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ABSTRACT

Polymicrobial infections involving fungi and bacteria represent a major and increasingly recognized clinical challenge, in which
interkingdom interactions significantly amplify disease severity, antimicrobial resistance, and treatment failure. Rather than
passive co-existence, fungal-bacterial communities form highly coordinated systems driven by physical adhesion, quorum
sensing, metabolic interdependence, and biofilm-mediated structural reinforcement. These cooperative interactions, ex-
emplified by pairs such as Candida albicans-Staphylococcus aureus and Pseudomonas aeruginosa—Aspergillus fumigatus, pro-
mote the development of treatment-recalcitrant biofilms with enhanced immune evasion and multidrug tolerance. The global
rise of multidrug-resistant (MDR) and extensively drug-resistant (XDR) pathogens has further intensified this burden, with
polymicrobial biofilms now representing a post-antibiotic clinical scenario in which therapeutic failure is driven not by
individual resistant organisms but by emergent, cooperative resistance architectures. Conventional diagnostic approaches
remain insufficient, as culture-based methods frequently fail to capture the complexity of mixed microbial communities.
Emerging technologies such as MALDI-TOF mass spectrometry, metagenomic sequencing, and fluorescence in situ hybrid-
ization offer improved resolution but are not yet fully integrated into routine clinical practice. Therapeutically, increasing
evidence indicates that monotherapy is inherently inadequate in polymicrobial infections due to the emergent nature of
microbial cooperation. Effective management therefore requires combination strategies that simultaneously target multiple
pathogens and their shared biofilm infrastructure. These include antibiotic-antifungal combinations, phage therapy, enzymatic
and nanoparticle-mediated biofilm disruption, metabolic interference, and host-directed immunomodulation. Importantly,
recent advances also highlight the role of biophysical properties such as biofilm viscoelasticity and matrix stiffness as critical
and previously underappreciated therapeutic targets. This review uniquely integrates biochemical, biophysical, and therapeutic
dimensions of polymicrobial infections into a unified systems-level framework in which microbial cooperation is the central
driver of pathogenesis, resistance, and treatment failure. Fungal-bacterial interactions are thereby positioned along a dynamic
continuum from commensalism to pathogenesis, shaped by host susceptibility and environmental perturbations. Future
progress will depend on interdisciplinary strategies combining multi-omics technologies, precision diagnostics, and
microbiome-informed therapeutic design to effectively disrupt these complex microbial networks.
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the original work is properly cited.
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1 | Introduction

Polymicrobial infections, defined as infections involving two or
more microbial species such as bacteria, fungi or, viruses, have
gained increasing clinical attention due to their association with
heightened disease severity, reduced treatment efficacy and
poorer patient outcomes (Kriiger et al. 2019). Among these,
fungal-bacterial interactions represent a particularly challeng-
ing subset where synergistic relationships can dramatically ex-
acerbate pathogenicity and antimicrobial resistance (AMR)
(Nogueira et al. 2019). Recent studies have demonstrated that
these cross-kingdom interactions extend far beyond simple co-
existence, involving complex metabolic exchanges, quorum
sensing (QS)-mediated communication and coordinated
immune evasion strategies (Todd and Peters 2019; Scheres and
Krom 2016; Yasbolaghi Sharahi et al. 2025). For instance, the
well-documented synergy between C. albicans and S. aureus
leads to enhanced biofilm formation in chronic wounds that is
significantly more resistant to treatment than single-species
infections (Van Dyck 2021a). Similarly, the competitive yet co-
evolved relationship between P. aeruginosa and A. fumigatus in
cystic fibrosis (CF) airways demonstrates how these interactions
can shape disease progression (Keown et al. 2020).

The global escalation of MDR and XDR pathogens has further
intensified the clinical burden of polymicrobial infections
(Murray et al. 2022; Organization 2023; Roustaye Gourabi
et al. 2026). MDR and XDR polymicrobial biofilms increasingly
define a post-antibiotic clinical landscape, where therapeutic
failure is no longer attributable to individual resistant patho-
gens, but to emergent, cooperative resistance architectures that
collectively evade all current antimicrobial classes. In high-risk
settings such as intensive care units, chronic wounds, device-
associated infections and immunocompromised patients, poly-
microbial communities frequently harbor organisms exhibiting
heterogeneous resistance phenotypes (De Waele and
Boelens 2024; Magill et al. 2018). Within these structured
microbial ecosystems, multiple mechanisms enhance anti-
microbial tolerance. These include cross-protection, horizontal
gene transfer, metabolic cooperation, and biofilm-mediated
shielding (Sass et al. 2022; Zhao and Yu 2018). Fungal-bacterial
consortia such as C. albicans and S. aureus have demonstrated
increased resistance and virulence when coexisting within
polymicrobial biofilms (Van Dyck 2021a). These synergistic
interactions not only compromise therapeutic efficacy but also
accelerate the emergence and dissemination of resistance de-
terminants (Orazi and O'Toole 2019; Ciofu et al. 2022). Poly-
microbial biofilms constitute the central structural unit driving
infection persistence and therapeutic failure (Van Dyck 2021a;
Sass et al. 2022; Zhao and Yu 2018). Consequently, under-
standing polymicrobial dynamics in the context of MDR and
XDR pathogens has become a critical priority in modern
infectious disease research.

The self-produced extracellular polymeric matrix not only pro-
vides mechanical stability but also creates protected niches
where metabolic cooperation and quorum sensing-mediated
communication flourish, collectively amplifying pathogenic
potential beyond what individual species can achieve (Todd and
Peters 2019; Scheres and Krom 2016; Yasbolaghi Sharahi
et al. 2025).

The clinical significance of these interactions is magnified by
our incomplete understanding of their underlying mechanisms.
Critical knowledge gaps persist regarding how fungal-bacterial
partnerships influence immune response modulation, contrib-
ute to biofilm resilience and develop shared AMR (Sass
et al. 2022; Zhao and Yu 2018). Current diagnostic approaches
remain largely inadequate for polymicrobial infections, as
standard culture methods frequently fail to detect fastidious
organisms within complex communities (Kullberg and
Arendrup 2015). This diagnostic limitation often leads to
inappropriate or delayed treatment, particularly in cases such as
intra-abdominal infections where Enterobacteriaceae-Candida
co-infections are common but frequently undetected (Sartelli
et al. 2024). Therapeutic strategies face similar challenges, as
conventional antimicrobial regimens targeting single pathogens
often prove ineffective against interdependent polymicrobial
communities (Curtis et al. 2023).

Despite increasing recognition of fungal-bacterial synergism,
most current therapeutic and diagnostic paradigms remain
largely pathogen-centric, focusing on individual organisms
rather than polymicrobial communities as integrated patho-
genic units. Moreover, the mechanistic basis of interkingdom
synergism, resistance amplification and biofilm-associated tol-
erance in MDR/XDR settings remains incompletely elucidated.

This review synthesizes current knowledge of fungal-bacterial
interactions in clinical infections. We focus on four main areas:
molecular mechanisms of cross-kingdom communication,
diagnostic limitations and emerging technologies, resistance
dynamics in polymicrobial biofilms, and novel therapeutic
strategies targeting microbial communities as integrated
systems.

2 | Clinical Significance and Key
Fungal-Bacterial Pathogen Pairs

Fungal-bacterial co-infections, once often dismissed as con-
tamination, are now recognized as a prevalent and clinically
significant phenomenon. Modern diagnostics have revealed that
active interactions between these kingdoms play a crucial role
in exacerbating disease severity (Kriiger et al. 2019). This sec-
tion explores the most clinically relevant fungal-bacterial
partnerships.

2.1 | C. albicans and S. aureus: A Model
for Synergistic Biofilm Formation

The interaction between C. albicans and S. aureus is a well-
established model of polymicrobial synergy. These organisms
frequently co-colonize skin, mucosal surfaces, and medical
devices. These pathogens frequently co-colonize skin, mucosal
surfaces, and medical devices. Their alliance is primarily
mediated by S. aureus adhesion to the Als3p and Eaplp proteins
on C. albicans hyphae, which is critical for stabilizing mixed
biofilms (Nogueira et al. 2019; Scheres and Krom 2016; Khan
et al. 2023; Alim et al. 2018). At a chemical level, C. albicans-
derived farnesol modulates S. aureus virulence by promoting
toxin production and antibiotic resistance (Vila et al. 2019). This
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pathogen pair has been isolated from diverse biofilm-associated
infections, including periodontitis, denture stomatitis, burn
wounds, and device-related infections (Carolus et al. 2019). The
clinical impact is severe. Epidemiological data from a 7-year
study found that 26.3% of candidemia patients had a concurrent
bacterial infection, with such co-infections leading to higher
rates of septic shock, longer ICU stays, and significantly
increased mortality (59% vs. 34.9%) (Zhong et al. 2022). ICU
data modeling further indicates that co-colonization increases
the risk of S. aureus bacteremia (Hurley 2023). These observa-
tions are corroborated by animal models, where co-infection
results in greater disease severity, enhanced biofilm formation,
and reduced antibiotic efficacy (Hu et al. 2021). Consequently,
these interactions often necessitate medical device removal,
posing significant risks for vulnerable patients (Todd and
Peters 2019). In summary, the C. albicans-S. aureus interaction
represents a well-characterized model of synergistic poly-
microbial biofilm formation, driven by combined physical
adhesion and chemical signaling mechanisms, with important
clinical implications for treatment outcomes.

2.2 | P. aeruginosa and A. fumigatus: Antagonism
and Co-Existence in the CF Lung

In CF airways, the interaction between P. aeruginosa and
A. fumigatus is highly complex. It involves both antagonistic
and stimulatory effects that shape disease progression. P. aer-
uginosa employs a multi-faceted attack, using its Las and Rhl
QS systems to regulate the production of antifungal phenazines
like pyocyanin to induce oxidative stress in the fungus (Keown
et al. 2020; Bastos et al. 2022). It further competes for essential
iron by secreting siderophores such as pyoverdine and pyo-
chelin (6, 19). In response, A. fumigatus produces gliotoxin and
undergoes phenotypic adaptations to resist bacterial suppres-
sion (Keown et al. 2020; Zhao and Yu 2018). Paradoxically,
some interactions demonstrate stimulatory effects, as certain
Pseudomonas-derived volatiles can enhance fungal growth
while the fungus may stimulate bacterial virulence factors like
elastase production (Zhao and Yu 2018). These intricate
dynamics likely explain the worse clinical outcomes observed in
co-infected CF patients, who typically experience more severe
symptoms, chronic inflammation, and accelerated lung func-
tion decline compared to those with single-pathogen infections
(Sass et al. 2022).

This interaction highlights the complexity of polymicrobial
dynamics, where antagonistic mechanisms can paradoxically
contribute to sustained inflammation and disease progression.

2.3 | Enterobacteriaceae and Candida spp:
Synergy in Abdominal and Urinary Tract Infections

In the niches of abdominal and urinary tracts, Candida spe-
cies frequently coexist with members of the En-
terobacteriaceae family (e.g., Escherichia coli, Klebsiella
pneumoniae). This co-occurrence is particularly common in
post-surgical cases, intestinal perforations, and catheter-
associated urinary tract infections in immunocompromised
or critically ill patients (Kullberg and Arendrup 2015;

Sartelli et al. 2024; Roustaye Gourabi et al. 2025). While ex-
perimental models show some variability likely due to strain
differences, clear synergistic effects have been documented.
These include increased mortality in co-infection models and
Candida-mediated creation of anaerobic microenvironments
that promote bacterial persistence (Novy et al. 2023;
Valentine et al. 2019). Clinical data strongly support these
findings, showing that fungal-bacterial co-infections corre-
late with poorer treatment responses and prolonged cathe-
terization needs (Sartelli et al. 2024). The synergistic
relationship extends beyond Candida, with studies demon-
strating that A. fumigatus-K. pneumoniae interactions can
also exacerbate infections and worsen patient prognosis,
likely through enhanced inflammatory responses and
microbial invasion (Curtis et al. 2023).

These interactions are primarily driven by metabolic and
microenvironmental factors that facilitate persistence and
therapeutic resistance. By altering the local pH and oxygen
tension, Candida creates a favorable microhabitat for bacterial
persistence, leading to chronic, difficult-to-eradicate infections
that defy standard antimicrobial regimens, underscoring the
importance of the infection microenvironment. A comparative
summary of the molecular mechanisms, clinical impacts, and
therapeutic challenges associated with these key pathogen pairs
is provided in Table 3.

2.4 | Case Studies: Clinical and Experimental
Evidence of Polymicrobial Infection Dynamics

To complement mechanistic insights, clinical evidence high-
lights that polymicrobial infections are driven by interacting
biological and clinical factors rather than isolated microbial
effects. Clinical and experimental case studies increasingly
demonstrate that polymicrobial infections represent structured
biological systems rather than incidental coexistence of micro-
organisms. These findings highlight that polymicrobial infec-
tion outcomes are governed by interconnected clinical and host-
related drivers, as summarized in Figure 1. Across diverse
anatomical sites and patient populations, interactions between
fungi and bacteria, or among multiple bacterial species, have
been associated with altered virulence, therapeutic failure, and
increased mortality (Mariani and Galvan 2023; Klotz et al. 2007;
Peters and Noverr 2013).

In multicenter surveillance studies of candidemia in the United
States, approximately 10% to 25% of cases were reported as
polymicrobial bloodstream infections, frequently involving
Candida spp. alongside Gram-positive cocci such as Staphylo-
coccus epidermidis and Enterococcus faecalis, or Gram-negative
bacilli including K. pneumoniae and P. aeruginosa (Klotz
et al. 2007; Zhang 2020). These patients often exhibited delayed
or initially inadequate empirical antimicrobial therapy, reflect-
ing diagnostic uncertainty and the limitations of culture-based
identification strategies (Zhang 2020; Marra et al. 2005). The
coexistence of bacteremia with candidemia challenges the tra-
ditional monomicrobial framework of bloodstream infection
management and frequently necessitates broader-spectrum
and/or combination antimicrobial regimens (Klotz et al. 2007;
Zhang 2020).
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Integrated clinical and host determinants driving polymicrobial infection outcomes. Polymicrobial infections are governed by

interconnected clinical, microbial, and host-related factors rather than single-pathogen effects. Delayed or inadequate empirical therapy increases the

risk of early treatment failure, while biofilm formation on tissues or medical devices promotes persistence and antimicrobial tolerance. Concurrently,

dysregulated host immune responses amplify inflammation and tissue damage, and underlying host vulnerability factors, including diabetes,

immunosuppression, and invasive procedures, further predispose patients to severe disease. These elements form a reinforcing cycle that drives

infection progression and worsens clinical outcomes.

Device- and surgery-associated infections further illustrate the
structural resilience of polymicrobial systems. Case reports of
persistent Candida glabrata candidemia resolving only after
prosthetic mesh removal highlight the central role of foreign-
body-associated biofilms in therapeutic failure (Etti et al. 2024).
Experimental work on mixed S. aureus-C. albicans biofilms
demonstrates increased biomass, enhanced extracellular matrix
production, and reduced antimicrobial susceptibility compared
with monomicrobial biofilms (Mariani and Galvan 2023; Peters
and Noverr 2013). These findings indicate that interspecies
cooperation can generate emergent properties, particularly
biofilm-mediated tolerance, that cannot be predicted from
single-organism models (Mariani and Galvan 2023; Peters and
Noverr 2013).

Experimental peritonitis models provide mechanistic insight
into host-microbe interactions during coinfection. In murine
systems, coinfection with C. albicans and S. aureus resulted in
substantially higher mortality than either organism alone,
despite comparable initial pathogen burdens (Peters and
Noverr 2013). The increased lethality correlated with amplified
inflammatory mediators, including prostaglandin E, and
proinflammatory cytokines, suggesting that synergistic immune
dysregulation, rather than simply additive microbial load, may
drive disease severity (Peters and Noverr 2013). Similar patterns
are reported in complex clinical settings such as post-viral
fungal infections complicated by secondary bacterial sepsis,
where systemic inflammatory escalation appears central to poor
outcomes (Meidani et al. 2024).

Host vulnerability consistently modulates polymicrobial infec-
tion dynamics. Burn injury, diabetes mellitus, immuno-
suppression, injection drug use, central venous catheterization,
and CF create ecological niches characterized by tissue damage,
impaired immunity, and frequent antimicrobial exposure
(Mariani and Galvan 2023; Zhang 2020; Marra et al. 2005;

Meidani et al. 2024). These conditions facilitate microbial
coexistence, selection of multidrug-resistant organisms, and
persistent colonization. In CF airways, for example, chronic
colonization by P. aeruginosa may interact with fungal species
such as A. fumigatus, contributing to sustained inflammation
and structural lung damage in up to 60% of patients chronically
infected with P. aeruginosa (Briard 2022).

Critically, these case studies reveal several recurring limitations
in current clinical management. First, diagnostic workflows
often detect a dominant pathogen while overlooking additional
microbial contributors, potentially delaying optimized therapy
(Zhang 2020; Marra et al. 2005; Etti et al. 2024). Second, em-
pirical treatment strategies are frequently calibrated toward
single-pathogen paradigms, increasing the risk of inadequate
early coverage (Zhang 2020; Marra et al. 2005). Third, biofilm-
associated and device-related infections underscore the neces-
sity of aggressive source control, which is sometimes delayed or
underappreciated in polymicrobial contexts (Peters and
Noverr 2013; Etti et al. 2024).

Collectively, these case studies support the view that poly-
microbial infections function as biologically interactive ecosys-
tems shaped by microbial cooperation, host susceptibility, and
therapeutic pressures. The evidence challenges reductionist,
single-pathogen models and instead favors integrated strategies
combining rapid diagnostics, appropriately broad antimicrobial
therapy, source control, and, in selected contexts, consideration
of host-directed immunomodulation (Peters and Noverr 2013).
Recognizing polymicrobial infections as dynamic systems
rather than static collections of organisms represents a funda-
mental paradigm shift with direct implications for clinical trial
design, diagnostic development, and therapeutic innovation
(Mariani and Galvan 2023; Klotz et al. 2007; Peters and
Noverr 2013). Representative clinical and experimental case
studies are summarized in Table 1.
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Reference
(Briard (2022))

Clinical implications

Key findings

Pathogens involved

(Continued)

Study context

TABLE 1

Fungal colonization in CF patients
requires active surveillance; co-
colonization drives sustained

Up to 60% of CF patients with chronic P. aeruginosa also

colonized by A. fumigatus; ABPA in up to 15%;

A. fumigatus +

CF airway

P. aeruginosa

colonization

hyperinflammation in co-colonized patients; complex
balance of inhibitory and stimulatory interactions

inflammation and lung damage

(Peters and
Noverr (2013))

Immune dysregulation (eicosanoid
storm) drives mortality in

60% mortality in coinfection versus 0% in monomicrobial;
polymicrobial sepsis;

100-fold increase in IL-6 and G-CSF; synergistic PGE,

C. albicans + S. aureus

Murine peritonitis

coinfection model

induction; physical association of S. aureus with C. albicans

immunomodulation may be

hyphae in tissues; indomethacin (COX inhibitor) provided
100% protection and reduced microbial burden by 5-6 logs

therapeutic; physical microbial

interactions occur in vivo

3 | Mechanisms of Fungal-Bacterial Interactions

The interactions between fungi and bacteria are governed by
multiple molecular mechanisms. These interactions span sig-
naling, metabolic, structural, and host-response layers that
collectively drive synergistic pathogenesis, as illustrated in
Figure 2. These mechanisms can either enhance or inhibit
pathogenicity depending on environmental context. A com-
parative overview of synergistic and antagonistic mechanisms is
presented in Table 2.

3.1 | Synergistic Interactions

Synergistic interactions lead to enhanced pathogenicity,
increased AMR, and worse clinical outcomes.

3.1.1 | Enhanced Biofilm Formation and Antimicrobial
Resistance

Mixed-species biofilms are a central feature of synergistic inter-
actions. They provide structural stability and increased protection
against antimicrobial agents. In C. albicans and S. aureus biofilms,
the fungal matrix, particularly its $-glucan content, protects the
bacterium from vancomycin. Inhibiting glucan synthesis disrupts
this protective symbiosis (Wang et al. 2024; Soe et al. 2021).
Conversely, the protective role can be bacterial-driven; in Strep-
tococcus mutans and C. albicans co-biofilms, bacterial a-glucan
enhances the fungus's antifungal resistance (Nett and
Andes 2020). Similarly, the C. albicans matrix can increase anti-
biotic resistance in E. coli within polymicrobial communities.

In summary, the reciprocal protection within mixed biofilms,
mediated by shared matrix components, creates a formidable
physical barrier that significantly enhances community-wide
antimicrobial tolerance, rendering standard monotherapies
ineffective.

3.1.2 | Cross-Kingdom Signaling

Interdomain communication via QS molecules is a key mecha-
nism of synergy. Fungal-derived farnesol and bacterial-derived
autoinducer-2 (AI-2) reciprocally regulate virulence gene expres-
sion, metabolic pathways, and morphological shifts. Farnesol from
C. albicans can inhibit some bacteria while altering physiological
properties in others, such as increasing S. aureus a-toxin produc-
tion and antibiotic resistance (MacAlpine et al. 2023a;
Todd 2019a, 2019b). Bacterial AI-2, in turn, can induce or suppress
fungal germination and hyphal transformation, critically influen-
cing biofilm development and pathogenicity (Lee et al. 2016;
Bamford et al. 2009; Kostoulias et al. 2016).

This illustrates that cross-kingdom signaling is not merely
communication but a sophisticated tool for co-regulation, en-
abling fungi and bacteria to fine-tune each other's virulence and
lifestyle in a context-dependent manner, which complicates
predicting infection outcomes.

3.1.3 | Joint Immune Evasion

Polymicrobial communities collaboratively evade host defenses.
Although neutrophils detect mature C. albicans biofilms, they
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Host layer

often remain inactive at the biofilm periphery, failing to mount
an effective reactive oxygen species (ROS) response (Gulati and
Nobile 2016; Juszczak et al. 2025). Furthermore, fungal hyphae
play a crucial role in phagocytic escape. Their elongated
structure allows them to physically penetrate epithelial layers
and rupture phagocyte membranes, facilitating the survival and

dissemination of both themselves and co-infecting bacteria
(Gulati and Nobile 2016; Zhao et al. 2022). This collective
immune suppression is a major factor in infection chronicity.

Collectively, this demonstrates a division of labor in immune
evasion, where the physical robustness of fungal hyphae
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TABLE 2 | Comparative analysis of synergistic and antagonistic interactions between fungi and bacteria in polymicrobial infections.

Interaction
type Mechanism Example Clinical/Biological outcome
Synergistic Co-biofilm formation (fungal C. albicans and S. aureus in Enhanced antibiotic resistance
hyphae provide scaffolds for mixed biofilms (e.g., reduced susceptibility
bacterial adhesion) of S. aureus to vancomycin)
Cross-kingdom QS signaling Farnesol from C. albicans, AI-2 Modulation of growth,
(e.g., farnesol, AI-2) from bacteria morphogenesis, and virulence in
both microorganisms
Immune evasion via neutrophil Neutrophil dysfunction around Persistence of infection and
inactivation and biofilm mature C. albicans biofilms chronic colonization
shielding
Environmental pH alteration Upregulation of a-toxin Increased mortality and systemic
and stimulation of bacterial production by S. aureus in infection severity
toxin production the presence of C. albicans
Antagonistic Production of antibacterial Phenazine secretion by Inhibition of fungal growth and

metabolites (e.g., phenazines)

Nutrient competition (iron and
oxygen scavenging)

Morphological inhibition of
fungal pathogenic forms

Antibacterial fungal compounds

P. aeruginosa against C. albicans
C. albicans secretes proteins that
impair iron uptake by

P. aeruginosa

30C12-HSL from P. aeruginosa
prevents hyphal formation in

C. albicans

Gliotoxins and isocyanides from

A. fumigatus against P.
aeruginosa

hyphal transformation

Reduction in bacterial virulence

Suppression of fungal
invasiveness without affecting its
overall growth

Inhibition of bacterial biofilm

formation and disruption of
metabolic activity

provides an escape route for both pathogens, while the biofilm
structure collectively neutralizes neutrophil attacks, leading to
persistent infections.

3.1.4 | Induction of Bacterial Antibiotic Resistance

Beyond providing physical protection, fungi actively induce
genetic and phenotypic changes in bacteria that lead to en-
hanced antibiotic resistance (Mousavi et al. 2025). A key
mechanism involves the impairment of antibiotic penetration
through the fungal extracellular matrix (EPS). The C. albicans
EPS, particularly mannan and B-glucans, creates a diffusion
barrier that significantly limits vancomycin penetration, pro-
tecting embedded S. aureus cells (Kean et al. 2017).

Furthermore, fungal metabolites directly modulate bacterial
resistance pathways. Farnesol secreted by C. albicans upre-
gulates efflux pumps and stress response systems in S. aureus,
leading to enhanced multidrug tolerance (Kovacs and
Majoros 2020). This signaling molecule can also alter cell
membrane properties, further reducing antimicrobial
susceptibility.

Additionally, the fungal microenvironment promotes the for-
mation of bacterial persister cells. Within mixed biofilms,
C. albicans induces a slow-growing, metabolically dormant state
in S. aureus that exhibits intrinsic tolerance to conventional
antibiotics, contributing to chronic and relapsing infections
(Kunnath et al. 2024).

In conclusion, fungi employ a multi-pronged strategy to
induce bacterial antibiotic resistance, combining physical
barrier formation with active modulation of bacterial physi-
ology. These mechanisms, including impaired drug diffusion,
upregulation of efflux systems, and promotion of persister
phenotypes, collectively contribute to the remarkable resil-
ience of polymicrobial infections against conventional anti-
microbial therapies.

3.2 | Antagonistic Interactions

Antagonistic interactions involve microbial warfare, where one
organism suppresses the growth or virulence of the other.

3.2.1 | Bacterial Inhibition of Fungal Growth and Morphology

Bacteria can directly suppress fungal virulence. P. aeruginosa
secretes QS molecules like 3-ox0-C12-homoserine lactone
(30C12HSL), which specifically inhibits the critical yeast-to-
hyphal transition in C. albicans without affecting its overall
growth, thereby reducing its pathogenicity (Hogan et al. 2004;
Coquant et al. 2022). P. aeruginosa also employs phenazines
(e.g., pyocyanin) and iron competition via siderophores to
suppress the growth of C. albicans and A. fumigatus (Sass
et al. 2019, 2018; Nazik et al. 2020; Briard et al. 2016). Notably,
phenazines like pyocyanin may play a protective role against
candidiasis in the lung by inhibiting fungal growth and mod-
ulating host immune responses (Lew et al. 2025).
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In conclusion, bacterial antagonism often employs a targeted
strategy, disarming key fungal virulence mechanisms like
hyphal formation rather than outright killing, which can par-
adoxically modulate disease presentation without eliminating
the fungal burden.

3.2.2 | Fungal Disruption of Bacterial Virulence

Fungi are not passive targets and have evolved counter-
measures. C. albicans secretes farnesol, which inhibits the
Pseudomonas quinolone signal pathway, and proteins that dis-
rupt bacterial iron uptake, reducing P. aeruginosa pathogenic-
ity. Animal studies show that administering these fungal
proteins can prevent P. aeruginosa infection in mice, an effect
neutralized by iron supplementation (Sass et al. 2019, 2018;
Nazik et al. 2020; Briard et al. 2016; MacAlpine et al. 2023b).
Similarly, A. fumigatus produces antibacterial compounds like
gliotoxin and isocyanides, which induce oxidative stress and
disrupt metabolic pathways in P. aeruginosa, inhibiting its
growth and biofilm formation (Sass et al. 2019, 2018; Nazik
et al. 2020; Briard et al. 2016).

This reveals that fungi actively engage in microbial warfare,
deploying specific molecules to disrupt critical bacterial func-
tions such as QS and iron homeostasis, highlighting an ongoing
arms race that shapes the dynamics of co-infection.

3.2.3 | Metabolic Cross-Feeding and Niche Modification

C. albicans possesses a remarkable ability to modify its local
environment, creating favorable niches for itself and facilitating
co-colonization with bacterial partners. A key mechanism is
environmental acidification through proton extrusion, which
reduces the pH of the surrounding medium to levels compatible
with host tissues (Danhof et al. 2016). This acidification is often
accompanied by increased CO, concentrations, which can fur-
ther enhance C. albicans adhesion to epithelial cells and
simultaneously generate conditions that favor the proliferation
of acidophilic bacterial species (Pentland et al. 2021). Beyond
mere co-existence, these interactions involve active metabolic
cooperation. Within multispecies biofilms, metabolic cross-
feeding is a critical driver of community stability, where waste
products or secreted metabolites from one species serve as
nutrient sources or signals for another (Joshi et al. 2021). This
reciprocal exchange facilitates bacterial growth in the fungal
vicinity, particularly when bacteria efficiently utilize fungal-
derived metabolites, thereby reinforcing the composite biofilm
structure and resilience (Sharma et al. 2023; Kost et al. 2023).
This metabolic dialog is often governed by sophisticated QS
mechanisms. C. albicans produces and responds to signaling
molecules such as farnesol and tyrosol, which regulate its own
morphology, biofilm development, and virulence (Kovacs and
Majoros 2020). Conversely, bacterial autoinducers can modulate
fungal behavior, including growth dynamics and hyphal mor-
phogenesis (Jothi et al. 2021).

In summary, the metabolic interplay between fungi and bac-
teria extends beyond simple competition to include sophisti-
cated niche modification and cross-feeding. This creates a
mutually reinforced metabolic synergy where environmental
changes by one partner (e.g., acidification by Candida) can

create a favorable niche for the other, ultimately leading to a
more stable and resilient polymicrobial community that is adept
at co-colonization and pathogenesis.

3.3 | Biophysical and Mechanical Determinants
of Polymicrobial Biofilms

Beyond biochemical signaling and metabolic interactions, the
biophysical properties of polymicrobial biofilms play a critical
role in their persistence and therapeutic recalcitrance. The EPS
matrix confers viscoelastic behavior, a complex mechanical
phenotype combining both elastic (solid-like) and viscous
(fluid-like) responses, that governs biofilm integrity and resist-
ance to mechanical and chemical perturbations. Viscoelasticity
has been recognized as a key determinant of biofilm physiology
and drug tolerance (Shaw et al. 2004).

Viscoelasticity describes materials that deform elastically under
low stress but flow viscously under sustained stress. Biofilms,
particularly mixed communities of fungi and bacteria, exhibit
unique rheological signatures distinct from single-species
biofilms due to heterogeneous EPS composition. Fungal struc-
tures such as C. albicans hyphae act as micromechanical
reinforcements, increasing the elastic modulus and structural
robustness of mixed biofilms. Higher elastic modulus correlates
with increased resistance to shear forces typical of physiological
environments including wound exudate and respiratory tracts.
Mechanical robustness allows mixed biofilms to persist on in-
dwelling devices and mucosal surfaces where fluid shear would
otherwise dislodge less cohesive communities (Banerjee
et al. 2011; Petrova and Sauer 2012).

Matrix stiffness, quantified by rheometry or atomic force
microscopy (AFM), directly influences antimicrobial diffusion.
Stiffer matrices present a physical barrier that retards penetra-
tion, leading to sub-therapeutic local drug concentrations. For
example, increased 3-glucan content in dual-species C. albicans-
S. aureus biofilms correlates with enhanced resistance to anti-
biotic penetration. Viscoelastic properties also modulate
microbial physiology through mechanotransduction, where
mechanical cues within the biofilm matrix can alter gene ex-
pression and stress responses, leading to increased persistence
and tolerance (Tallawi et al. 2017).

Standard static culture models inadequately replicate the bio-
physical environment of polymicrobial communities. Micro-
fluidic platforms, coupled with high-resolution imaging (e.g.,
confocal laser scanning microscopy, CLSM), have emerged as
powerful tools to observe biofilm mechanics, microbial inter-
actions, and drug responses in real time under controlled shear,
nutrient gradients, and flow conditions. Recent real-time poly-
microbial imaging studies have demonstrated that mixed-
species biofilms exhibit dynamic spatial reorganization, time-
dependent mechanical adaptation, and flow-responsive struc-
tural remodeling, highlighting the critical role of physical mi-
croenvironments in shaping interkingdom interactions. Time-
lapse microscopy in microfluidic systems enables quantifica-
tion of adhesion Kkinetics, biofilm consolidation, and differen-
tial responses to antimicrobial exposure, revealing that
conventional antibiotics demonstrate delayed killing kinetics in
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polymicrobial biofilms compared to planktonic cultures
(Richter et al. 2007; Kim et al. 2012; Straub et al. 2020).

Mechanically targeted therapies aim to disrupt the structural
integrity of biofilms to improve antimicrobial access. Enzymatic
matrix disruption using DNase I (targeting extracellular DNA),
dispersin B (targeting PNAG), or alginate lyase has shown
synergy with antibiotics in reducing mechanical stability and
enhancing drug penetration. Ultrasound-assisted therapy le-
verages low-frequency acoustic waves to transiently disrupt EPS
structure, improving antimicrobial delivery, particularly in
device-associated biofilms. Photothermal therapy, using light-
activated nanoparticles such as gold nanoshells, reduces matrix
cohesion locally and enhances antibiotic susceptibility without
systemic toxicity. Additionally, magnetic nanoparticles can
mechanically perturb biofilms under oscillating magnetic fields,
further increasing antimicrobial penetration and efficacy
(Kumar et al. 2021).

Integrating biophysical perspectives into polymicrobial infec-
tion research reveals that the mechanical foundation of biofilm
structure is as critical as biochemical signaling in determining
treatment outcomes. By targeting both structural integrity and
microbial viability, mechano-therapeutic strategies represent a
promising frontier in combating recalcitrant polymicrobial
infections.

4 | Diagnostic Challenges

The accurate diagnosis of polymicrobial infections is fraught
with difficulties, primarily due to the limitations of conven-
tional culture-based methods and the complex nature of
microbial interactions.

4.1 | Limitations of Conventional Culture
Methods

Standard culture methods significantly underestimate microbial
diversity in polymicrobial infections. Fastidious organisms often
fail to grow under routine laboratory conditions (Latgé and
Chamilos 2019; Eriksen et al. 2023). Furthermore, antagonistic
interactions can suppress the growth of one partner; for
instance, P. aeruginosa secretes QS molecules and antifungal
metabolites (e.g., phenazines, pyrrolnitrin) that actively inhibit
the growth and biofilm formation of A. fumigatus in culture,
leading to its false-negative reporting (Sass et al. 2019;
Rozaliyani et al. 2023; Selegato and Castro-Gamboa 2023).
Within mixed biofilms, the protective matrix and altered mi-
croenvironments (pH, oxygen, nutrients) further reduce
microbial cultivability and increase antibiotic tolerance, making
recovery and isolation of individual species challenging
(Roy et al. 2018).

In essence, conventional culture methods provide a distorted
and incomplete picture of polymicrobial infections, critically
underestimating microbial diversity and missing key pathogens
due to both biological fastidiousness and intermicrobial war-
fare, which directly contributes to inappropriate or delayed
treatment.

4.2 | Advanced Molecular and
Culture-Independent Techniques

To overcome these limitations, culture-independent diagnostic
techniques are essential.

421 | MALDI-TOF Mass Spectrometry

MALDI-TOF MS is a rapid and accurate tool for microbial
identification. Its operation is based on the ionization of
microbial cells with short laser pulses to generate a unique
species-specific spectral fingerprint (Sandrin and Demirev 2018;
Jang and Kim 2018; Franco-Duarte et al. 2019). It has found
widespread use in identifying Candida species with high
accuracy and shows promise in detecting antifungal resistance
in yeasts, though its performance is more limited for molds
(Lau 2021).

This makes MALDI-TOF an excellent tool for rapid identifica-
tion of cultivable pathogens in a polymicrobial context, yet its
utility is constrained by its inability to detect uncultivable
organisms or resolve complex communities within a single
sample.

4.2.2 | Phylogenetic Marker-Based Methods (Amplicon
Sequencing)

The development of PCR and sequencing technologies, target-
ing phylogenetic markers like the 16S rRNA gene for bacteria
and the ITS region for fungi, revolutionized microbial com-
munity analysis. This metabarcoding approach allows for the
identification of a wide range of cultivable and uncultivable
species (Berg et al. 2020; Maritz et al. 2017; Purahong
et al. 2016). However, while powerful for determining compo-
sition, these methods provide limited information on the
metabolic state or activity of the detected microbes (Berg
et al. 2020).

Thus, while amplicon sequencing provides high-sensitivity
taxonomic identification of microbial community composition,
it fails to reveal functional activity or metabolic state, leaving a
critical gap in understanding the infection dynamics.

4.23 | Shotgun Metagenomics

Shotgun metagenomics sequences the entire DNA content of a
sample, providing a comprehensive view of the microbiome and
the resistome (the collection of AMR genes). This powerful
method can identify all microorganisms and detect rare species
but requires higher costs and sophisticated bioinformatics
analysis (Barraud et al. 2019; Quince et al. 2017).

Therefore, shotgun metagenomics represents a significant leap
forward by providing both taxonomic and functional genetic
data, but its high cost and computational demands currently
limit its routine clinical application.

4.3 | Techniques for Spatial Analysis in Biofilms

Understanding the spatial organization of polymicrobial
biofilms is crucial, as structure dictates function and
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interaction. While NGS and RNA-seq reveal taxonomic and
functional profiles, they destroy spatial context. Fluores-
cence in situ hybridization (FISH) overcomes this by using
fluorescently-labeled DNA/RNA probes to visually locate
specific microorganisms within an intact biofilm. Advanced
variations like multicolor FISH enable simultaneous ex-
amination of multiple targets (Quince et al. 2017; Barbosa
et al. 2023). When combined with confocal laser scanning
microscopy (CLSM), FISH enables high-resolution 3D
reconstruction of the biofilm architecture, providing
invaluable insights into microbial interactions (Mhade and
Kaushik 2023).

In summary, techniques like FISH-CLSM are indispensable for
moving beyond mere species lists to understanding the spatial
ecology of polymicrobial infections, revealing how physical
proximity and community structure drive pathogenicity and
resistance.

44 | The Path Forward: Integrated Diagnostic
Approaches

No single method is sufficient. The most efficient strategy for
diagnosing polymicrobial infections involves a synergistic
combination of these advanced techniques: using MALDI-TOF
for rapid identification, amplicon sequencing or metagenomics
for community profiling, and FISH/CLSM for contextual spatial
analysis within biofilms.

Critically, the future of diagnosis lies not in seeking a single
superior technology, but in developing integrated, pragmatic
pipelines that leverage the strengths of each method. The major
hurdle is no longer technical, but translational: transforming
these powerful, often complex approaches into cost-effective,
standardized, and clinically accessible tools for routine practice
to guide targeted therapy effectively.

5 | Therapeutic Strategies and Challenges

The therapeutic failure observed in polymicrobial infections is
not merely additive but represents an emergent property of
multilayer microbial cooperation (Figure 2). The treatment of
fungal-bacterial polymicrobial infections is notoriously difficult,
requiring strategies that overcome inherent resistance mecha-
nisms and complex microbial interactions. Accordingly, effec-
tive management requires mechanism-guided combinatorial
strategies that simultaneously target microbial burden, biofilm
structure, interkingdom signaling, and host responses, as
illustrated in Figure 3.

5.1 | Current Challenges and Limitations

Therapeutic failure in polymicrobial infections is not simply
additive. It emerges from cooperative interactions within
microbial communities.

5.1.1 | Biofilm-Mediated Tolerance

The mixed biofilm matrix acts as a primary barrier, significantly
limiting the penetration of both antibacterial and antifungal
drugs, thereby facilitating pathogen survival and fostering
recalcitrant infections (Rodrigues et al. 2019). This physical and
chemical barrier not only reduces drug penetration but also
creates heterogeneous microenvironments that promote per-
sistent, dormant cell phenotypes, rendering standard pharma-
cokinetic principles largely ineffective against biofilm-
embedded communities.

5.1.2 | Antagonistic Drug Interactions

Therapeutic efficacy is further complicated by direct and
indirect drug interactions. A prime example is the QS molecule
N-(3-Oxododecanoyl)-L-homoserine lactone from P. aeruginosa,
which can induce resistance in Candida to fluconazole by
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FIGURE 3 |

Mechanism-guided combinatorial therapeutic framework for polymicrobial infections. Effective treatment of polymicrobial infec-

tions requires multi-target strategies that disrupt microbial cooperation across biological layers. Direct antimicrobial agents reduce pathogen burden,

while structural targeting approaches, including DNase, Dispersin B, and echinocandins, degrade biofilm integrity and enhance drug penetration.

Metabolic and quorum sensing inhibitors interfere with interkingdom signaling and nutrient exchange, and host-directed therapies modulate

dysregulated inflammatory responses. Integration of these approaches through mechanism-guided combinatorial regimens, supported by precision

diagnostics, aims to overcome biofilm-associated tolerance and improve therapeutic outcomes despite existing translational challenges.
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altering the ergosterol biosynthesis pathway and enhancing
drug efflux (Bandara et al. 2020). Paradoxically, other studies
show that P. aeruginosa can enhance fluconazole activity
through iron sequestration, an effect reversed by iron supple-
mentation (Hattab et al. 2022).

This apparent paradox underscores the critical context-
dependency of polymicrobial interactions, where outcomes
are determined by specific environmental factors such as
local concentration of signaling molecules, pH, iron avail-
ability, and the metabolic state of the pathogens. This
complexity makes standardized treatment protocols partic-
ularly challenging and highlights the need for personalized
therapeutic approaches. Therapeutic failure in poly-
microbial infections is an emergent systems-level property
rather than the additive sum of individual resistance traits.
Within polymicrobial biofilms, fungi and bacteria form
interdependent networks in which physical shielding,
metabolic cooperation, and coordinated stress responses
collectively generate a higher-order resistance phenotype.
Consequently, monotherapies targeting single pathogens
are intrinsically limited, as they fail to disrupt the ecological
and functional integrity of the community. This provides a
mechanistic justification for combination strategies, which
are required not merely to broaden antimicrobial coverage,
but to dismantle the cooperative architecture that underpins
collective tolerance.

5.2 | Conventional Antimicrobial Approaches
and Limitations

5.2.1 | Antibiotic-Antifungal Synergistic Combinations

Combination therapy is a promising strategy to enhance effi-
cacy. Polymyxins show particular promise when paired with
antifungals. Synergy has been reported with miconazole against
Gram-negative bacteria and yeasts (Xie et al. 2022), with cas-
pofungin against P. aeruginosa and K. pneumoniae biofilms
(Fortes et al. 2023; Hussein et al. 2022), and with echinocandins
against Candida species, where cell wall disruption by the an-
tifungal facilitates membrane attack by the antibiotic (Zeidler
et al. 2013).

While these combinations show improved efficacy in vitro, their
clinical translation remains limited by potential toxicity con-
cerns and the lack of standardized guidelines for polymicrobial
infections.

5.2.2 | Antimicrobial Peptides and Peptidomimetics

Antimicrobial peptidomimetics (e.g., TM8, RK758) represent a
novel class of agents that disrupt microbial membranes. They
exhibit strong synergistic effects with conventional antifungals
against resistant yeast isolates, primarily by compromising cell
membrane integrity (Mishra et al. 2025).

These broad-spectrum agents offer advantages against
polymicrobial infections but face challenges in stability,
delivery, and potential host cytotoxicity that require further
optimization.

53 |
531 |

Advanced Anti-Biofilm Strategies
Enzymatic Biofilm Disruption

Enzymes that degrade key biofilm components are effective
anti-biofilm strategies. DNase I targets extracellular DNA, while
Dispersin B hydrolyzes poly-N-acetylglucosamine (PNAG).
When co-immobilized on chitosan nanoparticles, these en-
zymes achieve greater than 80% disruption of preformed
biofilms (Van Dyck 2021b; Tan et al. 2020). DNase I, which
targets extracellular DNA, can reduce S. aureus attachment to
C. albicans biofilms at high concentrations (Kean et al. 2017).

The enzymatic approach represents a targeted strategy against
specific biofilm matrix components, though enzyme stability
and delivery remain key challenges for clinical application.

5.32 | D-Amino Acids and Small Molecule Inhibitors

D-amino acids (e.g., p-tyrosine, p-aspartic acid) inhibit biofilm
formation and disrupt pre-existing structures in various patho-
gens. Their antibiofilm effect is synergistically enhanced when
combined with nanoparticles or other agents like lithium (Roy
et al. 2018; Yu et al. 2016) (Jasim 2020).

These compounds work by interfering with protein synthesis
and incorporation into cell walls, preventing proper biofilm
maturation without exerting direct killing pressure that could
select for resistance.

5.4 | Innovative Nanotechnology Platforms

5.4.1 | Multifunctional Nanoparticle Systems

Nanoparticles offer a multifaceted platform for combating poly-
microbial infections. Silver nanoparticles (AgNPs), especially
when stabilized with chitosan, exhibit broad-spectrum anti-
microbial, antibiofilm, and antifungal activities (Shehabeldine
et al. 2022). More sophisticated systems include mesoporous
silica nanoparticles co-loading antibiotics and metal ions, and
core@shell nanostructures integrating drug delivery with nitric
oxide release and photothermal therapy (Alvarez et al. 2021;
Garcia et al. 2021).

Nanotechnology provides unprecedented opportunities for tar-
geted drug delivery and combination therapy, with the ability to
penetrate biofilms and release payloads in response to specific
environmental triggers.

5.4.2 | Mechanism of Nanotherapeutic Action

Metal-based nanoparticles (e.g., Ag, ZnO, CuO, Fe;0,) exert
their effects through multiple mechanisms: inducing lethal
ROS production, disrupting cellular membranes, and down-
regulating key genes essential for EPS synthesis (e.g., lasI/lasR
in P. aeruginosa and icaA in S. aureus), thereby destabilizing the
biofilm architecture (Afrasiabi and Partoazar 2024; Mohanta
et al. 2022; Islam et al. 2025; Xie et al. 2025).

The multi-mechanistic action of nanomaterials reduces the
likelihood of resistance development while simultaneously
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targeting both structural and functional aspects of poly-
microbial communities.

5.5 | Biological and Metabolic Intervention
Strategies
5.5.1 | Precision Phage Therapy

Phage therapy offers a highly targeted strategy for polymicrobial
infections. It selectively lyses bacterial partners without affect-
ing fungal cells. The co-habitation of pathogens like C. albicans
with S. aureus or P. aeruginosa in biofilms significantly en-
hances antimicrobial tolerance and complicates treatment
(Carolus et al. 2019; Kahl et al. 2023). Phages offer a precise
solution by selectively lysing the bacterial partner without dis-
rupting fungal cells or the surrounding host microbiota,
simultaneously degrading the biofilm's structural integrity by
targeting bacterial components of the EPS (Mahmud et al. 2024;
Rahimi-Midani et al. 2021).

The efficacy of phage therapy extends beyond simple bacterial
killing. By significantly reducing bacterial density, phages en-
hance the penetration of concurrently administered anti-
microbial agents into the biofilm and can restore susceptibility
to these drugs, effectively reversing the tolerance facilitated by
the polymicrobial environment (Manohar et al. 2024; Plumet
et al. 2022).

Consequently, the most promising application involves combi-
nation therapy, where phages are used synergistically with
antifungal agents. The phage-mediated dismantling of the
bacterial infrastructure and reduction in bacterial load dra-
matically improve the access and efficacy of antifungals (Osman
et al. 2023; Hibstu et al. 2022). Furthermore, certain phages can
inhibit critical bacterial virulence pathways, including the
production of extracellular polysaccharides and QS signaling
molecules, leading to the profound destabilization of the mixed
biofilm matrix (Chegini et al. 2020).

Compelling evidence from in vitro studies and animal models
demonstrates the success of this approach. The combination of
anti-S. aureus phages with antifungals (e.g., fluconazole,
amphotericin B) has proven highly effective against dual-
species Candida-S. aureus and Candida-Pseudomonas biofilms,
resulting in a significant reduction of microbial burden and
improved survival rates (Hu et al. 2021; Lohse et al. 2020;
Bonincontro et al. 2023). This targeted strategy highlights the
potential of phage therapy as a cornerstone for next-generation
treatments against recalcitrant polymicrobial infections.

Phage therapy offers species-specific targeting without dis-
rupting beneficial microbiota, though phage resistance devel-
opment and regulatory hurdles remain significant challenges.

5.5.2 | Metabolic Interference and Quorum Quenching

A sophisticated approach to disrupting polymicrobial infections
involves metabolic interference, which aims to exploit and dis-
rupt the essential metabolic crosstalk and shared pathways that
underpin fungal-bacterial synergy (Nithyanand et al. 2025).
These interactions, crucial for energy acquisition, environmental

adaptation, and community stability, present a novel set of tar-
gets for therapeutic intervention (Pan et al. 2024). A prime ex-
ample is the metabolic interplay in Candida-staphylococcal co-
infections, where C. albicans can break down host amino acids,
releasing ammonia as a byproduct and shifting the local micro-
environment toward alkalinity (Eichelberger and Cassat 2021a).
This pH change acts as a potent environmental cue that stimu-
lates the S. aureus Agr QS system, a master regulator of virulence
and biofilm formation, thereby exacerbating infection severity
(Eichelberger and Cassat 2021b). The strategy of metabolic
interference involves designing agents that block this detrimental
communication, potentially through inhibiting fungal amino acid
catabolism to prevent ammonia production and the subsequent
pH shift, developing targeted Agr inhibitors (e.g., synthetic QS
inhibitors or small molecules) that block the bacterial response to
the fungal signal, effectively deafening the bacterium to this in-
terkingdom cue, or targeting other shared metabolic dependencies
such as the competition for iron through siderophore systems or
the exchange of essential nutrients and metabolites that sustain co-
growth within the biofilm (Didehdar et al. 2022; Jastrzgbowska
and Gabriel 2015). By precisely disrupting these metabolic con-
versations, this strategy seeks to collapse the cooperative infra-
structure of the polymicrobial community, rendering it more
susceptible to conventional antimicrobial agents and host
defenses, ultimately moving beyond merely killing microbes to
intelligently manipulating their behavior and interactions
(Nithyanand et al. 2025; Ahmad et al. 2025).

6 | The Polymicrobial Continuum: From
Commensalism to Pathogenesis

Within the healthy microbiome, fungal-bacterial interactions
are often commensal. These interactions contribute to microbial
balance and host homeostasis (Lof et al. 2017). C. albicans, for
instance, commonly resides as a commensal in the gut, oral
cavity, and vaginal tract without causing pathology. In these
states, it engages in beneficial crosstalk, such as stimulating
symbiotic bacteria like Lactobacillus to enhance the production
of protective metabolites, thereby fostering a stable and coop-
erative relationship that contributes to microbial homeostasis
and the proper education and function of the host immune
system (Lof et al. 2017; Wang et al. 2023; Li et al. 2022).

However, this delicate balance is highly precarious. Host and
environmental disruptions, including immunodeficiency, al-
terations in local pH or metabolism, and damage to mucosal
barriers, can act as critical triggers, pivoting these symbiotic
relationships toward frank pathogenicity (Faustino et al. 2025).
This transition from commensal equilibrium to pathogenic
dysbiosis, driven by environmental disruption and microbial
cooperation, is schematically illustrated in Figure 4. A quin-
tessential example is the antibiotic-induced depletion of short-
chain fatty acid-producing bacteria in the gut, which removes a
key metabolic constraint on Candida, permitting its overgrowth
and simultaneously creating an ecological opportunity for pa-
thobionts like E. faecalis to expand (Zeise et al. 2021). The
paradigm of ecological fitness is central to understanding this
shift. In disease states, pathogens co-opt their interactions to
mutually enhance their survival and virulence. C. albicans can
secrete metabolites that facilitate the growth of enterococci,
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In the healthy state (left), a low pH environment (pH 4-5), maintained by commensal bacteria such as Lactobacillus and their

metabolic products (short-chain fatty acids, SCFAs), supports commensal growth of C. albicans and epithelial homeostasis. Disruption by factors

such as antibiotic exposure (right) leads to depletion of protective bacteria and an increase in pH (7-8), triggering the transition of C. albicans to an

invasive phenotype. Ammonia (NH;3) production further elevates pH and promotes a microenvironment conducive to the proliferation of bacterial

pathogens such as S. aureus, which release virulence factors. This cooperative interaction drives the shift from microbial homeostasis to poly-

microbial disease.

while bacteria such as S. aureus exploit the tissue damage and
inflammatory milieu created by fungal invasion to establish and
expand their own colonies (Eichelberger et al. 2023; Hill and
Round 2024). This cooperative virulence, achieved through
division of labor and resource sharing, significantly increases
the collective fitness of the microbial alliance at the direct ex-
pense of the host, leading to more severe and damaging
infections.

A primary catalyst disrupting the commensal-pathogen con-
tinuum is the use of broad-spectrum antibiotics. By selectively
eliminating susceptible members of the microbiota, these drugs
create an ecological vacuum that is rapidly filled by resistant
fungi and opportunistic bacterial pathogens, thereby dis-
mantling the stable interactions that once maintained
homeostasis. Human studies have demonstrated that treatment
with amoxicillin-clavulanate disrupts intestinal fungal-bacterial
networks and significantly elevates the risk of pathogenic col-
onization (Seelbinder et al. 2020).

In conclusion, the dynamic nature of fungal-bacterial interac-
tions defines a critical continuum between commensalism and

pathogenesis. These relationships are fundamental to main-
taining health under stable conditions but can rapidly trans-
form into powerful drivers of disease when host-microbe
homeostasis is disrupted. A critical perspective reveals that the
transition from symbiosis to dysbiosis is not merely a microbial
phenomenon but a failure of host regulatory mechanisms. This
understanding underscores the limitations of broad-spectrum
antimicrobials that further disrupt microbial ecology and
highlights the urgent need for therapeutic strategies that sup-
port or restore beneficial microbial interactions rather than
indiscriminately eliminating pathogens. The clinical challenge
lies in identifying the precise tipping points where these inter-
actions become pathogenic and developing interventions that
can maintain or revert them to a commensal state.

7 | Future Directions

Understanding fungal-bacterial interactions in polymicrobial
infections remains a rapidly evolving field with substantial
translational potential. Future research should prioritize the
development of high-throughput screening platforms to
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systematically identify novel antimicrobial combinations cap-
able of overcoming biofilm-mediated resistance and counter-
acting antagonistic drug interactions. Additionally, host-
directed therapeutic strategies represent a promising frontier,
particularly approaches focused on modulating macrophage
polarization, enhancing neutrophil extracellular trap activity, or
attenuating detrimental inflammatory cascades while preserv-
ing essential pathogen clearance mechanisms.

Advances in integrative multi-omics technologies, including
transcriptomics, metabolomics, and proteomics, offer
unprecedented opportunities to decipher cross-kingdom sig-
naling networks and metabolic dependencies, enabling the
identification of novel therapeutic targets for clinical interven-
tion. Another crucial avenue involves microbiome engineering
strategies, employing targeted probiotics or synthetic microbial
consortia to disrupt pathogenic fungal-bacterial alliances and
restore mucosal homeostasis in affected patients.

There is an urgent need for well-designed longitudinal clin-
ical studies to establish causal relationships between specific
microbial interactions and patient outcomes. Such research
will be fundamental for developing precision medicine ap-
proaches tailored to at-risk populations including intensive
care unit patients, transplant recipients, and individuals
with CF. These investigations should particularly focus on
elucidating the temporal dynamics of microbial interactions
and their impact on disease progression and treatment
responses.

8 | Conclusion

Fungal-bacterial interactions should no longer be viewed as
incidental co-isolation of microorganisms, but rather as
dynamic, structured, and highly adaptive biological systems
that directly shape infection outcomes. Evidence from clinically
relevant pairs such as C. albicans-S. aureus, P. aeruginosa-A.
fumigatus, and Candida spp.-Enterobacteriaceae demonstrates
that cross-kingdom interactions can profoundly enhance viru-
lence, promote biofilm resilience, alter immune responses, and
reduce antimicrobial efficacy.

This review highlights several conceptual advances beyond
traditional pathogen-centered frameworks. First, it empha-
sizes the importance of biophysical determinants such as
biofilm viscoelasticity, matrix stiffness, and structural hetero-
geneity, which are increasingly recognized as key drivers of
antimicrobial tolerance and represent underexplored thera-
peutic targets. Second, it consolidates current knowledge on
diagnostic limitations in polymicrobial infections and evalu-
ates emerging technologies, including metagenomics, MALDI-
TOF MS, and spatial imaging approaches, as essential tools for
accurate detection and characterization of complex microbial
communities.

Third, the review systematically discusses novel therapeutic
strategies that move beyond conventional monotherapies. These
include rational antibiotic-antifungal combinations, enzymatic
and nanoparticle-based biofilm disruption, bacteriophage ther-
apy, QS interference, and metabolic targeting approaches

designed to dismantle interspecies cooperation rather than
merely eliminate individual pathogens. Importantly, it also
underscores the growing relevance of host-directed therapies
aimed at modulating dysregulated immune responses that
contribute significantly to disease severity in polymicrobial
settings.

Finally, the concept of a polymicrobial continuum from
commensalism to pathogenesis provides an integrative
framework for understanding how microbial communities
shift from symbiotic coexistence to disease-driving consortia
under host or environmental perturbations. Within this
framework, disease is not simply the result of pathogen
invasion, but rather a failure of ecological and immunological
homeostasis that allows cooperative microbial networks to
emerge and persist.

Despite significant progress, major challenges remain, particu-
larly in translating mechanistic insights into clinically applica-
ble diagnostic and therapeutic strategies. The absence of
standardized approaches for polymicrobial infections, com-
bined with the complexity of microbial interactions and biofilm-
associated resistance, continues to limit treatment efficacy in
high-risk patient populations.

Addressing these challenges will require a shift toward inter-
disciplinary and systems-level approaches that integrate
microbiology, immunology, biophysics, and clinical medicine.
Future advances will depend on the development of rapid
multiplex diagnostics, biofilm-aware susceptibility testing, and
personalized therapeutic strategies informed by microbial
ecology and host response profiling. Ultimately, recognizing
polymicrobial infections as coordinated and adaptive biological
systems represents a critical paradigm shift that will shape the
next generation of diagnostic and therapeutic innovations in
infectious diseases.

Author Contributions

Mohammad Javad Roustaye Gourabi: writing - original draft,
writing - review and editing. Masoud Kargar: writing - original
draft,visualization, investigation. Atefeh Kamali: writing - original
draft, writing - review and editing. Javad Yasbolaghi Sharahi: con-
ceptualization, supervision, investigation, writing - original draft,
writing — review and editing, project administration.

Funding

The authors have nothing to report.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analyzed during the current study.

MicrobiologyOpen, 2026

17 of 21



References

Afrasiabi, S., and A. Partoazar. 2024. “Targeting Bacterial Biofilm-
Related Genes With Nanoparticle-Based Strategies.” Frontiers in
Microbiology 15: 1387114.

Ahmad, M., S. V. Aduru, R. P. Smith, Z. Zhao, and A. J. Lopatkin. 2025.
“The Role of Bacterial Metabolism in Antimicrobial Resistance.” Nature
Reviews Microbiology 23, no. 7: 439-454.

Alim, D., S. Sircaik, and S. L. Panwar. 2018. “The Significance of Lipids
to Biofilm Formation in Candida albicans: An Emerging Perspective.”
Journal of Fungi 4, no. 4: 140.

Alvarez, E., M. Estévez, C. Jiménez-Jiménez, et al. 2021. “A Versatile
Multicomponent Mesoporous Silica Nanosystem With Dual Anti-
microbial and Osteogenic Effects.” Acta Biomaterialia 136: 570-581.

Bamford, C. V., A. dMello, A. H. Nobbs, L. C. Dutton,
M. M. Vickerman, and H. F. Jenkinson. 2009. “Streptococcus gordonii
Modulates Candida albicans Biofilm Formation Through Intergeneric
Communication.” Infection and Immunity 77, no. 9: 3696-3704.

Bandara, H. M. H. N, D. L. A. Wood, I. Vanwonterghem,
P. Hugenholtz, B. P. K. Cheung, and L. P. Samaranayake. 2020. “Flu-
conazole Resistance in Candida albicans Is Induced by Pseudomonas
aeruginosa Quorum Sensing.” Scientific Reports 10, no. 1: 7769.

Banerjee, I, R. C. Pangule, and R. S. Kane. 2011. “Antifouling Coatings:
Recent Developments in the Design of Surfaces That Prevent Fouling by
Proteins, Bacteria, and Marine Organisms.” Advanced Materials 23,
no. 6: 690-718.

Barbosa, A., S. Miranda, N. F. Azevedo, L. Cerqueira, and
A. S. Azevedo. 2023. “Imaging Biofilms Using Fluorescence In Situ
Hybridization: Seeing Is Believing.” Frontiers in Cellular and Infection
Microbiology 13: 1195803.

Barraud, O., C. Ravry, B. Francois, T. Daix, M. C. Ploy, and P. Vignon.
2019. “Shotgun Metagenomics for Microbiome and Resistome Detection
in Septic Patients With Urinary Tract Infection.” International Journal
of Antimicrobial Agents 54, no. 6: 803-808.

Bastos, R. W., D. Akiyama, T. F. dos Reis, et al. 2022. “Secondary
Metabolites Produced During Aspergillus fumigatus and Pseudomonas
aeruginosa Biofilm Formation.” mBio 13, no. 4: e01850-22.

Berg, G., D. Rybakova, D. Fischer, et al. 2020. “Microbiome Definition Re-
Visited: Old Concepts and New Challenges.” Microbiome 8, no. 1: 103.

Bharathi, D., and J. Lee. 2025. “Recent Trends in Bioinspired Metal
Nanoparticles for Targeting Drug-Resistant Biofilms.” Pharmaceuticals
18, no. 7: 1006.

Bonincontro, G., S. A. Scuderi, A. Marino, and G. Simonetti. 2023.
“Synergistic Effect of Plant Compounds in Combination With Con-
ventional Antimicrobials Against Biofilm of Staphylococcus aureus,
Pseudomonas aeruginosa, and Candida spp.” Pharmaceuticals 16,
no. 11: 1531.

Briard, B. 2022. “S10.5b Bacterial and Fungal Coinfections in Cystic
Fibrosis.” Supplement, Medical Mycology 60, no. Suppl_1.

Briard, B., C. Heddergott, and J. P. Latgé. 2016. “Volatile Compounds
Emitted by Pseudomonas aeruginosa Stimulate Growth of the Fungal
Pathogen Aspergillus Fumigatus.” mBio 7, no. 2: e00219.

Carolus, H., K. Van Dyck, and P. Van Dijck. 2019. “Candida albicans
and Staphylococcus Species: A Threatening Twosome.” Frontiers in
Microbiology 10: 2162.

Chegini, Z., A. Khoshbayan, M. Taati Moghadam, I. Farahani,
P. Jazireian, and A. Shariati. 2020. “Bacteriophage Therapy Against
Pseudomonas aeruginosa Biofilms: A Review.” Annals of Clinical
Microbiology and Antimicrobials 19, no. 1: 45.

Ciofu, O., C. Moser, P. @. Jensen, and N. Heiby. 2022. “Tolerance and
Resistance of Microbial Biofilms.” Nature Reviews Microbiology 20,
no. 10: 621-635.

Coquant, G., D. Aguanno, L. Brot, et al. 2022. “3-oxo-C12:2-HSL,
Quorum Sensing Molecule From Human Intestinal Microbiota, Inhibits
Pro-Inflammatory Pathways in Immune Cells via Bitter Taste Recep-
tors.” Scientific Reports 12, no. 1: 9440.

Curtis, A., M. Ryan, and K. Kavanagh. 2023. “Exposure of Aspergillus
fumigatus to Klebsiella pneumoniae Culture Filtrate Inhibits Growth
and Stimulates Gliotoxin Production.” Journal of Fungi 9, no. 2: 222.

Danhof, H. A,, S. Vylkova, E. M. Vesely, A. E. Ford, M. Gonzalez-Garay,
and M. C. Lorenz. 2016. “Robust Extracellular pH Modulation by
Candida albicans During Growth in Carboxylic Acids.” mBio 7, no. 6: 0.

Didehdar, M., Z. Chegini, S. P. Tabaeian, S. Razavi, and A. Shariati.
2022. “Cinnamomum: The New Therapeutic Agents for Inhibition of
Bacterial and Fungal Biofilm-Associated Infection.” Frontiers in Cellular
and Infection Microbiology 12: 930624.

Van Dyck, K., et al. 2021a. “Adhesion of Staphylococcus aureus to
Candida albicans During Co-Infection Promotes Bacterial Dissemina-
tion Through the Host Immune Response.” Frontiers in Cellular and
Infection Microbiology 10: 624839.

Van Dyck, K., et al. 2021b. “Microbial Interkingdom Biofilms and the
Quest for Novel Therapeutic Strategies.” Microorganisms 9, no. 2.

Eichelberger, K. R., and J. E. Cassat. 2021a. “Metabolic Adaptations
During Staphylococcus aureus and Candida albicans Co-Infection.”
Frontiers in Immunology 12: 797550.

Eichelberger, K. R., and J. E. Cassat. 2021b. “Metabolic Adaptations
During Staphylococcus aureus and Candida albicans Co-Infection.”
Frontiers in Immunology 12: 797550.

Eichelberger, K. R., S. Paul, B. M. Peters, and J. E. Cassat. 2023. “Candida-
Bacterial Cross-Kingdom Interactions.” Trends in Microbiology 31, no. 12:
1287-1299.

Elshinawy, M. I, L. A. Al-Madboly, W. M. Ghoneim, and N. M. El-Deeb.
2018. “Synergistic Effect of Newly Introduced Root Canal Medicaments;
Ozonated Olive Oil and Chitosan Nanoparticles, Against Persistent En-
dodontic Pathogens.” Frontiers in Microbiology 9: 1371.

Eriksen, E., A. M. Madsen, A. K. Afanou, A. Straumfors, A. Eiler, and
P. Graff. 2023. “Occupational Exposure to Inhalable Pathogenic Mi-
croorganisms in Waste Sorting.” International Journal of Hygiene and
Environmental Health 253: 114240.

Etti, M., A. Ahmadi, C. Brandish, et al. 2024. “P10 The Yeast of Our
Worries: A Challenging Case of Persistent Candidaemia Following
Emergency Abdominal Surgery.” JAC-Antimicrobial Resistance 6,
no. Suppl_1: dlad143. 014.

Faustino, M., C. M. H. Ferreira, A. M. Pereira, and A. P. Carvalho. 2025.
“Candida albicans: The Current Status Regarding Vaginal Infections.”
Applied Microbiology and Biotechnology 109, no. 1: 91.

Fortes, B. N., G. Scheunemann, A. S. de Azevedo Melo, and K. Ishida.
2023. “Caspofungin Alone or Combined With Polymyxin B Are Effec-
tive Against Mixed Biofilm of Aspergillus fumigatus and Carbapenem-
Resistant Pseudomonas Aeruginosa.” Research in Microbiology 174,
no. 1-2: 103993.

Franco-Duarte, R., L. Cernakova, S. Kadam, et al. 2019. “Advances in
Chemical and Biological Methods to Identify Microorganisms-From
Past to Present.” Microorganisms 7, no. 5: 130.

Garcia, A., B. Gonzilez, C. Harvey, I. Izquierdo-Barba, and
M. Vallet-Regi. 2021. “Effective Reduction of Biofilm Through Photo-
thermal Therapy by Gold Core@ Shell Based Mesoporous Silica Na-
noparticles.” Microporous and Mesoporous Materials 328: 111489.

Gulati, M., and C. J. Nobile. 2016. “Candida albicans Biofilms: Devel-

opment, Regulation, and Molecular Mechanisms.” Microbes and
Infection 18, no. 5: 310-321.

Hattab, S., A. M. Dagher, and R. T. Wheeler. 2022. “Pseudomonas Sy-
nergizes With Fluconazole Against Candida During Treatment of
Polymicrobial Infection.” Infection and Immunity 90, no. 4: €0062621.

18 of 21

MicrobiologyOpen, 2026



Hibstu, Z., H. Belew, Y. Akelew, and H. M. Mengist. 2022. “Phage
Therapy: A Different Approach to Fight Bacterial Infections.” Biologics:
targets & therapy 16: 173-186.

Hill, J. H., and J. L. Round. 2024. “Intestinal Fungal-Host Interactions
in Promoting and Maintaining Health.” Cell Host & Microbe 32, no. 10:
1668-1680.

Hogan, D. A,, A. Vik, and R. Kolter. 2004. “A Pseudomonas aeruginosa
Quorum-Sensing Molecule Influences Candida Albicans Morphology.”
Molecular Microbiology 54, no. 5: 1212-1223.

Hu, Y., Y. Niu, X. Ye, et al. 2021. “Staphylococcus Aureus Synergized
With Candida albicans to Increase the Pathogenesis and Drug Resist-
ance in Cutaneous Abscess and Peritonitis Murine Models.” Pathogens
10, no. 8: 1036.

Hurley, J. C. 2023. “S Taphylococcus aureus Hitchhiking From Colo-
nization to Bacteremia via Candida Within ICU Infection Prevention
Studies: A Proof of Concept Modelling.” European journal of clinical
microbiology & infectious diseases: official publication of the European
Society of Clinical Microbiology 42, no. 5: 543-554.

Hussein, M., L. J. M. Wong, J. Zhao, et al. 2022. “Unique Mechanistic
Insights Into Pathways Associated With the Synergistic Activity of
Polymyxin B and Caspofungin Against Multidrug-Resistant Klebsiella
pneumoniae.” Computational and Structural Biotechnology Journal 20:
1077-1087.

Islam, S., M. M. S. Ahmed, M. A. Islam, N. Hossain, and
M. A. Chowdhury. 2025. “Advances in Nanoparticles in Targeted Drug
Delivery-A Review.” Results in Surfaces and Interfaces 19: 100529.

Jang, K. S., and Y. H. Kim. 2018. “Rapid and Robust Maldi-TOF MS
Techniques for Microbial Identification: A Brief Overview of Their
Diverse Applications.” Journal of Microbiology 56, no. 4: 209-216.

Jasim, S. T., et al. 2020. “Antimicrobial and Antibiofilm Activity of
D-Amino Acids Combined With Nanoparticles Against Candida albi-
cans.” Syst. Rev. Pharm 11: 274-280.

Jastrzebowska, K., and I. Gabriel. 2015. “Inhibitors of Amino Acids
Biosynthesis as Antifungal Agents.” Amino Acids 47, no. 2: 227-249.

Joshi, R. V., C. Gunawan, and R. Mann. 2021. “We Are One: Multi-
species Metabolism of a Biofilm Consortium and Their Treatment
Strategies.” Frontiers in Microbiology 12: 635432.

Jothi, R., N. Hari Prasath, S. Gowrishankar, and S. K. Pandian. 2021.
“Bacterial Quorum-Sensing Molecules as Promising Natural Inhibitors
of Candida albicans Virulence Dimorphism: An In Silico and In Vitro
Study.” Frontiers in Cellular and Infection Microbiology 11: 781790.

Juszczak, M., A. Brankiewicz, M. Zawrotniak, and M. Rapala-Kozik.
2025. “The Hypoxic Microenvironment of Candida albicans Biofilms
Shapes Neutrophil Responses.” Frontiers in Immunology 16: 1547559.

Kahl, L. J., N. Stremmel, M. A. Esparza-Mora, R. M. Wheatley,
R. C. MacLean, and M. Ralser. 2023. “Interkingdom Interactions
Between Pseudomonas aeruginosa and Candida albicans Affect Clinical
Outcomes and Antimicrobial Responses.” Current Opinion in
Microbiology 75: 102368.

Kaplan, J. B, S. A. Sukhishvili, M. Sailer, K. Kridin, and N. Ramasubbu.
2024. “Aggregatibacter actinomycetemcomitans Dispersin B: The
Quintessential Antibiofilm Enzyme.” Pathogens 13, no. 8: 668.

Kean, R., R. Rajendran, J. Haggarty, et al. 2017. “Candida albicans
Mycofilms Support Staphylococcus aureus Colonization and Enhances
Miconazole Resistance in Dual-Species Interactions.” Frontiers in
Microbiology 8: 258.

Keown, K., A. Reid, J. E. Moore, C. C. Taggart, and D. G. Downey. 2020.
“Coinfection With Pseudomonas aeruginosa and Aspergillus fumigatus
in Cystic Fibrosis.” European Respiratory Review 29, no. 158: 200011.

Khan, F., G. J. Jeong, A. Javaid, D. Thuy Nguyen Pham, N. Tabassum,
and Y. M. Kim. 2023. “Surface Adherence and Vacuolar Internalization

of Bacterial Pathogens to the Candida spp. Cells: Mechanism of Per-
sistence and Propagation.” Journal of Advanced Research 53: 115-136.

Kim, J., H.-D. Park, and S. Chung. 2012. “Microfluidic Approaches to
Bacterial Biofilm Formation.” Molecules 17, no. 8: 9818-9834.

Klotz, S. A., B. S. Chasin, B. Powell, N. K. Gaur, and P. N. Lipke. 2007.
“Polymicrobial Bloodstream Infections Involving Candida Species:
Analysis of Patients and Review of the Literature.” Diagnostic
Microbiology and Infectious Disease 59, no. 4: 401-406.

Kost, C., K. R. Patil, J. Friedman, S. L. Garcia, and M. Ralser. 2023.
“Metabolic Exchanges Are Ubiquitous in Natural Microbial Commu-
nities.” Nature Microbiology 8, no. 12: 2244-2252.

Kostoulias, X., G. L. Murray, G. M. Cerqueira, et al. 2016. “Impact of a
Cross-Kingdom Signaling Molecule of Candida albicans on Acineto-
bacter Baumannii Physiology.” Antimicrobial Agents and Chemotherapy
60, no. 1: 161-167.

Kovdcs, R., and L. Majoros. 2020. “Fungal Quorum-Sensing Molecules:
A Review of Their Antifungal Effect Against Candida Biofilms.” Journal
of Fungi 6, no. 3: 99.

Kriiger, W., S. Vielreicher, M. Kapitan, I. Jacobsen, and M. Niemiec.
2019. “Fungal-Bacterial Interactions in Health and Disease.” Pathogens
8, no. 2: 70.

Kullberg, B. J., and M. C. Arendrup. 2015. “Invasive candidiasis.” New
England Journal of Medicine 373, no. 15: 1445-1456.

Kumar, M., J. Tierney, and M. Wilkinson. 2021. “Enzymatic Disruption
of Biofilms During Cheese Manufacturing: A Mini Review.” Frontiers in
Microbiology 12: 791061.

Kunnath, A. P., M. Suodha Suoodh, D. K. Chellappan, J. Chellian, and
K. Palaniveloo. 2024. “Bacterial Persister Cells and Development of
Antibiotic Resistance in Chronic Infections: An Update.” British Journal
of Biomedical Science 81: 12958.

Latgé, J. P, and G. Chamilos. 2019. “Aspergillus fumigatus and
Aspergillosis in 2019.” Clinical Microbiology Reviews 33, no. 1.

Lau, A. F. 2021. “Matrix-Assisted Laser Desorption Ionization Time-of-
Flight for Fungal Identification.” Clinics in Laboratory Medicine 41,
no. 2: 267-283.

Lee, K., S. Lee, S. H. Lee, et al. 2016. “Fungal Quorum Quenching: A
Paradigm Shift for Energy Savings in Membrane Bioreactor (MBR) for
Wastewater Treatment.” Environmental Science & Technology 50, no. 20:
10914-10922.

Lew, S. Q., S. Y. Chong, and G. W. Lau. 2025. “Modulation of Pulmo-
nary Immune Functions by the Pseudomonas aeruginosa Secondary
Metabolite Pyocyanin.” Frontiers in Immunology 16: 1550724.

Li, H., M. Miao, C. Jia, et al. 2022. “Interactions Between Candida albicans
and the Resident Microbiota.” Frontiers in Microbiology 13: 930495.

Lof, M., M. Janus, and B. Krom. 2017. “Metabolic Interactions Between
Bacteria and Fungi in Commensal Oral Biofilms.” Journal of Fungi 3,
no. 3: 40.

Lohse, M. B,, M. Gulati, C. S. Craik, A. D. Johnson, and C. J. Nobile.
2020. “Combination of Antifungal Drugs and Protease Inhibitors Pre-
vent Candida albicans Biofilm Formation and Disrupt Mature Bio-
films.” Frontiers in Microbiology 11: 1027.

MacAlpine, J., N. Robbins, and L. E. Cowen. 2023a. “Bacterial-Fungal
Interactions and Their Impact on Microbial Pathogenesis.” Molecular
Ecology 32, no. 10: 2565-2581.

MacAlpine, J., N. Robbins, and L. E. Cowen. 2023b. “Bacterial-Fungal
Interactions and Their Impact on Microbial Pathogenesis.” Molecular
Ecology 32, no. 10: 2565-2581.

Magill, S. S., E. O'Leary, S. J. Janelle, et al. 2018. “Changes in Prevalence
of Health Care-Associated Infections in US Hospitals.” New England
Journal of Medicine 379, no. 18: 1732-1744.

MicrobiologyOpen, 2026

19 of 21



Mahmud, M. R, S. K. Tamanna, S. Akter, et al. 2024. “Role of Bacte-
riophages in Shaping Gut Microbial Community.” Gut Microbes 16,
no. 1: 2390720.

Manohar, P., B. Loh, R. Nachimuthu, and S. Leptihn. 2024. “Phage-
Antibiotic Combinations to Control Pseudomonas aeruginosa-Candida
Two-Species Biofilms.” Scientific Reports 14, no. 1: 9354.

Mariani, F., and E. M. Galvan. 2023. “Staphylococcus aureus in Poly-
microbial Skin and Soft Tissue Infections: Impact of Inter-Species In-
teractionsin Disease Outcome.” Antibiotics (USSR) 12, no. 7: 1164.

Maritz, J. M., K. H. Rogers, T. M. Rock, et al. 2017. “An 18S rRNA
Workflow for Characterizing Protists in Sewage, With a Focus on
Zoonotic Trichomonads.” Microbial Ecology 74, no. 4: 923-936.

Marra, A. R., G. M. Bearman, R. P. Wenzel, and M. B. Edmond. 2005.
“Comparison of the Systemic Inflammatory Response Syndrome
Between Monomicrobial and Polymicrobial Pseudomonas aeruginosa
Nosocomial Bloodstream Infections.” BMC Infectious Diseases 5, no. 1:
94.

Meidani, M., S. Z. Miandoab, A. Salami, et al. 2024. “Secondary Bac-
terial Infections in post-COVID-19 Mucormycosis Cases: A Retrospec-
tive Study at Imam Khomeini Hospital Complex, March 2020-April
2021.” Iranian Journal of Microbiology 16, no. 3: 293.

Mhade, S., and K. S. Kaushik. 2023. “Tools of the Trade: Image Analysis
Programs for Confocal Laser-Scanning Microscopy Studies of Biofilms
and Considerations for Their Use by Experimental Researchers.” ACS
Omega 8, no. 23: 20163-20177.

Mishra, S. K., R. Kuppusamy, C. Nguyen, et al. 2025. “Evaluation of the
Synergistic Activity of Antimicrobial Peptidomimetics or Colistin Sul-
phate With Conventional Antifungals Against Yeasts of Medical
Importance.” Journal of Fungi 11, no. 5: 370.

Mohanta, Y. K., I. Chakrabartty, A. K. Mishra, et al. 2023. “Nano-
technology in Combating Biofilm: A Smart and Promising Therapeutic
Strategy.” Frontiers in Microbiology 13: 1028086.

Mousavi, S. M. J., M. Hosseinpour, M. Kodori, et al. 2025. “Colistin
Antibacterial Activity, Clinical Effectiveness, and Mechanisms of
Intrinsic and Acquired Resistance.” Microbial Pathogenesis 201: 107317.

Murray, C. J. L., K. S. Ikuta, F. Sharara, et al. 2022. “Global Burden of
Bacterial Antimicrobial Resistance in 2019: a Systematic Analysis.”
Lancet 399, no. 10325: 629-655.

Nazik, H., G. Sass, S. R. Ansari, et al. 2020. “Novel Intermicrobial
Molecular Interaction: Pseudomonas Aeruginosa Quinolone Signal (PQS)
Modulates Aspergillus Fumigatus Response to Iron.” Microbiology 166,
no. 1: 44-55.

Nett, J. E., and D. R. Andes. 2020. “Contributions of the Biofilm Matrix
to Candida Pathogenesis.” Journal of Fungi 6, no. 1: 21.

Nithyanand, P., B. R. Boya, J. H. Lee, and J. Lee. 2025. “Polymicrobial
Biofilms: Interkingdom Interactions, Resistance and Therapeutic
Strategies.” Microbial Biotechnology 18, no. 8: €70218.

Nogueira, F., S. Sharghi, K. Kuchler, and T. Lion. 2019. “Pathogenetic
Impact of Bacterial-Fungal Interactions.” Microorganisms 7, no. 10: 459.

Novy, E., M. Esposito, J. Birckener, et al. 2023. “Reappraisal of Intra-
Abdominal Candidiasis: Insights From Peritoneal Fluid Analysis.”
Intensive Care Medicine Experimental 11, no. 1: 67.

Orazi, G., and G. A. O'Toole. 2019. ““It Takes a Village”: Mechanisms
Underlying Antimicrobial Recalcitrance of Polymicrobial Biofilms.”
Journal of Bacteriology 202, no. 1. https://doi.org/10.1128/jb.00530-19.

Organization, W. H. 2023. GLASS Manual for Antimicrobial Resistance
Surveillance in Common Bacteria Causing Human Infection. World
Health Organization.

Osman, A.-H., F. C. N. Kotey, A. Odoom, et al. 2023. “The Potential of
Bacteriophage-Antibiotic Combination Therapy in Treating Infections
With Multidrug-Resistant Bacteria.” Antibiotics (USSR) 12, no. 8: 1329.

Pan, S., L. Yin, J. Liu, et al. 2024. “Metabolomics-Driven Approaches for
Identifying Therapeutic Targets in Drug Discovery.” MedComm 5,
no. 11: €792.

Pentland, D. R., J. Davis, F. A. Miihlschlegel, and C. W. Gourlay. 2021.
“CO(2) Enhances the Formation, Nutrient Scavenging and Drug
Resistance Properties of C. albicans Biofilms.” NPJ Biofilms and
Microbiomes 7, no. 1: 67.

Peters, B. M., and M. C. Noverr. 2013. “Candida Albicans-
Staphylococcus aureus Polymicrobial Peritonitis Modulates Host Innate
Immunity.” Infection and Immunity 81, no. 6: 2178-2189.

Petrova, O. E., and K. Sauer. 2012. “Sticky Situations: Key Components
That Control Bacterial Surface Attachment.” Journal of Bacteriology
194, no. 10: 2413-2425.

Plumet, L., N. Ahmad-Mansour, C. Dunyach-Remy, et al. 2022. “Bac-
teriophage Therapy for Staphylococcus aureus Infections: A Review of
Animal Models, Treatments, and Clinical Trials.” Frontiers in Cellular
and Infection Microbiology 12: 907314.

Purahong, W., T. Wubet, G. Lentendu, et al. 2016. “Life in Leaf Litter:
Novel Insights into Community Dynamics of Bacteria and Fungi During
Litter Decomposition.” Molecular Ecology 25, no. 16: 4059-4074.

Quince, C., A. W. Walker, J. T. Simpson, N. J. Loman, and N. Segata.
2017. “Shotgun Metagenomics, From Sampling to Analysis.” Nature
Biotechnology 35, no. 9: 833-844.

Rahimi-Midani, A., S.-W. Lee, and T.-J. Choi. 2021. “Potential Solutions
Using Bacteriophages Against Antimicrobial Resistant Bacteria.”
Antibiotics (USSR) 10, no. 12: 1496.

Richter, L., C. Stepper, A. Mak, et al. 2007. “Development of a Micro-
fluidic Biochip for Online Monitoring of Fungal Biofilm Dynamics.”
Lab on a Chip 7, no. 12: 1723-1731.

Rodrigues, M. E., F. Gomes, and C. F. Rodrigues. 2019. “Candida spp./
Bacteria Mixed Biofilms.” J Fungi (Basel) 6, no. 1: 0.

Roustaye Gourabi, M. J., B. Khanbabaei, Y. Yarahmadi Saki, et al. 2025.
“Cefiderocol: A Comprehensive Review of Chemistry, Mechanisms of
Resistance, and Clinical Applications in the Era of Multidrug Resist-
ance.” Current Microbiology 83, no. 1: 25.

Roustaye Gourabi, M. J., A. Nikoo, Y. Yarahmadi Saki, et al. 2026.
“Alternative Approaches to Combatting Klebsiella pneumoniae Bio-
films: A Comprehensive Review.” Microbial Pathogenesis 213: 108351.

Roy, R., M. Tiwari, G. Donelli, and V. Tiwari. 2018. “Strategies for
Combating Bacterial Biofilms: A Focus on Anti-Biofilm Agents and
Their Mechanisms of Action.” Virulence 9, no. 1: 522-554.

Rozaliyani, A., B. Antariksa, F. Nurwidya, et al. 2023. “The Fungal and
Bacterial Interface in the Respiratory Mycobiome With a Focus on
Aspergillus spp.” Life 13, no. 4: 1017.

Sandrin, T. R., and P. A. Demirev. 2018. “Characterization of Microbial
Mixtures by Mass Spectrometry.” Mass Spectrometry Reviews 37, no. 3:
321-349.

Sartelli, M., C. Tascini, F. Coccolini, et al. 2024. “Management of Intra-
Abdominal Infections: Recommendations by the Italian Council for the
Optimization of Antimicrobial Use.” World Journal of Emergency
Surgery 19, no. 1: 23.

Sass, G., J. J. Marsh, P. Shrestha, R. Sabino, and D. A. Stevens. 2022.
“Synergy Between Pseudomonas aeruginosa Filtrates and Voriconazole
Against Aspergillus fumigatus Biofilm Is Less for Mucoid Isolates From
Persons With Cystic Fibrosis.” Frontiers in Cellular and Infection
Microbiology 12: 817315.

Sass, G., H. Nazik, J. Penner, et al. 2018. “Studies of Pseudomonas ser-
uginosa Mutants Indicate Pyoverdine as the Central Factor in Inhibition of
Aspergillus fumigatus Biofilm.” Journal of Bacteriology 200, no. 1.

Sass, G., H. Nazik, J. Penner, et al. 2019. “Aspergillus-Pseudomonas
Interaction, Relevant to Competition in Airways.” Medical Mycology 57,
no. Suppl_2: S228-S232.

20 of 21

MicrobiologyOpen, 2026


https://doi.org/10.1128/jb.00530-19

Scheres, N., and B. P. Krom. 2016, Springer. “Staphylococcus-Candida
Interaction Models: Antibiotic Resistance Testing and Host Interac-
tions.” Candida Species: Methods and Protocols: 153-161.

Seelbinder, B., J. Chen, S. Brunke, et al. 2020. “Antibiotics Create a Shift
From Mutualism to Competition in Human Gut Communities With a
Longer-Lasting Impact on Fungi Than Bacteria.” Microbiome 8, no. 1: 133.

Selegato, D. M., and I. Castro-Gamboa. 2023. “Enhancing Chemical and
Biological Diversity by Co-Cultivation.” Frontiers in Microbiology 14:
1117559.

Sharma, S., J. Mohler, S. D. Mahajan, S. A. Schwartz, L. Bruggemann,
and R. Aalinkeel. 2023. “Microbial Biofilm: A Review on Formation,
Infection, Antibiotic Resistance, Control Measures, and Innovative
Treatment.” Microorganisms 11, no. 6: 1614.

Shaw, T., M. Winston, C. J. Rupp, L. Klapper, and P. Stoodley. 2004.
“Commonality of Elastic Relaxation Times in Biofilms.” Physical Review
Letters 93, no. 9: 098102.

Shehabeldine, A. M., S. S. Salem, O. M. Ali, K. A. Abd-Elsalam,
F. M. Elkady, and A. H. Hashem. 2022. “Multifunctional Silver Nano-
particles Based on Chitosan: Antibacterial, Antibiofilm, Antifungal, An-
tioxidant, and Wound-Healing Activities.” Journal of Fungi 8, no. 6: 612.

Soe, Y. M., S. Bedoui, T. P. Stinear, and A. Hachani. 2021. “Intracellular
Staphylococcus sureus and Host Cell Death Pathways.” Cellular
Microbiology 23, no. 5: €13317.

Straub, H., L. Eberl, M. Zinn, R. M. Rossi, K. Maniura-Weber, and
Q. Ren. 2020. “A Microfluidic Platform for In Situ Investigation of
Biofilm Formation and Its Treatment under Controlled Conditions.”
Journal of Nanobiotechnology 18, no. 1: 166.

Tallawi, M., M. Opitz, and O. Lieleg. 2017. “Modulation of the
Mechanical Properties of Bacterial Biofilms in Response to Environ-
mental Challenges.” Biomaterials Science 5, no. 5: 887-900.

Tan, Y., S. Ma, M. Leonhard, D. Moser, R. Ludwig, and B. Schneider-
Stickler. 2020. “Co-Immobilization of Cellobiose Dehydrogenase and
Deoxyribonuclease I on Chitosan Nanoparticles Against Fungal/Bacterial
Polymicrobial Biofilms Targeting Both Biofilm Matrix and Microorganisms.”
Materials Science and Engineering: C 108: 110499.

Todd, O. A, et al. 2019b. “Candida Albicans Augments Staphylococcus
aureus Virulence by Engaging the Staphylococcal AGR Quorum Sens-
ing System.” mBio 10, no. 3: 0. https://doi.org/10.1128/mbio.00910-19.

Todd, O. A., M. C. Noverr, and B. M. Peters. 2019a. “Candida Albicans
Impacts Staphylococcus aureus Alpha-Toxin Production via Extra-
cellular Alkalinization.” mSphere 4, no. 6: 0. https://doi.org/10.1128/
msphere.00780-19.

Todd, O. A., and B. M. Peters. 2019. “Candida albicans and Staphylo-
coccus aureus Pathogenicity and Polymicrobial Interactions: Lessons
Beyond Koch's Postulates.” Journal of Fungi 5, no. 3: 81.

Valentine, M., E. Benadé, M. Mouton, W. Khan, and A. Botha. 2019.
“Binary Interactions Between the Yeast Candida abicans and Two Gut-
Associated Bacteroides Species.” Microbial Pathogenesis 135: 103619.

Vila, T., E. F. Kong, A. Ibrahim, et al. 2019. “Candida Albicans Quorum-
Sensing Molecule Farnesol Modulates Staphyloxanthin Production and
Activates the Thiol-Based Oxidative-Stress Response in Staphylococcus
aureus.” Virulence 10, no. 1: 625-642.

De Waele, J. J., and J. Boelens. 2024. “Antimicrobial Stewardship and
Molecular Diagnostics: A Symbiotic Approach to Combating Resistance
in the Ed and Icu.” Current Opinion in Critical Care 30, no. 3: 231-238.

Wang, D, N. Zeng, C. Li, Z. Li, N. Zhang, and B. Li. 2024. “Fungal Biofilm
Formation and Its Regulatory Mechanism.” Heliyon 10, no. 12: e32766.

Wang, F., Z. Wang, and J. Tang. 2023. “The Interactions of Candida
Albicans With Gut Bacteria: A New Strategy to Prevent and Treat
Invasive Intestinal Candidiasis.” Gut Pathogens 15, no. 1: 30.

Wille, J., and T. Coenye. 2020. “Biofilm Dispersion: The Key to Biofilm
Eradication or Opening Pandora’s Box?” Biofilm 2: 100027.

Xie, M., K. Chen, E. W. C. Chan, and S. Chen. 2022. “Synergistic An-
timicrobial Effect of Colistin in Combination With Econazole Against
Multidrug-Resistant Acinetobacter baumannii and Its Persisters.”
Microbiology Spectrum 10, no. 3: e0093722.

Xie, Y., H. Liu, Z. Teng, J. Ma, and G. Liu. 2025. “Nanomaterial-Enabled
Anti-Biofilm Strategies: New Opportunities for Treatment of Bacterial
Infections.” Nanoscale 17, no. 10: 5605-5628.

Yasbolaghi Sharahi, J., A. Fayyazi, M. Kodori, et al. 2025. “Dispersal
Mechanisms in Biofilm Control: Characteristics, Induction, Impacts,
and Therapeutic Potential.” Current Microbiology 83, no. 1: 3.

Yu, C., X. Li, N. Zhang, D. Wen, C. Liu, and Q. Li. 2016. “Inhibition of
Biofilm Formation by D-Tyrosine: Effect of Bacterial Type and
D-Tyrosine Concentration.” Water Research 92: 173-179.

Zeidler, U., M. E. Bougnoux, A. Lupan, et al. 2013. “Synergy of the
Antibiotic Colistin With Echinocandin Antifungals in Candida Spe-
cies.” Journal of Antimicrobial Chemotherapy 68, no. 6: 1285-1296.

Zeise, K. D., R. J. Woods, and G. B. Huffnagle. 2021. “Interplay Between
Candida albicans and Lactic Acid Bacteria in the Gastrointestinal Tract:
Impact on Colonization Resistance, Microbial Carriage, Opportunistic
Infection, and Host Immunity.” Clinical Microbiology Reviews 34, no. 4:
€00323-20.

Zhang, A., et al. 2020. “Characteristics of Cases With Polymicrobial
Bloodstream Infections Involving Candida in Multisite Surveillance,
2017.” Infection Control & Hospital Epidemiology 41, no. S1: s163.

Zhao, J., and W. Yu. 2018. “Interaction Between Pseudomonas aerugi-
nosa and Aspergillus fumigatus in Cystic Fibrosis.” PeerJ 6: €5931.

Zhao, S., A. Shang, M. Guo, L. Shen, Y. Han, and X. Huang. 2022. “The
Advances in the Regulation of Immune Microenvironment by Candida
Albicans and Macrophage Cross-Talk.” Frontiers in Microbiology 13:
1029966.

Zhong, L., Z. Dong, F. Liu, et al. 2022. “Incidence, Clinical Character-
istics, Risk Factors and Outcomes of Patients With Mixed Candida/
Bacterial Bloodstream Infections: A Retrospective Study.” Annals of
Clinical Microbiology and Antimicrobials 21, no. 1: 45.

MicrobiologyOpen, 2026

21 of 21


https://doi.org/10.1128/mbio.00910-19
https://doi.org/10.1128/msphere.00780-19
https://doi.org/10.1128/msphere.00780-19

	Fungal-Bacterial Interactions in Polymicrobial Infections: Hidden Threats
	1 Introduction
	2 Clinical Significance and Key Fungal-Bacterial Pathogen Pairs
	2.1 C. albicans and S. aureus: A Model for Synergistic Biofilm Formation
	2.2 P. aeruginosa and A. fumigatus: Antagonism and Co-Existence in the CF Lung
	2.3 Enterobacteriaceae and Candida spp: Synergy in Abdominal and Urinary Tract Infections
	2.4 Case Studies: Clinical and Experimental Evidence of Polymicrobial Infection Dynamics

	3 Mechanisms of Fungal-Bacterial Interactions
	3.1 Synergistic Interactions
	3.1.1 Enhanced Biofilm Formation and Antimicrobial Resistance
	3.1.2 Cross-Kingdom Signaling
	3.1.3 Joint Immune Evasion
	3.1.4 Induction of Bacterial Antibiotic Resistance

	3.2 Antagonistic Interactions
	3.2.1 Bacterial Inhibition of Fungal Growth and Morphology
	3.2.2 Fungal Disruption of Bacterial Virulence
	3.2.3 Metabolic Cross-Feeding and Niche Modification

	3.3 Biophysical and Mechanical Determinants of Polymicrobial Biofilms

	4 Diagnostic Challenges
	4.1 Limitations of Conventional Culture Methods
	4.2 Advanced Molecular and Culture-Independent Techniques
	4.2.1 MALDI-TOF Mass Spectrometry
	4.2.2 Phylogenetic Marker-Based Methods (Amplicon Sequencing)
	4.2.3 Shotgun Metagenomics

	4.3 Techniques for Spatial Analysis in Biofilms
	4.4 The Path Forward: Integrated Diagnostic Approaches

	5 Therapeutic Strategies and Challenges
	5.1 Current Challenges and Limitations
	5.1.1 Biofilm-Mediated Tolerance
	5.1.2 Antagonistic Drug Interactions

	5.2 Conventional Antimicrobial Approaches and Limitations
	5.2.1 Antibiotic-Antifungal Synergistic Combinations
	5.2.2 Antimicrobial Peptides and Peptidomimetics

	5.3 Advanced Anti-Biofilm Strategies
	5.3.1 Enzymatic Biofilm Disruption
	5.3.2 D-Amino Acids and Small Molecule Inhibitors

	5.4 Innovative Nanotechnology Platforms
	5.4.1 Multifunctional Nanoparticle Systems
	5.4.2 Mechanism of Nanotherapeutic Action

	5.5 Biological and Metabolic Intervention Strategies
	5.5.1 Precision Phage Therapy
	5.5.2 Metabolic Interference and Quorum Quenching


	6 The Polymicrobial Continuum: From Commensalism to Pathogenesis
	7 Future Directions
	8 Conclusion
	Author Contributions
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References




