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Rationale 

o  Classical separation of microbiological 
researches between bacteriologists and 
mycologists 

o  In many environments bacteria and fungi 
co-exist and interact 

          

o  Multiple practical relevancies of these 
interactions 
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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.

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 (1, 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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regulation of biofilm development on inert sur-
faces. P. aeruginosa PA14 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 (19).
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 tup1 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

cell or the use of pili as sensors that signal
attachment to the fungal surface (17, 21). 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, RhlR, 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 gacA, lasR, and

rpoN are also significantly attenuated in other
virulence models (19, 23, 28). The less virulent
phenotypes of pleiotropic regulatory mutants
(gacA, lasR, rhlR, 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, 31). 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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Table 1. Initial attachment of P. aeruginosa to C.
albicans filaments. See Science Online for experi-
mental details (12). P. aeruginosa wild type (WT ),
pilB, and pilC were taken from early stationary-
phase cultures (OD600 of 1.2). WT-EP cells were
taken from exponential phase cultures (OD600 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
strain

Percent
filaments
colonized

Bacterial cells
per filament

WT 80.9! 3.1 4.4
WT-EP 29.1! 0.4 1.2
pilB 39.1! 8.2 1.6
pilC 37.8! 8.2 1.5

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. aeruginosamutants. 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),
rhlR (yellow), and lasR (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.
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Main challenge of the conference 

Two observations: 

o  In each field to which Bacterial-Fungal Interactions (BFIs) are important, 
researches progress differently 

o  Many commonalities exist between BFIs in these different fields but 
need to be better appreciated 

    

Bridge the gap between the different communities of microbiologists 
and create a meeting opportunity to force exchanges of knowledge, 
competencies and expertises, and stimulate inter-field collaborations 
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Conference participants: geographical origins 

77 participants, including 17 PhD students 
          

15 nationalities : 26 participants from France, 43 participants from other European countries,  
  8 non-European participants  



Agronomy-Forestry 

Ecology and 
Environmental 

Protection 
Medecine 

Model System 

Biotechnology 

Synthetic Biology 

Food Processing 

Cultural Heritage 

Conference participants: field repartition 

40 
19 8 

4 
1 

7 
2 1 

Inter-field discussions 


