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Phospholipase D1 (PLD1) mutants of Candida albicans are defective in important

in vivo and in vitro virulence factors. PLD1 mutants colonize the murine

alimentary tract as well as PLD1 sufficient strains. In comparison to PLD1

sufficient strains, the PLD1 mutants: (i) are unable to survive in internal organs

after intravenous challenge; (ii) do not decrease the body weights of mice after oral

challenge; and (iii) are not lethal for immunodeficient mice after oral challenge. In

vitro, the PLD1 mutants show a drastically reduced capacity to penetrate epithelial

monolayers and they fail to develop hyphae when grown on solid Spider medium.

The morphogenic switch from yeast to hyphae is controlled by multiple parallel

signaling pathways that couple specific stimuli to the regulation of several

transcription factors. Our data suggest that PLD1 functions in at least one of

these pathways regulating morphogenesis in vitro and that while the mutants are

able to form hyphae in vivo, the hyphae are defective in their ability to cause

oroesophageal and gastric candidiasis and to kill the C. albicans-colonized mice.
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Introduction

Candida albicans is the most common fungal pathogen

of humans, ranking as the fourth most common cause

of nosocomial bloodstream infections in the US [1,2].

Usually present as a harmless commensal member of

the normal microflora, C. albicans can cause significant

morbidity and mortality following a decrease in

immunocompetence. With approximately 50% of the

general population asymptomatic carriers of C. albi-

cans, the incidence of candidiasis among immunocom-

promised patient populations can be high. The

consequence of such carriage frequency is a significant

potential for infection whenever the immune system

falters. In patients with systemic candidal infections,

mortality rates are in the range of 40�/80% [3]. While

not necessarily the causative agent of this condition, C.

albicans contributes to the disease progression. In

severe cases of denture stomatitis, antibiotic treatment

is required to achieve complete recovery. Among

women of childbearing age, 75% experience at least

one episode of vulvovaginal candidiasis (VVC) [4]. One

of the most prominent virulence factors of C. albicans

is the ability to grow either in a yeast form or as

extended hyphae [5]. A polymorphic fungus, C. albi-

cans can be present in specimens as ellipsoidal yeast-

form cells or as elongated true hyphae. An intermediate

morphology, termed the pseudohypha, can also be

observed. The relative number of hyphae generally

increases when an active infection is present, providing

a correlation between hyphae and increased virulence.

The hyphae are more hydrophobic than the yeast-form

cells [6], possibly providing the hyphae with an

advantage during infection by enhancing adherence to

host tissues. The hyphae also secrete an array of

hydrolytic enzymes, such as secreted aspartyl proteases

and lipases, that can cause trauma and can facilitate
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invasion of host tissues [7,8]. Mutants that are defective

in their ability to form hyphae have been shown to
possess reduced virulence in animal models of infec-

tion; the reason for this reduction is not clear [5,9].

The enzyme phospholipase D1 (PLD1) plays a role

in the morphogenic switch from yeast to hyphal growth

[10,11]. PLD1 hydrolyzes the abundant membrane

phospholipid phosphatidylcholine (PC) to phosphati-

dic acid (PA) and choline. The PA is rapidly depho-

sphorylated to diacylglycerol (DAG) by PA
phosphohydrolase; both PA and DAG have the poten-

tial to function as signaling molecules and as modifiers

of membrane structure and function. PLD1 activity is

stimulated as yeast cells begin to form germ tubes.

Exogenous phospholipase D (PLD), in the form of

partially purified enzyme from peanut, also stimulated

this morphogenesis [10]. Homozygous pld1D mutants

failed to form hyphae on solid Spider medium but did
form hyphae in the presence of serum, confirming a

positive role for PLD1 in morphogenesis induced by

some, but not all, stimuli [11]. The PLD1-deficient

mutants exhibited significantly reduced virulence in

two strains of immunodeficient mice. No lethal infec-

tions were observed following oral inoculation of bg/bg-

nu/nu and transgenic o26 mice with 106 colony-forming

units (c.f.u.) of pld1D1 cells whereas all animals
inoculated with a similar dose of wild-type yeast cells

died within 42 days of inoculation [11]. In the present

study, the ability of pld1D mutants to establish

disseminated infections was evaluated using in-vitro

assays, an in-vitro model of oral candidiasis and an

immunocompromised mouse model system. Loss of

PLD1 activity correlated with a reduction in virulence

and, most significantly, with a decreased ability to
penetrate host tissues. Thus, PLD1 activity appears to

be important to the progression from superficial

mucosal infections to disseminated systemic infections.

Materials and methods

Yeast strains and growth conditions

Wild-type strains of C. albicans were SC5314 [12], B311

[13], and the ura3/�/ heterozygote CAF2-1 [14]; mutant

strains included pld1D1 and pld1D2 (independent

pld1::hisG/pld1::hisG-URA3-hisG transformants) [11].

CAF2-1 was originally derived from the clinical isolate

SC5314. Strain B311, which has been used extensively

in previous studies with the mouse model of candi-

diasis, is an independent clinical isolate included solely
for purposes of comparison of the present results

to those of earlier studies. Other mutant strains

included JKC19 (cph1::hisG/cph1::hisG-URA3-hisG )

and HLC52 (efg1::hisG/efg1::hisG-URA3-hisG ) (pro-

vided by Dr Julia Kohler, Massachusetts Institute of
Technology, MA). Both of these mutants have been

reported to have reduced virulence in animal systems

and fail to make hyphae that radiate from the central

colony when grown on Spider medium [15,16]. Strains

were maintained on yeast-peptone-dextrose (YPD)

agar and experimental cultures were grown on YPD

broth at 308C [17].

Animal studies

Mice. Breeding colonies of germ-free (GF) beige-

nude (bg/bg-nu/nu), beige-heterozygous (bg/bg-nu/�/ ),

and Tgo26 mice are maintained at The University of

Wisconsin Gnotobiotic Research Laboratory (Madi-

son, WI). The beige-nude mice lack functional natural

killer (NK) cells. Their phagocytic cells are defective in
lysosomal enzymes, and they lack thymus-matured T-

cells. The Tgo26 mice were generated by overexpressing

the full-length human CD3 epsilon gene in C57BL/6

xCBAJ mice [18]. Dr C. Terhorst (Harvard Medical

School, Boston, MA) supplied the mice to start a GF

colony at the University of Wisconsin. The Tgo26 mice

lack functional NK and T-cells [18].

Colonization with C. albicans. Adult (GF) beige-nude,

beige-heterozygous and Tgo26 mice were transferred

into separate GF isolators where they were colonized

(alimentary tract) by oral inoculation with a pure

culture of C. albicans. Viable C. albicans cells (106/

ml), harvested from a 24 h Sabouraud dextrose broth

culture (SDB) were swabbed onto the oral cavity and

the ano-rectal area of each mouse. By 24 h after the
oral inoculation fecal samples of the mice were positive

for C. albicans. Intestinal colonization with C. albicans

was quantified by culturing intestinal contents and

tissues from mice that were euthanized at different time

intervals after colonization with C. albicans.

Systemic candidiasis of endogenous origin . Internal

organs (kidney, liver, spleen) from euthanized mice that
had been orally associated with yeast were homoge-

nized in Potter�/Elvehjem tissue grinders (Fisher Scien-

tific, Pittsburgh, PA) that contained 5 ml sterile distilled

water. The homogenized tissues were serially diluted

and plated onto SDA. Colonies that developed in 24 h

were used to estimate the viable C. albicans in the

tissues. [19]

Acute systemic candidiasis. Mice received intravenous

(i.v.) injections into the ophthalmic plexus [20] and were

euthanized at various time intervals after i.v. challenge.
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The spleen, liver, and kidneys of each mouse were

homogenized separately in Potter�/Elvehjem tissue
grinders that contained 5 ml sterile distilled water.

Aliquots (100 ml) of serial dilutions from each homo-

genized tissue were inoculated onto Sabouraud dex-

trose agar (SDA) plates and incubated at 378C for 24 h.

A second aliquot of each sample (1 ml) was dried to

constant weight; this dried material was used to

standardize the sample sizes. Colonies that developed

were counted and used to estimate the number of C.

albicans per gram dry weight of tissue.

Histopathology. C. albicans -colonized mice were re-

moved from the gnotobiotic isolators at several time

intervals after oral colonization. Tissue samples were

aseptically collected from the tongue, palate, esopha-

gus, stomach, small intestine, large intestine, vagina,

spleen, liver and kidneys. Tissues were fixed in 10%
formaldehyde in phosphate buffered saline (PBS). The

tissues were processed in graded (100, 95, 80 and 70%)

alcohol and xylene solutions and embedded in paraffin.

Sections of tissues were cut (5 mm), placed on glass

slides, and stained with hematoxylin�/eosin and Go-

mori methenamine silver stains. For infected tissues,

histopathological preparations consisting of two long-

itudinal sections per specimen and three fields per
section were ranked in a blinded manner for candidiasis

by a clinical pathologist (Dr T. Warner). Ratings per

high-power field (HPF;�/400) were as follows: (0) no

C. albicans detected; (1) 1�/10 C. albicans, inclusive of

yeast cells and distinct hyphae; (2) 10�/50 C. albicans ;

(3) 50�/100 C. albicans ; and (4) confluent C. albicans.

The tissues subjected to analysis were from the tongue,

hard palate, esophagus, and stomach. The four tissue
scores from each animal were combined and used to

generate the graph in Fig. 2.

RHE infection model . The analysis of the virulence

properties of the pld1D mutants was performed using a

reconstituted human epithelium (RHE) model of oral

candidiasis [21]. Briefly, RHE, supplied by SkinEthic

Laboratories (Nice, France) was cultured in modified
MCDB-153 medium containing 5 mg/ml insulin with-

out antibiotics or antimycotics. The RHE was infected

with 2�/106 yeast cells that had been grown in YPD,

washed, and resuspended in phosphate buffered saline.

Infected RHE was incubated at 378C with 5% CO2 at

100% humidity. Samples were taken at 36 h post-

inoculation and processed for microscopy as described

[21].

In-vitro invasion assay. HT-29 cells are human gut

epithelial cells derived from a colon adenocarcinoma

[22]. They were grown at 378C in 5% CO2 in McCoy’s

5A medium (Gibco-BRL, Vista, CA) supplemented
with 10% fetal bovine serum (FBS; Gibco-BRL, Vista,

CA). Confluent monolayers of HT-29 cells were pre-

pared in Transwell plate inserts (6.5 mm diameter) with

pore size of 3 mm (Corning Costar, Cambridge, MA).

After fresh McCoy’s 5A medium supplemented with

FBS was added to each plate insert, yeast cells in water

(1�/103 per insert) were added and incubation was

continued for an additional 24 h. At that time, cells on
the top of the porous membrane were removed by

gently scrubbing with a cotton-tip applicator. Hyphal

cells that had penetrated the monolayer and porous

membrane were stained with crystal violet, destained

with deionized water, and photographed. Samples of

yeast cells from the medium above the monolayer were

taken and photographed as well. Photographs were

taken with a Polaroid MicroCam SLR camera.

In-vitro adherence assay. The ability of yeast cells to

adhere to human epithelial cells was assessed with an

immunological assay. The density (cells/ml) of yeast

cells grown in YPD at 308C was determined by direct

microscopic enumeration. Yeast cells (1�/106) were

then added separately to confluent monolayers of each

of two cell lines: HT-29 cells that had been grown at
378C in 5% CO2 in McCoy’s 5A medium supplemented

with 10% FBS and A549 cells [23] that had been grown

at 378C in 5% CO2 in Dulbecco’s Modified Eagle

Medium (DMEM; Gibco-BRL, Vista, CA) supplemen-

ted with 2 mmol/l glutamine and 10% FBS. This

procedure was carried out in 24-well tissue culture

plates, and was followed by centrifugation at 300 r.p.m.

for 10 min and a 30-min incubation at 308C. Non-
adherent cells were removed by washing wells with 1�/

PBS containing 3% bovine serum albumin (BSA).

Rabbit antiserum against C. albicans serotype A (Difco

Laboratories, Detroit MI), diluted 1:300 in 1�/PBS�/

3% BSA, was incubated with the adherent cells for 30

min at 308C. The wells were washed with 1�/PBS�/3%

BSA and then alkaline phosphatase-conjugated anti-

rabbit secondary antibody was added for 30 min at
308C. p -Nitrophenylphosphate (1 mg/ml in 50 mmol/l

Tris-Cl pH 8.8/1 mmol/l MgCl2; 1 ml per well) was

added and color was allowed to develop for 30 min at

308C, followed by measurement of absorbance at 450

nm (A450) to quantitate the production of p -nitrophe-

nol. Control experiments using known numbers of cells

demonstrated that the assay was linear with respect to

the number of C. albicans cells over the ranges used in
these assays (data not shown). To measure the adher-

ence of hyphal cells, C. albicans cells were induced to

form hyphae in YPD by temperature induction at 378C
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for 120 min; microscopic examination confirmed that

at least 90% of the cells were hyphae. Duplicate samples
were assayed in each of at least three independent

experiments.

Statistical methods

Except for the histopathology data, statistical analyses

of the data were performed with SigmaStat software

(SPSS Science, Chicago, IL). Student’s t-test was used

to determine statistical significance of differences

between control and experimental groups. A P B/0.05

was considered significant. Histopathology data were

analyzed according to the method of Kruskal�/Wallis

with Dunn’s multiple comparison test using GraphPad
Prizm 3.0 software (Graphical Software Inc., San

Diego, CA).

Results

Colonization and adherence

It has been demonstrated that loss of PLD1 reduces
virulence in mouse models of candidiasis [11]. To

determine the reason for the reduced virulence, indivi-

dual aspects of infection were examined. One of the

first events in the establishment of an infection is the

colonization of host tissues. The ability of the pld1

mutant to colonize the alimentary tract of gnotobiotic

mice was measured in Tgo26 and bg/bg-nu/nu mice. As

shown in Table 1, the pld1D1 mutant was able to
colonize the cecum as efficiently as the wild type;

similar results were obtained from additional sites

along the alimentary tract (data not shown), indicating

that the mutant was capable of colonization of host

tissues. The number of recoverable c.f.u. differed

slightly between some of the strains of yeast but the

differences did not have statistical significance. Thus,

the decreased lethality is not due to an impaired ability

to colonize the alimentary tract following oral chal-

lenge.

Association of germ-free animals with virulent

strains of C. albicans results in loss of body weight.

Therefore, we examined weight loss following oral

colonization with strains of C. albicans (Table 2).

Immunodeficient bg/bg-nu/nu mice (8�/12 weeks old)

were colonized with B311, SC5314 or CAF2-1 wild-

type yeasts or pld1D1 mutant yeasts for 2�/3 weeks

(three to 10 mice per group). Mice colonized with wild-

type strains had body weights significantly lower than

those of the germ-free control mice. In contrast, the

weight of bg/bg-nu/nu mice colonized with pld1D1 cells

was the same as that of the germ-free controls. While

capable of colonization of the alimentary tract as well

as wild-type cells, pld1D1 cells had no adverse affect on

the ability of mice to feed and to maintain body weight.

The adherence of microorganisms to host tissues is

an important step in colonization and infection of a

host. Therefore, the adherence of the pld1D1 mutant to

monolayers of mammalian cells was compared to that

of CAF2-1 wild-type cells. An immunological assay

using an antiserum specific for C. albicans serotype A

was used to measure adherence of both yeast and

hyphal cells from both strains. No significant differ-

ences (P �/0.1) were found between the adherence

levels of wild type and mutant cells to monolayers of

gut (HT-29) or lung (A549) epithelial cells (Fig. 1).

Regardless of the presence or absence of PLD1 activity,

significantly more hyphal cells than yeast cells adhered

to the epithelial cells (P B/0.003). Quantitatively similar

results were obtained when adherence to several brands

of resilient denture liner material was measured (data

not shown).
Table 1 Cecal colonization of immunodeficient mice by Candida

albicans following oral colonization

Mouse

strain

C. albicans

strain

No. of

mice

log10 c.f.u. a/g

(dry wt) cecal

contents

bg/bg-nu/�/ SC5314 4 8.29/0.2

pld1D1 6 8.39/0.1

bg/bg-nu/nu B311 10 8.49/0.1

SC5314 6 7.89/0.2

CAF2-1 6 8.29/0.1

pld1D1 6 8.19/0.1

Tgo26 B311 17 8.49/0.1

SC5314 6 8.29/0.1

CAF2-1 6 8.29/0.1

pld1D1 6 8.19/0.2

ac.f.u., colony-forming units.

Table 2 Loss of PLD1 activity inhibits capacity of Candida albicans

to cause weight loss following oral colonization

C. albicans strain Body wt (g)

9/SD

% weight lossa

None (germ-free control) 19.89/0.8

B311c 15.59/0.6b 22b

SC5314c 13.69/0.6b 31b

CAF2-1d 14.69/0.7b 27b

pld1D1e 20.49/0.4

a% loss body weight compared to age-matched germ-free controls.
bSignificant (P B/0.05) decrease in body weight after colonization.
cMice were moribund 14�/21 days after colonization. dMice were

moribund 7�/14 days after colonization. eMice remained healthy for

up to 42 days.
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Dissemination to major organs

Candida albicans can commensally colonize the ali-

mentary tract of immunocompetent hosts without

causing disease. In order to cause a systemic infection,

the cells must be able to disseminate to other major

organs such as the liver, kidneys, and spleen. The ability

of pld1D1 cells to disseminate following inoculation via

the ophthalmic plexus was determined. Three days

after i.v. inoculation of immunodeficient Tgo26 mice

with 104 c.f.u., the mice were killed and the number of

viable cells recovered per gram dry weight of kidney

tissue was assessed by plate counts. Mice infected with

SC5314 or CAF2-1 cells developed acute renal candi-

diasis (4.99/0.1 and 2.79/0.1 log10 c.f.u./g kidney,

respectively). In contrast, the pld1D1 cells were not

able to cause acute renal candidiasis as determined by

the failure to recover any viable C. albicans from the

kidney tissues.

A more extensive evaluation of dissemination was

obtained by histopathological examination of a number

of tissues from orally colonized mice (Fig. 2). No

pld1D1 cells were detected in any of the tissue samples

examined from bg/bg-nu/�/ mice, resulting in drasti-

cally lowered histopathology scores (HPS) relative to

those assigned to mice that had been infected with wild

type SC5314 cells (data not shown). A more extensive

histopathological analysis was performed with Tgo26

mice. Three different wild-type strains were tested and

all yielded average HPS]/2.5. Two independently-

constructed pld1 mutants, pld1D1 and pld1D2 , yielded

HPS of 0.9 and 1.5, respectively. Mice were also

infected with efg1D cells: efg1D mutants are defective

in hypha formation under most environmental condi-

tions and have significantly reduced virulence in a

number of model systems. The HPS for the efg1D-

infected mice was 0.8, consistent with the scores

obtained with pld1D mutants. The HPS for pld1D1

and pld1D2 were not significantly different from each

other (P �/0.05) or from that of efg1D (P �/0.05). The

HPS for pld1D1 , pld1D2 , and efg1D were significantly

different from those of the isogenic wild-type strain

CAF2-1 (P B/0.001 for pld1D1 and efg1D and P B/

0.01 for pld1D2 ). The inability to disseminate to kidney

and the reduced HPS for oropharyngeal and gastric

tissues revealed the potential defect in the pld1D1 strain

that could be responsible for the previously reported

decrease in virulence [7], namely reduced ability to

penetrate host tissues.

Histological evaluation of tissue penetration

The lack of systemic candidiasis and lethality possibly

resulting from a reduced ability to penetrate host

tissues was investigated in three separate assays. The

ability of the mutant cells to invade an in-vitro model of

an organized, multilayered structure was assessed using

the RHE model of oral candidiasis [21] as outlined in

Methods, above. Thin sections of RHE that had been

infected with wild type CAF2-1 or pld1D1 mutant cells

were prepared 12 and 36 h after inoculation. No

differences were detected in the histology of the RHE

regardless of the strain used (data not shown). Both

were capable of bringing about erosion of the surface

layer, vacuolation within the entire structure, and

penetration of fungal cells throughout the structure.

The results indicate that the mutant retains some ability

to invade keratinized tissues in vitro.

Fig. 1 Adherence of wild-type (CAF2) and pld1D1 mutant cells to

lung (A549) and gut (HT-29) epithelial cells. The A450 correlates with

the relative number of cells bound to the cells. Error bars indicate the

standard error of the mean from at least three independent assays

based on duplicate samples.

Fig. 2 Combined histopathology scores (HPS) of infected tissues

(tongue, palate, esophagus, stomach) from orally colonized mice.

Mice had been orally colonized for 4�/6 weeks. The horizontal bars

indicate the mean HSP for each strain. Homogenates of kidney, liver,

and spleen from these orally colonized mice were negative for viable

Candida albicans, indicating the absence of systemic candidiasis of

endogenous (alimentary tract) origin, regardless of the strain of yeast

used.
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To study the invasion of host tissues in another

controlled environment, the ability of strains to pene-
trate a monolayer of gut mucosal epithelial cells in

culture was examined. A confluent monolayer of HT-

29 cells was grown on a support consisting of a

membrane with pores 3 mm in diameter. The ability

of strains to penetrate the monolayer was revealed by

the appearance of hyphae growing on the underside of

the porous support. Such growth was seen with wild

type CAF2-1, pld1D1 , cph1D , and efg1D cells; iden-
tical results were obtained with the pld1D2 mutant

(data not shown). The cph1D cells were included as a

control because these cells share some of in-vitro

phenotypes with pld1D cells, primarily the lack of

hyphae on Spider medium; [11]. They retain, however,

the ability to form hyphae in vivo, and they are virulent.

The efg1D cells were included as controls because they

do not form hyphae, a trait linked to their attenuated
virulence. Fig. 3 shows crystal violet-stained hyphae

that have grown through the HT-29 monolayer and its

porous support. While the wild type cells were able to

penetrate readily and formed numerous hyphal foci

(Fig. 3B), the pld1D cells were not able to penetrate and

formed only isolated hyphal foci composed of short

hyphal filaments (Fig. 3C). The cells lacking Cph1p

(Fig. 3D) or Efg1p (Fig. 3E) were similarly defective in
the ability to penetrate the HT-29 monolayer. The

morphology of yeast cells present in the medium above

the HT-29 monolayer was examined and, except for the

efg1D cells, all strains were able to form hyphae during

the experiment (Fig. 3F�/I). The results of the RHE

assay and the HT-29 penetration assay suggest that the

ability of pld1D mutants to invade and penetrate host

tissue is dependent upon the specific nature of the
experimental conditions. At this point the relevant

differences between the two experimental systems are

not known, but the different growth media used in each

experiment constitute one likely source of differences in

the results. The different media could alter, for example,

cell surface adhesion molecules that mediate attach-

ment of fungal cells or that influence the strength of the

mammalian cell-to-cell junctions. The difference in
penetration could also reflect differences in the re-

sponse of the fungal cells to particular types of

mammalian cells. The pattern of expression of secreted

aspartyl proteinase (SAP ) genes in C. albicans is

known to vary depending upon the in vitro model

system used in the analysis [21,24,25].

In connection with the possibility of differential

invasion capabilities, as mentioned above, orally colo-
nized mice were killed and tissue sections were prepared

and examined by a pathologist (Fig. 4). The histologi-

cal data reveal that the pld1D mutants were capable of

colonizing keratinized tissue but could not effectively

colonize other types of tissues, such as lamina propria.
This tissue layer is composed of secretory tissue, and it

underlies the keratinized layer of the stomach. No

viable fungal cells were recovered upon examination of

other major organs. Thus neither wild type nor mutant

cells, upon being introduced orally, were able to

disseminate from the alimentary tract to initiate a

systemic candidiasis of endogenous origin. The fungal

structures in the tissues consisted of both yeast-form
cells and hyphae (Fig. 4). Thus, the complex in-vivo

milieu of stimuli was sufficient to induce and maintain

the switch in morphology. In spite of the normal

appearance of the hyphae, the mutant cells still failed

to establish a lethal infection.

Discussion

The mechanisms by which C. albicans causes dissemi-

nated, life-threatening infections are the subject of

intense research. Numerous studies have implicated

the ability to form hyphae as one of the most significant

virulence factors. Previous work [11] has demonstrated

that mutants lacking PLD1 activity fail to form hyphae

under specific laboratory conditions and exhibit dras-

tically reduced virulence in animal models. The results
presented here indicate that, while retaining the ability

to form hyphae in vivo, pld1D mutants exhibit drama-

tically reduced virulence. The loss of PLD1 activity

does not impair the ability of the cells to colonize the

alimentary tract or to adhere to epithelial cells. Rather,

the decrease in virulence appears to be due to a reduced

ability to penetrate layers of epithelial cells. The specific

hyphal defect responsible for the decreased penetration
has not been determined.

In vivo, the pld1D mutants are exposed to multiple

signals that can induce morphogenesis, leading to the

activation of PLD1-dependent as well as independent

pathways. It is the activation of these independent

pathways that leads to the induction of the hyphal

growth pattern in tissues. The defect in tissue penetra-

tion and the associated avirulence suggest that not all
hyphae are the same physiologically. Multiple parallel,

and at least partially independent, pathways respond to

the complex signals encountered by the pathogen as it

grows within its host [26]. While all of these pathways

result in the formation of a common hyphal morphol-

ogy, the resulting hyphae are not necessarily function-

ally identical. Each pathway regulates a set of specific

responses and hyphal development is a common feature
of each set. In the case of the pld1D mutants, the cells

are able to respond to PLD1-independent signals to

induce hyphal growth but they fail to trigger the PLD1-
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dependent responses necessary for tissue invasion. A

reduced ability to penetrate a layer of epithelial cells is a

hallmark of mutations in genes encoding proteins of

many different types that are differentially expressed in

connection with differences in cellular morphology and

infection status. Examples of such genes are those

Fig. 3 Penetration of epithelial cells

grown in culture on a microporous

membrane support. (A�/E) Underside

of porous membranes showing hyphae

that have penetrated the HT-29 cell

monolayer: (A) No yeast cells; (B)

CAF2-1; (C) pld1D1 ; (D) cph1D ; (E)

efg1D . (F�/I) Candida albicans cells from

the medium above the HT-29 monolayer:

(F) CAF2-1; (G) pld1D1 ; (H) cph1D ; (I)

efg1D . Cells were visualized by staining

with crystal violet.
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encoding the SAP, lipid hydrolases and cell surface

proteins that mediate adherence to host cells. A role for
PLD1 in a signaling pathway that regulates the

expression of a set of such factors would explain the

lack of virulence of the pld1D mutants.
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