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Abstract

To study the role of late secretion in Candida albicans pathogenesis, we created conditional

mutant C. albicans strains in which the t-SNARE-encoding genes SSO2 or SEC9 were placed

under the control of a tetracycline-regulated promoter. In repressing conditions, C. albicans tetR-

SSO2 and tetR-SEC9 mutant strains were defective in cytokinesis and secretion of aspartyl

proteases and lipases. The mutant strains also exhibited a defect in filamentation compared to

controls, and thus we followed the fate of the C. albicans Spitzenkörper, an assembly of secretory

vesicles thought to act as a vesicle-supply center for the growing hyphae. In the absence of Ca

Sso2p, the Spitzenkörper dissipated within 5 hours and thin-section electron microscopy revealed

an accumulation of secretory vesicles. Moreover, the hyphal tip developed into a globular yeast-

like structure rather than maintaining a typical narrow hyphae. These studies indicate that late

secretory t-SNARE proteins in C. albicans are required for fundamental cellular processes and

contribute to virulence-related attributes of C. albicans pathogenesis. Moreover, these results

provide direct evidence for a key role of SNARE proteins in vesicle-mediated polarized hyphal

growth of C. albicans.
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INTRODUCTION

In prior studies, we have investigated the role of the pre-vacuolar secretory pathway,

regulated by the vacuolar protein sorting genes VPS1, VPS4, and PEP12, in the secretion of

virulence-associated proteins and biofilm formation in C. albicans (Lee, et al., 2007,

Bernardo, et al., 2008, Lee, et al., 2009, Palanisamy, et al., 2010). These investigations have

demonstrated that pre-vacuolar secretion plays a key role in the pathogenesis of C. albicans.
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In order to expand our understanding of the contribution of C. albicans secretion to

pathogenesis, we have now focused our studies on trafficking genes involved in exocytosis.

The final stages of secretion leading to exocytosis depend on the fusion of late secretory

vesicles to the plasma membrane, which is regulated by the exocyst complex. This

octameric complex mediates tethering of secretory vesicles to the plasma membrane,

followed by membrane fusion enabled by assembly and disassembly of a SNARE complex.

In the model yeast Saccharomyces cerevisiae, the exocyst is encoded by SEC3, SEC5,

SEC6, SEC8, SEC15, EXO70, and EXO84 (TerBush, et al., 1996). Once late secretory

vesicles reach the plasma membrane, assembly of the SNARE complex occurs, whereas in

yeast exocyst mutants, SNARE assembly fails to occur (Grote, et al., 2000). The SNARE

complex is composed of the Snc1/2 v-SNARE proteins on the secretory vesicles and Sso1/2

and Sec9 t-SNARE proteins on the plasma membrane (Gerst, 1999). Snc1/2p and Sso1/2p

each contribute one helix and Sec9p contributes two helices to the SNARE complex (Sutton,

et al., 1998). In vitro studies have indicated that a hetero-oligomeric complex of Sso1p and

Sec9p binds Snc1p rather than the individual t-SNARE proteins (Rossi, et al., 1997).

Tethering of the vesicle to the exocyst occurs first and is required for subsequent SNARE

assembly, which then permits the “zipping” together of each plasma membrane to allow

vesicle fusion and final exocytosis to occur.

Although S. cerevisiae SSO1 and SSO2 were generated evolutionarily by whole genome

duplication, this duplication did not occur in C. albicans. In S. cerevisiae, the duplicated

genes SSO1 and SSO2 play a key role in secretion. While neither null mutant in S. cerevisiae

is inviable, the double null mutant is synthetic lethal. A S. cerevisiae temperature-sensitive

mutant lacking functional Sso1/2p accumulates secretory vesicles and is defective in

invertase secretion (Aalto, et al., 1993). Although Sso1p and Sso2p have substantial

functional overlap, SSO1 is required for sporulation whereas SSO2 is not, thus indicating an

important divergence in function (Jantti, et al., 2002).

In S. cerevisiae, SEC9 and SPO20 were also generated by whole genome duplication;

however, Sec9p and Spo20p are highly divergent and share only 37% identity. Spo20p is

required for sporulation only, whereas Sec9p is required for both secretion during vegetative

growth and during sporulation (Kienle, et al., 2009). In contrast, C. albicans has only one

SEC9/SPO20 homolog; this homolog is more similar to SEC9 than to SPO20. Strains

carrying mutations in S. cerevisiae SEC9 were first isolated in studies of the yeast secretory

pathway (Novick, et al., 1980). These temperature-sensitive strains were defective in

invertase secretion and accumulated membrane-bound secretory organelles. Functional

analyses of Sec9p reveal that the functional domain is found at the C-terminal end of the

protein (Brennwald, et al., 1994). The temperature-sensitive sec9-4 strain carries a

Gly458Asp mutation that reduces its ability to complex with either Sso1/2p or Snc1/2p, and

thus disrupts the formation of the SNARE complex (Brennwald, et al., 1994). Interestingly,

functional studies by Rossi and colleagues (Rossi, et al., 1997) provide evidence for an

additional function of SEC9 that is independent of SNARE formation. The sec9-7 and sec9-

Δ17 alleles result in temperature-sensitive and lethal phenotypes, respectively, but retain the

ability to form SNARE complexes in vitro. These mutant alleles act in a dominant-negative

manner when expressed under a strong promoter suggesting that SNARE complex formation
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also occurs in vivo (Rossi, et al., 1997). Thus, while these altered Sec9p are able to bind

with Sso1/2p and Snc1/2p to form the SNARE complex, they lack a function of Sec9p that

is required for wild-type cell growth. Although this specific role for Sec9p has yet to be

explicitly defined, Williams and Novick (2009) have suggested a constitutive role that is

intimately linked to the physiological state of the cell.

To study the final stages of secretion in C. albicans, we identified close structural homologs

of several S. cerevisiae SNARE complex genes. We present here the results of our studies

on the t-SNAREs encoded by C. albicans SSO2 and SEC9. We performed complementation

studies in yeast, followed by more detailed analysis of conditional mutant strains in C.

albicans in order to define the role of late secretion in key aspects of Candida cell biology

and pathogenesis.

MATERIALS AND METHODS

Strains and media

All strains used in this study are listed in Table 1. Strains were grown at 30 °C in YPD (1%

yeast extract, 2% peptone, 2% glucose) or complete synthetic medium (CSM: 0.67% yeast

nitrogen base without amino acids [YNB], 2% glucose, 0.079% Complete Synthetic

Mixture), supplemented with uridine (80 μg ml−1) as required. Cells were expanded in liquid

YPD overnight at 30 °C with shaking at 250 rpm prior to use in all phenotypic

characterizations/assays. Uracil auxotrophs were selected on 5-fluoro-orotic acid (FOA)

agar medium (complete synthetic medium [CSM] supplemented with 0.1 mg ml−1 uridine

and 0.7 mg FOA ml−1). Doxycycline (DOX) was added to a final concentration of 20 μg

ml−1 where required. Solid media were prepared by adding 2% (w/v) agar. S. cerevisiae

sso1Δ sso2-1 (gift from J. Jantti, University of Helsinki, Finland) and sec9-4 (gift from P.

Novick, UCSD, San Diego, CA) are temperature-sensitive at 30 and 35 °C, respectively

(Novick, et al., 1980, Brennwald, et al., 1994, Jantti, et al., 2002).

Preparation of plasmid and genomic DNA

Plasmids were expanded in Escherichia coli DH5α competent cells (Invitrogen, Carlsbad,

CA) grown in LB medium with ampicillin (100 μg ml−1) at 37 °C. Plasmid DNA was

prepared from E. coli strains using the PureYield™ Plasmid Miniprep System (Promega,

Madison, WI) following the manufacturer’s instructions. Genomic DNA was extracted from

yeast cells using the MasterPure™ Yeast DNA Purification Kit (Epicentre Biotechnologies,

Madison, WI) according to the manufacturer’s instructions with the exception of an

additional incubation step (1 hr on ice) performed after the addition of the MPC Protein

Precipitation Reagent (Bernardo, et al., 2008).

Extraction of mRNA and Reverse-Transcriptase PCR analysis

Overnight cultures were used to prepare cultures at a starting OD600nm of 0.1 in YPD, in the

presence or absence of DOX. Following incubation at 30 °C, with shaking at 250 rpm, cells

were harvested and total RNA was extracted from 108 cells using the RiboPure™ Yeast

RNA kit (Ambion®, Life Technologies, Carlsbad, CA) following the manufacturer’s

instructions. The integrity of total RNA was assessed on 1% denaturing agarose gel as
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described previously (Bernardo, et al., 2008). Next, mRNA was prepared from 1 μg of total

RNA using the PolyATtract® mRNA Isolation System (Promega, Madison, WI) and

quantified on a NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific,

Wilmington, Delaware). Reverse-transcriptase PCR was performed with Promega’s

AccessQuick™ RT-PCR System (Promega, Madison, WI) according to the manufacturer’s

instructions using primers sets SSO2-5RT and SSO2-3RT or SEC9-5RT and SEC9-3RT,

and 50 ng mRNA as template, to amplify SSO2 and SEC9 transcripts, respectively. The

absence of contaminating DNA was tested in parallel reactions in which the reverse

transcriptase enzyme was excluded.

Promoter replacement strategy in C. albicans

We first identified C. albicans orthologs of S. cerevisiae SSO1 (SSO2) and SEC9 from a

BLASTP search of the Candida Genome Database (Assembly 21) (http://

www.candidagenome.org). The search revealed a single ortholog of the S. cerevisiae t-

SNAREs Sso1p and Sso2p in C. albicans, orf19.1376, which encodes a 295-aa protein

whose sequence shares 50.5% (52.8%) identity and 67.8% (69.1%) similarity with S.

cerevisiae Sso1p and Sso2p, respectively. Similarly, a 530-aa Sec9p ortholog (orf19.117)

sharing 47% identity and 64% similarity with S. cerevisiae was identified in C. albicans.

Next, one allele of each gene of interest was deleted in strain THE1 (Nakayama, et al.,

2000), using primers YFG-5DR and YFG-3DR (Table 2), according to the PCR-based gene

disruption method described previously (Wilson, et al., 2000) to generate heterozygous null

mutant strains, YFG/yfgΔ (YFG/yfgΔ::dpl200- URA3-dpl200) (Table 1). To regenerate

ura3Δ auxotrophy, the YFG/yfgΔ strains were plated onto solid FOA medium containing

uridine. Next, FOA-resistant strains were screened by PCR for the YFG/yfgΔ::dpl200

genotype (Table 1). The regulatable tetracycline promoter was inserted upstream of the

remaining YFG allele according to the PCR-based strategy described previously (Bates, et

al., 2006) and utilizing primers TetYFG-5DR and TetYFG-4DR. Transformants carrying the

tetR-YFG allele were screened using primers TetYFG-5Det and TetYFG-3Det. All other

transformants were screened for the genotype of interest using primers YFG-5Det and

YFG-3Det. The correct genotype of these strains was subsequently confirmed by Southern

blot analysis following standard protocols (Ausubel, et al., 1987). Table 2 lists primers used

in this study.

Complementation studies in S. cerevisiae

High-fidelity PCR was used to amplify each open reading frame of interest from wild-type

yeast strains, including upstream and downstream untranslated regions, and the resulting

amplicons were subcloned into pCRII-TOPO (Invitrogen, Carlsbad, CA). The primers used

included linker sequences to introduce BamHI and HindIII recognition sites at the end of

each amplicon, with the exception of ScSEC9-5BamHI whose amplicon had an intrinsic

BamHI site in the 5′ untranslated region (Table 2). Sequences −500 to +512, −549 to +429,

−800 to +800, and −500 to +500 of S. cerevisiae SSO2 (YPL232W) and SEC9 (YGR009C),

and C. albicans SSO2 (orf19.1376) and SEC9 (orf19.117), respectively, were cut and gel

purified from each pCRII-TOPO clone with BamHI and HindIII and subsequently cloned

into pRS316 (Sikorski & Hieter, 1989) linearized with the same set of restriction enzymes.

The resulting plasmids, pRS-ScSSO2 and pRS-CaSSO2, pRS-ScSEC9 and pRS-CaSEC9
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were each used to transform the temperature-sensitive mutant strains S. cerevisiae sso1Δ

sso2-1 and sec9-4, respectively, using the lithium acetate method (Ausubel, et al., 1987).

Cells were plated on complete synthetic medium (CSM) without uracil, supplemented with

adenine (20 μg ml−1), and incubated at room temperature. Transformants were screened by

colony PCR (with T7 promoter and M13 reverse primers) to confirm the presence of each

pRS316 clone. Control strains in which each S. cerevisiae mutant carried the empty vector

pRS316 were also generated. The ability of the C. albicans homologs to complement the

temperature-sensitivity of the corresponding S. cerevisiae mutant strains were then tested by

streaking strains bearing pRS-CaSSO2 (pRS-ScSSO2), pRS-CaSEC9 (pRS-ScSEC9), and

pRS316 on CSM lacking uracil, supplemented with adenine, and assessed for growth for 2

days at the restrictive and permissive temperatures.

Analysis of growth

Growth of the conditional mutant and control strains was assessed in both liquid and agar

medium. Growth on agar medium was carried out by spotting serial dilutions of cells on

CSM with supplemented with uridine, in the presence or absence of doxycycline, where

cells were prepared as described previously (Rane, et al., 2013). The plates were then

incubated at 30 °C for 48 hours. Growth in liquid media was carried out by measuring

OD600nm at fixed intervals, after the overnight strains grown in YPD were washed and

transferred to fresh CSM supplemented with uridine (in the presence or absence of DOX)

and diluted to a starting OD600nm of 0.1. Optical densities were measured at given hourly

intervals and growth curves were generated using GraphPad Prism 6 (GraphPad Software,

Inc., La Jolla, California). In addition, at each time point, cells were counted using a

haemocytometer and a fixed number of cells were plated, in triplicate, onto YPD agar to

determine colony forming units. Determination of colony forming units was performed at

least twice, independently.

Thin-section electron microscopy

Yeast cells were prepared as follows: standard overnight cultures were used to inoculate

cultures in YPD, in the presence or absence of DOX, which were incubated at 30 °C with

shaking at 250 rpm for 5 hours. Filamentous cells were prepared following the filamentation

assay described below, incubated for 5 hours. Following incubation, cells were collected by

centrifugation and washed with 1x Phosphate Buffered Saline (PBS), then resuspended in

1ml of fixative [0.1M phosphate buffered 1% (v/v) glutaraldehyde - 4% (v/v) formaldehyde,

pH 7.2] and incubated at room temperature for one hour. Subsequent fixation, dehydration,

and staining with uranyl (acetate) and lead (acetate) are described previously (Kushida,

1961, Venable & Coggeshall, 1965, Glauert, 1975, Bozzola & Russell, 1992). Images were

acquired using a JEOL 1230 transmission electron microscope (JEOL USA, Inc., Peabody,

MA) operating at 80kV.

Assay for secreted aspartyl protease

Liquid assays for secreted aspartyl proteases were performed as follows: Cells from 5-ml

overnight YPD cultures were washed and resuspended in 30-ml of BSA medium (0.34%

(w/v) YNB without amino acids and without ammonium sulfate, 2% (w/v) glucose, 0.1%
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(w/v) BSA) and incubated for 24 hours to induce production of Sap2p. Next, spent medium

was removed and the cells were resuspended to a final OD600nm of 30, with fresh BSA

medium containing only 0.01% (w/v) BSA. The cell suspension was divided equally to

which DOX was added to one of the two, and cultures were incubated at 30 °C for 5 hours

with shaking at 250 rpm. Cell-free culture supernatant was taken for SDS-PAGE analyses as

described previously (Bernardo, et al., 2008).

Assay for lipase secretion

The assay performed for secreted lipases is a modification of the turbidimetric esterase assay

developed by von Tigerstrom and Stelmaschuck (von Tigerstrom & Stelmaschuk, 1989).

First, secretion of lipase was induced by growing cells from a standard overnight culture

(diluted 1:100) in Tween 80 medium (0.54% (w/v) YNB without amino acids, 2.5% (v/v)

Tween 80). Following incubation at 37 °C for 24 hours with shaking at 250 rpm, cells were

washed twice in 1XPBS, concentrated to a final OD600nm of 10 in Tween 80 medium, and

incubated for 5 hours in the presence or absence of doxycycline at 37 °C with shaking

(250rpm). Supernatants from the 5-hour cultures were then tested for secreted lipases by

performing a kinetic assay as follows: 500μl of cell-free supernatant was added to 5 ml of

Tween 20 Substrate (2% (v/v) Tween 20 in 20mM Tris-HCl, pH 8.0 and 120 mM CaCl2).

The mixture was then incubated at 37 °C with shaking at 250 rpm, with OD500nm readings

taken every 15 minutes for up to 75 minutes. Tween 20 substrate, without lipase, was

similarly treated and was used as a control to correct for background absorbance of the

substrate at each timepoint. The kinetic profiles of the secreted lipases from each condition

were visualized and compared by plotting the OD500nm readings over time. The lipase

activity is directly proportional to the amount of enzyme in the reaction (von Tigerstrom &

Stelmaschuk, 1989).

Filamentation assays

Filamentation was assayed at 37 °C in liquid RPMI-1640 supplemented with L-glutamine

(Cellgro, Manassas, VA) and buffered with 165 mM MOPS (Sigma, St. Louis, MO) to pH

7.0 (referred to as “buffered RPMI-1640” throughout the manuscript). Briefly, liquid

medium was inoculated with cells from overnight cultures to achieve a starting density of

5×106 cells ml−1, followed by incubation at 37 °C with shaking at 200 rpm. Cells were

visualized by DIC microscopy hourly, up to 6 hours, with a Zeiss EC Plan-NeoFluar 63x/

1.25 Oil objective (Carl Zeiss AG, Germany). Calcofluor white staining was performed by

adding an equal volume of Calcofluor White Stain (Sigma, St. Louis, MO) directly to a

sample of cell culture. Images were then acquired under fluorescence with a DAPI filter set

(λEx 365 nm, λEm 445 nm).

Visualization of the C. albicans Spitzenkörper

Strains T-M1gfp, tS2-M1gfp, and tS9-M1gfp (Table 1) carry an allele of C. albicans MLC1

(orf19.2416.1) that bear an in-frame insertion of the green fluorescent protein at the C-

terminus. Briefly, primers MLC1-GFP-5DR and MLC1-GFP-3DR were used to amplify the

GFP-NAT1 cassette from plasmid pGFP-NAT1 (Milne, et al., 2011) for transformation of

strains THE1-CIp10, tetR-SSO2, and tetR-SEC9. Transformation was carried out as
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described by Milne and colleagues (Milne, et al., 2011) and transformants were selected for

on Difco™ Sabouraud-Dextrose agar (BD, Franklin Lakes, NJ) containing 200 μg ml−1

nourseothricin (Gold Biotechnology, St. Louis, MO). Primers flanking the MLC1 ORF

(Table 2) were used to screen for isolates carrying the MLC1-GFP allele. For visualization

of the Spitzenkörper, hyphal formation was induced in strains carrying the MLC1-GFP allele

(Table 1) and visualized immediately with a Zeiss Axio Imager (Carl Zeiss AG, Germany)

after 2, 4, and 5 hours of hyphal growth. DIC and GFP fluorescence images were acquired

with the AxioVision 4.7 software (Carl Zeiss AG, Germany) using a Zeiss EC Plan-

NeoFluar 63x/1.25 Oil objective (Carl Zeiss AG, Germany) and GFP filter set (λEx 470 nm,

λEm 525 nm).

Statistical analysis

Statistical significance was assessed with an Analysis of Variance followed by Tukey’s

multiple comparison of means using GraphPad Prism 6 (GraphPad Software, Inc., La Jolla,

California). In general, differences between comparable controls were considered

statistically significant with a resulting p-value less than 0.05.

RESULTS

C. albicans SSO2 and SEC9 complement the corresponding temperature-sensitive S.
cerevisiae mutant strains

To determine if C. albicans SSO2 and SEC9 are functionally conserved with respect to S.

cerevisiae SSO2 and SEC9, C. albicans SSO2 and SEC9 were cloned into the low-copy

yeast shuttle vector pRS316 and transformed into the temperature- sensitive S. cerevisiae

strains sso1Δ sso2-1 and sec9-4, respectively. The ability of the C. albicans SSO2 and SEC9

homolog to complement the temperature-sensitive phenotype of the corresponding mutant

strain was assayed on plates incubated at the corresponding restrictive temperatures (30 and

35 °C, respectively). Strains bearing plasmids carrying S. cerevisiae SSO2 and SEC9 grew at

both the permissive and restrictive temperatures (Fig. 1). Similarly, strains bearing plasmids

with C. albicans SSO2 and SEC9 grew at both permissive and restrictive temperatures. As

expected, strains bearing the empty vector, pRS316, only grew at the permissive

temperature. Thus, C. albicans SSO2 and SEC9 are functional homologs of S. cerevisiae

SSO2 and SEC9, respectively.

SSO2 and SEC9 are likely essential for viability in C. albicans

In S. cerevisiae, SEC9 is an essential gene (Brennwald, et al., 1994). Neither SSO1 nor SSO2

are essential but the double null mutant is synthetic lethal (Aalto, et al., 1993). We

hypothesized that both genes of interest would be essential in C. albicans, and therefore

generated the tetracycline-regulated conditional mutant strains tetR-SSO2 and tetR-SEC9 in

order to study gene function. This system has been previously shown to tightly regulate gene

expression, such that gene transcription is turned off completely when doxycycline (DOX) is

present (Nakayama, et al., 2000, Bernardo, et al., 2008, Rane, et al., 2013). The correct

genotypes of all strains were identified using PCR and confirmed with Southern blot

analyses (data not shown). We also confirmed that transcription of each of these genes is

completely repressed by reverse-transcriptase PCR. No SSO2 mRNA transcript was
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detectable after 2 hours of growth in the presence of DOX. However, low levels of SEC9

mRNA were still detectable at 2 and 4 hours of growth under repressing conditions (Fig. 2).

After 5 hours of growth under repressing conditions, the SEC9 transcript was not detected

(Fig. 2).

We next examined the in vitro growth of the tetR-SSO2 and tetR-SEC9 strains in the

presence or absence of DOX. Under standard growth conditions, either in liquid culture

(data not shown) or agar plates (Fig. 3A), suppression of either the SSO2 or SEC9 gene leads

to impaired growth compared to the wild-type and control strains. We next sought to

determine if this was a result of cell death or reduced fitness. Analysis of growth by

enumerating colony forming units from liquid cultures indicated that cell death occurred

after 6 hours of incubation under repressing conditions (Fig. 3B). These results suggest that

SSO2 and SEC9 are essential for viability in C. albicans. Thus, all subsequent gene function

analyses were conducted within a 6-hour period preceding loss of cell viability.

C. albicans SSO2 and SEC9 expression is required for secretion and proper cytokinesis

The temperature sensitive S. cerevisiae mutants sso1Δ sso2-1 and sso2Δ sso1-1 accumulate

secretory vesicles at a partially formed septum, with marked defects in bud neck closure and

cytokinesis at restrictive temperatures (Jantti, et al., 2002). We observed strikingly similar

phenotypes in the C. albicans tetR-SSO2 strain. Accumulation of secretory vesicles and the

presence of budding cells with abnormally widened bud necks occurred in the tetR-SSO2

strain grown under repressing conditions, but not in derepressing conditions (Fig. 4A). S.

cerevisiae sec9 mutants accumulate toroidal or cup-shaped structures known as Berkeley

bodies (Novick, et al., 1980, Novick, et al., 1981, Finger & Novick, 1997). The C. albicans

tetR-SEC9 strain grown in the presence of DOX also accumulated late secretory vesicles

and had widened bud necks compared to cells grown in the absence of DOX (Fig. 4A).

Thus, analogous to S. cerevisiae SSO1/2 and SEC9, C. albicans SSO2 and SEC9 are required

for cytokinesis and late secretion.

Loss-of-function of either SSO2 or SEC9 results in defects in secretion of degradative
enzymes

We next examined the contribution of SSO2 and SEC9 to the secretion of secreted aspartyl

proteases and lipases, degradative enzymes secreted by C. albicans that play an important

role in C. albicans pathogenesis (Ghannoum, 2000, Naglik, et al., 2003, Schaller, et al.,

2005). Under derepressing conditions, the tetR-SSO2 strain degraded extracellular bovine

serum albumin (BSA) to the same degree as the wild-type THE1-CIp10 strain (Fig. 5).

However, under repressing conditions, BSA degradation was significantly reduced

compared to the control strains. The tetR-SEC9 strain exhibited a similar phenotype (Fig. 5).

When assessed for the ability to secrete lipases, both the tetR-SSO2 and tetR-SEC9 strains

secreted lipases at comparable levels to the wild-type strain THE1-CIp10 under derepressing

conditions, as indicated by the kinetic profile of secreted lipases (Fig. 6). However, when

gene transcription was turned off with the addition of DOX, the tetR-SSO2 and tetR-SEC9

strains secreted significantly less lipase compared to the wild-type controls (Fig. 6). These

results provide direct evidence that the t-SNAREs Sso2p and Sec9p play a substantial role in

the secretion of virulence-associated extracellular enzymes such as Saps and lipases in C.
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albicans. In both cases, however, it was noted that the defect in secretion was only partial.

Compared to the triple deletion mutant sapΔ (1–3), there was less intact BSA in the

supernatant of either the tetR-SSO2 or tetR-SEC9 strains grown under repressing conditions

(Fig. 5). Similarly, 50% of lipase activity was still detected under repressing conditions (Fig.

6).

Loss-of-function of either SSO2 or SEC9 results in defects in hyphal extension

Next, we assessed the role of C. albicans SSO2 and SEC9 in filamentation, using a liquid

assay at specified time points to 6 hours. Initial hyphal growth was similar to the wild-type

strain, THE1-CIp10, in the first several hours of growth (data not shown). However, after

the fourth hour, the tetR-SSO2 strain grown in the presence of DOX exhibited a clear defect

in filamentation compared to itself grown in the absence of DOX, and to the wild-type

control strain, with and without DOX (Fig. 7). Of interest, a globular yeast-like structure

formed at the hyphal tip, which stained with calcofluor white indicating the presence of the

cell wall component chitin that suggests a return to isotropic growth (Fig. 8). This globular

structure was not observed in the tetR-SEC9 strain grown under repressing conditions,

whose rate of hyphal growth was also reduced (Fig. 7). We further assessed if the defect in

hyphal growth was due to cell death by enumerating colony forming units from each culture.

In this assay we included the conditional mutant strain, tetR-VPS1, as an additional control

strain. C. albicans VPS1 is a non-essential gene that is required for wild-type filamentation

(Bernardo, et al., 2008). Colony forming units were similar between all strains under both

repressing and de-repressing conditions (data not shown), indicating that the defect in

filamentation is not a result of cell death. Interestingly, thin-section electron microscopy of

cells grown in hyphal inducing medium in the presence of DOX revealed accumulation of

secretory vesicles in the tetR-SSO2 strain, but not in the tetR-SEC9 strain (Fig. 4B).

To further analyze whether the t-SNARE protein Sso2p is involved in the initial formation

of the hyphal germ tube, tetR-SSO2 cells were grown for 5 hours under repressing

conditions that favored vegetative/yeast growth to allow complete repression of the SSO2

transcript and turn-over of Sso2p. These cells were then switched to CSM medium

containing 20% (v/v) fetal calf serum to induce hyphal formation within 40 minutes of

incubation (Jones & Sudbery, 2010). Germ tube emergence was observed in all control

strains and conditions, and in the tetR-SSO2 strain grown under repressing conditions (data

not shown) suggesting that SSO2 plays a role in hyphal extension but not initial germ tube

formation.

The C. albicans Spitzenkörper dissipates in the tetR-SSO2 mutant

Filamentous fungi accumulate vesicles at the tip of the extending hyphae, within a dynamic

structure known as the Spitzenkörper (Virag & Harris, 2006). The Spitzenkörper is thought

to act as the vesicle-supply center for membrane components and enzymes required for the

growing hyphae. Additionally, the exocyst complex and polarisome have been implicated in

polarized growth of C. albicans hyphae, where vesicles from the Spitzenkörper dock with

the exocyst complex (Sudbery, 2011). To further define the defect in hyphal extension with

the loss-of-function of either SSO2 or SEC9, we sought to directly examine the role of these

t-SNARE proteins in polarized growth of the hyphal structure in C. albicans by examining
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Spitzenkörper dynamics during hyphal formation. To visualize the C. albicans

Spitzenkörper, green-fluorescent protein was used to tag the myosin light chain protein,

Mlc1p, which has been previously shown to co-localize with the Spitzenkörper (Crampin, et

al., 2005). Under de-repressing conditions, the C. albicans Spitzenkörper was similarly

observed in all background strains, THE1-CIp10, tetR-SSO2, and tetR-SEC9, for up to 5

hours of incubation in filamentation-inducing medium (Fig. 9). Under repressing conditions,

the Spitzenkörper dissipated at the 5-hour timepoint in the tetR-SSO2 strain (Fig. 9). In

contrast, the Spitzenkörper was still intact in the tetR-SEC9 strain grown under repressing

conditions. These results suggest that SSO2 is required to maintain the integrity of the C.

albicans Spitzenkörper.

DISCUSSION

Complementation and functional studies indicate that C. albicans SSO2 is required for

secretion and cell division, and is functionally similar to S. cerevisiae SSO1/SSO2 in its

trafficking role. In the repressed state, the tetR-SSO2 stain was markedly defective in

cytokinesis, with widened bud necks very similar to that seen in the S. cerevisiae sso1Δ

sso2-1 temperature-sensitive mutant. Mlc1p has been shown to localize to septin rings in the

budding yeast S. cerevisiae (Boyne, et al., 2000). Under repressing conditions, we have

observed similar Mlc1p-GFP localization and calcofluor white staining in the yeast form of

tetR-SSO2 (data not shown) despite incomplete formation of a septum. We also

demonstrated that C. albicans SSO2 is likely an essential gene, which we had anticipated

given the absence of the gene duplication that occurred in S. cerevisiae. Analogously, we

have demonstrated functional homology of C. albicans and S. cerevisiae SEC9. In the

absence of functional C. albicans SEC9, the strain produces cells with wide bud necks and

accumulates secretory vesicles, which is similar to the morphological defects found in the S.

cerevisiae sec9-3 and sec9-4 strains (Novick, et al., 1980, Novick, et al., 1981, Finger &

Novick, 1997). As in S. cerevisiae, C. albicans SEC9 is also likely essential for viability.

Importantly, analogous to the secretory defects described in these S. cerevisiae mutants, we

demonstrated that the C. albicans t-SNAREs Sso2p and Sec9p were required for secretion of

the virulence-associated degradative enzymes secreted aspartyl proteases and lipases.

We performed time-course experiments to determine when gene transcription is repressed

after the addition of doxycycline. Interestingly, while this promoter replacement system is

known to tightly regulate transcription, results of reverse-transcriptase PCR revealed that

mRNA transcript of SEC9 is still present up to 5 hours post-exposure to DOX. This

translates to the presence of functional Sec9p, albeit likely at lower levels compared to wild-

type. Despite the presence of Sec9p at low levels, the tetR-SEC9 mutant strain exhibited

similar phenotypes to the tetR-SSO2 mutant strain in terms of secretion of degradative

enzymes and hyphal elongation, indicating that these cellular processes are likely sensitive

to the levels of Sec9p. The dynamics of hyphal induction and the corresponding presence of

the Spitzenkörper in the SSO2 mutant, including the partial defects in secretion observed,

could be indicative of either prolonged Sso2p protein turnover or the presence of a

compensatory protein. However, such a compensatory protein would be transient, possibly

recycled from the plasma membrane by endocytic mechanisms, and thus would be unable to

sustain cellular requirements for growth, secretion, and hyphal elongation.
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In filamentous fungi, hyphal growth is associated with polarized growth and secretion.

There are currently three models that are proposed to describe hyphal growth: the vesicle-

supply-center model, the amoeboid model, and the steady-state model (Steinberg, 2007). In

the vesicle-supply-center model, a constant supply of Golgi-derived proteins, packaged in

vesicles, arrive at the hyphal tip transported along actin cables by microtubule-based motors.

These vesicles accumulate as a body known as the Spitzenkörper (Virag & Harris, 2006)

before docking at the plasma membrane with components of the exocyst complex and

finally delivering its cargo by SNARE-mediated membrane fusion events (Sudbery, 2011).

Recycling of membrane proteins, such as components of the exocyst complex, via endocytic

mechanisms is another important aspect of this dynamic process (Read & Hickey, 2001,

Steinberg, 2007, Jones & Sudbery, 2010, Sudbery, 2011). Previous studies have provided

evidence for the role of SNAREs in hyphal development in filamentous fungi such as

Neurospora crassa, Aspergillus nidulans, and Trichoderma reesei. Specifically, Sso1p

homologues have been shown to localize to the plasma membrane at the apical tip of the

actively growing hyphae (Taheri-Talesh, et al., 2008), form complexes with the vesicle

SNARE Snc1p at this site (Valkonen, et al., 2007), and furthermore, that low level

expression of either of the N. crassa homologues results in altered tip growth rate and

morphology (Gupta, et al., 2003). In these studies, we have demonstrated that both SSO2

and SEC9 are required to maintain hyphal growth in the dimorphic fungus C. albicans.

Germ tube emergence still occurs, but the rate of hyphal extension decreases after 4 hours of

growth. This is exemplified by the effect of SSO2 repression, where the disassembly of the

Spitzenkörper corresponded to cells exhibiting accumulated secretory vesicles and abnormal

hyphal growth. Following the interruption of hyphal growth, a presumed septin ring forms

that precludes septation, based on the localization of Mlc1p (Boyne, et al., 2000, Crampin,

et al., 2005), and the hyphal tip of the tetR-SSO2 mutant strain becomes globular,

reminiscent of the return to isotropic growth of the C. albicans sec3Δ mutant strain where

polarized growth is lost following initial germ tube evagination (Li, et al., 2007). In contrast

to a study performed in the filamentous fungus Aspergillus nidulans, where the secretory

defect resulting in the loss of function of rabC results in a more prominent (i.e., larger)

Spitzenkörper (Pantazopoulou & Penalva, 2011), we saw dissipation of the C. albicans

Spitzenkörper in the tetR-SSO2 mutant strain. One possibility for this difference could be

directly related to the rate of growth of hyphal tips, as it is known that the Spitzenkörper is

not visible in slow growing fungi (reviewed by Riquelme, 2013). We observed a marked

decrease in hyphal growth of both tetR-SSO2 and tetR-SEC9 strains between 4 and 5 hours

of incubation. Alternatively, the presence of a functional SNARE assembly at the plasma

membrane is essential for maintaining polarized growth. If this was the case, we would

predict that mutations affecting the early stages of exocytosis will result in accumulation of

secretory vesicles in the Spitzenkörper, but mutations affecting the late stages of exocytosis

(such as in the SNARE and exocyst complex) will result in loss of polarized growth and

dissipation of the Spitzenkörper and subsequent accumulation of secretory vesicles within

the cytoplasm. In all, these results are in agreement with previous findings that the

Spitzenkörper is present throughout polarized growth; disruption of polarized growth results

in the loss of the Spitzenkörper and inhibits filamentous growth (Crampin, et al., 2005).
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It is not clear why there are differences in the stability of the Spitzenkörper, given that Sso2p

and Sec9p form a part of the same complex involved in mediating fusion of secretory

vesicles to the plasma membrane. However, we presented evidence through RT-PCR

analyses of each transcript that these genes are differentially regulated. This difference in

gene regulation may reflect subtle differences in gene function and/or cellular requirements

during yeast and filamentous growth. From a pathogenesis standpoint, these data indicate

that both SSO2 and SEC9 contribute to two key components of C. albicans virulence:

filamentation and secretion of extracellular degradative proteins. Both the tetR-SSO2 and

tetR-SEC9 strain are able to form filaments in repressing conditions, however hyphal

extension is not maintained following loss of gene expression. In the tetR-SSO2 strain there

is also dramatic accumulation of late secretory vesicles in filaments, which demonstrates a

clear relationship between secretion and filamentation. Our results are consistent with the

vesicle-supply-center model of filamentous growth and provide direct evidence for the role

of t-SNAREs in polarized growth of the hyphal structure in C. albicans.
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Figure 1. Complementation of S. cerevisiae sso2 and sec9 temperature-sensitive mutants
The S. cerevisiae and C. albicans SSO2 and SEC9 genes were cloned into the low-copy

yeast vector, pRS316, and used to transform temperature-sensitive mutant strains sso1Δ

sso2-1 (left column) and sec9-4 (right column), respectively. Transformants carrying the

plasmid of interest were then streaked onto agar growth medium and incubated at permissive

(top) and restrictive (bottom) temperatures. Control strains, which carried empty vector

pRS316, were also included. Temperatures at which the plates were incubated are indicated.

Diagrams at the top of each column indicate the position of each strain as they appear on the

test plates.
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Figure 2. Reverse-transcriptase PCR analysis of SSO2 and SEC9 transcripts
mRNA prepared from strains THE1-CIp10, tetR-SSO2, and tetR-SEC9, grown under

derepressing and repressing conditions were used as template for reverse-transcriptase PCR

to amplify a 875- and 950-bp amplicon from the (A) SSO2 and (B) SEC9 mRNA transcript,

respectively. RT-PCR was performed on mRNA extracted from yeast cells grown for 2, 4, 5,

and 6 hours, as indicated.
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Figure 3. In vitro growth and viability of C. albicans tetR-SSO2 and tet-SEC9 mutants
(A) Growth was assessed on CSM agar medium, in the presence and absence of

doxycycline, by spotting serial dilutions of each strain. Cells were replicated to each agar

plate in five-fold serial dilutions ranging from 108 to 3.2×104 cells ml−1. Images are

representative of results following 48 hr incubation at 30 °C. (B) Colony forming units were

determined at the indicated time points by plating a fixed number of cells from liquid

cultures on YPD agar medium. Data was collected in triplicate and the average colony

forming units were plot in log-scale (y-axis) against time (x-axis). Error bars indicate

standard deviation values.

Bernardo et al. Page 17

FEMS Yeast Res. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Cell morphology and cytokinesis defect in the absence of SSO2 and SEC9
Overnight cultures of strains grown in YPD were shifted to fresh media, with or without

DOX. Cells were fixed and processed for ultrastructural analysis using thin-section electron

microscopy. Note that images for hyphae are representative cross-sections; full length

hyphae were not visualized in these TEMs due to curvature of the hyphae in and out of the

z-axis. (A) Following incubation in YPD, tetR-SSO2 and tetR-SEC9 cells grown in the

presence of DOX accumulate secretory vesicles (arrows) and produce wide-necked buds

during cell division. Partial inward growth at the bud neck is also evident in tetR-SSO2 in

the presence of DOX (double arrows). Bars represent a length of 500nm. tetR-SSO2

micrographs were imaged under a magnification of 20kX; tetR-SEC9 micrographs were

imaged under a magnification of 30kX. (B) Following incubation in buffered RPMI-1640 to

induce filamentation, tetR-SSO2 hyphal cells also accumulated secretory vesicles when
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grown in the presence of DOX (arrows), in contrast to tetR-SEC9 cells which appear like the

wild-type controls (de-repressed state). Bars indicate 2 μm. All micrographs were imaged

under a magnification of 12kX, except the tetR-SEC9 with DOX micrograph which was

imaged under 6kX magnification.
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Figure 5. Secretion of degradative proteases
Cells from overnight cultures were transferred to medium to induce secretion of secreted

aspartyl proteases encoded by SAP1, SAP2, and SAP3 (Saps 1–3). Degradation of BSA,

which served as the sole nitrogen source, was followed by Coomasie staining of

supernatants collected from cultures after 5 hours incubation, in the presence (+) and

absence (−) of DOX. Intact BSA present in the culture medium was loaded as a reference

(BSA). The triple deletion mutant sapΔ (1–3) was also included as a control. Bands of intact

BSA are indicative of reduced amounts of Saps secreted by the strain. Band sizes indicate

reference protein markers from Precision Plus Protein ™ All-Blue Standard (Bio-Rad,

Hercules, CA).
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Figure 6. Secretion of degradative lipases
Cells from overnight cultures were transferred to medium to induce secretion of lipases. The

resulting supernatants were used in a turbidimetric kinetic assay for esterases described by

von Tigerstrom and Stelmaschuck (von Tigerstrom & Stelmaschuk, 1989). Optical densities

(λ=500nm) measured precipitates of calcium salts of fatty acid which results from the

hydrolysis of the substrate, Tween 20. The rate of increase in optical density is proportional

to the concentration of lipase present in the supernatant. Data presented is the average of

three independent experiments and error bars indicate standard deviation values.
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Figure 7. Filamentation of tetR-SSO2 and tetR-SEC9 in liquid medium
Cells at a concentration of 5×106 cells ml−1 were grown in buffered RPMI-1640 at 37 °C

with shaking at 200rpm. Filamentation was followed at hourly intervals by DIC microscopy.

Representative DIC images using a 63X oil objective, taken at T=5 hr, are shown. Formation

of the bulbous tip in the tetR-SSO2 strain grown in the presence of DOX is typical (arrow).

Scale bar shown represents 5 μm.
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Figure 8. Staining the cell wall of the tetR-SSO2 hyphae
The tetR-SSO2 strain was grown in buffered RPMI-1640, in the absence (−DOX) and

presence (+DOX) of doxycycline for 5 hours. Following incubation, the cells were stained

with calcofluor white (0.5 μg μl−1) and subsequently imaged under fluorescence with a

DAPI filter. Calcofluor white predominantly stains chitin in the fungal cell wall, a

component that confers rigidity to the cell. The white arrow highlights the absence of chitin

from the growing hyphal tip of the tetR-SSO2 strain grown under de-repressing conditions.
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Figure 9. Effect of loss-of-function of SSO2 or SEC9 on the C. albicans Spitzenkörper
C. albicans MLC1-GFP was used to visualize the C. albicans Spitzenkörper in background

strains THE1-CIp10, tetR-SSO2, and tetR-SEC9. Filamentation was induced in buffered

RPMI-1640, in the presence (+) or absence (−) of DOX, and the fate of the Spitzenkörper

was assessed over 5 hours of incubation. Fluorescent images at the tip of the growing

hyphae at the 5-hr timepoint are shown, with the corresponding DIC image. C. albicans

Mlc1p-GFP localized to septin rings in the tetR-SSO2 cell grown under repressing

conditions (arrow heads); the same structure stains with calcofluor white (data not shown).
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Table 1

Candida albicans strains used in this study

Strain Name Parent Genotype Source

H603 sso1-Δ1::HIS3 sso2-1 ura3-1 (Jantti, et
al., 2002)

NY57 MATa ura3-52 sec9-4 (Finger &
Novick,
2000)

SC5314 wild-type

THE1 CAI8 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 SSO2/SSO2 SEC9/SEC9

(Nakayama,
et al., 2000)

THE1-CIp10 THE1 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 RP10/RP10::URA3 SSO2/SSO2
SEC9/SEC9

(Bernardo,
et al., 2008)

SSO2 Δ/+ THE1 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 SSO2/sso2Δ::dpl200-URA3-dpl200

This study

SEC9 Δ/+ THE1 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 SEC9/sec9Δ::dpl200-URA3-dpl200

This study

SSO2 Δ/+ FOA SSO2 Δ/+ ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 SSO2/sso2Δ::dpl200

This study

SEC9 Δ/+ FOA SEC9 Δ/+ ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 SEC9/sec9Δ::dpl200

This study

tetR-SSO2 SSO2 Δ/+ FOA ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 tetR-URA3-SSO2/sso2Δ::dpl200

This study

tetR-SEC9 SEC9 Δ/+ FOA ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 tetR-URA3-SEC9/sec9Δ::dpl200

This study

T-M1gfp THE1-CIp10 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 RP10/RP10::URA3 SSO2/SSO2
SEC9/SEC9

This study

tS2-M1gfp tetR-SSO2 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 tetR-URA3-SSO2/sso2Δ::dpl200
MLC1/MLC1-GFP::NAT1

This study

tS9-M1gfp tetR-SEC9 ade2::hisG/ade2::hisG
ura3::imm434/ura3::imm434
ENO1/eno1::ENO1-tetR-ScHAP4AD-3xHA-ADE2 tetR-URA3-SEC9/sec9Δ::dpl200
MLC1/MLC1-GFP::NAT1

This study
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