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Rsrl Focuses Cdc42 Activity at Hyphal Tips and Promotes
Maintenance of Hyphal Development in Candida albicans
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The extremely elongated morphology of fungal hyphae is dependent on the cell’s ability to assemble and maintain polarized
growth machinery over multiple cell cycles. The different morphologies of the fungus Candida albicans make it an excellent
model organism in which to study the spatiotemporal requirements for constitutive polarized growth and the generation of dif-
ferent cell shapes. In C. albicans, deletion of the landmark protein Rsr1 causes defects in morphogenesis that are not predicted
from study of the orthologous protein in the related yeast Saccharomyces cerevisiae, thus suggesting that Rsr1 has expanded
functions during polarized growth in C. albicans. Here, we show that Rsr1 activity localizes to hyphal tips by the differential lo-
calization of the Rsr1 GTPase-activating protein (GAP), Bud2, and guanine nucleotide exchange factor (GEF), Bud5. In addition,
we find that Rsr1 is needed to maintain the focused localization of hyphal polarity structures and proteins, including Beml, a
marker of the active GTP-bound form of the Rho GTPase, Cdc42. Further, our results indicate that tip-localized Cdc42 clusters
are associated with the cell’s ability to express a hyphal transcriptional program and that the ability to generate a focused Cdc42

cluster in early hyphae (germ tubes) is needed to maintain hyphal morphogenesis over time. We propose that in C. albicans,
Rsrl “fine-tunes” the distribution of Cdc42 activity and that self-organizing (Rsr1-independent) mechanisms of polarized
growth are not sufficient to generate narrow cell shapes or to provide feedback to the transcriptional program during hyphal

morphogenesis.

F ungal hyphae are able to elongate over large distances and
must allocate their cellular resources in order to maintain ex-
tremely polarized growth for extended periods of time. The mul-
timorphic opportunistic fungal pathogen Candida albicans pro-
vides a useful model system in which to investigate the basic cell
biological and genetic mechanisms that generate highly polarized
cell shapes and the requirements for hyphal development. C. albi-
cans has a true hyphal growth form, as well as pseudohyphal and
yeast forms, and reversibly switches between these morphologies
depending on environmental conditions (reviewed in reference
1). Yeast cells are ellipsoid, propagate by budding, and undergo
cytokinesis and cell separation. Pseudohyphae are more elongated
than yeast cells and do not undergo cell separation, resulting in the
formation of chains of elongated daughter cells. Hyphae, in con-
trast, are extremely elongated, narrow cells, and their develop-
ment can be thought of as two continuous stages, early growth and
development of germ tubes (GTs) followed by the development
and maintenance of mature hyphae. GTs enter the maintenance
phase of polarized growth, transitioning to mature hyphae, after
the formation of the first septum, a specialized structure that de-
limits cellular compartments. Whereas morphogenesis mecha-
nisms in C. albicans yeast and pseudohyphae appear to follow
those of the similar morphologies in Saccharomyces cerevisiae, it is
unclear if, or how, these mechanisms are modified to enable the
development of the highly elongated hyphal form.

Localized activation of Rho GTPases underlies actin-based cell
polarization and morphogenesis in eukaryotic cell systems (re-
viewed in reference 2). In C. albicans, the role of the essential Rho
GTPase Cdc42 is thought to impact hyphal development in C.
albicans in at least two ways. First, the amount of Cdc42 affects the
morphogenesis program at the transcriptional level. Strains ex-
pressing reduced levels of Cdc42 have decreased expression of
hyphal-specific genes (HSGs), some of which are important for
production of hyphal-morphogenesis characteristics and hyphal-
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associated virulence factors (3). Second, Cdc42 activates and lo-
calizes proteins needed for polarized growth. Decreasing cellular
levels of Cdc42 result in both yeast and hyphae that have larger and
rounder cell shapes indicative of a defect in polarized growth (3—
5). Clusters of Cdc42 localize at incipient growth sites periodically
during bud initiation in yeast, while during C. albicans hyphal
morphogenesis, Cdc42 clusters localize constitutively to hyphal
tips in an F-actin-dependent manner (6). In yeast cells, growth
sites are dictated by internal landmarks, such as the Ras-like GT-
Pase Rsrl (7). In hyphae, although germ tube emergence sites can
be directed by external electrical cues (8), itis unclear if an internal
landmark mechanism directs germ tube emergence sites under
noncued conditions (9, 10). In the end, effectors of Cdc42 are
recruited to these growth initiation sites and direct the polariza-
tion of the actin cytoskeleton to ultimately target secretion to the
daughter cell apex.

C. albicans hyphae contain a tip-localized polarity structure
not found in yeast and pseudohyphae called a Spitzenkorper
(Spk). The Spk is a developmental hallmark of hyphal growth that
is observed in the majority of cultured filamentous fungi and is
required for hyphal cell shape (reviewed in reference 11). Forma-

Received 2 November 2012 Accepted 28 November 2012
Published ahead of print 7 December 2012
Address correspondence to Cheryl A. Gale, galex012@umn.edu.

* Present address: Jennifer Norton, University of Arizona College of Medicine,
Department of Cellular and Molecular Medicine, Tucson, Arizona, USA; Paula
Haynes, Brandeis University, Waltham, Massachusetts, USA.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/EC.00294-12.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/EC.00294-12

April 2013 Volume 12 Number 4


http://dx.doi.org/10.1128/EC.00294-12
http://dx.doi.org/10.1128/EC.00294-12
http://dx.doi.org/10.1128/EC.00294-12
http://ec.asm.org

tion and maintenance of the Spk require that polarized actin ca-
bles, a downstream result of localized Cdc42 activity, be directed
toward hyphal tips (12). Spks are composed of accumulations of
vesicles and proteins and, as a unit, act as reservoirs to supply
extending tips with the components needed to maintain continu-
ous hyphal growth (13, 14). Although it is clear that polarity fac-
tors such as the Spk need to be maintained constitutively at cell
apices for hyphal growth to continue, the mechanism by which
this occurs is not understood.

Proposed mechanisms for polarity establishment and mainte-
nance have been derived from the results of studies using S. cerevi-
siae. These studies focused on how cortical Cdc42 clusters with an
optimized distribution are formed and stabilized to promote bud
initiation and early bud growth. These mechanisms require that
activated Cdc42 be continually supplied to sites of growth, while
its lateral diffusion at the membrane is simultaneously restricted
in order to generate the discrete focus of Cdc42 activity needed for
growth initiation (reviewed in reference 15). In addition, the size
of the Cdc42 cluster has been shown to influence the shape of
the growing daughter cell (16). This optimal Cdc42 cluster, or
“window,” is proposed to be achieved by a combination of pro-
cesses, including positive-feedback mechanisms that increase
Cdc42 activity at the growth site, membrane diffusion, local lim-
itation of substrates (e.g., Cdc42 and its regulators and/or effec-
tors), and active removal of Cdc42 from the membrane adjacent
to the site of growth (16-18). It remains unknown how, and if,
similar Cdc42 regulatory mechanisms are employed to regulate
cell shape and maintain continuous polarization during C. albi-
cans hyphal morphogenesis.

We previously reported that C. albicans strains lacking the
landmark GTPase Rsr1 have defects in yeast and hyphal morpho-
genesis; rsr1A/A yeast cells are larger and rounder, and hyphae are
wider, than those of wild-type (WT) control strains (7). These
phenotypes are similar to those observed in C. albicans strains with
reduced expression of Cdc42 (3) and were unexpected because the
ortholog of Rsrl in S. cerevisiae (ScRsrl), although interacting
physically with Cdc42, is important for bud site selection, but not
for polarized growth (19). Thus, we hypothesized that C. albicans
Rsr1 (CaRsrl) has a role in polarized growth and morphogenesis
beyond that of simply determining the location of Cdc42 activity.

In the current study, we aimed to understand how Rsr1 is in-
volved in the assembly and/or maintenance of tip-localized polar-
ity factors and how the localization features of these factors corre-
late with hyphal morphogenesis. Overall, our results are
consistent with the idea that, in C. albicans, Rsr1 is needed for the
efficient assembly of a focused Cdc42 cluster in GTs, which in turn
is important for the continued maintenance of hyphal develop-
ment.

MATERIALS AND METHODS

Media and growth conditions. Strains were grown on synthetic dextrose
complete (SDC) (20) agar medium at 30°C, followed by transfer of a
colony into SDC liquid medium at 30°C, and grown overnight to obtain
stationary-phase yeast form cultures, unless otherwise noted. For all im-
aging experiments, hyphae were induced by growth of 25 pl of overnight
yeast cultures in 1 ml of prewarmed (37°C) SDC medium plus 10% bovine
serum. Uridine (80 pg/ml) was added to all media, except when selecting
for uridine prototrophs during strain construction. Regulatable expres-
sion of genes from the MET3 promoter was achieved by growth of strains
in media lacking (expression) or containing (repression) methionine and
cysteine, as previously described (21).
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For quantitative fluorescence indexing and fluorescent fusion protein
localization experiments in hyphae, 150 .l of diluted cells was placed onto
poly-L-lysine (PLL)-coated slides and grown in humidified chambers at
37°C. For time-lapse microscopy, hyphae were grown on agarose pads
with coverslips applied (except in FM4-64-staining experiments). Growth
times were established relative to the completion of the first cell cycle, with
30 and 90 min (depending on the experiment) representing GTs (no septa
had formed) and 3 h and 4 h representing mature hyphae (septa were
present).

Strains and strain construction. The yeast strains used in this study
are listed in Table 1. Fluorescent-protein fusions were constructed by
PCR-mediated gene modification as previously described (26, 27), using
the primers listed in Table S1 in the supplemental material. Constructions
were verified by PCR using primers targeting sequences outside the sites of
integration. In addition, expression of fluorescent proteins was evaluated
by fluorescence microscopy and Western blotting, as described below.

Due to the lack of an available auxotrophy in the original RSRI-rein-
tegrant control strain, it was necessary to reconstruct rsr1-null and -rein-
tegrant strains in order to introduce MLCI-YFP and BEM1-YFP fusions
into them. To do this, the two RSRI alleles were sequentially disrupted in
C. albicans strain BWP17 by PCR-mediated gene modification using the
dpl200 sequence, as previously described (28), with primers 1460 and
1265 (see Table S1 in the supplemental material) and plasmid p1653 (28)
as the DNA template. Disruption of both RSRI alleles in the resulting
strain, CA12363, was verified by PCR using primer sequences located
outside the sites of integration and by reverse transcription (RT)-PCR
using primers targeting RSRI mRNA (data not shown). To construct
RSRI-reintegrant control strains, disrupted and wild-type RSRI se-
quences were integrated into an rsrl:dpl200 locus using linearized
pPMG2157 and pMG2128 to construct the control strains CA12431 (rsrl:
rsr1/rsr1) and CA12430 (RSRI:rsrl/rsrl), respectively, as previously de-
scribed (7, 8). Strain constructions were verified by PCR using primer sets
that distinguished integration of the disrupted rsrI and full-length RSRI
sequences into the promoter region of the deleted rsrl locus and con-
firmed by RT-PCR of RSRI mRNA (data not shown).

Western blotting. Five hundred microliters of yeast cell culture was
harvested from overnight cultures, washed in water, inoculated into 10 ml
of hypha-inducing medium, and grown at 37°C to obtain GTs and mature
hyphae. The entire 10 ml of each hyphal culture was harvested, washed,
and resuspended in 150 pl of 4% ULSB (20 mM Tris, pH 6.8, 10% glyc-
erol, 0.005% bromophenol blue, 6 M urea, 4% SDS, and 20 mM dithio-
threitol). Cell lysis and denaturation of proteins were achieved in one step
by heating the resuspended cells in ULSB for 5 min at 100°C. The protein
concentrations of the resulting lysates were determined spectrophoto-
metrically (A,g,) and diluted to equalize the concentrations of the sam-
ples. Protein samples were separated on SDS-polyacrylamide gels (12%)
and then transferred to a polyvinylidene difluoride (PVDF) membrane,
blocked for 30 min with 2% milk buffer (skim milk in TBST [20 mM Tris,
pH 7.6, 137 mM NaCl, 0.1% Tween 20]), and incubated with the appro-
priate primary antibody (mouse anti-green fluorescent protein [o-GFP]
[Roche, Indianapolis, IN; 1:2,000], rat-anti-Cdc42 [Santa Cruz Biotech-
nology, Santa Cruz, CA; 1:5,000], or rat anti-a-tubulin [Ab-Cam, Cam-
bridge, MA; 1:5,000]) diluted in 0.2% milk buffer for 1 h. The blots were
washed in TBST and incubated with the appropriate horseradish peroxi-
dase-conjugated secondary antibody (goat a-mouse IgG [Santa Cruz Bio-
technology, Santa Cruz, CA; 1:10,000], goat a-rat IgG [Santa Cruz Bio-
technology, Santa Cruz, CA; 1:10,000], or goat a-rabbit IgG [Southern
Biotech, Birmingham, AL; 1:10,000]) diluted in 0.2% milk buffer for 1 h.
The blots were washed again in TBST and developed using the Supersignal
Fempto Chemiluminescent reagent (Pierce, Rockford, IL). The amount of
protein detected (signal intensity) was quantified using an Alpha-Inno-
tech (San Leandro, CA) Chemi-Imager and Image-Quant image analysis
software (GE Healthcare Biosciences, Pittsburgh, PA). The background-
subtracted intensity was obtained using Image J (29), and the ratio of the
amount of the protein of interest to that of tubulin was calculated.
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TABLE 1 Yeast strains used in this study

C. albicans

strain Relevant genotype Source
BWP17 ura3:Nimm434/ura3:Nimm434 hisl::hisG/his1::hisG arg4::hisG/arg4::hisG 22
JB6284/9955  (BWP17) hisl::hisG/hisG::his1::HISI arg4::hisG/ARG4-URA3::arg4::hisG 23

JB7783 (BWP17) his1::hisG/hisG::his1::HIS1 arg4::hisG/ARG4::arg4::hisG 24
CA8832 (BWP17) rsrl::ARG4/rsr1::HIS1 7

CA8880 (BWP17) rsr1::ARG4/rsr1::HISI arg4::hisG/ARG4-URA3::arg4::hisG 7
MG7139 (BWP17) MLC1/MLCI-YFP-URA3 12
CA9151 (BWP17) rsr1::ARG4/rsr1::HISI MLCI1/MLCI1-YFP-URA3 This study
CA10055 (BWP17) URA3-P,p15-YFP::BUD2/BUD2 This study
CA12363 (BWP17) rsrl:dpl200/rsr1::dpl200 This study
CA12388 (BWP17) rsr1:dpl200/rsr1::dpl200 MLC1/MLCI-YFP-HISI This study
CA12430 (BWP17) rsrl:dpl200/rsr1:dpl200 MLC1/MLCI-YFP-HISI pURA3-RSR1::rsr1:dpl200 This study
CA12431 (BWP17) rsrl:dpl200/rsr1::dpl200 MLC1/MLCI-YFP-HISI rsrl::dpl200:rsr1:URA3 This study
CA12343 (BWP17) URA3-P, pps- YEP:BUD5/BUD5 This study
CA12345 (BWP17) URA3-P,;p15-YFP::RSR1/RSR1 This study
CA9215 (BWP17) rsr1::ARG4/pURA3-RSRI:rsr1::HISI 7

CA9339 (BWP17) rsr1::ARG4/pURA3-rsrlzrsrl::HISI 8
CA12168 (JB7783) BEM1/BEM1-YFP-URA3 This study
CA12183 (BWP17) rsr1::ARG4/rsr1::HIS1 BEM1/BEM1-YFP-URA3 This study
CA12567 (BWP17) rsrl:dpl200/rsr1::dpl200 pURA3-RSRI:rsr1::dpl200 This study
CA12570 (BWP17) rsrl:dpl200/rsr1::dpl200 pURA3-rsr1:rsr1::dpl200 This study
CA12595 (BWP17) rsrl:dpl200/rsr1::dpl200 pURA3-RSRI1::rsr1::dpl200 BEM1/BEM1-YFP-HISI This study
CA12598 (BWP17) rsrl:dpl200/rsr1::dpl200 pURA3-rsr1::rsr1:dpl200 This study
CA10271 BEM1/BEM1-YFP-HIS1 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5'A)/bem3::ura3(5'A) 25
CA10755 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5'A)/bem3::ura3(5' A) rsr1:dpl200/rsr1::dpl200 This study
CA12188 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5'A)/bem3::ura3(5'A) arg4::hisG/ARG4-URA3::argd::hisG This study
CAI12191 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5'A)/bem3::ura3(5' A) rsr1:dpl200/rsr1::dpl200 arg4::hisG/ARG4-URA3::arg4::hisG ~ This study
CA12172 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5'A)/bem3::ura3(5'A) BEM1/BEMI1-YFP:HISI This study
CA12173 (BWP17) rga2::HIS1/rga2::ARG4 bem3::ura3(5' A)/bem3::ura3(5' A) rsr1:dpl200/rsr1::dpl200 BEM1/BEM1-YFP:HIS1 This study

Image acquisition and processing. All images (except those obtained
during fluorescence recovery after photobleaching [FRAP]) were col-
lected on a Nikon E600 microscope equipped with 60X/1.4-numerical-
aperture (NA) and 100X/1.4-NA objectives, FCS2 objective heaters
(Bioptechs, Butler, PA), and epifluorescence. MetaMorph version 6.3r7
(Molecular Devices LLC, Sunnyvale, CA) was used for acquisition and
processing of all images. Differential interference contrast (DIC) images
were collected in conjunction with fluorescent images in all cases, using
50-ms exposures. Final representative images for publication were ad-
justed for brightness and contrast, cropped, and resized as a group for
each set of experiments using Photoshop CS3 (Adobe Systems Inc., San
Jose, CA).

(i) Imaging YFP-Rsr1, YFP-Bud5, and YFP-Bud2 localization. Im-
ages of yellow fluorescent protein (YFP)-tagged versions of Rsrl (expo-
sure, 800 ms; range, 10; step size, 2; 5 steps), Bud5 (exposure, 800 ms;
range, 10; step size, 5; 3 steps), and Bud2 (exposure, 600 ms; range, 10; step
size, 5; 3 steps) were collected using a 60X objective. The resultant stacked
images were merged using summation, and the intensities were adjusted
in MetaMorph before being exported to, and scaled together in, Photo-
shop.

(ii) Imaging FM4-64-stained hyphae. To obtain images used in de-
termining fluorescence indices, hyphae were stained with 165 mM
FM4-64 for 10 min (30). Excess medium and stain were aspirated, and
cells were imaged as soon as technically feasible using the 60X objective.
Approximately 10 images were captured for each strain using identical
acquisition settings (10-ms exposure; shutter open between steps; 2-by-2
binning; range, 10; step size, 5; 3 steps), and replicate experiments were
carried out on three separate days. To assess for differences in FM4-64
uptake between mutant and control strains, a mixed subculture of WT
cells expressing Nop1-GFP and rsr1A/A cells was placed on PLL-coated
slides and grown in hypha-inducing medium to obtain either GTs or
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mature hyphae. Cells were stained as before with FM4-64, coverslips were
sealed to the slides with stopcock grease, and the cells were imaged using a
60X objective heated to 37°C. A GFP image (50-ms exposure time) was
captured after completion of the time-lapse acquisition to identify WT
(GFP-expressing) hyphae during quantification. FM4-64 localization was
imaged over 1 h at 10-min intervals using acquisition settings identical to
those stated above.

(iii) Imaging Mlc1-YFP and Bem1-YFP localization in hyphae. All
images were acquired using a 60X objective heated to 37°C with the fol-
lowing acquisition settings: for myosin light chain 1 (Mlc1)-YFP, 500-ms
exposure, shutter closed between steps, 2-by-2 binning, step size of 5, 3
steps; for Bem1-YFP, acquisition settings were the same, except that
300-ms exposure times were used. The acquisition settings used in the
time series were identical to those used in measuring fluorescence inten-
sity indices, with images obtained every 2 min for the length of the movie.
The resultant time-lapse stacks were assembled into a time series as z
projections using the Review Multi Dimensional Data tool of Meta-
Morph.

Quantification of fluorescent signals. (i) Determination of the fluo-
rescence intensity index (FM4-64, Mlc1-YFP, and Bem1-YFP). Stacked
images were merged using summation, background correction was per-
formed by batch processing, and then each image was thresholded for
quantification manually. Thresholds were established by visually high-
lighting the region of tip-localized signal for the majority of hyphae in
each image. A circular region of interest (ROI) was created around each
hyphal tip in order to collect the mean integrated intensity (fluorescence
intensity) and the area of the region. The width of the tip-localized signal
was obtained using the line tool of MetaMorph and drawing across what
was visibly the widest part of the thresholded tip signal. The fluorescence
intensity, signal area, and signal width were collected using the Region
Measurements tool in MetaMorph and exported to Microsoft Excel
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(2003). The intensity index was calculated for each individually analyzed
cell by dividing the integrated fluorescence intensity per unit area by the
width of the signal, which, for tip-localized proteins, approximates the
hyphal tip width: intensity index = (integrated fluorescence intensity per
unit area)/(width of tip signal).

(ii) Analysis of FM4-64 uptake dynamics. The timing of dye uptake
was determined by visually assessing vacuolar staining in the mixed WT
and rsr1A/A hyphal culture at each time frame of the series. The reported
times of vacuolar staining represent the 10-min staining period plus the
time from the first frame of the movie until the appearance of vacuolar
staining in both strains (which occurred simultaneously). For quantifica-
tion of the final fluorescence intensity, the final frame of the time-lapse
series (red channel) and the final still image of Nopl-GFP-expressing
(WT) cells (green channel) were processed using “no neighbors” two-
dimensional (2-D) deconvolution in MetaMorph. WT and rsr1A/A hy-
phae were identified, and measurements were taken using the mean inte-
grated fluorescence intensity of a fixed rectangular region. The region was
placed on an in-focus portion of the hyphal cell membrane and spanned
into a portion of the intracellular space for both strains in the same field.
Background fluorescence intensities were subtracted, and measurements
were taken from at least one hypha per strain per movie (the final frame of
the time-lapse series) for each of three experiments performed on differ-
ent days.

(iii) Determination of the percentage of hyphae with tip-localized
fluorescent signals. Images that were used to determine fluorescence in-
tensity indices were also used to determine the overall percentage of
hyphae displaying tip localization of polarity proteins (Mlcl or Beml).
Hyphal tips that were in focus in DIC images were marked with the Cir-
cular ROI tool of MetaMorph and counted to determine the total number
of hyphae in the analysis. The ROIs were transferred from the DIC image
to the corresponding fluorescent image, and visible tip-localized signals
were manually counted and reported as a percentage of the total hyphae.

FRAP. WT and rsrIA/A strains were grown on coverslips under
hypha-inducing conditions, stained with 5 pl of 165 mM FM4-64 for 2
min, and washed prior to imaging on an inverted Olympus Fluoroview
2000 microscope (60X/1.42 UPlanApoN objective using 3X digital
zoom). A fixed-size circular ROI was placed over the FM4-64-stained Spk
of each hypha. Three images were collected for baseline fluorescence mea-
surements before bleaching for 2.5 s using a 408-nm laser. Recovery im-
ages were collected at ~1 frame/s, using the streaming function, until
recovery reached a plateau (30 to 40 s). Recovery intensities were normal-
ized (31), and the resulting recovery curves were fitted using the nonlinear
regression tool of SigmaPlot (version 10.0; Systat Software, San Jose, CA).
The time to half-maximal recovery (7,,,) values for GTs and mature hy-
phae of each strain were collected and analyzed for differences (see “Sta-
tistical methods” below).

qPCR. Strains were inoculated into yeast peptone adenine dextrose
(YPAD) (20) medium and grown overnight at 30°C. Hyphal growth was
induced by inoculating overnight cultures as a 1:20 dilution into YPAD
plus 10% serum (prewarmed to 37°C), and cells were grown to obtain GTs
and mature hyphae. Pseudohyphae were induced by inoculating over-
night cultures into YAPD at pH 6.0 and growing them at 36°C (32) to time
match the induction times of GTs and mature hyphae. Cell culture (1.5
ml) was harvested for RNA extraction using the MasterPure Yeast RNA
Purification kit (Epicentre Biotechnologies, Madison, WI) according to
the manufacturer’s instructions. The isolated nucleic acids were then
treated with DNase, RNA quantities were determined using a NanoDrop
ND-1000 spectrophotometer (NanoDrop, Wilmington, DE), and RNA (1
ug) was converted to cDNA using the High-Capacity RNA-to-cDNA Kit
(Applied Biosystems, Carlsbad, CA) according to the manufacturer’s in-
structions. Quantitative real-time PCR (qPCR) was performed using a
Roche LightCycler 480 instrument (Roche Diagnostics, Indianapolis, IN)
equipped with LightCycler 480 software (release 1.5.0 SP3). Primer se-
quences for HSGs and actin (ACT1) were as previously published (3) and
are reproduced in Table S2 in the supplemental material. The LightCycler
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480 SYBR green I Master kit (Roche) was used to perform all gPCR ex-
periments, and reactions were set up following the manufacturer’s in-
structions. A total quantity of 0.025 pg of cDNA was loaded into each
20-pl reaction mixture, along with 0.25 WM each primer and 10 pl of 2X
Master Mix. Samples were subjected to the following PCR program: a
preincubation step of 95°C for 5 min; an amplification step of 95°C for 10
s, 60°C for 10 s, and 72°C for 10 s, repeated for 45 total cycles, with
fluorescence readings taken once during the 72°C stage; and finally, a
melting curve step of 95°C for 5 s, 60°C for 1 min, and a final temperature
of 97°C that was achieved slowly (0.11°C/s), with fluorescence readings
taken continuously. All ACTI-specific reactions were done in triplicate on
each plate, and all HSG-specific reactions were done in duplicate on each
plate. Each experiment was repeated on three separate days using newly
obtained RNA from newly grown cells. Each experimental day, two iden-
tical plates that were set up together were analyzed, and each plate was run
consecutively, with as little time between runs as possible. To determine
the relative expression of a given HSG for a given day, the daily mean Cp
(point at which sample fluorescence rises above background) for that gene
was divided by the daily mean Cp for ACT1I.

Statistical methods. (i) Choice of data set for intensity index deter-
minations. For experiments in which the intensity index was calculated,
all cells with localizable signals were counted in an effort to obtain the
“truest” possible mean for each strain. However, the disparity in the num-
bers of cells displaying tip-localized signals left the data sets unbalanced.
Thus, a random sample was selected from the original data sets using SPSS
16 (IBM, Armonk, NY). The resultant randomized sample was used in the
comparative analysis if it met the following three conditions: (i) the data
set contained approximately equal numbers of cells for each strain used in
the experiment, (ii) approximately equal proportions of GT's and mature
hyphae were represented in the data set for each strain, and (iii) a mini-
mum of 15% of the total number of cells analyzed were represented by
each date of replication across all days of the experiments.

(ii) Statistical analyses. All data analyzed statistically were repeated on
at least three different days. Differences were assessed with either univar-
iate or, when appropriate, multivariate analyses using a general linear
model in SPSS 16. As part of the analysis, if the main statistical effect of the
day was significant in the experimental analysis, “date” was blocked in all
subsequent analyses. In cases where a blocked analysis of variance
(ANOVA) was used, graphs display error bars using the standard error of
the mean (SEM), and where unblocked analyses were used, the error bars
represent 95% confidence intervals. Full factorial analysis of a dependent
variable(s) against all fixed factors was performed initially (when appro-
priate), and then separate subsequent assessments for within-strain (file
split by strain; fixed factor = growth stage) and between-strain (file split
by growth stage; fixed factor = strain) differences were performed. When
the number of comparable strains in the analysis was greater than two,
post hoc separation-of-means procedures were performed using Tukey’s
honestly significant differences, or when a blocked analysis was per-
formed, least significant differences was used.

RESULTS

Rsr1 regulators arelocalized to the tips of hyphae. We previously
reported that Rsr1-YFP localizes to the entire cell membrane of
hyphae (7) (Fig. 1A). This diffuse membrane localization, while
similar to that observed in S. cerevisiae and in Ashbya gossypii (32,
33), was unexpected because strains lacking Rsr1 have defects spe-
cifically at hyphal tips. To ask if Rsr1 cycling is localized to hyphal
tips, we analyzed the localization of tagged versions of the Rsrl
GTPase-activating protein (GAP), Bud2, and its guanine nucleo-
tide exchange factor (GEF), Bud5. Welooked at the localization of
these proteins at the two stages of hyphal development, using the
presence of the first DIC-refractive septa (when chitin was visible
at septa using DIC optics) as a marker of developmental time.
Cells grown under hypha-inducing conditions for short periods of
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YFP-Bud5 c

YFP-Bud2

FIG 1 Positive and negative regulators of Rsr1 localize at tips of GTs and mature hyphae. Shown are representative images of strains expressing YFP-tagged
versions of Rsrl (12345) (A), Bud5 (12343) (B), and Bud2 (10055) (C). The arrows indicate enrichment of YFP-tagged proteins at septa. (C) The arrowhead
denotes enrichment of YFP-Bud?2 at the inner curve of a nonlinear GT; the asterisks indicate subapical enrichment of YFP-Bud2. Scale bars, 5 um. The upper

images are enlargements of the boxed areas in the lower images.

time, without septa, were deemed GTs, whereas cells grown for
longer times, so that septa were present, were considered mature
hyphae. YFP-Bud5 localized to the apices of GT's and mature hy-
phal tips in a discrete crescent (Fig. 1B) reminiscent of the polari-
some proteins, Bud6 and Spa2 (12). When expressed from its
native promoter, Bud2-YFP was very dim, and fairly long expo-
sure times were needed to resolve a discrete signal. In these images,
Bud2 was enriched just behind the apices of hyphal tips, appearing
as a faint ring at the membrane with a relatively reduced intensity
at the extreme tip (data not shown). The localization pattern was
also visualized when YFP-Bud2 was expressed from the regulat-
able MET3 promoter (Fig. 1C, asterisks). In addition, YFP-Bud2
was enriched in the concave angle of some curved hyphae (Fig. 1C,
arrowhead) and showed discrete localization to septa (Fig. 1C,
arrows), based on colocalization with Cdc12 (data not shown).
The dual localization of YFP-Bud2 and YFP-Bud5 at both hyphal
tips and septa suggests that their localizations during C. albicans
hyphal morphogenesis do not vary with the cell cycle, as they do
during yeast form growth (34). Thus, the localizations of the Rsr1
GAP and GEF suggest that Rsr1 activity is continuously poised to
act at the tips of hyphae, where polarized growth occurs constitu-
tively. Further, the differential localizations of Bud2 and Bud5
imply that Rsr1-GTP is enriched at the hyphal apex, whereas Rsr1-
GDP is favored subapically.

The vesicular Spk is stably maintained during WT hyphal
development. The presence of a Spk is associated with hyphal
morphogenesis in C. albicans and other filamentous fungi. The
vesicle component of the Spk can be visualized using FM4-64, a
fluorescent lipophilic dye that is internalized by endocytosis and
thereby stains the endomembrane system, which is contiguous
with the Spk (12, 30). Because of its intimate association with
hyphal growth, Spk integrity can be thought of as a downstream
developmental characteristic of hyphal morphogenesis signaling
pathways. However, because the overall appearance of the Spk
varies considerably, even during WT hyphal development (Fig.
2A), we developed an intensity index (see Materials and Methods)
to quantitatively describe and compare, with more accuracy and
precision, Spks in WT and mutant strains with defects in polarized
growth. The intensity index is a unidimensional metric akin to the
morphological index described by Merson-Davies and Odds (35).
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It takes into account the integrated fluorescence intensity per unit
area of a localized signal (here referred to simply as the fluores-
cence intensity) and the distribution (width) of that fluorescent
signal, which approximates the hyphal-tip width. This yields a
single unit that describes tip signals as a proportion of the hyphal
width and facilitates the comparison of fluorescent signals in cells
of different sizes. Furthermore, differences between the intensity
indices of two strains can be further analyzed to determine which
individual index parameter (e.g., fluorescence intensity, area, or
width) contributes most to changes in the intensity index.

Between-stage analysis of FM4-64 signal characteristics at hy-
phal tips revealed that the intensity indices of WT Spks were the
same in GTs and mature hyphae. Analysis of individual index
parameters showed that Spks of mature hyphae had significantly
increased fluorescence intensities compared to WT GTs (P <
0.05). However, the increase in intensity did not result in an in-
creased index for mature hyphae because of a relatively small in-
crease in the size (i.e., area and width) of the signal. Overall, the
FM4-64 intensity index results indicate that despite changes in
individual localization characteristics, WT Spk integrity is not dif-
ferent between germ tubes and mature hyphae.

Rsr1 function impacts the amount and spatial distribution of
vesicles in the Spk. The morphological phenotypes of rsrIA/A
strains indicate a defect in polarized growth (7, 8). Because the Spk
is an essential organelle for polarized secretion (12), we asked if
Spk characteristics differed between GTs and mature hyphae of
rsrIA/A and WT strains. In GTs, the mean intensity index of
rsr1A/A Spks was similar to that of WT Spks (Fig. 2B). When the
individual components used to calculate the index were com-
pared, rsr1A/A GTs had significantly higher vesicle intensities, ar-
eas, and widths. This indicates that although the Spks of rsr1A/A
GTs are not identical to those of the WT, they are proportionally
equal (Fig. 2B and C). In contrast, in mature hyphae, the intensity
index of rsr1A/A Spks was significantly less than that of WT Spks.
In addition, the Spk intensity index of mature rsr1A/A hyphae was
significantly less than that of rsrIA/A GTs, indicating that Spk
integrity is reduced over time in strains lacking Rsr1 (P < 0.001)
(Fig. 2C). The reduced Spk intensity index of mature rsr1A/A
hyphae was due to a decrease in intensity without a corresponding
decrease in width or area of the signal. Importantly, loss of Spk
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FIG 2 Comparison of vesicular Spks in WT and rsr1A/A hyphae. (A) Representative fluorescence images of WT (9955) and rsr1A/A (8880) hyphae stained with
FM4-64. At the right of each set of images is the calculated intensity index for each of the representative FM4-64-stained Spks. Tip signals that appear less intense
(lower fluorescence intensity) or have broader distributions (increased area and width) have lower intensity indices than signals that are more intense and/or are
more focused at the hyphal tip. Scale bar, 5 wm. (B) Bar graphs depicting the mean intensity index, fluorescence intensity, area, and width of the FM4-64 signals
obtained for GTs and mature hyphae of the strains shown in panel A. Stage-specific differences between strains (i.e., WT GT versus rsr]A/A GT, etc.) are shown.
Pertinent within-strain differences between time points (i.e., WT GT versus WT mature hyphae, etc.) are stated in the text. The error bars show SEM, and data
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Spks of WT and rsr1A/A hyphae based on the data presented in panel B.

integrity was also observed when we compared RSRI-expressing
and nonexpressing control strains (see Fig. S1 in the supplemental
material), indicating that Spk phenotypes in the rsrIA/A strain
were due to deletion of RSRI and not to nonspecific mutations
introduced during strain construction.

The observation that overall Spk intensities and intensity indi-
ces were lower in mature rsr1A/A hyphae raised the possibility that
vesicle delivery to hyphal tips diminishes over time in the rsr1A/A
strain. To assess differences in vesicle delivery between GTs and
mature stages of hyphal growth within each strain, FM4-64-
stained membranes at the tips of WT and rsr1A/A hyphae were
studied using FRAP (see Table S2 in the supplemental material). A
significant decrease in recovery rates was observed between
rsrIA/A GTs and mature hyphae (P = 0.032). In contrast, no
differences were observed when we compared the recovery rates of
WT GTsand mature hyphae. The change in rate observed between
rsr1A/A GTs and mature hyphae was specific to hyphal tips, since
no change in recovery rate was detected between the developmen-
tal stages when regions 10 pm behind the hyphal tip were assessed
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(see Table S2 in the supplemental material). The change in recov-
ery rates seen between rsrIA/A GTs and mature hyphae is consis-
tent with the data from the FM4-64 index experiments that
showed a significant decrease in vesicle intensity in mature
rsr1A/A hyphae compared to rsrIA/A GTs (P < 0.001). Taken
together, the results from the FM4-64 index analysis and FRAP
experiments imply that Rsrl is involved in regulating the number
and spatial distribution of vesicles and their recruitment to hyphal
tips. Further, the changes observed between stages of growth in
rsr1A/A strains indicate that the requirements for Rsr1 may differ
between early (GT) and mature hyphae.

FM4-64 staining of the Spk and other cellular structures re-
quires uptake of the dye by endocytosis. To control for potential
differences in dye uptake between rsrIA/A and WT strains, we
compared them with respect to the rate of vacuolar staining and
the final fluorescence intensity of FM4-64 in both GTs and mature
hyphae. To eliminate differences in the timing of dye uptake due
to preparation of the strains for imaging, we mixed the control
WT strain marked with a nuclear GFP reporter with a nonfluores-
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cent rsr1A/A strain and imaged FM4-64 uptake simultaneously in
the two strains. The two strains internalized FM4-64 at similar
rates for both GTs and mature hyphae, with vacuolar staining
being visible by 40 to 50 min in all cases, which is within the range
of time observed by other investigators (36). In addition, the final
mean fluorescence intensity of cell membranes was not different
between WT and rsr1A/A strains or within either strain between
developmental stages (see Fig. S2 in the supplemental material).
Thus, the differences in vesicle intensity seen in rsrIA/A hyphae
are not due to differences in the abilities of WT and rsr1A/A strains
to internalize FM4-64. Further, the data support the conclusion
that Rsrl is not important for endocytosis but, rather, for polar-
ized vesicle trafficking to hyphal tips.

Rsr1 is important for Mlcl localization within the Spk. The
disruption of Spk vesicle integrity in mature rsrIA/A hyphae
raised the possibility that Rsr1 is important for the focused local-
ization of other Spk components. Colocalization of FM4-64-
stained Spk vesicles with motor-associated proteins, like Mlcl
(12), indicates that vesicle delivery occurs, at least partly, via actin
and myosin. We used Mlcl, fused to YFP, as a representative pro-
tein component of the Spk and compared its signal characteristics
in GTs and mature hyphae of rsrIA/A and WT strains (Fig. 3A). In
GTs, there was no difference between the strains with respect to
the number of hyphal tips exhibiting discrete, Spk-localized
Mlclsignals (Fig. 3B). The Mlcl intensity index of rsrIA/A GTs
was higher than that of WT GTs (Fig. 3C). In contrast to the results
in GTs, mature rsr1A/A hyphae had significantly fewer tips con-
taining localized Mlc1-YFP than the WT strain (Fig. 3B), despite
both strains expressing the same amount of Mlc1-YFP (Fig. 3D).
In mature rsr1A/A hyphae with localizable signal, the Mlc1-YFP
intensity index was the same as that of mature WT hyphae (Fig.
3C). Comparing MIc1-YFP localization characteristics of each
strain between the two hyphal stages, WT strains maintained the
MlIc1-YFP intensity index (P = 0.106), whereas rsr1A/A strains
had reductions in this feature over time (P < 0.001). The Mlcl
results parallel those seen for FM4-64-stained vesicles; WT strains
maintained similar vesicle amounts and distributions over time,
whereas rsrIA/A strains showed decreased amounts and broader
distributions of vesicles over time. To better understand the tim-
ing of Mlcl signal “loss” from the hyphal tips of mature rsrIA/A
hyphae, we analyzed Mlc1-YFP localization by time-lapse fluores-
cence microscopy. During WT hyphal development, Mlc1 local-
izes to two regions in the cell: constitutively to the Spk (in GTs and
mature hyphae) and transiently to septa at the close of the cell
cycle (12) (Fig. 3E; see Movie S1 in the supplemental material). In
contrast, the Spk-localized Mlcl1 signal in rsrIA/A GTs became
dimmer as growth approached the mitotic phase of the cell cycle,
when Mlc1-YFP also localizes to the septum (Fig. 3E; see Movie S2
in the supplemental material). In cases where Mlc1-YFP was visi-
bly absent for a brief time (<10 min) from the tips of rsrIA/A
hyphae, the hypha would continue to elongate (Fig. 3E; see Movie
S2 in the supplemental material). When the Mlc1 Spk signal was
not visible for longer periods, hyphal elongation paused until ei-
ther Mlc1-YFP relocalized to the original site of growth or the
time-lapse image acquisitions stopped. In addition, extended loss
of Mlc1-Spk localization and pauses in elongation were also asso-
ciated with an increased likelihood of relocalization of Mlcl to
new, ectopic growth sites (see Movies S3 and S4 in the supplemen-
tal material). Results showing that Rsr1 is important for maintain-
ing the localization of Mlc1to hyphal tips were also obtained using

488 ec.asm.org

RSRI-expressing and -nonexpressing control strains (see Fig. S3A
and Movies S5 and S6 in the supplemental material). Of note,
Mlc1-YFP intensity index values of the RSRI-expressing reinte-
grant control strain did not reach the levels seen in the WT strain
(P =0.023), suggesting that one copy of RSR1 is not sufficient for
complete restoration of WT Mlcl localization characteristics in
early hyphae (compare reintegrant results in Fig. S3B in the sup-
plemental material to WT results in Fig. 3C). Nevertheless, the
Mlcl localization results for both the experimental and RSRI-
reintegrant control strains support the idea that Rsr1 is important
for the maintenance of Mlcl localization characteristics during
hyphal morphogenesis.

Together, the results of the FM4-64 and MIc1-YFP analyses
have two important implications. First, loss of Rsr1 affects the size
of the fixed region to which polarity components are delivered,
since, independent of the stage of hyphal growth, the distribution
of Spk markers is always broader in rsr1A/A hyphae than in WT
hyphae (Fig. 2 and 3). Second, Rsr1 appears to be involved in both
limiting the delivery of polarity components at early stages of
growth (GTs) and reinforcing the delivery of those components at
later stages of hyphal growth. This statement is supported by data
from rsr1A/A strains that consistently show elevated fluorescence
intensities of Spk markers in GTs and an inability to maintain
those elevated intensities over time, and also by FRAP data show-
ing a tip-specific reduction in the speed of vesicle recovery in ma-
ture rsr1A/A hyphae compared to GTs.

Rsrl contributes to the maintenance of HSG expression.
Cells lacking Rsr1, when grown under hyphal-induction condi-
tions, have morphologies characteristic of both pseudohyphae
and hyphae. The elongation rates of rsr1A/A and WT hyphae are
similar, but rsrIA/A cells exhibit pseudohyphal-like growth, with
wider cells and slight constrictions at septa (Fig. 4A) (7). Consis-
tent with this “dual” morphology, nuclear division often takes
place within elongating rsrIA/A cells, similar to WT hyphae, but
sometimes occurs across the mother-daughter neck, similar to the
nuclear division pattern of pseudohyphae (T. Heisel and C. A.
Gale, unpublished data). The ability of rsrIA/A cells to form Spks,
albeit with altered localization characteristics, is also consistent
with a more hyphal than pseudohyphal developmental program.
To further characterize the developmental state of rsr1A/A cells
grown under hypha-inducing conditions, we used qPCR to com-
pare the expression of four HSGs, ECEl, HGCI, HYRI, and
HWPI, in rsr1A/A and WT strains. HSG expression was analyzed
after growth under hyphal-induction conditions for 30 min (GTs)
and 4 h (mature hyphae) (Fig. 4A). We observed decreased ex-
pression of HSGs in the rsr1A/A strain regardless of the develop-
mental stage of hyphal growth (both pooled HSG results [Fig. 4B]
and individual HSG results [see Fig. S4 in the supplemental ma-
terial]). Indeed, HSG expression in rsrIA/A strains at both stages
of hyphal growth was more similar to that of WT pseudohyphae
than to that of either WT GTs or mature hyphae (Fig. 4B). In
addition, RSRI-expressing reintegrant control strains showed sig-
nificantly increased expression of HSGs compared to the rsrI-null
controls, demonstrating that HSG expression defects are specific
to disruption of RSRI (see Fig. S5 in the supplemental material).
Altogether, the HSG expression results indicate that Rsr1, a land-
mark protein, influences the induction and maintenance of HSG
expression during hyphal morphogenesis.

RSRI genetically interacts with regulators of CDC42 to influ-
ence hyphal morphogenesis and HSG expression. Similar to de-
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FIG 4 RSRI genetically interacts with RGA2 and BEM3, genes that encode
regulators of Cdc42, to influence the hyphal morphogenesis program. (A)
Representative images of WT (9955), rsr1A/A (8880), rga2A/A bem3A/A (2X;
12188), and rga2A/A bem3A/A rsr1A/A (3X;12191) strains. Scale bars, 5 pm in
GTs, 10 wm in mature hyphae. (B) Mean pooled HSG expression levels for
each strain were determined by qPCR, normalized to ACT1I levels, and ex-
pressed as a percentage of WT HSG expression for that day (n = 3 for each
strain). PH, pseudohyphae. Stage-specific data sharing the same letter desig-
nations are not significantly different from each other. The error bars show
SEM. Statistical differences are at the level of a P value of <0.002 for GTs and
<<0.001 for mature hyphae.

letion of Rsr1, decreased expression and mutation of the essential
Rho GTPase Cdc42 in C. albicans hyphae results in larger, rounder
cells and reduced HSG expression (3-5). In S. cerevisiae, Rsrl fa-
cilitates activation of Cdc42 by physically interacting with, and
positioning, Cdc42 and its GEF, Cdc24 (37). To investigate the
relationship between Rsrl and Cdc42 with respect to the C. albi-
cans hyphal transcriptional program, we analyzed morphology
and HSG expression in an rsr1A/A strain that also contained de-
letions of the Cdc42 GAPs, Bem3 and Rga2. Deletion of Cdc42
GAPs is predicted to lower the rate of GTP hydrolysis and to result
in an enrichment of membrane-associated Cdc42-GTP at hyphal
tips (12). We reasoned that if the morphology and HSG expres-
sion defects of the rsrIA/A strain are due to reduced Cdc42 acti-
vation, then enrichment of Cdc42-GTP levels by deletion of the
Cdc42 GAPs may rescue rsr1A/A phenotypes. Deletion of RSR1 in
combination with RGA2 and BEM3 (a triple-deletion strain, here
referred to as the 3X strain) resulted in narrow hyphal morphol-
ogies similar to the WT and rga2A/A bem3A/A (double-deletion,
here referred to as 2X) strains (Fig. 4A). HSG expression in the 2X
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strain was reduced, however, relative to that of the WT strain, for
both GTs and mature hyphae (Fig. 4B). This result suggests that
while disrupting normal GTP/GDP cycling and increasing Cdc42-
GTP levels affects HSG expression to a small extent, it does not
dramatically affect the ability to form a WT hyphal morphology.
In contrast, HSG expression in GTs of the 3X strain did not differ
from that of WT GT's and was significantly increased compared to
rsr1A/A and 2X GTs (Fig. 4B). HSG expression in mature 3X hy-
phae was reduced to levels equal to that of the 2X strain but still
significantly higher than that of the strain containing deletion of
RSR1 alone (Fig. 4B). These HSG expression results correlate with
our morphology observations (Fig. 4A). A more hypha-like mor-
phology is seen in strains with increased HSG expression (e.g.,
WT, 2X, and 3X strains) compared to strains with lower HSG
expression (e.g., the rsrIA/A strain). In addition, the results imply
that genetic interactions between RSRI and regulators of CDC42
impact HSG expression differently in GTs and mature hyphae. In
GTs, loss of the Cdc42 GAPs in conjunction with deletion of RSR1
suppresses the defects of the individual deletions. In contrast, in
mature hyphae, the effect of slowing Cdc42 hydrolysis by deletion
of the Cdc42 GAPs is epistatic to that of RSRI deletion.

Rsr1 affects the amount and distribution of Cdc42 activity at
hyphal tips. To ask if the reduced HSG expression exhibited by
some of the mutant strains was associated with changes in Cdc42
expression, CDC42 mRNA and Cdc42 protein levels were deter-
mined by qPCR and Western blotting, respectively. No differences
in CDC42 expression were found in comparing WT, rsr1A/A, 2X,
or 3X deletion strains in either GTs or mature hyphae (P = 0.211
and P = 0.061, respectively, by ANOVA). CDC42 levels also did
not differ between RSRI-expressing and -nonexpressing reinte-
grant control strains (data not shown). In addition, no differences
were observed in Cdc42 protein levels among the strains at either
time point (Fig. 5A). Thus, deletion of RSRI does not affect total
cellular CDC42 or Cdc42 protein levels in GTs or mature hyphae.

Although the total cellular amounts of CDC42 and Cdc42 are
not affected in hyphae lacking Rsr1, the possibility remained that
Rsr1 could affect the amount and/or activity of Cdc42 specifically
athyphal tips. To compare the amounts and distributions of active
Cdc42 (Cdc42-GTP) in WT and rsrIA/A, 2X, and 3X deletion
strains, the expression and localization characteristics of a re-
porter protein, Bem1, fused to YFP were analyzed (Fig. 5A and B).
Bem1 is a polarity establishment scaffolding protein that binds the
GTP-bound form of Cdc42 and is used as a marker of Cdc42-GTP
localization (38). No differences were observed in the amounts of
Bem1-YFP expressed in GTs or mature hyphae for any of the
mutant strains compared to the WT strain (Fig. 5A). In comparing
the localization of Bem1-YFP, the majority of GTs of all strains
had a visible tip-localized fluorescent signal (~75 to 80% of cells)
(Fig. 5C); however, when the Bem1-YFP signal characteristics in
GTs were compared, significant differences were observed be-
tween the strains. The fluorescence intensities of Bem1-YFP were
significantly increased in 2X, 3X, and rsr1A/A GTs compared to
the WT strain (Fig. 5D). The results from 2X and 3X strains, along
with those of Court and Sudbery (25), support the idea that loss of
the Cdc42 GAPs results in an enrichment of active GTP-bound
Cdc42. In rsr1A/A GTs, the increased fluorescence intensity levels
of Bem1-YFP parallel the results for FM4-64-stained vesicles and
Mlc1-YFP, implying a role for Rsr1 in limiting the localization of
polarity factors during early hyphal (GT) growth. However, the
increased intensity of Bem1-YFP in rsrIA/A GTs was associated
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FIG 5 Rsrl focuses Cdc42 activity at the tips of GTs and is required to maintain polarized growth in established hyphae. (A) Representative Western blot of
Bem1-YFP and Cdc42 levels in GTs and mature hyphae of WT (12168) and mutant (rsr1A/A, 12183; 2X, 12172; 3X, 12173) strains. Tubulin levels are shown as
areference for protein loading. (B) Representative fluorescent images of Bem1-YFP tip localization at both stages of hyphal growth for each of the strains listed
in panel A. (C) Bar graph depicting the percentages of hyphae with localized Bem1-YFP signal at the tip for the WT and mutant strains listed in panel A. The
means represent data from ~60 images for each strain from 3 independent experiments. The error bars show 95% confidence intervals. (D) Bar graphs depicting
the mean intensity indices and index parameters from cells with visible Bem1-YFP tip signals in GTs and mature hyphae for the strains listed in panel A. Strains
are as depicted by bar shading in panel C. The means represent ~30 cells per strain from 3 independent experiments. Stage-specific data sharing the same letter
designations are not significantly different from each other. Pertinent within-strain differences between time points are stated in the text. Statistical differences
are at the level of a P value of <0.05 for both hyphal stages, and the error bars show SEM.

with a broader signal distribution, resulting in a lower, less fo-
cused Bem1-YFP intensity index than for the WT strain. In con-
trast, the Bem1-YFP distributions of 3X and 2X GTs were smaller,
yieldinga WT or greater-than-WT intensity index, respectively. In
comparing Bem1-YFP intensity indices with HSG expression in
GTs, we observed that WT Bem1-YFP intensity indices (WT and
3X strains) are associated with WT levels of HSG induction,
whereas indices that are either higher (2X strain) or lower
(rsr1A/A strain) than WT are associated with reduced HSG ex-
pression.

In mature hyphae, significantly fewer rsrIA/A cells had visible
Bem1-YFP signals at their tips than for all other strains (Fig. 5C).
These results are similar to those observed in the analysis of Mlc1
localization (Fig. 3B) and are consistent with rsr1A/A strains being
unable to maintain tip localization of polarity proteins during
hyphal morphogenesis. Mature rsr1A/A hyphae that were able to
localize Bem1-YFP to their tips exhibited an intensity index that
was similar to that of mature WT hyphae (P = 0.835) and showed
an increasing trend relative to rsr1A/A GTs (P = 0.065). Interest-
ingly, the size (area) of the Bem1-YFP signal was the only param-
eter of the intensity index that showed a significant change be-
tween rsr1A/A GTs and mature hyphae (P = 0.041). This indicates
that the decrease in signal area was the primary influence in ma-
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ture rsr1A/A hyphae being able to attain a WT intensity index. The
finding that some mature rsrIA/A hyphae do not have visible
Bem1-YFP at their tips indicates that there were two potentially
distinct populations of cells analyzed in the HSG expression ex-
periments. It is possible that the population that lacked Bem1-YFP
tip localization had low HSG expression levels and the population
with WT Beml-YFP localization and intensity indices had
near-WT levels of HSG expression, so that together, an overall
reduction in HSG expression was observed. Mature hyphae of the
2X and 3X strains, which were able to localize Bem1-YFP to an
extent similar to that of the WT strain (Fig. 5C), exhibited more
WT levels of HSG expression than mature rsrIA/A hyphae. In
analyzing the RSRI-reintegrant control strain, we observed that
GTs did not exhibit a WT Bem1 intensity index (see Fig. 56 in the
supplemental material); however, mature hyphae did achieve WT
levels for Bem1-YFP tip localization and intensity indices (see Fig.
S6B and A, respectively, in the supplemental material). These data
suggest that one copy of RSRI is not sufficient to focus Cdc42 in
GTs but that one copy is sufficient to focus Cdc42 and maintain
Cdc42 tip localization in mature hyphae. Altogether, the Bem1
localization results show a positive correlation between HSG ex-
pression and the focused localization of Cdc42-GTP at hyphal
tips. In addition, the requirements for Rsr1 are different, depend-

ecasm.org 491


http://ec.asm.org

Pulver et al.

ing upon the stage of hyphal growth. In GTs, Rsr1 is needed for
focusing Cdc42 activity, and in mature hyphae, it is important for
maintaining Cdc42 activity at hyphal tips. Further, the results are
consistent with the idea that establishment of a focused distribu-
tion of Cdc42 activity in GTs is important for its continued main-
tenance at cell tips as hyphal development progresses.

DISCUSSION

The establishment and maintenance of polarity are highly regu-
lated biological processes that are required for initiation of cell
growth, variations in cell morphology, and generation of special-
ized cell types in multicellular organisms. In this study, we used a
C. albicans strain with abnormal hyphal morphology as a tool to
understand the requirements for constitutive polarized growth
and the highly elongated morphology of hyphae. In S. cerevisiae,
Rsrl functions as a landmark, positioning new daughter cell
growth with respect to that of the previous cell cycle, and is not
essential for bud shape or cell size (19). Here and in previous work
(7) from our laboratory, we found that deletion of the GTPase
Rsrl resulted in significant defects in polarized growth and cell
shape. Similarly, in the filamentous fungus A. gossypii, hyphae
lacking Rsr1 have defects in maintaining polarized growth and the
localization of polarity structures at hyphal tips (33). Thus, in
filamentous fungi, Rsr1-like proteins appear to have an expanded
role in polarized growth.

The differential localization of Bud2 and Bud5 in C. albicans
supports a role for Rsrl activity specifically at hyphal tips. Bud5
localization predicts that the very apex of the hypha is enriched for
GTP-bound Rsr1, whereas Bud2 localization predicts that GDP-
bound Rsrl is favored subapically. Given that a number of key
polarity proteins (e.g., Cdc42, Cdc24, and Bem1) physically inter-
act with the two guanine nucleotide-bound forms of Rsrl in S.
cerevisiae (39), a gradient of Rsr1 activity along hyphal tips could
provide a way to regulate the localization and activity of Rsrl
effectors. For example, ScRsr1 has been shown to have a higher
affinity for Cdc24 when Rsr1 is in its GTP-bound form, whereas
the interaction between Bem1 and Rsr1 is stronger when Rsrl is
GDP bound. If this paradigm holds true in C. albicans, different
zones of Rsr1 activity would be expected to limit the diffusion of
Rsrl effectors away from the tip and to hold them in proximity to
regions of active growth.

Our results support the idea that focused localization of Cdc42
activity early in hyphal development (e.g., GTs) is related to the
ability of mature hyphae to maintain polarization and the local-
ization of polarity proteins at hyphal tips. During WT hyphal
growth, Cdc42-GTP (Beml) and its downstream targets (e.g.,
components of the Spk) were constitutively localized to hyphal
tips and showed no significant changes in either the maintenance
of their localization or focused distribution between GTs and ma-
ture hyphae. In GTs lacking Rsr1, localization of Cdc42 activity
lacked focus; this was associated with an inability to maintain
hyphal growth and tip localization of Bem1 and Spk components
over time. Indeed, in mature rsr1A/A hyphae, the only cells able to
maintain tip localization of Bem1 and polarized growth were
those able to exhibit a WT-like focus of Cdc42 activity. The idea
that mature hyphae are dependent upon processes originating in
GTs is supported by the report that defects in chromatin remod-
eling at HSG promoters during GT growth do not affect GT mor-
phology but yield mature hyphae with a pseudohyphal appear-
ance and an inability to maintain expression of HSGs (40).
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In C. albicans, we found that Rsr1 contributes to hyphal mor-
phogenesis by regulating the amount and distribution of Cdc42
activity at hyphal tips. In addition, we observed that the ability to
localize and focus Cdc42-GTP is associated with the ability to
express genes specific to the hyphal transcriptional program.
These results are particularly interesting, as rsr1A/A strains show
defects in their ability to invade and cause damage in both in vitro
and in vivo models of invasive candidiasis (8, 41), implying a role
for tip distribution of Cdc42 in the pathogenesis process. Our
results extend those of Bassilana and coworkers (3), who found
that reducing the total cellular amounts of Cdc42, as well as its
GEF, Cdc24, attenuated the expression of HSGs that are regulated
by the transcription factor Tecl. Tecl was also found to regulate a
transient increase in Cdc24 expression at hyphal induction, sug-
gesting that Tecl and the Cdc42 GEF, which localizes at the hyphal
tip, form a positive-feedback loop. Our data provide additional
support for the idea that the tip localization and focus of Cdc42 are
associated with expression of the hyphal transcriptional program.
We propose that Rsr1, alandmark protein, supports this morpho-
genesis feedback mechanism by fine-tuning the localized distribu-
tion of Cdc42 and/or downstream targets of Cdc42 activity. It still
remains to be shown how tip localization characteristics of the
Cdc42 module direct gene expression. One possibility is that
Cdc42 localization sets up a physical platform for actin-dependent
regulation of hyphal signaling pathways. Indeed, it has been
shown that ECE1, HGCI, HWPI, and HYRI are induced via the
cyclic AMP (cAMP)-dependent protein kinase A signaling path-
way and that their expression is reduced in the face of genetic and
chemical disruptions of the actin cytoskeleton (2, 42). The recent
discovery that actin and adenylate cyclase physically interact with
each other in a complex and that this complex is required for the
efficient production of cAMP (43) provides strong support for the
idea that the cellular status of polarized actin modulates gene tran-
scription during hyphal morphogenesis.

Overall, these results lead us to propose a model in which Rsr1
is needed to create a focused, dynamic cluster of Cdc42 activity
that is associated with optimized Cdc42-dependent feedback to
the hyphal transcriptional program (Fig. 6). In WT GTs, Rsr1 acts
to generate a focused cluster of Cdc42 activity at hyphal tips with a
limited amount of Cdc42-GTP (supported by lower Bem1 fluo-
rescence intensities in WT than in rsrIA/A GTs and hyphae). In
the absence of Rsrl, the clusters of Cdc42 activity that are gener-
ated contain larger amounts of Cdc42 and the localization is more
broadly distributed. This results in an inability to generate the
extremely narrow shape of GTs and a reduced ability to provide
positive feedback to the hyphal transcriptional program. As hy-
phal growth progresses, if the Rsrl-independent mechanism of
cluster formation is able to generate a sufficient focus of Cdc42
activity, which happens with greatly reduced efficiency, polarized
growth continues (Fig. 6, pathway 2); if not, tip localization of
polarity proteins is lost and the progression of polarized growth is
disrupted (Fig. 6, pathway 1). Thus, elongation of GTs does not
absolutely require an optimized focus of Cdc42 activity. However,
if an optimal Cdc42-GTP distribution is not present by the end of
the cell cycle, polarized growth will not continue. Our model is
supported by results from 2X and 3X GTs that showed a positive
relationship between increased intensity indices for Bem1-YFP
and HSG expression. In GTs, the 3X strain was the only mutant
thathad a WT Bem1-YFP intensity index, and this correlated with
a WT HSG expression profile. This suggests that in GTs, altering

Eukaryotic Cell


http://ec.asm.org

GT

C. albicans |
hyphal growth

WT
Reinforcement of
polarized growth
4=~~~
HSG
expression
rsriA/A s

Less reinforcement of
polarized growth

An Rsr1-Based Mechanism for Focusing Cdc42 in Hyphae
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FIG 6 Model of how Rsrl impacts the hyphal morphogenesis developmental program. In WT strains, Rsr1 (blue spheres) limits the amount of Cdc42-GTP
(green spheres), focuses the distribution of Cdc42 activity during germ tube growth, and maintains the localization of Cdc42 activity during mature hyphal
growth. Focused, tip-localized Cdc42 activity contributes to the induction (in GTs) and maintenance (in mature hyphae) of HSG expression, as well as
maintenance of Spk integrity (not pictured). In GT's lacking Rsr1, the amount of tip-localized Cdc42-GTP is elevated relative to the WT but is also more broadly
distributed at the hyphal tip. The diffuse localization of Cdc42 activity provides weak feedback and results in decreased HSG expression, as well as unregulated
(excessive) delivery of Spk-associated components (not pictured) to the hyphal tip. In mature hyphae lacking Rsrl, some cells can no longer localize Cdc42
activity effectively at hyphal tips (pathway 1), whereas others in the population (i.e., those with Cdc42 distributions similar to the wild type) are able to maintain
localization of Cdc42 activity, Spk integrity (not pictured), and polarized hyphal growth (pathway 2).

Cdc42 cycling in favor of the GTP-bound form compensates for
the absence of Rsr1 by increasing Cdc42 focus, which in turn pro-
vides positive feedback to the hyphal program. The increase in the
intensity index of the 3X strain may have been achieved by a cyto-
skeleton-dependent mechanism. Given the role of active Cdc42 in
directing cytoskeletal changes, holding Cdc42 in its GTP-bound
state by deletion of its GAPs could have allowed sufficient reorga-
nization of the cytoskeleton to reinforce Cdc42 activity at hyphal
tips. Indeed, mathematical models of polarization events support
the idea that altering Cdc42 cycling rates influences Cdc42 clus-
tering (44). This idea is further supported by data from the 2X
strain, where altering Cdc42 cycling in the presence of the Rsrl-
dependent focusing mechanism resulted in a hyperfocused Bem1
signal. Despite the higher-than-WT focus of 2X GTs, HSG expres-
sion remained reduced compared to the WT strain. These obser-
vations suggest that, while Cdc42 enrichment drives polarized cell
shapes in C. albicans (25), an optimized distribution of normally
cycling Cdc42, mediated in part through Rsrl activity, is required
to reinforce the hyphal transcriptional program and, potentially,
the expression of morphogenesis-associated virulence functions.
Although mature hyphae of the 3X strain exhibited a WT Bem1
intensity index, they did not completely reach WT levels of HSG
expression. There are two potential explanations for these find-
ings. First, mature 3X hyphae had a relatively small but significant
loss in the number of cells exhibiting tip-localized Bem1 signal
(Fig. 5). This is similar to the situation with the rsr1A/A strain in
that the HSG data were from a mixed population of cells and thus
could potentially contribute to the reduced HSG expression in the
total population of mature 3X hyphae. Alternatively, the reduced
HSG expression levels of mature 3X (and 2X) hyphae compared to
the WT strain could be attributed to changes in Cdc42-GTP hy-
drolysis rates. This would mean that there is an epistatic relation-
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ship between the Cdc42-GTP hydrolysis rate and the distribution
of Cdc42 activity for feedback to the hyphal transcriptional pro-
gram in mature hyphae. In WT strains, we propose that Rsr1 sup-
ports Cdc42 cycling so that Cdc42 activity achieves a focused dis-
tribution without a change in the rate of hydrolysis.

A “fine-tuned” amount and/or distribution of Cdc42 has been
proposed to be required for cells to break symmetry and generate
polarized cell shapes in the model yeast S. cerevisiae (16, 38). While
aspects of these models are still being worked out, our results
support the idea that, in C. albicans, Rsr1 is part of the mechanism
that creates the finite window of Cdc42 activity that is needed for
polarized morphogenesis of yeast, pseudohyphae, and hyphae, as
well as for maintenance of continuous hyphal growth. Thus,
CaRsrl has a larger impact on polarized growth than its ortholog
in S. cerevisiae. It is possible that an additional level of Cdc42
regulation, provided by CaRsrl, is required for the continuum of
reversible morphologies exhibited by C. albicans. C. albicans and
S. cerevisiae also differ with respect to the number of growth zones
that are simultaneously present within the cell. In budding yeast,
symmetry breaking is achieved by a “winning” Cdc42 cluster that
initiates growth of a single bud (45, 46). In contrast, C. albicans
hyphal development requires that Cdc42 be strongly maintained
at hyphal tips, even as it transiently acts at a second site (the incip-
ient septum) at septation (6). The observation that polarization
defects took place coincident with septum formation in rsr1A/A
hyphae implicates Rsr1 in limiting the competition for Cdc42 be-
tween the incipient septum and the hyphal tip. Similarly, recent
studies in the fission yeast Schizosaccharomyces pombe suggest that
there is a relationship between the competition for Cdc42 at mul-
tiple (bipolar) sites and polarized morphogenesis (17). Thus, we
propose that the role of Rsr1 in limiting Cdc42 activity might be to
serve as a mechanism that both initiates highly polarized cell
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shapes and reserves a pool of Cdc42 to maintain continuous po-
larized growth throughout C. albicans hyphal development.
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