Feedback control of morphogenesis
in fungi by aromatic alcohols
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Many fungi undergo a developmental transition from a unicellular yeast form to an invasive filamentous form
in response to environmental cues. Here we describe a quorum signaling pathway that links environmental
sensing to morphogenesis in Saccharomyces cerevisiae. Saccharomyces cells secrete aromatic alcohols that
stimulate morphogenesis by inducing the expression of FLO11 through a Tpk2p-dependent mechanism.
Mutants defective in synthesis of these alcohols show reduced filamentous growth, which is partially
suppressed by the addition of these aromatic alcohols. The production of these autosignaling alcohols is
regulated by nitrogen: High ammonia restricts it by repressing the expression of their biosynthetic pathway,
whereas nitrogen-poor conditions activate it. Moreover, the production of these aromatic alcohols is controlled
by cell density and subjected to positive feedback regulation, which requires the transcription factor Aro80p.
These interactions define a quorum-sensing circuit that allows Saccharomyces to respond to both cell density
and the nutritional state of the environment. These same autoregulatory molecules do not evoke the
morphological switch in Candida albicans, suggesting that these molecular signals are species-specific.
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In microbes, the switch from one morphological state to
another is controlled by environmental signals that
evoke a novel genetic program. The environmental sig-
nals can arise from alterations in the concentration of
nutrients or autoinductive molecules that are secreted
by cells. In bacteria, autoinductive molecules produced
in a cell density-dependent fashion are termed quorum-
sensing (Bassler 2002). In eukaryotes, diverse small sig-
naling molecules have also been shown to be critical for
many processes during cellular differentiation and devel-
opment. For instance, upon starvation the free-living
amoeba Dictyostelium discoideum secretes cAMP,
which activates a signal transduction cascade to trigger
individual cells to aggregate and subsequently undergo
differentiation and morphogenesis to form a multicellu-
lar fruiting body (Aubry and Firtel 1999). Mammalian
cells release and respond to retinoic acid (RA), a key sig-
naling molecule that binds to its cognate nuclear recep-
tor (RAR/RXR) and regulates the expression of genes es-
sential for cellular proliferation, morphogenesis, and dif-
ferentiation during embryogenesis and development
(Mangelsdorf et al. 1995).

Fungi also undergo a developmental switch in re-
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sponse to environmental changes. Many fungi can grow
either as a unicellular yeast form or as a filamentous
form (Lengeler et al. 2000). In both nonpathogenic (Sac-
charomyces cerevisiae) and pathogenic (Candida albi-
cans, Candida glabrata, and Cryptococcus neoformans)
fungi, the ability to switch between the yeast and fila-
mentous form is dependent on environmental condi-
tions. All of these organisms switch from the yeast to the
filamentous form when starved for nitrogen (Gimeno et
al. 1992, Wickes et al. 1996; Csank and Haynes 2000;
Biswas and Morschhauser 2005). In S. cerevisiae, nitro-
gen starvation induces pseudohyphal growth in diploid
cells (Gimeno et al. 1992) and enhances invasive growth
in haploid cells cultured on synthetic minimal medium
(H. Chen and G. Fink, unpubl.). The low-nitrogen signal
that evokes these morphogenetic transitions is transmit-
ted by elements of the highly conserved mitogen-acti-
vated protein kinase (MAPK) and protein kinase A (PKA)
pathways, resulting in the enhanced transcription of
genes required for filamentation (Liu et al. 1993, 1994;
Lengeler et al. 2000; Gancedo 2001; Liu 2001). However,
the nature of the afferent signal generated by low nitro-
gen is unknown.

The morphological transition in many fungi is also
controlled by autoregulatory molecules through quo-
rum-sensing mechanisms (Kugler et al. 2000; Hornby et
al. 2001, 2004; Chen et al. 2004). For instance, in C.
albicans, the ability to switch between the yeast and the
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filamentous form depends on cell density. At high den-
sities, Candida is in the yeast form, whereas at low den-
sities, the yeast-form cell develops a filamentous protru-
sion known as a germ tube. The germ tube formation at
high density is inhibited by farnesol, which accumulates
in the medium during growth (Hornby et al. 2001). An-
other quorum-sensing molecule with a role in the regu-
lation of growth and morphogenesis in C. albicans is
tyrosol, which reduces the length of lag phase of Can-
dida cells upon dilution and promotes filamentation un-
der permissive conditions (Chen et al. 2004). These find-
ings indicate that the morphogenesis in C. albicans is
under complex positive and negative control by environ-
mental conditions. However, the quorum-sensing phe-
nomenon has not been explored in S. cerevisiae.

In this report, we show that S. cerevisiae cells release
aromatic alcohols as quorum-sensing molecules capable
of inducing the morphogenetic switch in response to ni-
trogen starvation. Nitrogen starvation results in the se-
cretion of these alcohols, which stimulate morphogen-
esis by up-regulating the level of Flo11p, a GPI-anchored
cell surface protein (Lambrechts et al. 1996; Rupp et al.
1999; Guo et al. 2000; Reynolds and Fink 2001). The
autostimulatory effects of aromatic alcohols on morpho-
genesis require Tpk2p, a key component of the PKA sig-
nal transduction pathway. Moreover, Saccharomyces
mutants defective in producing these alcohols show re-
duced filamentous growth, which can be suppressed by
the addition of aromatic alcohols. The secretion of aro-
matic alcohols is tightly controlled by cell density and
subjected to autostimulation, revealing a feedback auto-
regulatory circuit akin to the quorum-sensing phenom-
ena in bacteria. This autosignaling pathway allows Sac-
charomyces to respond both to cell density and the
nutritional state of the environment. The aromatic alco-
hols appear to be species-specific signaling molecules be-
cause C. albicans manifests different responses to these
autoregulators.
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Aromatic alcohols autostimulate morphogenesis

Results

S. cerevisiae secretes aromatic alcohols with
morphogenetic properties

Conditioned medium (CM) from S. cerevisiae stationary-
phase cultures strongly induced diploid pseudohyphal
(Gimeno et al. 1992) and haploid invasive growth in S.
cerevisiae (Fig. 1A,B; Roberts and Fink 1994). In agree-
ment with its morphogenetic effects, CM stimulated the
expression of FLO11, a gene essential for filamentous
growth in S. cerevisiae, by approximately fivefold (data
not shown). Fractionation of the CM by HPLC indicated
two peaks that could stimulate filamentation and adhe-
sion. By comparing their chemical properties—including
HPLC elution profiles, thin-layer chromatography (TLC)
retention profiles, and UV absorption spectra—to chemi-
cally synthesized standards, these peaks were identified
as phenylethanol and tryptophol (Supplementary Fig.
1A), aromatic alcohols derived from phenylalanine and
tryptophan (Sentheshanmuganathan and Elsden 1958;
Dickinson et al. 2003). Using TLC and pure aromatic
alcohols as standards, we found that Saccharomyces
cells were capable of converting radioactive phenylala-
nine and tryptophan, as well as tyrosine, into the corre-
sponding aromatic alcohols (Supplementary Fig. 1B). The
identification of phenylethanol and tryptophol, together
with previously identified tyrosol, a quorum-sensing
molecule in C. albicans (Chen et al. 2004), reveals a
unique class of autoregulatory signaling molecules in
fungi.

Phenylethanol and tryptophol stimulate morphogenesis
in S. cerevisiae

Phenylethanol and tryptophol, but not tyrosol, stimu-
lated diploid pseudohyphal growth in S. cerevisiae (Fig.
1C). On solid low-ammonium dextrose (SLAD) agar

+ TerH Figure 1. S. cerevisiae secretes aromatic alcohols
.. capable of stimulating morphogenesis. (A) CM
‘ from stationary-phase cultures stimulates diploid

0 * pseudohyphal growth in Saccharomyces. Saccha-

romyces wild-type (WT) haploid or diploid cells
WT  were inoculated at 10° cells/mL in SD and incu-

+TrpOH bated for 3 d at 30°C. CM was collected by cen-

trifugation and filtration to remove cells. CM was

‘ then partially purified by a C18 Sep-Pak column to
remove the residual ammonium sulfate, lyophi-

. lized, and used to prepare SLAD plates (final 1x
WT  CM). CM from both haploid and diploid cells has
indistinguishable activity in our filamentation as-
says. (B) CM stimulates haploid invasive growth in
Saccharomyces. CM was adjusted to pH 4.3 as in
regular SD and then used to prepare agar plates for
the adhesion assay, which contained 1x SD and
0.5x CM. (C) Tryptophol (TrpOH) and phenyletha-
nol (PheOH), but not tyrosol (TyrOH), stimulate

diploid pseudohyphal growth. Wild-type diploid Saccharomyces cells were grown on SLAD plates with or without the specified
aromatic alcohol (100 pM each). (D) Phenylethanol (PheOH) stimulates haploid invasive growth. Wild-type (WT) haploid cells were
grown on SD in the absence or presence of 100 uM specified compound. Two equivalent colonies before and after the wash are shown.
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plates (Gimeno et al. 1992), a relatively low concentra-
tion (=20 puM) of either phenylethanol or tryptophol
stimulated filamentation. The addition of both alcohols
gave greater stimulation of pseudohyphal growth than
either alcohol alone (Fig. 1C). However, aromatic alco-
hols failed to stimulate filamentation in diploid cells
cultured on the synthetic minimal dextrose medium
(SD) plates that contain abundant ammonium sulfate (37
mM), indicating that the presence of these autosignaling
molecules is not sufficient to induce pseudohyphal
growth in S. cerevisiae.

Phenylethanol increased haploid invasive growth of
S. cerevisiae, whereas neither tryptophol nor tyrosol
had any effect (Fig. 1D). However, the addition of
phenylethanol and tryptophol together resulted in
slightly more invasive growth, suggesting that there is
some synergy between phenylethanol and tryptophol
(Fig. 1D).

Autostimulation of filamentation requires FLO11

The induction of morphogenesis in S. cerevisiae by
phenylethanol and tryptophol requires the function of
Flol1p. Saccharomyces flo11 mutants were completely
defective in diploid pseudohyphal and haploid invasive
growth, and this defect was not suppressed by the addi-
tion of these autostimulatory alcohols (Fig. 1C,D). More-
over, phenylethanol and tryptophol each increased the
level of FLO11 mRNA by approximately twofold (ap-
proximately fourfold when added together) as measured
by either quantitative real-time RT-PCR (qQRT-PCR) or
B-galactosidase assays using a FLO11::lacZ reporter (Fig.
2A; Rupp et al. 1999).

The autoinduction of FLO11 expression and morpho-
genesis by aromatic alcohols depends on Tpk2p, the
catalytic subunit of PKA essential for filamentous
growth in S. cerevisiae (Robertson and Fink 1998;
Pan and Heitman 1999). A loss-of-function mutation
in TPK2, but not TPK1 and TPK3, the filamentation-
inhibitory subunits of PKA, abolished the stimulatory
effects of aromatic alcohols on FLOI11 expression
(Fig. 2B). Moreover, the autoinduction required Flo8p,
the transcription factor downstream of Tpk2p (Pan and
Heitman 2002), but not Gpa2p and Gprlp, the G-protein
and G-protein-coupled receptor upstream of Tpk2p
(Lorenz and Heitman 1997; Xue et al. 1998; Lorenz
et al. 2000b), suggesting that Tpk2p, together with Flo8p,
may play a role in sensing these signaling molecules
(Fig. 2B). Consistent with the reduction in FLO11
mRNA, Saccharomyces strains missing either TPK2
or FLO8 were nonfilamentous in the presence of
aromatic alcohols (data not shown). However, mutations
in components of the MAPK pathway such as TECI,
STE12, and STE20 (Liu et al. 1993; Gavrias et al. 1996;
Madhani and Fink 1997) had only small effects on
FLO11 induction by aromatic alcohols, suggesting
that these autosignaling alcohols exert their effects pri-
marily through the PKA, but not the MAPK, pathway
(Fig. 2B).
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Figure 2. Aromatic alcohols stimulate FLOI1 expression
through a Tpk2p-dependent mechanism. (A) Tryptophol and
phenylethanol induce the expression of FLO11. Wild-type (WT)
haploid and diploid cells were inoculated at ODgyo 0.2 in SD
with or without the specified aromatic alcohol (500 pM each).
The cultures were incubated for 4 h at 30°C. RNA was extracted
and analyzed by qRT-PCR. The haploid strain without the ex-
ternally added aromatic alcohols was used as the baseline for
comparison (Flo11 level was normalized to 1). (White bars) SD
alone; (bars with horizontal stripes) tyrosol; (bars with vertical
stripes) phenylethanol; (bars with diagonal stripes) tryptophol;
(black bars) phenylethanol and tryptophol. The B-galactosidase
assays using a FLO11::lacZ reporter show the same results. (B)
The autoinduction of FLOI11 expression requires TPK2 and
FLOS, but not elements of the MAPK pathway. Wild-type (WT)
and mutant cells were inoculated at ODg 0.2 in SD with (black
bars) or without (white bars) aromatic alcohol (500 uM phenyl-
ethanol and tryptophol). The cultures were incubated for 4 h at
30°C. RNA was extracted and analyzed by qRT-PCR. The rela-
tive levels of FLO11 transcript in mutant cells with or without
the externally added alcohols were compared with that of wild-
type cells without alcohols, which was normalized to 1. The
data shown here were obtained from haploid strains. The dip-
loid strains show the same pattern in FLO11 expression in re-
sponse to aromatic alcohols.

Mutants defective in aromatic alcohol biosynthesis
are defective in morphogenesis

To determine the role of these aromatic alcohols in mor-
phogenesis, we constructed Saccharomyces strains de-
fective in the biosynthesis of aromatic alcohols. In view
of the considerable redundancy of the enzymes that con-
vert aromatic amino acids into corresponding alcohols
(Fig. 3A), we made an aro8 aro9 double mutant, which
lacks two transaminases required for aromatic amino
acid catabolism (Iraqui et al. 1998; Dickinson et al.
2003). This double-mutant strain was defective in utiliz-
ing aromatic amino acids as indicated by reduced growth
when aromatic amino acids were the sole nitrogen
source (Fig. 3B). Moreover, the aro8 aro9 mutant secreted
much lower levels of aromatic alcohols into the medium
than wild-type cells (Fig. 3C).



The aro8 aro9 double mutant was defective in haploid
invasive growth and diploid pseudohyphal formation as
compared with isogenic wild-type strains (Fig. 3D,E).
The adhesion defect of the haploid aro8 aro9 strain could
be suppressed by the addition of phenylethanol, but not
by tryptophol and tyrosol (Fig. 3D). The addition of ei-
ther tryptophol or phenylethanol to the diploid aro8/
aro8 aro9/aro9 double mutant suppressed its defect in
diploid pseudohyphal filamentation, and the combina-
tion gave greater stimulation than either alcohol alone
(Fig. 3E). Moreover, the addition of these two alcohols to
the medium enhanced the filamentous growth of wild-
type cells (Fig. 1C,D). These observations strongly sug-
gest that the presence of aromatic alcohols is necessary
for morphogenesis in S. cerevisiae.

Consistent with these morphogenetic effects, the aro8
aro9 mutant (both haploids and diploids) had a lower
level of FLO11 transcript than wild type (Fig. 3F). The
addition of phenylethanol and tryptophol induced
FLO11 expression in aro8 aro9 cells (Fig. 3F), suggesting

Figure 3. Saccharomyces mutants missing the ARO8 and
ARO9 genes are defective in the production of aromatic alco-
hols and morphogenesis. (A) The biosynthetic pathways of aro-
matic alcohols. (B) The Saccharomyces aro8 aro9 double mu-
tant is unable to utilize the nitrogen of aromatic amino acids
and grows poorly on plates containing aromatic amino acids
(400 uM each) as the sole nitrogen source. The growth defect of
the aro8 aro9 strain is specific to aromatic amino acids. The
mutant grows well on plates containing other amino acids (such
as 400 uM Leu and Pro) as the sole nitrogen source. The aro8/
aro8 aro9/aro9 diploid mutant shows the same growth defect as
the aro8 aro9 haploid mutant. (C) The aro8 aro9 double mutant
is defective in producing aromatic alcohols. Wild-type (WT) and
aro8 aro9 mutant cells were incubated in YNB + 2% glucose in
the presence of each '*C-aromatic amino acid. CM was prepared
and subjected to TLC analysis. The aro8/aro8 aro9/aro9 diploid
mutant shows the same defect in the production of aromatic
alcohols as the haploid mutant. (D) The Saccharomyces aro8
aro9 mutant is defective in haploid invasive growth, and the
defect can be suppressed by phenylethanol (PheOH). The strong
adhesion by wild-type (WT) haploid cells in the absence of any
alcohol presumably results from the presence of tyrosine and
phenylalanine (100 uM each) in the plates, which may induce
the production of endogenous aromatic alcohols. (E) The Sac-
charomyces aro8/aro8 aro9/aro9 diploid strain is defective in
pseudohyphal growth, and the defect can be suppressed by tryp-
tophol (TrpOH) and phenylethanol (PheOH). Wild-type (WT)
and mutant diploid strains were grown on SLAD plates with or
without the specified aromatic alcohols (100 uM each). (F) The
aro8 aro9 strain has a lower level of FLO11 transcript than wild
type, and the defect in FLO11 expression can be partially re-
stored by the addition of tryptophol (TrpOH) and phenylethanol
(PheOH). Wild-type (WT) and mutant cells were incubated at
ODy 0.2 in SD with or without the specified aromatic alcohols
(500 uM each) for 4 h. RNA was purified and analyzed by qRT-
PCR. The wild-type strain without the addition of any aromatic
alcohol was used as the baseline for comparison. Only the re-
sults from haploid strains are shown. The corresponding diploid
strains have the same pattern of FLO11 expression. (White bars)
SD alone; (bars with horizontal stripes) tyrosol; (bars with ver-
tical stripes) phenylethanol; (bars with diagonal stripes) trypto-
phol; (black bars) phenylethanol and tryptophol.

Aromatic alcohols autostimulate morphogenesis

that phenylethanol and tryptophol are autostimulatory
molecules that alter morphogenesis of Saccharomyces
by elevating FLO11 expression. However, the addition of
aromatic alcohols to aro8 aro9 mutant cells did not com-
pletely restore the level of FLO11 transcript to the level
of wild-type cells with alcohols (Fig. 3F). The fact that
the addition of the alcohols only partially suppresses
the transcription and filamentation defect of the aro8
aro9 mutant suggests that these transaminases may
be required for the synthesis of other inductive mol-
ecules.

Ammonium represses both filamentation and
aromatic alcohol production

The fact that filamentation is suppressed by both high
ammonia and defects in the biosynthesis of aromatic al-
cohols suggests that the biosynthetic pathway might be
repressed by ammonia. Direct measurement by TLC
analysis showed that growth in the presence of abundant
ammonium sulfate (>500 pM) dramatically reduced the
synthesis of aromatic alcohols (Fig. 4A). The alcohols
were secreted at their highest levels when the ammo-
nium sulfate concentration was =50 uM (Fig. 4A), which
is also optimal for pseudohyphal growth (Gimeno et al.
1992). The production of tryptophol was under more
strict nitrogen control than that of tyrosol and phenyl-
ethanol (Fig. 4A).
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Figure 4. The production of aromatic alcohols is controlled by
nitrogen source. (A) The concentration of aromatic alcohols ac-
cumulated in the media increases with decreasing ammonium
concentration. Wild-type (WT) haploid cells were incubated in
YNB + 2% glucose containing specified concentrations of am-
monium sulfate for 4 h at 30°C before TLC analysis. The con-
centration of ammonium sulfate used in each lane (from left to
right) is 37 mM; 5 mM; 500 pM; 50 uM; and none, but with 5
mM L-pro. Wild-type diploid cells show the same pattern as
haploid cells. (B) High ammonium condition represses the ex-
pression of ARO9, ARO10, and PDC6 genes. Wild-type haploid
or diploid cells were incubated in YNB + 2% glucose with either
37 mM (SD, white bars) or 50 pM NH,* (SLAD, black bars) at
ODgq 0.5 for 2 h before being collected for RNA preparation
and qRT-PCR assay. The fold change in the specified gene ex-
pression was calculated as the ratio between SLAD and SD. The
representative results from haploid cells are shown. The expres-
sion patterns of these genes in diploid cells are essentially the
same.

The regulation of ARO9 and ARO10 genes by ammo-
nium provides a missing connection between morpho-
genesis, aromatic alcohol production, and nitrogen avail-
ability. In the presence of abundant nitrogen, such as in
SD, the expression of ARO9 and ARO10 was repressed
by ~20- to 30-fold, and PDC6 by ~200-fold (Fig. 4B; Supple-
mentary Fig. 2A,B). High concentrations of ammonium
also repressed the expression of AROS, a gene constitu-
tively expressed at high levels in most conditions (Iraqui
et al. 1999), by approximately twofold (data not shown).
Independent expression analysis using whole-genome
microarrays confirmed this observation and further
showed that a large number of additional dehydrogenase
genes were also induced by ammonium limitation
(Supplementary Fig. 2C; the whole microarray data are
available at http://jura.wi.mit.edu/fink_public), suggest-
ing that nitrogen control of aromatic alcohol production
is achieved by regulating the expression of these genes.

The regulation of aromatic alcohol production by am-
monium is not directly mediated by known regulators of
nitrogen metabolism or by carbon source. Neither single
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nor double mutations in GAT1, DAL80O, and GZF3—
genes encoding transcription factors involved in nitrogen
regulation (Magasanik and Kaiser 2002 )—affected the ex-
pression of ARO9, ARO10, and PDC6 in response to
nitrogen starvation, whereas both a single mutation in
GLN3 or double mutations in GLN3 and GATI in-
creased the level of these transcripts (Supplementary Fig.
3), indicating that these factors are not required for the
transcriptional stimulation of aromatic alcohol biosyn-
thetic genes when nitrogen is limited. Moreover, low
concentrations of glucose (such as 0.02% and 0.002%, cf.
standard 2%) or alternative carbon sources such as glyc-
erol and galactose had no effect on the expression of
ARO9, ARO10, and PDC6 or the production of aromatic
alcohols, suggesting that the biosynthetic pathway is pri-
marily controlled by the availability of nitrogen, but not
carbon source.

The biosynthesis of aromatic alcohols is controlled by
cell density

The accumulation of aromatic alcohols in the medium
was growth-phase dependent and reached its highest
level (5-8 uM phenylethanol and tyrosol, and 1-2 pM
tryptophol) after cultures entered stationary phase (Fig.
5A). This growth-phase-dependent production of aro-
matic alcohols was independent of ammonium regula-
tion since the measurements were performed in an am-
monium-free medium (L-proline as the sole nitrogen
source). To test whether cell density controls the pro-
duction of these signaling molecules, cells from a high-
density culture (10® cells/mL) were diluted to either low
(5 x 10° cells/mL) or high density (5 x 107 cells/mL) in
fresh SLAD medium. The amount of aromatic alcohols
secreted by cells was assessed by TLC. After normalizing
for the difference in cell number, we found that CM
taken from a high-density culture contained a much
greater concentration of aromatic alcohols than CM
from a low-density culture (Fig. 5B), indicating that cells
at high density produce more aromatic alcohols per cell
than do cells at low density. These results strongly sug-
gest that aromatic alcohols are quorum-sensing mol-
ecules in S. cerevisiae.

High cell density stimulates the production of aro-
matic alcohols by up-regulating the expression of ARO9
and ARO10, two key genes required for the biosynthesis
of aromatic alcohols. The level of ARO9 and ARO10 tran-
scripts in cells at low density (10° cells/mL) was very low,
even when these cells were cultured in low-ammonium
SLAD medium (Fig. 5C). However, incubation at high
density (5 x 107 cells/mL) in the same SLAD medium
significantly stimulated their expression (~20- to 50-fold,
Fig. 5C). Moreover, the cell density-dependent regulation
of ARO9 and ARO10 expression depends on Aro80p, a
transcription factor required for the transcriptional in-
duction of ARO9 and ARO10 by aromatic amino acids
(Iraqui et al. 1999). The aro80 cells expressed comparable
low levels of ARO9 and ARO10 transcripts whether cul-
tured at high or low cell density (Fig. 5C), suggesting a
key role for Aro80p in sensing cell density.



The biosynthesis of aromatic alcohols is autoregulated

Tryptophol stimulates the production of all three aro-
matic alcohols, whereas tyrosol and phenylethanol do
not. This autoregulation is achieved by regulating the

Figure 5. The production of aromatic alcohols is controlled by
cell density. (A) The accumulation of aromatic alcohols in the
medium increases with increasing cell density. Saccharomyces
haploid cells were inoculated at 10° cells/mL in minimum me-
dium (YNB) containing 5 mM L-Pro as nitrogen source. At in-
dicated time points the cell density (®) was measured by OD
and the concentration of aromatic alcohols (®, phenylethanol;
A, tyrosol; B, tryptophol) was determined by HPLC. The diploid
cells have very similar growth and alcohol production curves to
haploid cells. (B) The rate of aromatic alcohol production is
controlled by cell density. Wild-type (WT) haploid cells were
incubated in SLAD containing 50 uM specific aromatic amino
acids either at low density (5 x 10° cells/mL) or high density
(5 x 107 cells/mL) for 2 h. One milliliter of CM from the low-
density culture and 10 uL of CM from the high-density culture
were lyophilized and loaded on the TLC silica gel. Wild-type
diploid cells show similar results. (C) High cell density up-regu-
lates the level of ARO9 and ARO10 transcripts, and the induc-
tion requires ARO80. Wild-type (WT) and aro80 cells were in-
cubated in liquid SLAD medium either at low (10° cells/mL,
white bars) or high (5 x 107 cells/mL, black bars) cell densities
for 60 min. Cells were collected by filtration and centrifugation.
Total RNA was purified and subjected to qRT-PCR analysis.
The transcript level in wild-type cells at low density was used as
the baseline for comparison. The results shown here were ob-
tained from haploid strains. The diploid strains show the same
pattern. (D) Tryptophol, but not tyrosol and phenylethanol, in-
duces the expression of ARO9 and ARO10 genes, and the au-
tostimulation depends on ARO80. Wild-type (WT) and aro80
cells were cultured at ODgy, 0.2 in SD with or without the
specified aromatic alcohol (500 uM) for 4 h. RNA was isolated
and analyzed by qRT-PCR. The transcript level of the wild-type
strain in SD was the baseline for calculating fold changes. Tryp-
tophol has the same effects on the expression of ARO9 and
ARO10 in both haploid and diploid strains. The results shown
here were obtained from haploid strains. (White bars) SD alone;
(light-gray bars) tyrosol; (dark-gray bars) phenylethanol; (black
bars) tryptophol. (E) Tryptophol (TrpOH) stimulates the growth
of a reporter strain P,zoo-URA3 on uracil-minus (SD) plates,
and the stimulation requires AROS80. Five microliters of 10-fold
titrated Saccharomyces cells (L8199 for wild-type and L8220 for
aro80 mutant) was spotted on specified plates for 2 d at 30°C. (F)
Tryptophol up-regulates the transcript levels of ARO9 and
ARO10 in cells at low density (only ARO9 is shown). Wild-type
(WT) or aro80 cells were incubated in SLAD with (black bars) or
without (white bars) 500 uM tryptophol at low (10° cells/mL) or
high (5 x 107 cells/mL) cell densities for 60 min. RNA was iso-
lated and analyzed by qRT-PCR. The transcript level of ARO9
in wild-type cells at low density without tryptophol was the
baseline for comparison. Both haploid and diploid strains show
the same pattern of gene expression. Only the results from hap-
loid strains are shown. (G) The Saccharomyces aro80 mutant is
defective in the biosynthesis of aromatic alcohols. Saccharomy-
ces wild-type (WT) and aro80 cells were incubated in YNB + 2%
glucose with either 37 mM (lanes 1,3) or 50 pM ammonium
sulfate (lanes 2,4). CM was analyzed by TLC. The aro80/aro80
mutant shows the same defect in the production of aromatic
alcohols as the aro80 haploid mutant. The results from haploid
strains are shown.

Aromatic alcohols autostimulate morphogenesis

transcript levels of ARO9 and ARO10 genes. The addi-
tion of tryptophol to cells, but not tyrosol and phenyl-
ethanol, dramatically induced the expression of ARO9
and ARO10 (~25- to 30-fold) (Fig. 5D). The autoinduction
by tryptophol required the function of the transcription
activator Aro80p, because tryptophol failed to induce the
expression of ARO9 and ARO10 in an aro80 mutant (Fig.
5D). The presence of this positive feedback loop could be
independently confirmed in a reporter strain in which
the only copy of the URAS3 gene is under the control of
the native ARO9 promoter at the ARO9 locus (P4roo-
URAS3). This construct rendered the strain Ura™ in the
absence of tryptophol, and Ura* in the presence of tryp-
tophol (Fig. 5E). Moreover, this strain required a func-
tional AROS80 gene for the expression of P,xoo-URA3
because an aro80 mutant was Ura™ even in the presence
of tryptophol (Fig. 5E).

The positive feedback regulation by tryptophol could
explain the cell density-dependent production of aro-
matic alcohols. The addition of tryptophol, but not tyro-
sol and phenylethanol, to Saccharomyces cells cultured
in SLAD at low density (10° cells/mL) up-regulated the
expression of ARO9 and ARO10 to a level comparable to
that of cells at high density (5 x 107 cells/mL) (Fig. 5F).
Tryptophol did not further stimulate the expression of
ARO9 and AROI10 in cells cultured in SLAD at high
density (Fig. 5F). These results suggest that the low lev-
els of ARO9 and ARO10 transcripts in cells at low den-
sity is due to the absence of autoregulation by trypto-
phol. Moreover, both autoregulation and cell density-de-
pendent regulation require the same transcription factor,
Aro80p. Consistent with these observations, the Saccha-
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romyces aro80 mutant made lower levels of aromatic
alcohols, particularly tryptophol, than the wild-type
strain (Fig. 5G). These findings reveal an Aro80p-depen-
dent molecular circuitry that links cell density sensing
and aromatic alcohol production.

Aromatic alcohols up-regulate the expression of
stationary-phase genes

To identify Saccharomyces genes other than FLO11 that
are regulated by aromatic alcohols, we performed whole-
genome microarray expression analysis, comparing the
transcription profiles of log-phase cells cultured either in
the absence or presence of each individual aromatic al-
cohol or all three molecules together. Aromatic alcohols
regulated the expression of a small set of genes: Approxi-
mately 150 genes were induced (twofold or greater) by
these alcohols (Supplementary Fig. 4; the complete mi-
croarray data are available at http://jura.wi.mit.edu/
fink_public). The genes whose transcript levels fluctu-
ated in response to the treatment of aromatic alcohols
encode proteins involved in a diverse range of functions,
such as metabolic enzymes and stress regulators. Strik-
ingly, ~70% of the genes up-regulated by aromatic alco-
hols, particularly by tryptophol and phenylethanol, are
also up-regulated upon the entry of cells into stationary
phase (Gasch et al. 2000; Andalis et al. 2004). These
genes are predominantly expressed in cells in stationary
phase but not during exponential growth. The list con-
tains a number of key signature genes of stationary
phase, including HSP12, YGP1, CTT1, and SPI1, etc. The
induction of stationary-phase-expressed genes by aro-
matic alcohols suggests that these quorum-sensing mol-
ecules may also play a role in signaling the proper entry
of Saccharomyces cells into stationary phase by modu-
lating the physiology of cells.

C. albicans filamentation is not stimulated by
tryptophol or phenylethanol

The fungal pathogen C. albicans secreted micromolar
levels of aromatic alcohols into the environment during
growth (Supplementary Fig. 1B). The only aromatic alco-
hol with an effect at relatively low concentrations (=20
1M) is tyrosol, which accelerates the morphological con-
version of Candida yeast-form cells to germ tubes (Fig.
6A; Chen et al. 2004). However, the production of all
three alcohols is tightly controlled by ammonium and
cell density (H. Chen and G. Fink, unpubl.), suggesting
some as yet unknown roles for these alcohols in C. al-
bicans.

High concentrations of tryptophol and phenylethanol
(=500 uM) reduced germ tube formation in C. albicans
(Fig. 6A). This inhibition of germ tube formation was not
due to the inhibition of growth, because at concentra-
tions of 500 uM to 5 mM, phenylethanol and tryptophol
didn’t dramatically affect the growth of Candida cells.
The aromatic alcohols also affected the ability of Can-
dida to form a biofilm in a manner that parallels their
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Figure 6. Aromatic alcohols evoke different morphological ef-
fects in C. albicans. (A) phenylethanol (PheOH) and tryptophol
(TrpOH) at high concentrations (=500 uM) inhibit the filamen-
tous growth of Candida, whereas tyrosol (TyrOH) stimulates it.
The final concentration of aromatic alcohols used in the assay
was 1 mM. Bar, 25 pm. (B) Phenylethanol (PheOH) and trypto-
phol (TrpOH) at high concentrations (=500 uM) inhibit biofilm
formation in C. albicans, whereas tyrosol (TyrOH) promotes it.
The final concentration of aromatic alcohols used in the assay
was 1 mM. OD,,, reading of Candida cells without aromatic
alcohols was normalized to 100%. The data represent the aver-
ages of three independent measurements. The error bars repre-
sent standard deviations.

effect on filamentation. Tyrosol slightly stimulated the
formation of a biofilm, whereas tryptophol and phenyl-
ethanol inhibited it (Fig. 6B). As in the case of filamen-
tation, so in biofilm formation the effects required rela-
tively high concentrations of these compounds (=500
uM).

Discussion

The results described here show that aromatic alcohols
are key quorum-sensing molecules capable of stimulat-
ing the developmental transition from the unicellular
yeast to filamentous form in S. cerevisiae. Although the
morphological switch from yeast to filamentous form
(pseudohyphal growth in diploids and invasive growth in
haploids) was known to be induced by nitrogen starva-
tion, the molecular events signaled by starvation were
not understood. Our data provide evidence for a feedback
control mechanism that connects environmental sens-
ing with the secretion of aromatic alcohols to morpho-
genesis in S. cerevisiae (Fig. 7).

Strong support for a connection between morphogen-
esis and the synthesis of aromatic alcohols is that a Sac-
charomyces strain defective in the first step of aromatic
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Figure 7. A quorum signaling pathway linking environmental
sensing to morphogenesis and entry into stationary phase in S.
cerevisiae. Aromatic alcohols are autosignaling molecules ca-
pable of stimulating morphogenesis in Saccharomyces by el-
evating the level of Flol11p through a Tpk2p-dependent mecha-
nism. The production of aromatic alcohols is tightly controlled
by environmental conditions. High ammonium represses their
production by inhibiting the transcription of key genes in the
biosynthesis pathway (such as ARO9 and ARO10), whereas low
ammonium activates it. Cell density also controls the produc-
tion of aromatic alcohols. High density stimulates the produc-
tion by activating the expression of ARO9 and ARO10, whereas
low cell density inhibits it. Moreover, the production of aro-
matic alcohols is under positive feedback control by tryptophol.
Both the cell density-dependent and feedback regulation require
transcription factor Aro80p. Aromatic alcohols also regulate the
expression of many stationary-phase genes, suggesting a poten-
tial role in modulating the entry of Saccharomyces cells into
stationary phase.

alcohol formation (aro8 aro9) is also defective in switch-
ing into filamentous growth. An important corollary is
that the filamentation defect of the aro8 aro9 double
mutant can be suppressed by addition of phenylethanol
and tryptophol to the medium. Moreover, the aro8 aro9
mutant expresses low levels of FLO11, a cell surface pro-
tein that is required for and tightly associated with fila-
mentous growth. The addition of aromatic alcohols to
the medium induces the expression of FLO11, and this
autoinduction requires a key subunit of PKA, Tpk2p, and
its downstream effector Flo8p (Pan and Heitman 2002),
but not elements of MAPK pathway. It is possible that
Tpk2p plays an important role in sensing these autosig-
naling molecules by modulating the activity of Flo8p, a
master regulator of FLO11 transcription.

The effects of these aromatic alcohols on haploid ad-
hesion and diploid filamentation are specific; i.e., buta-
nol and isoamyl alcohol have no effect on either of these
morphogenetic changes in our strain background, al-
though in some genetic backgrounds they stimulate fila-
mentation in haploid strains (Dickinson 1996; Lorenz et
al. 2000a). Moreover, only aromatic alcohols, but not bu-
tanol and isoamyl alcohol, suppress the filamention de-
fect of aro8 aro9 mutant strains and induce the expres-
sion of FLO11 (Lorenz et al. 2000a).

A further clue to the circuitry is that the production of
aromatic alcohols is dependent on nitrogen limitation.
High ammonium concentrations repress the expression
of transaminases as well as the decarboxylases and de-
hydrogenases required for the production of aromatic al-
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cohols (Supplementary Fig. 2). The transcript levels of
genes required for the catabolism of nonaromatic amino
acids (other transaminases and decarboxylases) are either
not affected or are repressed by ammonium starvation
(Supplementary Fig. 2), suggesting that under ammo-
nium-limiting conditions, aromatic alcohols are prefer-
entially produced.

We propose that these aromatic alcohols are fungal
autosignaling molecules akin to the quorum-sensing
molecules of bacteria that also monitor environmental
conditions and regulate diverse cellular behaviors. The
hallmark of quorum sensing in bacteria is that the con-
centration of autoinducers released by cells increases
with increasing cell density. We show that the produc-
tion of these aromatic alcohols is also cell density-de-
pendent: In high-density cultures, the amount of aro-
matic alcohols in the medium is much higher than that
in low-density cultures. Cell density regulates the bio-
synthesis of aromatic alcohols by controlling the levels
of ARO9 and ARO10 transcripts, which are significantly
greater in cells at high density than in those at low den-
sity. Moreover, the production of aromatic alcohols is
autostimulated by tryptophol: The addition of trypto-
phol activates the biosynthetic pathway by up-regulating
the expression of ARO9 and ARO10. Both cell density-
dependent regulation and autostimulation of ARO9 and
AROI10 transcription and subsequent aromatic alcohol
production require the key transcription factor Aro80p,
which directly controls the expression of ARO9 and
AROI10 genes (Iraqui et al. 1999; Lee et al. 2002). These
observations reveal a cell density-dependent autoinduc-
tion loop for the production of quorum-sensing mol-
ecules, which allows an exponential increase in the bio-
synthesis of signaling molecules when it is activated
(Fig. 7). Similar autoinduction pathways have also been
documented in bacteria. For instance, in the Gram-nega-
tive bacterium Vibrio fischeri, quorum-sensing N-acyl-
homerserine lactone (AHL) induces its own production
by binding to transcription factor LuxR, which activates
the transcription of the luxICDABE operon (luxI encodes
the enzyme for the biosynthesis of AHL) (Engebrecht et
al. 1983; Miller and Bassler 2001).

The tight regulation of aromatic alcohol production by
nitrogen source indicates an intimate relationship be-
tween quorum sensing and nutrient sensing. Quorum-
sensing and nutrition-sensing pathways are also inter-
connected in bacteria (Lazazzera 2000). For example, in
the Gram-positive bacterium Bacillus subtilis, the pro-
duction of competence and sporulation factor (CSF), a
quorum-sensing peptide, is regulated by starvation
through a specific promoter recognition subunit of RNA
polymerase, o, which is activated by starvation and the
entry into stationary phase (Healy et al. 1991; Lazazzera
et al. 1999). In many Gram-negative bacteria, such as
Pseudomonas aeruginosa and Ralstonia solanacearum,
the production of AHL depends on ¢, an RNA polymer-
ase o factor activated by starvation conditions (Flavier et
al. 1998; You et al. 1998).

Aromatic alcohols induce the transcription of many
stationary-phase genes when added to exponentially
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growing Saccharomyces cells. Similar patterns of regu-
lation have also been reported in other microorganisms
(Lazazzera 2000). In B. subtilis, CSF activates Spo0OA, the
key transcription factor involved in the expression of
stationary-phase and early sporulation genes (Grossman
1995). In P. aeruginosa, AHL controls the expression of
stationary-phase genes by regulating the expression of ¢°
(You et al. 1998). Quorum sensing has also been shown
to regulate the expression of stationary-phase genes in
Escherichia coli (Baca-DeLancey et al. 1999). These find-
ings suggest that microorganisms have evolved an effec-
tive way to integrate quorum sensing and nutrient sens-
ing by using the same set of signaling molecules that
regulate not only “specialized” processes such as mor-
phogenesis, genetic competence, bioluminescence, and
virulence, but also the general physiology of cells.

The finding that these aromatic alcohols exert differ-
ent effects on morphogenesis in S. cerevisiae and C. al-
bicans shows that these quorum-sensing molecules have
distinct species-specific effects. In C. albicans, tyrosol
promotes the formation of germ tubes and biofilms,
whereas phenylethanol and tryptophol inhibit these de-
velopmental states (Fig. 6; Chen et al. 2004). In S. cere-
visiae, tyrosol has no detectable effects, whereas phen-
ylethanol and tryptophol are powerful inducers of mor-
phogenesis. Although the production of these molecules
is regulated similarly in both organisms by environmen-
tal conditions, the differential responses to these signals
in nonpathogenic S. cerevisiae and pathogenic C. albi-
cans must reflect the fundamental difference between
two organisms in sensing and processing these signals.
The differential effects of alcohols between these organ-
isms suggest that fungi, like bacteria (Miller and Bassler
2001), have evolved molecular signals that evoke spe-
cies-specific behaviors.

Materials and methods
Strains, media, reagents, and genetic manipulations

Yeast strains are listed in Table 1. All strains are derived from
isogenic %1278b strain background. Standard yeast media, yeast
transformations, and genetic manipulations were performed as
previously described (Rose et al. 1990). Yeast cells were regu-
larly grown on YPD. Chemically defined media were made from
yeast nitrogen base without ammonium sulfate and amino acids
(YNB) supplemented with 2% glucose and specified nitrogen
source. Pure aromatic alcohols were from Sigma-Aldrich. L-[U-
14C]-Tyr and Phe were from Amersham Biosciences. L-[3-'*C]-
Trp was from New England Nuclear. For gene deletion in the
2,1278b strain background, the KanMX4 cassette plus ~500 base
pairs (bp) of gene-specific DNA sequences upstream and down-
stream of the marker were amplified from the corresponding
EUROSCAREF deletion strain. The HphMX4 cassette was am-
plified from plasmid pAG32 using primers containing 60
nucleotides (nt) of gene-specific sequences and 20 nt of common
sequences: —CGGATCCCCGGGTTAATTAA (forward) and
—GAATTCGAGCTCGTTTAAAC (reverse) (Goldstein and
McCusker 1999). PCR products were used to transform haploid
strains to obtain G418- or hygromycin-resistant colonies, re-
spectively. The diploid strains were made by mating L4996
(MATa ura3-52) or its derivatives with L5243 (MATa
trp1::hisG) or its derivatives. The P, zoo-URA3-SPHIS5 strains
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Table 1. S. cerevisiae strains used in this study
Strain? Genotype
F1322 MAT«

L6948 MATa his3::hisG flo11:: His3

L8194 MATa/a ura3-52/URAS3 trpl::hisG/TRP1

L6830 MATa/o leu2::hisG/LEU2 his3::hisG/his3::hisG
trp1/TRP1 flo11::HIS3/flo11:: HIS3

L7554 MATa ura3-52 his3::hisG leu2:: hisG

L7562 MATa« ura3-52 his3::hisG leu2::hisG tpk1:: KanMX6

L7563 MATa ura3-52 his3::hisG leu2:: hisG tpk2:: KanMX6

L7564 MATa ura3-52 his3::hisG leu2::hisG tpk3:: KanMX6

L8216 MATa gprl::KanMX4

L8217 MATa gpa2::KanMX4

L8218 MATa tecl::KanMX4

L8219 MATa ste20:: KanMX4

L5574 MATa ura3-52 stel2:: KanMX4

L7560 MATa ura3-52 his3::hisG leu2::hisG flo8:: KanMX6

L8184 MATa aro8:: HphMX4 aro9:: KanMX4

L8185 MATa aro80:: KanMX4

L4996 MATa« ura3-52

L8188 MATa ura3-52 aro8:: HphMX4 aro9:: KanMX4

L5243 MATa trpl::hisG

L8192 MATa trpl::hisG aro8:: HphMX4 aro9:: KanMX4

L8197 MATa/a ura3-52/URAS3 trpl::hisG/TRP1
aro8:: HphMX4/aro8:: HphMX4 aro9:: KanMX4/
aro9:: KanMX4

L8199 MATa« ura3-52 his3::hisG leu2::hisG
ar09::P 4 roo- URA3-SPHis5

L8220 MATa ura3-52 his3::hisG leu2::hisG
ar09::P 4 r5o-URA3-SPHis5 aro80:: KanMX4

L8200 MATa gln3::KanMX4

L8201 MATa gatl::KanMX4

L8202 MATa gin3:: HphMX4 gat1:: KanMX4

L8203 MATa dal80:: HphMX4

L8204 MAT«a gzf3::KanMX4

L8205 MATa dal80:: HphMX4 gzf3:: KanMX4

2All strains are derived from isogenic >1278b background.

were constructed in strain L7554 (MATa ura3-52 his3::hisG
leu2:: hisG) by directly replacing the ARO9 coding region with
the URA3-SPHIS5 cassette of pUG27-URA3 (S. Chan and G.
Fink, unpubl.). SPHIS5 encodes the Schizosaccharomyces
pombe HIS5 gene, a functional homolog of the Saccharomyces
HIS3 gene. All strains were confirmed by PCR.

Saccharomyces filamentation assays

To induce diploid pseudohyphal growth, Saccharomyces strains
were restreaked on an ammonium-limiting SLAD agar plate,
which contains 4x YNB, 2% glucose, 50 pM ammonium sulfate,
and 2% washed agar (Gimeno et al. 1992). Plates were incubated
for 3 d at 30°C. Colony morphology was observed and photo-
graphed under a microscope. Haploid invasive growth assay was
performed on SD plates (Rose et al. 1990). Five microliters of
each 10-fold titrated culture (starting from 10° cells/mL) was
spotted on plates and incubated for 3-4 d at 30°C. Pictures were
taken before and after the wash. For assays involving aro8 aro9
mutants, 100 uM L-Tyr and Phe were supplemented to the me-
dia since aro8 aro9 mutants are auxotrophic to Tyr and Phe
(Iraqui et al. 1998).

HPLC purification

Saccharomyces cells were inoculated at 10° cells/mL in SD, or
otherwise specified medium, and incubated for 3 d at 30°C. CM



was collected by removing cells by centrifugation and filtration,
and was stored at -20°C. For HPLC analysis, CM was concen-
trated 100-fold by lyophilization and fractionated by a reverse-
phase column (Supelco Discovery C18, 25 cm x 4.6 mm, par-
ticle size 5 pm). At a flow rate of 1 mL/min and gradient of
0.25% acetonitrile/min, tyrosol was eluted at ~12% acetoni-
trile, phenylethanol at ~32%, and tryptophol at ~32.5% aceto-
nitrile.

TLC

Wild-type or mutant yeast cells were grown in SD overnight at
30°C. Cells were washed extensively with dH,O and then sub-
cultured at 5 x 107 cells/mL (unless otherwise noted) in the
specified media with ~2 uM *C-Tyr, *C-Phe, or *C-Trp, re-
spectively. For aro8 aro9 mutants, 100 uM L-Tyr and Phe were
supplemented to the media. After incubating for 4 h at 30°C,
cells were removed by centrifugation and, typically, 10 pL CM
was loaded on a Silica Gel 60F (EMD Chemicals). The mobile
solvent for TLC contains 85% chloroform, 14% methanol, and
1% dH,O. The '*C-labeled molecules were detected by autora-
diography. '*C-aromatic alcohols were identified by comparing
with pure aromatic alcohol standards run side by side on TLC.

gqRT-PCR

Saccharomyces cells were cultured in SD overnight at 30°C,
washed extensively with dH,O, and then reinoculated in the
specified medium at 30°C before cells were collected. Total
RNA was purified by a MasterPure Yeast RNA Purification Kit
(Epicentre). RT was performed using TagMan Reverse Tran-
scription Reagents (Applied Biosystems) according to the manu-
facturer’s protocol. The RT mixture (total 50 pL) contained 1 pg
total RNA (DNase I-treated) and random hexamer as the RT
primer. The RT reaction was incubated sequentially for 10 min
at room temperature, for 1 h at 37°C, and for 5 min at 95°C.
Quantitative PCR reactions (total 25 nL PCR mixture per reac-
tion) contained 2.5 uL RT product, 1x SYBR Green PCR Master
Mix (Applied Biosystems), and 1 pM forward and reverse prim-
ers. Primers were designed by PrimerExpress software (Applied
Biosystems). The DNA sequences of primers are Flo11, CACT
TTTGAAGTTTATGCCACACAAG (F) and CTTGCATATT
GAGCGGCACTAC (R); ARO9, CCCAGCCTTTTCCGATGA
(F) and ACCCGCCAGAAAGGATGAC (R); ARO10, AAGA
TGGGTCGGCACGTG (F) and TATCCGTCGGCCGCAT (R);
PDC6, TTCATGGGCCTCACGCA (F) and GGCGAGGTGAT
CCCAGGT (R); and internal control ACT1, CTCCACCACT
GCTGAAAGAGAA (F) and CCAAGGCGACGTAACATAG
TTTT (R). The quantitative PCR reactions were performed on a
7500 Real-Time PCR System (Applied Biosystems). The ther-
mal profile was one initial cycle of 2 min at 50°C and 10 sec at
95°C, followed by 41 cycles of 15 sec at 95°C and 1 min at 60°C,
and a last cycle of 15 sec at 95°C. The relative transcript level of
each gene was formatted as a percentage of ACT1 from the same
sample. The fold change for a specific gene was calculated as the
ratio of relative levels (percentage of ACTI) between experi-
mental and control samples. The averages of three measure-
ments are presented. The error bars in the graphs represent stan-
dard deviations.

Whole-genome transcription profiling analysis

Cell cultures and total RNA were prepared the same way as in
the qRT-PCR assays. The whole-genome microarray analysis
was performed on an Affymetrix platform as previously de-
scribed (Galitski et al. 1999; Andalis et al. 2004). For each
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sample, 15 pg total RNA was used to produce biotinylated
cRNA. Fifteen micrograms of the biotinylated cRNA was then
hybridized to a Yeast genome S98 array (Affymetrix). The de-
tailed protocols for amplification, hybridization, washing, scan-
ning, and data analysis are available at http://www.wi.mit.edu/
CMT/protocols.html. Scan-to-scan variations in intensity were
corrected by applying a scaling factor to each experiment so that
the overall intensity of all experiments was 150. All scaling
factors were between 2 and 5. To evaluate the relative change in
transcript level under different experimental conditions, a ratio
was calculated by dividing the signal intensity in each experi-
ment by that of a control experiment. Cluster analysis was per-
formed using Cluster and visualized by TreeView (Eisen et al.
1998). Raw data of microarray analysis are available at http://
jura.wi.mit.edu/fink_public.

Candida filamentation assay

Candida strain SC5314 was grown in SD (pH 4.3) overnight to
early stationary phase. Cells were washed with dH,O and rein-
oculated at 10° cells/mL in prewarmed SD (pH 7.0) with or
without the specified compound (=500 pM). The cultures were
incubated for 2 h at 37°C with shaking. Cellular morphology
was observed directly under a microscope.

Candida biofilm assay

Candida biofilm formation was measured as previously de-
scribed (Kruppa et al. 2004). Briefly, Candida strain SC5314 was
grown in YNB (pH 7.0) plus 1% glucose overnight at 30°C. Cells
were washed twice with YNB + 1% glucose. Two-hundred mi-
croliters of cells (final ODgyp 0.1) in YNB + 1% glucose with or
without the specified compound (=500 uM) were inoculated
into a tissue culture treated 96-well polystyrene plate (flat bot-
tom). The plate was gently spun for a few seconds to allow cells
to settle on the bottom of wells and was incubated for 24 h at
37°C with gentle shaking (100 rpm). The plate was then washed
four times with PBS. One-hundred-fifty microliters XTT (2.5
mg/mL in PBS) plus 2 pM menadione was added to each well
and incubated at room temperature until color developed. After
quickly spinning the plate, 100 pL of supernatant from each
well was transferred to a new 96-well plate and OD,,, was mea-
sured by a plate reader.
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