there is often substantial linkage disequilibrium
between adjacent blocks (data not shown), al-
lowing fewer markers to be used without loss of
power. It will likely be productive to perform
initial haplotype mapping in populations whose
history contains one or more bottlenecks, be-
cause longer-range LD may make initial local-
ization more efficient and favorable. Converse-
ly, populations with shorter-range LD and great-
er haplotype diversity may offer advantages for
fine mapping. In suggesting that block bound-
aries and common haplotypes are largely shared
across populations, our data suggest that many
common disease alleles can be studied—and
likely will be broadly relevant—across human
populations. In the future, comprehensive anal-
ysis of human haplotype structure promises in-
sights into the origin of human populations, the
forces that shape genetic diversity, and the pop-
ulation basis of disease.
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Pseudomonas-Candida
Interactions: An Ecological Role
for Virulence Factors

Deborah A. Hogan and Roberto Kolter*

Bacterial-fungal interactions have great environmental, medical, and economic
importance, yet few have been well characterized at the molecular level. Here,
we describe a pathogenic interaction between Pseudomonas aeruginosa and
Candida albicans, two opportunistic pathogens. P. aeruginosa forms a dense
biofilm on C. albicans filaments and kills the fungus. In contrast, P. aeruginosa
neither binds to nor kills yeast-form C. albicans. Several P. aeruginosa virulence
factors that are important in disease are involved in the killing of C. albicans
filaments. We propose that many virulence factors studied in the context of
human infection may also have a role in bacterial-fungal interactions.

Interactions between prokaryotes and eu-
karyotes are ubiquitous. Although the patho-
genic and symbiotic relationships bacteria
have with plants and animals have garnered
the most attention, the prokaryote-eukaryote
encounters that occur among microbes are
likely far more common. Many of the viru-
lence factors that we study in the context of
human disease may also have an ecological
role within microbial communities.
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Bacteria and unicellular eukaryotes, such as
yeasts and filamentous fungi, are found together
in a myriad of environments and exhibit both
synergistic and antagonistic interactions (7, 2).
Here, we describe a pathogenic relationship be-
tween a fungus, Candida albicans, and a bacte-
rium, Pseudomonas aeruginosa, that involves
genes important for bacterial virulence in mam-
mals. P. aeruginosa is prevalent in soils and is
often found on the skin and mucosa of healthy
individuals (3). In compromised hosts, however,
P. aeruginosa uses an arsenal of virulence fac-
tors to cause serious infections associated with
burns, catheters, and implants. C. albicans is
also a benign member of the skin and mucosal
flora. When host defenses falter, however, C.
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Fig. 1. Microscopic examination of the physical interactions between P. aeruginosa and C. albicans.
(A) Phase-contrast image shows a single filamentous C. albicans cell after incubation with P.
aeruginosa for 1 min. (Inset) Transmission electron micrograph shows polar attachment to the
fungal filament. The flagellum is indicated by a black arrow. (B) Phase-contrast image shows P.
aeruginosa incubated with yeast-form cells for 24 hours. (C) Scanning electron micrograph shows
a fungal filament that was incubated in the presence of P. aeruginosa for 48 hours. Scale bar, 2 um.
(D) A phase-contrast image shows a biofilm surrounding a fungal filament after incubation for 72
hours. See Science Online for experimental details (72).

albicans initiates invasive growth that can lead
to severe disease (4). In the host, C. albicans
exists as both yeast-form and filamentous cells,
and the ability to induce filamentation is impor-
tant for its virulence (5). Several studies suggest
that P. aeruginosa and C. albicans interact with
each other in the human body (6-11). A molec-
ular understanding of bacterial-fungal interac-
tions, such as those between P. aeruginosa and
C. albicans, should allow us to more effectively
explore the interface between bacterial patho-
genesis and microbial ecology.

Upon mixing cultures of P. aeruginosa and
C. albicans, we observed that P. aeruginosa
readily attached to C. albicans filaments (Fig.
1A), but almost never adhered to yeast-form C.
albicans cells even after prolonged incubation
(Fig. 1B) (12). Differences in the cell walls of
yeast-form and filamentous C. albicans likely
explain the selective attachment of P. aerugi-
nosa to fungal filaments (/3). Initial contact
with the filament was usually made by one pole
of the bacterial cell (Fig. 1A), and at least some
cells were attached to the filament by the pole
opposite the flagellum (Fig. 1A, inset) (14).
Attachment to the fungus was affected by the
physiological state of P. aeruginosa. For exam-
ple, many more bacteria attached to filaments

after a short period of coincubation when P.
aeruginosa were taken from stationary-phase
(WT) rather than from exponential-phase cul-
tures (WT-EP) (Table 1) (12). Over the course
of 24 to 48 hours, bacteria attached along the
filamentous portion of C. albicans cells (Fig.
1C) and ultimately formed biofilms containing
bacterial cells at high density surrounded by
phase-bright material suggestive of an extracel-
lular matrix (Fig. 1D). In the conditioned medi-
um used in these experiments, biofilm formation
occurred predominantly on the fungal filaments
and not on the underlying glass coverslip (Fig.
1D). Given the scarcity of nutrients under these
conditions, it is likely that forming a biofilm on
fungal filaments enables P. aeruginosa to obtain
nutrients from the fungus.

Plate count assays showed that C. albicans
filaments were killed by P. aeruginosa, whereas
yeast-form C. albicans retained full viability
(Fig. 2). The viability of C. albicans filaments
was measured using the constitutively filamen-
tous fupl mutant (I5) to circumvent the diffi-
culties associated with measuring the survival of
C. albicans filaments in the presence of a pop-
ulation of yeast cells. The number of surviving
C. albicans tupl decreased after 24 hours in the
presence of P. aeruginosa (Fig. 2B), but not
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Fig. 2. Survival of C. albicans in the presence of
P. aeruginosa. The viability of (A) yeast-form
and (B) the constitutively filamentous C. albi-
cans tup Tmutant was measured in the presence
(squares) or absence (circles) of P. aeruginosa
cells. The total volume was 2 mlin a 13-mm by
100-mm tube, and cells were incubated with
mild shaking at 30°C. C. albicans titers were
determined by plating on YPD medium supple-
mented with tetracycline (60 pg/ml), gentami-
cin (30 pg/ml), and chloramphenicol (30 pg/
ml) to suppress the growth of P. aeruginosa.

after incubation in conditioned medium from
stationary phase P. aeruginosa cultures without
bacteria, showing that the presence of P. aerugi-
nosa was necessary for fungal killing. Further-
more, the death of the fungal cell occurred after
the onset of biofilm formation, suggesting a
causal relationship between biofilm formation
and fungal killing.

To investigate the role of P. aeruginosa vir-
ulence genes in P. aeruginosa—C. albicans in-
teractions, we analyzed three classes of P.
aeruginosa mutants (12) for their ability to form
biofilms on C. albicans filaments and to kill the
fungus (Fig. 3). In these experiments, we includ-
ed P. aeruginosa mutants defective in (i) surface
structures, (ii) secreted factors, or (iii) regulatory
molecules. Although most of the mutants
formed biofilms that were indistinguishable
from those of the wild type, the biofilms pro-
duced by the P. aeruginosa flgK and lasR mu-
tants were less robust than the wild type even
after 72 hours (Fig. 3, A and B). P. aeruginosa
mutants in the Jas-quorum sensing pathway are
also known to produce thinner, less differentiat-
ed biofilms on glass (/6), suggesting that the
genetic control of biofilm formation on fungal
filaments may share some elements with the
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Fig. 3. (A to D) Representative phase-contrast images show P. aeruginosa mutant biofilms on C.
albicans tup1 after 72 hours of coincubation. (E to G) C. albicans tup1 survival in the presence of
isogenic P. aeruginosa mutants. C. albicans tup1 viability (measured as CFU/ml) was followed in the
presence of wild-type cells (black) and conditioned medium without cells (black dashed). Same
results plotted in (E), (F), and (G). (E) C. albicans viability was monitored in the presence of mutants
lacking type IV pili, pilB (blue), pilC (yellow), or lacking the polar flagellum, flgK (red). (F) C. albicans
viability was monitored in the presence of mutants defective in the production of virulence factors
including phospholipase, plcS (yellow) and plcR (blue); phenazines, phnAB (green); and exotoxin A,
toxA (red). (G) C. albicans viability was measured in cultures with P. aeruginosa mutants defective
in regulators that control the production of virulence factors including rpoN (green), gacA (blue),
rhIR (yellow), and [asR (red). The values plotted represent the averages of four replicate cultures,
and the experiment was performed multiple times with similar results. At 42 hours, the differences
between the wild type and all mutants except flgk and toxA were statistically significant at P <

0.05 as determined by a t test analysis.

regulation of biofilm development on inert sur-
faces. P. aeruginosa PAl4 mutants lacking
pole-localized type IV pili (pilB and pilC) also
do not form mature biofilms on abiotic sub-
strates (17, 18), yet these mutants still formed
robust biofilms on filamentous C. albicans (Fig.
3C). Because some P. aeruginosa strains use
type IV pili to attach to epithelial cells (17), we
assayed their initial attachment to C. albicans
filaments and found a decreased rate of adher-
ence (Table 1). These data indicate that pili
somehow participate in the initial attachment to
C. albicans filaments, but they are not required
for biofilm formation at later time points (com-
pare Fig. 1D with Fig. 3C). The rpoN mutant
forms extremely poor biofilms on C. albicans
filaments (Fig. 3D), likely owing to multiple
factors, including the lack of a flagellum and a
decreased growth rate in minimal media (/9).
With the exception of the rpoN mutant, all P.
aeruginosa mutants had the same planktonic
growth rate as the wild type (20).
Pseudomonas aeruginosa mutants were as-
sayed for their virulence toward C. albicans.
First, we analyzed P. aeruginosa mutants lack-
ing type IV pili and the polar flagellum. Al-
though the type IV pili mutants made robust
biofilms surrounding the filament (Fig. 3C),
they did not kill C. albicans tupl until after 48
hours (Fig. 3E). The mechanisms by which type
IV pili influence fungal killing remains un-
known, but may involve pilus retraction to bring
the bacterium in close contact with the fungal
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cell or the use of pili as sensors that signal
attachment to the fungal surface (17, 27). The
flagellar mutant kills C. albicans filaments with
kinetics similar to those of the wild type (Fig.
3E), even though it forms slightly smaller bio-
films on fungal filaments (Fig. 3A) (22). The
second class of P. aeruginosa mutants was de-
fective in the production of broad-spectrum se-
creted factors that contribute to virulence toward
diverse organisms including mammals, plants,
and insects (23, 24). Several of these mutants
were also attenuated for their virulence toward
C. albicans filaments. P. aeruginosa mutants
unable to produce the hemolytic phospholipase
C (because of disruption of either plcS, the
structural gene, or plcR, which is required for
phospholipase C secretion) were significantly
attenuated in their ability to kill C. albicans
filaments (Fig. 3F) (25, 26). The same was true
for the phnAB mutant, which is unable to syn-
thesize phenazine antibiotics (Fig. 3F) (27). A
P. aeruginosa mutant lacking exotoxin A, a type
II-secreted toxin that targets translation in eu-
karyotic cells, was not significantly affected in
its virulence toward C. albicans (Fig. 3F) (23).
Last, inactivation of several virulence-factor
regulators including GacA, LasR, RhIR, and
RpoN, resulted in either delayed or attenuated
virulence toward C. albicans filaments (Fig.
3G). The P. aeruginosa rpoN mutant, which
was not capable of biofilm formation on fungal
filaments, was also unable to kill C. albicans. P.
aeruginosa mutants defective in gac4, lasR, and

Table 1. Initial attachment of P. aeruginosa to C.
albicans filaments: See Science Online for experi-
mental details (72). P. aeruginosa wild type (WT),
pilB, and pilC were taken from early stationary-
phase cultures (ODg,, of 1.2). WT-EP cells were
taken from exponential phase cultures (ODg,, of
0.4). The percentage of filaments colonized was
determined by microscopic examination of 150
filaments per sample after a 20-min incubation.
Each value represents the average of triplicate
samples. In the last column, number represents
the average number of bacteria attached to 300
filaments.

P. aeruginosa P ercent Bacterial cells
. filaments .
strain . per filament
colonized
WT 80.9 = 3.1 4.4
WT-EP 29.1+04 1.2
pilB 39.1+82 1.6
pilC 37.8+82 15

rpoN are also significantly attenuated in other
virulence models (19, 23, 28). The less virulent
phenotypes of pleiotropic regulatory mutants
(gacA, lasR, rhiR, and rpoN) likely resulted
from the decreased expression of multiple
genes. In addition, some genes, such as those
involved in phenazine production, are controlled
by multiple regulators (19, 27, 29). However,
the attenuated virulence of multiple mutants de-
fective in single traits (plcR, plcS, pilB, pilC, or
phnAB) more clearly shows that multiple mech-
anisms act in concert to kill C. albicans fila-
ments. This explains the eventual decrease in C.
albicans CFU/ml in almost all cultures after 60
hours (Fig. 3, E to G).

Our data suggest a link between biofilm
formation and the activity of some eukaryotic-
specific virulence factors toward fungal cells.
Both clinical and environmental isolates of P.
aeruginosa produce a similar spectrum of viru-
lence factors including type IV pili, phospho-
lipase C, and phenazines (30, 3I). Thus, we
speculate that antagonism between bacteria and
microscopic fungi has contributed to the evolu-
tion and maintenance of many pathogenesis-
related genes. Furthermore, we propose that the
interactions between P. aeruginosa and C. albi-
cans reflect the relationships of bacterial and
fungal species that coexist in other environ-
ments. A deeper understanding of bacterial-fun-
gal interactions may provide a new perspective
on the role of known virulence determinants and
may lead to the discovery of new factors in-
volved in pathogenicity in multiple hosts.
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Disassembly of Transcriptional
Regulatory Complexes by
Molecular Chaperones

Brian C. Freeman® and Keith R. Yamamoto?*

Many biological processes are initiated by cooperative assembly of large multi-
component complexes; however, mechanisms for modulating or terminating the
actions of these complexes are not well understood. For example, hormone-bound
intracellular receptors (IRs) nucleate formation of transcriptional regulatory com-
plexes whose actions cease promptly upon hormone withdrawal. Here, we show
that the p23 molecular chaperone localizes in vivo to genomic response elements
in a hormone-dependent manner, disrupting receptor-mediated transcriptional
activation in vivo and in vitro; Hsp90 weakly displayed similar activities. Indeed,
p23 and Hsp90 also disrupted the activities of some non—IR-containing tran-
scriptional regulatory complexes. We suggest that molecular chaperones pro-
mote disassembly of transcriptional regulatory complexes, thus enabling reg-
ulatory machineries to detect and respond to signaling changes.

Many physiological signal transduction path-
ways culminate in selective modulation of spe-
cific gene transcription rates. For example, glu-
cocorticoid or thyroid hormones in the blood-
stream enter target cells and associate with the
glucocorticoid receptor (GR) or thyroid hor-
mone receptor (TR), respectively. These recep-
tor-hormone complexes bind selectively to spe-
cific genomic sites termed hormone response
elements (HREs) and trigger formation of large,
heterotypic transcriptional regulatory complex-
es, which in turn activate or repress transcrip-
tion from nearby promoters (/, 2). The effects
of hormonal signaling are quite rapid: Rates of
transcription at inducible genes increase with a
half-life (¢,,,) of ~5 to 10 min (3, 4). Simi-
larly, hormone withdrawal leads promptly to
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hormone release from the receptor and ces-
sation of activation (5).

How does an intracellular receptor (IR),
bound to hormone and in the cell nucleus as
part of a large regulatory complex, detect and
respond to a decline in extracellular hormone
levels? Recent studies suggest that certain
factors, when assembled into regulatory com-
plexes, may become targets for proteasomal
degradation (6). However, IRs do not appear
to be degraded upon hormone withdrawal,
indeed, unliganded IRs commonly display
longer intracellular half-lives than their lig-
anded counterparts (7, 8). Rather, we have
proposed that IR-containing regulatory com-
plexes may be actively and reversibly disas-
sembled by molecular chaperones (9).

We tested directly whether the p23 molec-
ular chaperone may be involved in the disas-
sembly of transcriptional regulatory complexes,
by (i) assessing the actions of p23 on functional
regulatory complexes in vitro, (ii) developing a
general approach to determine in vivo the ef-
fects of chaperone components on regulatory
complexes containing IRs or non-IR regulators
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such as nuclear factor kappa B (NF-xB) and
activator protein 1 (AP1), and (iii) monitoring
the recruitment of chaperone components to
natural response elements in vivo.

The effect of purified p23 on TR-containing
regulatory complexes and TR-mediated tran-
scriptional activation in vitro is shown in Fig. 1
(10). In these experiments, receptor-DNA com-
plexes were formed on two thyroid response
element (TRE)—containing templates: the four-
spaced direct repeat (DR,) TRE favors TR/
RXR heterodimer binding, whereas the palin-
dromic TRE (TREpal) favors TR homodimer
binding. In one experiment, we added p23 to
the receptor-DNA complexes before the ad-
dition of HeLa nuclear extract (Fig. 1A). On
the basis of our findings with purified com-
ponents, we predicted that p23 should disso-
ciate TR/RXR or TR from the template, un-
less factors in the extract reverse or preclude
that process, and that transcriptional activa-
tion by the receptor should be reduced. In-
deed, receptor-mediated activation, but not
basal transcription (as shown by a control
template, ADHp, lacking response elements),
declined as a function of increasing p23.

In a second experiment, we addressed
whether p23 could affect fully elaborated tran-
scriptional regulatory complexes, which may
correspond to its substrates in vivo. Specifical-
ly, we examined the effect of adding p23 to
reactions in which receptor-DNA complexes
were first preincubated for 30 min with nuclear
extract (Fig. 1B). Under these conditions, fully
functional regulatory complexes should assem-
ble at the response elements, and as a result,
competent preinitiation complexes should form
at the promoter. We used Sarkosyl, which in-
activates RNA polymerase II that is not in
competent preinitiation complexes (/7), to con-
firm that such complexes were indeed formed
during the preincubation (Fig. 1B; compare Sa
with Sb). We found that added p23 abrogated
transcriptional activation by these preformed
complexes, suggesting that p23 is a limiting
factor for disassembly of functional regulatory
complexes in vitro.
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