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Abstract

Biofilms, complex microbial communities that enhance pathogen survival in hostile
environments, are integral to chronic infections and often exhibit polymicrobial
interactions that influence disease outcomes. Among these, Staphylococcus aureus and
Candida albicans co-infections are of particular clinical significance due to their
synergistic mechanisms, resulting in invasive and treatment-resistant infections. This
study investigated the interaction dynamics of S. aureus and C. albicans in both
planktonic and biofilm states, focusing on growth dominance, biofilm formation, and
structural adaptations under different conditions. Results revealed that C. albicans
dominated in planktonic co-culture, suppressing S. aureus growth, whereas biofilm
conditions favored mutual adaptation, with hyphae-competent C. albicans forming
dual-species biofilms with S. aureus that accumulated substantial biomass, thereby
enhancing biofilm cohesion and resistance. Compared to yeast cells in YPD, hyphal
growth induced by RPMI substrates significantly augmented biofilm formation across
the early, proliferating, and mature stages. Colonization order influenced biofilm
architecture and interspecies interactions, with highly mature biofilms exhibiting dense
network structures and increased C. albicans hyphal formation. Mechanical
measurements revealed an elastic modulus of up to 10 Pa, indicating enhanced biofilm
rigidity and structural integrity. Notably, the hyphal contribution of C. albicans was
stage-dependent—facilitating S. aureus proliferation during proliferating phase. These
findings underscore the complexity of S. aureus-C. albicans interactions and highlight

potential targets for disrupting biofilm-associated chronic infections.

Keywords: Polymicrobial infections; biofilm; S. aureus; C. albicans
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1 Introduction

In acute infection, bacteria commonly appear as single cells, whereas in multicellular
biofilms they play a crucial role in chronic infections, making infections resistant to
adequate antibiotic therapy and host immune defense (M. Burmelle et al., 2010;
Costerton, Stewart, & Greenberg, 1999; Heiby et al., 2015; Hoiby et al., 1977).
Additionally, most biofilms in the environment grow as polymicrobial biofilms which
encase diverse microorganisms to protect against the hostile conditions (Mette
Burmelle et al., 2010; Stoodley, Sauer, Davies, & Costerton, 2002; Willems, Xu, &
Peters, 2016). Compared to single-microbe, interactions such as antagonism or synergy
between polymicrobial infections may be linked to more severe outcomes and alter the
course of the illness (Brogden, Guthmiller, & Taylor, 2005; Gabrilska & Rumbaugh,
2015; Wolcott, Costerton, Raoult, & Cutler, 2013). Therefore, it is crucial to study how
the presence of pathogens in polymicrobial infections influences microbial interactions.
From symbiotic microbial communities, bacteria and fungi are frequently co-isolated,
where they directly or indirectly influence each other in various ways (Carlson, 1982;
Paul et al.,, 2024; Peleg, Hogan, & Mylonakis, 2010). Candida albicans, an
opportunistic fungus widely distributed on human mucosal surfaces, and
Staphylococcus aureus, a common bacterial pathogen, can cause nosocomial infections
with high mortality rates, and their interactions often result in invasive diseases that are
difficult to treat. A unique intra-abdominal interaction between the host and S. aureus -
C. albicans infection leads to intense inflammatory responses, pathogen dissemination,

and fatal sepsis, regardless of C. albicans morphogenesis (Nash, Peters, Palmer, Fidel,
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& Noverr, 2014). In mixed infections, S. aureus adheres to and encapsulates C. albicans,
and in the presence of neutrophils, the outer layer of S. aureus is preferentially killed,
while S. aureus simultaneously promotes the proliferation and hyphal growth of C.
albicans (Jing et al., 2024). The cooperative evasion strategy between S. aureus and C.
albicans enhances their co-infection invasiveness, allowing both pathogens to more
effectively resist the host's immune defense(Allison et al., 2019; T. Y. Shao et al., 2019;
Van Dyck et al, 2021). Recent proteomic and transcriptomic studies further
demonstrated that C. albicans and S. aureus reciprocally promoted the secretion of
extracellular virulence factors and enhanced pro-inflammatory responses in
macrophages, providing mechanistic insights into the elevated morbidity and mortality
associated with their co-infections (Pasman et al., 2025).

Despite these advances, the precise mechanisms by which S. aureus and C. albicans
coordinate during polymicrobial infections remain incompletely understood,
particularly regarding shifts in dominance, biofilm architecture, and structural
resilience. Therefore, the objective of this study was to further clarify the mechanisms
driving microbial interactions during S. aureus - C. albicans polymicrobial infections,
with a particular focus on the shifts in dominance, biofilm formation, and structural
adaptations in both planktonic and biofilm states. Our findings demonstrated that S.
aureus could combine with C. albicans hyphae in mature biofilms, which contributed
to enhanced network cohesion and shear resistance. These results highlight the complex
and synergistic relationship between S. aureus and C. albicans, emphasizing the

importance of structural and mechanical adaptations in polymicrobial biofilm



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

persistence, which may offer potential targets for disrupting chronic infections in
clinical settings.

2 Materials and methods

2.1 Strains and growth conditions

In this study, the strains included 24 pairs of C. albicans and S. aureus co-isolated from
clinical specimens collected from the same site of the same patient at the First Affiliated
Hospital of Jinan University between April 2019 and January 2020, along with 3 S.
aureus strains isolated from clinical sources (Table 1). The standard strains used were
C. albicans SC5314 and S. aureus ATCC25923. All strains were stored in 20%
glycerine at -80°C refrigerator. A small volume of glycerol stock was plated onto 1.5%
agar and incubated under optimal conditions (30°C for 24 hours for C. albicans and
37°C for 24 hours for S. aureus) to isolate single colonies. A single colony was
transferred into 2 mL of the suitable broth and incubated overnight at the optimal
temperature with shaking at 200 rpm prior. The overnight culture was transferred to a
centrifuge tube and centrifuged at 5,000 rpm for 1 minute. The supernatant was
discarded, and the cells were washed twice with PBS. The cells were resuspended in 2
mL of RPMI (Sigma-Aldrich, USA) or YPD medium (Huankai, China). Subsequently,
S. aureus and C. albicans were diluted in YPD or RPMI medium at a specific ratio to
obtain a final concentration of 10° CFU/mL for subsequent experiments.

2.2 Preparation of microbial Co-culture

2.2.1 Polymicrobial interaction of S. aureus-C. albicans in planktonic

Three groups were established: C. albicans monoculture, S. aureus monoculture, and S.
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aureus—C. albicans co-culture. Cultures were incubated in RPMI medium at 37 °C with
agitation at 200 rpm to maintain planktonic growth conditions. Culturable cells were
subsequently monitored at 8, 16, 24, 48, 72, and 120 h.

2.2.2 Dual species biofilm of S. aureus and C. albicans in hyphal or yeast forms
To investigate how hyphal morphologies of C. albicans under different nutrient
conditions influence its interaction with S. aureus, biofilm models were established in
both YPD and RPMI media. Separate 96-well plates were prepared for each group, time
point, and method, with 100 pL of culture in each well. Corresponding S. aureus and C.
albicans strains (e.g., Sa-1 and Ca-1) were co-inoculated into the wells at a 1:1
volumetric ratio, representing paired co-isolated strains. Plates were incubated at 37 °C
for 24, 72, and 168 h. The medium was replaced with fresh media every 48 h. At each
time point, planktonic cells were removed, and the wells were washed three times with
200 pL PBS to eliminate non-adherent cells. Biofilm cells were then recovered by
adding 100 pL saline and scraping the well bottoms and walls with pipette tips, repeated
three times to yield 300 pL of biofilm suspension. The suspension was vortexed for 2
min and subsequently subjected to colony counting.

2.2.3 Dual-species biofilm model with varying initial S. aureus—C. albicans ratios
The initial ratios of C. albicans and S. aureus were adjusted to the following
combinations: 1:1000 and 1:10 (final concentrations of 10°* CFU/mL and 10° CFU/mL,
respectively), 1:1000 and 1:100 (10* CFU/mL and 10° CFU/mL, respectively), 1:100
and 1:100 (10* CFU/mL and 10° CFU/mL, respectively), 1:10 and 1:100 (10° CFU/mL

and 10° CFU/mL, respectively), 1:10 and 1:1000 (10° CFU/mL and 10* CFU/mL,
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respectively). 50 puL of each prepared suspension were added into a 96-well plate (final
volume: 100 pL) and incubated under the specified conditions for 24 h (early biofilm
phase), 72 h (proliferating biofilm phase), and 168 h (mature biofilm phase). The
medium was refreshed every 48 h. Three independent replicates were performed for
each experiment to ensure reproducibility.

2.2.4 Dual-species biofilm model with varying matrix

The establishment of a polymicrobial biofilm culture model under different biofilm
matrix conditions was conducted as follows: S. aureus was diluted at a ratio of 1:1000,
and C. albicans at a ratio of 1:100. Two 96-well culture plates were prepared, with the
appropriately diluted S. aureus and C. albicans inoculated into separate wells. Initial
incubation times were set at 4 h, 8 h, 24 h, and 48 h. At the corresponding time points,
the plates were removed, and C. albicans was introduced into the wells containing S.
aureus, while S. aureus was introduced into the wells containing C. albicans, to
establish polymicrobial biofilm models under varying matrix conditions. Plates were
incubated at 37 °C for 24, 72, and 168 h. The medium was replaced with fresh media
every 48 h. The experiments were performed in triplicate for reproducibility.

2.2.5 Polymicrobial biofilm model with C. albicans of varying hyphal ability

The standard C. albicans strain SC5314, together with nine clinical isolates
representing three isolates each of strong, medium, and weak hyphal-forming ability,
were co-cultured with S. aureus. Monoculture of S. aureus were included as control.
Corresponding S. aureus and C. albicans strains were co-inoculated into 96-well plates

at a 1:1 volumetric ratio, with 200 pL of culture per well. Separate plates were prepared
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for each group and time point. Plates were incubated at 37 °C for 24, 72, and 168 h.
Fresh medium was added to the wells every 48 h.

2.2.6 Mature Dual-species biofilm model for amplitude sweep

Three clinical C. albicans isolates, representing one isolate each with strong, medium,
or weak hyphal-forming ability, were co-cultured with S. aureus strains exhibiting
strong, medium, or weak biofilm-forming capacity, generating a total of nine
experimental groups. Corresponding S. aureus and C. albicans strains were co-
inoculated into 24-well plates at a 1:1 volumetric ratio, with 1 mL of culture per well.
Plates were incubated in 5% TSB at 35°C for 48 h, followed by dehydration at room
temperature (22-25°C) for an additional 48 h. Subsequently, three cycles of growth in
5% TSB for 6 h were conducted, each followed by extended dehydration periods of 66,
42, and 66 h at room temperature. Controls, representing non-mature biofilms, were
maintained in parallel, with the medium replaced every 48 h.

2.3 Colony Forming Units determination

At specific time points (0 h, 8 h, 16 h, 24 h, 48 h, 72 h, and 5 days), 100 pL of culture
was sampled from each group (C. albicans monoculture, S. aureus monoculture, and S.
aureus + C. albicans coculture). The samples were serially diluted, and 10 pL of the
appropriate dilution was plated onto selective agar for colony enumeration. For the C.
albicans monoculture, selective YPD agar containing 200 pg/mL chloramphenicol was
used. For the S. aureus monoculture, selective TSA agar containing 10 pg/mL
amphotericin B was utilized. For the coculture, samples were plated on both selective

YPD agar and selective TSA agar to distinguish fungal and bacterial populations. YPD
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agar plates were incubated at 30°C for 2 days, while TSA agar plates were incubated at
37°C for 1 day until colonies were countable.

2.4 Crystal Violet test

The crystal violet staining method, a standard technique for quantifying biofilm
biomass, relies on crystal violet's ability to stain intracellular nucleic acids deep purple,
differentiating microbial cells from the background (Xu et al., 2016). In this study,
biofilms were grown in 96-well plates, washed with PBS to remove planktonic cells,
and stained with 125 pL of crystal violet solution for 10 minutes. After washing the
wells with water and air-drying, 200 pL of 95% ethanol was added to dissolve the stain,
and 125 pL of the eluate was transferred to a new plate for absorbance measurement at
570 nm. The biofilm biomass was calculated by subtracting the negative control OD.
Based on Stepanovic’s criteria (Stepanovi¢ et al., 2007), biofilm formation was
classified as weak (0 < SI <2), moderate (2 < SI <4), or strong (SI > 4), with SI derived
as the ratio of sample OD to the critical OD (ODc¢ = mean control OD + 3xSD).

2.5 Rheometry

The rheological properties of the biofilm were measured using an MCR Evolution
rheometer in strain-controlled mode. Mature biofilms were gently scraped from plates
using a glass slide, and the aggregates were placed on the sample stage of the rheometer
for amplitude sweep testing. Under constant gap height and steady conditions,
amplitude sweeps were conducted over a strain range of 0.001% to 1000% at a fixed
angular frequency (o).

2.6 Statistical analysis
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Data analysis was performed using GraphPad Prism 9.5.0, with results expressed as
mean + standard deviation. Tukey's multiple comparison test was used to compare the
mean values of each column with those of other columns. A p-value of <0.05 was
considered statistically significant. The p-value notations were as follows: GP: 0.1234
(ns), 0.0332 (*), 0.0021 (**), 0.0002 (*¥**), and <0.0001 (*¥***),

3 Results

3.1 Polymicrobial interaction of S. aureus-C. albicans in planktonic (acute
infection) -- C. albicans dominance in co-culture

Acute infections are mostly associated with planktonic cells. To investigate the
interactions between S. aureus and C. albicans under these conditions, we monitored
the CFU-based growth curves of 24 isolate pairs over a 0—120 h period (Figure S1). In
monocultures, most S. aureus isolates (e.g., Sal, Sa2, Sa2l) proliferated rapidly,
exceeding 10® CFU/mL within the first 24 h. By contrast, C. albicans monocultures
generally remained below 10® CFU/mL. In co-cultures, S. aureus growth was
consistently suppressed compared with the corresponding monocultures. For example,
Sal+Cal, Sa2+Ca2, and Sa21+Ca21 showed significantly lower S. aureus CFU counts
at nearly all time points up to 120 h. Some pairs displayed delayed effects. Sa19+Cal9,
for instance, showed no early differences but exhibited clear suppression at 120 h. The
growth of C. albicans was largely unaffected by co-culture. Its CFU counts remained
similar to monocultures throughout the experiment. A few minor exceptions were
observed. In Sa3+Ca3, monocultured C. albicans had slightly higher counts at 16 h,

and in Sa22+Ca22, this difference appeared at 72 h. Taken together, these results
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demonstrated that in the planktonic model, C. albicans exerted a dominant inhibitory
effect on S. aureus proliferation, while the growth of C. albicans itself remained largely
stable and unaffected by S. aureus.

3.2 Dual species biofilm of S. aureus and C. albicans

While the planktonic co-culture analysis demonstrated that C. albicans suppressed S.
aureus proliferation, the interaction dynamics shifted considerably under biofilm
conditions, which are more representative of chronic infections. Biofilms provide a
protective environment that could alter microbial interactions, and factors such as the
sequence of colonization and the nutrient availability in different biofilm locations may
further influence the growth and dominance of S. aureus and C. albicans.

To better understand how these factors affected dual-species biofilm development, we
selected two nutrient substrates, YPD, which promotes yeast growth, and RPMI, which
indicates hyphal growth, to construct a coexisting biofilm model of S. aureus and C.
albicans, focusing on the dynamic diversity during the biofilm formation process (Ma
et al., 2022). This model allowed us to examine the impact of C. albicans morphotypes
on interspecies interactions, as well as the roles of colonization order (reflected by
initial inoculation concentration) and growth order (which shapes the biofilm matrix)
in determining biofilm structure and composition. The following sections present a
detailed analysis of dual-species biofilms formed under yeast and hyphal conditions, a
comparison of these two morphotypes, and an exploration of how initial inoculation
and colonization sequence affect the dynamics of dual-species biofilm formation.

3.2.1 Dual species biofilm of S. aureus and C. albicans (in yeast cells)
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To monitor the dynamics of biofilm development, we measured the biomass of mono-
and dual-species biofilms of C. albicans (yeast form) and S. aureus at 24, 72, and 168
h using the crystal violet assay. At the early biofilm stage, all 24 coexisting isolates and
standard strains formed weak biofilms in dual culture when C. albicans was in the yeast
state (Table S1), as classified by biofilm-forming capacity criteria (Stepanovi¢ et al.,
2007). In mono-cultures, C. albicans biofilms also showed uniformly weak biomass,
whereas S. aureus biofilms displayed heterogeneous capacities, with most isolates
remaining weak but a subset (e.g., Sa4, Sa8, Sa9) exhibiting medium-level biomass.
Proliferating biofilm was accompanied by the formation of microcolony structures,
which provide increased surface area for nutrient exchange and waste removal, while
also facilitating the dissemination of biofilm-associated cells to distal sites (Moormeier
& Bayles, 2017). At the proliferating stage, dual-species biofilms still largely exhibited
weak biomass accumulation under yeast cell conditions. In contrast, mono-S. aureus
biofilms displayed more dynamic changes: several isolates (e.g., Sal, Sa2, Sa3, Sa6,
Sa7) increased biomass, while others, such as Sa9, displayed the opposite trend. In the
mature biofilm, activated Agr-mediated quorum sensing initiates biofilm matrix
regulation and cell detachment through protease activation and/or PSM production
(Moormeier & Bayles, 2017). At the mature stage, dual-species biofilms revealed
greater heterogeneity. One isolate (Sa6) developed strong biomass when cocultured
with yeast-form C. albicans, whereas the majority (79%, 19/24) remained weak, and
only 17% (4/24) and 4% (1/24) reached moderate and strong levels, respectively (Table

S1). For mono-cultures, C. albicans biofilms remained weak, with only a single isolate
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(Cal8) reaching moderate biomass, while S. aureus biofilms continued to show isolate-
dependent variation. Overall, these findings indicated that when C. albicans remained
in the yeast state, dual-species biofilms generally failed to accumulate substantial
biomass throughout development.

3.2.2 Dual species biofilm of S. aureus and C. albicans (in hyphae)

Biofilm biomass and culturable cells were quantified for hyphal C. albicans, S. aureus,
and their co-cultures at 24, 72, and 168 h (Figure 1, Table S2). In the early biofilm stage,
only one C. albicans isolate displayed very strong biomass accumulation in mono-
culture across all stages, while the majority showed moderate ability. In contrast, dual-
species biofilms did not typically develop strong accumulation (Table S2). Compared
with mono-culture, several C. albicans isolates (Cal, Ca2, Ca3, Ca5, Ca6, Call)
showed higher biomass in co-culture with S. aureus, and this trend persisted at 72 h and
168 h (Figure 1). However, exceptions were also evident: at 168 h, isolates such as
Ca20 and SC5314 accumulated less biomass in co-culture than in mono-culture (Figure
1). For S. aureus, at 24 h, co-culture with hyphal C. albicans supported higher biomass
than mono-culture in many strains (e.g., Sal, Sa3, Sa5, Sa6, Sa7, Sa8, Sal0, Sall, Sal2,
Sal4, Sal5, Sal8, Sal9, Sa20, Sa2l, Sa23, Sa24). Culturable cell counts at 24 h
revealed that co-culture increased recoverable S. aureus in several strains (Sa7, Sall,
Sal5, Sal7, Sal8, Sal9, Sa22), whereas C. albicans showed a less consistent pattern,
with only Cal2 yielding higher counts in co-culture, while Ca4 and Call yielded fewer.
During the proliferating biofilm phase, biomass accumulation of S. aureus in co-culture

remained higher than in mono-culture for multiple isolates (Sal, Sa2, Sa3, Sa5, Sa6,
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Sa9, Sal0, Sall, Sal7), although culturable cell numbers did not show notable
differences. For C. albicans at 72 h, only a subset of isolates (Cal, Ca2, Ca3, Ca35, Ca6,
Call) displayed increased biomass in co-culture, whereas most isolates showed
comparable levels to mono-culture. In mature biofilms, the co-culture condition
continued to support greater biomass for many combinations, such as Sal, Sa2, Sa3,
Sa5, Sa6, Sa7, and Sa8 with C. albicans in hyphae. Nevertheless, at 168 h, isolates such
as Ca20 and SC5314 accumulated more biomass in mono-culture than in co-culture
(Figure 1). Culturable cell counts at 168 h generally showed no major differences
between conditions, except for Ca7, Cal5, Cal6, and Cal9, where C. albicans recovery
was higher in mono-culture, and Sa7, where S. aureus recovery was higher in co-culture.
Across all stages, hyphal C. albicans generally was observed to promote S. aureus
biofilm biomass, particularly in the early adhesion phase, although strain-dependent
variability and stage-specific exceptions were consistently observed.

3.2.3 Comparison of dual species biofilm of S. aureus-C. albicans in yeast and
hyphae

Based on these observations, we compared dual-species biofilms formed with yeast-
versus hyphae-state C. albicans. Biofilm biomass and culturable cells were measured
at 24, 72 and 168 h (Figure 2). The morphological transition of C. albicans strongly
influenced dual-species architecture. During early biofilm phase, most isolate pairs
(71%) produced significantly greater total biomass when C. albicans was in the hyphal
state than when in the yeast form (e.g., Sal, Sa2, Sa3, Sa6, Sa7, Sa8, Sa9, Sal3, Sal5,

Sal6, Sal7, Sal8, Sal9, Sa20, Sa2l1, Sa23, Sa24) (Figure 2). Consistently, 24 h CFU
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counts showed higher recoverable S. aureus in several hyphal co-cultures (Sal, Sa$5,
Sa7, Sal0, Sal5, Sal7, Sal8, Sa23). By contrast, C. albicans culturable counts at 24 h
were generally unchanged by morphology, with only a few isolates (Ca2, Ca4, Call,
Ca23) showing greater recovery in the yeast form. In the proliferation phase, biomass
advantages of hyphal co-culture persisted for multiple S. aureus isolates (Sa2, Sa3, Sa6,
Sal3, Sa20, Sa23), and no strain pair showed larger biomass with yeast-form C.
albicans. At 72 h in dual-species biofilms, approximately one-third of S. aureus strains
(~33%, 8/24) exhibited significantly higher CFU when co-cultured with hyphal C.
albicans, whereas for C. albicans, no significant differences in CFU were observed
between the hyphal and yeast states. During the mature biofilm phase, 21 of the 24 co-
isolated S. aureus strains formed greater total biomass when co-cultured with hyphal C.
albicans, with 7 strains (33%; e.g., Sal, Sa8, Sa9, Sall, Sal2, Sal7, Sa21) exhibiting
statistically significant differences. In contrast, culturable cell counts of S. aureus
showed little variation between the two C. albicans morphotypes, with only Sa3
yielding higher recovery in co-culture with hyphal C. albicans. Interestingly, for C.
albicans, the opposite trend was observed: in 168 h dual-species biofilms, more isolates
yielded higher CFU in the yeast form than in the hyphal form (e.g., Ca7, Cal0, Call,
Cal2, Cal3, Cal6, Cal7, Cal9, Ca20, Ca24, and SC5314). In summary, the
morphological state of C. albicans affected S. aureus biofilm formation, with hyphal
cells generally promoting dual-species biofilm biomass. This effect was most evident
during the early biofilm stage, whereas its influence on S. aureus culturable cells was

variable, indicating that higher biomass can be achieved without necessarily increasing
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3.3 Influence of initial inoculation concentration on dual species biofilm of S.
aureus and C. albicans

Based on the observed strain- and morphology-dependent effects, a population biofilm
model was employed to assess how varying the initial ratios of S. aureus and C. albicans
influenced biofilm. During the early biofilm phase, under the dominance of S. aureus,
84% (21/25) of the coexisting S. aureus and C. albicans combinations formed weak
biofilms, while only 16% (4/25) formed moderate biofilms (Table S3). As the inoculum
of C. albicans increased, the proportion of moderate and strong biofilm producers also
rose (Figure S2). Notably, when the difference in inoculum was only one order of
magnitude (10*Ca-1 + 10°Sa-1), strong biofilms began to appear (4%, 1/25), and under
maximum C. albicans advantage (10°Ca-1 + 10*Sa-1), 28% (7/25) of the coexisting S.
aureus and C. albicans combinations exhibited strong biofilm formation capacity.
During the proliferating biofilm phase, most (24/25) co-cultures exhibited an increase
in total biofilm biomass as the growth advantage of C. albicans progressively
strengthened (Figure 3). Unlike the early biofilm, co-cultures formed only weak
biofilms under conditions of maximum S. aureus growth advantage. As the growth
advantage of S. aureus diminished, the proportion of coexisting strains capable of
forming moderate biofilms gradually increased (Table S3, Figure S2). In the mature
biofilm phase, a similar pattern was observed, with total biomass increasing alongside
C. albicans advantage. Significant differences were found in isolates such as Ca-3+Sa-

3, Ca-6+Sa-6, Ca-15+Sa-15, and Ca-17+Sa-17 (Figure 3, Figure S2). Consistent with
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the previous observations, S. aureus exhibited a stronger proliferative capacity than C.
albicans under the various growth advantage combinations. In summary, these findings
suggested that C. albicans promoted S. aureus biofilm formation, particularly when
bacterial growth advantage is limited, highlighting a cooperative interaction in dual-
species biofilms.

3.4 Influence of growth order on dual species biofilm of S. aureus and C. albicans
To examine the influence of biofilm matrix composition on polymicrobial biofilm
formation, S. aureus or C. albicans was pre-cultured for different durations (4, 8, 24, or
48 h) before introducing the second species, creating distinct matrix conditions for
subsequent biofilm development (Figure 4). During the early biofilm phase, as either S.
aureus or C. albicans matrix matured, a larger proportion of dual-species biofilms
showed weak biomass accumulation (Figure S3A, Table S4). Strain-dependent effects
were evident: for example, Ca-2+Sa-2 exhibited significantly higher biomass on the 8
h S. aureus matrix, Ca-4+Sa-4 on the 24 h C. albicans matrix, and Ca-12+Sa-12, Ca-
23+Sa-23, and Ca-24+Sa-24 on the 4 h C. albicans matrix. In contrast, some
combinations were largely unaffected by matrix variation, producing consistently low
(e.g., Ca-1+Sa-1, Ca-13+Sa-13, Ca-14+Sa-14) or high (e.g., Ca-7+Sa-7, Ca-19+Sa-19,
Ca-20+Sa-20) biomass (Figure 4). Culturable cell counts revealed that C. albicans was
influenced by matrix conditions in 15 strain pairs, while S. aureus showed significant
differences only in Ca-2+Sa-2 across the 4 h and 8 h S. aureus matrix. During the
proliferating biofilm phase, a similar trend was observed, with an increasing proportion

of weak dual-species biofilm formation as either S. aureus or C. albicans matrix
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matured (Figure S3B, Table S4). The presence of a C. albicans matrix promoted
biomass accumulation (Ca-8+Sa-8, Ca-18+Sa-18, Ca-20+Sa-20, and Ca-22+Sa-22)
showed significantly enhanced biomass on the 8 h C. albicans matrix, while Ca-4+Sa-
4 also displayed higher biomass on the 24 h matrix. In contrast, some strain pairs (e.g.,
Ca-13+Sa-13, Ca-14+Sa-14) consistently exhibited weak biofilm, and others (e.g., Ca-
7+8Sa-7, Ca-23+Sa-23) accumulated a lot of biomass without significant differences,
unaffected by the matrix. Culturable cell analysis revealed that C. albicans populations
were matrix-sensitive in 15 strain pairs, whereas in the remaining cases (e.g., Ca-1+Sa-
1, Ca-2+8Sa-2, Ca-3+Sa-3), no significant variation was detected. By contrast, S. aureus
populations were largely unaffected, with only Ca-2+Sa-2 showing significant
differences between the 4 h and 8 h S. aureus matrix. In the mature biofilm phase, strain-
dependent differences were evident. For example, Ca-4+Sa-4 and Ca-5+Sa-5 showed
consistently low biomass across different matrix conditions, whereas Ca-7+Sa-7 and
Ca-10+Sa-10 exhibited higher levels. Significant increases in total biomass were
observed for Ca-3+Sa-3, Ca-7+Sa-7, and Ca-8+Sa-8 on the 8 h C. albicans matrix,
while Ca-10+Sa-10 and Ca-17+Sa-17 peaked on the 4 h matrix. As the pre-formation
time of C. albicans matrix increased, the proportion of dual-species biofilms with weak
ability gradually increased, although one strain pair still maintained strong biomass
under the 8 h condition. Whereas 24 h pre-formation of S. aureus matrix was associated
with the greatest proportion of weak dual-species biofilms, 4 h pre-formation favored
strong biofilm development. (Figure S3C). Regarding culturable cells, C. albicans

populations were significantly affected by matrix conditions in 17 strain pairs (e.g., Ca-
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1+Sa-1, Ca-3+Sa-3, Ca-4+Sa-4), while S. aureus was influenced in only six (e.g., Ca-
2+Sa-2, Ca-7+Sa-7). In summary, early-stage C. albicans matrix was observed to be
more favorable for dual-species biomass accumulation, and within these biofilms, C.
albicans populations were more sensitive to matrix conditions than S. aureus.

3.5 Influence of C. albicans hyphal on polymicrobial biofilm composition

Throughout the early, proliferating, and mature biofilm phases, polymicrobial biofilms
formed by C. albicans and S. aureus consistently exhibited greater biofilm-forming
capacity than those formed by either species alone (Table S1, S2). Moreover, previous
observations indicated that differences in C. albicans strains—potentially leading to
variations in hyphal formation—could differentially affect the growth of S. aureus
within polymicrobial biofilms. To explore this further, we selected C. albicans strains
exhibiting distinct hyphal morphologies to co-culture with S. aureus and examined the
resulting polymicrobial biofilms to assess the proliferation status of S. aureus. During
the early biofilm formation, S. aureus culturable cell counts showed no significant
differences between mono-cultures and co-cultures with strongly hyphae-forming C.
albicans, both reaching 7 log CFU/mL (Figure 5A). In contrast, six weak- or medium-
hyphae C. albicans strains significantly suppressed S. aureus growth, with one
exception. The reference strain C. albicans SC5314 also inhibited S. aureus. During the
proliferating biofilm phase, three strong-hyphae C. albicans strains significantly
enhanced S. aureus proliferation, increasing counts by nearly 1 log CFU/mL, while two
medium-hyphae strains also promoted bacterial growth (Figure 5B). Among the three

weak-hyphae strains, two had no evident effect, whereas one exerted a strong inhibitory
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effect. In the mature biofilm phase, only one strong-hyphae strain and the standard
strain SC5314 promoted S. aureus growth, while the remaining two strong-hyphae
strains had no clear effect (Figure 5C). Conversely, two of the three weak-hyphae
strains displayed significant inhibitory activity against S. aureus. In summary, strong-
hyphae strains generally promoted S. aureus proliferation, though this effect was not
consistently maintained across all biofilm phases, whereas weak-hyphae strains more
often exerted inhibitory effects. These findings suggested that the hyphal formation
capacity of C. albicans differentially influenced its scaffold role in polymicrobial
biofilms, thereby affecting the proliferation dynamics of S. aureus.

3.6 Shear resistance of mature biofilms

To evaluate how the interplay between C. albicans hyphal-forming capacity and S.
aureus biofilm-forming ability influences the structural properties of mature dual-
species biofilms, we performed amplitude sweep analysis. This approach assessed their
resistance to shear forces, providing insights into the density, cohesion, and mechanical
robustness of the biofilm networks under external stress. Specifically, dual-species
biofilms formed by strong-hyphae C. albicans with S. aureus strains of strong or
moderate biofilm-forming ability reached G’ values approaching 10 Pa (Figure 6A-B),
with Linear Viscoelastic Region (LVR), indicating high stability. In contrast, when
strong-hyphae C. albicans was paired with weak biofilm-forming S. aureus, shear
resistance performed low (G’ < 1 Pa, Figure 6C). Biofilms involving moderate-hyphae
C. albicans with moderate S. aureus displayed lower G’ compared to strong-hyphae

combinations, whereas interestingly, weak-hyphae C. albicans paired with strong S.
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aureus achieved G’ values exceeding 10 Pa (Figure 6G). These findings demonstrated
that the structural robustness of mature dual-species biofilms arose from the combined
contributions of C. albicans hyphal ability and S. aureus biofilm-forming capacity, both
of which shape their resistance to shear stress and overall stability. Nevertheless, overall,
mature dual-species biofilms exhibited dense network structures with extended LVR
regions, reflecting strong resilience against shear stress.

Discussion

C. albicans can infect various environments within the human body, and its virulence
state varies depending on the environmental conditions (Heitman, 2006; Odds, 1988).
Factors including pH, CO., and N-acetylglucosamine (GIcNAc) can induce the
transition of C. albicans from yeast to hyphal form, thereby influencing its virulence
expression and leading to different infection outcomes(Lu, Su, Solis, Filler, & Liu, 2013;
Vylkova et al., 2011; Yang, Zhang, Su, Dong, & Lu, 2023). Polymicrobial biofilm
formation was generally enhanced under nutrient-rich conditions that promoted C.
albicans hyphal growth. This is consistent with reports that hyphal morphogenesis
depends on iron availability and provides a structural scaffold for bacterial attachment
(Luo et al., 2021; Harriott & Noverr, 2009). Hyphae-associated biofilms are also known
to increase S. aureus antibiotic tolerance and virulence (Kean et al., 2017; Kong Eric et
al., 2016; Schlecht et al., 2015; Todd Olivia et al., 2019). However, not all strain
combinations conformed to this trend. For instance, in the Ca-14 + Sa-14 pair, S. aureus
proliferation was more efficient with yeast-form C. albicans (Figure 2). These findings

indicated that hyphal presence is not universally advantageous. In addition to nutrient
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competition or inhibitory metabolite production, another possibility is that certain C.
albicans strains have intrinsically weak hyphal-forming ability, resulting in almost no
difference in total biofilm biomass between yeast- and hyphae-inducing conditions.
Colonization order further shaped interspecies dynamics. When C. albicans was
established first, polymicrobial biofilms generally accumulated more efficiently,
though the magnitude of this effect varied among strain combinations. Interestingly, in
vivo studies have shown opposite outcomes, with prior C. albicans colonization
enhancing host resistance to S. aureus (Shao et al., 2019). This discrepancy highlights
that microbial interactions observed in vitro may not fully capture immune-mediated
effects in vivo. Colonization sequence thus needed to be interpreted within ecological
context, where both microbial competition and host responses jointly determine
infection outcomes.

Hyphal capacity played a dual role in biofilm development. Robust hyphae consistently
facilitated S. aureus colonization by providing physical scaffolds, particularly during
the accumulation phase. By contrast, weak-hyphae strains often failed to support—or
even inhibited—S. aureus proliferation, suggesting antagonistic effects possibly
mediated by nutrient competition or secretion of inhibitory metabolites. These findings
indicated that C. albicans was not merely a passive scaffold but could function either
as a facilitator or competitor, depending on strain background and biofilm stage. This
further highlights the dual role of C. albicans as both a structural and competitive agent
in polymicrobial settings. Mature polymicrobial biofilms exhibited high mechanical

strength and shear resistance. Such cohesion likely arose from hyphal networks that
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stabilize the matrix and facilitate S. aureus integration (Chow et al, 2021; Lu, Su, Wang,
& Liu, 2011). Consistent with this, Vila et al demonstrated that C. albicans enhanced S.
aureus tolerance to vancomycin in vivo by promoting extracellular matrix production,
underscoring the clinical relevance of dense fungal—bacterial biofilm structures (Vila et
al., 2021).

The findings from this study highlighted the dynamic interactions between S. aureus
and C. albicans in both planktonic and biofilm states, revealing significant shifts in
dominance and structural adaptation depending on the growth environment. In
planktonic co-culture, C. albicans exhibited a dominant inhibitory effect on S. aureus
proliferation, likely due to the absence of hyphal structures, which limited adhesion and
further growth of S. aureus. However, in biofilms, this dynamic shifted, as the
protective environment and structural network of the biofilm facilitated more complex
interactions. Nutrient availability and colonization order were found to significantly
influence the biofilm composition and microbial dominance, with nutrient-limited
conditions promoting tighter interactions. In matured biofilms, S. aureus demonstrated
enhanced resistance to mechanical disruption, as shown by amplitude sweep tests,
suggesting a denser and more cohesive biofilm structure. Nevertheless, it should be
acknowledged that the rheological measurements were performed on biofilms scraped
from glass slides, a procedure that may partially alter the hydration state and disrupt the
extracellular matrix. While this limitation may affect the absolute values of G’, the
relative comparisons between groups remain valid and informative. These findings

emphasized the synergistic relationship between S. aureus and C. albicans in chronic
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infection models, where structural and mechanical adaptations enhance biofilm
robustness, offering potential targets for disrupting polymicrobial biofilm persistence
in clinical settings.

Conclusion

In conclusion, this study demonstrated the intricate interplay between S. aureus and C.
albicans in polymicrobial biofilms, highlighting the critical role of nutrient
environments, colonization order, and structural adaptations in shaping biofilm
composition and resilience. Notably, the biofilm matrix emerged as a key modulator of
biofilm dynamics, influencing interspecies interactions and the proliferation
characteristics of individual strains. In particular, the stage-specific contribution of C.
albicans hyphae to biofilm structure—supportive during maturation yet potentially
suppressive during dispersion—emphasizes the dynamic complexity of interspecies
interactions. These nuances further support the need for phase-tailored strategies in
targeting persistent polymicrobial biofilms. Although variations in matrix composition
were not the primary factor affecting total biofilm biomass, the strain-specific responses
to different matrix types suggest its contribution to biofilm heterogeneity and adaptive
potential. The enhanced shear resistance observed in matured biofilms, driven by S.
aureus dominance and the promotion of C. albicans hyphae, underscored the challenges
of eradicating chronic polymicrobial infections. These findings provide valuable
insights into the mechanisms underlying biofilm persistence and offer potential avenues
for developing targeted strategies to disrupt their formation and resilience in clinical
settings.
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674  Table 1 Clinical isolates of 24 pairs of S. aureus and C. albicans.
. .. .. . . Strain
Group Strain No. Source Clinical origin Co-isolated Strains . .
Designations
Pair1  Calb191264 Saurl91264  Sputum Neurology C. albicans +; MRSA + Ca-1+Sa-1
Pair2  Calb192203 Saur192203  Sputum / C. albicans +; MRSA ++ Ca-2+Sa-2
Pair3  Calb190201 Saurl90201  Sputum Nephrology C. albicans +; MRSA + Ca-3+Sa-3
Pair4  Calb190476 Saurl90476  Sputum Pediatrics C. albicans +; MRSA + Ca-4+Sa-4
Pair5  Calb191045 Saurl91045  Sputum Trad'mg’i‘::ﬁz'”ese C. albicans +; MRSA + Ca-5+Sa-5
Pair6  Calb192031 Saur192031 Sputum Neurosurgery C. albicans +; MRSA + Ca-6+Sa-6
Pair7  Calb192315 Saur192315 Sputum Oncology C. albicans +++; MRSA + Ca-7+Sa-7
Pair8  Calb192707 Saurl92707  Sputum Neurology C. albicans +; MRSA + Ca-8+Sa-8
Pair9  Calblo3012 Saur193012  Sputum '”te”S"(’l%%f;re Uit ¢ albicans +; MRSA++  Ca-9+Sa-9
Pairl0 Calb191053 Saur191053  Sputum Neurosurgery C. albicans ++; MRSA + Ca-10+Sa-10
Pairll Calb191630 Saurl191630 Sputum Cardiology C. albicans +; MRSA ++ Ca-11+Sa-11
Pairl2 Calb191639 Saurl91639  Sputum Nephrology C. albicans +; MRSA + Ca-12+Sa-12
Pairl3 Calb190214 Saur190214  Sputum Neurology C. albicans ++; MRSA + Ca-13+Sa-13
Pairl4 Calb190631 Saurl90631 Sputum Neurology C. albicans +; MRSA + Ca-14+Sa-14
Pairl5 Calb191146 Saurl91146  Sputum ICU C. albicans +; MRSA + Ca-15+Sa-15
Pairlé  Calb190245 Saur190245  Sputum Pediatrics C. albicans ++; MRSA + Ca-16+Sa-16
Pairl7  Calb191313 Saurl91313  Sputum Oncology C. albicans +; MRSA ++ Ca-17+Sa-17
Pairl8 Calb191852 Saurl91852  Sputum ICU C. albicans ++; MRSA ++ Ca-18+Sa-18
Pairl9 Calb192143 Saur192143  Sputum Neonatology C. albicans ++; MRSA + Ca-19+Sa-19
Pair20 Calb192149 Saur192149  Sputum Respiratory Medicine C. albicans ++; MRSA + Ca-20+Sa-20
Pair2l  Calb190621 Saurl90621 Urine Urologic Surgery C. albicans +; MRSA + Ca-21+Sa-21
Pair22  Calb190801 Saurl190801 Sputum  Gastrointestinal Surgery C. albicans +; MRSA + Ca-22+Sa-22
Pair23  Calb191210 Saur191210 Sputum Oncology C. albicans ++; MRSA + Ca-23+Sa-23
Pair24  Calb190246 Saur190246  Sputum Respiratory Medicine C. albicans +; MRSA + Ca-24+Sa-24
675  Biofilm forming ability: + weak; ++ medium; +++ strong

676
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Figure 1 Dual species biofilm of S. aureus and C. albicans (in hyphae). Data include both
monoculture biofilms (S. aureus or C. albicans alone) and dual-species biofilms, allowing
direct comparison of biofilm characteristics under identical experimental conditions.
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Figure 4 Dual species biofilm of S. aureus-C. albicans under different growth order.
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Figure 5 S. aureus cells in polymicrobial biofilms formed with C. albicans strains exhibiting
strong, moderate, and weak hyphal-forming abilities at different time points.(A), (B), and (C)
represent biofilms collected at 24 h, 72 h, and 168 h, respectively.
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