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Abstract

Polymicrobial biofilms are more prevalent than reported in the clinical scenario
and are more complex and harmful to the host. C. albicans, being the most preva-
lent Candida species causing infections, has been found to colonise and infect
immunocompromised humans. C. albicans is found to interact with various bac-
terial species like Streptococcus, Staphylococcus, Pseudomonas, and E. coli.
This chapter focuses on this intergenus interactions and associated antimicrobial
resistance.
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11.1 Introduction

Humans are colonised by various population of bacteria and fungi, forming a diverse
microbial community. These microorganisms can either positively or negatively
influence the host and their interactions play a significant role in determining the
overall well-being of the individual.

Candida species are the leading culprits behind fungal infections on a global
scale and are widely distributed within the human microbiota. Candida albicans, a
fungus that typically coexists with humans, can be found naturally on mucosal
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surfaces. Among all fungal pathogens, C. albicans is the most commonly encoun-
tered by the human population (Su et al. 2018). This particular species live harmoni-
ously within the gastrointestinal and genitourinary tracts and play a significant role
in hospital-acquired infections. It is responsible for about 15% of sepsis cases and
contributes to 40% of bloodstream infections (Gulati and Nobile 2016). According
to a report from the European Confederation of Medical Mycology (ECMM), in 14
European countries, candidiasis is the primary cause of morbidity in surgical
patients, accounting for 54% of cases (Prasath et al. 2019). Reports indicate that as
many as 50% of adult patients with systemic candidiasis and roughly 30% of the
young population may experience mortality due to candidiasis with potential links
to biofilms (Atriwal et al. 2021). Currently, there are more than 150 recognised
Candida species, with roughly 20 of them known to cause infections in humans.
Candida albicans notably stands out as the primary agent responsible for candidia-
sis, foremost fungal infection affecting both adult and paediatric patients (Kaur and
Nobile 2023).

Biofilms can be defined as a community of adherent microorganisms that reside
within a secreted extracellular matrix. Biofilms are notorious and cause significant
health issues, particularly in medical devices like urinary catheters, cardiac devices,
and prostheses. The formation of biofilms associated with C. albicans is typically
observed in immunocompromised patients. These C. albicans biofilms consist of a
combination of yeast, pseudo-hyphae, and hyphae structures. This transition is a
result of complex alterations in phenotype and changes in gene expression (Ponde
et al. 2021). The development of C. albicans biofilms can be broken down into four
stages: (1) Initial attachment, (2) Early biofilm formation, (3) Biofilm maturation,
and (4) Dispersal.

Mature C. albicans biofilms exhibit remarkable resistance to both stress and anti-
fungal therapies. Key contributors to the pathogenicity of Candida albicans are
proteins that play pivotal roles in adhesion and invasion. These factors encompass
cell wall proteins and physical and chemical attributes of the cell surface (Talapko
et al. 2021). There are three principal families of C. albicans adhesins that play
significant roles in promoting adherence, namely, (1) the Agglutinin-like sequence
(Als) family, (2) the Hyphal wall protein (Hwp) family, and (3) the individual pro-
tein file family F/hyphally regulated (Iff/Hyr) family (Rosiana et al. 2021).

The process of biofilm maturation occurs subsequent to the initial attachment,
resulting in an increased rate of cell proliferation. This progression leads to the
establishment of a biofilm matrix that demonstrates a high degree of tolerance to
unfavourable conditions. The presence of nucleic acids plays a crucial role in
bestowing stability upon the extracellular matrix (ECM). Notably, extracellular
DNA (eDNA) released by C. albicans within the ECM contributes to maintaining
the stability of mature biofilms, although it is not a prerequisite for the initial forma-
tion of biofilms. This suggests that eDNA plays a vital role in assembling the ECM
(Rajendran et al. 2014). The conditions within a biofilm environment differ signifi-
cantly from those in the planktonic phase. Various distinctions have been observed
between the planktonic phase and the C. albicans biofilm matrix, including differ-
ences in their transcriptional activities (Yeater et al. 2007; Nobile et al. 2012; Fox
et al. 2015).
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11.2 Polymicrobial Biofilms of C. albicans and Bacteria

In the case of medical devices implanted in immunocompromised patients, there is
a tendency to support the formation of polymicrobial biofilms. The interactions
involving various microorganisms, including C. albicans, on both living tissues and
artificial surfaces are intricate and diverse. These interactions can display synergis-
tic, antagonistic, or neutral behaviours. Notably, C. albicans is one of the most
prevalent fungal pathogens that can establish a commensal relationship with bacte-
ria. Research indicates that when C. albicans forms polymicrobial biofilms with
bacterial species originating from different body sites, the nature of these interac-
tions can vary. These variations are influenced by signalling molecules that impact
the physical interplay between the two species (Atriwal et al. 2021). Various infec-
tions occurring due to this polymicrobial interaction are listed in Table 11.1.
Microorganisms enclosed within the ECM exhibit greater resilience to stress
when compared to their external surroundings. In polymicrobial biofilms, there is a
dynamic exchange of various nutrients, where metabolic waste produced by one
species is utilised by another (Ponde et al. 2021). Cells in the biofilm show lower

Table 11.1 Infections caused by polymicrobial biofilms of Candida with bacteria

Infections caused

Nosocomial
bloodstream
infections

Oral candidiasis

Dental plaques

Denture
stomatitis

Wound infections

Diabetic foot
ulcers
Respiratory
infections (cystic
fibrosis)

Otitis media

Vulvovaginal
diseases
Implanted
medical devices

Organisms involved

C. albicans + S. aureus
C. albicans + S. epidermidis

Candida spp. + Streptococci
C. albicans + Streptococci gordonii

C. albicans + (P. gingivalis, A.
actinomycetemcomitans, F. nucleatum,
Lactobacillus sp., and Streptococcus spp.)
C. albicans + (S. aureus, P. aeruginosa, E.
coli, Enterococcus sp., Klebsiella spp.,
Enterobacter spp., Staphylococci)

C. albicans + (S. aureus/ P. aeruginosa/ S.
pyogenes)

C. albicans + (Streptococcus, P. aeruginosa,
B. cepacia, S. aureus)

C. albicans + (Streptococcus, Prevotella,
Veillonella, Rothia and Actinomyces)

C. albicans + (H. influenzae, S. pneumoniae,
and M. catarrhalis)

C. albicans + Lactobacillus spp.

C. albicans + (S. aureus/P. aeruginosa/s.
epidemidis/E. faecalis/ E. coli)
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growth rate and more resistant to antimicrobial treatment. Polymicrobial biofilms
exhibit wide range of genetic regulation to carry out intra- and inter-cellular regula-
tion (Rodriguez-Cerdeira et al. 2020). ECM acts as a protective shelter that can
degrade antibiotics. eDNA plays an important role in the resistance by activating
cellular processes. High cell density triggers quorum sensing which reacts via gene
regulation. Quorum sensing influencing biofilm development regulates virulence
factors important for phagocytosis (Li et al. 2020).

11.3 Interactions Within Polymicrobial Biofilm: Candida
albicans and P. aeruginosa

The interactions between Pseudomonas aeruginosa and Candida albicans serve as
a model for a wide range of interactions between bacteria and eukaryotic organisms.
Pseudomonas and Candida are frequently found in the sputum of cystic fibrosis
patients (Trejo-Hernandez et al. 2014). In healthy individuals, both species are typi-
cally harmless and exist as commensals. However, individuals with compromised
immune systems can trigger aggressive growth, potentially leading to severe dis-
eases and even death (Naglik et al. 2004; Hube 2006; Pfaller and Diekema 2007). In
a study involving burned mice, Neely et al. (1986) illustrated that Pseudomonas
infections can make burned mice more susceptible to deadly candidiasis, with the
bacteria’s proteolytic activity being the main contributor to lethal fungal infections.
Few investigations have explored the underlying physiological mechanisms involved
in the interaction between C. albicans and P. aeruginosa, as well as the broader
ecological consequences of this interaction within the C. albicans-P. aeruginosa
community (Neely et al. 1986), while some studies have hinted that P. aeruginosa
may hinder the growth of C. albicans in the host.

The adhesion between P. aeruginosa and C. albicans is likely facilitated by the
outer layer of the fungal cell wall, which is rich in glycoproteins. Previous research
has shown that P. aeruginosa relies on glycoproteins for adhesion to host kidney
cells (as reported by Apodaca et al. 1995). Candida glycans also serve as recognised
ligands for pattern recognition receptors of the immune system, as documented by
Netea et al. (2006, 2008). Notably, the absence of hypha-specific proteins like
Hyrlp, Hwplp, and Als3p, or the alteration of the wild-type N-linked glycan struc-
ture, did not affect resistance or susceptibility to P. aeruginosa. In contrast, mutant
hyphae with deficiencies in O-glycosylation were notably more susceptible to kill-
ing compared to the control strain. The extent of O-mannan truncation appeared to
correlate with increased susceptibility, suggesting that O-glycans play a specific
role in resistance against P. aeruginosa. Truncation of O-glycans may expose high-
affinity adhesion sites for the bacterium, or it may lead to the loss, misplacement, or
misfolding of specific surface proteins crucial for maintaining the integrity of the
fungal cell wall during colonisation by P. aeruginosa. Consequently, both soluble
secreted compounds and surface factors contribute to the selective elimination of
C. albicans hyphae by P. aeruginosa (Brand et al. 2008).
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Colonisation by C. albicans and P. aeruginosa can be influenced at different
levels. Initially, there is a competition for attachment sites on mucosal surfaces,
where the normal flora creates a dense layer of mucus, inhibiting Candida from
adhering. However, some studies have noted that Candida can form mixed biofilms
with various bacteria found in the oral cavity. In 1973, Hughes and Kim found a
positive correlation between P. aeruginosa and C. albicans, with their growth being
reciprocally inhibited based on their respective densities. Laboratory testing dem-
onstrated that substances released by P. aeruginosa not only inhibit the growth of
C. albicans but also other harmful fungi like other Candida species and Aspergillus
Sfumigatus. Specific substances secreted by P. aeruginosa that hinder fungal growth,
such as phenazine derivatives, a type of redox-active molecule, were identified.
Initially, pyocyanin and 1-Hydroxyphenazine were recognised as antifungal com-
pounds, showing a lower Minimum Inhibitory Concentration (MIC) against C. albi-
cans compared to amphotericin B or fluconazole. More recently, a precursor to
pyocyanin, 5-methyl-phenazinel-carboxylic acid (SMPCA), was identified as the
molecule responsible for Pseudomonas-induced C. albicans “red death”: SMPCA
binds to amino acid residues and cause a red colour shift (Fig. 11.1b). When C. albi-
cans hyphae are co-cultured with P. aeruginosa, they turn red and undergo cell
death. Brand et al. reported significant fungicidal effect of P. aeruginosa culture

+ cellular 0. — ROS 1
/

—> cAMPl <« Pyocyanir/(PCA)
phenazine-1-
carboxylic acid

iron i 0
Candidal l availabilityl‘_Pyoverdlr1 ®

filamentation Red Death

Biofilm l

Fig. 11.1 Inhibitory effects of Pseudomonas on C. albicans biofilms. (a) PYO and PCA exhibit
inhibitory effects on Candidal filamentation, hence reducing biofilm. PCA decreases the cAMP
levels of Candida and PYO decreases iron availability in Candida causing metabolic failures lead-
ing to cell death. (b) SMPCA penetrates C. albicans cells, where it may undergo oxidation, result-
ing in the production of harmful substances like superoxide and H,O, (ROS). Furthermore, within
the cells of C. albicans, SMPCA interacts with amines found in large molecules, such as proteins.
This interaction leads to the buildup of brightly coloured methylphenazinium derivatives, which
could potentially add to the toxicity induced by methylphenazinium causing the inactivation or
harm of crucial cellular components leading to cell death. (Created with BioRender.com)
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supernatants, resulting in a 97% decrease in C. albicans survival rate over 3 days
(Morales et al. 2013).

Phenazines also exhibit varying biological effects depending on their concentra-
tions. Kerr and colleagues have demonstrated the ability of P. aeruginosa phen-
azines to combat Candida at high concentrations exceeding 500 pM. Additionally,
it was observed that these phenazines could hinder respiration at concentrations
significantly lower (25- to 200-fold lower) than those required to impede fungal
growth. In the context of cystic fibrosis (CF) patients’ lungs, where both P. aerugi-
nosa and C. albicans are commonly found, Pyoverdin (PYO) and Pyocyanin (PCA)
concentrations typically range from 5 to 80 pM. These concentrations have been
shown to suppress C. albicans filamentation and biofilm formation without causing
its outright death (Fig. 11.1a). A study conducted by Bhargava and colleagues in
1989, which examined fungal morphology in CF patients’ airways, suggests that
this fungus predominantly exists in a yeast form within CF lung environments.
Furthermore, there was evidence to suggest that P. aeruginosa may induce C. albi-
cans to secrete more fermentation products by releasing phenazines, which P. aeru-
ginosa could utilise to enhance its growth and survival.

The antifungal activity of P. aeruginosa against Candida spp. was initially docu-
mented in the early 90s by Kerr et al. Subsequent research has shown that P. aeru-
ginosa could eliminate C. albicans by forming a dense film on fungal filaments.
Interestingly, P. aeruginosa did not bind to or kill the yeast form of C. albicans.
Thein et al. reported that P. aeruginosa ATCC 27853, at varying concentrations,
effectively inhibited C. albicans biofilms. Research has shown that P. aeruginosa
influences the growth of C. albicans in environments with ample nutrients and nor-
mal oxygen levels (Hogan and Kolter 2002; El-Azizi et al. 2004). El-Azizi found
that Pseudomonas did not significantly affect C. albicans adhesion and biofilm
growth, regardless of whether preformed Pseudomonas biofilms are added to
C. albicans or vice versa. These investigations have revealed differences in the way
P. aeruginosa attaches to the yeast form of C. albicans versus its filamentous form
(El-Azizi et al. 2004). These distinctions in attachment mechanisms may influence
the development of mixed biofilms between these two organisms.

It has been established that diminished oxygen levels enhance the development
of filaments in C. albicans (Dumitru et al. 2004). Additionally, it has been observed
that the fungal response to hypoxia resembles the response to low iron, as evidenced
by the research of Synnott et al. (2010). This suggests that competition for iron
resources may intensify in hypoxic conditions and could be associated with hyphae
formation. An extensive analysis of gene expression during the shift from yeast to
hyphal forms in C. albicans, conducted by Thompson et al. (2011), revealed the
upregulation of a substantial number of genes linked to iron utilisation. These find-
ings imply a potential connection between iron metabolism and the yeast-hyphal
transition, though this relationship remains unexplored.

The iron acquisition system mediated by siderophores plays a crucial and domi-
nant role in the mixed biofilms of C. albicans and P. aeruginosa. In the context of
microbial interactions, studies have examined iron competition in Pseudomonas,
and the significance of the pyoverdine siderophore produced by Pseudomonas
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species has been demonstrated in competition with both fungi and bacteria (Loper
and Buyer 1991; Harrison et al. 2008). For instance, Purschke et al. (2012) illus-
trated that P. aeruginosa increases pyoverdine production as a response to iron com-
petition with C. albicans in mixed biofilms. In line with these observations, several
proteins have been identified with well-known roles in iron uptake through sidero-
phores that were upregulated in P. aeruginosa within mixed biofilms when interact-
ing with C. albicans. Notable among the highly induced proteins are the group of
siderophore receptors, including the ferric pyochelin receptor FptA, the
hydroxamate-type ferri-siderophore receptor FiuA, the citrate hydroxamate sidero-
phore receptor ChtA, the ferrienterobactin receptor PfeA, the ferripyoverdine recep-
tor FpvA, the alternative type I ferripyoverdine receptor FpvB, and the putative
TonB-dependent receptor CirA. Additionally, the expression of proteins involved in
the biosynthesis of the siderophore pyoverdine-PvdH and PvdA, as well as two
proteins-HasR and PhuR required for heme and haemoglobin uptake, was signifi-
cantly induced in mixed biofilms.

11.4 Interactions Within Polymicrobial Biofilm: Candida
albicans and Streptococcus spp.

The interaction of C. albicans with Streptococcus species is widely studied in the
context of oral cavity, dental plaque, and caries. The oral cavity is inhabited by vari-
ous fungal and bacterial species. Due to various reasons, these microbes become
more virulent and form complex biofilms and cause various infections. The interac-
tion of these species is generally reported to be synergistic. For instance, C. albicans
can’t effectively utilise sucrose present in the environment, hence it utilised glucose
and fructose from the matrix that are produced via sucrose metabolism by S. mutans
(Fig. 11.2b) (Ellepola et al. 2019). It has been observed by numerous studies that
polymicrobial biofilms of C. albicans and Streptococcus spp. are strongly adhered,
high in biomass, and yeast is highly filamented.

The adhesion of bacteria with C. albicans occurs through surface adhesin pro-
teins (Fig. 11.2a). During the interaction, S. gordonii expresses cell surface
polypeptides-cshA, cshB, and antigen I/II salivary adhesins sspA and sspB, regu-
lated by efgl, that are responsible for adhesion. Along with the bacteria, C. albicans
also expresses various surface adhesin proteins like Alsl, Als3, Als5, Eapl, and
Hwpl (Bernard et al. 2020). Various deletion studies for adhesin proteins have been
performed which show impaired adhesion and biofilm formation of the mutants
(Holmes et al. 1996; Silverman et al. 2010). Along with physical interaction,
Streptococcus also secretes lactate, acting as a carbon source, which enhances
C. albicans’ yeast growth (Fig. 11.2¢) (Ponde et al. 2021).

Apart from adhesin proteins, glycosyltransferases (Gtf) have also been reported
essential for adhesion in S. mutans and S. gordonii. The adhesion of bacteria is
facilitated by bacterial extracellular polysaccharide (EPS). Gtf have a great affinity
towards N- or O-linked mannans on cell wall of both yeast and hyphae that convert
sucrose (sugar-rich environment) to glucan (Hwang et al. 2017). This increase in
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Fig. 11.2 Physical interactions between C. albicans and S. mutans and S. gordonii. (a) shows
direct interaction between adhesin proteins of C. albicans and Streptococcus spp., where cshA,
cshB, sspA, and sspB are adhesins of Streptococci and als1, als3, als5, eapl, and hwpl are adhes-
ins of C. albicans. (b) Sucrose present in the environment is metabolised by Streptococci to glu-
cose and fructose which are then utilised by C. albicans. (¢) Streptococci secretes lactate which is
utilised by C. albicans. (d) Glycosyltransferases (Gtf) are released by S. mutans (gtfB) and S. gor-
donii (gtfG) that bind to mannans on Candida cell walls and help in conversion of sucrose to glu-
can. This glucan increases the adhesion of bacteria to Candida (Created with BioRender.com)

glucans helps the bacteria to bind firmly to the cell walls coated with glucans
(Fig. 11.2d). S. mutans secretes gtfB which increases glucan production, hence
facilitating bacterial adhesion. (Bernard et al. 2020). Falsetta et al. 2014 in their
study have shown drastic decrease in the ability of the bacteria to bind to C. albicans
in polymicrobial biofilm upon deletion of gtfB and gtfC. Similarly, in case of S. gor-
donii, gtfG is responsible for glucan production leading to increase in adhesion to
C. albicans.

Quorum sensing molecules play a major role in biofilm formation and mainte-
nance. Farnesol is a quorum sensing molecule secreted by C. albicans (Fig. 11.3a).
It is known to inhibit the bacteria in their mono-species biofilm. However, in poly-
microbial biofilms it is known to promote bacterial colonisation (Kim et al. 2017).
Streptococcus has various quorum sensing mechanisms (Fig. 11.3b). In Streptococcus
spp. quorum sensing system, autoinducer 2 (AI-2) is known to enhance hyphal for-
mation. Al-2 is coded by luxS gene, deletion mutant of luxS shown no expression
of AI-2 along with decreased biofilm biomass and reduced hyphal growth (Bamford
et al. 2009). trans-2-decenoic acid is a fatty acid diffusible factor (DSF) which is
another signalling molecule of S. mutans, S. oralis, S. sanguinis, and S. mitis. DSF
is known to reduce filamentation in C. albicans and down-regulate the expression of
Hwpl (Vilchez et al. 2010). Apart from these, mutanobactinA and competence
stimulating peptide are other molecules that are known to reduce yeast-to-hyphae
transition (Ponde et al. 2021).
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Chemical interactions
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Fig. 11.3 Chemical interactions occur between the organisms and various quorum sensing mol-
ecules and small secretory molecules. Farnesol is a quorum sensing molecule released by C. albi-
cans, which shows inhibitory effect on Streptococci mono-species biofilm, but promotes cell
adhesion (a). Streptococcus secretes several quorum sensing molecules. Autoinducer 2 (AI-2)
leads to increase in biofilm biomass and hyphae formation, whereas trans-2-decenoic acid,
mutanobactin A, and competence stimulating peptide (CPS) lead to decrease in filamentation and
Hwpl regulation (b) (Created with BioRender.com)

11.5 Interactions Within Polymicrobial Biofilm: Candida
albicans and E. coli

The majority of research in existing pieces of literature exploring fungal-bacterial
biofilms comprising C. albicans and E. coli is very limited. While a handful of stud-
ies have been conducted on this topic, the results have been inconclusive and lack a
thorough assessment.

Although Candida and E. coli are often linked, information is scarce regarding
the shared interactions and behaviours of these two microorganisms. Interactions
between Candida and E. coli concerning adhesion and aggregation might be deter-
mined by the specific species rather than being influenced by the bacterial strain.
Prior research by Nair and Samaranayake (1996) had demonstrated that Candida
adhesion to acrylic surfaces was enhanced when in the presence of E. coli ATCC
25922, regardless of the bacterial density on the surface. On the contrary, a high
concentration of E. coli (105 and 106 cells/mL) suppressed C. krusei adhesion.
E. coli exerts a notable inhibitory effect on the growth of certain Candida species at
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different stages of biofilm development, although some Candida species display
resilience against this effect.

For example, Hummel et al. (1975) observed that various Gram-negative
organisms, including Pseudomonas and E. coli, isolated from burn patients,
exhibited a certain level of inhibitory impact on C. albicans. Notably, the effect of
E. coli was consistently more reliable and uniform. They also determined that this
inhibitory activity was fungistatic and could be reversed. In laboratory studies, it
has been shown that specific Gram-negative bacteria associated with the gut fre-
quently possess inhibitory properties against C. albicans (Hummel et al. 1975).
Approximately 20% of E. coli strains consistently demonstrated inhibitory effects
on C. albicans growth. These inhibitory E. coli strains were consistently more
susceptible to a wide range of antibiotics compared to their non-inhibitory coun-
terparts. As a result, antibiotic treatment may potentially promote fungal over-
growth, not only by reducing the population of Gram-negative organisms but also
by selectively eliminating those that suppress fungal growth the most (Hummel
et al. 1975). The active compound in question seems to hinder the development of
hyphae in C. albicans, most likely by affecting the differential expression of par-
ticular genes and the transcriptional regulatory pathways linked to them.
Continuous molecular investigations are being conducted to pinpoint these pre-
cise compounds in bacterial supernatants and elucidate their role in the regulation
of Candida biofilm formation.

Moreover, it is also suggested that viable E. coli and E. coli LPS (lipopolysac-
charides) could increase the virulence of systemic C. albicans infections. However,
there appears to be a potential protective role of LPS in Candida infections that are
initiated through the oral route (Bendel et al. 2003).

Even though the precise mechanisms governing interactions between fungi and
bacteria are not completely elucidated, recent studies suggest that a variety of mol-
ecules secreted by both organisms contribute to these intricate relationships.
Notably, molecules associated with bacterial and fungal quorum sensing mecha-
nisms appear to play a primary role in these multispecies interactions. Furthermore,
non-quorum sensing molecules such as bacterial peptidoglycan-type compounds,
pyocyanin, 1-hydroxyphenazine, lipopolysaccharides (LPS), and purified protein
molecules (PPEBL21) also have an impact on the growth and formation of hyphae
in C. albicans.

Moreover, a previous study has shown that C. albicans can modify gene expres-
sion in P. aeruginosa and affect its iron uptake mechanism. Since E. coli also relies
on an iron-dependent biofilm formation mechanism, it is plausible that the active
compound may have altered gene expression in E. coli by influencing the iron-
dependent biofilm formation process. Understanding the molecular mechanisms of
how the active compound produced by C. albicans affects drug resistance in E. coli
is a significant area of research.
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11.6 Interactions Within Polymicrobial Biofilm: Candida
albicans and Staphylococcus spp.

C. albicans and Staphylococcus species are commonly found in several biofilm-
related infections. Among various blood stream infections caused by Candida,
about 20% are polymicrobial involving Staphylococcus epidermidis and
Staphylococcus aureus (Carolus et al. 2019). The ability of C. albicans to form
hyphae, mainly involved in tissue penetration and adhesion, is a leading cause of its
virulence and pathogenicity. The interaction of C. albicans and Staphylococcus spp.
has been reported to be synergistic which leads to greater harm to the host. The
interaction of C. albicans and S. aureus is termed as “lethal synergism” which
means that the polymicrobial infection leads to mortality of the host which could be
prevented in case of mono-species infections of the same organisms (Todd
et al. 2019).

C. albicans is known to express various adhesin proteins like Als3, Als5, Als6,
and Als7; hyphal wall proteins like Hwpl are involved in interaction and initial
adhesion. Deletion of adhesin genes has led to lesser interaction of bacteria on
hyphae resulting in weaker biofilm. Als3 is involved in binding of S. aureus and
S. epidermidis to C. albicans hyphae via surface proteins like SasF, FnBPB, and Atl
(Ponde et al. 2021). Apart from these adhesin proteins, various other genes have
also been reported for mixed formation of S. epidermidis-C. albicans mixed-species
biofilms. Wang et al. have shown increased expression of intercellular adhesion A
(icaA), fibrinogen binding protein (fbe), and accumulation-associated protein (aap)
genes in S. epidermidis in mixed biofilm with C. albicans. It was also observed that
thickness of mixed species biofilm was higher with increased growth rate as com-
pared to their individual biofilms (Wang et al. 2015).

Along with physical interaction between the two species, various small secretory
molecules/proteins and quorum sensing molecules are also involved. One of the
most widely described quorum sensing molecule is farnesol. Farnesol is secreted by
C. albicans and has been known to increase tolerance of S. aureus towards vanco-
mycin (Kong et al. 2017). Kong et al. hypothesised the induction of oxidative stress
in S. aureus. This oxidative stress was sensed by multiple gene regulator (mgrA)
which led to upregulation of drug efflux pump. Vila et al. 2019 observed that fre-
quent exposure to farnesol in polymicrobial biofilm with C. albicans leads to loss of
the yellow pigment, staphyloxanthin, by S. aureus which is an important virulence
factor. Farnesol also induces accumulation of intracellular reactive oxygen species
(ROS) and higher expression redox sensors. This altered stress response leads to
higher H,O, tolerance and phagocytic killing.

The interaction of C. albicans and S. aureus leads to host cell death as C. albi-
cans increases the expression of agr quorum sensing system, leading to increased
alpha and delta toxin production and haemolytic activity (Todd et al. 2019).

As per study by Kong et al. (2016), when methicillin-resistant S. aureus (MRSA)
was grown with C. albicans in a polymicrobial biofilm, MRSA showed increased
resistance to vancomycin which was earlier susceptible. It was then concluded that
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C. albicans matrix acted as a protective shield for MRSA due to the presence of
B-1,3-glucan.

11.7 Candida Polymicrobial Biofilms
and Antimicrobial Resistance

Drug resistance in biofilms containing bacteria and Candida is a complex issue that
requires innovative treatments and combination therapies. Biofilms, which form a
protective matrix on surfaces, including medical devices, are difficult to treat
because they resist antimicrobials. Bacteria and Candida, especially Candida albi-
cans, may interact and boost each other’s resistance mechanisms, making biofilm
removal very difficult (Jabra-Rizk et al. 2004; Yuan et al. 2019). Table 11.2 shows

Table 11.2 Interactions between Candida albicans and microorganisms leading to antimicrobial

resistance

Phenotypic
Organism Name of drug | outcome Reason for resistance Reference
P. aeruginosa | Tobramycin Increased Candida has a Pang et al.
Fluconazole polymicrobial polysaccharide called (2019)
Meropenem resistance p-1,3-glucan
P. aeruginosa has
exopolysaccharides Pel
and Psl that stop many
antibiotics, including
tobramycin
S. aureus Vancomycin Increased S. C. albicans biofilm Bruna et al.
aureus drug products, such as (2021)
resistance extracellular DNA and
farnesol
Gatifloxacin
Streptococcus | Fluconazole Increased Montelongo-
gordonii Amphotericin | polymicrobial Jauregui et al.
B drug resistance (2016) and
Caspofungin Chinnici et al.
Clindamycin (2019)
Erythromycin
Amphicilin
Streptococcus | Chlorhexidine | Increased C. Streptococcus mutans Lobo et al.
mutans Digluconate albicans and S. | produces glucans that (2019)
mutans protect the Candida
resistance from fluconazole
Fluconazole Increased C. Karygianni
albicans et al. (2020)
resistance
E. coli Ofloxacin Ofloxacin Fungal p-1-3 glucan De Brucker

tolerance of E.
coli is
significantly
increased

et al. (2015)
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the interactions between Candida albicans and microorganisms leading to antimi-
crobial resistance.

Polymicrobial biofilms of Candida are associated with bacteria, such as
Staphylococcus, Streptococcus, Enterococcus, Pseudomonas, E. coli, and a few oth-
ers, presenting a coordinated behaviour. Cross-kingdom interactions are common in
all polymicrobial biofilms, and the interacting species may have a beneficial or
antagonistic effect (Wang et al. 2023).

Multiple studies have documented that polymicrobial biofilms exhibit greater
resistance to antimicrobials in comparison to biofilms composed of a single species.
Various mechanisms/ factors through which antimicrobial resistance can develop in
diverse populations are detailed below.

* Composition extracellular matrix: Biofilms also have a unique extracellular
matrix that contributes to drug resistance. This matrix consists of polymers
secreted by Candida and bacteria, which prevent antimicrobial agents from
penetrating the biofilm. The extracellular matrix can act as a physical barrier,
preventing drugs from reaching the cells embedded within the biofilm.

¢ Biofilms exhibit inherent resistance to antimicrobial agents compared to plank-
tonic cells. The extracellular polymeric substance (EPS) matrix of biofilms acts
as a protective barrier, making it more difficult to eradicate infections. Bacteria
in biofilms can alter their metabolic activity and gene expression, contributing to
antibiotic resistance. The biofilm structure and composition also influence the
efficacy of antimicrobial agents (Ballén et al. 2022).

* ECM of biofilms from the single species P. aeruginosa and C. albicans affects
the ability of antimicrobial drugs to work. Candida has a polysaccharide called
B-1,3-glucan that fluconazole sticks to. On the other hand, P. aeruginosa has
exopolysaccharides Pel and Psl/ that stop many antibiotics, including tobramycin
(Hattab et al. 2022).

* C. albicans forms complex biofilms on living or non-living surfaces, while
S. aureus prefers to stick to its hyphal parts, creating a mutually beneficial rela-
tionship. S. aureus shows increased antibiotic resistance in polymicrobial bio-
films, including vancomycin drug resistance. C. albicans biofilm products, such
as extracellular DNA and farnesol, increase S. aureus drug resistance.
Furthermore, C. albicans helps S. aureus invade mucosal barriers, causing sys-
temic infection in co-colonised individuals. C. albicans biofilms with S. aureus
or S. gordonii are more substantial and drug-resistant than monomicrobial ones.

» Ofloxacin affects E. coli axenic biofilm. E. coli, a C. albicans-associated polymi-
crobial biofilm, shows ofloxacin resistance via fungal $-1, 3-Glucan, a compo-
nent of the ECM. It is now clear that biofilm formation involves a complex
interaction between fungal and bacterial species. Microbial biofilm communi-
ties’ resistance pattern is related to cell aggregation on a surface or substratum.
The biofilm ECM protects the structure from medication dispersion, hindering
disease control (Pohl 2022).

e Efflux pump activity: The overexpression of efflux pumps, which actively remove
antimicrobial drugs from cells, is a major cause of drug resistance in biofilms.
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Both Candida and bacteria have efflux pumps, such as ABC transporters CDR1
and CDR2 found in Candida and multidrug efflux pumps found in bacteria.
Biofilms with upregulated pumps are less susceptible to several antimicrobials.
The mechanisms underlying drug resistance in Staphylococcus aureus and
Candida albicans biofilms are complex and multifactorial. Besides the biofilm
matrix, other things like increased expression of drug efflux pumps and changes
in metabolic pathways also play a role in the development of resistance
(Bostanghadiri et al. 2021; Savage et al. 2013).

e Adaptive stress response: Microorganisms within biofilms can activate stress
responses, triggering mechanisms that enhance their resistance to antimicrobial
agents. The slow growth of cells in biofilms contributes to drug resistance, as
slow growth reduces antimicrobial sensitivity since several drugs rely on active
cell division.

* Cross resistance: The presence of Staphylococcus aureus in a polymicrobial bio-
film with C. albicans led to cross-resistance, where the biofilm became resistant
not only to antibiotics but also to antifungal agents. A mixed biofilm of C. albi-
cans and Staphylococcus epidermidis increases S. epidermidis growth and van-
comycin resistance. C. candida may make S. gordonii clindamycin-tolerant.
Streptococcus mutans exopolysaccharides bind and sequester fluconazole in
dual-species biofilms, reducing its efficacy against C. albicans (Pohl 2022;
Tabassum et al. 2023; Harriott et al. 2009).

e Enhanced biofilm structure: The risk of mortality is higher in biofilms made up
of both C. albicans and E. coli because they are more resistant to antibiotics. The
supernatant of E. coli biofilm can restrain the growth and biofilm formation of
C. albicans. (Sadanandan et al. 2022).

* Commensal effect: An E. coli/C. albicans biofilm does not impact C. albicans
tolerance to amphotericin or caspofungin, according to one investigation. In con-
trast, polymicrobial E. coli-C. albicans biofilms have far higher ofloxacin toler-
ance than axenic biofilms. E. coli’s higher ofloxacin tolerance is biofilm-specific,
while polymicrobial E. coli-C. albicans planktonic cultures had reduced toler-
ance. In addition, treating E. coli-C. albicans biofilms with matrix-degrading
enzymes like lyticase dramatically reduced ofloxacin tolerance. E. coli-C. albi-
cans biofilms with a high-p-1,3-glucan-producing mutant showed higher ofloxa-
cin tolerance, supporting a role for -1,3-glucan in biofilms. Exogenous addition
of laminarin, a polysaccharide in E. coli biofilms, enhanced ofloxacin tolerance.
Research suggests that p-1,3-glucan from C. albicans enhances E. coli’s ofloxa-
cin tolerance in a biofilm (De Brucker et al. 2015).

11.8 Strategies to Combat AMR in Polymicrobial Biofilms

To overcome drug resistance, alternative therapeutic strategies are being explored,
including the development of new antibiotics, combination therapies targeting mul-
tiple resistance mechanisms, and the use of antimicrobial peptides and
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nanoparticles. Understanding the complex mechanisms of drug resistance in these
biofilms is crucial for developing effective therapeutic interventions.

To combat drug resistance in E. coli and Candida albicans biofilms, researchers
are exploring various approaches. A research study found that AGE could stop bio-
films from being made by ampicillin-resistant E. coli and multidrug-resistant
C. albicans. Other potential strategies include using natural compounds in conjunc-
tion with conventional antimicrobials to enhance treatment efficacy (Sadanandan
et al. 2022). Further research is needed to fully understand the mechanisms of drug
resistance in E. coli and Candida albicans biofilms and develop effective treatment
strategies.

Luteolin was tested against single and dual-species Candida albicans and
Enterococcus faecalis biofilms in Frontiers in Microbiology. Luteolin effectively
inhibited biofilm formation and metabolic activity in single and dual-species
biofilms.

A different study looked at how well a membranotropic peptide called gH625-M
could break down a biofilm of C. albicans and K. pneumoniae. (Maione et al. 2021).

Gold nanoparticles, caspofungin, silver nanoparticles, and echinocandins have
shown potential in inhibiting the formation and eradicating mixed biofilms of
Staphylococcus species with Candida albicans (Scheunemann et al. 2021; Daniel
et al. 2021; Humberto and Jose 2020; Nazia et al. 2023). However, each drug may
have specific concentration ranges at which it is effective, and further research is
necessary to optimise treatment strategies and address drug resistance in these com-
plex infections.

11.9 Concluding Remarks

Polymicrobial biofilms are quite prevalent and understudied. The virulence of a
polymicrobial biofilm increases (1) due to protection provided by ECM of biofilm
and (2) due to multiple organisms and their interactions. Hence, understanding the
morphology and the interaction within the complex polymicrobial community
would help in designing the strategies to inhibit and degrade the polymicrobial bio-
films. To conclude, more research is required for interactions and better clinical
scenario should be understood.
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