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The human gut acts as the main reservoir of microbes and a relevant source of life-threatening
infections, especially in immunocompromised patients. There, the opportunistic fungal
pathogen Candida albicans adapts to the host environment and additionally interacts with
residing bacteria. We investigated fungal-bacterial interactions by coinfecting enterocytes with
the yeast Candida albicans and the Gram-negative bacterium Proteus mirabilis resulting in
enhanced host cell damage. This synergistic effect was conserved across different P. mirabilis
isolates and occurred also with non-albicans Candida species and C. albicans mutants
defective in filamentation or candidalysin production. Using bacterial deletion mutants, we
identified the P. mirabilis hemolysin HpmA to be the key effector for host cell destruction.
Spatially separated coinfections demonstrated that synergism between Candida and Proteus
is induced by contact, but also by soluble factors. Specifically, we identified Candida-
mediated glucose consumption and farnesol production as potential triggers for Proteus
virulence. In summary, our study demonstrates that coinfection of enterocytes with C.
albicans and P. mirabilis can result in increased host cell damage which is mediated by
bacterial virulence factors as a result of fungal niche modification via nutrient consumption and
production of soluble factors. This supports the notion that certain fungal-bacterial
combinations have the potential to result in enhanced virulence in niches such as the gut
and might therefore promote translocation and dissemination.

Keywords: Candida albicans, Proteus mirabilis, coinfection, synergism, cross-kingdom interaction, enterocytes

1 INTRODUCTION

The human body is densely colonized by high numbers of bacteria and fungi. They reside in
different niches, which vary regarding temperature, moisture, surface structure, oxygen and nutrient
availability, presence of other microbes, and interaction with the human immune system (Ribet and
Cossart, 2015; Kapitan et al., 2019; Kruger et al., 2019). The gut is the most densely colonized
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anatomical niche, and the associated microbiota contributes to
health and disease (Dekaboruah et al., 2020). Residing microbes
facilitate food degradation, vitamin synthesis, and training of
immunotolerance towards harmless colonizers (Dekaboruah
et al., 2020). Yet, the gut is also one of the main reservoirs of
opportunistic pathogens (Gouba and Drancourt, 2015). Chronic
inflammation as well as antibiotic treatment can lead to reduced
microbial diversity in the gut resulting in increased numbers of
facultative pathogens (Zaborin et al., 2014; Gong et al., 2016;
Armstrong et al., 2018; Zheng et al, 2020). This situation
promotes translocation of gut microbes from the lumen into
the blood stream followed by systemic dissemination (Gouba
and Drancourt, 2015; Dekaboruah et al., 2020).

Prolonged, broad-spectrum antibiotic treatment is also one of
the main risk factors for disseminated candidiasis (Miranda et al.,
2009; Gouba and Drancourt, 2015; Ribet and Cossart, 2015;
Lagunes and Rello, 2016; Iacob and Iacob, 2019; Shukla and
Sobel, 2019; Mora Carpio and Climaco, 2021), a condition still
associated with mortality rates of 30-40% despite antifungal
treatment (Koehler et al., 2019). The most common cause of
candidiasis is the yeast Candida albicans (Turner and Butler,
2014; Zhai et al., 2020) which is also a commensal colonizer on
mucosal surfaces of 70-80% of the human population
(Eggimann et al., 2015; Niemiec et al., 2017). Most blood
stream infections with C. albicans are considered endogenous,
originating from within the patient, and recent evidence shows
that strains causing systemic candidiasis originate from the gut
(Miranda et al., 2009). Within the gut, C. albicans interacts not
only with the host, but also bacteria of the microbiota
(Mirhakkak et al.,, 2021). Antagonistic interactions have been
described, for example with Bacteroides thetaiotaomicron, which
confers colonization resistance (Fan et al., 2015). While
abundance of B. thetaiotaomicron and other benign
commensals is often reduced by antibiotic therapy, the
resulting low-diversity microbiota can become dominated by
opportunistic bacterial pathogens, such as members of the
Enterobacteriacae, and C. albicans (Zaborin et al., 2014).
Synergistic interactions between the fungus and such bacteria
might affect the likelihood of translocation across the gut barrier
and subsequent disseminated infection, but have not been
studied in much detail (Peleg et al., 2010; Kruger et al., 2019;
Zhai et al., 2020; Santus et al., 2021).

Similarly to C. albicans, the Gram-negative bacterium
P. mirabilis is a known commensal of the human gut
(Hamilton et al.,, 2018). Due to its very low abundance
(< 0.05%) in healthy gut microbiota and consequently
undersampling in stool and failed detection by 16S profiling,
its exact prevalence in healthy individuals is less well determined
than for other Enterobacteriaceae - it is estimated to be around
3% or higher (Muller, 1986; Hamilton et al., 2018). However, P.
mirabilis has been described as part of the dysbiotic gut
microbiota in ulcerative colitis, Crohn’s disease, and rheumatic
arthritis (Kanareykina et al., 1987; Elias-Oliveira et al., 2020;
Zhang et al., 2021). Furthermore, inherent resistance to several
antibiotics, such as polymyxins, tigecycline, and tetracycline,
results in increased P. mirabilis abundance upon antibiotic

treatment. P. mirabilis is known to spread from the gut to
other niches of the human body, most prominently the urinary
tract where it causes urinary tract infections, subsequent bladder
and kidney stone formation, ascending pyelonephritits, or
urosepsis (Armbruster and Mobley, 2012; Armbruster et al,
2018). In catheter-associated urinary tract infections P.
mirabilis is frequently accompanied by other bacteria, such as
Escherichia coli, Morganella morganii, Enterococcus spp., or
Providencia stuartii (Warren et al., 1982; Jacobsen and Shirtliff,
2011; Brauer et al., 2019). Therefore, its interactions with other
bacteria have been studied in this context: Alteri et al. showed
that P. mirabilis and E. coli cause urinary tract infections (UTIs)
efficiently and more persistent when combined in a respective
mouse model (Alteri et al., 2015). Similarly, studies by
Armbruster et al. demonstrated that P. mirabilis pathogenicity
increases during coinfection in a catheter-associated UTI
(CAUTI) and bladder infection model in mice when combined
with Providencia stuartii (Armbruster et al., 2017a; Armbruster
et al, 2017b). During polymicrobial biofilm formation of P.
mirabilis with Klebsiella pneumoniae, E. coli, or M. morganii in
artificial urine, Proteus-mediated alteration of the medium led to
reduced viability of all other microbes (Juarez et al., 2020).
However, the interaction of P. mirabilis with other microbes in
the context of the gut and its role as a member of the gut
microbiota has not yet been addressed in much detail (Seo et al.,
2015; Hamilton et al., 2018).

In the present study, we investigated the interaction of C.
albicans and P. mirabilis in vitro using an enterocyte infection
model. Coinfection resulted in significantly increased host cell
damage. This synergistic effect was dependent on the P. mirabilis
hemolysin HpmA but independent of C. albicans Als3-mediated
adhesion, filamentation, or candidalysin. Both physical contact
and multifactorial niche modification by C. albicans promoted
host cell damage by the bacterium. This implies the potential of
cross-kingdom microbial interactions to alter microbial
virulence and identifies C. albicans and P. mirabilis as a
potentially detrimental combination in certain niches of the
human body.

2 MATERIALS AND METHODS

2.1 Cultivation of Fungal and Bacterial
Strains

A list of all strains used in this study is provided in
Supplementary Table 1. All strains were kept as frozen stock
with 25% (V/V) glycerol at -80°C. From the stocks, fungal strains
were streaked on YPD (20 g/l peptone, BD; 10 g/l yeast extract,
Roth; 20 g/l glucose, Roth) agar plates and incubated for 24 h at
30°C. Unless stated otherwise, a single colony was then
transferred into liquid YPD and incubated overnight (16-18 h)
at 30°C with vigorous shaking. Fungal cells were harvested by
centrifugation at 10,000 x g for 1 min, washed twice with an
equal volume of phosphate-buffered saline (PBS) and
resuspended in PBS. Cell numbers were determined
microscopically using a Neubauer chamber and cell density
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was adjusted to the desired concentration with PBS. For heat-
inactivation, the adjusted cell suspension was incubated at 65°C
for 1 h (Hosseinzadeh and Urban, 2013).

Bacterial strains were streaked from stocks onto Todd-Hewitt-
Bouillon (THB, #X936, Carl Roth) agar plates and incubated for 24
h at 37°C. A single colony (alternatively = 1 ul portion for
swarming bacteria) was transferred into liquid THB and
incubated overnight at 37°C with vigorous shaking. From the
resulting stationary culture, a subculture was prepared by
adjusting the ODgq to 0.1 in fresh THB and incubating at 37°C
with vigorous shaking to an ODgyy = 1 (exponential phase). If
necessary, THB was supplemented with appropriate antibiotics
(Supplementary Table 1). Bacteria were harvested by
centrifugation at 13,000 x g for 1 min, washed twice with PBS
and resuspended in PBS. The ODgy was measured and cell
density was adjusted to the desired concentration with PBS
based on ODgyo-CFU-correlations (Supplementary Table 1).
Infection suspensions were prepared in PBS.

2.2 Enterocyte Model

Brush border-forming C2BBel (CRL-2102"", ATCC; RRID :
CVCL_1096) and mucus-secreting HT29-MTX (HT29-MTX-
E12, Sigma; RRID : CVCL_G356) cells were cultured and
maintained in DMEM (high glucose DMEM, #41965, Gibco)
supplemented with 10% (V/V) FCS, 0.01 mg/ml holo-transferrin
(#616397, Merck) and 1% V/V non-essential amino acids
(#11140, Gibco) under standard cell culture conditions: 37°C,
5% CO,, ambient oxygen, humidified atmosphere, static
incubation. For infection experiments, C2BBel and HT29-
MTX cells were harvested by accutase (#ACC-1B, Capricorn)
or trypsin (#25300, Gibco) digest, respectively. After determining
the number of viable cells using a Neubauer chamber and trypan
blue staining, cells were mixed in a 70/30 ratio to 10> cells/ml in
supplemented DMEM and seeded into polystyrene culture
vessels (multiwell plates) treated with 10 pg/ml collagen I
(#A10483-01, Thermo Fisher). The following volumes were
used per well: 200 pl in 96-well, 1 ml in 24-well, and 5 ml in
6-well format. Cells were matured for 14 days with regular
medium exchange. Before infection, the medium was removed
and replaced with KBM"" Gold (#00192151, Lonza) medium
after washing the cells with PBS.

2.3 Infection of Enterocytes, Quantification
of Enterocyte Damage and Microbial
Burden

For infection, mixed C2BBel/HT29-MTX cultures were
prepared as described above. Infection experiments were
performed in KBM medium due to its high pH buffering
capacities. The fungal multiplicity of infection (MOI) was
calculated in relation to the total enterocyte number initially
seeded into each well. For infection, 10pl fungal suspension
adjusted to the desired concentration, or PBS for control, were
added to each well. Unless indicated otherwise, fungi were used
at MOI 10. After addition of fungal cells, enterocytes were
incubated for 24 h under standard cell culture conditions.
Then bacterial cells were added (10 ul) at MOI 1 unless

indicated otherwise, followed by further incubation for 5 h.
The supernatant was removed and used to determine host cell
damage by quantification of lactate dehydrogenase release using
the colorimetric cytotoxicity detect kit (#11644793001, Sigma-
Aldrich) according to the manufacturer’s guidelines. Absorption
at 485 nm (A4gs) was corrected by subtracting Aggo. Enterocytes
lyzed with 0.25% (V/V) Triton-X 100 served as high control,
untreated/uninfected enterocytes as low control. Relative host
cell damage was calculated as % Triton-induced LDH release as
follows: hhf’I;AAIW‘[’ x 100. For comparison of mono- and

co1nfect1ons, the fold damage coinfection (FDC) was determined

as follows: % damage coinfection
(% damaﬁe fungus + % damage bacterium)’

For the quantl cation of bacterial and fungal burden, the
supernatant was not removed, but well contents were scratched,
vigorously resuspended, and transferred into a fresh reaction tube.
To disrupt fungal clumps, 1 mg/ml zymolase (Amsbio, #120491-1)
was added and tubes were incubated for 1 h at 37°C with 500 rpm
shaking prior to serial dilution and plating on agar plates. Selective
plates were used to differentiate bacteria and fungi: For P.
mirabilis, CLED (#2835, Carl Roth) agar plates were
supplemented with 50 pug/ml nystatin to suppress fungal growth;
for C. albicans, YPD plates were supplemented with 50 pg/ml
gentamycin and 100 pg/ml doxycycline to suppress bacterial
growth. pH of cell culture media was determined using a
microelectrode (Orion™ PerpHecTTM ROSS™; Thermo
Fisher Scientific).

2.3.1 Cell Contact Assay

If spatial separation of microbes and/or enterocytes was
required during infection, host cells were seeded into a 24-
well plate and maturated as described above. Infection
suspensions were prepared as described above, but inoculated
either into the well or into a hanging PET cell culture
insert with pore size 0.4 pm (Merck, # MCHT24H48).
Incubation and host cell damage quantification were
performed as described above.

2.4 Preparation of Candida-Conditioned
Medium

To analyze the role of soluble factors released or depleted by
C. albicans during infection, Candida-conditioned medium
(CCM) was prepared. For this, C. albicans cultures were
prepared as described above. Then, 10° C. albicans cells/ml
were inoculated into KBM in suitable multiwell plates and
incubated under standard cell culture conditions for 24 h. The
supernatant was harvested and sterile-filtered using a pore size of
0.2 um. Aliquots were frozen at -20°C and thawed on demand in
a water bath at 37°C prior to experiments. For size exclusion
treatment, aliquots were thawed on ice and CCM was separated
through centrifugal filters with molecular weight cut offs between
3 and 100 kDa (Amicon®Ultra, Millipore). For heat-inactivation
CCM was incubated for 30 min at 72°C before the experiment.
KBM treated in the same way was used as control. The pH of
CCM and KBM was measured using a pH electrode (Orion™
PerpHecT'™ ROSS™; Thermo Fisher Scientific) after
equilibration to cell culture conditions for 5 h.
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2.5 Metabolite Quantification in KBM

and CCM

The commercially available kits GLUC3 and UREAL (cobas),
respectively, were used to determine the concentration of glucose
and urea in supernatants after sterile-filtering using a pore size of
0.2 um. The detection limits reported by the manufacturer are
0.11 mM and 0.5 mM for glucose and urea, respectively.

2.6 Farnesol Quantification and Effects of
Farnesol on Bacteria

To determine the concentration of farnesol produced by C.
albicans, fungal cells were incubated in suitable multiwell
plates under cell culture conditions. After 24 h, supernatants
and cell pellets were generated by centrifugation for 15 min at
4000 x g at 4°C. Each type of samples was extracted by
incubation with 10 ml pentane containing 0.2 ng/pl
nonylacetate as internal standard for 3 h at 8°C with vigorous
shaking. KBM spiked with 0.2% 1 M (E,E)-farnesol (0.2 mM) was
included as additional control. The organic phase was collected
and concentrated under nitrogen flow to a volume of
approximately 200 pl. Qualitative and quantitative analysis of
pentane extracts was conducted using an Agilent 6890 Series gas
chromatograph coupled to an Agilent 5973 quadrupole mass
selective detector (Agilent Technologies, Santa Clara, CA, USA;
interface temp, 250°C; quadrupole temp, 150°C; source temp,
230°C; electron energy, 70 eV) or a flame ionization detector
(FID) operated at 300°C, respectively. The constituents of the
pentane extracts were separated using a ZB5 column
(Phenomenex, Aschaffenburg, Germany; 30 m x 0.25 mm X
0.25 um) and He (MS) or H, (FID) as carrier gas. The sample (1
uL) was injected without split at an initial oven temperature of
80°C. The temperature was held for 2 min and then increased to
240°C with a gradient of 12°C min ", and then further increased
to 320°C with a gradient of 100°C min " and a hold of 2 min. (E,
E)-farnesol was identified by comparison of its retention time
and mass spectrum to those of an authentic standard obtained
from Sigma (#F203).

To test for bactericidal effects of farnesol towards P. mirabilis,
bacteria were inoculated into KBM at 10> CFUs/ml, 10 mM
farnesol dissolved in MeOH (final 1% (V/V)) was added, and
cells were incubated for 5 h at 37°C with vigorous shaking.
MeOH (final 1% (V/V)) was used as control. After incubation,
samples were serially diluted and plated on CLED agar for
CFU quantification.

2.7 Gene Expression Analysis

2.7.1 Nucleic Acid Isolation

For gene expression analysis, RNA of Proteus mirabilis HI4320
was isolated using the Universal RNA Purification Kit
(Roboklon). Similarly to the proteomics analysis, P. mirabilis
was inoculated at 10> CFUs/ml into KBM or CCM and incubated
for 5 h under static cell culture conditions. Infections were
performed in 6-well plates with 30 ml per condition. After
incubation, all steps were performed at 4°C or on ice. Bacteria
were detached by scraping them off the plastic and the resulting
bacteria suspension was transferred into a 50 ml Falcon tube.
Bacteria were harvested by centrifugation at 3,500 x g for 10 min.

The supernatant was discarded, and the pellet resuspended in
500 pl RL buffer with 10%V/V mercaptoethanol freshly added
(RL bufter as part of Roboklon RNA purification Kit, see 2.2.1).
The slurry was transferred into a screwcap reaction tube filled
with 500 pl glass mill beads (Mini-BeadBeater Glass Mill Beads
0.5 mm, Biospec Products). To lyze the cells, reaction tubes were
shaken vigorously in a bead beater (Precellys " Control Device;
Bertin technologies) with 6,500 rpm for 20s, cooled one ice for 15
sec, and shaken again. Beads and cell debris were sedimented by
centrifugation for 5 min at 10,000 x g. The remaining lysate
was then transferred onto the homogenization column and the
isolation protocol was executed according to the manufacturer’s
protocol. After elution in RNase-free water, purity and quantity
were determined using a NanoDrop spectrophotometer (Peglab
Nanodrop 2000). RNA was either used directly or kept at -20°C
for short term storage. To ensure sufficient RNA quality, samples
were examined using the 2100 Bioanalyzer system by Agilent.
RNA samples were prepared and applied following the
manufacture’s guidelines.

2.7.2 Reverse Transcription of RNA into cDNA

Prior to conversion to cDNA, possible DNA contaminations in
the RNA samples were digested using TURBO DNA-free Kit' "
(Thermo Fischer). To transcribe RNA into cDNA, the
SuperScript' " II/VI First-Strand Synthesis System (Thermo
Fisher) was used according to manufacturer guidelines. A total
of 250 ng RNA was used in the reaction. The cDNA was then
diluted 1:4 with nuclease-free water for further use in
quantitative polymerase chain reaction (qPCR).

2.7.3 Primer Design and Verification

To determine if the hemolysin gene hpmA is differentially
regulated during coinfection, qPCR was conducted. Two
primers were designed using NCBI genome database and IDT
primerQuest Tool R (Supp. Tab. 2). In addition, primers for
three different reference genes were included. Primers were
purchased from Biomers. For all primers, primer efficiency was
determined using genomic DNA of a P. mirabilis HI4320
overnight culture extracted using the DNeasy Blood and Tissue
Kit (Qiagen) following the instructions for bacterial cultures.
DNA was stored at -20°C, thawed on ice before use, and serially
diluted for qPCR. Efficiency was tested using the Bio-Rad CFX96
Touch Real-Time PCR System and the GoTaqR qPCR Master
Mix. Primers deemed suitable if they reached > 70%.

2.7.4 Reverse Transcriptase Quantitative Polymerase
Chain Reaction

To set up a qPCR, we prepared a reaction mixture according to
GoTaqR RT-PCR Kit (Promega) guidelines; the final
concentration of the primers was 0.1 pmol/pl. The Real Time
PCR system Bio-Rad CFX96 Touch Real-Time PCR System was
used to perform the PCR. No-template controls were used as
negative controls. The cycle was as follows: activation 95°C, 10
min; denaturation 95°C 15 sec; annealing 58°C 20 sec; elongation
72°C 20 sec (back to denaturation for 44 cycles); denaturation
95°C 15 sec, melt curve from 65°C to 95°C for 15 s (0.5°C). In
order to determine relative gene expression, the A/ACt values
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were used to calculate the fold change (FC) after normalization
to a reference gene (Livak and Schmittgen, 2001). We used three
different reference genes: rpoA (Pearson et al., 2011), secB and
cpxA (Wang et al.,, 2010). A FC > 1 implies upregulation.

2.8 Protein Expression Analysis
2.8.1 Proteomics Sample Preparation
In order to investigate the extent to which HpmA protein
expression differs in P. mirabilis upon incubation in KBM
versus CCM, quantitative proteomics was performed. For this
purpose, 200 ml of KBM or CCM per condition were divided
into four 175 cm? cell culture flasks (Sarstedt), inoculated with
the normal in vitro model infection dose of 10° Proteus CFUs/ml
and incubated under static cell culture conditions. After
incubation, samples were immediately cooled on ice and
bacteria were harvested using a cell scraper, vigorous pipetting
and centrifugation for 15 min at 4°C and 4,200 x g. The
supernatants were collected separately in acid washed plastic
Erlenmeyer flasks, one tablet of cOmplete Ultra Protease
Inhibitor cocktail (Roche) per 50 ml was added, and the pH
was set to 2.0 with trifluoroacetic acid (TFA). Then they were
sterile-filtered using a 0.2 um vacuum filter system with PES
membrane (VWR/TPP) to remove bacteria and other particles
and stored at -80°C. The pellets were resuspended in 1.5 ml of
ice-cold PBS and centrifuged at 13,000 x g for one min. This was
followed by a second washing step with ice-cold distilled water.
The washed pellets were taken up in 1 ml lysis buffer (aqueous
solution of 1% SDS, 150 mM NaCl, 100 mM triethylammonium
bicarbonate [TEAB] and one tablet cOmplete Ultra protease
inhibitor cocktail per 10 ml) and transferred to 1.5 ml screw cap
tubes filled with approximately 500 pl glass beads and disrupted
in the BeadBeater® for 40 seconds at 4 m/s? (see RNA
extraction). The mixture was centrifuged at 10,000 x g for
three minutes at 4°C and the lysate was separated from the
beads. Nucleic acids were digested with 400 U Benzonase
(Novagen) followed by 15 min centrifugation at 18,000 x g (4°C).

The proteins of the supernatant (secretome) were concentrated
by solid phase extraction (SPE) on a Chromabond™ C4 SPE
column (Macherey-Nagel ™), washed with 0.1% TFA and eluted
in 4 ml of 0.1% TFA in 80:20 (v/v) acetonitrile (ACN)/water. The
eluate was evaporated in a vacuum concentrator (Eppendorf) to
almost dryness. Eluates were either evaporated or precipitated by
20% trichloroacetic acid (TCA) for 30 min on ice with a
subsequent washing step using 90% acetone (centrifugation at
20,000 x g for 15 min at 4°C). Samples were resolubilized in 150 ul
50 mM TEAB in 50:50 (v/v) water/2,2,2-trifluoroethanol (TFE).
Protein concentrations were measured by the Merck-Millipore
Direct Detect system.

Proteome and secretome samples were reduced and alkylated
by 10 mM Tris(2-carboxyethyl)phosphine and 12.5 mM 2-
chloroacetamide (final concentrations) in the dark for 30 min
at 70°C and 500 rpm shaking. For further purification, proteins
were precipitated with 9 times the volume of cold acetone at
-80°C overnight. Samples were centrifuged for 15 min at
20,000 x g at 1°C. The resulting pellets were washed twice with
1 ml of 90% acetone at -80°C and then air-dried. Proteins were
resuspended in 200 ul of TEAB buffer and the protein

concentration was measured as described above. Proteolytic
digestion was performed by incubation with trypsin/LysC
mixture (Promega) at a protein/protease ratio of 25:1 for 18
hours. Samples were filtered with a modified PES 10 kDa
MWCO spin filters (VWR) at 14,000 x g for 15 min. Further
purification was performed by water-saturated ethyl acetate
extraction using the protocol of Yeung and Stanley (Yeung and
Stanley, 2010). Finally, all samples were evaporated to dryness in
a vacuum concentrator, resolubilized in 30 ul of 0.05% TFA and
2% ACN, filtered through 0.2 um Merk-Millipore Ultrafree-MC
hydrophilic PTFE spin filters (14,000 x g for 15 min), and
transferred to HPLC vials.

2.8.2 LC-MS/MS-Based Proteome Analysis

Each sample was measured in three analytical replicates. LC-MS/
MS analysis was performed on an Ultimate 3000 RSLCnano
system connected to either (#1) a QExactive Plus or (#2) a
QExactive HF mass spectrometer (both Thermo Fisher Scientific,
Waltham, MA, USA). Peptide trapping for 5 min on an Acclaim
Pep Map 100 column (2 cm x 75 pm, 3 pm) at 5 pL/min was
followed by separation on an analytical Acclaim Pep Map RSLC
nano column (50 cm x 75 pm, 2um). Mobile phase gradient
elution of eluent A (0.1% (v/v) formic acid in water) mixed with
eluent B (0.1% (v/v) formic acid in 90/10 acetonitrile/water) was
performed using the following gradient: 0-4 min at 4% B, 10 min
at 7% B, 50 min at 12% B, 100 min at 16% B, 150 min at 25% B,
175 min at 35% B, 200 min at 60%B, 210-215 min at 96% B,
215.1-240 min at 4% B.

Positively charged ions were generated at spray voltage of 2.2
kV using a stainless-steel emitter attached to the Nanospray Flex
Ion Source (Thermo Fisher Scientific). Data acquisition was in
Full MS/data-dependent MS2 (#1) Top10 or (#2) Top 15 mode.
Precursor ions were monitored at m/z 300-1500 at a resolution
of (#1) 140,000 or (#2) 120,000 full width at half maximum
(FWHM) using a maximum injection time (ITmax) of 120 ms
and an AGC (automatic gain control) target of 3 x 10°. Precursor
ions with a charge state of z=2-5 were filtered at an isolation
width of m/z 1.6 amu for further HCD fragmentation at 30%
normalized collision energy (NCE). MS2 ions were scanned at
(#1) 17,500 or (#2) 15,000 FWHM (ITmax=100 ms, AGC= 2 x
10°) using a fixed first mass of m/z 120 amu. Dynamic exclusion
of precursor ions was set to 30 s and the minimum AGC target
for Precursor ions selected for HCD fragmentation was set to
le3. The LC-MS/MS instruments were controlled by
Chromeleon 7.2 and Tune 2.8.

2.8.3 Protein Database Search

Tandem mass spectra were searched against the UniProt
database (2021/04/22) Candida albicans SC5314 (https://www.
uniprot.org/proteomes/UP000000559) and Proteus mirabilis
HI4320 (https://www.uniprot.org/proteomes/UP000008319)
using Proteome Discoverer (PD) 2.4 (Thermo) and the
algorithms of Mascot 2.4.1 (Matrix Science, UK), Sequest HT
(version of PD2.4), MS Amanda 2.0, and MS Fragger 3.2. Two
missed cleavages were allowed for the tryptic digestion. The
precursor mass tolerance was set to 10 ppm and the fragment
mass tolerance was set to 0.02 Da. Modifications were defined as
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dynamic Met oxidation, protein N-term acetylation and/or loss
of methionine, as well as static Cys carbamidomethylation. A
strict false discovery rate (FDR) < 1% (peptide and protein level)
and a search engine score of >30 (Mascot), > 4 (Sequest HT),
>300 (MS Amanda) or >8 (MS Fragger) were required for
positive protein hits. The Percolator node of PD2.4 and a
reverse decoy database was used for qvalue validation of
spectral matches. Only rank 1 proteins and peptides of the top
scored proteins were counted. Label-free protein quantification
was based on the Minora algorithm of PD2.4 using the precursor
abundance based on intensity and a signal-to-noise ratio >5.
Normalization of the proteome samples was performed by using
the total peptide amount method. Imputation of missing quan
values was applied by using abundance values of 75% of the
lowest abundance identified per sample. Differential protein
abundance was defined as a fold change of >4, ratio-adjusted
p-value <0.05 (p-value/log4ratio) and at least identified in 2 of 3
replicates. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Perez-Riverol et al., 2019) partner repository with the dataset
identifier PXD031222.

2.9 Scanning Electron Microscopy

For scanning electron microscopy (SEM) analysis, sterile glass
slides were placed into 24-well plates and treated with collagen as
described for cell culture. Enterocyte culture and infection were
performed as described above; additionally, Bacteria/fungi were
added on slides without enterocytes. After incubation, the
medium was replaced with cacodylate buffer for 10 min (0.1
M, pH 7.2), followed by replacement with cacodylate buffer
containing freshly added glutaraldehyde (2.5% (V/V)). Cells
were fixed over night at 4°C, before washing three times with
cacodylate buffer. After dehydration with EtOH in increasing
concentrations (30%, 50%, 70%, 80%, 90%, 100%, 100%; 15 min
each), samples were critical point dried in a Leica EM CPD300
Automated Critical Point Dryer and then sputter-coated with 30
nm gold using a BAL-TEC SCD005 Sputter Coater. Samples
were analyzed at different magnifications with a Zeiss (LEO)
1530 Gemini field emission scanning electron microscope (Carl
Zeiss GmbH, Oberkochen, Germany) at 7kV acceleration voltage
and a working distance of 5 mm using an InLens secondary
electron detector.

2.10 Statistical Analyses

GraphPad Prism 9 was used for data analyses. The number of
biological replicates is indicated in the legend of each graph. Data
is represented as arithmetic mean + SD unless indicated
otherwise in the figure legend, and was tested for normality
distribution using the Shapiro-Wilk test and D’Agostino-
Pearson (if n was large enough) normality test. Based on this,
parametric tests were used. Depending on the data set, two-sided
unpaired t-test, One-Way ANOVA with Dunnett’s multiple
comparison test, 2-way ANOVA and Sidak’s multiple
comparisons test or Tukey’s multiple comparisons test were
used as indicated in the figure legends. P values < 0.05 were
considered significant.

3 RESULTS

3.1 Coinfection With C. albicans and

P. mirabilis Significantly Increases
Enterocyte Damage

To determine the effects of C. albicans and P. mirabilis coinfection
on enterocyte damage, host cells were infected with C. albicans at
MOI 10 for 24 h, followed by addition of P. mirabilis (MOI 1) for 5
h. Host cell damage was quantified by measuring the release of
LDH into the supernatant. To compare mono- and coinfections,
and to account for dosage effects in coinfection, LDH release after
monoinfection with either microbe was summed up and
compared with the LDH release after coinfection. Four P.
mirabilis strains were tested, and for three of these strains the
coinfection resulted in significantly higher damage (Figure 1A).
Additionally, we calculated the fold damage coinfection (FDC) as a
measure of synergism induction by relating the coinfection
damage to the sum of monoinfections and found that it ranged
from 2.7 with P. mirabilis strain DSM788 to 3.6 with P. mirabilis
strain DSM4479 (Figure 1A). Similar results were obtained with
eight clinical isolates of P. mirabilis from blood and urine, with
mean FDCs ranging from 1.4 to 4.4 (Figure S1). Based on its
average FDC of 3.1, the well-characterized P. mirabilis strain
HI4320 (FDC 3.1) was chosen as a representative wildtype
strain for all further experiments (Pearson et al., 2008).

One possible explanation for the increased coinfection
damage is growth promotion of one or both microbes. We
therefore quantified fungal and bacterial CFUs in mono- and
coinfection of C. albicans and P. mirabilis. CFUs of both
microbes did not differ between mono- and coinfection,
excluding enhanced proliferation as the underlying cause of
synergistic host cell damage (Figure 1B). This experiment also
revealed rapid proliferation of the bacteria in the co-infection
setting; although bacteria were added at a lower MOI than C.
albicans, the bacterial CFU were 10-fold higher than fungal
numbers within 1 h of co-infection, with the final CFU of P.
mirabilis being over 1000-fold higher than fungal CFU. Thus,
higher abundance of bacteria, reflecting the physiological ratio of
bacteria and fungi in the gut, developed within the model in a
short period of time.

Next, we determined the impact of the ratio of fungal to
bacterial cells on damage. The coinfection damage increased with
increasing C. albicans MOIs of 0.1 to 10 (Figure 1C). Further
increase of the C. albicans MOI did not lead to an increase of
coinfection damage, but to a reduction of monoinfection damage
(Figure 1C). This might be explained by saturation of the
enterocyte surface with fungal cells, and dose-dependent
induction of fungal quorum sensing which negatively impacts
filamentation (Polke and Jacobsen, 2017; Polke et al., 2017; Polke
et al., 2018).

3.2 Typical Mucosal Candida albicans
Virulence Traits Are Dispensable

for Synergism

Increased enterocyte damage during coinfection might be caused
by either fungal or bacterial virulence factors, or a combination of
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FIGURE 1 | Synergistic enterocyte damage caused by C. albicans — P. mirabilis coinfection. Enterocytes were infected for 24 h with C. albicans SC5314 at MOI 10
and subsequently with different P. mirabilis wildtype strains at MOI 1 for 5 h (A) Host cell damage was assessed by LDH release related to a Triton-induced high
control corrected for spontaneous cell death of uninfected enterocytes. Means and SD from 3-5 independent experiments are plotted; the sum of monoinfection
damage (C. albicans: blue, P. mirabilis: yellow; shown as stacked) was compared to coinfection damage (green) by Two-way ANOVA and Sidak’s multiple
comparisons test, and the increase relative to the sum of monoinfections (mean fold damage coinfection, FDC) is indicated for each P. mirabilis strain. Coinfection
damage with P. mirabilis HI4320 was compared with coinfection damage of other P. mirabilis strains by One-Way ANOVA with Dunnett’s multiple comparison test.
Significant differences are indicated by absolute p values in the graph, ns: not significant. (B) To determine microbial burden during infection, enterocytes were
infected for 24 h with C. albicans SC5314 at 10° CFUs/ml (& MOI 10) and subsequently with P. mirabilis HI4320 at 10° CFUs/ml (2 MOI 1) for 5 h At time points
indicated, well contents were harvested, treated with 1 mg/ml zymolyase, and plated for CFU determination. Mean and range from three independent experiments
are plotted (P. mirabilis: square, C. albicans: circle). CFUs of each microbe in mono- and coinfection, respectively, were compared by Two-Way ANOVA and Sidak’s
multiple comparisons test; no significant differences were observed at any time point. (C) Infections were performed and evaluated as described for (A); infection
doses ranged from MOI 1000 to 0.1 for C. albicans SC5314 and MOI 1 (high dose) or 0.1 (low dose) was used for P. mirabilis HI4320.

factors from both species. To determine the relative contribution
of each microbe, we first performed coinfections using heat-killed
C. albicans and found that inactivation of the fungus abolished the
synergistic effect on damage except for the highest Candida MOI
combined with high Proteus MOI (Figure S2). C. albicans
filamentation is generally considered as the main virulence trait
as it is accompanied by increased expression of adhesins and

cytotoxic effectors (Sudbery, 2011). Therefore, we investigated the
role of C. albicans adhesion, filamentation, and candidalysin
production using homozygous deletion mutants. Deletion of the
adhesin Als3 (als3A/A) slightly reduced enterocyte damage in
Candida monoinfection but not coinfection (Figure 2A).
Similarly, defects in filamentation had no significant impact on
synergistically enhanced coinfection damage (efgIA/A, eedIA/A,
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FIGURE 2 | Synergistic damage does not depend on C. albicans filamentation and candidalysin, and is also induced by non-albicans yeast species. Enterocytes
were infected for 24 h with the indicated fungal strains (MOI 10) and subsequently with P. mirabilis HI4320 (MOI 1) for 5 h Host cell damage was assessed by
quantification of LDH and is shown relative to a Triton-induced high control. Means and SD from 3-4 independent experiments are plotted; summed-up
monoinfections (C. albicans: blue, P. mirabilis: yellow; shown as stacked) were compared to coinfections (green) by Two-way ANOVA and Sidak’s multiple
comparisons test; coinfection damage with C. albicans parental strains (WT) SC5314 or BWP17-Clp30 was compared with coinfection damage of corresponding
mutants by two-sided unpaired t-test (A, C) or by One-Way ANOVA with Dunnett’s multiple comparison test (B, D). Significant differences are indicated by absolute
p values in the graphs, ns, not significant. (A) WT: C. albicans BWP17-ClIp30, (B) WT: C. albicans SC5314; (C) WT: C. albicans BWP17-Clp30; (D) non-albicans
Candida species and S. cerevisiae.

caplA/A, hgclA/A), even for those strains that induced no
detectable damage in monoinfection (efgIA/A, eedIA/A, efgIA/
AcphIA/A; Figure 2B). Although C. albicans hgcIA/A coinfection
damage was not significantly higher (p = 0.0586), it still exceeded
the sum of monoinfections. This implies that C. albicans hypha-
induced enterocyte damage is not required for the synergistic
damage observed during coinfection. Consistent with this, deletion
of the peptide toxin candidalysin (eceIA/A) did not reduce

coinfection damage (Figure 2C). To determine if the induction
of increased coinfection damage was specific to C. albicans, we
performed coinfection experiments with C. glabrata, C.
dubliniensis, C. tropicalis, C. parapsilosis, and S. cerevisiae. With
the exception of C. parapsilosis significantly increased damage
during coinfection was observed for all species, despite low
cytotoxicity in monoinfections (Figure 2D). Thus, while
increased coinfection damage depended on the presence of

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

May 2022 | Volume 12 | Article 866416


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Niemiec et al.

Candida-Proteus Synergism

viable fungi, it was independent of the damage potential of theses
fungi. This implies that synergistically enhanced damage is
executed by bacterial virulence factors.

3.3 P. mirabilis Hemolysin Is Essential for
Increased Coinfection Damage

P. mirabilis possesses a number of virulence factors, of which the
cytotoxic hemolysin HpmA has been shown to mediate cell
damage in vitro and to contribute significantly to virulence in
vivo (Peerbooms et al., 1984; Peerbooms et al., 1985; Swihart and
Welch, 1990a; b; Mobley et al., 1991; Alamuri et al., 2009; Seo
et al., 2015). As recently reviewed by Armbruster et al.,
hemolysin contributes to bladder colonization during UTT and
is primarily responsible for direct lysis of human renal proximal
tubular epithelial cells (Armbruster et al, 2018). It is highly
prevalent in clinical isolates from humans and animals (Swihart
and Welch, 1990b; Mobley et al, 1991; Cestari et al., 2013;
Sanches et al., 2019).

We therefore hypothesized that this hemolysin might also
play a significant role in our enterocyte infection model, and
tested two hemolysin-deficient P. mirabilis mutants generated in
different genetic backgrounds (Mobley et al.,, 1991; Seo et al.,
2015). Both hpmA deletion mutants were unable to induce
measurable cell damage in monoinfections (Figure 3).
Furthermore, enterocyte damage after coinfection with these
mutants was comparable to the damage induced by C. albicans
alone, suggesting that the enhanced damage during coinfection
with the corresponding wildtype strains is driven by the P.
mirabilis hemolysin.

3.4 Both Physical Contact and Soluble
Factors Contribute to C. albicans-P. mirabilis
Synergism

In P. mirabilis, surface contact is associated with swarming
induction and this in turn with increased expression of
virulence effectors, including hemolysin (Allison et al., 1992b;
Gygi et al., 1995; Liaw et al., 2000; Fraser et al., 2002; Jones et al.,
2004; Belas and Suvanasuthi, 2005; Wang et al., 2006). Scanning
electron microscopy (SEM) of coincubation and coinfection
revealed adherence of bacterial cells to fungal yeast and hypha
both in the absence (Figures 4A, B) and presence of enterocytes
(Figures 4C, D). To determine if this physical contact is required
for the increased damage during coinfection, we used transwell
inserts to separate either Proteus or Candida alone or both
microbes from enterocytes. Here, enterocyte damage caused by
either P. mirabilis or C. albicans monoinfection was reduced if
the microbes were physically separated from host cells
(Figure 4E). This is consistent with the importance of hypha
invasion for C. albicans-mediated damage (Gow et al.,, 2012).
Similarly, coinfection damage was significantly reduced if both,
C. albicans and P. mirabilis, were contained in the upper
compartment compared to coinfection with mutual host cell
contact (Figure 4E). With C. albicans on enterocytes, enterocyte
damage was not influenced by the presence of P. mirabilis in the
insert, whereas damage significantly increased with P. mirabilis
on enterocytes if C. albicans was present in the upper
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FIGURE 3 | Hemolysin-deficient P. mirabilis strains are unable to execute
synergistically enhanced coinfection damage. Enterocytes were infected for 24 h
with C. albicans (C.a.) SC5314 at MOI 10 and subsequently with P. mirabilis
(P.m.) HI4320 and BAG163 parental strains (WT) and corresponding hemolysin-
deficient mutants at MOI 1 for 5 h. Host cell damage was assessed by LDH
release related to a Triton-induced high control corrected for spontaneous cell
death of uninfected enterocytes. Means and SD from 3-4 independent
experiments are plotted; the sum of monoinfection damage (C. albicans: blue,
P. mirabilis: yellow; shown as stacked) was compared to coinfection damage
(green) by Two-way ANOVA and Sidak’s multiple comparisons test; coinfection
damage with P. mirabilis WT and the corresponding mutant was also compared
by unpaired two-sided t-test. Significant differences are indicated by absolute p
values in the graph, ns, not significant.

compartment (Figure 4E). However, the resulting damage was
significantly lower than that observed when both microbes were
placed into the enterocyte compartment (Figure 4E), suggesting
that physical interaction between the microbes is required for
full synergism.

To analyze if contact-dependent synergistic damage by P.
mirabilis involves swarming-associated gene regulation, mono-
and coinfections were supplemented with the swarming inhibitor
p-nitrophenyl glycerol (Williams, 1973; Liaw et al., 2000). Using 0.1
mM and 0.3 mM PNPG we observed a dose-dependent significant
reduction of P. mirabilis monoinfection and coinfection damage
(Figure 5A). The FDC was reduced from 3.9 in the untreated
coinfection to 3.6 and 1.3 upon treatment with 0.1 and 0.3 mM
PNPG, respectively. C. albicans monoinfection damage was
unaffected. In addition, we performed coinfections using a
swarming-impaired P. mirabilis mutant lacking the flagella gene
SUiF (Himpsl et al., 2008)(Figure 5B). Compared to coinfection with
the P. mirabilis wildtype, the fliF mutant caused significantly less
coinfection damage and a reduced FDC (3.2 versus 2.1). Taken
together, these findings indicate that both physical interactions
between the microbes and also soluble factors or alteration of
medium composition by C. albicans contribute to the
synergistically increased damage during coinfection.
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FIGURE 4 | Physical interaction and soluble factors involved in synergistically enhanced enterocyte damage by C. albicans and P. mirabilis. Wells without (A+B) or
with (C+D) enterocytes were inoculated for 24 h with C. albicans SC5314 at 10° CFUs/ml and subsequently with P. mirabilis HI4320 at MOI 10* CFUs/ml for 5 h
Cells were fixed and analyzed by scanning electron microscopy (SEM). Magnifications are (A) 5000 x, (B) 4000 x, (C) 7000 x, and (D) 20,000 x; scale bars
represent 2 pm. Representative images of two independently performed experiments are shown. (E) Enterocytes were infected for 24 h with C. albicans (C.a.)
SC5314 at MOI 10 and subsequently with P. mirabilis (P.m.) HI4320 at MOI 1 for 5 h Direct contact to host cells or among microbes was restricted by containing
either bacteria or yeasts in a transwell insert with pore size 0.4 um. Localization of respective microbes is depicted as “insert” or “well” (in contact with enterocytes).
Host cell damage was assessed by LDH release. Means and SD from three independent experiments are plotted; the sum of monoinfection damage (C. albicans:
blue, P. mirabilis: yellow; shown as stacked) was compared to coinfection damage (green) by Two-way ANOVA and Sidak’s multiple comparisons test. Coinfection
damage of the different set ups were compared to each other by One-Way ANOVA with Tukey’s multiple comparison test Significant differences are indicated by
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FIGURE 5 | Synergistically enhanced coinfection damage is reduced by swarming interference. (A) Enterocytes were infected for 24 h with C albicans (C.a.)
SC5314 at MOI 10 followed by P. mirabilis (P.m.) HI4320 in the absence or presence of either 0.1 or 0.3 mM p-nitropheny! glycerin (PNPG) at MOI 1 for 5 h Host cell
damage was assessed by LDH release related to a Triton-induced high control corrected for spontaneous cell death of uninfected enterocytes without PNPG. Means
and SD from 4-5 independent experiments are plotted; the sum of monoinfection damage (C. albicans: blue, P. mirabilis: yellow; shown as stacked) was compared
to coinfection damage (green) by Two-way ANOVA and Sidak’s multiple comparisons test. Coinfection damage of the different set ups were compared by One-Way
ANOVA with Dunnett’s multiple comparisons test. Significant differences are indicated by absolute p values in the graph, ns, not significant. (B) Coinfections were
performed and analyzed as described for (A) using a P. mirabilis mutant deficient in gene fliF. Means and SD from 5-7 independent experiments are plotted and
analyzed as described for (A) for comparison of mono- and coinfection damage. Coinfection damage caused by WT and the fliF mutant was compared by unpaired

two-sided t-test.

3.5 C. albicans Secreted Factors and
Medium Alteration Affect Host Cell
Damage by P. mirabilis
To test if soluble factors or alteration of medium composition by
C. albicans are indeed contributing to the increased damage
observed in transwell experiments, we prepared Candida-
conditioned medium (CCM) by culturing the fungus in the cell
culture medium KBM that was used for infection experiments.
Sterile-filtered CCM was then used for P. mirabilis
monoinfection. Compared to KBM, infection in CCM resulted
in significantly higher cell damage (Figure 6A) that was not due
to a direct cytotoxic effect of CCM (Figure S3) or differences in
pH (Supp. Tab. 3). Since we established that the P. mirabilis
hemolysin HmpA is essential for host cell damage during
coinfection, we investigated if incubation in CCM led to
increased transcription of hmpA. Moderately increased
(approximately 2-fold) expression of hmpA was observed in
CCM compared to KBM (Figure 7). Proteome and secretome
analyses showed high variability of normalized HpmA
abundance within and between experiments, but a trend
towards higher production and secretion of HmpA in CCM
compared to KBM was detectable in all experiments (Figure 8).
To gain further information on the molecules in CCM
triggering the increased damage caused by P. mirabilis, size-
exclusion filtration of CCM was performed. Here, the fraction
below 3 kDa retained damage-inducing properties (Figure 6A).
Furthermore, heat-treatment of CCM prior to the infection (72°C

for 30 min) did not affect damage induction (Figure S4A),
suggesting that small, heat-stable molecules such as metabolites
might be responsible for the observed effect.

C. albicans is known to rapidly consume glucose (Chen et al.,
2020), which is one of the main carbon sources in the cell culture
medium used. We therefore quantified glucose in the culture
media upon pre-incubation with C. albicans at the time point
when P. mirabilis was typically added to the infection
experiments (24 h). Medium of uninfected enterocyte cultures
contained 4.5 + 1.3 mM glucose (a 48% reduction from 8.5 + 0.5
mM in fresh KBM), while no glucose was detectable in C.
albicans-infected cultures and CCM. The lack of key nutrients
is a known potential trigger for bacterial virulence (Rohmer et al.,
2011). To test the role of glucose depletion during coinfection, we
supplemented the medium with glucose (10 mM) immediately
before addition of P. mirabilis. Although monoinfection damage
by C. albicans increased with glucose supplementation,
coinfection damage was significantly lower and the FDC
reduced from 3.0 to 1.6 (Figure 6B). Similarly, P. mirabilis-
induced host cell damage during monoinfection in CCM was
reduced if glucose was added (p = 0.0622, Figure 6C). However,
glucose supplementation of CCM and during coinfection did not
fully reduce the damage to the respective controls (Figures 6B,
D), suggesting that additional factors contribute to the effect
of CCM.

The P. mirabilis urease converts urea to NH; and CO, and
contributes to Proteus cytotoxicity. It is often expressed
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ns: not significant (B) After 24 h C. albicans infection, the medium was supplemented with 10 mM Glc just prior to infection with P. mirabilis HI4320 at MOI 1. Means
and SD from 5 independent experiments are depicted. The sum of monoinfection damage (C. albicans: blue, P. mirabilis: yellow; shown as stacked) was compared
to coinfection damage (green) by Two-way ANOVA and Sidk’s multiple comparisons test. Coinfection damage with and without glucose was compared using
unpaired two-sided t-test. Significant differences are indicated by absolute p values in the graph, ns, not significant. (C) P. mirabilis moninfections in CCM were
supplemented with 10 mM Gic and compared to untreated CCM or KBM. Means and SD from 3 independent experiments using independent preparations of CCM
are depicted and were analyzed as described for (A). (D) + (E) In KBM, P. mirabilis HI4320 at MOI 1 was supplemented with urea or farnesol in MeOH (final 1% V/V)
at increasing concentrations. For farnesol, a 1% V/V MeOH control was included. Means and SD from 3 independent experiments are plotted. Data was analyzed by
One-Way ANOVA with Dunnett’s multiple comparisons test to compare coinfection damage with urea to coinfection without urea (D) or coinfection with farnesol to

indicated by absolute p values in the graph.

the methanol infection control (E); a test for linear trend was performed to determine if the dose had a significant impact on damage. Significant differences are

simultaneously with the hemolysin HpmA (Mobley et al., 1991;
Allison et al., 1992b; Liaw et al., 2000; Wang et al.,, 2006).
Incubation of C. albicans for 24 h led to a significant increase
of urea in cell culture supernatants both in the absence (0.83 +
0.05 mM versus 1.10 £ 0 mM) and presence of enterocytes (0.88
+ 0.10 mM versus 1.3 £ 0.10 mM). Based on this, we performed
P. mirabilis monoinfections with increasing concentrations of
urea, ranging from 0.5 mM to 30 mM. A statistical trend of dose-
dependent damage increase was observed, but no significantly
enhanced host cell damage was detected with even the highest

concentration of 30 mM (p = 0.0549, Figure 6D). In addition, no
major pH change, which would indicate urease-dependent
production of NHj, was detected during enterocyte
coinfections (Supp. Tab. 3). Thus, it is unlikely that the
moderately increased amount of urea contributes significantly
to increased damage in CCM.

The fungal quorum sensing molecule farnesol is produced by
C. albicans in vitro at densities exceeding 10° CFUs/ml, inhibits
filamentation (Saidi et al., 2006; Polke et al., 2017) and has been
shown to influence interactions of C. albicans with bacteria such
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as Pseudomonas aeruginosa and Staphylococcus aureus (Cugini
et al,, 2010; Vila et al., 2019). Hence, we performed germination
assays using the C. albicans eed1A/A that is hypersensitive to the
filamentation-inhibiting properties of farnesol as a proxy for
farnesol detection (Polke et al., 2017). This experiment showed
reduced filamentation of C. albicans eed]A/A in the presence of
CCM but not KBM (Figure S5). In addition, we quantified
farnesol in supernatants and cell pellets of C. albicans cultures
prepared as described for CCM, and detected 0.262 + 0.035 uM
farnesol in supernatants. When P. mirabilis monoinfections were
spiked with farnesol, a significant increase of host cell damage
occurred only if 400 uM were added (Figure 6E). As this is
clearly more than detected in C. albicans culture supernatant, we
considered practical problems during farnesol spiking as a
potential confounder. Due to its hydrophobic nature, farnesol
tends to poorly dissolve in hydrophilic liquids and additionally
adsorbs to plastic surfaces. Thus, the effective concentration
achieved during the infection experiments might be smaller
than the calculated concentration aimed for. To test this, we
spiked KBM with 200 uM farnesol and quantified farnesol
concentration immediately after spiking or after 24 h
incubation under cell culture conditions. Only 4.9% (9.88 +
2.28 uM) and 13.6% (27.15 £ 1.17 uM) of the farnesol could be
detected, respectively. This suggests that there is a substantial
difference between the farnesol concentration spiked into the
infection and the actual effective concentration that P. mirabilis
encounters. Hence, farnesol might be present in CCM
at biologically potent concentrations and thereby affect
P. mirabilis virulence. However, farnesol is clearly not the
main factor in CCM promoting P. mirabilis-induced
enterocyte damage.

3.6 The Impact of Coinfection Timing on
Synergistic Damage

In contrast to oral epithelial cells, LDH release during in vitro
infection of enterocytes with C. albicans becomes only detectable

after 12 h and increases towards 24 h after infection (Dalle et al.,
2010). This can be explained by the requirement of adhesion,
hyphae formation, and invasion as prerequisites for damage
induction (Allert et al, 2018). The rapid proliferation of P.
mirabilis (Figure 1B), in contrast, results in overgrowth of the
cell culture over time. In addition, P. mirabilis-induced host cell
damage increases rapidly, thereby limiting the time window for
analysis (Mobley et al., 1991). Due to this, we decided to perform
infection with C. albicans first, followed by addition of P.
mirabilis after 24 h and analysis of damage after another 5 h.
This does not necessarily reflect all situations in vivo in which
both microbes are likely to be present also simultaneously. To
address this point, we performed simultaneous infections, and
infection with P. mirabilis 12 h after C. albicans infection.
Synergistic damage was statistically evident if P. mirabilis was
added 12 h after C. albicans at high Candida MOIs exceeding
MOI 1, but not after simultaneous infection (Figure 9). As
physical interactions between the microbes might require time
to be established, and nutrient consumption/metabolite
production is a time-dependent process, the 5 h observation
period for simultaneous coinfection might be insufficient to
establish the interactions and changes necessary for synergistic
damage. We can, however, not exclude that the nature of
interactions differs depending on the context, and that a pre-
established infection of enterocytes by C. albicans is necessary to
promote synergistic damage by P. mirabilis.

4 DISCUSSION

The yeast C. albicans and the Gram-negative bacterium P.
mirabilis share multiple mucosal niches in the human body,
including the gut. Here we show that subsequent infection of
enterocytes with the yeast C. albicans and the Gram-negative
bacterium P. mirabilis leads to enhanced host cell damage
mediated by Proteus hemolysin HpmA. C. albicans triggers P.
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mirabilis virulence by contact-dependent and contact-
independent, soluble factors that are released or consumed
during multifactorial niche modifications. Glucose consumption
as well as the production of urea and farnesol might be among the
clues that P. mirabilis reacts to during coinfection.

P. mirabilis-induced damage and the synergistic effect during
coinfection was absent in two independently generated
hemolysin-deficient P. mirabilis mutants (Mobley et al., 1991;
Seo et al,, 2015), indicating that the hemolysin HpmaA is the key
effector mediating enterocyte cytotoxicity. We furthermore
observed moderately increased hpmA gene expression as well
as increased relative abundance of secreted hemolysin during
cultivation of P. mirabilis in CCM. Given that the use of CCM led
to a significant increase of P. mirabilis-induced damage which,
however, not reached the level of damage during coinfection, it
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FIGURE 8 | Increased relative abundance of P. mirabilis HpmA upon incubation in CCM. C. albicans was inoculated at 10® CFUs/ml into cell culture medium and
cultivated for 24 h at standard cell culture conditions. Candida-conditioned medium (CCM) and a medium control (KBM) was harvested and sterile-filtered. P.
mirabilis was inoculated into CCM or regular cell culture medium KBM and incubated for 5 h under standard cell culture conditions. Bacteria pellets (proteome) and
supernatants (secretome) were harvested and processed for subsequent LC-MS/MS analysis to quantify the relative abundance of HomA. Run 1 and 2 were
performed with one sample set at a time, run 3 and 4 were performed with 3 independently generated sample sets at a time. Relative abundances and, if applicable,
means and SD are plotted (KBM: blue, CCM: red) as well as mean fold changes (x) of relative abundance, n.d. not detected, n/a not applicable. Using an unpaired
Student’s t-test, relative HomA abundance at conditions KBM and CCM were compared for run 3 and 4, no statistical significance was detected.

appears possible that hemolysis production is further increased if
contact with fungi occurs. Direct testing of this hypothesis
turned out to be technically difficult as isolation of sufficient
amounts of bacterial mRNA and direct hemolysin detection in
actual coinfection samples were challenging. Another
mechanism leading to increased coinfection damage could be
increased contact of bacteria with host cells mediated by the
physical interactions between bacteria and fungi: Generally,
HpmA is described as an Ca-independent extracellular
hemolysin that mediates hemolytic activity of cell-free P.
mirabilis supernatants (Swihart and Welch, 1990a; Swihart and
Welch, 1990b; Uphoff and Welch, 1990; Weaver et al., 2009). Its
secretion and activation depend on the facilitator protein HpmB
(Uphoft and Welch, 1990; Jacob-Dubuisson et al., 1997).
However, hemolysis of P. mirabilis is typically measured
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directly with intact bacteria or by applying whole-cell
preparations to erythrocytes (Koronakis et al., 1987; Mobley
et al., 1991). This might imply that although the P. mirabilis
hemolysin is secreted, it is most potent if released in close
proximity to target cells, e.g. due to concentration effects. In
this case, binding to fungi could increase the local concentration
of P. mirabilis hemolysin on the enterocytes, resulting in
increased cytotoxicity.

We did not aim to identify distinct factors that mediate
binding of P. mirabilis to C. albicans. However, the observation
that not only C. albicans but also other yeast species promote
synergistically enhanced enterocyte damage could indicate
conserved factors or unspecific binding. Interestingly, heat-
inactivation of C. albicans yeast cells completely abolished the
synergistic effect. Since non-filamentous C. albicans mutants
induced synergistic damage, the lack of hyphal development
cannot explain why inactivated yeast failed to induce synergism.
The results with non-filamentous C. albicans mutants and other
fungal species, such as S. cerevisiae, also excludes interaction via
hypha-specific epitopes as a requirement for synergism. Of note,
C. parapsilosis did not induce synergism. During enterocyte
infection, C. parapsilosis did reduce glucose to undetectable
levels, comparable to C. albicans, excluding reduced glucose
consumption as an explanation for the observed difference.
Other factors might be differences in farnesol production or
other metabolites, or differences in the physical interaction
between Candida and P. mirabilis. While not further
investigated in this study, the differences observed between C.
parapsilosis and the other fungal species might be useful in the
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FIGURE 9 | Candida-conditioned medium increases enterocyte damage caused by P. mirabilis infection. C. albicans SC5314 infection of enterocytes at MOI 100 to
0.1 was performed 24 h or 12 h before or at the same time as addition of P. mirabilis HI4320 at MOI 1. Host cell damage was assessed by LDH release 5 h after
adding P. mirabilis related to a Triton-induced high control corrected for spontaneous cell death of uninfected enterocytes. Means and SD from at three
independently performed experiments are plotted; the sum of monoinfection damage (C. albicans: blue, P. mirabilis: yellow; shown as stacked) was compared to
coinfection damage (green) by 2-way ANOVA and Sidak’s multiple comparisons test. Coinfection damage with and without glucose was compared using unpaired
two-sided t-test. Significant differences are indicated by absolute p values in the graph, ns, not significant.

future to identify additional fungal factors contributing to
synergistic damage.

How expression of the Proteus hemolysin HpmA and the
facilitator protein HpmB is regulated, is only incompletely
understood, but it is linked to swarming. Swarming is typically
observed on solid surfaces and it requires the differentiation of
rod-shaped vegetative cells (also called swimmers) into elongated
hyperflagellated swarm cells (Belas and Suvanasuthi, 2005;
Szostek and Rather, 2013; Tuson et al, 2013; Little et al,
2019). It is associated with increased expression of virulence
effectors, including hemolysin (Allison et al., 1992b; Gygi et al.,
1995; Liaw et al., 2000; Fraser et al., 2002; Jones et al., 2004; Belas
and Suvanasuthi, 2005; Wang et al., 2006). Swarming cells show
augmented invasion into urothelial cells, independent of
hemolysin, and the higher expression of hemolysin makes
them more cytotoxic than vegetative cells (Allison et al,
1992a). A connection between swarming, hemolysin
expression, and host cell damage is also implied by our results:
The swarming inhibitor PNPG (Williams, 1973; Koronakis et al.,
1987) reduced both P. mirabilis mono- and coinfection damage.
This is consistent not only with a role of swarming for virulence,
but also findings that PNPG inhibits virulence gene expression,
including hemolysin (Liaw et al., 2000; Jones et al., 2009).
Furthermore, deletion of fliF, encoding a component of the
flagellar basal body (Himpsl et al., 2008), resulted in reduced
damage in both, P. mirabilis mono- and coinfection. Similar to
fliF, fliL encodes a flagellar basal body component (Belas and
Suvanasuthi, 2005). Deletion of fliL results in development of
non-motile hyperelongated swarmer cells and “inappropriate
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swarmer cells” in otherwise non-inducing liquid conditions, and
upregulation of the hemolysin facilitator gene hpmB (Belas and
Suvanasuthi, 2005). In our study, however, we observed only P.
mirabilis rods, not elongated swarmer cells, binding to Candida
in SEM imaging of coincubation and coinfection. Thus, whether
swarming regulators are directly involved in the induction of
synergistic damage during C. albicans- P. mirabilis coinfections
remains unclear.

Although physical interactions were clearly required for full
synergistic damage, conditioning of the medium by C. albicans
also induced more damage by P. mirabilis. Similarly, metabolic
cross-talk with other bacteria was shown to alter P. mirabilis
virulence in the context of in vivo urinary infections (Armbruster
et al.,, 2017a; Armbruster et al., 2017b). In these cases, urease
acted as the main virulence factor, which prompted us to
determine whether urea production by Candida might
contribute to synergistic host cell damage in our model. While
high doses of urea led to a significant increase of P. mirabilis-
induced damage, the necessary concentration was higher than in
CCM. We furthermore observed that glucose depletion and
farnesol production by C. albicans induced increased P.
mirabilis-mediated damage. Increased expression of virulence
factors upon glucose deprivation has been described for different
bacterial pathogens, including E. coli, Salmonella Typhi,
Klebsiella oxytoca, and Yersinia pestis (Jofre et al, 2014;
Haycocks et al., 2015; Ritzert and Lathem, 2018; Rodriguez-
Valverde et al, 2021). Cross-kingdom signaling properties of
farnesol have been described for coinfections of C. albicans and
Staphylocccus aureus where farnesol enhanced S. aureus biofilm
formation and reduced staphyloxanthin production (Kong et al.,
2017). Given that neither urea, glucose nor farnesol alone fully
recapitulated the effect observed with CCM, it appears likely that
not a single factor but the combination of nutrient depletion and
metabolite production by C. albicans, including factors not
addressed in this study, drives increased virulence of P.
mirabilis during coinfection. This also explains why synergistic
coinfection damage was only observed if C. albicans was
incubated with host cells for a prolonged time, and only with
viable fungal cells, as media composition can be expected to
progressively change over time by fungal metabolic activity.
Finally, while we did not observe a direct negative effect of
CCM on host cell viability, we cannot exclude that the altered
nutrient/metabolite pattern in CCM compared to KBM
negatively affects host cell resilience to the P. mirabilis
hemolysin.

It should be noted that the prevalence of P. mirabilis in the gut
is generally low, but might increase in various inflammatory
diseases (Kanareykina et al, 1987; Elias-Oliveira et al., 2020;
Zhang et al, 2021). If this leads to situations of significant
overgrowth of both P. mirabilis and C. albicans in the same
patient, remains unclear. Thus, the results obtained in this study
might not be fully translatable to clinical situations; however, it
expands our knowledge on the mechanisms behind and
consequences of fungal-bacterial interactions within the host. A
clinically relevant situation, however, is co-occurrence of
P. mirabilis and C. albicans in the urinary tract. Although

C. albicans is not considered a cause of UTI, the fungus is
frequently isolated from urine ( (Kauffman, 2005; Kauffman
et al., 2011; Ackerman and Underhill, 2017; Jacobs et al.,
2018), and its presence might aggravate bacterial UTI caused
by P. mirabilis.

In summary, our study provides evidence that C. albicans is
able to provide a virulence-triggering local niche for P.
mirabilis that augments enterocyte damage mediated by the
Proteus hemolysin. While the exact signaling pathways are
still unknown, our work emphasizes the potential of
cross-kingdom interactions to locally alter microbial
virulence and thereby the importance of comprehensive
microbial diagnosis and assessment of patients harboring a
potentially risky low-diversity microbiota upon medical
intervention and antibiosis.
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