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ABSTRACT
TUP1 encodes a transcriptional repressor that negatively controls filamentous growth in Candida albicans.

Using subtractive hybridization, we identified six genes, termed repressed by TUP1 (RBT), whose expres-
sion is regulated by TUP1. One of the genes (HWP1) has previously been characterized, and a seventh
TUP1-repressed gene (WAP1) was recovered due to its high similarity to RBT5. These genes all encode
secreted or cell surface proteins, and four out of the seven (HWP1, RBT1, RBT5, and WAP1) encode
putatively GPI-modified cell wall proteins. The remaining three, RBT2, RBT4, and RBT7, encode, respec-
tively, an apparent ferric reductase, a plant pathogenesis-related protein (PR-1), and a putative secreted
RNase T2. The expression of RBT1, RBT4, RBT5, HWP1, and WAP1 was induced in wild-type cells during
the switch from the yeast form to filamentous growth, indicating the importance of TUP1 in regulating
this process and implicating the RBTs in hyphal-specific functions. We produced knockout strains in C.
albicans for RBT1, RBT2, RBT4, RBT5, and WAP1 and detected no phenotypes on several laboratory media.
However, two animal models for C. albicans infection, a rabbit cornea model and a mouse systemic infection
model, revealed that rbt1D and rbt4D strains had significantly reduced virulence. TUP1 appears, therefore,
to regulate many genes in C. albicans, a significant fraction of which are induced during filamentous
growth, and some of which participate in pathogenesis.

C andida albicans is a commensal resident of human or adhesiveness to host cells, others have no known
mucosal surfaces and is a frequent cause of oppor- function. In addition to their functional characteristics,

tunistic infections, some of which can be life threatening the accessibility of cell wall proteins makes them useful
(Odds 1988, 1994a; Dupont 1995). Several features of targets for sensitive diagnostic tests and some simple
C. albicans have been implicated as virulence characteris- therapeutic approaches.
tics and, with the advent of molecular genetics in this We recently characterized a gene, TUP1, whose dele-
organism, several of these features have been tested tion causes C. albicans to grow in a constitutively fila-
directly by the deletion of relevant genes. One such mentous state (Braun and Johnson 1997). TUP1’s or-
characteristic is the capacity of C. albicans to grow both thologue in the model yeast, Saccharomyces cerevisiae, has
in a single-celled yeast form (the blastospore) and in a been studied extensively and encodes part of a transcrip-
spectrum of filamentous (hyphal) forms (Corner and tional repression complex that is brought to promoters
Magee 1997; Gow 1997; Lo et al. 1997; Kobayashi and by regulated DNA-binding proteins (Keleher et al.
Cutler 1998; Mitchell 1998). Other characteristics 1992). This complex participates in many separate path-
thought to be critical to pathogenesis are adhesiveness ways of S. cerevisiae that are regulated in response to
to host cells, secretion of degradative enzymes such as environmental or other conditions (Carrico and Zito-
proteases and phospholipases, and interactions with the mer 1998; Proft and Serrano 1999). We therefore
immune system (Odds 1994b; McCullough et al. 1996; proposed that, in C. albicans, TUP1 encodes a repres-
Fukazawa and Kagaya 1997). sor of genes whose expression generates filamentous

Interactions between pathogens and their mamma- growth. Several questions arose from this hypothesis.
lian host are typically mediated by molecules that are One is whether, in C. albicans, TUP1 participates in any
either secreted or displayed on the cell wall. The cell pathways other than filamentous growth. If not, then
wall of C. albicans is dynamic, displaying several proteins TUP1’s own expression might be modulated for regula-
whose abundance changes dramatically under different tory effect, in contrast to the situation in S. cerevisiae,
growth conditions (Chaffin et al. 1998). Several hyphal- where regulation acts on the DNA-binding proteins that
specific cell wall proteins have been characterized and, bring Tup1p to selected promoters. A second question
while some have been assigned roles in cell wall integrity concerns the nature of the switch from budding to fila-

mentous growth. Does TUP1 repress one key gene that
generates filamentous growth, or does it repress a variety
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an agarose gel that represented molecules that were overrepre-relate to other pathways known to influence filamentous
sented in the original target pool.growth and to the normal process of filamentous growth

T/A ends were generated on pBS SK1 vector DNA with
control in wild-type cells? We address aspects of each Taq polymerase and ligated to size-selected PCR products.
of these questions in this article, although the final Random clones were picked and their inserts were amplified

by PCR; the products were made into probes and hybridizedquestion is dealt with in more detail in a related article
either to Northern blots of electrophoretically separated origi-(Braun and Johnson 2000).
nal total SC5314 and BCa2-10 RNA or to slot blots (AusubelSince deletion of TUP1 causes filamentous growth in
et al. 1992) containing a filamentous growth series of total

the absence of any environmental inducing signal, the RNAs prepared from a MAL2→TUP1 expression strain (BCa5)
tup1D strain is a useful tool for the study of filamentation or wild-type SC5314 treated with serum, as described in Figure

1. Church hybridization conditions were used throughoutin C. albicans. Filamentous tup1D cells can easily be
(Church and Gilbert 1984). These blots were evaluated forgrown in culture and studied in parallel, under the same
differential expression, and promising clones were partiallygrowth conditions, with their wild-type counterparts in sequenced.

the blastospore (single-cell) state. To find genes down- Cloning and sequencing of novel genes: Positive clones con-
stream of the TUP1 repressor that are responsible for tained only small amounts of C. albicans sequence information,

so a l library was used to isolate full-length genes. Typically,generating the tup1D phenotype or otherwise partici-
several overlapping clones were isolated, and these were re-pate in tup1D-dependent filamentous growth, we used
striction mapped to find their regions of interest. One clonea cDNA subtraction method to isolate genes overex- was selected for sequencing by primer walking, and both

pressed in the tup1D strain compared to a wild-type strands of the open reading frame (ORF) were sequenced.
strain. Several genes, all of which encode cell surface Only one clone, WAP1, was not fully contained on one library

clone; therefore its sequence is a composite from two overlap-or secreted proteins, were identified by this procedure,
ping clones. The selection of single clones is significant be-and nearly all were induced in wild-type C. albicans by
cause, as a constitutive diploid, genes in C. albicans have two

conditions that promote filamentous growth. In this alleles that are often different, constituting natural heterozy-
article, we describe their isolation and characterization, gosity (Scherer and Magee 1990). Sequences are deposited

in GenBank under the accession numbers listed in Figure 3.and the phenotypic analysis of the respective deletion
Sequence analysis was performed with DNA Strider (Kyte-mutants, in both laboratory culture and animal models

Doolittle hydrophobicity analysis, translations for presenta-of C. albicans infection.
tion, and miscellaneous analysis) and the GCG package
(Pileup for multiple sequence alignments, Gap for pairwise
alignments and identity values, and SignalScan for signal se-
quence identification). Multiple sequence alignments are pre-MATERIALS AND METHODS
sented through SeqVu (Garvan Institute).

Strains and media: The strains used are listed in Table 1. Deletion of novel genes: The techniques of Fonzi and Irwin
BCa7-9 carries the long allele of RBT1, while BCa7-10 carries (1993) were used with slight variations. PCR primers were
the shorter allele. Standard media YPD and SD (Guthrie and designed to amplify a pair of 0.4- to 1.0-kb regions flanking
Fink 1991) were used for most strain growth and maintenance, each open reading frame. These flanks were then cloned into
and the filamentous growth media cornmeal agar (Difco, De- the vector pBB510 (derived from pMB-7; Fonzi and Irwin
troit; Vidotto et al. 1986) and Spider (Liu et al. 1994) have 1993), placing one on either side of the hisG-URA3-hisG cas-
been described. sette. The PCR primers were typically designed to contain the

Representational difference analysis: RNA was prepared by following restriction sites: upstream flank, SphI on upstream
a hot phenol protocol (Ausubel et al. 1992) from C. albicans and BglII on downstream side; downstream flank, NsiI on
strains SC5314 and BCa2-10, grown in YPD at 308 to OD600 of upstream and Asp 718 on downstream side. After the PCR
0.7 from a low inoculum. To achieve rough homogeneity for products were cut with the appropriate enzymes, these ends
OD600 readings, the filamentous tup1D cultures were vigorously enabled a four-way ligation into quadruply cut and phospha-
mixed prior to sampling and the cells were then mixed in the tase-treated pBB510. The selection of either set of enzymes
cuvette by pipette aspiration immediately before reading. A for the vector restriction cuts (SphI, BamHI, NsiI, Asp 718, or
total of 200 ml of cells were harvested, 4.35 and 3.05 mg of SphI, PstI, BglII, Asp 718) allowed the relative direction of the
RNA were obtained, respectively, and 2 mg of total RNA was hisG-URA3-hisG cassette and the flanks to be reversed during
used for poly(A) selection using an Oligotex kit from QIAGEN the ligation, yielding two disruption plasmids for each target
(Chatsworth, CA). Approximately 12.5 and 13.9 mg of poly(A) gene.
RNA were isolated, respectively. Five micrograms of one of the resulting plasmids was cut to

To isolate differentially expressed gene fragments, the release the entire cassette (SphI to Asp 718), phenol-extracted,
CLONTECH (Palo Alto, CA) PCR-Select cDNA subtraction ethanol-precipitated, and transformed into C. albicans strain
kit, which is based on representational difference analysis CAI4 to integrate into, and therefore replace, the first allele
(Hubank and Schatz 1994) was used according to its direc- of the selected gene. PCR primers residing outside of the
tions. Briefly, double-stranded cDNA was synthesized from the cloned gene flanks were used in conjunction with primers
target (tup1D) and driver (SC5314) RNA samples and cut into directed against hisG in analytical PCR to verify the junctions
fragments. Target samples were split in two, ligated to different of each new integrant, and correct integrants were plated on
adapters, and then put through two hybridizations. A quick 5-fluoroorotic acid 1 uridine to select for loss of URA3 by
self-hybridization with excess driver cDNA removed the most intralocus recombination between the tandem hisG repeats.
abundant molecules, after which the two target pools were A second cycle of transformation was then performed with
combined and a more exhaustive hybridization was carried the opposite-orientation disruption plasmid, which yielded a
out to provide substrates for target-specific PCR. After 42 cycles set of integration junctions distinguishable by PCR from those

of the original integration event. Absence of the wild-typeof nested PCR, a heterogeneous smear of DNA was seen on
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33TUP1-Regulated Genes

TABLE 1

C. albicans strains used in this study

Strain Abbrev. Parent Genotype Source

SC5314 wt Fonzi and Irwin (1993)
CAF2-1 wt SC5314 uraD::imm434/URA3 Fonzi and Irwin (1993)
CAI4 ura3D CAF2-1 ura3D::imm434/ura3D::imm434 (termed Fonzi and Irwin (1993)

“ura3D/ura3D” below)
BCa2-10 tup1D CAI4 tup1D::hisG/tup1D::p405-URA3 ura3D/ura3D Braun and Johnson (1997)
BCa5 MAL→TUP1 BCa2-9 tup1D::hisG/tup1D::hisG, mal3::p455- Braun and Johnson (1997)

MAL→TUP1-URA3 ura3D/ura3D
BCa7-4 rbt1D CAI4 rbt1D::hisG/rbt1D::hisG-URA3-hisG This work

ura3D/ura3D
BCa7-6-1 rbt1D:RBT1 CAI4 rbt1D::hisG/rbt1D::hisG::p549-URA3-RBT1 This work

ura3D/ura3D
BCa7-9 RBT1/rbt1 CAI4 RBT1/rbt1D::hisG-URA3-hisG ura3D/ura3D This work
BCa7-10 rbt1/RBT1 CAI4 rbt1D::hisG-URA3 -hisG/RBT1 ura3D/ura3D This work
BCa11-1 RBT4/rbt4 CAI4 RBT4/rbt4D::hisG-URA3-hisG ura3D/ura3D This work
BCa11-3 rbt4D CAI4 rbt4D::hisG/rbt4D::hisG-URA3-hisG ura3D/ This work

ura3D
BCa15-2 rbt2D CAI4 rbt2D::hisG/rbt2D::hisG-URA3-hisG ura3D/ This work

ura3D
BCa18-2 rbt5D CAI4 rbt5D::hisG/rbt5D::hisG-URA3-hisG ura3D/ This work

ura3D
BCa17-4 wap1D CAI4 wap1D::hisG/wap1D::hisG-URA3-hisG ura3D/ This work

ura3D

wt, wild type.

gene was also verified by PCR at this point (Figure 1). This use as inoculum in the rabbits, was grown by inoculating 25
ml of YPD with 100 ml of the stored culture and incubatingstrain, with one URA3 gene integrated in the genome, was

used for all further phenotypic characterization. The following on a shaker at 200 rpm overnight at 308. A thick paste of
budding yeast was prepared by centrifuging the YPD cultureintervals were deleted: RBT1, from 17 bp into the predicted

ORF to 41 bp before its end; RBT2, from 60 bp into the at 2500 3 g for 5 min and pouring off the supernatant. The
tube was left inverted until it was used so that it could drainpredicted ORF to 55 bp beyond its end; RBT4, from 44 bp

inside the predicted ORF to 64 bp before its end; RBT5, from thoroughly.
Three rabbits were inoculated with each of the five strains24 bp before the beginning of the predicted ORF to 29 bp

inside its end; WAP1, from 1 bp before the start of the pre- studied. Under general and local anesthesia, the nictitating
membrane was removed and the central 7 mm of cornealdicted ORF to 424 bp before its end. Details of the oligonucleo-

tides used and the plasmids constructed are available on re- epithelium was removed from the right eye of each rabbit.
Fifty microliters of “bud paste” was placed on the debridedquest.

Pathogenesis studies in rabbit corneas: Strains of C. albicans cornea and a contact lens was placed over the inoculum. A
temporary tarsorrhaphy was done to prevent extrusion of thewere maintained at 2708 in YPD broth to which glycerol (5 ml

glycerol in 25 ml YPD) had been added. Budding yeast, for contact lens. The tarsorrhaphy sutures, contact lens, and any
residual inoculum were removed after 1 day. After a total of
6 days, the rabbits were killed, and their corneas were excised
and divided in half for quantitative isolate recovery and histol-
ogy studies.

Postmortem tissue dissection: Rabbits were killed by rapid
intravenous injection of euthanasia solution containing so-
dium pentobarbital (Sleepaway; Fort Dodge Laboratories, Fort
Dodge, IA). The infected corneas were removed at the limbus
and bisected longitudinally. One-half of the cornea was used
for quantitative isolate recovery and the other half was fixed
in formalin for histology.

Quantitative isolate recovery: One corneal half from each
rabbit was cut into small pieces, placed into 3 ml of sterile

Figure 1.—PCR verification of the disruption of RBT1. normal saline in a sterile test tube, and ground for three 10-
Primer pairs specific to each of the four desired junctions of sec intervals with a Tissumizer (Tekmar, Cincinnati). Serial
the disrupted locus were used in PCR reactions (a–d, g–j, and 10-fold dilutions of the corneal suspension were done in sterile
m–p) that used transformed cells (as noted above) as template normal saline and three 100-ml samples from each dilution
material. Lanes e, f, k, l, g, and r show PCRs prepared with were spread with a glass rod over the surface of Sabouraud’s
primers specific to the intact RBT1 gene. The lack of specific dextrose agar plates. The plates were incubated until the colo-
products in lanes k, l, q, and r provides additional evidence nies were easily countable. The set of three plates with between

10 and 100 colonies was counted and used to estimate thethat the RBT1 has been disrupted in these strains.
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total number of colony-forming units present in each infected killed if moribund, in accordance with UCSF humane treat-
ment guidelines. The number of mice surviving through thecornea.

Histology: For each cornea, a single 5-mm, paraffin-embed- day was recorded for each group.
ded section was cut from the midcornea. The section was
stained with periodic acid-Schiff’s reagent and counterstained
with fast green stain. Micrographs were taken with an Olympus RESULTSBH-2 microscope with a 320 objective and 32.5 photo eye-
piece. We used a differential cDNA subtraction technique

Hyphal penetration: Pictures were taken of one entire cor- patterned after representational difference analysisneal section from each infected cornea with an Olympus PM-
(Hubank and Schatz 1994) to isolate genes under20 exposure control unit attached to an Olympus BX-40 micro-
TUP1 regulation. For this analysis, tup1D and wild-typescope. The final magnification was 3150, which allowed us

to mark the hyphal ends and measure the corneal thickness cells were grown under identical noninducing condi-
and hyphal length with a ruler for each observation of a hypha tions (YPD) and formed, respectively, filaments and sin-
and calculate the depth of penetration as a percentage of gle budding blastospores (Braun and Johnson 1997).corneal thickness. All hyphae were assumed to originate at

Since TUP1 encodes a transcriptional repressor, excessthe outside corneal surface at the site of inoculation. The
wild-type cDNA was subtracted from experimental tup1Dfungal biomass was calculated by multiplying the mean depth

of penetration by the number of hyphae observed in each cDNA to yield cDNAs that were overrepresented (dere-
section and averaging over all three rabbits. pressed) in the mutant cells. Representatives of the re-

Statistics: The data were analyzed using SAS version 6.12 sulting products were tested for differential expressionusing the Windows NT operating system. First, the depth of
by hybridization to blots of C. albicans total RNA. Initialhyphal penetration data for each rabbit was analyzed to deter-
Northern blots contained the input RNAs, to screen themine the mean number of observations, mean depth of pene-

tration, quartile depth of penetration, and biomass. These clones for overexpression in tup1D cells vs. wild-type
data were then analyzed along with the isolate recovery data cells. Of a total of 150 clones tested, 75 displayed greater
and the clinical evaluation data. Due to the nature of the expression by this assay. Subsequent slot blots posed aclinical scoring system and the small number of rabbits in

further question: is the represented gene also inducedeach group, the data were analyzed by the method of least
during filamentous growth in wild-type cells treated withsquares to fit general linear models.

Pathogenesis studies in mice: Strains of C. albicans were first serum and, if so, with what kinetics (Figure 2, h–m)?
verified for their general health by testing their growth rates Of 66 clones that were tested against slot blots, 47 ap-
(in YPD), which were equivalent for all strains, except for peared to be induced in wild-type cells undergoing fil-tup1D. The tup1D strain was grown in SD plus glycerol to keep

amentous growth. These results indicated that theits filament length to a minimum to allow injection. Wild-type
screen was successful in isolating TUP1-regulated genescells grew very poorly in this medium and therefore could not

be used as a control. For injection into mice, cultures were and also suggested that most of the genes downstream
grown in YPD to an OD600 of 1 and then harvested and washed of TUP1 repression are induced during filamentous
once or twice in sterile saline solution (0.9 m NaCl) at room growth.temperature. Cells were counted with a hemacytometer and

The screen yielded one previously characterizeddiluted to 2E6 cells per milliliter, of which 0.5 ml was injected
gene, HWP1 (Staab et al. 1996, 1999; Staab and Sund-into the tail vein of anesthetized 4- to 6-wk-old BALB/C

mice. The maximum time between harvesting and injection strom 1998), and a set of novel genes. The novel genes
was 4 hr. Cells for earlier experiments shown in Figure 8A, were named RBT (repressed by TUP1) and, while the
were rinsed only once, leading to residual cell growth and

five (RBT1, RBT2, RBT4, RBT5, and RBT7) describedinjection of between 1 and 2 million cells. Five or six mice
here were differentially expressed in tup1D cells vs. wild-were injected per strain of C. albicans. Mice were assessed daily

or more often for weight and general condition and were type cells, only three (RBT1, RBT4, and RBT5) were

Figure 2.—RNA expression profiles of differentially expressed genes. Blots were hybridized to probes derived from the genes
noted. Equal amounts of total RNA from C. albicans were loaded onto slots arrayed as follows: (a) wild-type (SC5314) cells grown
in YPD; (b) MAL→TUP1 (BCa-5) cells grown in S 1 maltose; (c) MAL→TUP1 cells grown in S 1 maltose and switched to S 1
glucose for 2 hr; (d) MAL→TUP1 cells grown in S 1 maltose and switched to S 1 glucose for 6 hr; (e) MAL→TUP1 cells grown
in S 1 maltose and switched to S 1 glucose for 8 hr; (f) MAL→TUP1 cells grown in S 1 glucose; (g) tup1D (BCa2-10) cells
grown in YPD. In slots h–l, wild-type (SC5314) cells grown in YPD were exposed to 10% serum for the following times in minutes:
h, 0; i, 30; j, 60; k, 90; l, 120.
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35TUP1-Regulated Genes

Figure 3.—Protein sequences
of novel genes isolated in the
differential gene expression pro-
cedure. These sequences and
the DNA sequences they were
based on have been deposited
with GenBank, with the follow-
ing accession nos: RBT1, AF254-
142; RBT2, AF254143; RBT4, AF-
254144; RBT5, AF254145; RBT7,
AF254146; WAP1, AF254147.
The C. albicans genetic code was
used for translations (Ohama et
al. 1993). Underlined sequences
correspond to hydrophobic re-
gions predicted to be secretion
signals at the NH2 terminus or
part of the GPI modification sig-
nal at the COOH terminus.

also induced by serum treatment of wild-type cells. An Sequence analysis of the RBT genes: A wild-type C.
albicans genomic DNA phage library was screened withadditional genes, WAP1 (wall protein one), was discov-

ered in the course of isolating RBT5 and also was in- inserts from each of the differential cDNA clones, and
plasmids were excised from the resulting phage. Areasduced during filamentous growth in wild-type cells (not

shown). A related article describes the regulation of matching the original cDNA fragments and containing
open reading frames were sequenced on both strandsmost of these genes in more detail (Braun and Johnson

2000). We do not yet know how direct the regulatory and conceptually translated (see Figure 3 for the protein
sequences and GenBank accession numbers). Each pu-relationship is between TUP1 and any of the RBT genes.
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protein to the outside (Jentoft 1990). RBT1’s product
also contains one predicted N-glycosylation site (NX[T/
S]), compared to three for HWP1 (Staab and Sunds-
trom 1998). The mature NH2 third of the RBT1 and
HWP1 gene products, which are presumably displayed
on the cell exterior, was the least similar portion, with
16% identity (Figure 4A). This area of RBT1 has no
significant similarity to any other known proteins, nor
have its composition and other characteristics given us
any other clues about its function. Thus although RBT1
and HWP1 may be processed and displayed on the cell
surface in similar ways, they are predicted to display
significantly different determinants to the cell sur-
roundings.

In addition to sharing sequence characteristics, RBT1
and HWP1 also shared some regulatory properties. In

Figure 4.—(A) Similarity between RBT1 and HWP1. Identi-
wild-type C. albicans, RBT1 and HWP1 were not ex-ties determined by the GCG program gap are presented for
pressed in blastospores but were rapidly induced in re-individual portions of the two proteins. Note that the presump-

tive exterior-facing portions of these two proteins are the least sponse to serum treatment, which also induces filamen-
similar. (B) Alignment of the COOH termini of the presump- tous growth. HWP1 was more strongly induced, but
tive GPI-modified proteins discussed in the text. The hy- RBT1 was induced with equal speed, indicating that its
drophobic areas are underlined, and the presumptive GPI-

expression is part of a very early transcriptional responseaddition sites are starred (Caro et al. 1997).
to serum. Figure 2 (a–g) also shows that RBT1 and
HWP1 were both derepressed as TUP1 was depleted.
The activation of HWP1 in serum was much greatertative protein had a hydrophobic signal sequence at the

NH2 terminus, indicating that it enters the secretory than its derepression upon loss of TUP1 expression,
indicating that while the serum response may partlypathway. Several (HWP1, RBT1, RBT5, and WAP1) also

had hydrophobic segments at the very COOH terminus, depend on rapid lifting of TUP1 repression, it must
also depend on other regulated forms of activation orsignifying addition of a glycosyl phosphatidylinositol

(GPI) moiety (Figure 4B). GPI is added to the COOH derepression (Braun and Johnson 2000).
The sequence released by the systematic C. albicansterminus of such proteins after the hydrophobic tail is

clipped off. In fungi, the GPI moiety can either serve genome sequencing effort (assembly no. 4, contig no.
2768; Stanford DNA Sequencing and Technology Cen-to anchor the protein on the extracellular face of the

plasma membrane or be reprocessed to enable covalent ter) differed from our sequence by lacking DNA-encod-
ing amino acids (aa) 612–640, while being virtually iden-attachment of the protein to the cell wall (Udenfriend

and Kodukula 1995; Caro et al. 1997). The HWP1, tical elsewhere. PCR assays across this area of genomic
DNA from C. albicans wild-type strain SC5314 yieldedRBT1, RBT5, and WAP1 gene products all lacked a diba-

sic tag near the GPI addition site, indicating that these products of two different sizes that correctly matched
each of the predicted DNA lengths, confirming the pres-proteins are destined for cell wall integration.

RBT1 characteristics: The protein encoded by RBT1 ence of each sequence and showing that RBT1 has two
alleles that can be easily distinguished (not shown).was 43% identical to that encoded by the previously

characterized HWP1 gene, which was also recovered in RBT2 characteristics: RBT2 encodes a protein similar
to ferric reductases located in the plasma membrane,our screen (Figure 4A). HWP1 was isolated by Staab et

al. (1996) as a gene encoding a prominent, antigenic, which perform the first step in the assimilation of iron
and related metals—the reduction of external chelatedand hyphal-specific C. albicans cell wall protein and has

since been found to play a unique role in adhesion by Fe III (ferric) to the more soluble Fe II (ferrous). Hu-
man pathogens commonly go to great lengths to acquirecovalently linking to host tissues (Staab et al. 1999). In

addition to high similarity in the NH2- and COOH-ter- iron, since they face a highly developed host defense
termed iron withholding (Weinberg 1993; Juradominal hydrophobic segments (Figure 4B), the proteins

share high similarity in the COOH-terminal two-thirds 1997). Both C. albicans and S. cerevisiae have numerous
plasma membrane ferric reductases and, in S. cerevisiae,of their length, which are 53% serine, threonine, and pro-

line residues. Such regions are common in fungal cell wall they are known to differ both in function (i.e., which
metals they prefer) and in the conditions under whichproteins, constituting preferred sites for O-linked glyco-

sylation (Jentoft 1990; Lipke and Ovalle 1998). This they are expressed (Martins et al. 1998).
The protein product of RBT2 had greatest identityglycosylation imparts a rod-like structure to the protein

domain, enabling it to span the periplasmic space/cell (37%) to the product of CFL1, the only complete ferric
reductase so far reported in C. albicans (Yamada-Okabewall to display the mature NH2-terminal portion of the
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37TUP1-Regulated Genes

Figure 5.—(A) Similarity be-
tween the presumptive ferric re-
ductase RBT2 and closely related
ferric reductases. Hydrophobic seg-
ments (both the signal sequence
and the transmembrane domains)
are black. (B) Similarity between
plant pathogenesis-related (PR-1
class) proteins and RBT4. Hy-
drophobic signal sequences are
black, the core region of PR-1 simi-
larity is dark gray, and a Ser/Thr-
rich region in PRY3 is light gray.

et al. 1996). Its similarity to the FRE gene products of encode proteins that share a highly similar 115-amino-
acid sequence, which is present once in RBT5 and fourS. cerevisiae ranged from 21% (FRE7) to 29% (FRE2)

over their entire lengths. All of these proteins are pre- times in WAP1 (Figure 6A). The identity of these repeats
ranges from 60% between the third repeat of the WAP1dicted to contain seven transmembrane domains, in

addition to their hydrophobic signal sequence (Figure and RBT5-encoded proteins (wap1-c vs. rbt5-a) to 99%
between the first and second repeats within the WAP15A). While RBT2 expression was strongly induced in

the tup1D strains, it was not significantly induced during protein (wap1-a vs. wap1-b). WAP1 was recovered from
the hybridizations intended to isolate full-length RBT5serum-induced filamentous growth (Figure 2). We do

not know what signals normally regulate RBT2 expres- due to their high sequence similarity (80% identical
over 305 bp) and due to the high representation ofsion.

RBT4 characteristics: A set of genes that encode pro- WAP1 repeats in the library.
RBT5 and WAP1 were related to only one sequenceteins termed pathogenesis related (PR) have been iso-

lated from plants. These genes are induced upon bacte- in the general database, the gene encoding proline-rich
antigen (PRA) on the cell surface of the pathogenicrial and fungal infection, and their secreted products

fall into groups termed PR-1 to PR-5. The PR-1 family has fungus Coccidioides immitis (Dugger et al. 1996). Its NH2-
terminal half comprises 1 unit with 24–28% identity toan unknown mode of action, but does have antifungal

activity and has an extraordinarily stable three-dimen- the 115-aa repeats found in RBT5 and WAP1, which we
term the CRoW motif (C. immitis PRA, RBT5, or WAP1).sional structure (Stintzi et al. 1993; Niderman et al.

1995). In its 131-amino-acid core region of similarity, More striking than its overall sequence similarity is that
the CRoW motif from C. immitis PRA shares a set ofRBT4’s product is 46% identical to the PR1a, b, and c

products of tobacco (Nicotiana tabacum); 59% identical eight cysteines (Figure 6A) and also four glycines and
two prolines, suggesting that the structure of this motifto the S. cerevisiae PRY1 gene product; and 39% identical

to the P14A protein from tomato (Lycopersicon esculen- may be conserved and may rely on disulfide bond forma-
tion in the extracellular environment. All three proteinstum) whose structure has been solved by NMR (Fernan-

dez et al. 1997; Figure 5B). have sequence characteristics indicating they are se-
creted and modified for covalent attachment to the cellRBT4 expression was induced by serum treatment of

filamentous cells as well as depletion of the TUP1 gene wall, as described above. Based on these considerations,
we predict that the CRoW motifs of RBT5 and WAP1product (Figure 2) and, therefore, is closely linked to

filamentous growth. Its intriguing sequence characteris- are stably exposed on the exterior of C. albicans cells.
A large class of fungal surface proteins termed hy-tics suggest that its gene product, upon secretion, may

damage either host cells or competing microbes. drophobins also possess eight cysteines that are thought
to form disulfide bonds (Kershaw and Talbot 1998).Characteristics of RBT5 and WAP1: RBT5 and WAP1
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These cysteines are, however, arranged quite differently, the following 5 days. The rabbits were killed after a total
of 6 days, and the corneas were photographed and thenand these proteins have no other similarity with RBT5

or WAP1. processed to recover both live C. albicans and samples
for histological study. Control strains included CAF2-1,The expression of RBT5 was strongly induced by TUP1

depletion and also by treatment of wild-type cells with which has a single URA3 allele as do the rbt deletion
strains, and its parent, the clinical isolate SC5314 (Fonziserum and Spider media (Figure 2; and see Braun and

Johnson 2000, a related article). WAP1 also showed and Irwin 1993).
By visual assays, both rbt4D and rbt1D showed dramaticcomplex induction effects upon TUP1 deletion and se-

rum/Spider treatment (data not shown), and it is proba- defects in cornea invasion, relative to the control strains
and to the rbt2D and rbt5D strains. Figure 7, A and Bble that these two genes have diverged from a common

ancestor relatively recently and share similarity in some shows infections by the control strains. D and F show
infections by rbt2D and rbt5D, respectively, which didof their regulatory properties as well as in their se-

quence. not differ in any observable way from those in A and
B. As shown in C and E, infections by strains deletedRBT7 characteristics: A protein similar to secreted

RNases was also uncovered in this screen. This gene, for RBT1 and RBT4 showed profoundly reduced levels
of infection, both in the clinical photo of the eye takenRBT7, was induced upon TUP1 depletion (Figure 2).

Though it initially appeared to be slightly induced dur- after 6 days of infection (top) and in the thin cornea
sections (bottom) that show extents of hyphal invasion.ing serum treatment of wild-type cells, later work showed

that its expression was unaffected by serum or Spider The noninvasive behavior of these strains was particu-
larly interesting since the strains showed no growth de-treatment (not shown). RBT7 is similar to several se-

creted RNase T2 enzymes, including YPL123c from S. fects on laboratory media.
Consistent with the visual assays, significantly fewercerevisiae, the RNase T2 precursor from Aspergillus oryzae,

and the RNase T2 product from Tricoderma viride (34– organisms were recovered from the rabbits infected with
rbt4D than from the rabbits infected with either SC531436% identical over 234–295 amino acids; Inada et al.

1991; Ozeki et al. 1991). Both A. oryzae and T. viride are (P 5 0.0126) or CAF2-1 (P 5 0.0135; Table 2). Maximal
depth of hyphal penetration from the outside of thefilamentous fungal pathogens of plants. The role of

these enzymes is unknown, but may be involved with cornea was also significantly less in rabbits infected with
rbt4D compared with either SC5314 (P 5 0.0092) ordegradation and utilization of RNA molecules from the

environment, particularly the host. CAF2-1 (P 5 0.0091). The clinical evaluation of disease
by three independent observers was also consistent withDeletion of the RBT genes: We analyzed the biological

role of a selected set of TUP1-regulated genes (RBT1, these measures (data not shown). Since the sequence
characteristics of RBT1 predict that its product is dis--2, -4, -5, and WAP1) by deleting both copies of each

gene from the genome using the URA3-replacement played on the exterior of the cell wall, and those of
RBT4 predict that its product is secreted, we speculatetechniques of Fonzi and Irwin (1993). Under labora-

tory conditions on a variety of nutritional media, no that their functions may be (1) to interact with and
impair the immune system components that normallysignificant differences in growth rate, morphology, or

other visible characteristics were detected between any clear C. albicans infections, (2) to provide adhesive inter-
actions that allow the fungal filaments to grow into theof the mutant strains and the control strain, CAF2-1.

The morphology of growing cells was assayed on YPD, host tissue, or (3) to directly damage host tissues.
To corroborate the results seen in the novel rabbitSD, S-maltose, S only, YPD 1 10% serum, Spider, corn-

meal (both with and without coverslip), and plain agar model system, we also performed studies in mice, in-
jecting 106 C. albicans cells of various strains into theplates. We therefore conclude that, while these genes

are coregulated with filamentous growth, and their tail vein and assaying resultant mortality (Figure 8). As
seen in A, these results mirror those seen in the rabbitproducts probably reside in or near the cell wall, none

are required for filamentous growth per se. model system, showing reduced virulence of the rbt1
and rbt4 deletion mutant strains, compared with theStudies of C. albicans infection: While many interest-

ing aspects of C. albicans biology are accessible on labora- high virulence of the wild-type and rbt5 deletion strains.
Autopsies of mice infected by the control strains (per-tory media, factors influencing virulence are not re-

vealed. We therefore tested a set of mutant strains in a formed at time of death) showed large numbers of C.
albicans hyphae in histologically stained sections of therabbit model of C. albicans infection of the cornea of

the eye as well as in the more typical mouse model kidney (periodic acid-Schiff’s reagent stained, as in
Sheehan and Hrapchak 1987). Mice infected with theof intravenous infection. First we describe the rabbit

infection studies, and then the corroborating studies in rbt1D or rbt4D strains were likewise autopsied at time of
death or at the end of the study and showed no detect-mice. Each C. albicans strain was placed under a contact

lens on one cornea of the subject rabbit, and the eye able C. albicans cells in the kidney, consistent with lower
virulence of those strains.was then sewn shut for 1 day. The eyes were then ob-

served for evidence of fungal infection and invasion for We also assayed the RBT1/rbt1 and RBT4/rbt4 hetero-
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Figure 7.—Clinical photo-
graphs and corresponding cor-
neal cross-sections from Dutch-
belted rabbits with C. albicans
keratitis. Clinical photographs
of each eye (top) were taken
6 days following inoculation,
just prior to tissue collection.
Five-micrometer sections (bot-
tom) were stained with period-
ic acid-Schiff’s reagent, counter-
stained with fast green, and
photographed at 350 total
magnification. Background red
staining is artifactual, and red
spots that are not hyphal
mostly correspond to nuclei of
white blood cells. The follow-
ing C. albicans strains were
used: A, SC5314; B, CAF2-4; C,
BCa7-4; D, BCa15-2; E, BCa11-
4; F, BCa18-2.

zygous strains for virulence (Figure 8, B and C). As of these strains have showed significantly increased viru-
lence. We have also made and tested one reintegrantdiscussed above, the two alleles of RBT1 can be distin-

guished, and we constructed heterozygous strains miss- of RBT1 into the RBT1/rbt1 heterozygote, restoring the
strain to its wild-type complement of two wild-type al-ing each allele. All of these heterozygous strains ap-

peared significantly less virulent than the control strain, leles, and again saw no noticeable restoration of viru-
lence (not shown). We and other laboratories have ob-suggesting that gene dosage may have significant effects

on the roles of these genes in pathogenesis. served that for some mutant loci, reintegration of the
wild-type gene (leading to restoration of gene function)We have attempted to reintegrate the RBT1 and RBT4

genes into the double-mutant strains. Although we ob- is not difficult (for an example from this laboratory, see
Braun and Johnson 1997). However, for other loci ittained transformants with the expected characteristics

of correct integration site and expression level, none is problematic. For example, deletion of the ASH1 gene

TABLE 2

Isolate recovery and hyphal penetration into the cornea

Hyphal penetration into the cornea
(% corneal thickness)

Hyphae per Median Maximum
Strain Abbrev. N Log2 cfu section Biomass 50% quantile 75% quantile 100% quantile

SC5314 wt 3 13.5 6 0.9 197 6 39 2920 6 575 14.3 6 1.1 19.0 6 1.2 36.6 6 2.2
CAF2-1 wt 3 13.4 6 1.8 225 6 96 3340 6 1660 13.7 6 1.5 19.3 6 2.2 36.7 6 5.1
BCa15-2 rbt2D 3 11.3 6 1.0 114 6 44 1970 6 829 16.5 6 2.1 21.6 6 3.7 37.7 6 4.3
BCa11-3 rbt4D 3 7.9 6 1.1 8 6 1 73 6 20 7.5 6 1.2 11.6 6 2.7 13.8 6 3.3
BCa18-2 rbt5D 3 12.5 6 1.5 258 6 110 3810 6 1800 11.2 6 3.1 15.4 6 4.1 29.9 6 8.1

Values are means 6 SEM; N, number of rabbits; biomass equals mean hyphal length (penetration) multiplied by mean number
observed.
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provides a clear morphological phenotype on laboratory
media (D. O. Inglis and A. D. Johnson, unpublished
data). When a wild-type ASH1 gene is reintegrated at
the mutant locus, as determined by PCR screening, only
1 in 48 independent reintegrant strains also shows resto-
ration of the phenotype. The reason for this low success
rate is unknown. In the case of genes whose deletion
causes no detectable phenotypes outside of pathogene-
sis, such as RBT1 and RBT4, the prospect of testing many
candidate reintegrants for those that restore virulence is
impractical and somewhat circular in logic. To date we
have constructed and analyzed in mice 6 independent
rbt1D or RBT1/rbt1 mutant strains and 3 independent
rbt4D or RBT4/rbt4 mutant strains. In all cases we ob-
served a marked loss of virulence, strongly suggesting
that the loss of virulence is due to disruption of the
indicated gene and not to a secondary effect.

DISCUSSION

We have isolated a set of genes based on their overex-
pression in tup1D vs. wild-type C. albicans cells. Most of
the isolated genes were also induced during filamentous
growth in serum-treated wild-type cells, suggesting that,
in C. albicans, the principal role of TUP1 may be the
regulation of filamentous growth. On the other hand,
genes such as RBT2 and RBT7, which are TUP1 regu-
lated but show no filamentous growth regulation, indi-
cate that TUP1 is also involved in separate regulatory
pathways and therefore cannot be dedicated solely to
filamentous growth regulation. These results also mean
that TUP1 itself is not globally inactivated on the transi-
tion to filamentous growth. Each of the newly identified
genes showed hallmarks of encoding secreted or cell
surface proteins. Indeed, three (RBT1, RBT5, and
WAP1) of the six appear to encode cell wall proteins,
consistent with the idea that the cell wall of C. albicans
is extensively remodeled during the switch from single-
cell to filamentous growth (Alloush et al. 1996; Staab
et al. 1996; Chaffin et al. 1998). Knockout strains for
most of these genes showed no growth defects under a
variety of artificial nutritional conditions, but those for
RBT1 and RBT4 each exhibited strongly defective patho-
genesis in both rabbit cornea and mouse tail-vein injec-
tion models of C. albicans infection.

Figure 8.—Survival curves of mice infected with strains of
There are two explanations for why cell surface andC. albicans carrying RBT gene deletions, suggesting pathogene-

secreted proteins were exclusively obtained in thissis defects in rbt1D and rbt4D cells. Percentage of the original
group of mice remaining alive on each day of the study is screen. First, such genes tend to be highly expressed.
plotted against time. The following strains were used: (A) Wt, While the differential hybridization technique that we
CAF2-1; rbt5, BCa18-2; rbt1, BCa7-4; tup1, Bca2-10; (B) RBT1/ used in this study attempts to correct for the variable
RBT1, CAF2-1; rbt1/RBT1, BCa7-10; rbt1/rbt1, BCa7-4; rbt4/

abundance of cDNA species, it remains most sensitive torbt4, BCa11-3; rbt4/RBT4, BCa11-1. (C) RBT1/RBT1, CAF2-1;
abundant and highly differential molecules. The secondrbt1/RBT1, BCa7-10; RBT1/rbt1, BCa7-9; rbt1/rbt1, BCa7-4.

Five or six mice were tested for each C. albicans strain. reason lies in the nature of the TUP1 pathway itself. For
all known instances of TUP1 repression in S. cerevisiae
(with the exception of the initiation of meiosis), TUP1
acts at the end of a regulatory circuit, directly repressing
a set of downstream effector genes as opposed to regulat-
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ing a second tier of regulators (Keleher et al. 1992; tion signal, and one or more regions of short serine/
threonine-rich repeats near the COOH terminus. Ac-Varanasi et al. 1996; Proft and Serrano 1999). Since

remodeling of the cell wall appears to be a major aspect cording to the current “lollipop” model, these cell wall
proteins are predicted to be heavily glycosylated on theof the transition between blastospore and filamentous

growth, we think it likely that TUP1 directly represses serine/threonine-rich areas, stiffening these regions to
allow the proteins to project through and above themany of these cell wall protein-encoding genes. Previous

work has indicated that the transition to filamentous cell wall (Jentoft 1990). According to this model the
mature NH2 termini would thereby be exposed to thegrowth involves not only a dramatic change in the cell’s

shape, but equally dramatic changes in the composition exterior of the cell. Aside from the limited structural
similarity that RBT5 and WAP1 share with the antigenicof the cell’s exterior and secreted products (Alloush

et al. 1996; Bailey et al. 1996; Staab et al. 1996; Chaffin C. immitis PRA protein, the regions of these proteins
predicted to be exposed on the C. albicans cell surfaceet al. 1998; and see Braun and Johnson 2000, a related

article). Our work supports this concept by identifying show no significant similarities to other proteins in the
database. It is particularly striking that the closely relatedadditional proteins of this class. Different environmen-

tal conditions may even produce different types of fila- HWP1 and RBT1 share high identity over their se-
quences everywhere except in this extracellular domain.ments that may look similar under the microscope, but

that may display and secrete substantially different pro- The exposed domain of HWP1 has recently been re-
ported to serve as a substrate for transglutaminases thattein products. For example, conditions of starvation

(such as Spider, milk-Tween, or cornmeal agar) and crosslink C. albicans to host epithelial cells (Staab et al.
1999). One can predict that the exposed domain ofthose that mimic the host environment (serum and 378)

each lead to filamentous growth, but may well produce RBT1 also interacts with host cells in some capacity, but
is likely to have a function different from that of HWP1.filaments that differ in their molecular details (Braun

and Johnson 2000). The results reported in this article also bear on the
relationship between filamentous growth and virulenceWe anticipated that the screen might yield genes that

are required for filamentous growth, but recovered only in C. albicans. A C. albicans strain carrying deletions of
both CPH1 and EFG1 genes is defective in undergoingone, HWP1 (Staab et al. 1999). No filamentation defects

were observed when any of the other genes were deleted. the blastospore to filament transition and is avirulent
in the mouse tail-vein injection model (Lo et al. 1997).In addition, overexpression of several of the cloned

genes did not generate filamentous growth on nonin- Likewise a strain deleted for the TUP1 gene is locked
in a filamentous form and is also avirulent in the sameducing media (data not shown). This result is consistent

with the idea that only a fraction of the genes induced model (Figure 8A). On the surface it would appear as
though both morphological forms are required for fullduring filamentous growth are required for filament

formation. In any case, our screen is incomplete, and virulence; since a mixture of these two strains is also
avirulent (B. R. Braun and A. D. Johnson, unpublishedwe predict that many more TUP1-regulated genes exist

in C. albicans. As an example, the recently described data), the possibility exists that the transitions between
these forms may also be required for full virulence.PLB1, which is a secreted phospholipase that contrib-

utes significantly to virulence in wild-type cells, is de- However, as pointed out by Brown and Gow (1999),
Kobayashi and Cutler (1998), Mitchell (1998), andrepressed in tup1D cells (Hoover et al. 1998; Leidich

et al. 1998). others, this level of discussion fails to take into account
the many changes in gene expression that accompanyOf the new genes we obtained, RBT7 and RBT2 have

relatively clear functions, based on their sequence char- the switch between morphological forms but are not
central to it. In other words, it is possible that the “phase-acteristics. RBT7 appears to encode a secreted RNase

T2, while RBT2 encodes a plasma membrane ferric re- locked” mutants are avirulent for reasons tangential to
the morphological defect. For example, RBT1 and RBT4ductase. The probable substrates of each enzyme (RNA

and Fe III, respectively) are known, and a general role are filament-specific genes that are necessary for full
virulence but not for the morphological transition percan be surmised, which is nutrient acquisition. The

other gene sequences provide much less specific infor- se. Since EFG1 is necessary for the expression of both
RBT1 and RBT4 (Braun and Johnson 2000), the aviru-mation. RBT4 has clear homologs in a wide variety of

plants as well as in S. cerevisiae, but little is known of lent phenotype of the efg1, cph1 strain could result sim-
ply from lack of expression of genes such as RBT1 andtheir function. There have been reports of antifungal

activity of the PR-1 class of these proteins (Niderman RBT4, which play no direct role in the morphological
transitions. Likewise the tup1 strain could be avirulent,et al. 1995), but the sequence similarity of RBT4 to these

proteins is sufficiently low to prevent any definitive con- not because it is “locked” in the filamentous form, but
because it expresses genes such as RBT1 and RBT4 con-clusion about its activities.

RBT1, RBT5, and WAP1 (as well as HWP1) all show stitutively. Although a strong correlation exists between
the proficiency of the blastospore-filament transitionsattributes of fungal cell wall proteins: a signal sequence,

a GPI-addition signal without a plasma-membrane reten- and virulence (Gow 1997; Mitchell 1998), a true as-

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/156/1/31/6051858 by guest on 25 M

ay 2023



43TUP1-Regulated Genes

Brown, A. J., and N. A. Gow, 1999 Regulatory networks controllingsessment of the role of the morphological change in
Candida albicans morphogenesis. Trends Microbiol. 7: 333–338.

virulence requires an experiment (if indeed one is possi- Caro, L. H., H. Tettelin, J. H. Vossen, A. F. Ram, H. van den Ende
ble) that uncouples the morphological transitions from et al., 1997 In silicio identification of glycosyl-phosphatidylinosi-

tol-anchored plasma-membrane and cell wall proteins of Sacchar-the many changes in gene expression that accompany
omyces cerevisiae. Yeast 13: 1477–1489.them. Carrico, P. M., and R. S. Zitomer, 1998 Mutational analysis of the

The RBT1 and RBT4 deletion strains were defective Tup1 general repressor of yeast. Genetics 148: 637–644.
Chaffin, W. L., J. L. Lopez-Ribot, M. Casanova, D. Gozalbo andin two animal models of infection but showed no pheno-

J. P. Martinez, 1998 Cell wall and secreted proteins of Candidatypes under a variety of laboratory conditions including albicans: identification, function, and expression. Microbiol. Mol.
different growth media. These results indicate that these Biol. Rev. 62: 130–180.

Church, G. M., and W. Gilbert, 1984 Genomic sequencing. Proc.two genes are specifically important for success in the
Natl. Acad. Sci. USA 81: 1991–1995.host. The rabbit cornea model of infection has the virtue Corner, B. E., and P. T. Magee, 1997 Candida pathogenesis: unrav-

of testing the invasion of C. albicans filaments into a elling the threads of infection. Curr. Biol. 7: R691–R694.
Dugger, K. O., K. M. Villareal, A. Ngyuen, C. R. Zimmermann,living tissue and of allowing easy and detailed visualiza-

J. H. Law et al., 1996 Cloning and sequence analysis of thetion of infection; the two mutant C. albicans strains
cDNA for a protein from Coccidioides immitis with immunogenic

showed reduced levels of infection and, more signifi- potential. Biochem. Biophys. Res. Commun. 218: 485–489.
Dupont, P. F., 1995 Candida albicans, the opportunist. A cellularcantly, reduced extents of hyphal invasion. An impor-

and molecular perspective. J. Am. Podiatr. Med. Assoc. 85: 104–tant advantage of the mouse tail-vein model of infection
115.

is that it allows a comparison with virulence studies Fernandez, C., T. Szyperski, T. Bruyere, P. Ramage, E. Mosinger
et al., 1997 NMR solution structure of the pathogenesis-relatedfrom other laboratories. At the inocula used in our
protein P14a. J. Mol. Biol. 266: 576–593.experiments (see Figure 8), the RBT1 and RBT4 dele-

Fonzi, W. A., and M. Y. Irwin, 1993 Isogenic strain construction
tion strains were significantly reduced in virulence and gene mapping in Candida albicans. Genetics 134: 717–728.

Fukazawa, Y., and K. Kagaya, 1997 Molecular bases of adhesionwhereas the control strains resulted in rapid death. The
of Candida albicans. J. Med. Vet. Mycol. 35: 87–99.latter result is consistent with published reports from

Gow, N. A., 1997 Germ tube growth of Candida albicans. Curr. Top.
other laboratories. Since the sequence characteristics Med. Mycol. 8: 43–55.
of RBT1 predict that its product is displayed on the Guthrie, C., and G. R. Fink, 1991 Guide to Yeast Genetics and Molecular

Biology. Academic Press, San Diego.exterior of the cell wall, and those of RBT4 predict that
Hoover, C. I., M. J. Jantapour, G. Newport, N. Agabian and S. J.its product is secreted, we speculate that their functions Fisher, 1998 Cloning and regulated expression of the Candida

may be to interact with and impair the immune system albicans phospholipase B (PLB1) gene. FEMS Microbiol. Lett.
167: 163–169.components that normally clear C. albicans infections,

Hubank, M., and D. G. Schatz, 1994 Identifying differences into provide adhesive interactions that allow the fungal mRNA expression by representational difference analysis of
filaments to grow into the host tissue, or to directly cDNA. Nucleic Acids Res. 22: 5640–5648.

Inada, Y., H. Watanabe, K. Ohgi and M. Irie, 1991 Isolation, char-damage host tissues. Since it seems unlikely that RBT1
acterization, and primary structure of a base non-specific andand RBT4 are regulatory genes, the defects caused by adenylic acid preferential ribonuclease with higher specific activ-

their deletion may be very specific. In principle, both of ity from Trichoderma viride. J. Biochem. 110: 896–904.
Jentoft, N., 1990 Why are proteins O-glycosylated? Trends Bio-these gene products could provide targets for antifungal

chem. Sci. 15: 291–294.therapeutics.
Jurado, R. L., 1997 Iron, infections, and anemia of inflammation.

Clin. Infect. Dis. 25: 888–895.We are grateful for the guidance and advice of Denis M. O’Day in
Keleher, C. A., M. J. Redd, J. Schultz, M. Carlson and A. D.whose laboratory the rabbit eye model studies were carried out with

Johnson, 1992 Ssn6-Tup1 is a general repressor of transcriptionsupport from his National Institutes of Health (NIH) grant EY01621
in yeast. Cell 68: 709–719.and a grant from Research to Prevent Blindness. The remainder of

Kershaw, M. J., and N. J. Talbot, 1998 Hydrophobins and repel-
the work was supported by NIH grant GM37049 to A.D.J. lents: proteins with fundamental roles in fungal morphogenesis.

Fungal Genet. Biol. 23: 18–33.
Kobayashi, S. D., and J. E. Cutler, 1998 Candida albicans hyphal

formation and virulence: is there a clearly defined role? Trends
LITERATURE CITED Microbiol. 6: 92–94.

Leidich, S. D., A. S. Ibrahim, Y. Fu, A. Koul, C. Jessup et al., 1998Alloush, H. M., J. L. Lopez-Ribot and W. L. Chaffin, 1996 Dy-
Cloning and disruption of caPLB1, a phospholipase B gene in-namic expression of cell wall proteins of Candida albicans re-
volved in the pathogenicity of Candida albicans. J. Biol. Chem.vealed by probes from cDNA clones. J. Med. Vet. Mycol. 34:
273: 26078–26086.91–97.

Lipke, P. N., and R. Ovalle, 1998 Cell wall architecture in yeast:Ausubel, F. M., R. Brent, R. E. Kingston, D. D. Moore, J. G. Seidman
new structure and new challenges. J. Bacteriol. 180: 3735–3740.et al. (Editors), 1992 Current Protocols in Molecular Biology. Greene

Liu, H., J. Kohler and G. R. Fink, 1994 Suppression of hyphalPublishing Associates and Wiley-Interscience, New York.
formation in Candida albicans by mutation of a STE12 homolog.Bailey, D. A., P. J. Feldmann, M. Bovey, N. A. Gow and A. J. Brown,
Science 266: 1723–1726.1996 The Candida albicans HYR1 gene, which is activated in

Lo, H. J., J. R. Kohler, B. DiDomenico, D. Loebenberg, A. Cacciapu-response to hyphal development, belongs to a gene family encod-
oti et al., 1997 Nonfilamentous C. albicans mutants are aviru-ing yeast cell wall proteins. J. Bacteriol. 178: 5353–5360.
lent. Cell 90: 939–949.Braun, B. R., and A. D. Johnson, 1997 Control of filament forma-

Martins, L. J., L. T. Jensen, J. R. Simons, G. L. Keller and D. R.tion in Candida albicans by the transcriptional repressor TUP1.
Winge, 1998 Metalloregulation of FRE1 and FRE2 homologsScience 277: 105–109.
in Saccharomyces cerevisiae. J. Biol. Chem. 273: 23716–23721.Braun, B. R., and A. D. Johnson, 2000 TUP1, CPH1, and EFG1

McCullough, M. J., B. C. Ross and P. C. Reade, 1996 Candidamake independent contributions to filamentation in Candida albi-
cans. Genetics 155: 57–67. albicans: a review of its history, taxonomy, epidemiology, viru-

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/156/1/31/6051858 by guest on 25 M

ay 2023



44 B. R. Braun et al.

lence attributes, and methods of strain differentiation. Int. J. Oral sequence analysis of the hypha-specific cell wall protein gene
HWP1 of Candida albicans. Yeast 14: 681–686.Maxillofac. Surg. 25: 136–144.

Staab, J. F., C. A. Ferrer and P. Sundstrom, 1996 DevelopmentalMitchell, A. P., 1998 Dimorphism and virulence in Candida albi-
expression of a tandemly repeated, proline- and glutamine-richcans. Curr. Opin. Microbiol. 1: 687–692.
amino acid motif on hyphal surfaces on Candida albicans. J. Biol.Niderman, T., I. Genetet, T. Bruyere, R. Gees, A. Stintzi et al.,
Chem. 271: 6298–6305.1995 Pathogenesis-related PR-1 proteins are antifungal. Isola-

Staab, J. F., S. D. Bradway, P. L. Fidel and P. Sundstrom, 1999tion and characterization of three 14-kilodalton proteins of to-
Adhesive and mammalian transglutaminase substrate propertiesmato and of a basic PR-1 of tobacco with inhibitory activity against
of Candida albicans Hwp1. Science 283: 1535–1538.Phytophthora infestans. Plant Physiol. 108: 17–27.

Stintzi, A., T. Heitz, V. Prasad, S. Wiedemann-Merdinoglu, S.Odds, F. C., 1988 Candida and Candidosis. Baillière Tindall, London.
Kauffmann et al., 1993 Plant ‘pathogenesis-related’ proteinsOdds, F. C., 1994a Candida species and virulence. ASM News 60:
and their role in defense against pathogens. Biochimie 75: 687–313–318.
706.Odds, F. C., 1994b Pathogenesis of Candida infections. J. Am. Acad.

Udenfriend, S., and K. Kodukula, 1995 How glycosylphosphatidyl-Dermatol. 31: S2–S5.
inositol-anchored membrane proteins are made. Annu. Rev. Bio-Ohama, T., T. Suzuki, M. Mori, S. Osawa, T. Ueda et al., 1993 Non-
chem. 64: 563–591.universal decoding of the leucine codon CUG in several Candida

Varanasi, U. S., M. Klis, P. B. Mikesell and R. J. Trumbly, 1996species. Nucleic Acids Res. 21: 4039–4045.
The Cyc8 (Ssn6)-Tup1 corepressor complex is composed of oneOzeki, K., K. Kitamoto, K. Gomi, C. Kumagai, G. Tamura et al.,
Cyc8 and four Tup1 subunits. Mol. Cell. Biol. 16: 6707–6714.1991 Cloning and nucleotide sequence of the genomic ribo-

Vidotto, V., S. Caramello and M. G. Gallo, 1986 A new mediumnuclease T2 gene (rntB) from Aspergillus oryzae. Curr. Genet.
for the production of chlamydoconidia by Candida albicans. My-19: 367–373. copathologia 95: 73–75 (published erratum appears in Mycopa-Proft, M., and R. Serrano, 1999 Repressors and upstream repress- thologia 1987 97(2): 135–136).

ing sequences of the stress-regulated ENA1 gene in saccharo- Weinberg, E. D., 1993 The development of awareness of iron-with-
myces cerevisiae: bZIP protein sko1p confers HOG-dependent holding defense. Perspect. Biol. Med. 36: 215–221.
osmotic regulation. Mol. Cell. Biol. 19: 537–546. Yamada-Okabe, T., O. Shimmi, R. Doi, K. Mizumoto, M. Arisawa

Scherer, S., and P. T. Magee, 1990 Genetics of Candida albicans. et al., 1996 Isolation of the mRNA-capping enzyme and ferric-
Microbiol. Rev. 54: 226–241. reductase-related genes from Candida albicans. Microbiology

Sheehan, D. C., and B. B. Hrapchak, 1987 Theory and Practice of 142: 2515–2523.
Histotechnology. Battelle Press, Columbus, OH.

Staab, J. F., and P. Sundstrom, 1998 Genetic organization and Communicating editor: A. P. Mitchell

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/156/1/31/6051858 by guest on 25 M

ay 2023


