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ABSTRACT
The common fungal pathogen, Candida albicans, can grow either as single cells or as filaments (hyphae),

depending on environmental conditions. Several transcriptional regulators have been identified as having
key roles in controlling filamentous growth, including the products of the TUP1, CPH1, and EFG1 genes.
We show, through a set of single, double, and triple mutants, that these genes act in an additive fashion
to control filamentous growth, suggesting that each gene represents a separate pathway of control. We
also show that environmentally induced filamentous growth can occur even in the absence of all three
of these genes, providing evidence for a fourth regulatory pathway. Expression of a collection of structural
genes associated with filamentous growth, including HYR1, ECE1, HWP1, ALS1, and CHS2, was monitored
in strains lacking each combination of TUP1, EFG1, and CPH1. Different patterns of expression were
observed among these target genes, supporting the hypothesis that these three regulatory proteins engage
in a network of individual connections to downstream genes and arguing against a model whereby the
target genes are regulated through a central filamentous growth pathway. The results suggest the existence
of several distinct types of filamentous forms of C. albicans, each dependent on a particular set of environ-
mental conditions and each expressing a unique set of surface proteins.

CANDIDA albicans causes common mucosal infec- 1997), CPH1 (Liu et al. 1994), INT1 (Gale et al. 1998),
PRA1 (Sentandreu et al. 1998), and RBF1 (Ishii et al.tions of varying severity in both normal and immu-
1997). In addition, mitogen-activated protein (MAP)nocompromised patients, as well as life-threatening sys-
kinase pathway members CEK1 (Csank et al. 1998),temic infections in immunocompromised patients
CST20 (Köhler and Fink 1996), HST7 (Leberer et al.(Odds 1988; Fidel and Sobel 1996). The capability of
1996), CPP1 (Csank et al. 1997), and RAS1 (Feng et al.growing in a spectrum of morphologies, ranging from
1999) that impinge on CPH1 have been identified (forellipsoidal (yeast form) blastospores to true hyphae (fil-
reviews, see Mitchell 1998; Brown and Gow 1999).aments), has been proposed to be a specialized viru-
In previous work, we identified TUP1 from C. albicanslence factor (reviewed by Odds 1994; Kobayashi and
and showed that deletion of both copies in the diploidCutler 1998). Many conditions induce filamentous
organism generated cells that are always filamentousgrowth in C. albicans, though only a few have been well
(Braun and Johnson 1997). Based on close sequencecharacterized. Mammalian serum is a potent inducer of
similarity and its complementation of the phenotypes offilamentous growth (particularly of the nascent form
the well-characterized repressor TUP1 of Saccharomycesknown as germ tubes), as are a temperature of 378 and
cerevisiae, the Candida TUP1 is very likely to be a tran-neutral pH. Filaments are characteristically seen in tis-
scriptional repressor. In S. cerevisiae, regulated DNA-sue samples from disseminated infections and have been
binding proteins direct the TUP1-containing complexobserved invading mucosal membranes (reviewed by
to target genes (Keleher et al. 1992; Komachi et al.Gow 1997). Certain forms of nutrient deprivation on
1994; Varanasi et al. 1996; Treitel et al. 1998). Basedsolid media (such as Spider agar, cornmeal agar, and
on these considerations, we hypothesized that C. albicansmilk-tween agar) prompt a slower filamentous growth
TUP1 represses genes responsible for carrying out fila-response that can be conveniently studied in the labora-
mentous growth.tory (Liu et al. 1994; Gale et al. 1998).

Conversely, EFG1 and CPH1 appear to be transcrip-The recent advent of molecular genetics in C. albicans
tional activators of filamentous growth, as deletion ofhas allowed several genes to be identified that specifi-
either one causes decreased filamentous growth. CPH1,cally influence filamentous growth. These genes include
a homeodomain protein, is known to be downstreamEFG1 (Stoldt et al. 1997), TUP1 (Braun and Johnson
of a MAP kinase cascade in C. albicans (Csank et al.
1998). This cascade resembles the pseudohyphal growth
and pheromone response MAP kinase cascade of S. cere-
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albicans shows delayed initiation of filamentous growth
on Spider plates, relative to wild-type cells, but shows
wild-type levels of filamentous growth in response to
liquid serum treatment (Liu et al. 1994). In contrast,
efg1D mutant cells are strongly attenuated in responding
to serum, showing no germ tubes or hyphae within 2 hr
of being introduced to 20% serum in YPD at 378 (Lo
et al. 1997). They show variable filamentation defects in
response to other stimuli as well as other abnormalities
of growth and morphology (Lo et al. 1997; Stoldt et
al. 1997). The Efg1p protein contains a basic helix-loop-
helix DNA-binding motif similar to Myc-related proteins
and may have both activation and repression activities.
By analogy to its relatives in S. cerevisiae (PHD1 and
SOK2), EFG1 has been proposed to lie downstream of
a cAMP signaling system (Stoldt et al. 1997). The com-
plementary phenotypes of cph1D and efg1D mutants
prompted Lo et al. to make a double mutant. They
found that filamentous growth was abolished and sug-
gested that EFG1 and CPH1 together account for the
pathways that activate filamentous growth in C. albicans
(Lo et al. 1997).

Since deletion of TUP1 caused constitutive filamen-
tous growth while deletion of CPH1 and EFG1 abolished
filamentous growth, we combined deletions in all three
genes to determine their epistatic relationships. In this
article we describe this set of mutant strains and assay
their phenotypes in terms of colony morphology, cell
morphology, and expression of a battery of filament-
specific genes. The experiments delineate the relative
roles of each regulatory gene in filamentous growth
and suggest the existence of an additional pathway of
filamentous growth induction. In addition, the results
demonstrate that downstream genes respond differently
to the different regulatory pathways.

MATERIALS AND METHODS

Strains and culture conditions: The strains used are listed
in Table 1. cph1D strain JKC19 was generously provided by G.
Fink and colleagues (Liu et al. 1994). Disruption strains were
produced by integrating a URA3-marked disruption cassette
into the genome (see next section for DNA constructions) by
lithium acetate transformation and homologous recombina-
tion (Gietz et al. 1995; Braun and Johnson 1997). Trans-
formants were screened by PCR to verify the correct integra-
tion of each end of the disruption cassettes and the removal
of the wild-type gene (Liu et al. 1994).

Routine growth was on YPD plates and liquid at 308, and
selections for URA3 prototrophy were performed on minimal
SD plates (Guthrie and Fink 1991). Counter-selections
against URA3 were performed on uridine and 5-fluoroorotic
acid-containing SD plates (Fonzi and Irwin 1993). Spider
(Liu et al. 1994) and minimal SD plates were used for the
colony growth assays, and the plates were incubated in moist,
well-humidified sleeves at 308. We have found that humidity
strongly affects the degree of hyphal growth obtained on Spi-
der plates. For gene expression analysis, YPD (308) was used
to pregrow cells to saturation overnight. Portions of either 2.5
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or 5 ml were then innoculated to 100 ml of YPD (308), Spider
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liquid media (378), and YPD with 10% fetal calf serum (378) 1992). RNAs were run in formaldehyde gels and capillary
blotted onto nylon (GeneScreen) membranes. Identical ali-and growth allowed for 2 hr (Spider medium) or for 1 hr

(YPD and YPD plus serum). Cells were harvested at an OD600 quots of RNA were run on each gel, and stained rRNA was
used to check each gel and blot for uniform loading andof z2.0.

Plasmids and strain construction: We followed the tech- transfer. Blots were used only once, prehybridizing and hy-
bridizing (Church and Gilbert 1984) at 678, and washingnique of Fonzi and Irwin (1993) to delete genes in C. albicans,

with small modifications. Following an idea of Perez-Martin at room temperature. All exposures shown were taken without
an intensifying screen. Autoradiograms were digitized using aet al. (1999), a derivative of pMB7 (Fonzi and Irwin 1993)

was made to allow the hisG-URA3-hisG cassette to be cloned transmitted light scanner and their backgrounds were reduced
slightly in Photoshop for presentation.in two opposite orientations within the target gene flanks.

The two resulting disruption plasmids allow the sequential Photography: Colony micrographs were taken on a Leica
(Deerfield, IL) M420 microscope with unidirectional illumina-disruption of two alleles to be followed by PCR that identifies

the four unique new ends (Perez-Martin et al. 1999). pBB510 tion at zoom settings 5.6 (Spider plates) and 11.5 (SD plates).
Cell micrographs were taken on a Leica DM RD microscopewas derived from pMB7 by filling in the BamHI sites near the

URA3 marker and 250 bp downstream of the SalI-containing with 3100 objective and differential interference contrast op-
tics.polylinker sequence, leaving a unique BamHI site next to the

SalI site and also inserting an unphosphorylated NsiI linker
(59gatccatgcatca/59gatctgatgcatg) at the BglII site. This pro-
duced a vector where either BamHI 1 NsiI or BglII 1 PstI can RESULTSbe alternately used to force the central hisG-URA3-hisG cassette
into opposite orientations relative to the gene-specific flanking Various combinations of cph1D, efg1D, and tup1D were
fragments in a four-way ligation. For the disruption of EFG1, constructed and their colony and cellular morphologiesDNA sequences flanking the gene were obtained from wild-

on both filament-inducing and noninducing mediatype genomic DNA by PCR, using the following primers:
were observed (Figure 1). In our hands, the cph1D strainBBo238, 59tttgcctccAAGCTTagttgctca (HindIII); BBo239,

59tagttataaggCTGCAGgactgca (PstI); BBo240, 59gcaggaactA- had a less dramatic impairment of filamentous growth
GATCTgtgcacca (BglII); and BBo241, 59cctgcttGGTACCtcatg- on Spider agar than has been described previously (Fig-
tctta (KpnI). Primers BBo238 and BBo239 generate a 347-bp ure 1, I and J; Liu et al. 1994), which could be due tofragment from the region upstream of EFG1 (later reduced

slight variations in our formulation of Spider mediumto 222 bp by an internal PstI site), and BBo240 and BBo241
or in the incubation conditions.generate a downstream flanking fragment of 650 bp. These

fragments were cut with the enzymes matching their respective Cells carrying deletions of EFG1 behaved as described
ends and cloned for the first orientation into pMB7 (Fonzi (Lo et al. 1997; Stoldt et al. 1997), showing slight
and Irwin 1993) cut with HindIII PstI, BglII, and KpnI (creat- growth defects, small and abnormally oblong cell bodies
ing pBB503) and for the second orientation into pBB510 cut

when grown in YPD (not shown), and a lack of filamen-with HindIII, BamHI, NsiI, and KpnI (creating pBB515). For
tous growth in response to serum in liquid media. Thetransformation of C. albicans, either pBB503 or pBB515 was

cut with HindIII and Asp 718, phenol extracted and ethanol efg1D strain also showed reduced filamentous growth
precipitated, and transformed as stated above. on most but not all solid media (Figure 1K and data

Transformants were checked by PCR, using the following not shown). This mixture of defects and enhancements
primers that anneal to regions of the EFG1 locus outside the

with regard to filamentous growth has been noted pre-cloned flanking regions: BBo242, 59catatttgtaccttccgcattaga;
viously for efg1D cells (Stoldt et al. 1997). CombiningBBo243, 59attcattaccaggcgtgttttatta; and two primers that an-

neal to the hisG repeats flanking the URA3 cassette, URA 3KO-2 efg1D with cph1D yielded a reduction in filamentous
and URA 3KO-4 (Perez-Martin et al. 1999). After setting up growth compared to the wild-type strain, as described
the reaction mixes with various primer pairs, 1–2 ml of tem- (Lo et al. 1997; Figure 1L). We did find, however, in
plate cells was briefly ground against the wall of the tube with

aggreement with others (Riggle et al. 1999) that thesea sterile yellow pipettman tip, then dispersed into solution.
cells were still capable of weak filamentous growth, espe-PCR conditions were 1.5 min at 958, then 32 cycles of 15 sec

at 958, 30 sec at 528, 2 min at 728. The resulting bands were cially in response to incubation under coverslips on
diagnostic of each end of the desired genomic insertion. The cornmeal agar plates (not shown). This suggested that
diagnostic PCR was repeated on positive colonies after purifi- both the capability for filamentous growth and one or
cation by restreaking to confirm the newly constructed ends,

more of the signaling pathways that activate it remainand for strains deleted for both EFG1 copies, PCR was done
intact in efg1D cph1D cells.with intragenic primers to confirm that the native gene had

been removed. The role of EFG1 in the morphology of the tup1
RNA expression analysis: Appropriate primer pairs to gen- mutant: Deletion of EFG1 in the tup1D background led

erate unique DNA probes were made using information from to a marked reduction in both constitutive and induced
the literature, gene databases, or our own sequencing for the

filamentous growth (Figure 1, G and O vs. E and M).RBT and WAP1 genes. The identification of the RBT series of
Without environmental induction, a substantial propor-genes, which were isolated in a molecular screen for TUP1-

repressed genes, will be reported elsewhere. PCR was per- tion of the efg1D tup1D cells were nonfilamentous, as
formed on SC5314 genomic DNA, the resulting product (from shown in the high-magnification micrograph and by the
500 bp to 1 kb long) purified with a QIAquick column (QIA- shiny (though wrinkled) surface of the colonies on SD
GEN, Chatsworth, CA), and a 32P probe made using a random

plates (Figure 1G). This was in strong contrast to tup1Dpriming kit from Amersham Pharmacia (Arlington Heights,
cells, which always grew as filaments (Figure 1E). OnIL). C. albicans strains were grown as specified above and their

whole RNA was isolated using hot phenol (Ausubel et al. SD plates, the tup1D deletion strain consisted of highly
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Figure 1.—Colony and cell morphologies of mutants in tup1, cph1, and efg1 indicate separate pathways of regulation. (A–H)
colonies were grown on SD (minimal medium) agar for 7 days at 308, conditions that do not induce filamentous growth, whereas
for I–P, colonies were grown on Spider (inducing) plates under the same conditions. Whole colonies were scraped or excavated
from the plates, ground briefly in an Eppendorf tube with a pestle to disperse clumps of filaments and agar, and mounted on
a slide for microscopy. The relevant genotypes are noted below A–P—each gene refers to the deletion of both alleles, and WT
refers to the wild-type strain used for comparison, CAF2-1, which carries one copy of the URA3 gene, as do all the mutant strains.
Magnification in A–H (whole field, 8 mm wide) was twice that of I–P (whole field, 16 mm wide). The fields shown in the bottom
halves of A–P correspond to 73 mm in total width.

elongated, strongly attached cells growing in a tangled plates for a week at 308, colonies of efg1D tup1D cells
had a small, smooth central area of nonfilamentousmass with a seemingly infinite chain length despite the

lack of hyphae projecting into the medium. In compari- cells, surrounded by a wide fringe of agar-invading fila-
ments (Figure 1O). This fringe was distinctly smallerson, cells in colonies of the efg1D tup1D deletion strain

were much shorter than the corresponding tup1D cells, than that of either wild-type or tup1D colonies (Figure
1, I and M). These results indicate that the pathwayand the strength of their cell-cell attachment appeared

much weaker. Upon dispersion of the colony for micros- represented by EFG1 is required for much of the fila-
mentous growth seen in tup1D cells under inducingcopy, only about half of the cells were observed to be

in chains. We have found a rough correlation between environmental conditions and most of the filamentous
growth seen under noninducing conditions. efg1D tup1Dthese aspects of filamentous growth and the degree of

wrinkling of colonies, making colony morphology a con- cells also showed no germ tube formation when trans-
ferred from YPD medium at 308 to YPD 1 10% serumvenient integrated assay of filamentous growth (Slut-

sky et al. 1985; Dutton and Penn 1989; Pesti et al. at 378 (not shown). In contrast, wild-type cells show
uniform and rapid induction of germ tubes under these1999).

After induction of filamentous growth on Spider conditions. Since neither efg1D nor tup1D cells show any



61C. albicans Filamentation Mutants

Figure 1.—Continued.

visible response under these conditions (Braun and also indicates that the TUP1 and CPH1 pathways are
separate and make additive contributions to filamentousJohnson 1997; Lo et al. 1997; and data not shown), this

result was not surprising. growth, although the contribution from CPH1 appears
to be relatively small.In previous work, we described a cph1D tup1D strain

and noted that its morphology appeared identical to Even in the absence of environmental signals (on the
noninducing SD medium), deletion of CPH1 caused anthat of cells carrying the tup1D mutation alone (Braun

and Johnson 1997). In this study we found that these additional reduction in hyphal growth, as indicated by
the lower degree of wrinkling of the cph1D efg1D tup1Dstrains were indeed distinguishable under certain condi-

tions (Figure 1, E and F; SD plate for 7 days), and colonies compared with the efg1D tup1D colonies (Fig-
ure 1, G and H). This result was not simply due tofurthermore, that the additional deletion of CPH1 de-

tectably decreased the degree of filamentous growth of differences in colony size, since the finding was consis-
tent over other areas of these plates that had coloniesefg1D tup1D mutant cells (Figure 1, H and P). Colonies

of cph1D efg1D tup1D cells grown on inducing (Spider) in various sizes and densities and is consistent with the
idea that the CPH1, EFG1, and TUP1 pathways makemedia had a large central patch of nonfilamentous cells

surrounded by a small fringe of filamentous cells invad- additive contributions to filamentous growth.
Evidence for a fourth filamentous growth pathway:ing the agar. This fringe was much smaller than that

of either wild-type, tup1D, cph1D tup1D, or efg1D tup1D Triple mutant cells lacking the CPH1, EFG1, and TUP1
regulators still exhibited a small amount of filamentouscolonies (Figure 1, compare M–P). This reduction in

filamentation is consistent with previous work indicating growth (Figure 1P). This filamentous growth was envi-
ronmentally responsive (Figure 1, compare H and P),that CPH1 represents an environmentally responsive ac-

tivating pathway that contributes to filamentous growth indicating that one or more signaling pathways that
activate filamentous growth remained intact in the tripleon Spider medium and that is independent of EFG1

(Liu et al. 1994; Lo et al. 1997). More importantly, it mutant. The slight filamentous growth seen under non-
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inducing conditions (Figure 1H) could be due to an the time of harvesting (not shown). Both the ethidium-
stained gel and the actin-probed blot (Figure 2, bottom)unregulated (basal) activity that has been uncovered by

removal of TUP1 repression. show that there were roughly equal amounts of RNA in
the preparations that were used to load each well.Expression analysis of filament-specific genes: Since

TUP1, EFG1, and CPH1 each regulate filamentous The first three lanes of each blot show the response
of wild-type cells to each growth condition. Since thegrowth, it seemed likely that their deletion should have

corresponding effects on the expression patterns of fil- time of incubation was 2 hr in Spider medium and only
1 hr in YPD 1 serum, the differences that are seen forament-specific genes. Two types of models for these

effects can be envisioned (Figure 3). In the first, “central some genes in amount of induction between the two
conditions (lanes b and c) may derive from this timeprocessor” model, the regulatory pathways feed into a

central pathway that monitors the strength of various difference as well as the difference in media. Liquid
growth conditions have not yet been described that caninducing signals, integrates the signals, and expresses all

the filament-specific genes accordingly. By this model, simulate the slow starvation on solid media produced
by Spider agar, which reveals the lack of filamentousdownstream genes should all behave in a parallel fash-

ion in response to various inducing signals and should growth in the cph1D mutant. The induction conditions
used in Figure 2 were therefore not designed to accentu-closely track the morphology of the cells. The second,

or “network” model, proposes a diverse set of individual ate the cph1D phenotype, and none of the gene expres-
sion profiles show significant dependence on CPH1.connections between the regulatory pathways and their

filament-specific downstream target genes. This model Overall, most of the genes depended on EFG1 for activa-
tion and on TUP1 for repression, as was true of thepredicts that a given downstream gene may respond to

some, but not necessarily all, upstream pathways, and filamentous cell morphology itself. However, there were
significant exceptions to this rule, and even among thethat their levels of expression may not necessarily coin-

cide with the morphological state of the cell. This model genes regulated by TUP1 and EFG1, there was surprising
variation in the degree of response to deletions of thesealso supposes that filamentous growth can arise from

the expression of different sets of target genes. regulators, described in the next sections.
Dependence on TUP1: Deletion of TUP1 caused dere-To investigate these models, we tested the expression

of a variety of hyphal-specific genes in the mutant strains pression of most of the genes assayed. Since deletion
of TUP1 causes hyphal growth, it was not surprisingdescribed above. Several cell wall proteins have been

found to be specifically expressed upon induction of that many hyphal-specific genes were turned on in the
mutant strain; however, the degree of derepression var-hyphal growth, including HWP1, ALS1, ECE1, CHS2, and

HYR1 (Birse et al. 1993; Hoyer et al. 1995; McCreath et ied considerably from gene to gene. RBT4, for instance,
was induced by filament-inducing growth conditions inal. 1995; Bailey et al. 1996; Staab et al. 1996; Sharkey

et al. 1999). In a screen to be described elsewhere, we wild-type cells, but this regulation was lost in strains
carrying a deletion of TUP1 and the gene was fullyhave identified four additional genes that also show

hyphal-specific regulation (RBT1, RBT4, RBT5, and expressed under all growth conditions. In contrast,
HYR1 was only mildly derepressed in the tup1 deletionWAP1). Other genes were chosen as controls, including

ACT1 (Losberger and Ernst 1989), encoding actin, strain when grown on YPD and retained substantial in-
duction in response to Spider and serum media.RBT2, encoding a TUP1-regulated gene that is ex-

pressed both in blastospores and hyphae (also to be A different type of profile was observed for the ECE1,
ALS1, and HWP1 genes. Deletion of TUP1 caused consti-described elsewhere), and CHT2, encoding a chitinase

that displays a regulatory pattern that is the converse tutive expression of these genes and abolished their
environmental induction yet also reduced, sometimesof the other genes, showing greater expression in non-

hyphal cells (McCreath et al. 1995). While the experi- severely, their final level of expression. This behavior
probably indicates more complex regulatory control onmental genes were chosen because they are induced

during filamentous growth, most other aspects of their filamentous growth than the simple direct action of the
gene regulatory proteins discussed here. The intermedi-regulatory profiles are unknown.

Figure 2 displays Northern blots of RNA from our ate expression level of these genes may be connected
to the fact that the filamentous growth exhibited bymutant C. albicans strains, as noted across the top, hy-

bridized to probes derived from the various genes men- tup1D cells in YPD is not as fully elongated and straight
(i.e., “hyphal”) as is possible in wild-type cells. Corre-tioned above. Each strain was subjected to three growth

conditions: uninduced (YPD at 308) and two conditions spondingly, the hyphal-specific genes in these cells may
not be fully induced. In addition, TUP1 may regulateof filamentous growth induction: YPD 1 10% serum for

60 min at 378 after prior growth in YPD at 308 and liquid more than one pathway that impinges on filamentous
growth.Spider medium at 378 for 120 min after prior growth

in YPD at 308. The two inducing conditions caused the Dependence on EFG1: Many of the tested genes
(HYR1, ALS1, ECE1, HWP1, RBT1, and RBT4) were heav-majority of wild-type cells to grow germ tubes (nascent

hyphae) up to three times the length of the cell body by ily dependent on EFG1 for their full expression. This
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Figure 2.—Inducible gene
expression from several fila-
ment-specific genes is altered
in regulatory mutants. Total
RNA from each strain under
three growth conditions was
probed with the gene indi-
cated. The YPD liquid (308)
growth condition (lanes a, d, g,
j, m, p, s, and v) did not induce
filamentous growth, whereas
both serum treatment for 1 hr
at 378 (lanes b, e, h, k, n, q, t,
and w) and Spider treatment
for 2 hr at 378 (lanes c, f, i,
l, o, r, u, and x) did induce
filamentous growth (mostly in
the form of germ tubes). At the
right is an interpretation of the
results indicating which regula-
tors appear to influence the ob-
served expression pattern, with
shading indicating the relative
importance of the regulator.
Pluses represent activation and
minuses represent repression.
The asterisk indicates, in the
case of TUP1 and X, that the
regulator in this case not only
represses or activates gene ex-
pression but may itself be con-
trolled by filamentous growth-
specific signals.

observation agrees with the phenotypic behavior of the CPH1 pathway (Sharkey et al. 1999). The additional
deletion of TUP1 (lanes w and x) uncovered no addi-efg1D cells, which showed no morphological response

to either of these serum or Spider treatments (not tional HWP1 activation and indicates that the activation
seen in the tup1D strain was due principally to activationshown; see Lo et al. 1997). However, HWP1, CHT2, and

especially RBT5 and WAP1 showed induction profiles through EFG1.
CHT2 is turned off, instead of on, in filamentous cellsthat were to some degree independent of EFG1. HWP1

showed slight induction in the absence of EFG1, and (Figure 2, compare lanes a, b, and c; McCreath et
al. 1995). We were surprised to see that much of thisthis residual induction was almost fully eliminated by

the additional deletion of CPH1 (Figure 2, compare regulation was intact in tup1 cells (Figure 2, compare
lanes j, k, and l with lanes a, b, and c), despite theirlanes h and i with t and u), indicating that under these

conditions, HWP1 is at least slightly dependent on the consistent filamentous growth and lack of morphologi-
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cal change under induction conditions. Likewise, the including INT1 (Gale et al. 1998), RBF1 (Ishii et al.
1997), HWP1 (Sharkey et al. 1999), CLN1 (Loeb et al.deletion of EFG1 impaired, but did not eliminate, the

reduction of CHT2 message in serum- or Spider-induced 1999), ASH1 (D. O. Inglis, personal communication),
and ALS7 (P. Leng and A. Brown, personal communi-cells. The triple mutant cells still exhibited modest regu-

lation of CHT2, which again points to an additional cation), may lie in the already known pathways or may
represent novel pathways such as the one deducedpathway of environmental control.

Unique induction behaviors of RBT5 and WAP1: RBT5 above.
Insights into TUP1 regulation: One question ad-and WAP1 are examples of genes whose serum- and

Spider-induced expression is almost entirely indepen- dressed by this work concerns whether TUP1 repression
is regulated as part of normal filamentous growth con-dent of EFG1, as deletion of EFG1 or both EFG1 and

CPH1 had only minor effects on their induction. These trol or whether TUP1 happens to repress filament-spe-
cific genes for other reasons. Several lines of argumentresults indicate that even though the cph1D efg1D cells

are morphologically unresponsive to serum and Spider suggest that TUP1 directly regulates filamentous growth.
We show that a number of diverse genes correlated withinduction under these conditions, at least one regula-

tory pathway remained intact. For RBT5, TUP1 may rep- filamentous growth appeared to be repressed by TUP1,
and their regulation was consistent with a model whereresent that pathway, since deletion of TUP1 caused both

high expression and loss of most environmental re- TUP1 repression of hyphal-specific genes is lifted in
response to environmental conditions. However, thesponses. This result also implies the existence of a tran-

scriptional activator of RBT5 that is distinct from CPH1 pattern of RBT5 expression argues most strongly for
hyphal-specific repression by TUP1, since its inductionand EFG1. This activator may not be regulated, since

TUP1 may represent the major pathway controlling in- was normal in the efg1D, cph1D background, yet most
induction was lost when TUP1 was deleted (Figure 2,duction of RBT5 expression.

WAP1 is affected in complex ways by the deletion of lanes s–x). The simplest model for this behavior is that
RBT5 is regulated through the specific lifting of TUP1CPH1, EFG1, and TUP1, yet shows robust induction in

the absence of all three genes (Figure 2, compare lanes repression (as opposed to activation by EFG1 or CPH1),
and therefore TUP1 repression appears at least in somea–c with v–x), indicating that WAP1 is induced by a

pathway separate from EFG1, CPH1, and TUP1. This cases to be regulated by the environmental conditions
that induce filamentous growth. By analogy with thepathway may correlate with the fourth induction path-

way deduced above from morphological criteria. situation in S. cerevisiae, we imagine that the local lifting
of repression is due to the inactivation (or some other
form of regulation) of the DNA-binding protein that

DISCUSSION
brings Tup1p-containing repression complex to the
RBT5 upstream regulatory region.C. albicans cells deleted for the TUP1 transcriptional

repressor show constitutive filamentous growth, and in The work in this article also shows that TUP1 is not
used exclusively to regulate filamentous growth in C.this article we show that this filamentous growth de-

pends on at least three separate activating pathways. albicans. RBT2 is strongly repressed by TUP1, but not
induced during filamentous growth. Indeed the factTwo of these pathways are represented by the CPH1 and

EFG1 transcriptional activators, and the other appears to that RBT2 remained repressed during filamentous
growth serves to show that TUP1 itself is not inactivatedbe novel. We also demonstrate that a group of hyphal-

specific genes do not respond in unison to defects in to regulate the transition to filamentous growth. Work
on the closely related S. cerevisiae TUP1 gene has shownthese activating pathways, but rather the genes show

diverse individual responses. Taken together with previ- that several entirely separate regulatory pathways use
Tup1p to repress their target genes (Keleher et al. 1992;ous work, these results suggest a network of regulatory

pathways through which different environmental signals Deckert et al. 1995; Friesen et al. 1997; Huang et al.
1998; Proft and Serrano 1999), and the present resultsinduce filamentous growth by activating different com-

binations of downstream genes. indicate that this is the case in C. albicans as well.
Epistasis: EFG1, CPH1, and TUP1 each had indepen-EFG1 appears to represent the major activating path-

way that drives filamentous growth in a tup1D strain dent effects on filamentous growth, regardless of the
state of the other genes. The simplest explanation forof C. albicans. CPH1 plays a lesser role in activating

filamentous growth, as does a fourth pathway whose this observation and the inference of an additional
(fourth) pathway activating filamentous growth is thatexistence was suggested when the known pathways rep-

resented by EFG1, TUP1, and CPH1 were all deleted and at least four different regulatory inputs contribute to
filamentous growth in C. albicans (also see Brown andthe cells still exhibited filamentous growth. Since this

fourth pathway was arrived at by deduction, it may repre- Gow 1999). Whether the pathways are entirely separate
is not known, but the results indicate that the pathwayssent one or more distinct pathways. Several new genes

involved in regulating filamentous growth were de- represented by these genes are not arranged in a depen-
dent, linear pathway. Why does C. albicans have multiplescribed while our work was in progress. These genes,



65C. albicans Filamentation Mutants

induction of phage l (cI; Ptashne 1992), and sex deter-
mination in both flies (Sxl) and worms (xol-1; Cline
and Meyer 1996) are paradigms for this model.

The network model, on the other hand, proposes no
distinct integrating step but rather a network of connec-
tions between regulatory pathways and downstream
genes. The decisions made are not binary but are quali-
tatively varied (i.e., which downstream genes are ex-
pressed) and quantitatively calibrated (i.e., what are
their levels of expression?) in response to the nature of
the stimulation. Regulation of catabolic gene expression
in yeast and other organisms is an example of this form
of regulation. Many different signaling inputs indicate
the available nutrients, and interrelated sets of circuits
determine the amount and type of resources the cell
devotes to food uptake (Gancedo 1998). Another exam-
ple of network control is the stress response. In all organ-
isms, responses to stresses such as heat, oxidation, and

Figure 3.—Models of the regulatory circuit leading to fila- high salt make use of overlapping signaling pathways
mentous growth in C. albicans. Two models are proposed, as that control a variety of genes. Some of these such genes,described in the text, for the overall style of connections be-

such as those involved in heavy metal resistance, aretween upstream regulators and the downstream effectors and
very specialized, and others, such as chaperones, haverelated genes that are turned on during filamentous growth.

The models are termed the central control model (A) and more general roles. The level of expression of the regu-
network control model (B). In B, HYR1, HWP1, RBT1, and lated genes is finely tuned to the needs of the cell, and
RBT5 are examples of genes A, B, C, and D, respectively.

many of the target genes have overlapping, multiple
inputs, creating a complex regulatory network (Ruis
and Schuller 1995; Connolly et al. 1997).pathways controlling filamentous growth? A number of

The results described in this article show that genesfungi respond to their external environments by engag-
turned on during filamentous growth do not responding in filamentous growth; however the conditions that
to a central regulator. Rather, they respond individuallyelicit filamentous growth vary among different species
to various pathways (at least four) that regulate filamen-(for review, see Madhani and Fink 1998a). For exam-
tous growth, suggesting strongly that a network of signal-ple, filamentous growth in S. cerevisiae is activated by
ing pathways and transcriptional regulators extendslimitation for nitrogen or carbon and is thought to
down to target genes without an intervening centralallow locomotion toward better nutritional conditions
level of regulation. Two recent reviews of C. albicans(Vivier et al. 1997). Ustilago maydis uses filamentous
morphology have taken a similar view (Mitchell 1998;growth as part of its pathogenic life cycle inside plants
Brown and Gow 1999). According to this view, theand requires both mating type and plant signals for
filamentous growth decision in C. albicans is not a binaryits induction (Broach et al. 1991). C. albicans activates
switch, yielding a “dimorphic” yeast, but a complex pro-filamentous growth not only in response to starvation
cess that can result in distinct types of filaments, withconditions (such as Spider, milk, or cornmeal plates),
each type corresponding to a particular set of inducingbut also to host-specific conditions such as exposure to
conditions. (For example, RBT4 is mildly induced byserum and to 378, which appear to be unrelated to
starvation but strongly induced by serum, whereas RBT5starvation. It is perhaps not surprising that, given a wide
shows the opposite pattern.) Thus, even states that lookarray of inducing conditions, C. albicans also possesses
similar morphologically may be dissimilar on a molecu-a relatively complex set of regulatory pathways to process
lar level, especially at the cell wall.these signals.

The fact that EFG1, CPH1, and TUP1 all encode tran-Central vs. network control: Finally, our results shed
scription regulators also supports a model of direct regu-some light on how these regulatory pathways may con-
latory control. We think it likely that dissection of thetrol filamentous growth. In Figure 3 we diagram two
upstream regions of these target genes will reveal dis-models, termed central control and network control,

for the regulation of genes induced during filamentous tinct DNA binding sites related to each of these path-
growth. The central control model posits a master regu- ways, thereby explaining much of the observed regula-
lator that integrates signals from upstream pathways tory behavior.
and provides a single output that controls filamentous We thank G. Fink and colleagues (MIT) for providing the cph1 strain
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