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Interspecies competition triggers virulence and
mutability in Candida albicans—Pseudomonas

aeruginosa mixed biofilms
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Inter-kingdom and interspecies interactions are ubiquitous in nature and are important for the
survival of species and ecological balance. The investigation of microbe-microbe interactions is
essential for understanding the in vivo activities of commensal and pathogenic microorganisms.
Candida albicans, a polymorphic fungus, and Pseudomonas aeruginosa, a Gram-negative
bacterium, are two opportunistic pathogens that interact in various polymicrobial infections in
humans. To determine how P. aeruginosa affects the physiology of C. albicans and vice versa, we
compared the proteomes of each species in mixed biofilms versus single-species biofilms. In
addition, extracellular proteins were analyzed. We observed that, in mixed biofilms, both species
showed differential expression of virulence proteins, multidrug resistance-associated proteins,
proteases and cell defense, stress and iron-regulated proteins. Furthermore, in mixed biofilms, both
species displayed an increase in mutability compared with monospecific biofilms. This character-
istic was correlated with the downregulation of enzymes conferring protection against DNA
oxidation. In mixed biofilms, P. aeruginosa regulates its production of various molecules involved in
quorum sensing and induces the production of virulence factors (pyoverdine, rhamnolipids and
pyocyanin), which are major contributors to the ability of this bacterium to cause disease. Overall,
our results indicate that interspecies competition between these opportunistic pathogens enhances
the production of virulence factors and increases mutability and thus can alter the course of host-
pathogen interactions in polymicrobial infections.
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Introduction

In many natural environments and chronic human
infections, microbes live in matrix-encased groups
known as biofilms, rather than as free-living (plank-
tonic) cells. In biofilms, cells are known to show
distinct expression profiles that are not apparent in
planktonic cells. For example, biofilm bacteria are
more resistant to killing by antibiotics, biocides and
host defenses than planktonic cells and may be less
vulnerable to predators (Peleg et al., 2010). Micro-
bial biofilms represent heterogeneous populations of
species that form intimate contacts. Within these
populations, species communicate, cooperate and
compete (Davey and O’toole, 2000; Tyson et al.,
2004; Hansen et al., 2007; Harrison et al., 2008;
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Garbeva et al., 2011). Some of these microbial
interactions are beneficial, and some are detrimental
from a human standpoint (Hughes and Kim, 1973;
Lynch and Robertson, 2008).

The interactions between Pseudomonas aeruginosa
and Candida albicans provide a model for
many bacteria—eukaryote interactions. An in-depth
understanding of these interactions could be
exploited for the benefit of mankind. Pseudomonas
and Candida are organisms that are commonly
isolated from the sputum of cystic fibrosis patients
(Hughes and Kim, 1973; Bauernfeind et al., 1987;
Bakare et al., 2003). Both species are common non-
pathogenic commensals of healthy individuals.
In compromised individuals, they are able to initiate
invasive growth that may result in serious disease
and death (Naglik et al., 2004; Hube, 2006; Pfaller
and Diekema, 2007). C. albicans is a dimorphic
fungus that can live as a yeast or in a fila-
mentous form. In response to certain stimuli
(signaling molecules, temperature and host factors),
it switches from its yeast to its hyphal form.
Both morphological forms are important for
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virulence, and the ability to undergo morphological
transformation is therefore an important virulence
trait (Gow, 1997; Calderone and Fonzi, 2001; Gow
et al., 2002; Liu, 2002; Whiteway and Oberholzer,
2004). Several studies have suggested that
P aeruginosa may inhibit C. albicans growth within
the host (Bauernfeind et al., 1987; Kerr, 1994; Burns
et al., 1999; Gupta et al., 2005; Kaleli et al., 2007).
Hogan and Kolter (2002) demonstrated that
P aeruginosa is cytotoxic to the filamentous form
of C. albicans but is unable to attach to or
kill C. albicans yeast cells. In addition,
it has been reported that 3-oxo-C12HSL, a signa-
ling molecule produced by P aeruginosa, and
structurally related molecules can inhibit and even
reverse the switch from yeast to hyphal growth in
C. albicans (Hogan et al., 2004). Interestingly,
in vitro studies have demonstrated that these
signaling interactions between P. aeruginosa and
C. albicans may in fact be bidirectional. It has been
observed that the addition of farnesol leads to
decreased Pseudomonas quinolone signal (PQS)
production in P. aeruginosa and reduced levels of
the PQS-regulated virulence factor pyocyanin
(Cugini et al., 2007).

In a burned mouse model, Neely et al. (1986)
demonstrated that Pseudomonas infections could
predispose burned mice to fatal candidiasis and that
the proteolytic activity generated by the bacteria was
primarily responsible for the establishment of lethal
fungal infections.

To understand the interactions between pathogens
and the resident microbiome and how they affect
gene expression patterns in the pathogens and
contribute to bacterial diseases, Duan et al. (2003)
investigated the interactions between pathogenic
P. aeruginosa and avirulent oropharyngeal flora
strains isolated from sputum samples of cystic
fibrosis patients. Their results suggest that impor-
tant contributions of the host microflora to
P. aeruginosa infection occur via the modulation of
gene expression through interspecies communica-
tions (autoinducer-2-mediated quorum sensing).

Using a Drosophila model of polymicrobial infec-
tions, Sibley et al. (2008) demonstrated that a large
proportion of the organisms found in cystic fibrosis
airways have the ability to act synergistically with
P aeruginosa. This synergy involves microbe—
microbe interactions that result in modulation of
P, aeruginosa virulence factor gene expression within
infected Drosophila. Nevertheless, the mechanisms
underlying this synergy were not identified.

Few studies have demonstrated that physiological
processes are involved in the C. albicans—P. aeruginosa
interaction and the impacts of this interaction on the
ecology of the C. albicans—P. aeruginosa community.
To determine how P. aeruginosa affects the physiology
of C. albicans and vice versa, we compared the
proteome of each species in mixed biofilms with
single-species biofilms (Figure 1). In addition, we
conducted an analysis of secreted proteins and
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Figure 1 Experimental design for the proteomic analysis of
C. albicans-P. aeruginosa interaction. Single- and mixed-species
biofilms were cultured under hypoxic conditions in polystyrene
Petri plates. To generate mixed biofilms, we inoculated with
P, aeruginosa (Pa.) ~1.5 x 10° cellsml ~ " and ~1 x 10° C. albicans
(Ca.) cellsml~* in Petri plates at the beginning of each experi-
ment. For the single-species biofilms, the medium initially
contained ~1.5x 10° bacterial cellsml~' or ~1x10° yeast
cellsml~'. At 24 h postculture, the medium with planktonic cells
was removed, and the biofilm at the bottom of the plate was
scraped. The fungi and bacteria were separated from the mixed
biofilms by centrifugation in a discontinuous Percoll gradient.
The monospecific biofilms received the same treatment as the
mixed biofilms. Whole-cell proteins of three independent
cultures (biological replicates) were analyzed by 2D-PAGE. Spots
whose relative expression changed in P. aeruginosa or C. albicans
in single versus mixed biofilms were identified by MALDI-TOF
mass spectrometry.

small molecules involved in the interaction. To our
knowledge, this is the first whole-cell proteome
analysis of microbial species that coexist and form
mixed biofilms.

Here we show that interspecies competition for iron
between these opportunistic pathogens causes encom-
passes changes in the expression/production of factors
that have been previously identified as virulence
factors in studies of disease. In consequence, iron
competition has the potential to cause significant
‘collateral damage’ to the host and determines the
course and severity of a mixed infection.

Materials and methods

Microbial culture and growing conditions

P. aeruginosa PAO1 (Holloway, 1955) and C. albicans
CAI4 (ura3::imm434/ura3:imm434) (Fonzi and
Irwin, 1993) were cultured for 14h at 30°C in LB
medium or YPD (1% yeast extract, 2% bactopeptone
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and 2% dextrose), respectively. The cells were then
collected via centrifugation and washed twice with
water. These cells were used for interaction experi-
ments. Single- and mixed-species biofilms were
cultured in 10-cm diameter polystyrene Petri plates
containing 20ml of RPMI 1640 medium plus
L-glutamine (GIBCO no.11875, Grand Island, NY,
USA), supplemented with 50mm dextrose and
40pugml ' uridine. This is a complete synthetic
medium that contains vitamins, amino acids, inor-
ganic salts and glutathione. It contains no proteins
or growth-promoting agents. To generate mixed
biofilms, we inoculated with ~1.5 x 10® bacterial
cellsml~" and ~1 x10° fungal cellsml~ "' in each
Petri plates at the beginning of an experiment. For
the single-species biofilms, the medium initially
contained ~1.5x10® bacterial cellsml~* or
~1x10° yeast cellsml~". The cultures were incu-
bated at 37 °C without shaking.

To obtain biofilms under hypoxic conditions, the
plates were wrapped with Parafilm. In contrast, to
obtain biofilms under normoxic conditions, the
plates were not wrapped. At 24h postculture, the
medium with planktonic cells was removed, and
5ml of cold stop buffer was added (20mm sodium
azide, 200mm Tris-HCl pH 8, 20mm EDTA,
300 pugml " rifampicin and 500pugml-"' chloram-
phenicol), after which the biofilm that had formed at
the bottom of the plate was scraped. The biofilms
were collected via centrifugation at 10000g for
5min at 4 °C, and the pellet was frozen with liquid
nitrogen and stored at — 70 °C.

Determination of populations dynamics

The total population (including planktonic and sessile
cells) of each species in the cultures was determined
by calculating the number of CFU (colony-forming
units)ml ~*. Samples of the cultures were diluted in
Tween solution (0.01% Tween 80 and 10 mm MgSQO,),
sonicated for 30s and plated on LB agar to determine
the population densities of P. aeruginosa. To estimate
the C. albicans population density, samples were
centrifuged (4min at 3000 g), washed and defloccu-
lated using 300mM EDTA before being diluted,
sonicated for 30s and plated on YPD agar, as
previously described by Smukalla et al. (2008).

Iron and oxygen quantitation

The concentration of iron ions in the culture
supernatant was determined separately for Fe*"
and Fe®* through spectrophotometric assays using
iron test kit no. 1.14761.0002 (Merck KGaA,
Darmstadt, Germany). The concentration of dis-
solved oxygen in the culture at 24 h was determined
using an OXEL-1 oxygen electrode (World Precision
Instruments, Sarasota, FL, USA).

Purification of whole-cell proteins
Whole-cell proteins were isolated from three inde-
pendent cultures (biological replicates). The fungi
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and bacteria were separated from the mixed biofilms
via centrifugation in a discontinuous Percoll
gradient, as described in the Supplementary
Methods. The monospecific biofilms received the
same treatment as the mixed biofilms. Protein
isolation was performed through phenol extraction,
as described in the Supplementary Methods.

Extracellular protein extraction

At 24 h after the initiation of the biofilm cultures,
the medium was removed and centrifuged at 6000 g
for 5min. The supernatant was passed through a
0.45-um pore-size membrane and stored at — 20 °C.
A 400-ml aliquot of the supernatant was
subsequently lyophilized, and protein isolation
was  performed through phenol extraction
(Hurkman and Tanaka, 1986).

Two-dimensional gel electrophoresis

The methods applied for sample preparation, prepara-
tive two-dimensional gel electrophoresis (2D PAGE)
and image analysis have been previously described
(Encarnacion et al., 2003). Through isoelectric focusing,
600 pg of whole-cell protein and secreted protein was
separated across a linear pH range of 3-10. All gel
experiments were performed with proteins isolated
from three independent cultures.

Analysis of differential protein expression

For this analysis, 2D images were captured by
scanning Coomassie blue-stained gels using a
GS-800 imaging densitometer (Bio-Rad, Hercules,
CA, USA) and analyzed with the PDQuest 2-D
Analysis software (Bio-Rad). Three gels obtained
from three different assays were analyzed to guaran-
tee representative results. Spot normalization, as a
means of internal calibration to ensure the indepen-
dence of the data from experimental variations
between gels, was performed using relative volumes
(%Vol) to quantify and compare the obtained gel
spots. The % Vol corresponds to the volume of each
spot divided by the total volume of all of the spots in
the gel. Student’s t-test was performed to assess the
significance of differences between differentially
expressed proteins. Based on the average spot
volume ratio, spots whose relative expression chan-
ged at least 1.5-fold (increase or decrease) in
P. aeruginosa or C. albicans in single versus mixed
biofilms were considered significantly different, with
P<0.05.

Determination of P. aeruginosa mutability

The mutability of P. aeruginosa in monocultures and
cocultures was estimated by determining the
frequency of spontaneous mutants resistant to
rifampicin (Rif?). Mutability was evaluated in
heat-inactivated fetal bovine serum and RPMI
medium under hypoxic conditions. Cultures in RPMI



were performed in Petri plates as described above.
Cultures in fetal bovine serum (Lonza, Cat. no.
14-502, Walkersville, MD, USA) supplemented with
10mM dextrose and 20pugml~"' uridine were per-
formed in 24-well plates containing 1ml of fetal
bovine serum per well. To generate monocultures,
each well was inoculated with ~5 x 10° bacterial
cellsml~*. For the cocultures, the medium initially
contained ~5 x 10° bacterial cellsml ™" and ~1 x 10”
C. albicans cellsml~"'. Plates were wrapped with
Parafilm and incubated at 37 °C without shaking for
24 h. Three mililiters of culture were centrifuged, and
the cells were spread on a LB plates containing
rifampicin (100 pgml~") and incubated at 37 °C. Dilu-
tions were also plated on LB plates without antibiotics
to determine the total number of CFUs. The colonies
were scored for Rif resistance 48 h after plating. The
mutation frequencies were approximated as the mean
number of Rif® cells divided by the total number of
CFUs.

Statistical analysis
All data were calculated as the mean *s.d. of at
least three experiments. Statistical analysis was
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performed using the Student’s t-test, and differences
were considered statistically significant at P<0-05
compared with control experiments.

Results and discussion

Population dynamics during P. aeruginosa-C. albicans
interaction

Studies have established that P. aeruginosa affects
the growth of C. albicans in nutrient-rich environ-
ments and under normoxic conditions (Hogan and
Kolter 2002; El-Azizi et al., 2004). Here we analyzed
the development of the P. aeruginosa—C. albicans
interaction in complete synthetic defined medium
under environmental conditions similar to those
observed in infections in which both species
interact: hypoxic conditions (0.1% dissolved
oxygen = 0.08 s.d.) with low-iron concentrations
(67nM*12.5 s.d.). We observed that during the first
24h the growth dynamics of C. albicans and
P aeruginosa were similar between cocultures and
monocultures. In contrast, 24 h later, the presence of
bacteria led to a rapid decrease in the fungal
population (Figure 2). Microscopic analysis
revealed that, after 48h of coculture, the fungus
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Figure 2 Growth dynamics of C. albicans (squares) and P. aeruginose (circles) in (a) cocultures and (b) monocultures. Growth was based
on colony-forming units (CFU). (¢, d) Epifluorescence images from mixed C. albicans—P. aeruginosa biofilms stained with the LIVE/
DEAD staining system are shown. A viability assay confirmed that C. albicans cells lost viability after 48 h in mixed biofilms. Red cells
(stained with propidium iodide) are considered dead, while live cells remained green (stained with SYTO9). The panels present the

means ts.e.m. (n=3).
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cells had been killed by the bacterium (Figures 2c
and d).

Microbes competing with unrelated or distantly
related species for limited resources in the same
niche activate mechanisms such as secretion of
proteins or small molecules to attack the competing
strains or species (Czaran et al., 2002; Be’er et al.,
2009). We hypothesized that during the first 24 h of
coculture, the C. albicans and P. aeruginosa compete
for nutrients, after which a parasitism is established
in which the bacterium is the parasite, and the
fungus is the host.

To understand the molecular mechanisms
involved in this interaction, we compared the
proteome of each species in mixed biofilms with
single-species biofilms after 24 h of coculture.

Low oxygen levels influence the C. albicans—P. aeruginosa
interaction

Previous in vitro studies have demonstrated that
3-0x0-C12 homoserine lactone, a cell-cell signaling
molecule produced by P aeruginosa, inhibits
C. albicans filamentation, without affecting fungal
growth rates in cocultures (Hogan et al., 2004).
Interestingly, we observed that in cocultures under
hypoxic conditions (0.1% dissolved oxygen +0.08
s.d.), P. aeruginosa was unable to completely inhibit
the filamentation of C. albicans, in contrast to
cocultures under normoxia (4% oxygen +0.18 s.d.)
(Figures 3a and b). As acyl homoserine lactones
(AHLs) are responsible for inhibiting fungal
filamentation, we determined the concentrations
of these molecules in cocultures and mono-
cultures under normoxic and hypoxic conditions
(Supplementary Materials and Methods). Figure 3b
shows that the AHL concentration was lower under
hypoxic conditions in the presence of C. albicans.
The low concentrations of AHLs observed in
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Figure 3 P aeruginosa inhibits the yeast-to-hyphal transition
under normoxia but not under hypoxic conditions. (a) Percentage
of hyphae observed in normoxic and hypoxic cultures after 24 h:
CA; C. albicans. (b) Thin-layer chromatography (TLC) of acyl-
HSLs produced by P. aeruginosa (PA) in monocultures and
cocultures: Hypox, hypoxia and Nor, normoxia. The samples
were obtained after 24 h of culture and processed as described in
Supplementary Materials and Methods. Acyl-HSL standards: C12,
3-Ox0-C12-HSL, and C8-HSL. The asterisk indicates undetectable
acyl-HSLs in a hypoxic coculture. The panels present the
means ts.e.m. (n=3).
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hypoxic cocultures were not caused by a reduced
population of bacteria, as the cell density of the
cocultures was similar under hypoxia and normoxia
(6.7 x10%+1.5 and 7.2 x 108+ 1.3CFUml ~'). These
results suggest that a low oxygen level and the
interaction with the fungus are two factors that
influence AHL production and therefore alter
intraspecific and interspecific communication.

It has been shown that low oxygen enhances
C. albicans filamentation (Dumitru et al., 2004) and
that the fungal response to hypoxia overlaps the
response to low iron (Synnott et al., 2010), indicat-
ing that competition for iron may be greater in
hypoxic conditions and may be connected with
hyphae formation. A genome-wide transcriptional
analysis of morphology determination in C. albicans
showed that a significant number of genes required
for iron utilization were overexpressed during the
yeast-hyphal transition (Carlisle and Kadosh, 2013).
These data suggest a link between iron metabolism
and yeast-hyphal transition; however, this has not
been investigated. Taking together these results, we
suggest that the low AHLs concentration, hypoxic
condition and iron competition may be factors
influencing the fungus filamentation in mixed
biofilms under hypoxia.

Whole-cell proteome response of C. albicans and

P. aeruginosa in coculture

Proteomics experiments were performed to identify
P. aeruginosa and C. albicans proteins that were
differentially regulated in mixed biofilms after 24 h
of growth under hypoxic conditions. Bacteria and
fungi were grown together in liquid medium under
conditions that allowed physical interaction of the
two species to form a mixed biofilm on a polystyrene
surface (Figure 2c). Fungal and bacterial cells
were separated from the mixed biofilms, and protein
expression patterns were determined via 2D-PAGE.
A total of ~700 spots were detected and analyzed as
described in the Materials and methods section
(Supplementary Figures S1 and S2). The average
protein levels in the spots were quantified, and
those showing relative changes in abundance
of>1.5-fold between conditions (increase or
decrease) at the 95% confidence level (P<0.05)
were considered significantly different.

The interaction with C. albicans induced changes
in the proteome of P. aeruginosa, resulting in
differential expression of 163 electrophoretic enti-
ties, 108 of which were identified (Supplementary
Table S1). In addition, up to 126 electrophoretic
entities obtained from C. albicans displayed altered
expression in response to P. aeruginosa, 110 of
which were identified (Supplementary Table S2).

The siderophore-mediated iron acquisition system has
an essential and dominant role in C. albicans—

P. aeruginosa mixed biofilms

Siderophores are small, high-affinity iron-chelating
compounds secreted by microorganisms in response



to iron limitation. Because the levels of free ferric
iron in biological systems are always extremely low
(10~ ®mM), siderophores have an important role in
microbe—-microbe and host-pathogen interactions
(Ratledge and Dover, 2000; Harrison et al., 2008).
For example, P. aeruginosa mutants incapable of
either siderophore synthesis or siderophore trans-
port are far less virulent than their wild-type
counterparts (Takase et al, 2000). In the context of
microbial interactions, iron competition in Pseudo-
monas has been studied, and the role of the
pyoverdine siderophore produced by Pseudomonas
species has been clearly demonstrated in competi-
tion with fungus and bacteria (Loper and Buyer,
1991; Harrison et al., 2008). For example, Purschke
et al. (2012) demonstrated that P. aeruginosa
increases pyoverdine production in response to iron
competition with C. albicans in mixed biofilms.
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proteins with known roles in iron uptake mediated
by siderophores that were upregulated in P. aerugi-
nosa in mixed biofilms in response to the interac-
tion with C. albicans. Among the most highly
induced proteins were the group of siderophore
receptors constituted by the ferric pyochelin recep-
tor FptA, the hydroxamate-type ferri-siderophore
receptor FiuA, the citrate hydroxamate siderophore
receptor ChtA, the ferrienterobactin receptor PfeA,
the ferripyoverdine receptor FpvA, the alternative
type I ferripyoverdine receptor FpvB and the
putative TonB-dependent receptor CirA. In addition,
the expression of proteins involved in the biosynth-
esis of the siderophore pyoverdine (PvdH and PvdA)
and two proteins (HasR and PhuR) required for
heme and hemoglobin uptake was highly induced in
mixed biofilms (Supplementary Table S1).
Supporting the above results, we observed that the
pyoverdine production per cell was significantly
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increased in the presence of C. albicans (Figure 4a).
We tested the ability of C. albicans-conditioned
medium to induce pyoverdine production. We
observed that a methanol extract of the culture
supernatant increased the production of pyoverdine
(Figure 4a). The extracts were fractionated
through high-performance liquid chromatography
(Figure 4b). A total of 12 fractions were evaluated,
one of which, fraction 3 (F3), showed the capacity to
induce the synthesis of pyoverdine (Figure 4a).
Further experiments will be needed to determine
the molecular structure of the active compound in
this fraction. However, the preliminary results
suggest that it contains phenolate molecules
(Figure 4c). We propose that these molecules are
produced by C. albicans to capture iron and may
function as siderophores.

We hypothesized that iron competition has an
important role in the development of the interac-
tion. To examine this hypothesis, we evaluated the
effect of iron supplementation on the growth of the
fungus and bacterium. We observed that iron
supplementation significantly increased the growth
of the bacterium in both mixed and pure cultures
(Figure 5a). In contrast, in C. albicans monocultures,
iron supplementation did not increase the growth of
the fungus (Figure 5b), suggesting that the iron
content in the unsupplemented culture is sufficient
to support maximal growth of the fungus but not
that of the bacterium. In the iron-supplemented
medium, an early antagonistic interaction was
established, in which the rapid growth of the
bacterium eliminated the fungal population
(Figure 5b).

As yeast mutants deficient in iron utilization were
unable to compete with P aeruginosa in mixed
biofilms (Supplementary Figure S3), we propose that
the iron uptake ability of the fungus is a determining
factor for the establishment of the interaction. Thus,
these results indicate that, in mixed biofilms, the
competence for iron uptake determines the nature and
dynamics of the interaction.
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Iron-regulated virulence factors of P. aeruginosa are
overexpressed in mixed biofilms

Lamont et al. (2002) demonstrated that in addition
to its role as an iron scavenger, the siderophore
pyoverdine acts as a signaling molecule to control
the production of at least three virulence factors
(exotoxin A, an endoprotease and pyoverdine itself)
that are major contributors to the ability of
P aeruginosa to cause disease. As pyoverdine
production was increased in the mixed biofilms
(Figure 4a), we hypothesized that the bacterium
shows increased virulence when competing for iron
with the fungus. To test this hypothesis, we
analyzed the extracellular proteins present in the
cocultures and monocultures.

In C. albicans monocultures, the concen-
tration of total extracellular protein was signifi-
cantly lower than the concentration detected in
monocultures of P aeruginosa (Supplementary
Figure S4). In our analysis of coculture super-
natants, we were not able to identify C. albicans
proteins, which could be due to slow production of
extracellular proteins by C. albicans and bacterial
protease activity. Extracts of secreted proteins were
analyzed via 2D-PAGE, and a total of ~300 spots
were detected, 75 of which were differentially
expressed, and 55 of these were identified
(Supplementary Table S3 and Supplementary
Figure S4).

As previously reported by Purschke et al. (2012),
we observed a significant increase in the
production of iron-regulated proteases by P. aeruginosa
in coculture supernatants, including PrpL, PasP,
AprA and a hypothetical protein zinc-protease,
PA0572 (Supplementary Table S3) (Wilderman
et al., 2001; Marquart et al., 2005). These proteins
are known for their strong proteolytic activities,
which are responsible for rupturing tight junctions
in the epithelium, leading to tissue invasion and
bacterial spreading (Azghani et al, 1993). In
contrast, the quorum-sensing-regulated proteases,
including LasB and PepB, and a chitin-binding
protein were downregulated in the cocultures,
which is consistent with the low concentration
of AHLs detected in cocultures under hypoxic
conditions (Figure 3b).

Interestingly, we observed a significant increase in
the production of PvdQQ in the coculture supernatant
(Supplementary Table S3). PvdQ is an iron-regu-
lated AHL acylase that degrades long-acyl but not
short-acyl AHLs (Sio et al., 2006; Nadal et al., 2010).
This result may provide an explanation for the
previous finding that the level of long-acyl AHLs is
greatly reduced in cocultures as compared with
P. aeruginosa pure cultures (Figure 3b).

Kirienko et al. (2013) demonstrated that
P aeruginosa does not require quorum-sensing
pathways to kill Caenorhabditis elegans. Supporting
a role for iron in P aeruginosa pathogenesis,
pyoverdine was found to be required to cause
hypoxia and death in C. elegans.



The increased virulence was confirmed by our
observation of an enhancement of the proteolytic
activity of coculture supernatants against human
serum proteins and against the adhesion of HeLa
cells (Figures 6a and b). We propose that a
significant increase of iron-regulated proteases
could be a bacterial strategy for affecting the
viability of C. albicans and causing release of iron
from fungal proteins.

Consistent with a role for pyoverdine as a
signaling molecule that controls the production
of virulence factors, we observed an increased
concentration of Exotoxin A in coculture
supernatants (Supplementary Table S3), which is
one of the most powerful extracellular virulence
factors produced by P. aeruginosa (Iglewski and
Kabat, 1975).

To obtain iron in vivo, bacteria additionally or
alternatively use other mechanisms. They obtain
iron directly from host iron sources via specific
outer membrane receptors that bind free heme
(Ochsner et al.,, 2000). In mixed biofilms, we
detected two secreted proteins from the heme-
acquisition pathway, HasA and HasR. These pro-
teins are considered to be important virulence
factors that have a role in colonization, survival,
tissue invasion and in the ultimate damage caused
to the host.

Taking these results together, we suggest that competi-
tion for iron is the main mechanism that triggers the
virulence of P. aeruginosa in mixed biofilms. In this
manner, iron competition has the potential to cause
significant ‘collateral damage’ to the host and deter-
mines the course and severity of a mixed infection.

Interspecies competition triggers virulence
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The production of small molecules regulated by the
quinolone signaling system is increased in mixed
biofilms

Rhamnolipids and pyocyanin (a phenazine pig-
ment) are important P. aeruginosa virulence factors.
These compounds are known for their toxicity in
other bacteria (Baron and Rowe, 1981) and in
eukaryotes ranging from nematodes to humans
(Ran et al., 2003; Lau et al., 2004; Mavrodi et al.,
2006; Morales et al., 2010; Morales et al., 2013).

We observed a significant increase in the concen-
tration of rhamnolipids and pyocyanin in the
coculture supernatants (Figures 6¢ and d). The
production of rhamnolipids in P aeruginosa is
controlled by both the LasR/3-ox0-C12-HSL
quorum-sensing signaling pathway and the MvfR/
PQS/PgsE quinolone signaling system, which uses
2-heptyl-3-hydroxy-4(1H)-quinolone (PQS) (Diggle
et al., 2003). Is known that iron limitation promote
the production of rhamnolipids, because the expres-
sion of genes for rhamnolipids biosynthesis and
their transcriptional regulator rhlR, are enhanced by
iron limitation (Bredenbruch et al., 2006).

Similar to AHLs, PQS regulates the production of
virulence determinants, including rhamnolipids,
pyocyanin, elastase and the galactophilic lectin
LecA, in addition to influencing biofilm develop-
ment (Pesci et al., 1999; Diggle et al., 2003).

As we observed that there was a reduced con-
centration of AHLs in the cocultures (probably due
to upregulation of Pvd(QQ triggered by iron competi-
tion), we propose that, in mixed biofilms, the
increased production of rhamnolipids and
pyocyanin is due to the activation of the PQS
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Figure 6 Assays of cytotoxic activity of microbial culture supernatants and production of P. aeruginosa virulence factors. (a) Effect of
supernatants on HeLa cells adherence. Cells were incubated with P. aeruginosa monoculture supernatants (Pa.), coculture supernatants
(Coc.), C. albicans monoculture supernatants (Ca.) or phosphate-buffered saline (PBS) buffer (Control). The adhered cells were measured
by crystal violet staining (DOs;,). (b) Degradation of serum proteins after exposure to microbial culture supernatants. Serum was
incubated with P. aeruginosa monoculture supernatants, coculture supernatants, C. albicans monoculture supernatants or PBS buffer.
The reactions were analyzed via sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The figure shows a representative image
from three independent experiments. Albumin (asterisk) was totally degraded in the coculture supernatant. In contrast, the C. albicans
supernatant showed no effect on albumin. (¢, d) The production of rhamnolipids and pyocyanin is increased in mixed biofilms. Panel (c)
shows rhamnolipid relative concentration in supernatants. Thin-layer chromatographic (TLC) analysis of P. aeruginosa rhamnolipid
biosynthesis in P. aeruginosa monocultures (Pa.) and cocultures (Coc). Di-rhamnolipid production was measured by dividing the optical
density (OD) of the spots in the TLC with the P. aeruginosa cell density (ODggo). The bacteria cell density was determined as described in
the legend of Figure 4. (d) Pyocyanin concentrations in culture supernatants.
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signaling pathway rather than the LasR/3-oxo-C12-
HSL pathways. PQS has been demonstrated to
induce the expression of genes associated with the
iron-deprivation pathway, in which the iron-chelat-
ing activity of PQS induces pyoverdine production
(Bredenbruch et al., 2006; Diggle et al., 2007).

Consistent with the observed increase in the
production of pyocyanin and rhamnolipids, we
observed an increase in the concentration of PQS
in the coculture supernatants (Supplementary
Figure S5), which supports our hypothesis that the
PQS signaling pathway is active in mixed biofilms.
The finding that C. albicans increases production of
PQS in mixed biofilms, even in the absence of
increased AHLs, is consistent with previous reports
(Cugini et al., 2010). We propose that the accumula-
tion of PQS in the cocultures occurs because iron
competition induces the expression of PrrF (a small
regulatory RNA expressed under low-iron condi-
tions), which represses gene-encoding enzymes
involved in the degradation of anthranilate, a
precursor of PQS (Oglesby et al., 2008). Another
proposal is that in mixed biofilms C. albicans-
produced farnesol stimulates PQS production in
P. aeruginosa (Cugini et al., 2010).

Drug-resistance proteins and other outer membrane
proteins are overexpressed in mixed biofilms

In mixed biofilms, P. aeruginosa overexpress the
porin OprC, OprE, OprF, OprQ) and outer membrane
proteins, such as OprL, Opr86 and OpmH
(Supplementary Table S1). These outer membrane
proteins are key molecules that participate in the
interaction between the cell and its environment. In
addition, it has been demonstrated that these proteins
are intrinsic participants in antibiotic resistance
(Hancock and Brinkman, 2002). OprC, OprL and
GroEL are necessary for biofilm formation, drug
resistance and for adaptation to anaerobic conditions
(Yoneyama et al., 1995). It is possible that the
observed overexpression of outer membrane proteins
involved in drug resistance and stress is a response to
environmental changes generated by C. albicans.

P. aeruginosa shows increased mutability during the
interaction with C. albicans

P. aeruginosa possesses three catalases, KatA, KatB
and KatC. KatA is the catalase that shows primary
activity in all growth phases. KatB and KatC are
induced when cells are exposed to hydrogen
peroxide and other components that generate super-
oxide radicals (Brown et al., 1995). Ma et al. (1999)
demonstrated that, under decreased concentrations
of iron, the expression and activity of KatA are
strongly reduced. We observed that, in mixed
biofilms, KatA was downregulated, which could be
a consequence of the iron-deficient conditions.
Furthermore, we observed that an alkyl hydroper-
oxidase (AhpC) and a putative peroxidase (PA3529)
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were downregulated in mixed biofilms. To validate
these results, we measured the total catalase activity
of P. aeruginosa in mixed and monospecific bio-
films. We observed that the specific activity of these
enzymes was 49.66% *15.69 s.d. lower in mixed
biofilms with respect to monospecific biofilms
(Supplementary Figure S6). Driffield et al. (2008)
observed that the expression of KatA, AhpC and
PA3529 were reduced in biofilms, and the frequency
of ciprofloxacin-resistant mutants was increased in
sessile cells with respect to planktonic cells. These
authors suggested that the downregulation of anti-
oxidant enzymes in P. aeruginosa biofilms may
enhance the rate of mutagenic events owing to
accumulation of DNA damage.

To know the effects of interspecific interaction in
P. aeruginosa mutability, we used the rifampicin-
resistance method (Oliver et al., 2000; Weigand and
Sundin, 2012). Mutations responsible for Rif® map
exclusively to rpoB and produce amino-acid sub-
stitutions in three primary regions of the f subunit
of RNA polymerase (Garibyan et al., 2003; Jatsenko
et al., 2010). The 38 diverse mutational possibilities
in rpoB available to achieve resistance include all
transition and transversion substitutions, providing
a suitable system for analyzing mutability. We
observed a significant increase in the frequency of
Rif* mutants in cocultures with respect to mono-
cultures in two different culture media (Figure 7a).
To confirm that the Rif® mutants have an indepen-
dent genotype and arise by an increase in mutation
rate, we analyzed phenotypic traits and genotype
(sequencing rpoB) of 30 Rif® mutant isolates of 24-h-
old cocultures. Our results show that 27 mutants
differ in at least one trait (Supplementary Table S4).
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Figure 7 Frequency of spontaneous mutants resistant to anti-
biotics in P. aeruginosa cells collected from monoculture (Mon)
and coculture (Coc) growth in hypoxia. (a) Frequency of mutants
resistant to rifampicin (Rif®), (b) tetracycline (Tc®) and (c)
streptomycin (Str®). Frequency of Rif® mutants was estimated to
bacterial population growth in RPMI medium and fetal bovine
serum. Frequency of Tc® and Str® mutants was estimated to
bacterial population growth in RPMI. Dilutions of 24h old
cultures were spread on LB plates containing 100 ugml " Rif,
20pugml "' tetracycline or 20pugml "' streptomycin. The plates
were incubated at 37 °C, and resistant colonies were scored 48 h
after plating. The dilutions were also plated on LB plates without
antibiotics to determine the total number of CFUs. The mutation
frequencies were approximated as the mean number of anti-
biotic-resistant cells divided by the total number of CFUs.
Results shown represent the average of three independent
experiments + s.e.m.



In addition, by competition experiments between
wild and mutant strain, we found that the Rif®
mutants do not have a growth advantage in
cocultures (Supplementary Figure S7). These results
demonstrate that the increased incidence of Riff
mutants arise by an increase in mutation rate and
not by having a growth advantage in cocultures.
Consistent with these results, we observed a
significant increase in the frequency of P. aeruginosa
mutants resistant to streptomycin and tetracycline
in cocultures (Figures 7b and c). We propose that
iron deficiency and the increased production of
oxidants (for example, pyocyanin) cause a decrease
in total catalase activity in mixed biofilms and
thereby increase oxidative stress, which, in turn,
increase mutation events, enhancing the mutability
of P. aeruginosa. Therefore, interespecific competi-
tion can promote the rapid emergence of antibiotic-
resistant mutants among bacterial populations
during infections.

Ecological mechanisms maintaining biodiversity
seem to be diverse themselves. We suggest that
competition between species is an ecological process
that can influence the evolution (Czaran et al., 2002) of
microbial virulence, and consequently, it is expected
that the evolutionary response (rapid evolution) alters
the dynamics of microbial-microbial-host interactions
(Andrade-Dominguez et al., 2014).

Differential expression of C. albicans iron-regulated
proteins indicate iron competence in mixed biofilms
Consistent with our hypothesis that in mixed
biofilms fungus and bacteria compete for iron, we
observed in mixed biofilms, relative to the mono-
specific biofilms, downregulation of C. albicans
iron-regulated proteins. These included proteins
involved in a variety of iron-dependent processes,
such as aerobic respiration (Acolp, Idh2p), the
respiratory electron transport chain (Qcr2p) heme
biosynthesis (Hem13p and Hem15p) and haem-
containing proteins (Catlp). A similar iron-regu-
lated pattern of ACO1, IDH2, HEM13 and CAT1 gene
expression has been observed in C. albicans when
iron is limited (Lan et al., 2004; Chen et al., 2011).

Interestingly, we found that aconitase and catalase
were also downregulated in P. aeruginosa during
interaction with the fungus, showing a conserved
pattern in the regulation of these proteins in
response to iron competition.

C. albicans Hap43p is a repressor that is induced
under low-iron conditions and is essential for iron-
responsive transcriptional regulation and virulence
(Hsu et al., 2011). Consistent with downregulation
of C. albicans iron-regulated proteins in mixed
biofilms, we found that 19.71% (16) of differentially
expressed proteins in mixed biofilms are Hap43p
regulated (Supplementary Table S2). This suggests
important roles for Hap43p transcription factor in
the regulation of iron homeostasis in C. albicans
during the interaction with P. aeruginosa.

Interspecies competition triggers virulence
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C. albicans proteins associated with virulence and drug
resistance are upregulated in mixed biofilms

In C. albicans, many secreted hydrolytic enzymes
are potential virulence factors that are located at the
cell surface before their secretion and are thought to
be involved in the adhesion to/invasion of host
tissues (Naglik et al., 2003). We detected a neutral
arginine, alanine, leucine-specific metallo-amino-
peptidase (Ape2p) that was upregulated in mixed
biofilms. Klinke et al. (2008) suggest that this
aminopeptidase has the potential to contribute to
the pathogenicity of C. albicans. In addition, a 1,3-
beta-glucosyltransferase (Bgl2p), which has a viru-
lence role in mouse systemic infection (Sarthy et al.,
1997), was also overexpressed (Supplementary
Table S3). Upregulation of these proteins in mixed
biofilms may have a synergistic interaction with the
virulence factors of the bacterium, resulting in
enhanced pathogenesis.

Alterations in glucose metabolism in C. albicans during
the interaction with P. aeruginosa

Glycolytic enzymes are transcriptionally regulated
in response to environmental conditions, such as
oxygen levels and carbon sources and availability,
and in response to cellular demands, such as
metabolite concentrations and energy needs
(Chambers et al., 1995). We observed that, in mixed
biofilms, C. albicans overexpressed hexokinase
isoenzyme 2, Hxk2p, which has been demonstrated
to be induced in the presence of glucose (Askew
et al., 2009). In contrast, other proteins involved in
glycolysis/gluconeogenesis (Tdh3p and Pgklp) and
pyruvate metabolism (Pdc11p, Pdalp and Lpdip)
were downregulated, suggesting that glucose
metabolism was altered by the interaction with
P aeruginosa (Figure 8). Consistent with these
results, the glucose concentration at 24h in
cocultures was 98% (£ 1.2 s.d.) of the total supplied,
whereas that detected in C. albicans monocultures
was 1% (£0.07 s.d.) of the total supplied. Although
glucose consumption was limited in the cocultures,
fungal growth was still observed (Figure 5b), which
suggests that C. albicans used other carbon sources
for growth. In contrast, amino acids such as
glutamine, aspartate and arginine were depleted in
the cocultures (Supplementary Table S5). We found
that supplementation with glutamine significantly
increased the growth of C. albicans in mixed biofilms,
but not in monospecific biofilms (Supplementary
Figure S8), indicating that C. albicans used amino
acids as an alternative carbon source in mixed
biofilms. These results indicate that the glucose
metabolism of C. albicans was affected by the
interaction with P. aeruginosa (Figure 8). Because
we observed that, in mixed biofilms, C. albicans was
exposed to pyocyanin, we hypothesized that this
metabolite secreted by the bacterium was respon-
sible for the inhibition of glucose consumption
by the fungus. To verify this hypothesis, we exposed
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Figure 8 There was a widespread repression of glycolysis,
pyruvate metabolism and the TCA cycle of C. albicans in mixed
biofilms. In contrast, proteins involved in the pentose phosphate
pathway were upregulated. A schematic representation of the
pathways is presented.

C. albicans cells to concentrations of commercial
pyocyanin similar to those detected in the mixed
biofilms (10pgml-*) and assayed the resultant
glucose consumption. We observed that pyocyanin
inhibited 90% (%5 s.d.) of glucose consumption and
affected the growth of C. albicans (Supplementary
Figure S9). Price-whelan et al., (2007) demonstrated
that pyocyanin alters the redox balance and the flow
of carbon through the central metabolic routes in P,
aeruginosa. These authors proposed that the super-
oxide radicals generated by pyocyanin can reduce
the sulfthydro groups of the lipoamine cofactor from
the E2 subunit of pyruvate dehydrogenase, resulting
in inhibition of enzyme activity.

C. albicans respiration proteins are downregulated in
mixed biofilms

In mixed biofilms, we observed downregulation of
important proteins required for the tricarboxylic
acid cycle in C. albicans (the aconitase Acolp,
isocitrate dehydrogenase Idh2 and malate dehydro-
genase Mdh1p). A previous study on C. albicans
demonstrated that these enzymes are repressed
when cells are cultured under low-iron conditions
(Lan et al., 2004). Aconitate dehydrogenase contains
an Fe—S (iron—sulfur) group and shows activity that is
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dependent on the concentration of this metal; there-
fore, there is a reduction of the flow of carbon from
the Krebs cycle under increased iron conditions
(Shakoury-Elizeh et al., 2010). We also detected
downregulation of the ubiquinol-cytochrome
c-reductase Qcr2p. This protein is essential in the
mitochondrial respiratory chain and is repressed
under iron-deficient conditions and when there is a
lack of heme groups (Dorsman and Grivell, 1990). In
addition to the repression of these enzymes, it is
possible that the Krebs cycles of C. albicans in mixed
biofilms is affected by pyocyanin (Figure 8), which
has been demonstrated to block respiration by
inhibiting the activity of aconitase and affect the
membrane potential of mitochondria from human
cells (O’'Malley et al., 2003).

Formate metabolism

We observed that the formate dehydrogenase Fdh1p
was overexpressed in mixed biofilms but undetect-
able in C. albicans monocultures. It has been
proposed that Fdh1p participates in the generation
of energy through the glyoxylate cycle and beta
oxidation of lipids (Prigneau et al., 2003 and Kusch
et al., 2008). In plants and in bacteria, the formate
pathway is induced by iron deficiency or anaero-
biosis, and it has been proposed that this pathway
provides a source of NADPH for the cell (Francs-
Small et al, 1993). We propose that (A) the
overexpression of Fdh1p observed in mixed biofilms
suggests that C. albicans is obtaining energy through
alternative metabolic routes, because it is unable to
utilize the available glucose in the medium, and (B)
the low levels of iron detected in mixed biofilms are
potentially factors that induce the overexpression of
Fdh1p in C. albicans.

Response of C. albicans to oxidative stress and to
alterations in the redox equilibrium
The pentose phosphate pathway is of great impor-
tance for the generation of NADPH and substrates
for the biosynthesis of nucleic acids and amino
acids (Miosga and Zimmermann, 1996). It is also
important in the protection of cells against oxidative
stress, as NADPH is a cofactor of antioxidant
enzymes (Minard and McAlister-Henn, 2001). We
identified two proteins from the non-oxidative
branch of the pentose phosphate pathway over-
expressed in mixed biofilms: the transaldolase Tal1p
and the transketolase Tkllp (Supplementary Table
S2 and Figure 8). Both enzymes are overexpressed
under conditions of oxidative stress in C. albicans
(Wang et al, 2006). As phenazines, such as
pyocyanin, inhibit normal fungal respiratory activ-
ity (Morales et al., 2013), it is likely that activation of
the pentose phosphate pathway contributes to
maintaining the metabolic activity and redox equili-
brium of C. albicans (Figure 8).

Other proteins related to oxidative stress were
found to be overexpressed by C. albicans in mixed
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Figure 9 C. albicans mutation frequency following exposure to
100 pgml ' Amphotericin. Cells were collected from monospe-
cific biofilms (Mon) and mixed biofilms (Mix). Mutation
frequencies were expressed as the number of Amphotericin-
resistant mutants recovered as a fraction of the viable count
(Supplementary Materials and Methods). The panel presents the
means + s.e.m. (n=4).

biofilms, including a chaperone from the HSP70p
family, the heat-shock protein Hsp78p, alkyl hydro-
peroxide peroxidase Tsalp and the putative alkyl
hydroperoxidase Ahp1. In contrast, the catalase
Catlp and chaperones Kar2p, Ssa2p, Ssb1lp and
Sszlp were downregulated in mixed biofilms
(Supplementary Table S2). This downregulation
could be caused by the reduced iron levels, as it
has been demonstrated that these proteins are
downregulated in low-iron conditions (Lan et al.,
2004). Based on the observed reduction of the
activity of the most important enzyme for detoxify-
ing oxygen radicals and the oxidative damage
generated by pyocyanin, it is expected that in mixed
biofilms, the fungus undergoes oxidative stress,
which may increase mutation events and thus the
emergence of hypermutator cells. This hypothesis is
supported by our observation of a significant
increase in the frequency of amphotericin-resistant
cells in mixed biofilms (Figure 9).

The P. aeruginosa—C. albicans interaction resulted in a
strong synergistic effect on mouse mortality

Mixed-species infections can have consequences
that differ from those associated with single-species
infections, increasing the virulence of the organisms
involved in the co-infection. To verify this
hypothesis for interaction studied here, immuno-
deficient Nu/Nu nude mice were co-infected intra-
peritoneally with sublethal inocula of P. aeruginosa
PAO1 (~2x10” cellsml™') and C. albicans
CAI-4 (~5x10° cellsml') as described in
Supplementary Materials and Methods. The co-
infected mice showed a high mortality rate after
12h with respect to the groups inoculated with
P aeruginosa (2 x10” cellsml~") or C. albicans
(~5x10° cellsml~") (Supplementary Figure S9).
Doubling the dose of C. albicans (107cellsml ") did
not result in mortality of the mice after 2 weeks of
observation. In contrast, doubling the dose of
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Figure 10 An abstract model depicting how interspecies
competition triggers P. aeruginosa virulence and mutability in
mixed biofilms. We propose that in mixed biofilms, the fungus
and bacterium compete for iron, which triggers the expression of
iron-regulated virulence factors in P. aeruginosa, for example, the
siderophores pyoverdine and pyochelin, exotoxin A, proteases
and heme-binding proteins. In addition, in mixed biofilms,
P, aeruginosa shows increased production of the cytotoxic
molecules pyocyanin, rthamnolipids and PQS. The decrease of
the activity of antioxidant proteins caused by iron deficiency in
both species may be the cause of the increase in the frequency of
mutant cells in mixed biofilms.

P, aeruginosa (4 x107cellsml~") caused 100%
mortality within 12h (Supplementary Figure S10).
These results suggest that P. aeruginosa was the
cause of death in the co-infected mice.

Roux et al. (2009) demonstrated that C. albicans
impairs macrophage function and facilitates
P. aeruginosa pneumonia in rats. Overall, these
results suggest that C. albicans promotes the
pathogenicity of P. aeruginosa in mixed infections.
Previously, Roux et al. (2009) reported that
the pseudomonal proteolytic enzyme elastase
(LasB; also known as pseudolysin) is responsible
for the increased virulence of C. albicans, but the
details of this mechanism remain unclear. In a
similar study using a rat pneumonia model, the
same group observed that rats administered a
subclinical dose of P aeruginosa developed
pneumonia only in the presence of viable
C. albicans (Roux et al., 2009).

Microbes competing with unrelated or distantly
related species for limited resources in the same
niche activate mechanisms, such as secretion of
proteins or small molecules, to attack the competing
strains or species (Czaran et al., 2002; Be’er et al.,
2009). Because we found that in mixed biofilms
C. albicans was attacked by P aeruginosa with
mechanisms similar to those used to cause harm to
their mammalian hosts, we propose that the syner-
gism observed in coinoculated mice was caused by
the increased virulence of the bacteria as a result of
competition with the fungus for iron (Figure 10).

Conclusions

Microbes involved in polymicrobial infections often
display synergistic interactions that result in
enhanced pathogenesis. However, the molecular
mechanisms governing these interactions are not
well understood. Our results provide compelling
mechanistic evidence that interspecies competition
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between opportunistic pathogens can alter the
course of pathogenesis in polymicrobial commu-
nities and enhance the selection of mutator cells.
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