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Candida albicans and Staphylococcus aureus have been co-isolated from several biofilm-associated diseases,
including those related to medical devices. This association confers advantages to both microorganisms, resulting
in detrimental effects on the host. To elucidate this phenomenon, the present study investigated colony changes
derived from non-physical interactions between C. albicans and S. aureus. We performed proximity assays by
confronting colonies of the yeast and the bacteria on agar plates at six different distances for 9-10 days. We found
that colony variants of S. aureus originated progressively after prolonged exposure to C. albicans proximity,
specifically in response to pH neutralization of the media by the fungi. The new phenotypes of S. aureus were
more virulent in a Galleria mellonella larvae model compared to colonies grown without C. albicans influence.
This event was associated with an upregulation of RNA III and agrA expression, suggesting a role for a-toxin. Our
findings indicate that C. albicans enhances S. aureus virulence by inducing the formation of more aggressive
colonies. This highlights the importance of understanding the intricate connection between environmental re-
sponses, virulence and, fitness in S. aureus pathogenesis.

1. Introduction

In the past, Koch’s postulates helped identify the etiological causes of
several monomicrobial infections (Todd and Peters, 2019¢). Then,
high-throughput genome sequencing techniques significantly expanded
the notion of microbial biodiversity harboured within the body,
revealing, for instance, more than 1000 species residing in the gut (Todd
and Peters, 2019c¢). Currently, it is recognized that the coexistence of
multiple microorganisms in the same host niche fosters interactions
among them that can drive disease onset and outcome (Todd and Peters,
2019c). Furthermore, these complex communities can adopt the biofilm
mode of life, secreting an extracellular matrix that surrounds and pro-
tects them from environmental attacks, including antimicrobial agents
(Carolus, et al., 2019, Todd and Peters, 2019c).

Among the polymicrobial infections, those involving the presence of
fungi and bacteria are particularly significant in the clinical context
(Carolus, et al., 2019). The yeast Candida albicans and the Gram-positive
bacterium Staphylococcus aureus are among the most prevalent nosoco-
mial pathogens responsible for severe morbidity and mortality (Todd
et al., 2019a). This duo is frequently present in intra-abdominal in-
fections that can disseminate and produce systemic infections that are

very difficult to treat (Carolus, et al., 2019, Todd and Peters, 2019¢).
Moreover, C. albicans and S. aureus have been co-isolated from several
biofilm-associated diseases, including chronic wound infections, cystic
fibrosis, urinary tract infections, and medical-device-related infections
(Carolus, et al., 2019, Todd and Peters, 2019c). Being part of these
polymicrobial biofilms confers several advantages to both members,
such as enhanced tolerance to vancomycin in S. aureus (Kong, et al.,
2016) and to miconazole in C. albicans (Kean, et al., 2017). Likewise, the
addition of a conditioned medium from S. aureus dramatically increases
C. albicans biofilm growth (Lin, et al., 2013).

These microorganisms’ cooperative relationship involves physical
interactions and interspecies communication (Carolus, et al., 2019,
Eichelberger and Cassat, 2021). The chemical interactions between
C. albicans and S. aureus include secreted molecules from the quorum
sensing (QS) system (Carolus, et al., 2019, Todd and Peters, 2019¢). In
S. aureus, the best-characterized QS system is the accessory regulatory
(agr) system, consisting of the promoter P2 and P3 that drive the
expression of the transcripts RNA II and RNA III, respectively (Todd and
Peters, 2019¢). RNA 1II is encoded for four genes: agrA, agrB, agrC and
agrD. AgrB is a membrane protein that modifies and secretes the
pre-signal peptide AgrD into its mature form, the autoinducing peptide 2
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(AIP-2). AIP-2 is recognized by the membrane-bound protein kinase
AgrC, which phosphorylates AgrA, activating P2 and P3. RNA III is the
effector molecule of the agr system and is responsible for toxin pro-
duction, including o-toxin, a fundamental tool in S. aureus’ pathoge-
nicity (Todd and Peters, 2019c).

Polymicrobial infections are often associated with poor patient
prognosis (Eichelberger and Cassat, 2021, Peters, et al., 2012). In the
case of C. albicans and S. aureus, it has long been known that their
intraperitoneal coinfection has a synergistic effect on mouse mortality
(Carlson, 1982). Increased virulence of C. albicans and S. aureus coin-
fection has also been reported in zebrafish embryos, Galleria mellonella
larvae, and patients with systemic infections (Sheehan, et al., 2020, Wu,
et al., 2021). However, it was only recently that the major lethality
driver and its activation mechanism were identified. C. albicans ribose
catabolism and alkalinization of the extracellular pH led to sustained
activation of the staphylococcal agr system (Saikat, et al., 2024, Todd
etal., 2019a, Todd et al., 2019a). Although the exact mechanism behind
agr activation remains unidentified, it results in the production of the
effector molecule a-toxin, which can cause membrane damage, lysis,
eicosanoid stimulation, disruption of tight junctions, activation of
platelet aggregation, and dysregulation of the hemostatic system, ulti-
mately leading to organ failure (Todd and Peters, 2019c).

Further studies elucidating the details of the "lethal synergism"
among this interkingdom association will aid in the development of new
therapeutic targets. The understanding of microbial interactions makes
it clearer that the successful treatment of polymicrobial infections will
arise from targeting the community as a whole (Lin, et al., 2013). For
this reason, the present study aimed to investigate colony changes
resulting from non-physical but close interactions in a long-term
C. albicans and S. aureus co-culture. To that end, proximity assays con-
fronting the yeast and bacteria at six different distances for 9 days were
developed. We found that S. aureus virulence enhancement results from
progressive phenotypical diversification of the original colonies.

2. Materials and methods
2.1. Bacterial strains and growing conditions

The fungaemia clinical isolates Candida albicans 10045727 and
Candida parapsilosis 11103595 (Marcos-Zambrano, et al., 2014), and the
bacterial strains Staphylococcus aureus ATCC 12600 (CECT 86), Staphy-
lococcus epidermidis ATCC 1798 (CECT 231), Streptococcus mutans ATCC
25175 (CECT 479), Enterococcus faecalis ATCC 19433 (CECT 481) and
Escherichia coli CFT073 (ATCC 700928) were used in this study. Each
microorganism was recovered from a -80 stock. Bacteria were cultured
at 37 °C in Tryptic Soy Agar (TSA) (Scharlab S.L.) or Luria Bertani (LB)
agar (Scharlab S.L.), while fungi were grown at 30 °C in Yeast Petone
Dextrose (YPD) medium consisting of 1 % Yeast Extract (Gibco), 2 %
Meat Peptone (Scharlab S.L.), 2 % D-glucose (Fisher Scientific S.L.), and,
when required, 2 % Bacteriological Agar (Scharlab S.L.). Similarly,
overnight cultures were obtained after 16 h of incubation at 200 rpm
and 30 °C in YPD for Candida and 37 °C in Tryptic Soy Broth (TSB)
(Scharlab S.L.) or LB broth for bacterial strains.

2.2. Proximity assays

Overnight cultures of C. albicans and S. aureus were centrifuged at
4000 rpm (Labnet Spectrafuge™ 6C) for 5 min and washed twice with
Phosphate Buffer Saline 1X (PBS) (Fisher Scientific S.L.). Suspensions
with a final optical density of A = 550 nm (ODss) of 0.1 for yeast and
0.005 for bacteria (~1><106 CFUs/mL of both microorganisms) were
prepared in PBS. Then, a 5 ul drop of each suspension was deposited in
two parallel columns on YPD agar in a manner where the distance be-
tween both microorganism drops increased progressively (Ca — Sa). To
ensure homogeneity and reproducibility at drop disposition a template
was placed under the Petri dishes. In total, six different distances were
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tested: P1 =1 cm, P2 =1.5cm, P3 =2cm, P4 =3 cm, P5 =4 cm, and P6
= 5 cm. Petri dishes were incubated at 37 °C for 9 days, and colony
growth were recorded by imaging with the colony counter ProtoCOL 3
(Synbiosis). All images were processed with ImageJ software. Controls
were created by facing drops from the same microorganism (Sa — Sa and
Ca - Ca). Experiments were conducted thrice with 3 technical replicates
each time. The same procedure was followed using YPD agar with
Bromocresol purple at 0.08 mg/ml, denoted as YPD + BP, and YPD agar
prepared with low D-glucose content (0.2 %), referred as YPLD.

Finally, we used a slightly modified proximity assay to confirm the
pH influence on S. aureus colonies. First, a 5 ul drop from an S. aureus
suspension was deposited on the agar in each corresponding position,
leaving the facing positions empty. From day 1 to day 3, a 10 pl drop of a
solution of NaOH 2M was applied in the morning and afternoon to the
facing positions. On day 4, the drop quantity was increased to 15 pl, and
on day 6, to 20 pl. This periodic addition of NaOH 2M, combined with its
progressive quantity increase, simulated the continuous alkalinization
of the medium by a growing colony of C. albicans. S. aureus responses
were monitored until day 7. Control plates followed the same procedure
but with the addition of PBS.

To confirm the specificity of the observed interactions between
C. albicans and S. aureus, additional proximity assays were conducted
using both microorganisms against different species (S. epidermidis, S.
mutans, E. coli, E. faecalis and C. parapsilosis). Required controls were
also included.

2.3. Virulence assessment of S. aureus colony variants

Differences in the virulence of the obtained colonies of S. aureus
growing in the different positions of the proximity assay with C. albicans
were evaluated using the animal model G. mellonella. Maintenance and
injection of G. mellonella larvae were carried out, as previously reported
by our laboratory (Moya-Andérico, et al., 2021).

Six different colonies of S. aureus from the proximity assays with
C. albicans (Ca — Sa) were obtained after 10 days of incubation (Fig. 5A).
Control colonies were obtained from control plates of S. aureus —
S. aureus (Sa — Sa) after 10 days and 1 day of incubation (Fig. 5A). Cells
were recovered directly from the agar plate with a pipette tip, resus-
pended in PBS, adjusted until an ODs5¢ = 1.8, and injected into the
hemocoel of eight larvae using a 26-gauge microsyringe (Hamilton).
PBS-treated larvae were included as controls. The experiment was
conducted three times, and larvae were monitored for a total of 48 h
post-injection with intervals of 2h from 15 h-25 h and 40-48 h.

At the same time, 100 pl of S. aureus cell suspensions were cen-
trifugated (4000 rpm x 1 min) and resuspended in a solution 1:10 of the
resazurin-based reagent PrestoBlue in TSB media. After 30 min at 37 °C
in the dark, the metabolic activity of the colonies was measured by
fluorescence (AExc = 535 nm and Aem=635 nm) and ODs7( in a SPARK
Multimode microplate reader. The remaining volume of cell suspensions
was mixed with 500 mL of the stabilization solution RNAlater (Invi-
trogen) and frozen at -20 °C until further processing.

2.4. Characterization of gene expression of S. aureus colony variants

Cells suspensions of S. aureus colonies 1-5 obtained in a proximity
assay with C. albicans (Ca — Sa) were used for RNA extraction using the
GeneJET RNA Purification Kit (Thermo Fisher Scientific). RNA obtained
was treated with 10x TURBO DNase (Life technologies). DNA contami-
nation was discarded by PCR amplification of the 16S rRNA house-
keeping gene. RNA quantification was performed on a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific). Reverse transcription of
RNA was performed by mixing the Maxima Reverse Transcriptase
(Thermo Fisher Scientific) with Random Hexamer primers (Thermo
Fisher Scientific) according to the manufacturer’s instructions. The ob-
tained cDNA was stored at -20 °C until use.

Quantitative real-time PCR (qRT-PCR) was performed with the
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PowerUp SYBR Green Master Mix (Applied Biosystems) in a StepOne-
Plus™ Real-Time PCR System (Applied Biosystems) according to the
manufacturer’s protocol. The sequences of primers used for gene
amplification can be consulted at Vaudaux et al., 2002 (Vaudaux, et al.,
2002). Relative expression of RNA III, agrA and sarA genes were calcu-
lated using the values from control colony 8.

2.5. Reversion test of S. aureus colony variants

A small inoculum of each colony of S. aureus were taken at the end of
a proximity assay (Ca — Sa) with a pipette tip and plated on a new YPD
plate. The same procedure was performed with control colonies (Sa —
Sa). After 24 h of incubation, the growth of the colonies was evaluated.

2.6. Statistical analysis

All data were statistically analyzed using GraphPad Prism version
10.00 (GraphPad Software, USA). Comparison of means among groups
was performed by One-way ANOVA tests with a Sidak’s multiple com-
parisons test. Log-rank tests made the comparison of Kaplan-Meier
survival curves. A p-value <0.05 was considered statistically significant.

Day 1

Day 3
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3. Results

3.1. C. albicans proximity promotes the generation of S. aureus colony
variants

We observed non-physical interactions between the well-known
opportunistic pathogens S. aureus (Sa) and C. albicans (Ca) through a
proximity assay spanning six different distances over 9 days (Fig. 1).
Inoculum drops deposited on the agar allowed for the development of
well-defined colonies of both microorganisms, which were visible from
day 1. In the case of C. albicans, colonies expanded progressively over
the days. However, in the control (Ca — Ca), the size of the colonies
decreased with increasing proximity, while in the proximity assay (Ca —
Sa), the size remained constant across positions (Fig. S1).

In contrast, the size of S. aureus colonies in the proximity assay (Ca —
Sa) remained constant (Fig. 1). However, between days 5 and 7, minor
points of additional growth of S. aureus were observed within the orig-
inal colony (see Fig. 1 small white arrows). The quantity and size of the
growth spots increased over time, leading to fusion and covering the
original colony entirely. By days 7-9, the expansion of new S. aureus
colonies continued and extended beyond the edges of the original col-
onies (see Fig. 1 small white arrows). Interestingly, the emergence of

Day 5

Sa - Sa Ca - Sa Zoom

Ca-Ca

Fig. 1. Proximity assay timeline of C. albicans (Ca) and S. aureus (Sa). Ca — Sa depicts zoomed (top) and original images (bottom) of C. albicans colonies (left)
developed at six different distances (P1 = 1 cm, P2 = 1.5 cm, P3 = 2 cm, P4 = 3 cm, P5 = 4 cm and P6 = 5 cm) from S. aureus colonies (right) monitored over 9 days
with a 1-day interval. White arrows indicate evident growth of new phenotypes within S. aureus original colonies. Sa — Sa represents the control condition in which
S. aureus inoculum was used in both columns, while Ca — Ca is the control condition where C. albicans inoculum was used in both columns. The images displayed are
representative of three different experiments that were processed with ImageJ software. The scale bar of 2 cm applies to all cases.
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new phenotypes was linked to the proximity to C. albicans, where the
process of generating new variants was faster at the closest position (P1
=1 cm). Consequently, the effect gradually decreased over subsequent
positions, being minimal in the last ones (P5 = 4 cm and P6 = 5 cm) and
absent in the control plate (Sa — Sa).

The described production of new S. aureus colonies was absent in
proximity assays with other bacteria but were present with Candida
parapsilosis (Fig. 2), indicating that the colony generation effect could be
a specific interaction of S. aureus with the genus Candida.

3.2. Generation of S. aureus colony variants depend on pH and initial
glucose levels

Considering the ability of C. albicans to alkalinize the media and the
influence of pH on S. aureus virulence (Regassa and Betley, 1992,
Regassa, et al., 1992, Todd et al., 2019a, Vylkova and Lorenz, 2014), we
evaluated whether the appearance of S. aureus colony variants induced
by C. albicans was related to pH changes. To this end, we performed the
proximity assay by adding the pH indicator Bromocresol purple to the
YPD agar medium (Fig. 3). The Sa — Sa control revealed that S. aureus
growth from day 1 was accompanied by a pH decrease, which persisted
throughout the experiment. In contrast, Ca — Ca control demonstrated
that C. albicans growth led to a progressive increase in pH. These indi-
vidual behaviors were maintained when both microorganisms were
grown together (Ca — Sa). However, we observed that after day 5,
C. albicans proximity to S. aureus nullified bacterial acidification. This
alkalinization resulted in a predominance of a neutral pH in the posi-
tions with closer proximity between the species (P1-P3) by day 9.
However, the most meaningful finding was the perfect overlap between
C. albicans pH modulation and the origination of S. aureus colony vari-
ants (Fig. 3). Thus, we tested if C. albicans induced the formation of
colony variants in other bacterial species, finding positive results with
S. epidermidis and E. coli (Fig. S2).
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Next, we assessed if the sole action of pH alkalinization was sufficient
to induce the generation of S. aureus colony variants. Thus, we exposed
S. aureus colonies grown in a proximity assay configuration to increasing
quantities of NaOH 2M for 7 days (Fig. 4A). Again, we observed the
appearance of S. aureus colony variants in positions (P1-P3) with greater
exposure to pH changes. As expected, the PBS control did not induce
either pH changes or the generation of S. aureus variant colonies. This
finding showed that the presence of C. albicans is not necessary to obtain
the phenotypic variants of S. aureus even though, in the case of prox-
imity assays, it is responsible for this pH change.

Furthermore, we decided to test the role of glucose in the develop-
ment of S. aureus colony variants, considering that glucose availability
was reported to influence the Staphylococcal agr system (Regassa, et al.,
1992) (Fig. 4B). A proximity assay between S. aureus and C. albicans in
YPD with low glucose (YPLD) showed substantial variations in the
growth of both microorganisms. Firstly, C. albicans growth decreased
compared to YPD colonies, reflected in a smaller colony size at the end of
the experiment in the control (Ca - Ca) and, more markedly, in the
interaction with S. aureus (Ca — Sa). In contrast, S. aureus colonies
growing in YPLD expanded over time, reaching a colony size consider-
ably higher than when they grew in YPD, regardless of the presence of
C. albicans. Additionally, S. aureus growth was not accompanied by the
acidification of the media, resulting in the total dominance of C. albicans
alkalinization and the pH neutralization of the complete plate. These
changes did not promote the generation of S. aureus colony variants.

3.3. S. aureus colony variants exhibit increased virulence

To assess virulence differences of S. aureus colony variants, we
conducted a proximity assay for 10 days. Each S. aureus colony was
designated with a number, including controls (Fig. 5A). Colonies 1 to 4
corresponded to the phenotypes present at P1-P3 positions, where col-
ony 4 represented the phenotype developed after initial exposure to

Day 9

Sa - Sa

Sa - Se

Sa-Sm

Fig. 2. Proximity assay of S. aureus (Sa) with other microorganisms. Zoomed images of S. aureus colonies (left) with itself (Sa — Sa), S. epidermidis (Sa — Se), S. mutans
(Sa - Sm), E. faecalis (Sa - Ef), E. coli (Sa - Ec) and C. parapsilosis (Sa — Cp) (right) at day 9. The images displayed are representative of three different experiments that
were processed with ImageJ software. The scale bar corresponds to 2 cm and applies to all cases. The shown distances correspond to P1 =1 cm, P2 = 1.5 cm and P3 =

2 cm.



B.V. Arévalo-Jaimes and E. Torrents

Day 1
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Day 7

Color legend [} Dark yelow pH<5.2 [} Brown pH 5.3-6.7

B PurplepH=>6.8

Fig. 3. Timeline of pH changes in a proximity assay of C. albicans (Ca) and S. aureus (Sa). Ca — Sa depicts zoomed (top) and original images (bottom) of C. albicans
colonies (left) developed at six different distances from S. aureus colonies (right) in YPD agar with bromocresol purple. Plates were monitored over 9 days with a 1-
day interval. White arrows indicate evident growth of new phenotypes within S. aureus original colonies. Sa — Sa represents the control condition in which S. aureus
inoculum was used in both columns, while Ca — Ca is the control condition where C. albicans inoculum was used in both columns. The images displayed are
representative of three different experiments that were processed with ImageJ software. The scale bar of 2 cm applies to all cases. The shown distances correspond to

Pl1=1cm, P2 =1.5cm, P3 =2 cm, P4 =3 cm, P5 = 4 cm, and P6 = 5 cm.

basic pH, and colony 1 represented the phenotype obtained after sus-
tained exposure. Colonies 5 and 6 corresponded to the border and center
of S. aureus growth at positions P4-P6, where no meaningful pH change
was present. Controls were taken from a Sa — Sa plate incubated for 10
days (colony 7) and 1 day (colony 8).

Infection of G. mellonella with S. aureus colonies showed significant
differences in larval survival (Fig. 5B). Larvae infected with colonies 5, 6
and 7 did not show mortality. Meanwhile, the median survival of larvae
infected with colonies 1, 2, 3,4 and 8 was 15h,19h, 21 h, 40 hand 40 h,
respectively. According to the Log-rank test, colonies 1 and 2 exhibited
enhanced virulence compared to control colony 8. These variations
cannot be attributed to differences in metabolic activity, as no statisti-
cally significant deviation was observed in the PrestoBlue results be-
tween colonies 1-5 and the control colony 8 (Fig. 5C). However, the lack
of metabolic activity of colonies 6 and 7 justified the complete survival
of larva infected with them.

Thus, the expression of three important virulence genes of S. aureus
was evaluated in colonies 1-5 compared to control colony 8 (Fig. 5D-F).

We found that colony 1, the most virulent, exhibited increased expres-
sion of RNA III and agrA but decreased expression of sarA. This agrA
induction and sarA expression reduction were more pronounced in
colony 2, although no change in RNA III was observed in this case.
Colonies 3-5 showed decreased expression of all genes; however,
repression of the agrA gene was higher in colony 5 compared to colonies
3 and 4. Therefore, the increased virulence of S. aureus variant colonies
1-4, which originated in response to external pH changes, compared to
the original colony 6 and the control colonies 7 y 8, is associated with
expression changes of genes from the agr system.

Finally, the colonies’ re-plating showed no differences in their
growth and morphology (Fig. 5G), indicating that the colony variants’
phenotype is reversible. Moreover, the lack of growth of colonies 6 and 7
indicates that these populations are dead at the end of the experiment
(10 days of incubation), confirming the results obtained by the Pres-
toBlue assay (Fig. 5C).
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Sa - NaOH 2M

Day 3 Day 5
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Sa- PBS
Day 7

YPD

YPD + BP

YPLD

YPLD + BP

Color legend [} Dark yellow pH<52 [JJj BrownpH 5.3-6.7

I Purple pH =68

Fig. 4. pH and glucose dependence in the generation of S. aureus colony variants. Timeline of the effect of S. aureus colonies’ exposure to NaOH 2M (Sa — NaOH 2M)
in both YPD and YPD with bromocresol purple (YPD + BP) (A). Zoomed images from day 7 are displayed. White arrows indicate evident growth of new phenotypes
within S. aureus original colonies. Sa — PBS represents the control condition. Timeline of glucose effect on S. aureus variant colonies’ generation in a proximity assay of
S. aureus with C. albicans (Ca — Sa) in both YPLD (YPD with glucose at 0.2 %) and YPLD with bromocresol purple (YPLD + BP) (B). Sa — Sa is the control condition in
which S. aureus inoculum was used in both columns, while Ca - Ca is the control condition where C. albicans inoculum was used in both columns. The images
displayed are representative of three different experiments that were processed with ImageJ software. The scale bar of 2 cm applies to all cases. The shown distances
correspond to P1 =1 cm, P2 = 1.5 cm, P3 = 2 cm, P4 = 3 cm, P5 = 4 cm, and P6 = 5 cm.

4. Discussion

The ability of both C. albicans and S. aureus to colonize a wide variety
of human body sites increases the likelihood of shared host niches and
the development of mixed infections (Eichelberger and Cassat, 2021).
Survival in different microenvironments requires metabolic flexibility
controlled by time- and space-specific regulatory networks (Jenul and
Horswill, 2019, Richardson, 2019). This implies that environmental
factors can influence disease outcomes (Todd et al., 2019a). Moreover,
in the context of polymicrobial infections, the environmental response of
one microorganism can affect the behavior of other species (Todd et al.,
2019a).

In the case of S. aureus, the regulatory network controlling virulence
responds to various environmental cues that drive the bacterium

throughout the infection process (Jenul and Horswill, 2019). For
instance, the agr system, responsible for RNA III expression and o-toxin
secretion, is sensitive to acidic or alkaline conditions, with a maximum
activity near neutral pH (Regassa and Betley, 1992, Regassa, et al., 1992,
Todd and Peters, 2019c¢). Furthermore, S. aureus virulence is enhanced
by C. albicans, resulting in what is described as lethal synergism
(Carlson, 1982). Recent studies have shown that this effect is associated
with increased S. aureus a-toxin production via agr activation in response
to extracellular ribose depletion and media neutralization caused by
C. albicans (Saikat, et al., 2024, Todd et al., 2019a, Todd et al., 2019a).
However, questions regarding this cooperative microbial interaction
mediated by environmental crosstalk remain.

In this study, we performed a proximity assay that allowed us to
monitor colony changes resulting from non-physical interactions
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Fig. 5. Virulence assessment of S. aureus colony variants. Colonies of S. aureus obtained after a proximity assay with C. albicans (Ca — Sa) for 10 days were numbered
(A). Colonies obtained from S. aureus controls (Sa — Sa) on day 10 and day 1 were also included. The shown distances correspond to P1 =1 cm, P2 = 1.5 cm and P3 =
2 c¢cm, P4 = 3 cm, P5 = 4 cm, and P6 = 5 cm. Kaplan-Meier survival curves of G. mellonella larvae after inoculation with all different S. aureus colonies, with each
condition involving 8 larvae (B). Asterisks indicate statistically significant differences in virulence in comparison to control colony 8 by a long-rank test. Evaluation of
the metabolic activity of S. aureus colonies by PrestoBlue assay (C). Asterisks indicate statistically significant differences versus control colony 8 in an Ordinary one-
way ANOVA with Sidak’s multiple comparison test. RFUs = Relative Fluorescence Units. Fold change of RNA III (D), agrA (E), and sarA (F) gene expression of
S. aureus colonies 1-5 in comparison to control colony 8. Asterisks indicate statistically significant differences among colonies in an Ordinary one-way ANOVA with
Sidak’s multiple comparison test. Reversion test of S. aureus colonies (G). The results presented in this figure are representative of the same experiment repeated three

times. Images were processed with ImageJ software, and error bars display mean and standard deviation. *p-value <0.05, **p-value <0.01,

***p-value <0.0001

between S. aureus and C. albicans. In contrast to previous studies that
used liquid conditions for co-culture, our experiment permitted the
simultaneous evaluation of six different distances between species
growth. Long-term plate incubation (over 9-10 days) compensated for
the higher diffusion times and loss of volatile compounds present in solid
agar, allowing events to be recorded sequentially. As a result, our
investigation reports that C. albicans enhances S. aureus virulence by
inducing the generation of successive new colony variants (Figs. 1 and
Fig. 5). The origin of the colony variants coincided with the pH change
induced by C. albicans-mediated media alkalinization (Fig. 3). However,

“*p-value <0.001, and

C. albicans is not strictly required for their generation, as their appear-
ance under other artificial pH modulators (NaOH) was also confirmed
(Fig. 4). Variant classification of S. aureus from the proximity assays (Ca
— Sa), conducted to assess virulence differences (Fig. 5A), was based on
visual morphological differences observed after extended incubation,
compared to colony 7 on the control plate (Sa — Sa).

Notably, G. mellonella larvae survival (Fig. 5B) decreased in relation
to the generation time of the colony variant. Colonies generated after
prolonged exposure to C. albicans proximity (colonies 1-2) caused
significantly higher mortality compared to those exposed for a shorter
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time (colonies 3-4), barely exposed (colonies 5-6), or not exposed at all
(colony 7-8) (Fig. 5A and B). This agrees with the lethal synergism
observed from in vivo experiments of systemic and local infections after
co-inoculating both microorganisms’ (Carlson, 1982, Hu, et al., 2021,
Sheehan, et al., 2020, Todd et al., 2019a, Vila, et al., 2021, Wu, et al.,
2021). Our results showed that G. mellonella larvae survival at 24 h
decreased from 71.4 % when infected with colony 8 to 0-14 % when
infected with colonies 1 and 2, respectively. These values are consistent
with the previous study by Sheehan et al (2020) using this animal
model, where larvae infected with S. aureus alone and combined with
C. albicans showed a survival of 80 % vs 30 % at 24 h (Sheehan, et al.,
2020).

Moreover, our experimental setting allowed us to recreate the
interaction between both species and to evaluate the virulence of
S. aureus colonies independently. The isolation of the different S. aureus
colonies from the proximity assay before larvae inoculation (Fig. 5A)
demonstrated that although C. albicans is responsible for the increase of
S. aureus virulence, it is not required for the lethal effect. Additionally,
the qRT-PCR results showed that the increase in S. aureus virulence is
related to an up-regulation of RNA III and agrA, two important genes
controlled by the agr system (Fig. 5D-E). Therefore, we believe the high
pathogenicity of S. aureus colony variants originated after C. albicans
exposure is related to an increase in a-toxin expression, as previously
reported (Todd et al., 2019a), although we did not perform a direct
detection of this molecule. In addition, the loss of the morphological
differences after re-plating the colony variants (Fig. 5G) indicates a
phenotype reversion after stimuli removal.

Garcia-Betancur et al. (2017) described a genetic cell-fate program in
S. aureus that leads to a phenotypic bifurcation in genetically identical
cells during infection (Garcia-Betancur, et al., 2017). Through a bimodal
switch in the agr system, S. aureus forms two specialized subpopulations:
one type produces toxins and induces acute bacteremia (agr-on cells),
while the other supports biofilm formation, enabling chronic infections
(agr-off cells). Extracellular signals can modulate the size of these sub-
populations, thus influencing infection outcomes. For example, high
Mg>* levels in bone and kidney tissues favor the agr-off phenotype and
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encourage microbial aggregate formation (Garcia-Betancur, et al.,
2017).

We propose that the S. aureus colony variants observed in our study
result from metabolic responses to environmental cues affecting viru-
lence, in this case triggered by C. albicans. However, a limitation of our
study is that we did not perform genomic or transcriptomic character-
ization of these variants. Future work should involve RNA-sequencing,
genome-wide analysis, and gene expression profiling. Additionally, it
is important to consider that colony variants that grew on top of the
original colony (e.g. colonies 2 and 4) were recovered jointly and,
therefore, represent a heterogeneous population.

Following our recent discoveries and those of others, we propose a
hypothetical model of C. albicans-S. aureus metabolic interactions and
microenvironmental changes that could result in the enhancement of
S. aureus virulence through the generation of new variants (Fig. 6). First,
the aerobic growth of C. albicans under high glucose couples the
glycolysis pathway with the TCA cycle (Wijnants, et al., 2022). Although
glucose is its preferred carbon source, this yeast can simultaneously
metabolize alternative sources through enzymes from the gluconeogenic
and glyoxylate cycle (Lorenz, 2013, Miramon and Lorenz, 2017, Sandai,
et al., 2012, Williams and Lorenz, 2020). Meanwhile, S. aureus aerobic
growth in glucose rich-media causes repression of the tricarboxylic acid
(TCA) cycle by CcpA. Thus, pyruvate obtained from glycolysis is con-
verted to acetate and excreted into the media, causing a pH decrease and
downregulating the staphylococcal agr system (Regassa, et al., 1992,
Richardson, 2019).

Acetate may serve as a source of acetyl-coA, the central intermediate
in carbon metabolism (Bayot, et al., 2023). It is naturally present in
blood and within macrophages and neutrophils (Bayot, et al., 2023).
Once glucose is depleted, C. albicans can utilize acetate as a carbon
source, enter the glyoxylate cycle, pass through the TCA cycle, and
produce glucose in the gluconeogenic pathway (Wijnants, et al., 2022).
Additionally, acetate at physiologically relevant concentrations
up-regulates enzymes related to fatty acid metabolism (Bayot, et al.,
2023). Therefore, this could explain the positive impact of S. aureus on
C. albicans growth (as observed in Fig. S1).
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Fig. 6. Hypothetical proposed model of S. aureus and C. albicans metabolic interactions and their associated environmental changes influencing S. aureus
virulence. S. aureus catabolism of glucose produces the excretion of acetate into the media, which decreases the pH. The acetate molecule serves as a precursor of
acetyl-coA, positively impacting the growth of C. albicans. Acetate consumption through different metabolic routes helps neutralize the pH of the media in
conjunction with ammonia (NH,4) production derived from amino acids and/or N-acetylglucosamine (GlcNAc) metabolism. Additionally, extracellular acetate can
induce oxidative stress in C. albicans cells, leading to ribose metabolism in the Pentose Phosphate Pathway (PPP) to produce the required NADPH for glutathione
synthesis. pH neutralization and ribose depletion of the media by C. albicans activate the Staphylococcal agr system, increasing S. aureus virulence. TCA =

Tricarboxylic Acids. Image created with Biorender.com.
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Furthermore, we believe that the consumption of acetate by
C. albicans has an alkalinizing effect on the media, as reported with the
metabolism of other carboxylic acids (a-ketoglutarate, pyruvate, and
lactate) (Danhof Heather, et al., 2016). However, the environmental
changes in pH exerted by C. albicans may also involve two alternative
mechanisms that this yeast has evolved to counteract acidic environ-
ments (Danhof Heather, et al., 2016). The capacity to manipulate
extracellular pH is related to survival inside phagocytic cells of the im-
mune system and hyphal morphogenesis, being essential for fungal
fitness in vitro and in vivo (Danhof Heather, et al., 2016, Vylkova and
Lorenz, 2014). The metabolism of amino acids and N-acetylglucosamine
results in ammonia externalization, leading to a pH increase in the
media (Eichelberger and Cassat, 2021, Naseem, et al., 2017, Vesely,
et al., 2017, Vylkova and Lorenz, 2014). This pH neutralization offers
optimal conditions for the staphylococcal agr system, inducing a-toxin
production (Eichelberger and Cassat, 2021).

Recently, the work of experts in the field, Peters and colleagues,
discovered a fundamental role of C. albicans ribose catabolism in acti-
vating the agr system of S. aureus (Saikat, et al., 2024). Although our
experiments do not evaluate this new factor, as were performed before
the publication of this finding, we propose that C. albicans ribose
catabolism may be related to the production of NADPH by the Pentose
Phosphate Pathway (PPP) as a response to counteract the oxidative
damage induced by acetate. Physiological relevant acetate concentra-
tions have been shown to cause oxidative stress in C. albicans cells,
leading to glutathione secretion into the media, and NADPH is an
important molecule in the glutathione redox cycle (Bayot, et al., 2023,
Komalapriya, et al., 2015, Wang, et al., 2006). Bringing all these points
together suggests that the lethal synergism observed in C. albicans and
S. aureus coinfection results from a series of metabolic interactions,
including environmental changes to which both species react. Experi-
ments focused on C. albicans acetate metabolism in this interkingdom
co-culture will validate our hypothesis. Future studies should also
consider including microenvironments more representative of infection
sites, as it is unclear how these interactions influence in vivo outcomes.
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The lack of growth of the original colonies 6 (Ca — Sa) and 7 (Sa — Sa)
after replating (Fig. 5G) indicates that after 10 days of incubation on
YPD agar plates, S. aureus bacteria cells are no longer viable. This was
also shown by the PrestoBlue assay (Fig. 5C). Therefore, the presence of
C. albicans favours and/or stimulates S. aureus survival by generating the
colony variants, even in the furthest positions (P4-P6) where variant
colony 5 appeared (Fig. 5A). This is not surprising, as C. albicans has
been shown to stimulate S. aureus growth via PEG secretion in both in
vitro polymicrobial biofilms and in vivo polymicrobial infections (Krause,
et al., 2015, Todd et al., 2019a).

Over time, the presence and proximity of C. albicans induce changes
in S. aureus gene expression that increase its virulence, as seen in col-
onies 1-4 (Fig. 5). Although the underlying mechanism remains
incompletely understood, there is growing evidence linking S. aureus
metabolism with virulence, with an increasing number of metabolic
transcriptional regulators influencing the expression of virulence factors
(Richardson, 2019). For instance, ribose availability can alter the
metabolic state of bacterial cells (Fig. 7), specifically affecting intra-
cellular levels of ATP, GTP, and other metabolic intermediates (Hallier,
et al.,, 2024, Nolan, et al., 2022). Ribose may thereby impact the
expression of metabolic regulators such as CodY, a known repressor of
the agr operon under nutrient-rich conditions (Roux, et al., 2014).
Additionally, ribose might influence SigB activity via the
RsbU-RsbV-RsbW cascade (Palma and Cheung, 2001). The transcrip-
tional repressor RbsR, which regulates the operon involved in ribose
uptake and phosphorylation (rbsUDK), is itself directly controlled by
SigB, suggesting a potential feedback loop where SigB can impact ribose
metabolism and vice versa (Lei and Lee, 2015).

Interspecific interactions between yeasts and Staphylococcus species
have been reported to promote genotypic and phenotypic diversification
of the bacteria (Cosetta, et al., 2023), opening the door to experiments
with different strains of S. aureus and species of yeast. We highlight the
utility of the proximity assay as a simple, inexpensive, and
easy-to-implement technique for studying visible colony changes
resulting from non-physical interactions among microorganisms. Its use

;
* —®
A,

Ribose
availability
impact S. aureus
metabolism

TCA
Cycle

“

0 \
4__________------.--.

\ / (ATP) ‘
. I
Metabolic changes | SigB
can affect S. aureus |
virulence I

agroperon

L

=

ARNIII
CodY

Fig. 7. Hypothetical interconnection between S. aureus metabolism and virulence in response to environmental modifications caused by C. albicans.
C. albicans metabolism leads to pH neutralization and ribose depletion in the medium. Although the precise mechanisms by which these stimuli enhance agr system
activity remain unclear, ribose is essential in key metabolic processes. It participates in both the Pentose Phosphate Pathway (PPP) and the Purine (Pur) pathway,
influencing intracellular levels of ATP, GTP, Fructose-6-Phosphate, and other metabolites. Reduced ribose levels may affect metabolic regulators, such as CodY, a
repressor of the agr operon under nutrient-rich conditions, and SigB, which plays a role in biofilm-related gene expression. Additionally, SigB activates the tran-
scriptional repressor RbsR, which regulates the rbsUDK operon involved in ribose transport and phosphorylation. RNAIII may also impact ribose availability by
activating PPP enzymes. This highlights the complex interplay between metabolism and virulence, where feedback loops are critical in regulating cellular function.
TCA = Tricarboxylic Acids. Dashed lines represent unknown interactions. Image created with Biorender.com.
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as a screening technique allowed us to identify similar interactions be-
tween C. albicans and two other bacterial pathogens, S. epidermidis and
E. coli. Additionally, we found that the C. parapsilosis clinical isolate used
in this study can alkalinize the pH (data not shown) and, therefore,
induce the generation of S. aureus colony variants.

Our findings confirm that lethal synergistic effects between these
microorganisms are associated with the agr system. Consequently,
therapies targeting agr function could serve as effective alternatives
against acute polymicrobial infections. In this context, researchers have
identified several promising compounds: some inhibit AgrA binding to
DNA (Bernabe, et al., 2021, Bezar, et al., 2019, Luo, et al., 2021), others
interfere with quorum sensing (Sully, et al., 2014) or neutralize a-toxin
(Todd et al., 2019a). Furthermore, considering the advantages S. aureus
gains from the presence of C. albicans, antifungal treatments may help
reduce bacterial burden in co-infections (Luo, et al., 2021). On the other
hand, activation of the agr system by C. albicans may suggest that pol-
ymicrobial biofilms formed by these species have increased dispersal
events. In this context, C. albicans may not only protect S. aureus cells but
also enhance their dissemination, thereby increasing the risk of systemic
infections.

5. Conclusion

For decades, it has been known that C. albicans increase S. aureus
virulence, resulting in “lethal synergism”. However, it is only recently
that this phenomenon has begun to be characterized. Our experimental
design allowed us to observe individual changes over time caused by the
proximity of both microorganisms. As a result, we report for the first
time that C. albicans proximity induces the generation and favors the
growth of S. aureus colony variants with increased expression of viru-
lence factors. The origin of these colony variants coincided with the pH
change induced by C. albicans-mediated media alkalinization. The
virulence factors are associated with the agr system, suggesting a role for
a-toxin expression. These findings indicate that S. aureus enhanced
lethality in C. albicans co-infections results from a series of metabolic
interactions, highlighting the importance of understanding the intricate
connection between environmental responses, virulence, and fitness in
S. aureus pathogenesis.
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