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Abstract

Hyphae of filamentous fungi maintain generally linear growth over long distances. In C. albicans,
hyphae are able to reorient their growth in the direction of certain environmental cues. In previous
work, the C. albicans bud-site selection proteins Rsrl and Bud2 were identified as important for
hyphae to maintain linear growth and were necessary for hyphal responses to directional cues in
the environment (tropisms). To ask if hyphal directional responses are general functions of all
yeast bud-site selection proteins, we studied the role of Rax2, ortholog of the S. cerevisiae bud-site
selection protein Rax2, in C. albicans hyphal morphogenesis. Rax2-YFP localized to the hyphal
cell surface in puncta and at the hyphal tip in a crescent. Strains lacking Rax2 had hyphal
morphologies that did not differ from control strains. In non-cued growth conditions, rax2 mutant
strains had defects in both yeast (bud) and hyphal (branch) site selection and mutant hyphae
exhibited non-linear growth trajectories as compared to control hyphae. In contrast, when
encountering a directional environmental cue, hyphae lacking Rax2 retained the ability to reorient
growth in response to both topographical (thigmotropism) and electric-field (galvanotropism)
stimuli but exhibited a reduced ability to establish hyphal growth in the direction of a cathodal
stimulus. In conclusion, these results indicate that C. albicans Rax2 is important for establishing
sites of emergence of yeast and hyphal daughters and for maintaining the linearity of hyphal
growth. In contrast to Rsrl and Bud2, Rax2 is not involved in responses that require a
reorientation of the direction of already established hyphal growth (tropisms). Thus, it appears that
some hyphal directionality responses are separable in that they are mediated by a different set of
polarity proteins.
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1. INTRODUCTION

The hyphae of filamentous fungi maintain generally linear growth, sometimes over very
long distances. In the opportunistic fungal pathogen Candida albicans, hyphae are able to
reorient from a stable linear growth trajectory to a new direction in response to certain
environmental cues. For example, hyphae reorient growth along topographical cues
(thigmotropism) and align cathodally in an electric field (galvanotropism) (Gow, 1994; Gow
et al., 1994; Sherwood et al., 1992). In addition, establishment of hyphal growth sites on
mother yeast cells can be directed by cationic cues (Crombie et al., 1990). The directional
growth responses of hyphae have been proposed to facilitate the invasion of host tissues
during infection (Brand et al., 2008), although direct evidence for this remains to be shown.
An understanding of the molecules involved in establishing and maintaining directional
growth responses in C. albicans is important to gain because it could inform the
development of therapies that prevent invasive disease in immunocompromised patients.

How directional growth is established has been extensively studied in the model yeast
Saccharomyces cerevisiae. During yeast growth, bud sites are selected in one of two
directions, based on the ploidy of the cell (Casamayor and Snyder, 2002). In haploid cells,
the axial pattern predominates, where buds form adjacent to previous cell division sites. In
diploid cells, buds form either adjacent to, or directly opposite of, the previous growth site,
the so-called bipolar pattern of bud growth. C. albicans, a diploid fungus, exhibits both
yeast-form and filamentous hyphal-form growth. During C. albicans yeast growth, both
axial and bipolar budding patterns are exhibited. In contrast to S. cerevisiae, the
predominance of one pattern over the other is dictated by the growth temperature; more
axially budding cells are observed in cultures grown at lower temperatures (<28°C) and an
approximately equal mixture of axial and bipolar patterns are established as temperatures
increase towards 37°C (Gale et al., 2001). In both S. cerevisiae and C. albicans yeast cells,
axial and bipolar patterning is maintained by overlapping, yet distinct, sets of internal
landmark proteins, the so-called bud-site selection proteins, which localize transiently at cell
division sites and direct the polarity establishment machinery during the next cell cycle
(Casamayor and Snyder, 2002; Gale et al., 2001; Hausauer et al., 2005).

In contrast to yeast bud growth where internal landmarks dictate the site of growth, C.
albicans hyphal growth responds to external cues that override the internal landmarks to
establish and reorient growth in the direction of the cue. To date, only two requirements for
hyphal directional responses have been described. The first involves a calcium-regulated
mechanism where calcium influx, via calcium channels, is required for both the
establishment of hyphal growth in the direction of a cathodal stimulus and for the
reorientation of growth during thigmotropic responses (Brand et al., 2007). The second
involves a Ras-like GTPase, Rsrl, which is essential for all C. albicans hyphal tropism
responses (Brand et al., 2008). Rsr1, a bud-site selection protein, is required for both axial
and bipolar budding patterns in S. cerevisiae and C. albicans, yeast cells lacking Rsrl
initiate buds at random sites (Bender and Pringle, 1989; Hausauer et al., 2005). In addition,
Rsrl is important for hyphal growth maintenance by regulating the localization and
distribution of Cdc42 Rho-GTPase activity at hyphal tips (Pulver et al., 2012).

To understand how other yeast bud-site selection proteins are involved in hyphal
morphogenesis and directionality responses, we analyzed the role of Rax2, ortholog of the S.
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cerevisiae bud-site selection protein Rax2, during C. albicans hyphal morphogenesis. In S.
cerevisiae, Rax2 is involved in maintenance of the bipolar budding pattern and is localized
near incipient bud sites on the mother cell cortex, at the site of previous bud growth (Chen et
al., 2000). Herein, we show that C. albicans Rax2, like the similar protein in S. cerevisiae,
functions as an internal landmark for bud-site selection during yeast growth. In addition, we
show that Rax2 is involved in the establishment of hyphal growth in the direction of an
external cue. However, in contrast to the Rsr1 landmark, Rax2 does not appear to be
important for re-orientation or tissue invasion responses of hyphae. Overall, our results
support the idea that not all yeast bud-site selection proteins have a role in directional
growth responses during hyphal morphogenesis.

2. MATERIALS AND METHODS

2.1. Strains and growth conditions

C. albicans strains used in this study are listed in Table 1. Strains were recovered from
freezer stocks by culturing into synthetic dextrose complete (SDC) (Sherman, 1991)
medium and incubated overnight at 30°C. For regulatable expression using the MET3
promoter, strains were grown either in SDC medium containing methionine (1500 pg/mL)
and cysteine (1500 pg/mL) for repression of expression or in SDC lacking methionine and
cysteine for induction of expression. For morphometric analyses of hyphae, following
overnight incubation, 40 .l of yeast cells were subcultured into 10 ml of fresh media
containing 10% serum, and grown on Poly-L-Lysine coated microscope slides at 37°C for
4h prior to imaging. For epithelial cell interaction assays, overnight yeast cultures were
subcultured into fresh media at a dilution of 1:100 and grown at 30°C for 4h prior to
inoculation into epithelial cell culture media and infection of epithelial cells.

2.2. Strain constructions

Disruption of RAX2—The RAXZ2 open reading frames were sequentially deleted from C.
albicans strain BWP17 (strains CA10476 and CA10478) by PCR-mediated gene disruption
(Wilson et al., 1999). Deletion cassettes were amplified from plasmids pGEM-HIS1 and
pPGEM-ARG4 using primers 2564F (5’-
tcctatatcttcaacttttaccaatcagtcattcgtttatattcctatatttctaatttacaattttacagTTTTCCCAGTCACGAC
GTT-3" lowercase text refers to gene-specific sequence and uppercase text refers to plasmid-
specific sequence throughout) and 2565R (5°-
gcaaaaaccaatcttataataaacactaatcttctgtccaattttccaaaacaatttictctctatttgaTGTGGAATTGTGAG
CGGATA-3’) and transformed into yeast. Transformants were selected on media lacking
arginine and/or histidine as indicated and analyzed by PCR, using primers targeting regions
outside of the area of integration, to confirm the deletions of RAXZ2. The rax2/rax2 strain
was made prototrophic for URA3 by transformation with pRS-ARG-URA-BN (Davis et al.,
2000) linearized with Mo to target integration to the ARG4 locus and generate strain
CA10500.

Regulated expression of RAX2—The native RAXZ2 promoter was replaced with the
regulatable MET3 promoter as previously described (Gerami-Nejad et al., 2004). A RAX2
locus specific URA3-PMETS3 cassette was amplified from pURA3-PMET3 using primers
3889F (5’-
attttttacattttttacatttttcaatttccttcatctataatatattttaatttattttattgttacaTCTAGAAGGACCACCTTTG
ATTG-3’) and 3890R (5’-
cgttatcatctgcttgacatagtttaataattgatattagaagtaataataactgttgaaactgtactaaCATTTTAATAAACG
CGGATCC-3’) or 3891R (5’-
cgttatcatctgcttgacatagtttaataattgatattagaagtaataataactgttgaaactgtactaaTTTGTACAATTCAT
CCATAC-3’) and were transformed into rax2 RAXZ2 heterozygous strain CA10476 to
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generate strains allowing regulated expression of RAX2or a RAX2-YFP fusion,
respectively. Transformants were selected on media lacking uridine and analyzed by PCR
using primers targeting regions outside of the area of integration to confirm insertion at the
RAXZ2locus. RAX2 expression/repression was evaluated in strain CA10476 by real-time
PCR (data not shown) as follows. RNA was isolated from log phase yeast cells, grown as
indicated in the legend to Figure 2, using the MasterPure RNA purification kit (EpiCentre
Biotechnologies, Madison, WI). RNA quantities were normalized to 1.g (per 20 pl
reaction) for subsequent cDNA synthesis using the High Capacity RNA to cDNA Kit
(Applied Biosystems, Foster City, CA). 1l of each cDNA synthesizing reaction was used in
a PCR amplification reaction that targeted a sequence within the RAX2 open reading frame,
using primers 4593F (5’-CACAATTTGATGAACAGTTGGTG-3’) and 4594R (5’-
TCATAAACACATAATGAAGGAC-3’) to generate a product of 1258 bp.

Fluorescent protein fusions— YFPand cyan fluorescent protein sequences (CFP) were
fused to the 3’-end of genes using PCR-mediated gene modification as previously
described(Gerami-Nejad et al., 2001). A RAX2-specific YFP cassette was amplified using
primers 2468F (5’-
gaagatgaaatgatggatgcagttaacccagaagatttactacatgaaattgatttacaaagagagaaaGGTGGTGGTTCT
AAAGGTGAAGAATTATT-3’) and 2469R (5’-
taaaacatagcaaaaaccaatcttataataaacactaatcttctgtccaattttccaaaacaattttct TCTAGAAGGACCAC
CTTTGATTG-3’) and template plasmid pYFP-URA3. A P/L I-specific CFP cassette was
amplified using primers 5102F (5’-
cgaacacggtgaaattgatgatgctgctcaagaagaattcaacaaacacgatgaaaatgttgaacaccaaGGTGGTGGTTC
TAAAGGTGAAGAATTATT-3’) and 5103R (5’-
taaaagtactagcaaaaaccaattggtcaaaaattttttttaaaaaaacaatattattcaattaattgaaACTAGTATTGTAGT
ACAAGGTATC-3’) and template plasmid pCFP-HIS1. Transformants were selected on
media lacking uridine or histidine as indicated and analyzed by PCR, using primers targeting
regions outside of the area of integration, to confirm insertion at the appropriate gene locus.

2.3. Analysis of Rax2 expression by Western Blot

Proteins were isolated from 10 ml of fungal cells (grown as indicated in the legend to Figure
2) as described previously (Pulver et al., 2012), separated on a 15% SDS polyacrylamide
gel, transferred to a PVDF blotting membrane, and subsequently incubated with mouse anti-
GFP (Roche, Indianapolis, IN) followed by horseradish peroxidase-conjugated goat anti-
mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies.

2.4. Cell morphometric and cell biological analyses

Budding pattern—To determine budding pattern, bud scar patterns were quantified as
previously described (Hausauer et al., 2005). Yeast cells were grown in SDC at 28°C
overnight, subcultured at a 1:10 dilution into fresh media, grown for 4 h at 28°C, and then
stained with calcofluor white (Sigma, St. Louis, MO) to visualize chitin within bud scars.
Bud scar patterns were determined for ~100 cells per strain. To determine the site of the first
daughter cell, yeast cells were grown as described above with the exception of a2 h
subculture. Cells were counted if only a birth scar and a single bud scar were present and
~30 cells of each strain on each of three separate days were quantified. Statistical analysis
was performed with Student's £test and p values < 0.05 were considered significant.

Hyphal branching pattern—Branch positions were determined from 50-100 cells of
each strain on three separate days as previously described (Hausauer et al., 2005). Statistical
analysis was performed utilizing Student's £test and p values < 0.05 were considered
significant.
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Hyphal Angles—Perturbations in linear hyphal growth were determined using Region
Measurements in the Angle Measure feature of MetaMorph as described previously
(Hausauer et al., 2005). 50 - 100 cells per strain were measured on each of three days and
the results were analyzed statistically using a blocked analysis of variance (ANOVA) design
(block on day) to control for day-to-day variations in growth conditions. p values of < 0.05
were considered significant.

Morphological Index (MI)—MIls were determined as previously described (Merson-
Davies and Odds, 1989). Measurements for cell width, length, and constriction/septation
were obtained using MetaMorph imaging software (Molecular Devices LLC, Sunnyvale,
CA). These data were used to calculate the MI of each cell using the equation 2 + 1.78 log;
(LS/D?), where L refers to cell length, S refers to constriction width, and D refers to cell
width.

2.5. Microscopy

Differential interference contrast (DIC) and fluorescence microscopy were performed using
a Nikon Eclipse E600 photomicroscope equipped with a 100W mercury lamp and
epifluorescence illumination with standard YFP and CFP filter sets (both from Chroma
Technology Corp., Bratteboro, VT) and standard UV filter sets (from Nikon). Digital images
were collected using a photometrics CoolSNAP HQ camera (Tucson, AZ) and analyzed
using Metamorph Software Series 6.3r7 (Universal Imaging Corporation, Downingtown,
PA).

2.6 Hyphal tropism assays

Galvanotropism—Cells were cultured overnight at 30°C in yeast-peptone-dextrose
(YPD) medium (Sherman, 1991). A volume of 7.5 .l was inoculated into 10 ml ddH20 and
yeast cells allowed to adhere to poly-L-lysine-coated microscope slides. Hyphae were
induced by incubation in YPD, pH 7.5 in a Biorad midi-sub cell electrophoresis tank at a
temperature of 37°C £ 1°C (Brand et al., 2007). Emergence angle was determined after
growth for 2 h at 10 V/cm and a current of 36 +/- 2 mA. Final angle was determined after
incubation for 2 h with no electric field, followed by 3 h in an applied electric field, as
above. Hyphal orientation at the site of germ tube emergence and at the germ tube tip
relative to the cathode was measured using Improvision Openlab 2.0 software. The
percentage cathodal orientation (%P) was calculated using %P = X (- sin 8 / n) x 100, for n
measurements, where n = > 100 per sample. The mean polarisation +/- SD was determined
from 3 independent experiments.

Thigmotropism—Assays were carried as previously described (Brand et al., 2007).
Briefly, cells were adhered to poly-L-lysine coated quartz slides featuring ridges of 0.79 pum
+/- 40 nm and a pitch of 25 pm. Slides were incubated in 20 ml pre-warmed 20 % (v/v)
newborn calf serum, 2 % (w/v) glucose at 37 °C for 6 h to induce hyphae. The number of
hyphae re-orienting on contact with a ridge was expressed as a percentage of the total
observed interactions. A minimum of 100 interactions was observed per sample and results
reported as the mean value from 3 independent experiments +/- SD.

2.7. Epithelial cell penetration assay

H4 intestinal epithelial cell monolayers (Sanderson et al., 1996) were prepared, inoculated
with Candidayeast cells (1 x 10°) for 3h and then analyzed for fungal penetration by
immunocytochemistry as previously described (Falgier et al., 2011). Candida cells were
distinguished as either penetrating (unstained) or non-penetrating (stained) with respect to
the epithelial cell layer. A total of ~15 fluorescent images along the zaxis, in ~1 um
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increments, were collected for each microscopic field to insure that any fluorescent signal
within the fungal cell was captured. Data are presented as averages of at least three
independent experiments (n = 100 cells for each) = SEM. Statistical analyses were
performed using SPSS 17.0 for Windows (SPSS, Chicago, IL). A paired Student's #test
design was used to account for epithelial passage number variation among experiments. p
values < 0.05 were considered to be significant.

2.8. Epithelial cell cytotoxicity assay

H4 intestinal epithelial cell damage was measured using the CytoTox 96® Non-Radioactive
Cytotoxicity Assay (Promega, Madison, WI) as previously described (Falgier et al., 2011).
Results were reported as averages +SEM and were analyzed statistically using SPSS 17.0
for Windows (IBM, Amronk, NY) with a paired Student's £test design to account for
epithelial passage number variation among experiments. p values < 0.05 were considered to
be significant.

3. RESULTS

3.1. RAX2 is needed for positioning daughter cell emergence sites during yeast and hyphal
morphogenesis

CaRAX2was identified based on its similarity to ScCRAXZ, which encodes S. cerevisiae
Rax2, a protein important for budding pattern during yeast morphogenesis. Similar to
ScRax2, the CaRax2 sequence includes a predicted transmembrane domain at the carboxy-
terminus and signal peptide at the amino-terminus (data not shown), consistent with the
prediction that it is a membrane-spanning protein. CaRax2, like ScRax2, is involved in yeast
bud-site selection. C. albicans yeast cells that lack Rax2 bud in a random pattern as
compared to the wild-type parent strain for both first buds (Fig. 1A, B) and subsequent
budding events (data not shown). Similarly, Rax2 repression in control strains containing the
ability to regulate Rax2 expression (Fig. 1C) was associated with random selection of the
first and subsequent bud sites (Fig. 1A, B). These data illustrate a role for CaRax2 in both
the establishment and maintenance of bud-site selection patterns during yeast form growth.

WT C. albicans hyphal cells branch at sites adjacent to septation sites, on the side proximal
to the mother cell. In contrast, in C. albicans hyphae lacking Rax2, branches emanate from
random sites along the hyphal compartment (Fig. 2). In addition, it has been proposed that
positioning of secondary hyphal emergence sites is regulated by yeast bud-site selection
proteins (Li et al., 2012). In WT strains, secondary hyphae predominantly emerge at sites
distal (bipolar) to the initial hyphal site. In contrast, when we analyzed hyphae lacking Rax2,
secondary hyphae had a reduced frequency of distal patterning (45% for strain CA10500 vs.
76% for strain BWP17, p< 0.05). Results using regulatable Rax2 expression showed a
similar relationship; Rax2 repression was associated with randomly positioned branch sites
(Fig. 2) and reduced bipolar positioning of secondary hyphae as compared to the Rax2-
expressing strain (53% for strain 12041-OFF vs. 73% for strain 12041-ON, p< 0.01).
Altogether, the results indicate that Rax2 functions in positioning daughter cell sites during
both yeast and hyphal morphogenesis.

3.2. RAX2 is important for maintaining linear hyphal growth but not overall hyphal shape

Typically, wild-type hyphae grow in a linear manner over long distances. In strains lacking
Rax2, we qualitatively observed that hyphae were curvier (Fig. 3A). To quantitatively
compare wild-type and mutant strains, we measured hyphal angles of the strains during
hyphal growth on serum-containing agar. The vast majority (~80%) of wild-type hyphae did
not veer more than 40° from a linear trajectory (Fig. 3B). In strains lacking Rax2, ~80% of
hyphae deviated more than 40°, with half of these exhibiting more than 60° of deviation
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(Fig. 3B). The same significant trend was observed for the control strain in which Rax2
expression was regulated (Fig. 3B). Thus, Rax2 is needed to maintain the linear
directionality of growth during hyphal morphogenesis.

To evaluate the role of Rax2 in cell shape and its impact on the hyphal morphogenesis
program, we compared the Morphology Index (MI) of strains after growth in hyphal
induction media. Strains lacking Rax2 had similar MI's to the Rax2-expressing control
strains, with the majority of the cells (> 70%) in all strains having “hyphal” Mls (> 3.4) (Fig.
3C). The remaining minority of cells, for all strains, scored in the pseudohyphal Ml
category. Altogether, the results are consistent with the idea that Rax2 is important for
hyphal linearity but not for cell shape or the ability to undergo true hyphal morphogenesis.

3.3. Rax2 localizes to the hyphal cell surface with enrichment at the hyphal tip

To understand the relationship between the physical localization of Rax2 and its function in
C. albicans morphogenesis, we analyzed the localization of Rax2 fused to YFP. In yeast,
Rax2-YFP localized at mother-daughter bud necks and to bud scars (data not shown),
similar to the orthologous protein in S. cerevisiae (Kang et al., 2004). In hyphae, Rax2-YFP
localized in a punctate pattern along the cell surface (both mother cells and hyphal
daughters) and at septation sites (Fig. 4A). In addition, Rax2-YFP was enriched at the
hyphal tip (Fig. 4A, inset), localizing in a crescent-shape that was reminiscent of the
localization of polarisome proteins such as Spa2 and Bud6 (Crampin et al., 2005). The
punctate pattern of Rax2-YFP raised the possibility that it was localized within eisosomes,
which are specialized, static membrane structures thought to have a role in plasma
membrane organization, cell wall synthesis and endocytosis in C. albicans (Alvarez et al.,
2008; Alvarez and Konopka, 2007). C. albicans mutant strains lacking eisosome-associated
proteins have abnormal hyphal morphologies (Alvarez et al., 2008). To evaluate this, we
analyzed the extent to which Rax2-YFP co-localized with a CFP tagged version of the
eisosome-associated protein, Pill (Reijnst et al., 2011). Rax2-YFP did not significantly co-
localize with Pil1-CFP (Fig. 4B). Therefore, the curved shapes of rax2null hyphae are not
likely to be due to a reduced function of eisosomes. The localization of Rax2 at hyphal tips,
however, poises it for a function in hyphal growth directionality.

3.4. Rax2 is needed for the establishment of growth direction, but not for the repositioning
of growth, in response to environmental cues

Because Rax2 is important for positioning daughter cell emergence sites and in maintaining
hyphal linearity during growth in a non-cued environment, we asked if Rax2 also has a role
in positioning growth direction in response to environmental cues (hyphal tropisms). We
analyzed three tropism responses: emergence angle galvanotropism, the ability to establish
hyphal growth in a direction dictated by an electrical field, final angle galvanotropism, the
ability to re-orient hyphal growth according to electric field cues, and thigmotropism, the
ability to re-orient hyphal growth in response to a topographical stimulus. Strains lacking
Rax2 had reduced ability to establish growth in the direction of the cathode (emergence
angle galvanotropism, Fig. 5A). Interestingly, strains lacking Rax2 retained intact
galvanotropic and thigmotropic reorientation responses (Fig. 5B,C). Altogether, the tropism
response results are consistent with the idea that Rax2 is important for establishing sites of
growth in response to environmental cues but not in reorienting already established hyphal
growth directions. These results contrast with those seen previously for strains lacking Rsr1,
which was required for all three tropism responses. The differing tropism phenotypes of
rax2 compared to rsr1 null cells suggest that there are distinguishing molecular requirements
among these directionality responses in C. albicans.

Fungal Genet Biol. Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goniaetal.

Page 8

3.5. Rax2 is not required for penetration and damage of immature intestinal epithelial cells
by C. albicans hyphae

Tropism responses of C. albicans hyphae have been hypothesized to contribute to the
pathogenesis of invasive candidiasis by guiding hyphal growth into “infectable” sites on
host tissue surfaces (Brand et al., 2008; Davies et al., 1999; Gow, 1997; Jayatilake et al.,
2005; Odds, 1994; Reichart et al., 1995; Sherwood et al., 1992). In C. albicans, Rsrl, a bud-
site selection protein that mediates tropism responses of hyphae, is important for penetration
and injury of human epithelial cells, although it remains unclear if the tropism defects are
directly linked to decreased tissue invasiveness (Brand et al., 2008). To ask if Rax2 is
involved in invasive interactions between C. albicans hyphae and human epithelial cells, we
first analyzed rax2 mutant strains for their ability to penetrate H4 intestinal epithelial cells.
H4 cells are an immature human intestinal cell line that models the gut epithelia of
premature infants, the primary site for invasion of Candida species that leads to
disseminated candidiasis in this patient population (Falgier et al., 2011; Saiman et al., 2000).
Strains lacking Rax2 had no significant defects in their ability to penetrate H4 cells (Fig.
6A) as compared to isogenic control strains. We then evaluated rax2 mutant strains for their
ability to damage H4 cells and found that they did not differ from control strains (Fig. 6B).
C. albicans penetration of host tissue is thought to differ depending on the specific host cell
type (Dalle et al., 2010). Thus, we also analyzed the ability of the rax2mutant strains to
penetrate oral epithelial (TERT2) cells. Similar to the results with H4 cells, strains lacking
Rax2 had no reduction in their ability to invade TERT2 cells as compared to the wild-type
control strain (data not shown). Thus, in contrast to Rsr1, Rax2 does not appear to be
important for penetration or injury of two different human epithelial cell types.

4. DISCUSSION

In C. albicans hyphae, polarity establishment and reorientation of growth in the direction of
an external stimulus occurs in response to electrical field and topographical cues (Gow 1982
and 1994). To date, only two requirements for hyphal growth directionality mechanisms
have been described. The first, calcium influx, is mediated by calcium channels and is
required for the establishment of germ tube growth in the direction of a cathodal stimulus as
well as for re-orientation of growth along a topographical cue (Brand et al., 2007). The
second, the Ras-like GTPase, Rsrl, is needed for all C. albicans hyphal tropism responses
(Brand et al., 2008). A role for Rsrl in hyphal growth directionality was predicted by its role
as a landmark protein in the selection of bud emergence sites during yeast growth in both S,
cerevisiae and C. albicans (Bender and Pringle, 1989; Hausauer et al., 2005). Thus, in this
study, we sought to test the hypothesis that other yeast bud-site selection proteins are
required for hyphal tropisms.

Our studies found that CaRAX2, ortholog of ScRAX2Z, is needed for yeast bud-site
selection. In S. cerevisiae, Rax2 is important for both establishing and maintaining the
bipolar pattern of yeast growth (Chen et al., 2000; Kang et al., 2004). In wild-type S.
cerevisiae diploid cells, the first bud is placed almost exclusively at the pole distal to the
birth scar and after several cell cycles, cells exhibit bud scars at both poles (bipolar pattern).
In S. cerevisiae cells lacking Rax2, the first bud tends to emerge at sites proximal to the birth
scar and subsequent buds emerge predominantly at non-patterned, random sites. In contrast
to S. cerevisiae, we observed that wild-type C. albicans yeast cells place the first bud at sites
proximal to the birth scar and, over time, the budding pattern becomes more axial or bipolar,
depending upon the temperature of growth (Gale et al., 2001). Despite the differences in
basic budding patterns exhibited by S. cerevisiacand C. albicans yeast cells, we nevertheless
observed that Rax2 was important for bud-site selection in C. albicans. For both first buds
and subsequent budding events, C. albicans strains lacking Rax2 exhibited an increase in
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bud sites occuring at random, or non-polar locations. Thus, CaRax2 is important for both the
establishment and maintenance of bud-site selection patterns during yeast-form growth.

Similar to its role in yeast bud-site selection, we found that CaRax2 was also important for
the selection of hyphal branch and secondary hyphal sites. In addition, rax2 mutant strains
were unable to maintain linear hyphal growth in non-cued growth conditions. Similar hyphal
linearity defects have been reported for C. albicans and Ashbya gossypii strains lacking the
Ras-like GTPase Rsrl (Hausauer et al., 2005; Bauer et al., 2004), providing additional
support for the idea that landmark proteins direct the establishment of daughter cell
emergence sites and help to maintain growth axes once established during fungal
morphogenesis. Of note, deletion of Rax2 did not affect overall hyphal shape. This finding is
in contrast to that observed for deletion of the bud-site selection protein Rsr1, which causes
wider hyphal shapes with constricted septations. Thus, bud-site selection proteins are not
completely generalizable with respect to their cellular functions.

The punctate membrane localization pattern of Rax2 in hyphae raised the possibility that
Rax2 is a component of eisosomes, static protein complexes on fungal cell surfaces
(Walther, et al., 2006; Alvarez et al., 2008; Alvarez and Konopka, 2007; Vangelatos, et al.,
2010; Seger, et al., 2011; Reijnst et al., 2011). Eisosomes have been proposed to mark
endocytic sites in S. cerevisiaeand C. albicans (Walther, et al., 2006; Alvarez et al., 2008;
Alvarez and Konopka, 2007) but are not involved in endocytosis in A. gossypii or
Aspergillus nidulans (Seger, et al., 2011; Vangelatos, et al., 2010). We found that, in C.
albicans, Rax2 did not significantly colocalize with the eisosome-associated protein Pill.
Importantly, however, Rax2 localization was enriched at hyphal tips, poising it for a role in
the directional growth of the hyphal apex. This prediction was supported by the findings that
Rax2 was needed for the maintenance of hyphal linearity in non-cued conditions and in
cathodal hyphal emergence responses. However, Rax2 was not required for final angle
galvanotropism or thigmotropism responses of hyphae. Thus, Rax2 has a role in directing
and maintaining the initial site of polarized growth, but not in the re-orientation of the
polarity axis once it has been established. In strains with mutations of genes encoding the
calcineurin catalytic subunits CNAZ and CNB1, a similar phenotype is seen in that cathodal
emergence responses are reduced but the ability to reorient already established hyphae in the
direction of a stimulus is maintained (Brand et al., 2007). In contrast, mutation of CaM/D1,
ortholog of the stretch-activated channel for the high-affinity calcium uptake system in S.
cerevisiae, resulted in the opposite response; hyphae lacking Mid1 were able to initiate germ
tube growth in the direction of the cathode, but were unable to reorient when an external
stimulus was presented (Brand et al., 2007). Altogether, these results indicate that distinct
mechanisms exist for the establishment/maintenance versus the re-orientation of hyphal
growth direction.

Previous studies have suggested that intact tropism responses are needed for C. albicans
hyphae to efficiently penetrate and injure host tissue (Brand et al., 2008), however direct
evidence of this remains to be shown. Herein, we found that hyphae lacking Rax2 retain the
ability to invade and damage human epithelial cell monolayers, correlating with intact re-
orientation responses and normal, polarized hyphal cell shapes. Although the rax2 strain had
defective cathodal emergence/establishment responses and exhibited curvier hyphae in non-
cued growth conditions, their penetration and damage responses remained intact. Thus, the
mechanisms that dictate daughter cell emergence sites and that maintain hyphal linearity do
not appear to play a role in epithelial cell invasion and injury. Hyphal re-orientation
responses, in contrast, remain potentially important in the pathogenesis process.
Alternatively, intact re-orientation mechanisms may be a general indicator of a functional,
tip-localized polarity complex that is required for hyphal-mediated invasive disease.
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Fig. 1. Rax2 isimportant for bud-site selection during C. albicans yeast-form growth

(A) Representative fluorescence images of site of first budding event in wild-type (WT;
BWPL17), rax2A /rax2A (CA10500), and control strains allowing regulatable expression of
RAX2from the MET3 promoter (CA12041) stained with calcofluor white. Scale bar, 10
pwm. (B) Quantification of position of first bud scars positions (after 2h of growth at 28°C in
SDC) in the strains depicted in part (A). Data are presented as percentages of total cells
counted + SEM. (C) Western blot of whole protein lysates, reacted with anti-GFP antibody,
from a WT strain expressing Rax2-YFP (CA10031) and a control strain allowing regulatable
expression of Rax2-YFP from the MET3 promoter (CA11891). Tubulin levels for each
condition are included as an indication of total protein load.
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Fig. 2. Rax2 isneeded for positioning daughter cell branch sites during hyphal mor phogenesis
(A) Representative DIC microscopy images of hyphal branching in WT (RAXZ2/RAXZ,
BWPL17), rax2A/rax2A (CA10500), and RAXZ-regulatable expression (CA12041) strains.
Scale bar, 10 um. Asterisks indicate abnormal branch sites (non-adjacent to septa), while
arrows show wild-type branch emergence site patterns. (B) The site of branch emergence
was quantified in C. albicans strains described in (A) above. Data are presented as
percentages of cells + SEM with random branching patterns after 4h of growth on poly-L-
lysine-coated slides at 37°C in SDC+10% serum. For regulatable expression of RAXZ,
hyphae were induced in SDC+10% serum either lacking (RAX2 ON) or containing (RAX2
OFF) Met and Cys). *, p < 0.05 by Student's #test with respect to the Rax2 expressing
parent strain. Each assay was performed in triplicate, n~50 cells per strain for each assay.
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Fig. 3. RAX2isimportant for maintaining linear hyphal growth, but not for overall hyphal

mor phology

(A) Representative DIC microscopy images of cell growth trajectories in strains listed and
grown as described in Fig. 2A. In the absence of RAXZhyphae are visibly curvier. Scale
bar, 10 wm. (B) Quantification of hyphal angles. The first angle of each hypha was
measured using the MetaMorph® Angle Measurements tool and the mean angle = SEM for
each strain/condition is shown. n~30 hyphae for each strain and each assay was performed
in triplicate. *, comparisons between strains lacking Rax2 and their isogenic Rax2-
expressing parent strains were statistically different at the p<0.001 level. (C) Morphology
Index (MI) values of WT the strains depicted in A. The classic morphology definitions with
respect to morphology index (Merson-Davies and Odds, 1989) are indicated on the graph.
n~30 hyphae for each strain.
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Fig. 4. Rax2 localizesto the cell surface with enrichment at the hyphal tip and does not colocalize
with eisosomes

(A) Representative fluorescence (top) and DIC (bottom) photomicrographs of a C. albicans
hypha expressing Rax2-YFP (CA10031) after growth for 3h in SDC + 10% serum at 37°C.
Fluorescent image was taken with a 3000 msec exposure. Scale bar, 10 wm. Inset,
localization of Rax2-YFP at hyphal tips. (B) Colocalization analysis of Rax2-YFP (top) and
the eisosomal protein Pill tagged with CFP (middle) in hyphae expressing the two proteins
simultaneously (CA12531). Merged image, bottom panel.
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Fig. 5. Rax2 isneeded for cathodal polarization, but not for the reorientation of hyphal growth
in response to environmental cues

Yeast strains (listed in the legend to Fig. 2A) were adhered to poly-L-lysine-coated slides
and hyphae were induced as described in Materials and Methods. (A) Hyphal emergence
angles relative to a cathodal stimulus (emergence angle galvanotropism) are shown and
reported as means = SD (n = 100 cells for each strain, each assay performed in triplicate)
where +100% cathodal polarization indicates perfect cathodal orientation, -100% indicates
anodal orientation, and 0% is obtained for a randomly oriented population. *p<0.05

and ¥p=0.055, based on comparisons with the parent strains. (B) Final hyphal orientation
angles relative to a cathodal stimulus applied after hyphal elongation was already
established (final angle galvanotropism) are shown with values as described in (A) above. (n
> 100 cells for each strain, each assay performed in triplicate). No significant differences
were observed between mutant and parent strains. (C) The number of hyphal contacts with
ridges that resulted in reorientation of growth direction (thigmotropism reorientation
response) is expressed as a percentage of total hypha-ridge contacts £SD (n = 100 contact
events for each strain per experiment, each experiment performed in triplicate). No
significant differences were observed between mutant and parent strains. For A-C, statistical
analyses were by ANOVA followed by post-hoc Dunnett's £test.
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Fig. 6. Rax2isnot required for penetration (A) and damage (B) of immatureintestinal epithelial
cellsby C. albicans hyphae (strains aslisted in thelegend to Fig. 1A)

(A) Penetration of intestinal epithelial cells (invasion %, mean = SEM) by C. albicans
strains after 3h of incubation. n~100 cells for each strain per experiment, each experiment
performed in triplicate. No significant differences were observed between mutant and parent
strains. (B) Intestinal epithelial cell damage (cytotoxicity %, mean + SEM) after incubation
with C. albicans strains. n=3 independent experiments, each performed in triplicate. For both
assays, statistical analyses were performed using Student's #test.
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Table 1
C. albicans strains used in this study.

Strain Relevant Genotype Source

BWP17 Ura3A = AimmA434/ura3A.::Aimm434 his1.::hisG/his1::hisG arg4::hisG/arg4.:hisG ~ Wilson et al., 1999
JB6284 BWPL7 HIS1::his1.::hisG/his1::hisG ARG4-URAS3::arg4.:hisG/arg4..hisG Bensen et al., 2002
CA10476  BWP17 rax2::HISI/RAX2 This study
CA10478 BWP17 rax2::HIS1/rax2::ARG4 This study
CA10500 BWPL7 rax2::HIS1/rax2::ARG4 arg4.:hisG/ARG4-URA3:.arg4::hisG This study
CA12041 CA10476 rax2::HISI/URA3-PMET3::RAX2 This study
CA10031 BWP17 RAXZ/RAXZ2::YFP-URA3 This study
CA11891 BWP17 rax2::HISI/URA3-PMET3-YFP::RAX2 This study
CA12531 BWP17 RAX/RAXZ2::YFP-URA3 PIL1/PIL1::CFP-HIS1 This study
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