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Diverse bacterial and fungal microbiota communities inhabit the human body, and their presence is essential for 
maintaining host homeostasis. The oral cavity, lung, gut, and vagina are just a few of the bodily cavities where 
these microorganisms communicate with one another, either directly or indirectly. The effects of this interaction 
can be either useful or detrimental to the host. When the healthy microbial diversity is disturbed, for instance, 
as a result of prolonged treatment with broad spectrum antibiotics, this allows the growth of specific microbes at 
the expense of others and alters their pathogenicity, causing a switch of commensal germs into pathogenic germs, 
which could promote tissue invasion and damage, as occurs in immunocompromised patients. Consequently, 
antimicrobials that specifically target pathogens may help in minimizing secondary issues that result from the 
disruption of useful bacterial/fungal interactions (BFIs). The interface between Candida albicans and Aspergillus 
fumigatus with bacteria at various body sites is emphasized in the majority of the medically important BFIs 
that have been reported thus far. This interface either supports or inhibits growth, or it enhances or blocks the 
generation of virulence factors. The aim of this review is to draw attention to the link between the bacterial and 
fungal microbiota and how they contribute to both normal homeostasis and disease development. Additionally, 
recent research that has studied microbiota as novel antimicrobials is summarized.
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INTRODUCTION

For a very long time, it was believed that the presence of 
pathogens was primarily linked to disease. Only with the rapid 
progress in sequencing techniques and progress of the human 
microbiome project, which allow in-depth comprehension of 
the microbiome communities in numerous body niches, have 
authors begun to recognize how microbiota interact with the host 
and with one another in a complex, dynamic ecology, as well as 
the significance of the microbiota for the normal physiological 
functions of the human body [1].

Most human fungal infections cause superficial infections of 
the skin, hair, and nails, systemic infections, and persistent fungal 
lung infections. These infections are commonly seen in cases 
of immune system suppression. Certain members of the human 
microbiota, such Candida albicans, which colonizes the mouth, 
urogenital tract, and gastrointestinal tract, are among these 
opportunistic invaders. Other environmental reservoirs include 
Cryptococcus neoformans and Aspergillus species (spp.) [2].

Within the microbiome, interactions between fungi and 
bacteria can be either antagonistic or synergistic. Many illnesses, 
such as diabetes, allergies, autism, obesity, cystic fibrosis (CF), 
inflammatory bowel disease (IBD), and colorectal cancer (CRC), 
are associated with an imbalance in the human microbiota. Age, 
food habits, stress, long-term inflammation, overuse of broad-
spectrum antibiotics, underlying diseases, and change in the 
composition, function, and metabolic activity of the microbiota 
are all linked to this dysbiosis [3].

Amongst the bacterial/fungal interactions (BFIs) that are 
linked to significant human morbidity and mortality are those 
between oral microbiota, those between between Aspergillus 
fumigatus and Pseudomonas aeruginosa in the lungs, and those 
with Clostridioides difficile in the gut [4].

The PubMed, Scopus, Web of Science, and Google Scholar 
databases were searched for published structured reviews and 
articles up to August 2023 using words like bacteria, microbiota, 
fungi, host interaction, disease, diversity, human, and infectivity. 
Sixty studies were analyzed.
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DISTRIBUTION OF DIVERSE MICROBIOTA AT 
VARIOUS BODY SITES

1. Oral cavity
The majority of the oral microbiota is composed of 

Streptococcus; Lactobacillus; Veillonella; Prevotella; 
Staphylococcus; Proteobacteria; Actinobacteria; Fusobacteria; 
Spirochaetes; Corynebacterium; Pasteurella; Neisseria; 
Candida, of which C. albicans is predominant; Cladosporium; 
Aureobasidium; Saccharomyces; Aspergillus; Fusarium; 
Malassezia; and Epicoccum species [5].

2. Respiratory tract
The respiratory tract’s microbial communities are very 

dynamic. The healthy upper respiratory tract (URT) is 
populated by Staphylococcus epidermidis, Corynebacterium 
spp., Moraxella spp., Propionbacterium spp., Staphylococcus 
aureus (in approximately 20% of the general population), 
and Streptococcus pneumoniae, along with Aspergillus spp., 
Penicillium spp., Candida spp., and Alternaria spp. In contrast, 
the paranasal sinuses are normally sterile [6].

The lungs provide a habitat with different development 
conditions, such as variations in temperature, pH, and oxygen 
content, in addition to immune cells that produce antimicrobial 
peptides. The common bacterial microbiota in the healthy lungs 
include Streptococcus, Prevotella, Veillonella, Haemophilus, 
and Staphylococcus spp. [7], as well as Aspergillus, Candida, 
Penicillium, and Clavispora [8].

3. Gastrointestinal tract
The composition of gut microbes depends on several 

parameters, including food habits, age, medications, pH, smoking, 
and alcohol consumption. The majority of the gut microbiota 
belongs to the phyla Bacteroidetes, Firmicutes, Proteobacteria, and 
Actinobacteria, particularly the species of Bacteroides, Clostridium, 
Enterococcus faecalis, Prevotella, Enterobacteriaceae, 
Streptococcus, Burkholderia cenocepacia, Salmonella enterica 
serovar Typhimurium, and Bifidobacterium [9].

Fungi represent 0.1% of all gut pathogens, including 
Saccharomyces, Cladosporium, and Candida, with C. albicans, 
Candida glabrata, Candida dubliniensis, and Candida 
parapsilosis being the most dominant species [10].

4. Urinary tract
In contrast to the conventional belief that urine is a sterile fluid, 

authors have reported Streptococcus, Veillonella, Prevotella, 
Bifidobacterium, Lactobacillus, and Actinomyces as the dominant 
urinary microbiota (UM) isolated from asymptomatic persons 
[11]. Additionally, 30% of women exhibited urinary bladder 
colonization with C. albicans [12].

5. Vagina
The composition of vaginal microflora changes over time in 

response to numerous host factors, including age, and hormonal 
changes, as well as contraceptives use, and hygiene habits. 
Anaerobic lactobacilli are the predominant vaginal microbiota 
in healthy premenopausal women. Other commensal pathogens 
include C. albicans, Streptococcus agalactiae, Gardnerella 
vaginalis, Prevotella, Ureaplasma, Mycoplasma, E. faecalis, and 
Escherichia coli [13].

6. Skin
Propionibacterium spp., Staphylococcus spp., Corynebacterium 

spp., Acinetobacter, and Malassezia are the most established 
human skin colonizers, followed by Penicillium, Aspergillus, 
Rhodotorula, and Epicoccum [14]. The distribution of diverse 
human microbiota is summarized in Fig. 1.

MECHANISMS OF BACTERIAL/FUNGAL 
INTERACTIONS

Bacteria and fungi can affect each other’s survival or virulence 
using variety of mechanisms, including i) the physical adhesion 
of bacteria to yeast cell or fungal hyphae through outer membrane 
proteins, formation of mixed species biofilms or competition for 
nutrients and attachment sites; ii) signaling-based interaction 
through quorum sensing (QS) small molecules that affect the 
morphology and growth of fungi or bacteria and alter their ability 
to produce infection or invade tissue; iii) modulation of the 
host environment by metabolic byproducts that change the pH 
and subsequently stimulate or suppress growth of acid-sensitive 
microbes; iv) enhancement of metabolic pathways and protein 
secretion systems; and v) alteration of the host immune response 
(Fig. 2) [15, 16].

Interestingly, C. albicans is the most frequent fungus 
implicated in mixed BFIs. Although 80% of individuals in 
the healthy population are colonized with C. albicans, severe 
systemic infection due to C. albicans is rare due to the harmony 
among the human microbiome, which limits the overgrowth of 
C. albicans [17].

C. albicans goes through a number of different morphological 
changes (yeast, pseudohyphae, chlamydospores, true hyphae). 
The most virulent is the transition from yeast to the filamentous 
hyphal form owing to several host-relevant stimuli, such as 
exposure to serum [18].

The hyphal form is necessary for adherence, tissue invasion 
and infection, while the yeast morphotype is essential for C. 
albicans commensalism and dissemination. Furthermore, 
secretion of additional virulence elements, like proteases and 
cytolytic peptide toxins as candidalysin, is associated with the 
hyphal form [19].

Commensal and pathogenic bacteria interact with C. albicans 
through a variety of ways. Some bacterial species inhibit C. 
albicans growth, while others release molecules that significantly 
regulate the yeast-to-hyphal transition in C. albicans, as well as 
biofilm formation. On the other hand, some bacteria enhance the 
growth of C. albicans, which may lead to invasive candidiasis [20].

TYPES OF BACTERIAL/FUNGAL INTERACTIONS IN 
HEALTH BY ANATOMICAL SITE

1. Oral cavity

Interaction between C. albicans and Lactobacillus spp.

Lactobacillus spp. produce chemical substances such as lactic 
acid and cyclic dipeptides that limit C. albicans growth and 
proliferation [21].
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Relationship between C. albicans and Streptococcus mutans
 Streptococcus mutans and C. albicans interact in a complex 

way. Firstly, the aggregation and adhesion of C. albicans and S. 
mutans is mediated by agglutinin-like sequences (Als1, Als3, 
Als5) produced by Candida and the cell surface polypeptide 
CshA and antigen I/II salivary adhesins SspA and SspB produced 
by streptococci [22].

C. albicans secretes the QS molecule farnesol, which at 
low concentrations promotes the proliferation of S. mutans 
by triggering the expression of the S. mutans virulence gene 
glucosyltransferase B (GtfB). This gene catalyzes the production 
of extracellular polysaccharides (EPS) and α-glucans and binds 
to mannans on the surface of C. albicans, leading to formation 
of strong extracellular matrix as well as an increase C. albicans 
resistance to fluconazole. On the other hand, a high farnesol level 
inhibits the growth of S. mutans [23].

Contrarily, S. mutans produces the QS molecule diffusible 
signal factor (DSF), and chemical compounds such as trans-2-
decenoic acid, mutanobactin A, and competence-stimulating 
peptide (CSP), which prevent C. albicans hyphal morphogenesis 
and decrease fungal virulence (Fig. 3) [24].

Interface between C. albicans and Streptococcus gordonii

S. gordonii is another Streptococcus spp. that interplays 
synergistically with C. albicans. Primarily, S. gordonii binds 
to the host cell receptor on the oral mucosa via cell surface 

polypeptides; then C. albicans selectively binds to salivary basic 
proline-rich proteins (bPRPs) on the S. gordonii surface via 
specific cell surface glycoprotein and agglutinin-like sequences 
(Als) [25].

This aggregation generates the QS molecule autoinducing 
peptide-2 (AI-2) via S. gordonii, suppressing C. albicans farnesol 
and promotes C. albicans hyphal growth and biofilm formation. 
In addition, S. gordonii produces lactate that is used as a carbon 
source for C. albicans. Similarly, C. albicans reduces the oxygen 
tension level and releases stimulatory molecules to enhance the 
growth of S. gordonii (e.g., polysaccharides) and formation of 
a fungal-bacterial biofilm surrounded by an extracellular matrix 
that worsens oral infection and makes it difficult to treat (Fig. 3) 
[26].

Interaction between C. albicans and other oral microfloras

Other oral commensal bacteria, such as Streptococcus viridans, 
Streptococcus oralis, Actinomyces odontolyticus, Actinomyces 
viscosus, Enterococcus spp., and S. aureus, interact synergistically 
with C. albicans and support the adhesion of C. albicans to the 
buccal mucosa via increased secretion of host proteolytic protein 
μ calpain that damages E-cadherin and reduces the integrity of the 
epithelial barriers, causing C. albicans tissue invasion and deep 
organ dissemination as shown in studies using a murine model of 
infection [27].

Fig. 1. Graphic illustration of the most commonly identified human microbiota within different body sites.
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Aggregatibacter actinomycetemcomitans, Fusobacterium 
nucleatum, Actinomyces israelii, Prevotella nigrescens, and 
Porphyromonas gingivalis inhibit growth, hyphal transition, and 
biofilm formation in C. albicans [28].

2. Respiratory tract

P. aeruginosa and C. albicans interaction

Both synergistic and competitive effects can occur in the 
relationship between P. aeruginosa and C. albicans. P. aeruginosa 
can physically cling to C. albicans filaments in response to the 
QS molecule N-(3-Oxododecanoyl)-L-homoserine lactone, 
which generates highly toxic reactive oxygen species (ROS) that 
inhibit C. albicans hyphal development and biofilm formation. 
Additionally, P. aeruginosa produces phenazine chemicals like 
pyocyanin and hemolytic phospholipase C that have antifungal 
properties. In contrast, some investigators have described the 
pseudomonal proteolytic enzyme elastase (LasB; also known as 
pseudolysin) that enhances the virulence of C. albicans in murine 
pneumonia and burn wound infection models [29].

Furthermore, it is well known that the QS molecule farnesol 
secreted by C. albicans acts as a dual defense mechanism 

of C. albicans; it inhibits hyphal transition in C. albicans and 
maintains itself in the yeast form, which is resistant to killing 
by phenazine released by P. aeruginosa. Additionally, farnesol 
suppresses pseudomonas quinolone signal (PQS) synthesis, 
which is correlated with phenazine production [30]; however, 
increased phenazines synthesis leads to a positive feedback loop 
that further enhances ethanol secretion by C. albicans. Phenazine 
and ethanol production has an impact on how the host reacts to 
both pathogens; when P. aeruginosa and C. albicans co-infect 
macrophages, phenazines inhibit C. albicans filamentation and 
reduce the escape of C. albicans from macrophages, while ethanol 
impairs the ability of macrophages to remove P. aeruginosa, 
enhancing the colonization of the lungs by the bacterium (Fig. 4) 
[31].

Interaction between C. albicans and other bacteria

C. albicans and Acinetobacter baumannii interact negatively 
with one another. Adhesion of A. baumannii to C. albicans 
filaments via outer membrane protein A (OmpA) inhibits C. 
albicans morphogenesis and biofilm formation; meanwhile, the 
QS molecule farnesol directly inhibits the growth of A. baumannii 
[32].

Fig. 2. Various mechanisms of bacterial/fungal interactions.
a) Physical adhesion of bacteria to yeast cell or fungal hyphae through outer membrane proteins. b) Signaling-based interaction: diverse bacteria secrete 
quorum sensing molecules that impact fungal morphology and biofilm formation. Meanwhile, C. albicans (farnesol) suppresses bacteria. c) Modulation 
of the host environment: bacteria produce lactic acid, which lowers the pH and inhibits Candida growth. d) Enhancement of metabolic pathways: bacteria 
release molecules that enhance metabolic pathways of fungi. e) Alteration of the host immune response: bacteria secrete substances (phenazine) that 
reduce the escape of C. albicans from macrophages, while a Candida product (ethanol) impairs the ability of macrophages to remove bacteria.
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The opportunistic pathogen B. cenocepacia is mostly acquired 
from the environment, via hospital devices, or by person-to-person 
transmission and produces the QS molecule cis-2-dodecenoic 
acid, which inhibits the initiation of hyphal formation in C. 

albicans; in vitro investigations have found that this molecule 
inhibits adherence of C. albicans to urinary catheters. Moreover, 
Klebsiella pneumoniae could inhibit C. albicans biofilms [20].

Fig. 3. Interaction between S. gordonii, S. mutans, and C. albicans on the oral mucosa modulates the virulence of the fungus.
a) Interaction between S. gordonii and C. albicans. 1: Adhesion between S. gordonii and C. albicans on the oral epithelium. 2: S. gordonii produces AI-2, 
which suppresses C. albicans farnesol and promotes C. albicans hyphal growth and biofilm formation. b) Interaction between S. mutans and C. albicans. 
1: Aggregation between S. mutans and C. albicans via adhesions molecules stimulates the secretion of farnesol by C. albicans, and the low concentration 
of farnesol stimulates release of GtfB by S. mutans, production of EPS, and formation of strong extracellular matrix, as well as, increases in C. albicans 
resistance. 2: A high farnesol level inhibits the growth of S. mutans. 3: Contrarily, S. mutans produces DSF, trans-2-decenoic acid, mutanobactin A, and 
CSP, which block C. albicans hyphal morphogenesis.

Fig. 4. Interactions between P. aeruginosa and C. albicans on the lung epithelium.
1) P. aeruginosa adheres to hyphal cells and kill them. 2) P. aeruginosa secretes the QS molecule N-(3-Oxododecanoyl)-L-homoserine lactone and 
phenazine compounds, which block the yeast-to-hyphal transition. 3) Farnesol suppresses pseudomonas quinolone signal synthesis, which is linked to 
phenazine production. 4) Ethanol production by C. albicans stimulates phenazine secretion by P. aeruginosa, and phenazine then further enhances ethanol 
production in the fungus through a positive feedback loop.
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Interaction between P. aeruginosa and A. fumigatus
The communication between P. aeruginosa with A. fumigatus 

is dynamic. On direct contact of P. aeruginosa with A. fumigatus, 
the former secretes pyocyanin, pyoverdine, and Qs system LasIR, 
which inhibit A. fumigatus growth and biofilms. Meanwhile, 
the iron chelating Pseudomonas QS molecule PQS has dual 
actions on A. fumigatus; under low iron conditions, it works 
synergistically with pyoverdine to inhibit biofilm formation in 
A. fumigatus, while under high iron levels, it depends on the A. 
fumigatus iron siderophore, ferricrocin and enhances A. fumigatus 
biofilm formation [33].

Similarly, P. aeruginosa produces volatile compounds that 
stimulate A. fumigatus to invade the lung parenchyma when the 
two organisms are physically separated, but when both come in 
direct contact, they compete for nutrients, including iron. On the 
other hand, A. fumigatus hyphae secrete gliotoxin, which inhibits 
the growth of P. aeruginosa (Fig. 5) [34].

Interface between Aspergillus spp. and various bacteria

The gliotoxin of A. fumigatus also inhibits growth and 
biofilm production in S. aureus and A. baumannii. Moreover, 
A. fumigatus releases isocyanide compounds that bind copper 
and exhibit broad-spectrum antimicrobial activity. Otherwise, S. 
aureus and E. coli can inhibit A. fumigatus conidiation and biofilm 
maturation via limitation of iron acquisition [35]. In addition, K. 
pneumoniae could inhibit hyphal growth, spore germination, and 
biofilm formation of several Aspergillus spp., like A. fumigatus, 
Aspergillus terreus, Aspergillus niger, and Aspergillus flavus in 
vitro [36].

C. neoformans and bacterial interaction
C. neoformans has numerous virulence traits that protect the 

ability of the fungus to grow and proliferate at normal body 
temperature, to form a polysaccharide capsule, to produce melanin 
pigment, and furthermore to resist phagocytosis by formation of 
large cryptococcal cells called Titan cells [37].

Various bacteria, such as Bacillus spp., P. aeruginosa, and S. 
aureus, have inhibitory impacts on C. neoformans; P. aeruginosa 
secretes pyocyanin, which inhibits C. neoformans growth, while 
S. aureus attaches to the capsule of C. neoformans and kills it. In 
addition, Bacillus safensis inhibits melanin production, as well 
as activates chitinase and blocks capsule formation. In contrast, 
A. baumannii stimulates capsule formation and enhances the 
growth of C. neoformans. Furthermore, Klebsiella aerogenes 
promotes melanin synthesis and increases the virulence of C. 
neoformans, thereby enhancing fungal resistance to external 
stimuli. Additionally, studies have revealed that E. coli and S. 
pneumoniae trigger titan cell formation by C. neoformans and 
help the fungus to evade phagocytosis [38].

3. Gastrointestinal tract

Candida spp. and E. coli interface

Commensal E. coli interacts with C. albicans and inhibits 
fungal colonization. Authors have stated that the anti-candida 
activity of E. coli is due to its lipopolysaccharides, which 
modulate C. albicans growth and biofilm formation. Besides, 
E. coli secretes a soluble factor with bacteriocin-like fungicidal 
activity that directly kills C. albicans [39].

Fig. 5. Interactions between P. aeruginosa and A. fumigatus on the lung epithelium.
1) P. aeruginosa secretes pyocyanin, pyoverdine, and Qs system LasIR, which inhibit A. fumigatus growth and biofilms. 2) The Pseudomonas QS 
molecule under low iron conditions inhibits biofilm formation in A. fumigatus, while under high iron levels, it enhances A. fumigatus biofilm formation. 3) 
P. aeruginosa produces volatile compounds that promote lung invasion by A. fumigatus. 4) Moreover, A. fumigatus hyphae secrete gliotoxin that inhibits 
the growth of P. aeruginosa.
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Interaction between C. albicans and E. faecalis
E. faecalis is another commensal flora that frequently colonizes 

the large intestine. Prior studies have stated that E. faecalis 
negatively impacts C. albicans pathogenicity by producing the 
bacteriocin EntV and QS molecule Fsr, which expresses GelE 
(gelatinase, a metalloprotease II) and SerE (serine protease) 
that reduce Candida filamentation [40]. This is in contrast to 
recent findings that indicated a synergistic interaction between 
C. albicans and E. faecalis in the oral and intestinal mucosa. 
Enterococcus reduces the integrity of the epithelial barriers and 
promotes C. albicans invasion and dissemination, in addition 
to the development of a mixed biofilm on endotracheal tubes in 
patients with ventilator-associated pneumonia [41].

Interaction between C. albicans and S. Typhimurium

S. enterica serovar Typhimurium produces the Type III 
secretion system effector SopB, which inhibits hyphae formation 
in C. albicans and reduces Candida virulence [42].

Interaction between C. albicans and Clostridioides difficile

Clostridioides difficile (formerly known as Clostridium 
difficile) is an obligate anaerobe that produces p-Cresol, which 
induces the hypha-to-yeast transition, and inhibits the biofilm 
formation and virulence of C. albicans; in contrast, C. albicans 
promotes the growth of C. difficile under aerobic conditions by 
reducing the oxygen tension and antioxidant tyrosol [43].

C. albicans interaction with Firmicutes and Bacteroidetes

The Firmicutes and Bacteroidetes in the gut ferment dietary 
fibers and other polysaccharides, producing short-chain fatty acids 
(SCFAs) such as butyrate, acetate, and propionate, which have a 
significant role in immune development, control of inflammation, 
defense against infection, and guarding against CRC. Firmicutes 
and Bacteroidetes activate intestinal transcription factor HIF-
1α, which increases the production of the antimicrobial peptide 
LL-37, a cathelicidin with anti-Candida activity that decreases 
C. albicans colonization; furthermore, they produce butyric acid 
that inhibits the yeast-to-hyphal transition of C. albicans [44].

Relationship between Saccharomyces spp. and gut bacteria

Various in vivo and in vitro studies have revealed 
that Saccharomyces cerevisiae inhibits E. coli adhesion 
and colonization and minimizes the intestinal growth of 
enterotoxigenic E. coli (ETEC). In addition, it reduces C. difficile 
growth [45].

4. Urogenital system

1) Vagina

Interaction of C. albicans and Lactobacillus spp.

As in the oral cavity, Lactobacillus spp. inhibit Candida growth 
in various ways: i) competition for nutrients and attachment sites 

on the vaginal epithelium; ii) secretion of H2O2, cyclic dipeptides, 
and bacteriocin-like peptides that hinder C. albicans growth and 
proliferation; iii) production of weak organic acids (WOAs), 
such as lactic acid that lowers the pH, disturbs cell metabolism, 
inhibits C. albicans growth, and suppresses the overgrowth of 
other facultative anaerobes [46]; iv) release of major secreted 
protein 1 (Msp1) that acts as a chitinase and breaks down the 
fungal cell wall; v) synthesis of SCFAs, such as butyric acid, 
which inhibits the C. albicans histone deacetylase enzyme and 
1-acetyl-beta-carboline, both inhibiting biofilm formation and 
hindering the transition of C. albicans from the yeast-to-hyphal 
morphotype [47]; and vi) reduction of the production of the pro-
inflammatory cytokines IL-1β, IL-6, and IL-8 (Fig. 6) [48].

Interaction of C. albicans with S. agalactiae

S. agalactiae inhibits C. albicans hyphal development. 
Reduced vaginal colonization with S. agalactiae was linked with 
recurrent vulvovaginal candidiasis (VVC) [49].

2) Urinary bladder

C. albicans enhances adherence of E. coli, K. pneumoniae, 
and S. agalactiae to bladder mucosa, increases colonization and 
biofilm formation [12].

5. Skin

Interaction between C. albicans and Staphylococcus spp.

In C. albicans/S. aureus biofilms, direct contact is mediated 
by the staphylococcal adhesins FnpB, SasF, and Atl and Candida 
adhesin Als3, and C. albicans increases the extracellular pH, 
which stimulates the production of a major cytotoxic agent 
(alpha toxin) by S. aureus. Moreover, the C. albicans QS farnesol 
increases the production of efflux pumps in S. aureus, increasing 
the resistance of bacteria to antimicrobial agents and hinders 
wound healing, as found in diabetic foot ulcers [50].

Likewise, C. albicans produces prostaglandin E2, which 
stimulates growth and biofilm formation of S. aureus. 
Furthermore, the fungal cell wall 1, 3, β-glucan released into the 
extracellular matrix of biofilm covers the bacteria and shields 
them from antibiotics. Similar to S. aureus, C. albicans adhesin 
Als proteins and O-mannosylation play a role in the binding of S. 
epidermidis to the fungus, and co-infection with C. albicans led 
to increased dissemination and tissue invasion of S. epidermidis 
[51].

Interaction between Candida and E. coli

In mixed biofilms, E. coli negatively affects Candida. E. coli 
releases soluble substances with bacteriocin activity that prevent 
the hyphal transition and biofilm production and kill Candida 
[39]. Medically important bacterial/fungal interactions are 
summarized in Table 1.
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ROLE OF BACTERIAL/FUNGAL INTERACTIONS IN 
VARIOUS DISEASES

Unfortunately, not all BFIs are beneficial to the host and reduce 
fungal load and pathogenesis, and microbial dysbiosis has been 
implicated in various diseases.

1. Oral diseases
Gingivitis is an oral illness linked to pathogen dysbiosis. It 

is an inflammatory condition characterized by the formation of 
dental plaques. If it is not treated, the condition could worsen 
and progress to chronic periodontitis. In vitro cultures have 
revealed that C. albicans and S. mutans are the most dominant 
oral pathogens isolated from dental plaques in several cases, 
particularly in children suffering from early childhood caries [22].

Additionally, polymicrobial biofilms that develop on dental 
prostheses, oral candidiasis, periodontitis, and denture stomatitis 
are associated with co-colonization of C. albicans with the 
oral bacterial microbiota, including S. gordonii and S. oralis, 
A. odontolyticus, and A. viscosus. These commensal bacteria 
produce chemical signals that increase fungal morphogenesis 
and biofilm formation in C. albicans. Long-term antibiotics use 
is risk factor of oral dysbiosis as well; a high carbohydrate diet 
lowers the oral pH and enhances the growth of aciduric bacteria 
that cause mineral loss and dental caries [52].

2. Lung diseases
While in vitro co-cultures have demonstrated that P. aeruginosa 

co-acts antagonistically with fungi, in vivo studies have shown 

that they work together synergistically. Current studies have 
shed light on microbial imbalance during chronic lung diseases, 
such chronic obstructive pulmonary disease (COPD), CF, and 
asthma. The Lungs of CF patients serve as an ideal colonization 
site for numerous microbes owing to the presence of thick mucus 
that hinders the penetration of immune cells and antimicrobial 
substances. Mixed A. fumigatus or C. albicans colonization with 
P. aeruginosa and S. aureus in CF is associated with disease 
deterioration and worsening of clinical outcome [53].

Airway co-colonization with C. albicans and E. coli, or 
S. aureus, increases the development of bacterial pneumonia 
and aggravates the disease severity due to the inhibition of 
phagocytosis by alveolar macrophages. Moreover, the risk of 
ventilator-associated pneumonia due to infection by P. aeruginosa 
is markedly greater in patients colonized by C. albicans. 
Additionally, Aspergillus colonization of the lower respiratory 
tract is linked with poor control and reduced lung functions in 
asthma and allergic bronchopulmonary aspergillosis (ABPA) 
[25, 34].

3. Gastrointestinal diseases
C. difficile causes gut infection following extended antibiotic 

therapy manifested by diarrhea, colitis, sepsis, and, in severe 
cases, death. The presence of C. albicans worsens the severity 
of C. difficile infection; studies have found that high C. 
albicans abundance in stool samples is associated with reduced 
effectiveness of fecal microbiota transplantation (FMT), which is 
an effective treatment for C. difficile infection [54].

Fig. 6. Interaction between C. albicans and Lactobacillus spp. on the vaginal epithelium.
1) Competition between C. albicans and Lactobacilli for nutrients and attachment sites. 2) Lactobacilli produce H2O2, cyclic dipeptides, bacteriocin-like 
peptides, and lactic acid, which inhibit fungal growth. 3) Lactobacilli release Msp1, which acts as a chitinase, which breaks down the fungal cell wall. 
4) Secretion of SCFAs and 1-acetyl-beta-carboline, which hinder the yeast-to-hyphal transition in C. albicans. 5) Lactobacilli decrease production of the 
pro-inflammatory cytokines IL-1β, IL-6, and IL-8.
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Table 1. Summary of medically important bacterial/fungal interactions at different anatomical body sites

Anatomical site Bacteria Fungi Relationship Mechanism
Oral cavity Lactobacillus spp. C. albicans Antagonism -Releases chemical substances that limit C. 

albicans growth.
S. mutans C. albicans Antagonism/ Synergism - S. mutans inhibits C. albicans hyphal 

morphogenesis.
- High concentration of C. albicans farnesol 
suppresses S. mutans growth and low 
farnesol levels activates proliferation and 
biofilm formation in S. mutans.

S. gordonii C. albicans Synergism -S. gordonii promotes C. albicans hyphal 
growth and biofilm formation, and C. 
albicans enhances growth of S. gordonii.

Lungs P. aeruginosa C. albicans Antagonism/ Synergism -P. aeruginosa produces pyocyanin that 
inhibits C. albicans growth, hyphal 
morphogenesis.
- C. albicans produces farnesol and proteins 
that inhibits Pseudomonas.
- C. albicans releases ethanol that impairs 
phagocytosis of Pseudomonas.

P. aeruginosa A. fumigatus Antagonism/ Synergism - P. aeruginosa secretes pyoverdine 
and pyocyanin that hinder growth of A. 
fumigatus.
- A. fumigatus secretes gliotoxin that inhibits 
P. aeruginosa growth and biofilm formation.
-Pseudomonas under high iron conditions 
enhances biofilm formation by A. fumigatus.

Gut E. coli C. albicans Antagonism -Secretes bacteriocin like substance that 
directly kills the C. albicans.

Enterococcus faecalis C. albicans Antagonism/ Synergism -Enterococcus directly kills C. albicans and 
prevents hyphal morphogenesis.
-As well, it reduces the integrity of the 
epithelial barriers and promotes Candida 
invasion and dissemination.

C. difficile C. albicans Antagonism -Releases p- cresol that directly kills and 
prevents C. albicans hyphal morphogenesis.

Salmonella enterica serovar Typhimurium C. albicans Antagonism - Salmonella produces type III secretion 
system proteins that inhibit hyphae formation 
in C. albicans and reduces its virulence.

Vagina Lactobacillus spp. C. albicans Antagonism -Lactobacilli release H2O2, SCFAs and lactic 
acid that inhibit C. albicans proliferation.
-Lactobacilli secrete Msp1 and 1-acetyl-beta-
carboline that break down Candida cell wall 
and inhibit biofilm formation.

Streptococcus agalactiae C. albicans Antagonism -Inhibits C. albicans hyphal development.
Urinary tract E. coli C. albicans Synergism - C. albicans enhances bacterial adhesion and 

colonization to bladder mucosa.
Skin S. aureus C. albicans Synergism - C. albicans facilitate tissue penetration and 

dissemination of S. aureus.
-C. albicans stimulates the production of 
alpha cytotoxin by S. aureus.
- Farnesol of C. albicans enhances the efflux 
pump in S. aureus, and increase antimicrobial 
resistance.

S. epidermidis C. albicans Synergism - Candida adhesins Als proteins and 
O-mannosylation led to increased 
dissemination and tissue invasion of S. 
epidermidis.

SCFAs: short-chain fatty acids.
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Studies have revealed that an imbalance of gut fungi was 
linked to Crohn’s disease and that the gut mycobiota plays a 
protective function against tissue damage during colitis and viral 
infection. Despite that, the increased fungal load also poses a 
risk for disseminated candidiasis. One of the main risk factors 
for disseminated candidiasis originating from the gut is long-term 
therapy with broad-spectrum antibiotics because it eradicates the 
bacteria that control fungal overgrowth; furthermore, butyrate-
producing Firmicutes have been described in IBD [26].

Gut co-infection of C. albicans and Serratia marcescens 
increases the risk of disseminated abdominal infection due to S. 
marcescens, particularly in immunocompromised patients, which 
may be complicated with severe sepsis, as C. albicans displays a 
stimulatory effect on S. marcescens; additionally, polymicrobial 
peritonitis caused by E. coli, S. aureus, and C. albicans is linked 
to higher fatality rates [55].

Dysregulation of gut microbes and overgrowth of pathogens 
owing to broad-spectrum antibiotics, alcohol, and bad food 
habits, along with genetic susceptibility, boosts the production of 
pro-inflammatory cytokines, oxidative factors, and carcinogenic 
toxins that produce chronic inflammation and disturb the mucosal 
barrier integrity, increasing the risk of CRC [56].

Genitourinary diseases
Co-infection of the urinary bladder with C. albicans and 

uropathogenic E. coli, K. pneumoniae, or S. agalactiae increases 
the risk of urinary tract infections (UTIs). C. albicans exhibits 
synergistic action on these bacteria, promotes bacterial adherence to 
the bladder mucosa, increases colonization and biofilm formation, 
and reduces bacterial susceptibility to antibiotics. In addition, 
it has been discovered that imbalance of the UM is responsible 
for various urological disorders, such as urinary incontinence, 
interstitial cystitis, overactive bladder, and prostate cancer [12].

Females with reduced vaginal colonization of Lactobacillus 
spp. are at increased risk for developing VVC. C. albicans is the 
predominant cause of VVC, followed by C. glabrata, Candida 
tropicalis, and C. parapsilosis. Risk factors of VVC include 
pregnancy, hormone replacement therapy, hygiene practices, 
immunosuppression, and excess antibiotics use that disturbs the 
normal protective vaginal microbiota [13].

In addition, C. albicans, E. coli and S. agalactiae vaginal 
imbalance was found to be concomitant with harmful impacts 
on the host, such as preterm birth, very low birth weight, and 
puerperal sepsis [49].

5. Skin diseases
Investigators have described the relation of both the gut 

microbiota and commensal skin flora with various skin diseases. 
Numerous SCFAs produced by the gut microflora are essential 
for the integrity of epithelial barriers, including skin, and several 
skin diseases have been related to both gut and skin dysbiosis. For 
instance, acne vulgaris may be linked to Corynebacterium acnes 
strains and a decrease in gut Firmicutes. Likewise, rosacea can 
be associated with Helicobacter pylori infection, and psoriasis 
is correlated with a higher abundance of skin Staphylococcus 
and Streptococcus. Furthermore, atopic dermatitis was found to 
be related to increased levels of skin S. aureus and lower levels 
of Bacteroidetes and Bifidobacterium. Besides, Escherichia and 
an imbalance of gut Clostridium were associated with atopic 
dermatitis in infants [57].

Studies have reported delayed wound healing due to 
polymicrobial biofilms; moreover, alopecia areata might be due 
to an imbalance of skin C. acnes/S. epidermidis. Additionally, 
dandruff and seborrheic dermatitis have been linked to Malassezia 
spp.; besides, increased S. aureus and a reduction of other skin 
commensals may be correlated with squamous cell carcinoma 
[58].

6. Systemic infections
Polymicrobial blood stream infections with staphylococci, 

enterococci, Klebsiella, and Candida, particularly C. albicans, C. 
glabrata, and C. tropicalis, were associated with high morbidity 
and mortality rates [25].

ROLE OF MICROBIOTA AS ANTIMICROBIAL 
AGENTS

The majority of used antimicrobial agents are non-selective, 
which may adversely influence the equilibrium of commensal 
microbiota and may result in the development of antimicrobial 
resistance. Numerous studies have shed light on the use of 
commensal pathogens as probiotics in the treatment of diseases 
caused by microbial dysbiosis, including diarrhea and vaginal 
candidiasis [46].

Saccharomyces is the only probiotic fungus studied for use in 
treating intestinal infections brought on by C. difficile, ETEC, 
and H. pylori. Protease secreted by Saccharomyces breaks down 
bacterial toxins without harming the microbiota of healthy 
individuals [45]. Further, FMT is an effective treatment for C. 
difficile infection, recreating a normal gut microbiome [54]. 
Interestingly, some authors have found that administration of 
probiotic bacteria could play a protective role against methicillin 
resistant S. aureus (MRSA) and acne vulgaris [57].

Additionally, lactobacilli are frequently utilized as probiotics 
because of their wide range of antagonistic effects on diverse 
pathogens. Available freeze-dried lactobacilli can be administered 
orally or locally via loading on applicators, capsules, and tampons 
and delivered directly into the vagina. Authors have found that 
the administration of a probiotic medication in patients with 
VVC increases the efficacy of azole therapy by reducing fungal 
colonization, improves burning and itching symptoms, and 
produces long-lasting treatment [46].

NDV-3A is a newly developed C. albicans vaccine based on an 
anti-virulence strategy using the Als3 adhesin protein, which is 
essential for C. albicans adhesion, invasion, and virulence. It showed 
excellent efficacy against both systemic and oral candidiasis in 
mouse models, as well as in recurrent vulvovaginal candidiasis in 
a double blind, placebo-controlled clinical trial [59].

In a recent study, two new antibacterial agents, complestatin 
and corbomycin were isolated from anaerobic gut fungi using 
whole-genome sequencing technology. The two compounds bind 
to bacterial peptidoglycan and inhibit autolysin activity that is 
essential for bacterial cell wall remodeling [60].

CONCLUSIONS AND FUTURE OUTLOOK

The fungi, bacteria, and host triangle determines how fungi 
and bacteria function and how their interactions affect the host. 
The interactions between bacteria and fungi are dynamic and 
can be either synergistic or antagonistic. The molecular basis 
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of bacterial/fungal interactions is still in its early stages, and 
further in vivo and in vitro investigations are required. This is 
because understanding these connections would help to find new 
antimicrobial compounds and new therapeutic modalities, as 
probiotics seem to be a promising alternative as antibacterial and 
antifungal therapies without hazardous side effects, particularly 
in the era of antimicrobial resistance. Furthermore, it would help 
to recognize how commensal pathogens become pathogenic. 
The human microbiome project may aid us in understanding the 
physiological effect of microbiota communication on different 
body systems, and the relations with the occurrence of various 
pathologies could help to identify people at risk for developing 
diseases due to an imbalance in their microflora and assist them 
in re-establishing microbial homeostasis to prevent disease rather 
than treat it.
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