM1 Predicted ORF in Assemblies 19, 20 and 21

orf19.4477 CSH1 YPL088W

Member of aldo-keto reductase family, similar to aryl alcohol dehydrogenases; role in adhesion
to fibronectin, cell surface hydrophobicity; regulated by temperature, growth phase, benomyl,
macrophage interaction; azole resistance associated

orf19.4318 MIG1 MIG1

Transcriptional repressor; regulates genes for utilization of carbon sources; Tup1p-dependent
and -independent functions; upregulated in biofilm; hyphal downregulated; caspofungin
repressed; functional homolog of S. cerevisiae Mig1p

orf19.411 SRP40
Similar to GTPase regulators; transcriptionally regulated by iron; expression greater in low
iron; possibly spurious ORF (Annotation Working Group prediction)

orf19.3997 ADH1 ADH3

Alcohol dehydrogenase; at surface of yeast-form cells but not hyphae; soluble in hyphae;
immunogenic in human or mouse; complements S. cerevisiae adh1 adh2 adh3 mutation;
regulated by growth phase, carbon source; fluconazole-induced

orf19.3793

Predicted ORF in Assemblies 19, 20 and 21; regulated by Nrg1p; greater mRNA abundance
observed in a cyr1 or ras1 homozygous null mutant than in wild type; possibly spurious ORF
(Annotation Working Group prediction)



130

orf19.3707 YHB1 YHB1

Nitric oxide dioxygenase; acts in nitric oxide scavenging/detoxification; role in virulence in
mouse; not essential for viability; similar to S. cerevisiae Yhb1p; transcription activated by NO,
macrophage interaction; hyphal downregulated

orf19.3669 SHA3 SKS1

Protein similar to S. cerevisiae Sha3p, which is a serine/threonine kinase involved in glucose
transport; transposon mutation affects filamentous growth; fluconazole-induced; ketoconazole-
repressed; induced in response to alpha pheromone

orf19.35 SKY1 Predicted ORF in Assemblies 19, 20 and 21

orf19.3153 MSS4 MSS4

Phosphatidylinositol-4-phosphate 5-kinase; activity induced by phosphatidic acid (Pld1p
product); associated with hyphal growth under some, not all, conditions; functional homolog of
S. cerevisiae Mss4p; macrophage/pseudohyphal-repressed

orf19.2669 YDR261W-B Predicted ORF in Assemblies 19, 20 and 21

orf19.2668 RHD2
Protein described as possible gag-pol polyprotein; decreased expression in hyphae compared to
yeast-form cells

orf19.2308 PFK26 Predicted ORF in Assemblies 19, 20 and 21

orf19.2219 ORF298 YIL082W-A Predicted ORF in Assemblies 19, 20 and 21; transcription is a-specific, alpha-factor induced

orf19.2107.1 STF2 TMA10
Protein involved in ATP biosynthesis; decreased expression in hyphae compared to yeast-form
cells; downregulated by Efg1p

orf19.1354 UCF1 YER067W

Transcriptionally regulated by iron or by yeast-hyphal switch; expression greater in high iron,
decreased upon yeast-hyphal switch; downregulation correlates with clinical development of
fluconazole resistance; Ras1p-regulated

orf19.1353
Predicted ORF in Assemblies 19, 20 and 21; transcription downregulated upon yeast-hyphal
switch; Ras1p-regulated
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Table C3.

Systemic
Name

Standard
Name

S.cerevisiae
ortholog Description

orf19.3793

Predicted ORF in Assemblies 19, 20 and 21; regulated by Nrg1p; greater mRNA abundance
observed in a cyr1 or ras1 homozygous null mutant than in wild type; possibly spurious ORF
(Annotation Working Group prediction)

orf19.2219 ORF298 YIL082W-A Predicted ORF in Assemblies 19, 20 and 21; transcription is a-specific, alpha-factor induced

orf19.6202 RBT4 PRY1

Similar to plant pathogenesis-related proteins; required for virulence in mouse systemic, rabbit
corneal infections; not required for filamentation; secretion signal; TUP1/RFG1/SSN6/HOG1
repressed; serum, hyphal, pheromone, alkaline-induced

orf19.3153 MSS4 MSS4

Phosphatidylinositol-4-phosphate 5-kinase; activity induced by phosphatidic acid (Pld1p
product); associated with hyphal growth under some, not all, conditions; functional homolog of
S. cerevisiae Mss4p; macrophage/pseudohyphal-repressed

orf19.816 YLR422W
Predicted ORF in Assemblies 19, 20 and 21; similar to S. cerevisiae Ylr422wp; transposon
mutation affects filamentous growth

orf19.3494 CTF5 MCM21
Protein induced during the mating process; transcription is repressed in response to alpha
pheromone in SpiderM medium

orf19.6705 YEL1

Protein described as a putative guanyl nucleotide exchange factor with Sec7 domain;
transcriptionally regulated upon yeast-hyphal switch; filament induced; regulated by Nrg1p,
Tup1p

orf19.3431 MIP1 Predicted ORF in Assemblies 19, 20 and 21

orf19.660
Predicted ORF in Assemblies 19, 20 and 21; possibly spurious ORF (Annotation Working
Group prediction)

orf19.2431
Predicted ORF in Assemblies 19, 20 and 21; transcription is induced in response to alpha
pheromone in SpiderM medium

orf19.2685 PGA54 DAN4

Putative GPI-anchored protein; hyphal induced; Hog1p-downregulated; induced in a cyr1 or
efg1 homozygous null mutant; shows colony morphology-related gene regulation by Ssn6p;
possibly spurious ORF (AWG prediction)

orf19.3073 Predicted ORF in Assemblies 19, 20 and 21

orf19.3422 FMP27 YLR454W Predicted ORF in Assemblies 19, 20 and 21; fungal-specific (no human or murine homolog)

orf19.2237 SPR1 SPR1
Putative GPI-anchored protein; not essential for viability; similar to S. cerevisiae Spr1p, which
is a sporulation-specific exo-1,3-beta-glucanase

orf19.5406 PSR1 Predicted ORF in Assemblies 19, 20 and 21

orf19.3374 ECE1

Protein comprising eight 34-residue repeats; hyphal-specific expression increases with extent of
elongation of the cell; regulated by Rfg1p, Nrg1p, Tup1p, Cph1p, Efg1p, Hog1p, farnesol,
phagocytosis; may contribute to biofilm formation

orf19.7472 IFF4 MUC1
Putative GPI-anchored protein; homozygous null mutant germ tubes show decreased adhesion
to plastic substrate; not essential for viability

orf19.2787 PRY1 PRY1
Transcription is opaque specific; transcription is repressed in response to alpha pheromone in
SpiderM medium

orf19.2007 VPS54 Predicted ORF in Assemblies 19, 20 and 21

orf19.3415 PTK2 PTK2 Putative protein kinase of polyamine import; upregulated in biofilm

orf19.2478 Predicted ORF in Assemblies 19, 20 and 21

orf19.4496 GDT1 Predicted ORF in Assemblies 19, 20 and 21

orf19.6114 Predicted ORF in Assemblies 19, 20 and 21

orf19.7009 YDR541C Predicted ORF in Assemblies 19, 20 and 21

orf19.5282
Predicted ORF in Assemblies 19, 20 and 21; decreased expression in hyphae compared to
yeast-form cells; regulated by Efg1p and Efh1p; intron in 5'-UTR

orf19.5418 TED1 Predicted ORF in Assemblies 19, 20 and 21

orf19.1541 AGA1
Protein not essential for viability; transcription is repressed in response to alpha pheromone in
SpiderM medium

orf19.149 Predicted ORF in Assemblies 19, 20 and 21

orf19.2649 PCL1 PCL1
Cyclin homolog; expression induced upon filamentous growth; transcription is induced in
response to alpha pheromone in SpiderM medium

orf19.7263 YFR006W Predicted ORF in Assemblies 19, 20 and 21

orf19.7617 ARD1 Predicted ORF in Assemblies 19, 20 and 21
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orf19.7529 EPL1 Predicted ORF in Assemblies 19, 20 and 21

orf19.3573 PEX6 Predicted ORF in Assemblies 19, 20 and 21

orf19.6142 MND1 Predicted ORF in Assemblies 19, 20 and 21

orf19.4646 Predicted ORF in Assemblies 19, 20 and 21

orf19.1619 CTK1 Predicted ORF in Assemblies 19, 20 and 21

orf19.3547 PUF6 Predicted ORF in Assemblies 19, 20 and 21

orf19.107 DHR2 Predicted ORF in Assemblies 19, 20 and 21

orf19.4432 KSP1 Predicted ORF in Assemblies 19, 20 and 21

orf19.6660 YHR131C Predicted ORF in Assemblies 19, 20 and 21

orf19.7375 MSL1 Predicted ORF in Assemblies 19, 20 and 21

orf19.2926 PSO2 Predicted ORF in Assemblies 19, 20 and 21

orf19.4776 LYS14
Putative transcription factor with zinc cluster DNA-binding motif; has similarity to S. cerevisiae
Lys14p, which is a transcription factor involved in the regulation of lysine biosynthesis genes

orf19.7208 CSK1 SMK1

Putative mitogen-activated protein (MAP) kinase with an unknown role; null mutant produces
wrinkled colonies; similar to S. cerevisiae Smk1p, which is a protein kinase required for
sporulation

orf19.6103 SPO73 Predicted ORF in Assemblies 19, 20 and 21

orf19.3148 IXR1 Predicted ORF in Assemblies 19, 20 and 21

orf19.6118 DSS4 Predicted ORF in Assemblies 19, 20 and 21

orf19.6179 ORF Predicted by Annotation Working Group

orf19.2767 PGA59 YDR134C
Putative GPI-anchored protein of unknown function; shows colony morphology-related gene
regulation by Ssn6p

orf19.3281 JHD1 Predicted ORF in Assemblies 19, 20 and 21

orf19.3100 SPC110
Predicted ORF in Assemblies 19, 20 and 21; transcription is repressed in response to alpha
pheromone in SpiderM medium

orf19.4201 NHX1 NHX1
Protein similar to S. cerevisiae Nhx1p, which is an Na+/H+ exchanger required for intracellular
sequestration of Na+

orf19.4507 Predicted ORF in Assemblies 19, 20 and 21

orf19.3548.1 WH11 HSP12

Cytoplasmic protein expressed specifically in white phase yeast-form cells; expression in
opaque cells increases virulence and frequency of opaque-to-white switching; null mutant
shows wild-type switching; similar to S. cerevisiae Hsp12p

orf19.4593 RGA2 RGA2

Putative GTPase-activating protein (GAP) for Rho-type GTPase Cdc42p; involved in cell
signaling pathways that control cell polarity; similar to S. cerevisiae Rga2p; induced upon low-
level peroxide stress

orf19.3213 JIP4 Predicted ORF in Assemblies 19, 20 and 21

orf19.3328 HOT1 Predicted ORF in Assemblies 19, 20 and 21; filament induced

orf19.3393 DBP9 Putative DEAD-box helicase

orf19.6491 Predicted ORF in Assemblies 19, 20 and 21

orf19.3606 SNA4 Predicted ORF in Assemblies 19, 20 and 21

orf19.6339 NRG2
Protein similar to S. cerevisiae Nrg2p transcription factor, which regulates invasive growth in S.
cerevisiae; transposon mutation affects filamentous growth

orf19.1716 URA3 URA3

Orotidine-5'-phosphate decarboxylase, enzyme of pyrimidine biosynthesis; gene used as a
molecular genetic marker, but decreased expression when integrated at ectopic chromosomal
locations can cause defects in hyphal growth and virulence

orf19.1599 Predicted ORF in Assemblies 19, 20 and 21

orf19.1677
Predicted ORF in Assemblies 19, 20 and 21; possibly spurious ORF (Annotation Working
Group prediction)
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Table C4.

Strain
Opaque to White
Switching Frequency n

Wild Type 3.14 573
she3∆/she3∆ (SE53) 5.08 689
she3∆/she3∆ (SE57) 2.62 840
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Figure C1.
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