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Abstract: The theory of persisting independent and isolated regarding microorganisms is no longer
accepted. To survive and reproduce they have developed several communication platforms within
the cells which facilitates them to adapt the surrounding environmental changes. This cell-to-cell
communication is termed as quorum sensing; it relies upon the cell density and can stimulate several
traits of microbes including biofilm formation, competence, and virulence factors secretion. Initially,
this sophisticated mode of communication was discovered in bacteria; later, it was also confirmed in
eukaryotes (fungi). As a consequence, many quorum-sensing molecules and inhibitors have been
identified and characterized in various fungal species. In this review article, we will primarily focus
on fungal quorum-sensing molecules and the production of inhibitors from fungal species with
potential applications for combating fungal infections.

Keywords: quorum sensing; fungi; quorum-sensing molecules; quorum-sensing inhibitors;
antifungal activity

1. Fungal Quorum Sensing: An Over View

Microorganisms are no longer deemed as independent, isolated cells; apart from their survival
and reproduction competition, they have evolved a communication process that enables them to
adapt to local environmental changes [1–3]. The cell density of their population is an example of this,
where to efficiently harness biological effects, communicating microorganisms coordinate their gene
expression profiles under appropriate local cell densities [4]. Quorum sensing (QS) is a process in
which links gene expression to the cell density of microbial populations. QS relies on the production
and release of small diffusible chemical signaling molecules in the extracellular environment [5,6].

Pheromones or autoinducers are signaling molecules embroiled in cell–cell communication and
considered as quorum-sensing molecules (QSM). These molecules act as transcriptional regulators;
when the concentration hits a pivotal threshold (commensurate to a particular cell density), they
bind to receptor molecules, which are located either on the surface or in the cytoplasm [1,6,7].
Transcriptional regulators then prompt or restrain the QS target gene and activate the genes encoding
for quorum-sensing signal (QSS) synthesis, thereby generating a positive feedback loop, self-inducing
an increase in the production of the corresponding signaling molecule [8]. Therefore, quorum sensing
(QS) provides multicellular characteristics for bacteria and other microorganisms, i.e., characteristics
associated with higher organisms [9].
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It was later discovered that quorum sensing is also ubiquitous in various fungal species. Single
cells (yeast) and filamentous cells are two growth forms; fungal dimorphism or polymorphism is an
environmental interconversion between yeast and mycelial morphology, which is manifested by some
fungi (Figure 1) [1–3,6]. Albuquerque and Casadevall [10] detailed five criteria that must be fulfilled for
a compound to be classified as a signaling molecule or QSM in bacteria or fungi. The molecule should
(I) accrue in the extracellular environment throughout microbial growth; (II) amass in a concentration
that is proportional to the density of the population cells, the influence of which is limited to a specific
growth phase; (III) result in a coordinated response across the population, which is just an adaptation
to metabolize or detoxify the molecule itself after reaching the threshold concentration; (IV) when
appended to the culture exogenously, propagate the QS phenotype; and (V) is not merely a by-product
of microbial catabolism. The characteristics of mainly QS fungal species, their mode of action, QSMs,
QSIs (quorum sensing inhibitors), and their potential antifungal activities are briefly described below.
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genes expression.

2. Quorum Sensing in Various Fungal Species

2.1. Candida Albicans

Candida albicans is a dimorphic yeast, and best known for many life-threating diseases. C. albicans
are well studied for QS compared with other fungal species [2,11]. It undergoes various transformations,
e.g., converting from a yeast to hyphal cell morphology under specific conditions. These changes
are important for its adaptation to the environment and pathogenicity, and are governed by many
environmental signals, e.g., carbon dioxide level, temperature, chelating agent, pH, cell density,
nutrients composition and concentration [12].

Farnesol and tyrosol, two signaling compounds produced by C. albicans have been reported as
QSMs with opposite effects. Farnesol, causes the switch from yeast to hyphae and yeast growth whereas
tyrosol accelerates hyphal development and germ-tube formation. Farnesol-mediated morphological
changes in C. albicans are complex but well studied [13–15]. Farnesol controls hyphal development via
suppressing the Ras1-cAMP/protein kinase A (PKA) signaling pathway. The study reported that this
compound also affects filamentation by repression of the cAMP pathway via inhibiting Cyr1 (adenylyl
cyclase). It also down-regulated Nrg1 and repressed hyphal development. Farnesol reverted Cup9 (a
transcriptional repressor of negatively regulating the yeast to filamentous conversion) degradation by
Ubr1 (N-end rule E3 ubiquitin ligase), Tup1 (a transcriptional repressor of hypha-specific genes), Chk1
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(histidine kinase), and Czf1 (zinc finger 1), important response factors mediated by farnesol which
further facilitate morphology changes [16–21].

2.2. Debaryomyces Hansenii

D. hansenii is a yeast that belongs to the Saccharomycetaceae family and is also reported to possess
QS. It has the ability to grow in high salt concentrations with low temperature and pH which make them
the best candidate for application in the food and cheese industry [22]. Earlier, Cruz et al. [23] reported
that during continuous fermentation of acid-hydrolyzed barley bran, this yeast shows dimorphism.
Later, another study also observed ammonia-mediated QS regulation in this species [24].

2.3. Cryptococcus Neoformans

C. neoformans is well known for meningoencephalitis and it is reported that, annually, around
625,000 deaths occur due to this species [25,26]. Previously, Lee et al. [27] reported a QS-like behavior
in mutant C. neoformans serotype D strain deficient Tup1 co-repressor. They reported that mutant
tup1∆ strains did not grow when cells were plated at low numbers (<103 cells/mL). However, with the
addition of conditional medium (CM), growth was recovered. Moreover, they isolated 11 amino acid
peptides from the supernatants cultured with tup1∆ strain. They postulated that this peptide (Qsp1)
may be responsible for a QS-like effect in C. neoformans. Later, the same research group described
that the Tup1 QS effect was not common and not observed in serotype A, Tup1 mutant’s strains of
C. neoformans [28]. Later, in another study, Madhani [29] described QS-like behavior in C. neoformans,
and they observed that QS-like peptide (QSP1-4) was excreted outside the cell and then transferred
into cell by the Opt1 transporter. In another study, a QS mechanism of phenotype Qsp1 mutant strains
was described by Homer et al. [26]. They stated that Qsp1 peptide played a central role in the signaling
and control of virulence in C. neoformans. Qsp1 mediates autoregulatory signaling that modulates
secreted protease activity and promotes cell wall function at high cell densities. Peptide production
requires release from a secreted precursor, proQsp1, by a cell-associated protease (Pqp1). Qsp1 sensing
requires an oligopeptide transporter, Opt1, and remarkably, cytoplasmic expression of mature Qsp1
complements multiple phenotypes of qsp1D. Thus, C. neoformans produces an autoregulatory peptide
that matures extracellularly but functions intracellularly to regulate virulence (Figure 2). Recently, Tian
et al. [30] also reported that Qsp1 played an important role in the sexual and bisexual reproduction
of C. neoformans. They reported that zinc finger regulator Cqs2 played an important role in the Qsp1
signaling cascade during unisexual and bisexual reproduction of C. neoformans.
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acids (tryptophan, tyrosine and phenylalanine) via the Ehrlich pathway (transamination, 
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Figure 2. Quorum-sensing pathway in Cryptococcus neoformans (adapted from [26,31]). (1) Pro-peptide
(QSP-1) is produced; (2) QSP-1 is excreted outside of the fungal cell; (3,4) it is broken down by protease
Pqp1 and converted into mature (Qsp1 peptide); after that, (5) it is transported back into cells through
Opt1 (oligopeptide transporter), and (6) it stimulates virulence and morphological changes.

2.4. Saccharomyces Cerevisiae

QS-like behavior of S. cerevisiae has been effectively reported by many authors [8,32–35]. In
S. cerevisiae, tryptophol, tyrosol, and phenlyethanol are synthesized from the corresponding amino acids
(tryptophan, tyrosine and phenylalanine) via the Ehrlich pathway (transamination, decarboxylation
and reduction) under a low-nitrogen environment [36]. This pathway is reliant upon several factors,
e.g., oxygen, pH, growth condition, and ammonia salt [37] (Figure 3).
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Figure 3. Quorum-sensing mechanism in Saccharomyces cerevisiae (adapted from [35]).

Aromatic alcohols, tryptophol, and phenlyethanol collaboratively influence the FLO11
up-regulation by cAMP-dependent PKA and Flo8p transcription factor [38]. The FLO11 product
(Flo11p) is vital for filamentous growth which adheres to the GPI (glycosylphosphatidylinositol) cell
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surface flocculin protein [39]. Chen and Fink [38] observed that deletion of FLO8 or TPK2 in the
S. cerevisiae strain did not produce filaments in response to the aromatic alcohols. In another study,
Wuster et al. [33] speculated that MIG1 and CAT8 were the key transcriptional regulator genes which
were involved in the expression of the aromatic alcohol genes in S. cerevisiae

In the Ehrlich pathway, transamination occurs by enzyme aminotransferases I & II encoded by
ARO8 and ARO9 genes whereas in the decarboxylation step, enzyme decarboxylase and pyruvate
decarboxylases (encoded by ARO10) catalyze the reaction [40]. It was observed that the gene, ARO8,
was the first to be activated in the early growth phase whereas ARO9 and ARO10 genes were activated
at the start of the stationary phase. Furthermore, they also observed a close link between ARO genes
expression and the production of QSMs [34]. Moreover, QSM production was also affected by several
factors such as cell density, ethanol, nitrogen content, and aerobic/anaerobic growth conditions. QS also
triggered phenotype alternations in S. cerevisiae that have a further influence on the rate of production
of QSMs [35]. Although QS in S. cerevisiae is well studied, some important questions still need to be
answered [35].

2.5. Neurospora Crassa

QS in N. crassa has, to date, not been well studied, and only Roca et al. [41] have shed light on
it. They speculated that specialized hyphae (conidial anastomosis tubes) formation in N. crassa were
reliant upon cell density. These are associated with hyphal fusion and varied between germ tubes.
Moreover, they observed that the formation of conidial anastomosis tubes was depleted at low conidial
concentrations; this trait was reliant upon mitogen-activated protein (MAP) kinase signaling/putative
transmembrane protein but not on the cAMP signaling pathway.

2.6. Penicillium Species

The genus Penicillium is a popular fungal genus due to its ubiquity. It is observed in food spoilage,
antibiotics, and mycotoxin production. The QS mechanism of the Penicillium species (P. sclerotiorum
and P. decumbens) was reported by Raina et al. [42] and Guo et al. [43]. Raina et al. [42] documented that
exogenous addition of multicolic acid (γ-butyrolactone-containing molecules) in P. sclerotiorum cultures
stimulated the rate of production of sclerotiorin (a yellow, chlorine containing pigment possessing
phospholipase A2 inhibitor activity). They discovered that multicolic acid (γ-butyrolactone-containing
molecules) act as QSMs in P. sclerotiorum. Similarly, Guo et al. [43] observed that the addition of
exogenous farnesol enhanced hyphal growth of P. decumbens, which resulted in higher secretion
of cellulose.

2.7. Aspergillus Species

Previously, QS in Aspergillus species (A. flavus, A. nidulans, and A. terreus) were studied by several
authors [44–47]. Oxylipins in A. flavus [44,48] and A. niger, linoleic acid (A. terreus) [45], γ-heptalactone
(A. nidulans) [49], and butyrolactone (A. terreus) [46] act as a QSM. QS in Aspergillus species remains a
challenge for researchers due to the nature of these fungi. Further, mechanistic studies are needed to
elucidate the putative QS mechanism of these fungi.

3. Quorum Sensing Molecules (QSMS)

3.1. Pheromones

Pheromones in fungi serve as QSMs. S. cerevisiae secreted pheromone peptides (a and α factor),
these factors were produced by a and α cells. Individual mating types only produce one pheromone
factor, which depends on MAT locus availability (Figure 4). These secreted pheromones accumulated
and began to diffuse through the environment, where they are recognized by Ste2p and Ste3p G-protein
receptors. Binding with pheromones results in the breakage of the α cascade by Ste5p and two
phosphorylated MAP kinases, Fus3p and Kas1p. Furthermore, Fus3p enhanced the expression genes
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by the activation of the Ste12p transcription factor in the nucleus. Subsequently, as a phenotypic
morphological response to the opposite mating pheromone, cells develop a shmoo, which is basically
a directional growth of the cell in response to the pheromone gradient and results in plasmogamy
between the opposite cells [50].
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α-factor, (8) Multicolanic acid, (9) γ-Heptalactone, (10) Butyrolactone-I.

3.2. Farnesol

Farnesol is secreted by C. albicans during the sterol synthetic pathway via dephosphorylation
of farnesol pyrophosphate (FPP). It is predicted that around 1.6% of all FPP are involved in farnesol
production. There is a large variation regarding farnesol production in C. albicans. FPP is a forerunner
for dolichol and ubiquinone and plays an important role in ergosterol biosynthesis pathway. The DPP3
gene was found to be a key gene in Candida for this phosphatase production and knock out of this
gene results in a decrease in the rate of production of farnesol [51]. Moreover, it was observed that in
S. cerevisiae, farnesol was excreted into the medium when the ERG9 gene was deleted, resulting in the
accumulation of intracellular farnesol. Therefore, in these mutants, the production of farnesol was
affected by the growth condition, resulting in a farnesol accumulation of 50 to 100 mg/L, where, as in
case of C. albicans, it is directly secreted into the medium under standard culture conditions [52]. It was
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also observed that addition of Zaragozic acid B resulted in an eight-fold increase in farnesol production
whereas azole antifungals, ketoconazole, clotrimazole, fluconazole, and miconazole resulted in a 10- to
45-fold increase in farnesol production. Therefore, inhibition or deletion of ERG9 (squalene synthase)
results in accumulation of FPP and thus an increase in the farnesol concentration [53]. There are three
reported pathways of farnesol production in C. albicans; (1) Chk1p MAP Kinase, (2) Ras-cAMP, and
(3) Tup1 pathway [16,17,20]. Although several signaling pathways have been implicated in farnesol
sensing, none of these has been shown to involve a specific farnesol receptor. It is possible that some
of the identified signaling pathways might be related to nonspecific actions of farnesol. Due to the
lipophilic nature of farnesol, it is possible that such a putative receptor is extracellular, membrane
integrated, or cytosolic in nature. Until a specific farnesol receptor has been identified, it is unclear
whether farnesol sensing is a specific receptor-mediated response [54].

3.3. Tyrosol

Tyrosol (2-[4-hydroxyphenyl] ethanol) is the derivative of tyrosine and the second reported QSM
in C. albicans. Furthermore, it is also present in olive oil (Figure 4) [1,10,21,55,56]. It is discharged into
the medium and shortens the lag time of cells to begin germination. It also accelerates the hyphal
development [13]. Nickserson et al. [57] reported that tyrosol is a minor QSM and is only needed
when farnesol is limited or absent. Similarly, Alem et al. [56] also confirmed its role as a QSM and its
significant effect on biofilm formation.

3.4. Volatile Organic Compounds

Approximately 250 volatile organic compounds have been characterized in various fungal species.
Previously, many researchers reported that these volatile compounds act as QSMs in fungi [58–60]. For
example, previously, Palkova et al. [61] noticed the growth of S. cerevisiae on complex media form a
turbid path with respect to neighboring colonies. They observed that this process was mediated by small
volatile compounds which were required for the uptake of amino acid for its production. Interestingly,
inactivation of SHR3 (a protein responsible for the correct localization of several yeast amino-acid
permeases) breaks the turbid path between colonies. In another study, Nemcovic et al. [62] observed
that volatile compounds (3-octanone, 3-octanol, and 1-octen-3-ol) induced conidia formation in
Trichoderma spp. During conidiation formation, three 8-carbon compounds were produced. At a higher
concentration (500 µM), all of these compounds suppressed the growth and conidiation formation in
Trichoderma spp. However, only one compound (1-octen3-ol) remarkably suppressed its growth at a
lower concentration (0.1 µM) [56,59].

3.5. Lactone Containing Molecules

The lactone-containing molecules butyrolactone-I, γ-butyrolactone, multicolanic, multicolosic,
and multicolic acids have been reported to act as QSMs in fungal species, e.g., A. terreus, A. nidulans,
and P. sclerotiorum (Figure 4) [46,47,62–65]. Butyrolactone-I is excreted as a secondary metabolite by
A. terreus, and due to its small concentration, acts as self-regulating factors in some bacteria. It was
observed that, by the addition of butyrolactone-I into the medium of A. terreus, hyphal branching
increased three-fold, secondary metabolism occurred and submerged sporulation accelerated [63,64].
In another study, Schimmel et al. [63] reported that butyrolactone-I acted as a QSM in A. terreus
because the addition of this molecule stimulated the production of secondary metabolites sulochrin
(two-fold increase) and lovastatin (three-fold increase). These secondary metabolites have multiple
beneficial functions in humans. They possess anti-cancer and anti-tumor functions and are inhibitors
of cyclin-dependent kinase (CDK) enzymes. However, the mechanism through which butyrolactone-I
is released or produced from the fungal cells during the growth process is still unknown and requires
further mechanistic study to unravel this phenomenon [66,67].

The γ-heptalactone that is produced by A. nidulans act as QSMs which regulate growth and
secondary metabolite production. A. nidulans is a well-known filamentous fungus, and produces
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penicillin as a secondary metabolite. A. nidulans produces γ-heptalactone at a higher cell population
and has the ability to change the organism’s behavior at a low cell density. This secondary metabolite
also facilitates penicillin production. The addition of γ-heptalactone into the culture of wild-type
A. nidulans strain stimulates the production of penicillin (31.9%) [49].

Raina et al. [46] reported that the addition of γ-butyrolactone molecules (multicolic acid,
multicolosic acid, multicolanic acid, and related derivatives) into the P. sclerotiorums pent media
enhanced the growth of sclerotiorin (6.4-times higher). They concluded that these γ-butyrolactone
molecules act as QSMs which trigger the genes involved in the production of sclerotiorin.

3.6. Lipids

Oxylipins are oxygenated fatty acids, that are abundantly present in almost all organisms.
Oxylipins in fungi play several functions such as differentiation, growth regulation, reproduction (sexual
and asexual), secondary metabolites production (antibodies and mycotoxins), and as QSMs [50,68].
The biosynthesis of oxylipin in fungi is not well characterized compared to that of mammals and
plants. However, several new identification techniques and analytical methods make it easy to detect
the key enzymes (lipoxygenases, dioxygenases, hydroperoxide lyases, etc.) involved in the synthesis
of oxylipins. The detail of the biosynthesis of fungal oxlipins is depicted in Figure 5 [68]. Oxylipins
synthesis and secretion in fungi cells represents the putative role of these molecules as QSMs. The ppo
genes and psi factors (oleic, linoleic, and linolenic acids derivatives) are the key genes which facilitate
the production of oxylipins in A. nidulans [69]. Tsitsigiannis et al. [70] observed that the activation of
these genes results in not only the inhibition of the corresponding enzymes but also influences the
reproduction type (asexual or sexual) and biosynthesis of mycotoxin. Moreover, they also observed that
addition or overexpression of psiBα or psiCα increased the reproduction of fungal cultures. However,
psiAα or psiBβ caused an increase in asexual reproduction. In another study, Sebolai et al. [71] reported
that oxylipin (3-hydroxylated PUFA derivatives) accumulated in the capsules of C. neoformans and
discharged these compounds via tubular outgrowths into the environment. They predicted that these
compound may act as virulence factors of the fungus. Previously, Smith et al. [72] also observed similar
oxylipins in D. uninucleata during the sexual process. Brown et al. [44] demonstrated that during the
development of A. flavus, conidia and sclerotia ratio production was influenced by various oxylipins.
The addition of oxylipin precursor (linolenic acid) into A. terreus culture stimulated the lovastatin
biosynthesis process by activating the responsible genes (lovB and lovF) [45].
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Numerous scientists considered the possibility that PUFAs (polyunsaturated fatty acids) may be
act as QSMs because PUFAs influence the growth of various fungal species. For example, linoleic acid
accelerates the growth of Monilinia fructicola [73]. Acceleration of the development of fruiting bodies
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through unsaturated fatty acids was observed in Ceratostomella ulmi and Nectria haematococca [74]. The
development of perithecia in N. crassa was stimulated through linolenic, linoleic, and palmitoleic acids.
This effect was only in unsaturated fatty acids whereas not in saturated fatty acids. The transformation
of Ustilago maydis fungus into filamentary form is caused by PUFAs [75,76]. Moreover, PUFAs hamper
cleistothecia or sporulation development in Aspergillus species and Cladosporium caryigenum [48].

Eicosanoids also belonging to the oxylipin family consist of a 20-carbon backbone. C. albicans
produced prostaglandin (PG) E2 from exogenous arachidonic acid. This molecule (PGE2) is also
produced by humans, and it was observed that fungal PGE2 is in competition with human PG, affecting
the host’s immune response [77,78].

The number of studies regarding QSMs in fungal species is limited. Discovering new QSMs in
other fungal species is imperative to understand inter and intra kingdom communication. Furthermore,
QSMs are produced in very small amounts (nM–µM) and scientists face experimental challenges
with regard to the identification, characterization, structural elucidation and purification of these
molecules. Scale up of fermentation or molecular biology tools will prove useful way to increase their
production [2].

4. Fungal Quorum Sensing Inhibitors (QSIs) with Potential Antifungal Activities

In recent years, scientists have attempted to elucidate the molecular mechanism of inhibiting
the QS in microorganisms. Regardless of QSMs, the common mechanism involves the synthesis of
signals that are released outside the cell via active transport or diffusion. When QSMs reach high
concentrations, they bind with the receptor, and subsequently, link with promotor sequences and
activate the transcriptional regulators of the specific gene. QS can be hampered in three ways, e.g.,
(1) by retarding the production of QSMs; (2) these QSMs can be degraded by enzymes; (3) receptors
are blocked via homologs of QSMs (Figures 6 and 7) [1,3].

Fungi have the ability to live in many habitats and interact with other organisms (microbes,
animals, plants, etc.). Therefore, they have effectively developed a natural mechanism to deal with
other organisms by producing secondary metabolites, enzymes and chemicals. Indeed, mycorrhiza and
rhizosphere fungi closely interact with bacteria in the soil. Due to this specific trait, they have a natural
mechanism to combat population by bacteria for many reasons, e.g., space, nutrition, pathogenicity, etc.
They also discharge some metabolites (enzyme, chemicals mycotoxins, etc.) which act as QSIs [3,79,80].
The characteristics of some important QSIs produced by fungi are discussed below.
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4.1. Farnesol

Farnesol, a secondary metabolite excreted by many dimorphic yeasts (detail describe above section
QSMs) also act as a QSI. It has a broad spectrum of anti-microbial potential, e.g., Fusarium graminearum,
non-albicans Candida species, Paracoccidioides brasiliensis, C. neoformans, etc. [81–85]. It also acts as an
additive effect toward S. epidermidis when used with antibiotics by disturbing its biofilm matrix [86,87].
Various studies reported that a high concentration of farnesol inhibited the formation of the biofilm
or new cells inside the biofilm (the detail of the antimicrobial potential described below is given in a
separate section) [88].

4.2. Others Fungal QSIs

In another study, Zhu et al. [89] demonstrated that Auricularia auricular (fruiting body), which
contains many heterocyclic compounds (cysteinyldopas, leucodopachrome and dopaquinone),
inhibited N-acylhomoserine lactone (AHL) production. Similarly, Ganoderma lucidum, Phellinus igniarius,
F. graminearum and Lasiodiplodia species also have potential to discharge QSIs [89–91]. However, the
key compound and mechanism of action have not yet been reported. Rasmussen et al. [92] reported
that around 33 Penicillium species produced QSIs (penicillic acid and patulin).

Previously, Petrović et al. [93] reported that methanolic extract of Agrocybe aegerita mushroom
reduced biofilm formation (84.24%) more than the standard drugs, streptomycin and ampicillin
(50.60 and 30.84%, respectively). Another study, conducted by Soković et al. [94] also demonstrated
that hot water Agaricus blazei extract had strong anti-QS activity at a concentration of 200 µg/mL.
Fernandes et al. [95] and Kostić et al. [96] also reported the anti-QS potential of Polyporus squamosus
and Armillaria mellea extract.

4.3. The Antifungal Potential of QSMs/QSIs

The mortality rate due to fungal infections significantly increases every year. It is estimated that
around more than one million people’s deaths every year occur due to fungal infection. Candida,
Aspergillus and Cryptococcus are common fungal species directly associated with invasive fungal
infections [97–103]. A few classes of antifungal drugs (azoles, polyenes, echinocandins, flucytosine,
and allylamines) are available in the market to cope with fungal infections. Woefully, all these drugs
possess some side effects or limitations related to safety, toxicity, pharmacokinetics, and their spectrum
of activity. Moreover, long-term utilization of these drugs results in increased drug resistance. Thus,
the search for alternative antifungal drugs with fewer side effects to combat fungal infections is
imperative [101,104]. Recently, Su et al. [101] highlighted some pathways for the control of fungal
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infections such as ATP sulfurylase, aspartate kinase, homoserine dehydrogenase, ROS (reactive oxygen
species) production, threonine synthase, mitochondrial phosphate carrier, transcription factor protein
(MET4), biofilm formation, methionine synthase, homoserine kinase, homoserine transacetylase,
bromodomain (BD), sulfite transporter, homocysteine synthase, phosphopantetheinyl transferase, and
acetolactate synthase. It was also reported that fungal QSMs significantly affect ROS production,
biofilm formation, and may be used for the treatment of fungal infections. Mostly, this study focused
on farnesol due to its broad spectrum of antimicrobial potential. It showed promising results against
various fungus species, e.g., C. albicans, Aspergillus niger, S. cerevisiae, F. graminearum, P. brasiliensis,
A. flavus, A. fumigatus, and A. nidulans [105–111].

High concentrations of farnesol prevent bacterial biofilm formation whereas moderate levels
(~25 µM) upregulate microcolony development and biofilm formation in Streptococcus mutants.
Moreover, in the presence of S. mutants, a decrease in farnesol production in C. albicans was also
observed. Therefore, this interaction of both fungal species by QS may stimulate mixed biofilm
formation in oral plaque biofilm. Farnesol also protects against oral Candidiasis and has a synergistic
effect with the antifungal drug (fluconazole) [112,113].

Farnesol retards the growth of S. cerevisiae by reducing the diacylglycerol (DAG) level, and
suppressing the G1 stage of the cell cycle [114,115]. Farnesol was also reported to inhibit A. nidulans
by ROS (reactive oxygen species) formation [116]. In case of A. fumigatus, farnesol disturbed the
signaling pathway related to cell wall integrity which further led to the mislocalization of Rho protein
that disturbed the hyphal morphology from proliferating [110]. Farnesol was also reported to inhibit
C. parapsilosis due to overexpression of genes related with aging. Farnesol also negatively affect the
genes involved in sterol metabolism, oxidation-reduction, and biofilm formation [117]. It also inhibits
the formation of hypha in C. dubliniensis [118]. Farnesol also retarded the P. brasiliensis growth at higher
concentrations whereas it suppresses yeast to hyphae conversion at low concentrations [109].

Farnesol significantly reduced biofilm formation of C. parapsilosis when used in combination
with echinocandins (caspofungin and micafungin) [119]. Moreover, farnesol also takes part in sterol
biosynthesis/stimulating apoptosis by ROS accumulation to damage cellular compartments [120].
Farnesol also displayed antagonistic effects when used in combination with terbinafine/itraconazole,
whereas it displayed synergistic effects with fluconazole/5-flurocytosine against C. albicans-resistant
strains’ biofilm formation [121]. More recently, the same research group observed that this potential
antifungal activity toward C. albicans was due to regulation of CYR1 and PDE2 gene expression which
suppresses biofilm formation [122].

Besides farnesol, another QSM (tyrosol) also exhibited antifungal activity alone or in combination
with farnesol/standard drugs. For example, Monteiro et al. [55] reported that tyrosol prevented from
denture stomatitis caused by Candida species. In detail, tyrosol significantly reduced (1.74 to 3.64 log10

CFU/cm2) the number of adhered cells numbers to the acrylic surface in a mixed and single culture
of C. albicans and C. glabrata. Similarly, in another study, tyrosol was screened against single and
mixed biofilm formation of various strains, C. glabrata ATCC 90030, and C. albicans ATCC 10231 on
hydroxyapatite (HA) and acrylic resin surfaces. Their results divulge that tyrosol significantly inhibited
biofilm formation against oral pathogenic organisms [123]. Tyrosol showed promising results when
used in combination with chlorhexidine gluconate against C. albicans by reducing the number of
hyphae [124]. Interestingly, it also showed the potent inhibitory activity of C. albicans when used with
farnesol and may be used for the development of oral care products [125].

Tyrosol also showed potent inhibitory activity against dimorphic fungal species
(Coccidioides posadasii and Histoplasma capsulatum) via leakage with the intracellular molecules [126].

5. Concluding Remarks

In recent years, the prevalence of multidrug resistance (MDR) by pathogenic microorganisms
against existing antibiotics has increased, which seriously threatens to not only result in
immune-compromised patients but also turn into a global public health crisis [127,128]. The eradication
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of fungal infections is very difficult because of the ubiquitous resistance of pathogens and related
shortcomings in the development of conventional drugs, thereby stimulating the scientific community
to pursue effective anti-infective strategies with the help of new combinative adjuvant approaches in
addition to subsisting antibiotic therapy [129].

Under such circumstances, quorum sensing (QS) will be of great advantage in response to targeting
highly complex and evolutionary fungi cell–cell communication phenomena. QS in fungi are well
studied in some yeasts (C. albicans and S. cerevisiae) and fungi (H. capsulatum, C. ulmi, and N. crassa).
The QS on yeast C. albicans is the most extensively studied due to its importance as a human pathogen.
Although QS in fungi is not uncommon, there is a paucity of information regarding QSMs in fungi
except for farnesol and tyrosol. Besides QSMs, fungi also produced secondary metabolites known as
QSIs, which act as anti-microbial agents and may be used as broad-spectrum antibiotics for specific
diseases. Research in this area is rare and restricted to the laboratory but the results are practically
valid. The restriction or control of microbial growth affected by QSS will be beneficial to multiple fields,
e.g., agriculture, medicine, and food technology [3].
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Chemical, nutritive composition and wide-broad bioactive properties of honey mushroom Armillaria mellea.
Food Funct. 2017, 8, 3239–3249. [CrossRef] [PubMed]

97. Pattnaik, S.; Ahmed, T.; Ranganathan, S.K.; Ampasala, D.R.; Sarma, V.V.; Busi, S. Aspergillus ochraceopetaliformis
SSP13 modulates quorum sensing regulated virulence and biofilm formation in Pseudomonas aeruginosa
PAO1. Biofouling 2018, 34, 410–425. [CrossRef]

98. Ikeh, M.; Ahmed, Y.; Quinn, J. Phosphate acquisition and virulence in human fungal pathogens.
Microorganisms 2017, 5, 48. [CrossRef]

99. Gonzalez, J.M.; Rodriguez, C.A.; Agudelo, M.; Zuluaga, A.F.; Vesga, O. Antifungal pharmacodynamics:
Latin America’s perspective. Braz. J. Infect. Dis. 2017, 21, 79–87. [CrossRef]

100. Su, H.; Han, L.; Ding, N.; Guan, P.; Hu, C.; Huang, X. Bafilomycin C1 exert antifungal effect through
disturbing sterol biosynthesis in Candida albicans. J. Antibiot. 2018, 71, 467–476. [CrossRef] [PubMed]

101. Su, H.; Han, L.; Huang, X. Potential targets for the development of new antifungal drugs. J. Antibiot. 2018,
71, 978–991. [CrossRef]

102. Sawant, B.; Khan, T. Recent advances in delivery of antifungal agents for therapeutic management of
candidiasis. Biomed Pharmacother. 2017, 96, 1478–1490. [CrossRef]

http://dx.doi.org/10.1016/j.riam.2013.09.014
http://dx.doi.org/10.1016/j.ecoenv.2018.07.125
http://dx.doi.org/10.1002/jobm.201500759
http://dx.doi.org/10.1093/mmy/myx155
http://dx.doi.org/10.1203/PDR.0b013e318232a984
http://dx.doi.org/10.1007/s00284-011-9984-3
http://www.ncbi.nlm.nih.gov/pubmed/21800262
http://dx.doi.org/10.1615/IntJMedMushr.v13.i6.80
http://dx.doi.org/10.1007/s00253-006-0621-1
http://dx.doi.org/10.1016/j.ijbiomac.2017.06.053
http://dx.doi.org/10.1099/mic.0.27715-0
http://dx.doi.org/10.1039/C4FO00819G
http://dx.doi.org/10.3390/molecules19044189
http://dx.doi.org/10.1016/j.lwt.2016.01.037
http://dx.doi.org/10.1039/C7FO00887B
http://www.ncbi.nlm.nih.gov/pubmed/28812768
http://dx.doi.org/10.1080/08927014.2018.1460748
http://dx.doi.org/10.3390/microorganisms5030048
http://dx.doi.org/10.1016/j.bjid.2016.09.009
http://dx.doi.org/10.1038/s41429-017-0009-8
http://www.ncbi.nlm.nih.gov/pubmed/29391532
http://dx.doi.org/10.1038/s41429-018-0100-9
http://dx.doi.org/10.1016/j.biopha.2017.11.127


Molecules 2019, 24, 1950 17 of 18

103. Rodrigues, M.E.; Silva, S.; Azeredo, J.; Henriques, M. Novel strategies to fight Candida species infection.
Crit. Rev. Microbiol. 2016, 42, 594–606.

104. Campoy, S.; Adrio, J.L. Antifungals. Biochem Pharmacol. 2017, 133, 86–96. [CrossRef] [PubMed]
105. Semighini, C.P.; Hornby, J.M.; Dumitru, R.; Nickerson, K.W.; Harris, S.D. Farnesol-induced apoptosis in

Aspergillus nidulans reveals a possible mechanism for antagonistic interactions between fungi. Mol. Microbiol.
2016, 59, 753–764. [CrossRef] [PubMed]

106. Fairn, G.D.; Macdonald, K.; McMaster, C.R. A chemogenomic screen in Saccharomyces cerevisiae uncovers a
primary role for the mitochondria in farnesol toxicity and its regulation by the Pkc1 pathway. J. Biol. Chem.
2007, 282, 4868–4874. [CrossRef]

107. Lorek, J.; Poggeler, S.; Weide, M.R.; Breves, R.; Bockmuhl, D.P. Influence of farnesol on the morphogenesis of
Aspergillus niger. J. Basic Microbiol. 2008, 48, 99–103. [CrossRef] [PubMed]

108. Semighini, C.P.; Murray, N.; Harris, S.D. Inhibition of Fusarium graminearum growth and development by
farnesol. FEMS Microbiol. Lett. 2008, 279, 259–264. [CrossRef]

109. Derengowski, L.S.; De-Souza-Silva, C.; Braz, S.V.; MelloDe-Sousa, T.M. Antimicrobial effect of farnesol
a Candida albicans quorum sensing molecule on Paracoccidioides brasiliensis growth and morphogenesis.
Ann. Clin. Microbiol. Antimicrob. 2009, 8, 13. [CrossRef] [PubMed]

110. Dichtl, K.; Ebel, F.; Dirr, F.; Routier, F.H.; Heesemann, J.; Wagener, J. Farnesol misplaces tip-localized Rho
proteins and inhibits cell wall integrity signalling in Aspergillus fumigatus. Mol. Microbiol. 2010, 76, 1191–1204.
[CrossRef]

111. Wang, X.; Wang, Y.; Zhou, Y.; Wei, X. Farnesol induces apoptosis-like cell death in the pathogenic fungus
Aspergillus flavus. Mycologia 2014, 106, 881–888. [CrossRef]

112. Sharma, M.; Prasad, R. The quorum-sensing molecule farnesol is a modulator of drug efflux mediated by
ABC multidrug transporters and synergizes with drugs in Candida albicans. Antimicrob. Agents Chemother.
2011, 55, 4834–4843. [CrossRef]

113. Kim, D.; Sengupta, A.; Niepa, T.H.; Lee, B.H.; Weljie, A.; Freitas-Blanco, V.S.; Murata, R.M.; Stebe, K.J.; Lee, D.;
Koo, H. Candida albicans stimulates Streptococcus mutans microcolony development via cross-kingdom
biofilm-derived metabolites. Sci. Rep. 2017, 7, 41332. [CrossRef]

114. Hornby, J.M.; Jensen, E.C.; Lisec, A.D.; Tasto, J.J.; Jahnke, B.; Shoemaker, R.; Dussault, P.; Nickerson, K.W.
Quorum sensing in the dimorphic fungus Candida albicans is mediated by farnesol. Appl. Environ. Microbiol.
2001, 67, 2982–2992. [CrossRef]

115. Machida, K.; Tanaka, T.; Yano, Y.; Otani, S.; Taniguchi, M. Farnesol-induced growth inhibition in
Saccharomyces cerevisiae by a cell cycle mechanism. Microbiology 1999, 145, 293–299. [CrossRef]

116. Savoldi, M.; Malavazi, I.; Soriani, F.M.; Capellaro, J.L.; Kitamoto, K.; Da Ferreira, K.E.S.; Goldman, M.H.S.;
Goldman, G.H. Farnesol induces the transcriptional accumulation of the Aspergillus nidulans
apoptosis-inducing factor (AIF)-like mitochondrial oxidoreductase. Mol. Microbiol. 2008, 70, 44–59.
[CrossRef] [PubMed]

117. Rossignol, T.; Logue, M.E.; Reynolds, K.; Grenon, M.; Lowndes, N.F.; Butler, G. Transcriptional response of
Candida parapsilosis following exposure to farnesol. Antimicrob. Agents Chemother. 2007, 51, 2304–2312.
[CrossRef]

118. Henriques, M.; Martins, M.; Azeredo, J.; Oliveira, R. Effect of farnesol on Candida dubliniensis morphogenesis.
Lett. Appl. Microbiol. 2007, 44, 199–205. [CrossRef] [PubMed]

119. Kovács, R.; Bozó, A.; Gesztelyi, R.; Domán, M.; Kardos, G.; Nagy, F.; Tóth, Z.; Majoros, L. Effect of caspofungin
and micafungin in combination with farnesol against Candida parapsilosis biofilms. Int. J. Antimicrob Agents.
2016, 47, 304–310. [CrossRef] [PubMed]

120. Dižová, S.; Bujdáková, H. Properties and role of the quorum sensing molecule farnesol in relation to the
yeast Candida albicans. Pharmazie 2017, 72, 307–312.

121. Xia, J.; Qian, F.; Xu, W.; Zhang, Z.; Wei, X. In vitro inhibitory effects of farnesol and interactions between
farnesol and antifungals against biofilms of Candida albicans resistant strains. Biofouling 2017, 33, 283–293.
[CrossRef]

122. Chen, S.; Xia, J.; Li, C.; Zuo, L.; Wei, X. The possible molecular mechanisms of farnesol on the antifungal
resistance of C. albicans biofilms: The regulation of CYR1 and PDE2. BMC Microbiol. 2018, 18, 203. [CrossRef]

123. Arias, L.S.; Delbem, A.C.B.; Fernandes, R.A.; Barbosa, D.B.; Monteiro, D.R. Activity of tyrosol against single
and mixed-species oral biofilms. J. Appl. Microbiol. 2016, 120, 1240–1249. [CrossRef]

http://dx.doi.org/10.1016/j.bcp.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27884742
http://dx.doi.org/10.1111/j.1365-2958.2005.04976.x
http://www.ncbi.nlm.nih.gov/pubmed/16420349
http://dx.doi.org/10.1074/jbc.M610575200
http://dx.doi.org/10.1002/jobm.200700292
http://www.ncbi.nlm.nih.gov/pubmed/18383232
http://dx.doi.org/10.1111/j.1574-6968.2007.01042.x
http://dx.doi.org/10.1186/1476-0711-8-13
http://www.ncbi.nlm.nih.gov/pubmed/19402910
http://dx.doi.org/10.1111/j.1365-2958.2010.07170.x
http://dx.doi.org/10.3852/13-292
http://dx.doi.org/10.1128/AAC.00344-11
http://dx.doi.org/10.1038/srep41332
http://dx.doi.org/10.1128/AEM.67.7.2982-2992.2001
http://dx.doi.org/10.1099/13500872-145-2-293
http://dx.doi.org/10.1111/j.1365-2958.2008.06385.x
http://www.ncbi.nlm.nih.gov/pubmed/18681941
http://dx.doi.org/10.1128/AAC.01438-06
http://dx.doi.org/10.1111/j.1472-765X.2006.02044.x
http://www.ncbi.nlm.nih.gov/pubmed/17257261
http://dx.doi.org/10.1016/j.ijantimicag.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26968084
http://dx.doi.org/10.1080/08927014.2017.1295304
http://dx.doi.org/10.1186/s12866-018-1344-z
http://dx.doi.org/10.1111/jam.13070


Molecules 2019, 24, 1950 18 of 18

124. Do Vale, L.R.; Delbem, A.C.B.; Arias, L.S.; Fernandes, R.A.; Vieira, A.P.M.; Barbosa, D.B.; Monteiro, D.R.
Differential effects of the combination of tyrosol with chlorhexidine gluconate on oral biofilms. Oral Dis.
2017, 23, 537–541. [CrossRef] [PubMed]

125. Monteiro, D.R.; Arias, L.S.; Fernandes, R.A.; Deszo da Silva, L.F.; de Castilho, M.O.V.F.; da Rosa, T.O.;
Delbem, A.C.B. Antifungal activity of tyrosol and farnesol used in combination against Candida species in the
planktonic state or forming biofilms. J Appl. Microbiol. 2017, 123, 392–400. [CrossRef] [PubMed]

126. Brilhante, R.S.N.; Érica, P.C.; Rita, A.C.L.; Francisca, J.F.M. Terpinen-4-ol, tyrosol, and-lapachone as potential
antifungals against dimorphic fungi. Braz. J. Microbiol. 2016, 4, 917–924.

127. Rasamiravaka, T.; El Jaziri, M. Quorum-Sensing Mechanisms and Bacterial Response to Antibiotics in
P. aeruginosa. Curr. Microbiol. 2016, 73, 747–753. [CrossRef] [PubMed]

128. Alcalde-Rico, M.; Olivares-Pacheco, J.; Alvarez-Ortega, C.; Camara, M.; Martinez, J.L. Role of the multidrug
resistance efflux pump MexCD-OprJ in the Pseudomonas aeruginosa quorum sensing response. Front. Microbiol.
2018, 9, 2752. [CrossRef]

129. Borges, C.A.; Maluta, R.P.; Beraldo, L.G.; Cardozo, M.V.; Guastalli, E.A.L.; Kariyawasam, S.; DebRoy, C.;
Avila, F.A. Captive and free-living urban pigeons (Columba livia) from Brazil as carriers of multidrug-resistant
pathogenic Escherichia coli. Vet. J. 2017, 219, 65–67. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/odi.12648
http://www.ncbi.nlm.nih.gov/pubmed/28142218
http://dx.doi.org/10.1111/jam.13513
http://www.ncbi.nlm.nih.gov/pubmed/28622460
http://dx.doi.org/10.1007/s00284-016-1101-1
http://www.ncbi.nlm.nih.gov/pubmed/27449213
http://dx.doi.org/10.3389/fmicb.2018.02752
http://dx.doi.org/10.1016/j.tvjl.2016.12.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Fungal Quorum Sensing: An Over View 
	Quorum Sensing in Various Fungal Species 
	Candida Albicans 
	Debaryomyces Hansenii 
	Cryptococcus Neoformans 
	Saccharomyces Cerevisiae 
	Neurospora Crassa 
	Penicillium Species 
	Aspergillus Species 

	Quorum Sensing Molecules (QSMS) 
	Pheromones 
	Farnesol 
	Tyrosol 
	Volatile Organic Compounds 
	Lactone Containing Molecules 
	Lipids 

	Fungal Quorum Sensing Inhibitors (QSIs) with Potential Antifungal Activities 
	Farnesol 
	Others Fungal QSIs 
	The Antifungal Potential of QSMs/QSIs 

	Concluding Remarks 
	References

