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Preface

Candidiasis is an infection caused by Candida spp., mostly Candida albicans.
Although Candida species, a yeast, normally exists in the human body on the skin and
in the mouth, throat, gut, and vagina, it does not cause infection; however, sometimes
yeast proliferation occurs, and Candida spp. can cause several infections, such as

an oral infection affecting the mouth and throat, called oropharyngeal candidiasis
(thrush), as well as vulvovaginal, oesophageal, intestinal, and invasive candidiasis.
Oesophageal candidiasis is a common infection in HIV/AIDS patients. The
pathogenesis of candidiasis in humans is not completely understood. Infection caused
by Candida spp. creates a serious problem in humans because of drug resistance.
Investigation of new and effective active substances against pathogenic Candida spp.
and a better understanding of the molecular mechanisms involved in the formation
of antifungal resistance will help prevent Candida infection among individuals with
immunological deficiency and will make antifungal therapy much more effective.
This book provides a comprehensive overview of the latest information on Candida
spp. and candidiasis, and will be useful to biologists, mycologists, chemists,
molecular biologists, geneticists and agriculturists.

In the first section of the book, the history and taxonomic hierarchy, diversity,

sexual reproduction, invasion biology, antifungal resistance, identification and
genetic structure of Candida spp., novel and natural compounds for candidiasis
treatment, and interactions between Candida spp. and cancer development are
discussed. Molecular mechanisms and biofilm-related factors responsible for
development of antifungal drug resistance in Candida species, together with
antifungal drug resistance, multi-drug resistance, and related resistance mechanisms
are reviewed. The second section examines the molecular identification of targeted
DNA regions, and the advantages and disadvantages of each approach, as well as
prospective new advances brought about by modern technology. Traditional and
molecular laboratory methods for diagnosing candidiasis are reviewed, with a
discussion of PCR-based and non-PCR-based methods. The third section reviews
pathogenicity, signalling pathways, and drug delivery systems that have the ability
to accelerate the accumulation of drugs in different cutaneous layers. The final
section considers antibiofilm activity against Candida spp., and the new molecules
capable of preventing the formation of biofilms or eradicating them. This section
also discusses changes in fungal physiology, host-pathogen interactions between cells
and antibiotics during the treatment of COVID-19 infection using proteomic studies
to identify proteins associated with fungi, and antifungal activity of propolis as an
alternative natural treatment method for Candida species.

I would like to thank IntechOpen for offering me the opportunity to participate in
this project, which could not have been successfully concluded without a strong
support group. First of all, my husband and my daughter supported me with love and
understanding. Thanks for your unwavering support. Second, I am grateful to all the
authors and my colleagues around the world who have collaborated with me on this

XI



book project and have provided original photographs, figures and graphics related to
the subjects discussed. Finally, my sincere thanks go to Ms. Marica Novakovi¢ for her
guidance and to other members of the IntechOpen staff for their help with this book

project.
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Tulin Askun

Professor,

Department of Biology,
Faculty of Science and Art,
Balikesir University,
Balikesir, Turkey
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Chapter1

Perspective Chapter: Candida and
Candidiasis — Recent Taxonomic
Developments, Invasion Biology,
and Novel Active Compounds

Tulin Askun

Abstract

Candida spp. infections are most predominantly caused by Candida albicans,
followed by C. glabrata, C. parapsilosis and C. tropicalis. Candida spp. can cause a wide
range of serious infections. Recent studies indicate that this genus has approximately
200 species. Candidiasis is a fungal infection caused by Candida spp. Sexual repro-
duction gives eukaryotic organisms some advantages, such as producing adaptable
fertility to changing environments and eliminating harmful mutations. Relationships
between epithelial cells and Candida spp. include responses to medically important
fungal pathogens. Infection by C. albicans, which has significantly high virulence due
to its biofilm formation feature, is rather difficult to manage. Invasive candidiasis is
a serious infection that can affect the blood, brain, eyes, bones, heart or other parts
of the body. Understanding C. albicans invasion kinetics is crucial to controlling
the pathogen’s intrusion into the cells. New and effective antifungal compounds are
needed due to the limited number and competence of antifungal agents. The search
for natural compounds with anti-candidiasis effects continues increasingly.

Keywords: Candida, candidiasis, invasion, diversity, antifungal resistance, sexual
reproduction

1. Introduction
1.1 Candida and Candidiasis

Candida spp. (a kind of fungus) are ubiquitous. Candidiasis is a fungal infection
caused by Candida species, such as oropharyngeal candidiasis, oesophageal candidiasis,
vulvovaginal candidiasis, candidal gingivostomatitis, intestinal candidiasis, invasive
candidiasis, disseminated candidiasis and bloodstream infections. The rate of death in
hospitalised patient with bloodstream infections are one in four. Candida can live natu-
rally on the surface of the skin, in the oral cavity, vagina and intestine without causing
any trouble. C. albicans lives commensally on mucous membranes in healthy people and
causes widespread candidiasis in the digestive system in vulnerable people [1, 2].
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Candidemia is a Candida bloodstream infection, a familiar form of invasive can-
didiasis which is a severe infection that can affect many parts of the body such as the
eyes, bones, blood and brain [3]. Candida infections also occur in immunocompetent
patients, primarily affecting their nails, scalp and skin (onychomycosis) [4, 5].

Most Candida infections (around 80%) in people are caused by C. albicans, though
infections caused by other Candida spp. are becoming more and more frequent [6]. It
has been shown that C. subhashii isolated from peritonitis is genetically closely related
to C. tropicalis, C. albicans and C. dubliniensis [7]. Although C. albicans infections
can be easily treated, their nosocomial nature translates to a high mortality rate [8].
Pappas et al. reported that higher than 250,000 people are affected by invasive can-
didiasis each year [9, 10]. According to the studies conducted by Ferrer [11] and Farr
etal. [12], vulvovaginal candidiasis caused by C. albicans is seen in 75% of women of
reproductive age, 5% of which experience recurrent infections.

In a study conducted on different genotypic distributions of C. albicans strains
in oral cancers, it was shown that C. albicans genotype-A had a significantly higher
frequency of occurrence in patients with oral cancer. C. albicans was classified into
four different genotypes in this study based on their PCR amplification products. C.
albicans genotype-A contained 450 bp. Similarly, other types comprised genotype-B
(840 bp), genotype-C (450 and 840 bp) and genotype-D (1080 bp). The results of
this study showed that Candida spp. that settles in the mouth may play a role in the
formation of oral cancer [13]. Candida infections still have high mortality rates [14].
The reports showed that multidrug-resistant C. auris causes healthcare-associated
outbreaks with high mortality rate [15-17].

1.2 History and taxonomic hierarchy

The genus Candida was created by Dutch mycologist Christine Berkhout (accord-
ing to her thesis published in 1923) with nine species, and then, the genus Monilia was
added [18]. However, Berkhout’s definition of the genus was not found to be sufficiently
distinctive and decisive. Thus, it was later edited by Lodder and Kreger-van Rij. The
generic name Candida is based on Pseudomonilia albomarginata, published by Arthur
Geiger which is presently called Candida mesenterica [19]. Subcultures of the strain type
were kept as CBS-602 as per the Dutch Centraalbureau Voor Schimmelcultures.

According to Barnet [18], presumably, Pseudomonilia (named in a publication
in 1910) was the first genus used for budding, filamentous and asexual yeast. Then,
Langeron and Talice [20] classified the yeast into eight genera. Subsequently, Kurtzman
and Robnett divided the family Saccharomycetaceae into 11 well-structured clades [21].
Diezmann et al. [22] separated three major clades within Saccharomycetales in a well-
structured manner. According to this, Clade 1 arises with node 29, clade 2 arises at node
16 and clade 3 arises at node 4. Clade 1 comprised six Candida spp. (C. albicans, C. dub-
liniensis, C. maltosa, C. tropicalis, C. viswanathii and C. parapsilosis) and Lodderomyces
elongisporus. The current taxonomic hierarchy is as shown below:

Fungi, Dikarya, Ascomycota, Saccharomycotina, Saccharomycetes,
Saccharomycetidae, Saccharomycetales, Debaryomycetaceae, Candida/Lodderomyces
clade, Candida, Candida albicans [23].

1.3 Diversity

Approximately, a quarter of all yeast species belong to the genus Candida [24].
Recent studies indicate that this genus has approximately 200 species [25]. Candida
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spp. is very common in different environments as its vegetative cells proliferate by
budding or forming pseudo or septate hyphae [26]. Krohn et al. [27] detected large
numbers of C. albicans and C. glabrata and lesser numbers of C. guilliermondii,

C. lusitaniae, C. tropicalis, C. kefyr, C. krusei and C. rugosa in the duodenal fluid of
patients with liver cirrhosis.

Barnett et al. [28] identified 12 new species of Candida (They were C. aaseri,

C. albicans, C. atlantica, C. haemulonii, C. intermedia, C. mavis, C. zeylanoides, C.
maritima, C. norvegica, C. sake, C. torresii and C. tropicalis) from the marine envi-
ronment. Li-J et al. [29] isolated and identified a new yeast species, C. pseudorugosa
sp. nov., from the sputum of an acute pneumonia patient. According to the sequence
analysis of the 26S rRNA gene D1/D2 domain and the internal transcribed spacer
(ITS) region, the new species was closely like C. rugosa. Therefore, they proposed
the name C. pseudorugosa sp. nov. for the new species. Wang et al. [26] added six
more species (C. intermedia, C. pavapsilosis, C. quercitrusa, C. rugosa, C. zeylanoides
and C. membranifaciens) as marine yeast species.

C. auris was isolated and first identified from the external ear canal of an inpatient
in a Japanese hospital by Satoh et al. [30]. Afterwards, Oh et al. [31] investigated 27
isolates including C. haemulonii group I and C. pseudohaemulonii by sequencing their
ITS region and D1/D2 regions of the 26S ribosomal DNA from blood samples and ear
canal swabs were taken from 23 patients. As a result of the study, they identified 15 of
27 isolates as C. auris obtained from ear specimens.

Infection of some Candida species such as C. famata, C. kefyr, C. lusitaniae and C.
geylanoides is sporadic in the bloodstream and other systemic infections. These species
are considerable because they might have antifungal-resistant isolates that are occa-
sionally discovered among them and it is possible that these isolates might be mis-
identified by commercial yeast identification systems. DNA sequencing or MALDI
methods are reliable in identifying these potential antifungal-resistant isolates.

Some of these species are frequently reported using teleomorph genus names such

as Wickerhamomyces canadensis (C. melinii) and Debaryomyces hansenii (C. famata)
(Table1). Yeast or fungi may exist in both teleomorph (sexual stage) or anamorph
(asexual stage) stages [32]. This confusing situation caused the species to be classified
into different genera (Table 1). Good example is Kluyveromyces lactis (sexual state)
and Candida sphaerica (asexual state) [33, 34].

1.4 Sexual reproduction

Sexual reproduction in eukaryotes can take many different forms. It has been
reported that sexual reproduction may be essential for pathogenic fungi to create
genetically diverse populations under extremely different environmental conditions
[50]. Sexual reproduction gives eukaryotic organisms some advantages such as pro-
ducing adaptable fertility to changing environments, eliminating harmful mutations,
providing favourable genetic change and increasing genetic diversity [51, 52].

Tao etal. [53] reported that during mating, white cells (WHCs) and opaque cells
(OPCs), separated from each other by their function and appearance, show organised
function. Researchers reported that C. albicans may contain these cell types, WHCs
and OPCs which are functionally and morphologically different. They studied three
configurations of the mating-type locus in C. albicans. These are locus MTLa/a, locus
a/and locus a/a. Most natural isolates have heterozygosis at the mating-type locus [54].
C. albicans may often change between two distinct cell types, WHC and OPC, [55].
Before mating, C. albicans must first be homozygous at the mating-type locus and then
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Anamorph Teleomorph References
Candida vini Kregervanvija fluxuum [35]
Candida melinii Wickerhamomyces canadensis [24]
Debaryomyces hansenii var. hansenii Pichia kudriavzevii [36]
Candida famata var. famata Debaryomyces hansenii var. hansenii [37]
Candida famata var. flareri Debaryomyces hansenii var. flareri [38]
Candida globosa Citeromyces matritensis [39]
Candida guilliermondii Pichia guilliermondii [40]
Candida krusei Issatchenkia orientalis [41]
Candida lambica Pichia fermentans [42]
Candida lipolytica Yarrowia lipolytica [42]
Candida lusitaniae Clavispora lusitaniae [39]
Candida nitrativorans Pichia sydowiorum [42]
Candida opuntiae Clavispora opuntiae [42]
Candida pulcherrima Metschnikowia pulcherrima [22]
Candida sphaerica Kluyveromyces lactis var. lactis [42]
Candida valida Pichia membranifaciens [35]
Candida globosa Citeromyces matritensis [39]
Clavispora lusitaniae Clavispora lusitaniae [43]
Candida famata Debaryomyces hansenii [39, 44]
Candida. homilentoma Hyphopichia homilentoma [45]
Candida utilis Cyberlindnera jadinii [45]
Candida kunwiensis Metschnikowia kunwiensis [45]
Candida deformans Yarrowia yakushimensis [45, 46]
Candida lipophila Wickerhamiella lipophila [44]
Candida molischiana Kuraishia molischiana [44]
Candida pignaliae Ogataea pignaliae [47]
Candida Molischian Kuvaishia Molischiana [48]
Candida bornbicola Starmerella bombicola [49]
Candida sphaerica Kluyveromyces lactis [43]

Table 1.
Some of Candida anamorph and teleomorph names according to the recent taxonomic developments.

switch from WHC to OPC type because only OPC can mate efficiently [56]. WHC rep-
resents the majority cell population in nature. However, minority OPCs are capable of
matching. In sexual reproduction, WHC secretes sexual pheromones to stimulate both
cell types (OPC and WHC). To initiate mating, the presence of opaque cells, WHCs
release sexual pheromones and consequently creates favourable conditions for OPCs to
mate with both sexes. These OPC and WHC connect through a pheromone signalling
system. This coupling of WHC and OPC is thought to be the key to the fungus being
an evolutionarily compatible and successful pathogen in the host [53].
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1.5 Invasion biology

C. albicans normally exists as a commensal microorganism in human gastrointesti-
nal and genital tracts. Fungi use the advantages of anisotropic growth, thus offering it
advantages in terms of nutrient acquisition, movement capability and niche colonisa-
tion and mating [57, 58].

1.5.1 Candida albicans and epithelial cell interaction

Moyes et al. [59] reveal that the relation between the fungal pathogen (Candida
spp.) and epithelial cells (EPCs) contains the key to host responses to fungi.
According to previous general views, epithelial cells were thought of as a static barrier
against invading fungi. There was a widespread belief that epithelial cells provided
both an attachment for colonisation and a food source for invading fungi. However,
in the light of recent studies, this view has changed significantly. It is now known that
epithelial cells play a more active role in the differentiation of commensal and patho-
gen, immunity and damage mending. The interaction of C. albicans with epithelial
cells proceeds as follows. (i) It attaches to epithelial cells of C. albicans, (ii) the fungus
is recognised by EPCs, (iii) induction of endocytosis is initiated by the fungus, and
(iv) C. albicans was taken into the cell and then initiates early apoptotic events. These
events damage the epithelial cell. Thus, it is protected from phagocytosis. Endocytosis
is induced by the interaction of C. albicans Als3 adhesive with E-cadherin in epithelial
cells and with N-cadherin in endothelial cells [59].

In the light of recent research, the stages of C. albicans invasion are as follows: (1)
A series of signalling circuits are initiated when C. albicans adheres to the EPCs, (2)
certain morphological Candida species are recognised by the EPCs and endocytosis is
initiated by the host cell, and 3) to escape from phagocytosis, early apoptotic events
are initiated by Candida and this damages the EPCs. Early recognition events are
important to reduce some of the damage at this early stage (Figure 1) [60, 61].

C. albicans is a dimorphic fungus that can be in yeast form or in the form of
hyphae (germ tube, we mentioned as hyphae here). The first adhesion takes
place through the yeast form. However, C. albicans can also be in the form of
hyphae [62, 63]. It provides enhanced bonding, especially using surface portions
expressed in the hyphal form. Thus, C. albicans hyphae adhere more strongly to
ECs than to yeast cells [64, 65].

Early recognition events are important to alleviate some of the damage in this
early step. The host-fungus interactions in EPCs have increased over time, and more
research and information are needed in this regard. It is now known that EPCs are an
important part of the host reaction mechanisms against fungal infections.

When C. albicans infected the host epithelial cells, the initial contact of the adher-
ence including colonisation and invasion of fungal cells start. Many factors play a role
in this process. In this step, cell-to-cell adherence occurs via epithelial receptors and
Candida adhesins [66]. E-cadherin coexists with clathrin around hyphae endocytosed
by epithelial cells [67]. Therefore, the fungus hyphae enter the epithelial cell.

The Als family, an adhesin family, has an important role in epithelial attachment.
Als3 is a key hypha-specific protein [61, 66]. Furthermore, Als3 is one of the C.
albicans invasins, which can induce endocytosis. It attaches to host cell receptors such
as E-cadherin and N-cadherin and stimulates the host cells to endocytose the organ-
ism [68]. In the first step, adhesins such as Als3p bind to their target cellular receptors
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or covalently bind to the host cell surface. In the second step, C. albicans invasins
interact with target host receptors and initiate the activation of these receptors [59].
E-cadherin and actin microfilaments are proteins belonging to the septin family.

A. Attachment

C. glabrata C. albicans
Yeast C. albicans hypha
Als3p B-glucan  Hwplp
Electrostatic . Epalp B-glucan
attraction ,* ' " w r Transglutaminase
0 ¢ cross-linking
. . e
Epithelial EphA2
Cell Glycan E-cadherin Epithelial Cell

carbohydrate EphA2

B. Induced endocytosis

C. albicans hypha

EGFR/Her2

Epithelial Cell E-cadherin

C. Active penetration

Candidalysin
( Degrade_s Damages epithelial cell membranes
E-cadherin : bl .
and induces epithelial immunity
Candida hypha

Degrades mucins and O Lipases and phospholipases may

salivary proteins promote adhesion and/or digestion
of epithelial cell components

Figure 1.

Infemctions of C. albicans with host epithelial cells. (A) C. albicans binds to host epithelial cells in various ways
via EphA2 and E-cadherin receptors or divectly via transglutaminases. (B) C. albicans invasins interact with
E-cadherin receptors to induce endocytosis. (C) C. albicans and some Candida species can reach mucosal tissues
by secreting lipase, phospholipase, proteinases and secreted aspartic peptidases such as Sap2p and Sapsp. This
figiire reproduced with permission of the authors [65].
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The septin family proteins are important as cytoskeletal elements for cell division in
budding yeast. Septins play a key role in anchoring cell surface proteins of the specific
regions of the cell membrane [69].

1.5.2 Candida albicans and endothelial cell intevaction

C. albicans enter and invade endothelial cells by binding to N-(neural) cadherin
(a transmembrane protein) and other cell surface receptors, acting as a mediator of
cell-cell adhesion and affecting a range of biological activities (Figure 2) [70, 71].
Septin-7 is a filament-forming cytoskeletal GTPase and the septin family of proteins
includes N-cadherin and actin microfilaments. Septins bind cell surface proteins to
specific regions of the cell membrane in a particular way [70, 72].

Phan et al. [63, 73] investigated the accumulation of N-cadherin, SEPT7, and both
N-cadherin and SEPT7 when yeast was added to endothelial cells. They showed that
cells in the yeast phase germinated 30 minutes after adhering to the endothelium and
were enveloped by SEPT7 after 60 minutes and they were surrounded by both SEPT7
and N-cadherin after 90 minutes. After this stage, endocytosis occurs in EPCs.

EPCs produce many cytokines such as GM-CSF, G-CSF, IL-1a, IL-1b and IL-6
in response to the presence of the fungus along with RANTES and IL-8. Today,
the function of EPCs in terms of C. albicans is better understood. When C. albi-
cans interact with EPCs, it turns into a dynamically reactive protector [59, 72]. It
also produces antimicrobial peptides such as cathelicidin and b-defensins [74].
Adherence and recognition of C. albicans by EPCs result in cytoskeletal reorganisa-
tion. Neutrophils have great importance in epithelial anti-Candida defence. They
release the secreting factors that stimulate EPCs preservation towards damage in a
TLR4-dependent manner [75]. Candida can inactivate the antiapoptotic proteins in
macrophages and neutrophils. Thus, it can cause apoptosis in EPCs. Furthermore,
infection of EPCs by C. albicans causes premature initiation of apoptosis and then
necrotic death [76, 77].

ALY, =——— " m‘_ssnl

./f Calbicans Vo=

At ——a r\; g ' ‘\ (]

“L,____"‘i"“l

Endothelial cells

Actin microfilaments

.
i e N-cadherin

Endothelial cells

B

Figure 2.

Localization on the endothelial cell surface and endocytosis of C. albicans. (A) Adhesion: At this stage, Als3 and
Ssaz1 C. albicans proteins bind to endothelial cell-mediated N-cadherin. (B) Endothelial cell invasion: At this
stage, SEPT7 and actin filaments gather around the hyphae.
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1.6 Antifungal resistance

C. albicans has very low levels of drug resistance; however, other types of Candida,
such as C. glabrata, might be mostly resistant and more deadly. The most clinically
important Candida spp. are C. albicans, Candida parapsilosis and C. glabrata [78].

There are various reports on fungal resistance mechanisms of several Candida
spp. against fluconazole, itraconazole, voriconazole and several other azole drugs
[79-81]. In a study, 27 mutations in the ERG11 gene were identified in azole-resistant
C. albicans isolates. It is thought that these mutations may increase resistance to azole
drugs and may be associated with the recurrence of vulvovaginal candidiasis [82].

Centers for Disease Control and Prevention reported that Corynebacterium auris is
resistant to multiple antifungal drugs typically used to treat Candida infections, and
identification of this species needs specific technology; therefore, standard laboratory
methods are insufficient, and early identification and transmission prevention of C.
auris for patients staying in the hospital is of great importance. Thus, it is possible to
take precautions. Considering the above, it presents a dangerous global health threat.
As aresult of recent research, three classes of antifungals (azoles, echinocandins and
amphotericin B) are found efficient against Candida spp. [17, 83].

Dagi et al. [84] tested 200 Candida strains isolated from bloodstream infections for
drug resistance tests. The strains were C. albicans, C. parapsilosis complex and C. gla-
brata (47.5%, 14.0% and 18.0%, respectively). Except for C. kefyr strains, 11 Candida
spp. were susceptible to amphotericin-B at an MIC value of 2 pg/mL. C. glabrata
strains was resistant to fluconazole at MIC value >64 pg/mL. Others showed concen-
tration-dependent susceptibility. The low MIC value of C. pseudoaaseri (0.016-1 pg/
mL) against all types of antifungal drugs except flucytosine distinguished this species
from C. aaseri with generally susceptible MICs between >0.008 and 0.5 pg/mL [7, 85].
Candida auris had alow MIC to echinocandin drugs (<0.5 mg/L) and showed a close
phylogenetic relationship to C. haemulonii; furthermore, resistance to azole, ampho-
tericin B (AmB) and echinocandin had been reported in the species as well [7, 8].

In arecent study, Soliman et al. [86] investigated a green approach to control the pro-
liferation of the 60-Candida species obtained from clinical samples. Tested Candida iso-
lates were identified as C. tropicalis, C. albicans, C. parapsilosis, C. krusei and C. glabrata.
P, chrysogenum was used as a biocatalyst for synthesising silver (Ag) nanoparticles. To do
this, the metabolites of P. chrysogenum were used to reduce AgNO; to Ag-nanoparticles.
The susceptibility test of Candida isolates to synthesise Ag-nanoparticles, fluconazole
and amphotericin B was assessed. The 60 Candida isolates were found highly susceptible
to Ag nanoparticles. Sensitivity to fluconazole and amphotericin B was 41.6% and
50.0%. This study shows very promise in eradicating Candida resistance.

Tan et al. [87] investigated how b-lactam antibiotics induce the spread of C.
albicans in the gut. In their research, C. albicans, kept under pressure in the gastroin-
testinal tract of a healthy person, causes intensely released peptidoglycan production
by autolysis of Gram (—) cells in the patients after treatment with b-lactam antibiotic
and induces C. albicans hyphae production. They reported that the proliferation in
hyphal cells causes penetration into mucosal barriers.

1.7 Identification and genetic structure of Candida

There are several methods using molecular technology for Candida spp. typing.
These include the following methods: restriction fragment length polymorphism
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analysis (RFLP), multilocus sequence typing (MLST), random amplified polymor-
phic DNA analysis (RAPD) and electrophoretic karyotyping [88, 89].

Studies for the correct identification of Candida spp., are ongoing. Arastehfar
etal. [90] reported that they developed a precise, distinctive, saving cost and time,
integrated and reliable test that can be incorporated into clinical laboratories without
laborious DNA extraction steps. Using this method, they succeeded in distinguishing
nine medically important complex species using a one-step multiplex PCR technique.
The three cryptic Candida complex species found in samples were obtained from
Iran (n = 135) and China (n = 145), which were C. albicans complex (C. dubliniensis,
C. Africana, and C. albicans), C. glabrata complex (C. bracarensis, C. nivariensis,
and C. glabrata) and C. parapsilosis complex (C. metapsilosis, C. parapsilosis, and C.
orthopsilosis).

On the other hand, Al-Obaid et al. [91] examined 63 C. tropicalis strains identified
by Vitek-2 and PCR isolated from different samples such as blood, respiratory tract,
digestive tract and wound. They recorded 59 diploid-sequence-types (DST) with
MLST. The study showed that most C. tropicalis isolates originated from diverse and
unique strains. That is because they reported that 56 of the isolates from 48 patients
were unique.

In MLST sequencing, various housekeeping genes (HKGs) of species responsible
for infectious diseases are used to define DNA sequence polymorphisms between
isolates. This technique has the advantage of providing information about the species’
geographical origins and anatomical sources [92-93]. Candida spp. infections are
most predominantly caused by C. albicans, followed by C. glabrata, C. parapsilosis and
C. tropicalis [94].

Muiioz et al. [95] described the epidemiological profiles and the population struc-
ture of C. albicans by analysing the C. albicans MLST database. Therefore, they veri-
fied the general nature of C. albicans based on approximately 4300 database isolates
with the inclusion of a group of DSTs from people. Some of them were exclusively
healthy. The DST counts obtained from blood, oral and vaginal swabs were 32.4, 20.5
and 13.8, respectively. MLST was designed to allow the identification of unique DSTs
based on nucleotide-polymorphisms in multiple HGKs. Selected HGK were those that
encode ATP-dependent permease, aspartate aminotransferase, mannose phosphate
isomerase, acetyl-CoA carboxylase and alanyl RNA synthetase [96]. They reported
isolating the highest number of DSTs from blood (32.4%), oral swabs (20.5%) and
vaginal swabs (13.8%). They described seven HGKs involved in the MSLT scheme
with the highest genetic diversity.

1.8 Novel active compounds for candidiasis treatment

Its biofilm-forming ability makes it difficult to struggle and manage the highly
virulent C. albicans infection. Therefore, studies for identifying effective novel
compounds are ongoing. Some of the promising novel compounds reported during
2010-2020 are as follows. Nieminen et al. [97] reported the potent effects of D,L-2-
hydroxyisocaproic acid on biofilm formation. They used XTT ((2,3-bis(2-methoxy-
4-nitro-5-sulfophenyl)-5-[ (phenylamino) carbonyl]-2H-tetrazolium hydroxide) to
measure biofilm metabolic activity and assessed the results using a biomass marker.
Biofilms were monitored using scanning electron microscopy (SEM), and they
recorded the formation of abnormal, collapsed hyphal structures on incubation with
D,L-2-hydroxyisocaproic acid at acidic pH.
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Wong et al. [98] reported a new antifungal molecule called SM21 with a very
potent MIC (0.2-1.6 pg/mL) against Candida infections. This molecule was toxic to
fungi and was effective against biofilms of Candida species. They also stated that
SM21 was effective in reducing tongue lesions in rats in oral candidiasis and suggested
that it may have potential as a new antifungal agent. Oh et al. [31] observed the iso-
lates of C. auris, C. haemulonii and C. pseudohaemulonii in terms of creating plaques
in vitro in glucose-containing Sabouraud dextrose broth and deduced that all C. auris
isolates were biofilm-negative while all isolates of C. haemulonii and C. pseudohae-
mulonii formed biofilms. They also arrive at a judgement that C. pseudohaemulonii
formed a biofilm to induce central venous catheter-related fungemia in patients. Alam
etal. [99] developed a novel noisome-based diallyl disulphide, an effective nanocar-
rier system, to treat disseminated Candida infection in murine. They showed that
diallyl disulphide-loaded niosomes complex decreased the fungal cells and increased
the life of cell tissue in contrast to the free formulation. Patkowski et al. [100] investi-
gated the structure-activity relationship of gemini imidazolium compounds using the
chemical structure and surface-active properties and antifungal activity against C.
albicans ATCC 90028 strain. They remarked that antifungal activity depends not only
on the surface-active properties of the compound but also on the substituent type and
the position at the chloride moiety of substituents. Szafraniski et al. [101] synthesised
novel 4-substituted N- pyridine-3-sulfonamides and converted them to triazole
derivatives; then, they tested them against Candida spp. isolated from patients and
found C. albicans strains, to be highly sensitive to the tested compounds. According to
the docking study, based on inhibition of the cytochrome P-450-dependent lanosterol
14a-demethylase, the most active three compounds binding to C. albicans were deter-
mined as N-phenylpiperazine, pyrazole, and an alkylthio moiety of the compounds.
Another study on novel compounds was done by Lino et al. [102]. They synthesised
a novel series of 15 hydrazine-thiazole derivatives and tested the efficacy on six
Candida spp. They reported that while some of the derivatives exhibited activity at
the minimum inhibitory concentration MIC of 0.45-31.2 mM, some of them showed
comparable or higher activity than standard drugs.

1.9 Natural compounds

Natural compounds effective on fungi are generally phenolic and are obtained
from edible plants. Kim et al. [103] asserted that natural products increased the
in vitro activity of fluconazole against strains of resistant filamentous fungi. They
showed that cinnamic acid, benzoic acid, salicylic acid, thymol and 2,5- and 2,3-dihy-
droxybenzaldehyde exerted mainly additive or synergistic effects against fungal
growth [104]. Conversely, the search for natural products with antifungal activities
against Candida spp. and the search for natural molecules that can treat candidiasis
are ongoing. Zida et al. [105] classified the compounds according to MICs and MFCs
as given by the other authors. They classified 40 of 142 phytochemicals as significant
according to their MIC values <100 pg/mL, and 24 of 142 showed moderate activity
with MIC values between 100 and 625 pg/mL. In this group, ascosterosides from
Ascotricha amphitricha and papulacandin-A from Papularia sphaerosperma exhibited
the strongest activity with a MIC value of 0.1 pg/mL. Minooeianhaghighi et al. [106]
investigated the efficacy of some essential oils (Lavandula binaludensis and Cuminum
cyminum) against pathogenic Candida spp., and treatments for recurrent vulvovagi-
nal candidiasis. They identified the oil components by comparing their mass spectra
against the GC-MS library as well as using the existing literature. They determined
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13 components using GC-MS analyses. The main components of C. cyminum and L.
binaludensis essential oils were g-terpinene and 1,8-cineole (21.07%, 71.56%, respec-
tively). They reported that C. cyminum (MIC 8.00 mg/ML) and L. binaludensis oils
MIC 791 mg/mL) showed inhibitory activity. L. binaludensis inhibited 80% of C. albi-
cans vaginal strains at a concentration of 7.81 mg/mL (P < 0.05). They reported that
essential oils could be used as natural therapeutic inhibitors to prevent or limit the
growth of the most significant pathogenic Candida species and against recurrent vul-
vovaginal candidiasis. In another study, Marangoni et al. [107] studied a blue-green
alga, Spirulina platensis against 22 strains of Candida spp. (C. albicans, C. glabrata,

C. lusitaniae, C. tropicalis, C. krusei, C. Parapsilosis, C. Guillermondii, among others).
Faria et al. [108] examined the fungicidal activity of 12 natural phenolics against nine
reference strains of Candida (C. albicans (3 strains), C. parapsilosis (2 strains), C.
glabrata, C. tropicalis, C. krusei and C. lusitaniae). They showed that cinnamic acid,
benzoic acid, salicylic acid, thymol and 2,5- and 2,3- dihydroxybenzaldehyde had
mainly additive or synergistic efficacy against C. albicans.

1.10 Interactions between Candida spp. and cancer development

Some findings suggest a relationship between candidiasis and cancer. Ramirez-
Garcia et al. [109] investigated the role of candidiasis in oral and oesophageal cancers.
For this purpose, they studied oral Candida carriage by working with 52 oral cancer
patients and 104 non-oral cancer subjects. The data obtained from the study showed
that there is a significant relationship between the Candida species colonising the
mouth in the formation of oral cancer. Li-D et al. [110] examined 207 invasive cancer
patients. Patients with recurrent invasive candidiasis and patients with multiple infec-
tions were not included in this group. In their study, they detected 28% of deaths in
30 days. Invasive candidiasis was diagnosed based on the isolation of Candida species
from the bloodstream. The rate of Candida species they obtained was as follows: C.
albicans (48.3%), C. glabrata complex (24.2%) and C. tropicalis (10.1%), respectively.
The results indicate that there may be a relationship between death cases and invasive
Candida species. In another study performed by Choi et al. [111], they investigated
the incidence of Candida infection in cancer patients (n = 17.797) and the risk of
mortality in patients with Candida-infected cancer. Identified Candida species were
634, of which 75 had concerned bloodstream infection. The striking results were the
high rate of C. albicans infections (85.8%) in the patients hospitalised in the intensive
care unit.

2. Concluding remarks

Candida spp. contain the most common human fungal pathogens and C. albicans
is a commensal inhabitant of the human mouth, gastrointestinal and genital region.
Candida can weaken the mucosa and cause fatal conditions in situations such as
the inadequacy of the host immunity or the presence of implanted medical devices.
Immunocompromised patients can easily be exposed to Candida-related diseases.
Therefore, the research and development of new anti-Candida drug active molecules
are of great importance. There are various reports on fungal resistance mechanisms of
several Candida spp. against fluconazole, itraconazole, voriconazole and several azole
compounds. Natural compounds such as flavonoids contain a wide variety of biologi-
cally active compounds. Due to reasons such as low toxicity and rare side effects, they
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have the advantage of potential usage. The synthesis of new compounds effective in
Candida biofilm formation continues increasingly all over the world. On the other
hand, the relationship between Candida and cancer is still somewhat blurred. More
research is needed on whether Candida genus members cause cancer.
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Abstract

Candida species, members of the normal body flora, are opportunistic mycosis
agents that can cause infections associated with high morbidity and mortality rates
in the presence of underlying predisposing factors. In recent studies, it has been
reported that the incidence of invasive Candida infections caused by Candida species,
such as non-albicans Candidaparapsilosis, Candida tropicalis, Candida glabrata, and
Candida auris, in which antifungal drug resistance is more common, has increased,
in addition to Candidaalbicans, the most frequently detected Candida species. In this
context, the objective of this review article is to discuss the molecular mechanisms
and biofilm-related factors responsible for the antifungal drug resistance developed
in Candida species.

Keywords: Candida spp., antifungal drug resistance, azoles, echinocandins,
amphotericin B, biofilm

1. Introduction

Candida species found in the normal flora of the skin, mouth, and gastrointestinal
tract are opportunistic mycosis agents that can cause life-threatening deep invasive
infections in addition to superficial mucosal infections, especially in patients in the
risk group, in the presence of facilitating factors, such as any condition where skin
integrity is impaired, prolonged hospitalization, immunosuppression, surgeries, and
widespread use of antimicrobial drugs and corticosteroids [1, 2].

The epidemiology of invasive Candida infections associated with high morbidity
and mortality rates vary depending on the development of a resistance caused by
the selective pressure resulting from the widespread use of antifungal drugs for
prophylaxis and empirical treatment in patient groups at-risk [3]. The current
understanding of the varying epidemiology and the related resistance profiles
has been significantly enhanced by published data from various sentinel and
population-based surveillance studies [4]. Although C.albicans continued to be the
most frequently isolated Candida species in these studies, Candida species other than
albicans resistant to antifungal therapy were also identified with increasing frequency,
and the incidence of other Candida species varied from one center to another or
according to the geographical region [5, 6].
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The results of the SENTRY study where antifungal resistance was investigated
in Candida species isolated from various geographical regions indicated that the
Candida parapsilosis, isolated from European and Latin American countries, had
higher fluconazole resistance compared to the C. parapsilosis, isolated from Asia-
Pacific countries (4.6, 4.3, and 0.6%, respectively). Another common Candida
species, C. tropicalis, isolated from Asia-Pacific countries, was reported to have higher
resistance to fluconazole compared to C. tropicalisisolated from other countries
(9.2 and 1.1-2.9%, respectively [7-9]. Among other Candida species, C. glabrata
reportedly had 10.2% resistance to fluconazole and 0-10% resistance against
echinocandins in the United States. Varying rates have been reported for C. glabrata’s
resistance against echinocandins in other parts of the world. In addition, it was
reported that C. glabrata’s resistance to echinocandin was frequently accompanied
by its resistance to azoles and that this might result in an increase in the number of
multi-drug resistant isolates [10, 11].

Candidaauris, which is increasingly becoming a concern on a global scale, has
become a pathogen of emphasis because of its multiple resistance to antifungal
drugs, its long-term survival in the hospital environment, and its potential to cause
epidemics [5]. The most important feature of Corynebacterium auris, in addition
to its resistance to fluconazole (70%) and echinocandin (5%), is its resistance to
amphotericin B (23%), which is interestingly not observed in other Candida species.
Studies have reported resistance to two antifungal drug classes in 20% of C. auris
isolates, as well as pan-resistant isolates with high minimum inhibitory concentration
(MIC) values for all existing antifungal drug classes [10].

The progressive increase of Candida species other than albicans resistant to
antifungals at the global level has increased the importance of identification of
Candida species at the level of subspecies. Although fluconazole is still a widely
preferred choice of treatment all over the world, both intrinsic and acquired
resistance against fluconazole is increasing. The resistance to echinocandins currently
remains low but may increase with their increased use. Therefore, improvement
of diagnostic methods, development of international surveillance networks, and
implementation of antifungal management programs are required for better
epidemiological control of invasive Candida infections [6].

In this context, molecular mechanisms and biofilm-related factors responsible for
resistance to antifungal drugs in Candida species are discussed in this review article.

2. Antifungal drugs

The emergence of acquired drug resistance in common Candida species limits the
treatment options for these species. Despite the ongoing need for more antifungal
treatment options, the number of antifungals used in treatment remains limited
[3, 12]. There are three main antifungal drug categories: azoles (fluconazole,
itraconazole, voriconazole, posaconazole, isavuconasole, etc.), echinocandins
(caspofungin, micafungin and anidulafungin), and the amphotericin B (AMB),
which is included in the polyene group [1].

Azoles bind to 14-a-demethylase, which is one of the critical enzymes (Ergllp)
during ergosterol biosynthesis, leading to the disruption of fungal ergosterol syn-
thesis and accumulation of toxic sterols. Echinocandins act by blocking the catalytic
subunit of the glucan synthase enzyme encoded by the FKS gene, thereby inhibiting
the biosynthesis of $-1,3-D-glucan, the primary cell wall polymer. Polyenes, on the

26



Perspective Chapter: Antifungal Drug Resistance in Candida Species
DOI: http://dx.doi.org/10.5772/intechopen.106970

other hand, bind to ergosterol, leading to the formation of pores in the cell mem-
brane, disrupting the osmotic balance and ultimately the death of the fungal cell [1].

Fluconazole, which is included in the azole group, is often the drug of choice for
the treatment of most Candida infections since it is inexpensive, has limited toxicity,
and can be easily administered orally. However, in addition to the increase in the
patient population at risk, the increase in Candida species with intrinsic or acquired
resistance to antifungal drugs such as azolescaused by the selective pressure due to
the use of antifungal drugs for prophylaxis or empirical treatment is increasingly
becoming a concern [3, 13].

Given the limited number of antifungals used today, several clinical studies
are underway for the development of antifungals. Some of these studies feature
promising drugs, such as fosmanogepix (a novel Gwtl enzyme inhibitor),
ibrexafungerp (a first-in-class triterpenoid), olorofime (a novel dihydroorotate
dehydrogenase enzyme inhibitor), opelconazole (a novel triazole optimized for
inhalation), and rezafungin (an echinocandin designed to be dosed once weekly) are
currently in the final phase [3].

3. Antifungal drug resistance

Antifungal drug resistance refers to stable genetic changes that increase the
probability of failure in a treatment applied against a fungal pathogen included
in a particular class of antifungal drugs [2]. In addition to several clinical factors
pertaining to the host, the mechanisms of action of antifungals, the acquired
resistance related to the mutations observed in Candida, and features such as biofilm
structure are among the reasons for the failure of antifungal treatment [2, 14].

Generally speaking, resistance mechanisms cannot be transferred between
Candida species. Thus, acquired resistance arises either in response to antifungal
selection pressure in the individual patient or, rarely, due to horizontal transmis-
sion of resistant strains among patients [15]. The recent increase in the acquired
resistance to the echinocandin group of antifungal drugs has been observed primar-
ily in C. glabrata. Most patients who developed resistance to C. glabrata received
3-4 weeks of treatment containing the echinocandin group of antifungal drugs.
However, the fact that there were also cases where resistant mutants have been
reported in patients who received short-term treatments and even in patients who
stayed in clinical services featuring resistant isolates even though they did not
receive echinocandin suggests the potential for transfer among hospitalized patients
also in this drug class [15]. Resistance to more than one antifungal drug is still not
common; however, C. auris cases with multi-drug resistance have been increasingly
reported [1, 15].

4. Detection of antifungal drug resistance
4.1 Phenotypic methods

In vitro antifungal susceptibility testing (AFST) is a tool commonly used to
detect antifungal drug resistance or the possibility of failure of antifungal therapy.
AFST measures the ability of a particular organism to grow in vitro in the pres-
ence of a particular drug. This measured growth indicates the minimal inhibitory
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concentration (MIC), that is, the lowest drug concentration that completely stops
or significantly reduces fungal growth. Antifungal drug resistance is quantita-
tively determined phenotypically by determining the MIC value [14, 16]. To this
end, broth microdilution (BMD) based reference methods that have been stan-
dardized for AFST by the Clinical and Laboratory Standards Institute (CLSI) and
the European Committee for Antimicrobial Susceptibility Testing (EUCAST), are
used [14].

Standardization of the tests enabled the determination of clinical breakpoints
(CBP) and epidemiological cut-off values (ECV) for azoles, echinocandin, and AMB
against Candida spp. CBPs are based on a combination of pharmacokinetic/pharma-
codynamic (PK/PD) parameters and clinical outcome data, that is, the MIC value that
predicts an organisms’s in vivo response. On the other hand, ECVs are based on the
MIC value that distinguishes resistant and non-resilient wild strains. However, the
clinical response cannot be reliably detected using the ECV [14, 17].

Today, in addition to the reference methods, commercial tests (E-test
(Biomerieux)), automated test platforms (Vitek-2 [Biomerieux] bioMerieux,

Inc., Marcy I’ Etoile, France), and YeastOne Sensititre (TREK Diagnostic Systems,
Inc., Cleveland, OH) are used for AFST. On the other hand, the studies for the
standardization of these tests are in progress [4, 5, 14, 18].

4.2 Molecular methods

Phenotypic AFST has some major limitations. Therefore, other methods have
been developed for the molecular detection of resistance-related genetic mutations
independent of culture for the isolation of Candida [5].

Molecular detection of resistance relies on DNA technologies used in the detec-
tion of relevant mutations in genes associated with drug resistance, including
methods, such as Sanger sequencing, pyrosequencing, real-time PCR, Luminex
technology, and next-generation sequencing (NGS). Among these methods, NGS
has the ability to detect novel mutations that play a role in the phenotypic resis-
tance of clinical isolates. However, these methods have limited use in the direct
detection of resistance. Although there are specific tests for the direct detection
of FKS and ERG11 mutations, the interpretation of the test results is challenging
as the effect on susceptibility depends on codon, amino acid change, and species.
For instance, azole resistance rarely develops due to ERG11 mutations alone. In
fact, these mutations further complicate the molecular detection of resistance due
to the multiple underlying mechanisms. Nevertheless, molecular tests are more
successful in detecting the FKS mutants. It is envisaged that the aforementioned
problems can be overcome with the development of new techniques in the near
future [5, 11, 14, 19].

5. Antifungal resistance mechanisms

Candida species generally develop antifungal resistance by changing the density
and structure of antifungal target proteins and the sterol composition in the cell
membrane or releasing efflux pumps that reduce the accumulation of drugs into the
cell. Another mechanism that contributes to the development of resistance is biofilm
formation [12, 16].
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5.1 Resistance mechanisms to azole group of antifungal drugs

Ergosterol, which makes up most of the sterols in the fungal cell membrane,
is formed by the conversion of lanosterol to ergosterol by the enzyme lanosterol
14-alpha-demethylase, which is encoded by the ERG11 gene in Candida species [9].
Determination of the molecular resistance mechanisms of Candida species to azoles
poses a challenge, given the fact that the resistance mechanisms, especially in the case
of resistance to azoles such as fluconazole, vary according to the species, and depend
on a combination of several factors [10].

Among the molecular resistance mechanisms developed against the azole
group of antifungal drugs are alteration or overproduction of lanosterol 14-alpha-
demethylase, which is involved in the synthesis of ergosterol and is the target of the
antifungal drug, and mechanisms that ensure the excretion of the antifungal drug
out of the cell [3].

5.1.1 Point mutations in the ERG11 gene

Mutations leading to amino acid changes in the hotspot (HS) region of the ERG11
gene can cause azole resistance by causing changes in the structure of the target
protein and a decrease in the binding affinity of the drug [20].

Most of the amino acid changes that occur in the ERG11 gene occur in the three
HS regions of the protein, especially between amino acid sequences 105-165,
266-287, and 405-488, rather than being distributed throughout the coding
region [19].

Mutation of Y132F either alone or in combination with R398I has been reported
in fluconazole-resistant C. parapsilosis. Additionally, it was reported that C. parap-
silosis isolates carrying Y132F correlated with azole resistance and high mortality. In
another study, azole-resistant C. parapsilosis isolates carrying Y132F were detected
in environmental sources, including the hands of healthcare workers or the devices
used by the healthcare workers in the clinic, even though none of the healthcare
workers in question had received azole treatment [3]. Fluconazole resistance with
Y132F mutation was also detected in a small number of C. tropicalis and C. glabrata,
among other species. Not much is known about the contribution of ERG11 point
mutations to fluconazole resistance in C. auris, yet, as in other Candida species,
mutations have been identified in Y132F, K143R, and F126T. The results of the
recently held studies indicated that the list of ERG11 mutations related to azole
resistance is expanding [3, 9].

In another resistance mechanism, the defect in the ERG3 gene, which is respon-
sible for the production of the other enzyme D5,6-sterol desaturase involved in the
ergosterol synthesis pathway, leads to the synthesis of alternative toxic sterols with
low affinity for azole group of antifungal drugs instead of ergosterol, which, in turn,
gives rise to azole resistance [9]. This resistance mechanism has been detected in C.
albicans and C. tropicalis [9, 14]. The ERG11 mutations, which are reportedly respon-
sible for intrinsic fluconazole resistance in Candida krusei, have also been reported in
Candida spp. including C. albicans, C. parapsilosis, and C. tropicalis [14].

On the other hand, chemical diversity in a core unit structure within the azole
family facilitates the development of cross-resistance. For example, some mutations
in ERG11 result in fluconazole resistance only, while others also show resistance to
voriconazole. Panresistance may also be detected in some isolates [12].
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5.1.2 Overexpression of the ERG11 gene

Often the level of overexpression is minimal or can be observed with other
resistance mutations. Studies have shown that overexpression often involves Upc2p,

a zinc cluster transcription factor induced upon depletion of ergosterol. Mutations in
Upc2p result in gain-of-function (GOF) for this regulator, resulting in constitutive
transcriptional activity and increased Ergllp production [3]. In addition to managing
the regulation of many other genes (not only ERG11) involved in the ergosterol
biosynthesis pathway, Upc2p appears to also play an essential role in the response
given to azoles [19].

However, overexpression of ERG11 is not always observed together with UPC2
mutation. This resistance mechanism has been described especially in C. albicans
and less frequently in C. parapsilosis and C. tropicalis. The role of ERGI1 overexpres-
sion in fluconazole resistance in C. glabrata, C. krusei, and C. auris has yet to be
elucidated [2, 9].

5.1.3 Overexpression of membrane transportes

The efflux pumps are the proteins responsible for the excretion of exogenous or
endogenous substances out of the cell by transporting them across the cell membrane.
Accordingly, the efflux pumps throw drugs out of the cell, reducing their intracellular
concentrations and thus their effects on the cell. There are two types of efflux pumps
associated with drug resistance: ATP binding cassette (ABC) transporters (CDRI and
CDR2) and major facilitator superfamily (MFS) transporters (MDR1 and MDR?2).
Efflux pumps are responsible for the active excretion of toxic molecules such as the
azole group of antifungal drugs. Overexpression of genes encoding efflux pumps
(CDR and MDR) is one of the most important resistance mechanisms against the
azole group of antifungal drugs in Candida species [2, 21].

The ABC and MFS transporters in pathogenic yeasts are mainly overexpressed
by GOF mutations in TAC1 and MRRI, respectively. It is noteworthy that these
transcription factors play a role in virulence as well as drug resistance [3]. The
increased expression of the CDR and MDR genes encoding ABC transporters in C.
albicans (MDR1, CDR1, CDR2), C. glabrata (CgCDR1, CgCDR2), and C. krusei is
associated with a broad spectrum of antifungal resistance, whereas the increased
expression of MDR genes encoding MFS has been described in C. albicans and
C. parapsilosis [4, 9, 14]. Stimulation of the efflux pumps encoded by the CDR
gene generally tends to affect all drugs in the azole group and is sufficient for the
development of resistance in certain strains. On the other hand, the efflux pumps
encoded by MDR genes are generally selective for fluconazole [4].

5.2 Resistance mechanisms to echinocandin group of antifungal drugs

Echinocandins act by inhibiting the two catalytic subunits of the BDG synthase
enzyme complex encoded by the FKSI and FKS2 genes [14]. Although in vitro
fungicidal is still effective against most Candida species, the prevalence of intrinsic or
acquired resistance to echinocandins is increasing [19].

Studies have identified several mutations associated with echinocandin resistance
in the HS1 and HS2 regions of FKS1 and FKS2 in C. albicans and other species [11].

In particular, amino acid changes at positions Phe641 and Ser645 in FKS1 are the
most prominent mutations associated with clinical failure in C. albicans. The most
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common cause of echinocandin resistance in C. glabrata is the mutations in FKSI’s
HSP1 (Phe625, Ser629) and FKS2 (Phe659, Ser663). C. parapsilosis and Candida
guillermondii naturally contain mutations in FKSI that are responsible for their
reduced susceptibility to echinocandins; nevertheless, the clinical impact of this
mutation has yet to be determined [5, 14].

In recent studies, in addition to stating that the most appropriate way to
determine the echinocandin resistance mechanisms is the sequence analysis of
the HS region, the importance of whole-genome analysis of the FKS gene has also
been emphasized, given that mutations have been identified in regions other than
HS [1]. Additionally, it has been stated that the change in the lipid content of the
microenvironment surrounding the FKS gene may play a role in echinocandin
resistance [3].

The fact that echinocandin-resistant isolates, especially C. glabrata, are also often
resistant to fluconazole presents a severe clinical picture [22]. Acquired mutations in
FKS1 occur in C.albicans, C.tropicalis, C.krusei, and C.glabrata after long-term drug
exposure. However, acquired resistance mutations in FKS2 have only been observed in
C. glabrata so far [14]. Echinocandin resistance can be altered by the expression of the
FKS genes. FKS2 expression in C. glabrata is calcineurin-dependent; hence, FKS2-
dependent resistance may be abolished after treatment with the calcineurin inhibitor
FK506 (tacrolimus) [12].

5.3 Resistance mechanisms to polyene group of antifungal drugs

Polyenes are a group of antifungal drugs that target ergosterol-containing
membranes and bind to sterols in the cell membrane, forming channels, and thereby
disrupting the integrity of the membrane [19].

AMB is fungicidal, and resistance to AMB is usually observed intrinsically.
Acquired resistance in susceptible species is rare [18]. The mechanism deemed to
be responsible for AMB resistance in Candida species involves the mutations in the
ERG2, ERG3, ERG5, ERG6, and ERG11genes that encode the enzymes in the ergosterol
synthesis pathway, leading to a decrease in the synthesis of ergosterol, the target of
the drug [15].

Some strains of the Candida lusitaniae and Candida haemulonii complex show
intrinsic resistance to AMB. Decreased polyene susceptibility has been reported in
C. albicans isolates, in which ERG3, ERG11, and ERG5 mutations were detected
along with changes in the ergosterol pathway involving ERG2. Additionally, in
C. glabrata, mutations in ERG2 and ERG6 have been implicated in reduced susceptibil-
ity. Furthermore, it has been reported that all these changes, except for ERG6 muta-
tion, may also cause the development of cross-resistance to azoles [19].

5.4 Multi-drug resistance and related resistance mechanisms

Although intrinsic multi-drug resistance (MDR) is rare among Candida species,
C. auris isolates, which are resistant to all three antifungal drug classes consisting of
fluconazole, AMB, and echinocandins, have begun to be detected. Heteroresistance
may also develop against fluconazole, along with increased resistance to
echinocandin, especially in C. glabrata. In addition, echinocandin resistance, albeit
rarely, may occur in C. krusei. The resistance may occur sporadically in some species.
On the other hand, cross-resistance to azoles and AMB may develop in relation to the
specific mutations in the ergosterol biosynthetic pathway [19].
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The resistance to azole usually develops over time depending on more than
one mechanism, including the ERG11 or MDRI1 upregulation with combinations
of CDR1/CDR2 upregulation and ERG11 modifications as the most common
mechanisms. Although CDR1/CDR2 and MDRI1 upregulation can be explained
by TAC1 and MRR1 GOF mutations, ERG11 upregulation is not always associated
with UPC2 GOF mutations and requires additional regulatory factors. The gradual
introduction of point mutations in ERG11, MRR1, TAC1, and UPC2 has been
shown in vitro to induce the development of resistance in drug-susceptible C. albi-
cansisolates. In contrast to the case in C. albicans, where the resistance develops
based on the gradual increases in the mutations caused by multiple mechanisms,
the resistance in C. glabratamay usually develops via GOF mutations in C¢PDRIin
a single step [9, 12, 15].

The mechanisms of action of antifungal drugs used in the treatment of Candida
species and the mechanisms of antifungal resistance are given in Table 1 [1, 23, 24].

5.5 Biofilm and antifungal resistance

The most fundamental features of Candida are their ability to form biofilms,
which develop a high tolerance to antifungal drugs [25]. Biofilms are complex three-
dimensional structures consisting of a central cluster of microbial cells attached
to host tissue or abiotic surfaces and embedded in an extracellular polysaccharide
substance (EPS) that protects microorganisms [23]. Biofilm structures are a dynamic
cluster of multiple cell types, the formation of which is regulated by a transcriptional
regulatory network [25].

Biofilm development progresses through four main phases over a 24- to 48-hour
period: adherence, initiation, maturation, and dispersal [25, 26]. Accordingly, the
adherence of the yeast cell to the surface (adherence phase) is followed by the cell
proliferation phase (initiation phase), which is accompanied by hyphal growth.
Subsequently, the maturation of the biofilm structure (maturation phase) begins
with the assembly of hyphae and the aggregation of the extracellular matrix (ECM).
Finally, yeast cells detached from the upper parts of the biofilm layer are dispersed
to the environment in order to initiate the same process in other foci (dispersal

phase) [23, 26].
5.5.1 Adhesion phase

During the adhesion phase, yeast cells adhere to a surface and form a basal
layer that will anchor the biofilm to the surface. Adhesins specific to C. albicans’
hyphae structure, such as ALS3 and hyphal wall protein (HWP1), play a role
during this adhesion process. The presence of genes responsible for adhesion,
regulated by the transcription factor BCRI, is essential for adhesion during biofilm
formation [23, 25].

5.5.2 Initiation phase

The adhesion phase is followed by the initiation phase, which is characterized by
the onset of hyphae formation and leads to the formation of a hyphae network that
will contribute to the overall strength of the biofilm. This phase is critical for the
healthy development of the biofilm. At this phase, virulence factors specific to the cell
type and transcriptional regulators play a role [23, 25].
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Antifungal Antifungal Drug Mechanism(s) of Action Mechanism(s) of
class resistance
Azoles Fluconazole Inhibition of the Overexpression of
Voriconazole 14-a-demethylase, which is one cell membrane eflux
Posaconazole of the critical enzymes (Erglip) pumps, decreasing drug
Itraconazole during ergosterol biosynthesis, concentration.
Isavuconazole leads to the disruption of Alteration of the target
fungal ergosterol synthesis and enzyme, decreasing
accumulation of toxic sterols. affinity to the binding site
Inhibition of fungal cell (point mutation in ERG11
membrane function and gene).
growth. Upregulation of the target
enzyme (overexpression of
ERG11 gene).
Echinocandins Caspofungin Inhibition of the catalytic Regulated expression of
Micafungin subunit of the glucan synthase glucan biosynthesis genes.
Anidulafungin enzyme encoded by the FKS Point mutations in FKS1
gene. and FKS2 genes.
Inhibition of the biosynthesis of
$-1,3-D-glucan, the primary cell
wall polymer.
Polyenes Amphotericin B Polyenes, bind to ergosterol, Replacement of cell
leading to the formation of membrane sterols.
pores in the cell membrane, Mutations in the ERG3,
disrupting the osmotic balance encode the enzymes in
and ultimately the death of the the ergosterol synthesis
fungal cell pathway, leading to a
Oxidative damage. decrease in the synthesis of
ergosterol.
Adapted from [1, 23, 24].
Table 1.

Mechanisms of action and resistance of the major antifungal agents.

5.5.3 Maturation phase

The next phase is maturation. Hyphal yeast cells produce exo-polymeric sub-
stances (EPS), which virtually act as adhesives. A mature C. albicans biofilm is

preserved within an ECM structure composed of glycoproteins (55%), carbohydrates
(25%), lipids (15%), and nucleic acids (5%). Although the macromolecule structures
of the polysaccharide components of Candida biofilms are similar to those of cell
walls, there are significant differences between the cell wall and the ECM. It has been
reported that the presence of $-1,3 glucan, $-1,6 glucan, and a-1,2 branched a-1,6
mannan in the ECM structure contributes to the antifungal resistance of Candida
biofilms, particularly against fluconazole. In addition, excess polysaccharide content
in ECM was found to protect Candida biofilms against disinfectants and oxidative
stressors [25, 27].

5.5.4 Dispersal phase

The final phase is characterized by the dispersal of the mature forms of yeast cells
and/or biofilm fragments. In this way, biofilm formation occurs in different regions,
and the infection becomes systemic [23, 25]. The ability of biofilm-associated yeast
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cells to disperse and thereby initiate new biofilm formation is of clinical significance
in terms of giving rise to invasive diseases and candidemia [26]. Various components,
such as transcriptional regulators, cell wall proteins, and chaperones play an impor-
tant role in this phase [23, 25]. The steps of biofilm formation of C. albicans are shown
in Figure 1 [28].

C. albicans dispersed cells manifest a different development process compared
to biofilms and planktonic phases. The majority of the persistent cells are the lateral
yeast cells originating from the hyphal layers of the biofilm. It has been reported that
persistent yeast cells originating from biofilms adhere better to host cells, are more
resistant to azoles, and have higher virulence characteristics compared to free-floating
planktonic C. albicans yeast cells [29].

Despite their fundamental similarities, bacterial and fungal biofilms differ in
structural and developmental aspects. Dispersal from the bacterial biofilms occurs
predominantly at the end of the biofilm life cycle. On the other hand, dispersal from
the fungal biofilms featuring C. albicans, subject to most biofilm studies, occurs not
only at the final stage, but the cell release, which mostly involves unbudded yeast
cells, also occurs throughout the growth cycle [30, 31].

Studies investigating environmental signals regulating the dispersion from fungal
biofilms are still in their infancy and have particular aspects, which differ from the
studies that investigate the dispersion from bacterial biofilms. Dispersal from bacte-
rial biofilms is triggered by factors, such as nutrition, carbon limitation, hypoxia, low
nitric oxide (NO) levels, and a decrease in cellular bis-(3’-5")-cyclic dimeric guano-
sine monophosphate (c-di-GMP) levels [30, 31].

a b
C. albicans C. albicans
yeasts hyphae
surface
C. d.
dispersalceifs
Figure 1.

Steps of biofilm formation in C. albicans. (a) Adhesion step: Adhesion of C. albicans yeast, (b) Initiation step:
Hyphae formation and production of the extracellular matrix, (c) Maturation step: Maturation, and (d)
Dispersal step: Dispersal of cells from the mature biofilm.
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In comparison, dispersal from the fungal biofilms featuring C. albicans is triggered
by a carbon source such as glucose but restricted by other sources, such as maltose,
galactose, and phosphate-buffered saline (PBS). In addition, it has been demon-
strated that the pH of the growing medium also affects the dispersion. Accordingly,
dispersion is increased in acidic and decreased in alkaline conditions [30, 32].

Dispersion from fungal biofilms depends on the balance between yeast and the
hyphae community. PES1 (Pescadillo ribosomal biogenesis factor-1), which controls
the production of lateral yeast from hyphal filaments as key regulators of dispersion,
and NRG1 (Neuregulin-1), a negative regulator of filamentation, have been reported
to play a role in this balance [29]. In addition, it was stated in another study that
the presence of histone deacetylase, which enables proper biofilm formation and
multifactorial drug resistance development in C. albicans, also plays a regulatory role
in dispersion [30].

Dispersin B, which is among the matrix-degrading enzymes in bacteria, and
DNase I (Deoxyribonuclease I), another enzyme, have attracted attention as an
antibiofilm and pro-dispersal agent. In fungal biofilms, a complex hyphae structure
and the presence of abundant EPS (extracellular polymeric substances) prevent
fragmentation. Although none of the well-known dispersins has been identified in
fungal biofilms, DNase has been found to cause degradation by acting on the biofilm
matrix in the treatment of C. albicans biofilms [30, 31].

The aim of the biofilm dispersion is to prevent biofilm-induced infections
and to develop new treatment approaches [31]. The key step in the fight against
microorganisms in the biofilm is the disintegration and dissolution of the biofilm
structure or its conversion into a planktonic cell form with no antibiotic resistance
properties [33].

Biofilm formation is a complex and multi-phase process controlled by a wide
variety of transcriptional regulators (TR). TRs play a key role in the microbial
response given to environmental stimuli and regulate the cellular development and
routine biological functions of the cells. Studies have shown that a network of nine
basic TRs (BCR1, EFG1, NDT80, ROB1, TEC1, BRG1, FLO8, GAL4, and RFX2) is
required for biofilm formation both in vitro and in vivo [23, 25].

Cells aggregated within biofilm clusters induce the host’s immune response and
the development of resistance to antifungals. Candidiasis, which features a versatile
interaction with the host, often involves the formation of surface-associated biofilms.
Compared to planktonic cells, Candida biofilms resist phagocytosis by neutrophils,
monocytes, and macrophages. In addition, biofilm formation also alters mononuclear
cell cytokine profiles, which affects immunity. Biofilms modulate immunity through-
out various developmental stages. During the formation of mature biofilm, the ECM
contributes to the resistance against the host defense. It has been reported that yeast-
like cells dispersed from mature biofilms, compared to standard planktonic cells, are
more virulent and adhere better to surfaces, forming new biofilms [23, 27, 34].

The effect of biofilm formation on the development of antifungal resistance is
multifactorial. Factors, such as the increase in the density of cells and cell membrane
sterols, the presence of a complicated extracellular matrix, and the expression of
antifungal resistance genes may lead to the development of antifungal resistance [26].

C. albicans, most commonly isolated from clinical specimens, has been used as
a model to study fungal biofilms. In addition to C. albicans, the biofilm-forming
properties of other species, including C. tropicalis, Candida parapsilosis, and
C. glabrata, have gained prominence. Accordingly, it has been reported that
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Corynebacterium auris, which has emerged recently and attracted attention with its
multi-drug resistance, easily forms biofilms on artificial materials and its frequency
of isolation as an infection factor increases in patients using medical devices [27].
Candida species differ significantly in terms of biofilm formation and structure, ECM
variations, and antifungal resistance [26].

Candida spp., along with other Candida species and bacteria, can form
polymicrobial biofilms at many sites of infection. In such environments, ECM
produced by one of the organisms may contribute to the collective preservation
of other organisms within the biofilm. For example, polymicrobial biofilms
formed by C. Albicans and Staphylococcus aureus exhibit increased antibiotic
resistance compared to monomicrobial Staphylococcus biofilms. The coexistence
of C. albicans and other Candida species can be observed in oropharyngeal
candidiasis in particular [27, 34].

Biofilms formed by Candida species cause chronic or recurrent infections. These
biofilms are also tolerant and/or resistant to different antifungal compounds in addi-
tion to the innate immune system. This can be explained by several factors, such as
increased metabolic activity in the early stages of biofilm development, the presence
of ECM, activation of efflux pumps responsible for azole resistance, and changes
in gene expression, including overexpression of drug targets [23, 25, 27]. Further
clarification of these processes can be beneficial in the development of new strategies
to combat biofilm-derived infections [26, 27].

6. Conclusion

In conclusion, the incidence of invasive Candida infections that are resistant
to antifungal drugs, which are associated with high mortality and morbidity, is
increasing. Resistance to antifungal drugs may develop due to widespread antifungal
use and other factors as well as predisposing factors pertaining to the patients.
Therefore, it is crucial to identify the causative Candida species at an early stage
and to analyze the antifungal susceptibility profiles to determine the epidemiology
of resistance. In this way, the management of appropriate antifungal use would be
possible, and only then the unnecessary use of antifungals can be reduced, and the
drug-related undesirable side effects and the development of multi-drug resistance
can be prevented. In addition, understanding the mechanisms of antifungal resistance
will contribute to the development of molecular methods for rapid detection of
antifungal resistance and the development of new fungi-specific antifungal drugs.
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Abstract

Human opportunistic yeast infections have become more common in recent
years. Many infections are difficult to treat and diagnose due to the large number
and diversity of organisms that can cause sickness. In addition, infectious strains
eventually develop resistance to one or more antifungal medicines, severely limit-
ing treatment choices and emphasizing the need of early detection of the infective
agent and its drug sensitivity profile. Current techniques for detecting species and
resistances are insensitive and specific, and they frequently need pre-cultivation of
the causal agent, which delays diagnosis. New high-throughput technologies, such as
next-generation sequencing or proteomics, make it possible to identify yeast infec-
tions more sensitively, accurately, and quickly. Opportunistic yeast pathogens, cause
a wide spectrum of superficial and systemic infections, many of which are lethal.

In this work, we give an overview of current and newly created approaches. It may
be used to determine the presence of yeast infections as well as their medication
resistance. Throughout the book, we highlight the following points: Explaining the
benefits and drawbacks of each strategy, as well as the most promising advancements
on their route to success.

Keywords: yeast pathogens, diagnosis, Candida, candidemia, sequencing, proteomics

1. Introduction

Various infections, ranging from superficial to systemic, are caused by opportunistic
yeast pathogens, which are often deadly [1]. These viruses have become more common
in recent years, making them a leading source of life-threatening illnesses. This is due in
part to medical advancements, which have increased the survival rate of patients who are
particularly vulnerable, such as premature babies, the elderly, and those with compro-
mised immune systems. Furthermore, the widespread use of catheters, antibiotics, and
abdominal surgery promotes opportunistic yeast expansion outside of their natural
symbiont habitats [2]. Despite recent advances, death rates from invasive candidiasis
remain high, at over 40%, and treatment is complicated by antifungal resistance and
the advent of novel infections [3, 4]. Non-candida species such as Candida dubliniensis,
Candida glabrata, Pichia kudriavzevii, Candida parapsilosis, and Candida tropicalis are
becoming increasingly widespread. Candida auris has been around for along time [5, 6].

Candida spp. have been identified as the cause of candidiasis [7-9]. Crossing
pathogenic and non-pathogenic strains can result in the emergence of new virulent
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variants [10]. Candida spp. does not belong to a single genus in the phylogenetic sense,
as different Candida species may be found across the Saccharomycotina tree [11, 12].

Many therapeutically significant Candida species may be renamed as a result of
current work on yeast genes and taxonomy, and physicians should be aware of this
potential. Because virulence and antifungal resistance differ between species [13]
and even between strains of the same species [14, 15], making treatment decisions
at the species level (or even higher) is critical. As a result, it’s vital to identify the
infection’s causal agent precisely, accurately, and rapidly so that proper antifungal
medication may be started right once, especially in those with life-threatening
candidiasis.

Candidasis is diagnosed using microscopy, selective culture, and/or biochemical
methods [16, 17]. All of these approaches require isolating and cultureing the infec-
tious agent from clinical samples, which takes around 48 hours for most pathogenic
yeasts but may take longer for other samples or species. Furthermore, identification
procedures need specialized expertise, can provide perplexing findings, and are time-
consuming, all of which add to the time it takes to achieve an accurate diagnosis. As a
result, alternative techniques based on direct detection of diagnostic compounds are
gaining popularity [18].
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An overview of fungal infection detection methods. This graph depicts the many ways for identifying fungal
species. It’s possible to utilize mass spectrometry (blue backdrop), nucleic acid (ved background), or antibody-
based approaches (orange background). Techniques that combine more than one of these characteristics ave
represented in the section borders.
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Proteomics-based methods and targeted DNA sequencing are two examples of molec-
ular diagnostic approaches that might be used directly on clinical samples. The need for
infectious agent culture, the possibility to utilize a direct clinical sample, sensitivity and
accuracy, cost, time, and knowledge requirements, as well as the spectrum of species that
may be identified, all differ between the current and future techniques. Some sophisti-
cated approaches promise quick identification of both types of infectious agents as well as
the emergence of treatment resistance. The existence of infected cells does not necessarily
correspond to DNA detection, which is a common flaw in DNA-based approaches [19].

As a result, several modern approaches concentrate on identifying RNA from
actively transcribed genes, which is a better proxy for active cells and can also provide
indications that differentiate invasive from commensal activity [20].

The field of yeast infection diagnosis has substantially advanced in the last decade,
and is presently experiencing a revolution, thanks to the advent of sophisticated
sequencing and proteomics methods. However, there is still a long way to go between
the novel diagnostic method’s effective proof of concept and its acceptability for
broad clinical application. Diagnostic tools should be low-cost, quick, sensitive,
accurate, and simple to use [20].

Currently, there are several molecular diagnostic approaches for yeasts on the
market. They do, however, concentrate on the most prevalent pathogenic yeast spe-
cies, leaving the rare and emerging pathogenic yeast species to be found later. Massive
outbreaks of drug-resistant Corynebacterium auris isolates in hospital settings have
underlined this fact, which were first misread by existing commercial approaches
[3, 4]. In this article, we give a comprehensive review of the existing approaches for
characterizing yeast infection and treatment resistance profiles. During the review,
we underline the advantages and disadvantages of each approach, as well as the pro-
spective new advances brought about by modern technology. The primary accessible
techniques and strategies are shown in Figure 1.

2. Molecular identification of targeted DNA regions

It was found that polymerase chain reaction (PCR) allows for the selective amplifica-
tion of a specific segment of DNA, yielding millions of copies of the sequence (ampli-
con) in a matter of hours. This method has a lot of diagnostic potential since it allows
for the detection of small quantities of target DNA using specific oligonucleotides. To
make the diagnosis, the existence of the amplicon (if unique to the target species), its
size, or its exact sequence, which may be determined by sequencing or hybridization to
a particular probe, can be employed. The combination of particular PCR designs with
post-analysis has resulted in several alternative PCR-based approaches that are increas-
ingly being employed in the diagnosis of yeast infections (Figure 2).

Furthermore, specific patterns in the DNA of infectious microorganisms can
be detected without the use of selective PCR amplification, for example, by direct
hybridization with specific probes or by recognizing patterns in the length of frag-
ments resulting from enzymatic digestion of DNA by exonucleases. These strategies
will also be discussed in this section [21].

2.1 End-point PCR-based amplification

A typical approach for detecting and identifying infectious agents in cultures or
clinical samples is the endpoint [22]. Primers that preferentially amplify the target
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PCR-based techniques for fungal diagnoses are depicted in this diagram. In diagnostics, there are two types of
PCR-based procedures: (A) traditional PCR-based methods and (B) real-time PCR-based methods.

locus have historically been used to detect and identify infections. The locus might

be species-specific, producing an amplicon only if the target species is present, or it
could have a broader range, producing an amplicon from several species. In the latter
situation, differences in length, melting temperature, or sequence between the ampli-
cons may allow for a more precise identification. A target location for a conserved
rDNA gene found in multiple copies has been frequently utilized [23].

The existence of numerous copies, which allows amplification of even a small
number of cells, and the intrinsically high degree of variation found in some loca-
tions, which allows the construction of species-specific tests, are two aspects that
make this site excellent for diagnosis. The internal transcription spacer (ITS) of the
rDNA locus has been acknowledged as the worldwide gold standard for fungal species
identification [24, 25], and various global primers amplify this region. Other parts
of the rDNA locus, such as Trichosporum’s Intergenic Spacer region 1 (IGS1) may be
more useful for identifying certain clusters or species [26].

Additional markers, such as beta-tubulin or translation elongation factor genes,
can also be utilized in other fungal species [27]. It is now simpler, quicker, and more
specific to find particular or diagnostic areas because to advances in bioinformatics
and the availability of whole-genome sequencing data [28, 29].

In normal laboratories, PCR primers for common fungal species belonging to
the major human pathogenic genera, such as Candida, Aspergillus, Cryptococcus and
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Pneumocystis, are used more frequently than broad-spectrum primers. The lack of
species-specific commercial testing for less common species within those genera, as
well as for other new fungal genera that often cause severe and rapidly progressing
infections [30], is a drawback. Fungal or broad-spectrum PCR primers have the advan-
tage of being able to recognize both common and unusual fungi. However, due to the
sensitivity of the test, even a non-pathogenic fungus, symbiont fungi, or mycorrhizae
may provide a positive result, the results should be evaluated by experts [31].

The YEAST panel is a newly constructed multiplexer panel that can identify 21
clinically significant yeast species from the genera Candida, Trichosporon, Rhodotorula,
Cryptococcus, and Geotrichum, which account for 95% of yeast infections [32]. In many
circumstances, amplicon sequencing is necessary to make a particular diagnosis. PCR’s
potential goes beyond species identification to the detection of more subtle genetic
variations, such as those that contribute to a particular resistance profile.

Due to sensitivity limits and a lack of specialized techniques and commercial
assays for many rare and developing fungal diseases, endpoint PCR is frequently not
included in normal investigations to detect fungal pathogens on clinical samples [33].
However, in order to employ this excellent methodology for direct diagnosis utilizing
patient samples, additional strategies for increasing sensitivity are being developed.
Given the small number of infectious cells present in the test samples, the high
sensitivity and specificity that PCR may theoretically give is an attractive prospect.
There are various additional restrictions that may render PCR inefficient when DNA
templates are acquired from clinical samples [34].

Amplification of DNA-extracted blood samples is hampered by the presence of
hemoglobin and anticoagulants [35, 36]. Some DNA extraction businesses address
this issue by incorporating treatment stages to eliminate potential inhibitors, which
can be a problem with other methods. Modified PCR methods are being developed
to overcome concerns such as low specificity. Using two overlapping primer pairs in
nested PCR, for example, can enhance both specificity and sensitivity [37].

2.2 Analysis of fragment length polymorphisms

The fact that sequence differences can be identified after digestion with a
sequence-specific restriction endonuclease is exploited by restriction fragment length
polymorphism (RFLP). After amplification of the appropriate DNA fragments, this
method is frequently used in combination with polymerase chain reaction. Candida
palmiolate, fermented Candida, Candida albicans, Candida duplexensis, Candida
refractory, and C. albicans were effectively identified using PCR-RFLP [38-40].

RFLP analysis requires large data sets, which limits its application in the clinic.
Amplification fragment length polymorphism (AFLP), a related technique, reverses
the order of polymerase chain reaction (PCR) and restriction cleavage [41].

This technique was utilized to analyze interspecific variability and identify various
fungi in clinical isolates, such as Cryptococcus neoformans/gattii complex species and
Candida species [42]. Despite the fact that AFLP takes longer and costs more than RFLP, it
has been proven to be reliable, fast, and highly repeatable under controlled settings [43].

2.3 Real-time PCR

Quantitative PCR (qPCR), originally known as real-time PCR, quantifies the
quantity of PCR product using fluorescent probes or interfacial dyes [44]. Dyes
(for example, SYBR Green) are less costly than probes, but they have the drawback of
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attaching to dsDNA in non-specific ways, such as primer dimers and non-targeting
DNA [45].

Primer-probe hairpins (e.g., Scorpion probes), hybridization probes (e.g.,
Molecular Beacons), hydrolysis probes (e.g., TagMan), unnatural bases (PlexorTM
primer), and synthetic-based probes are all now available. Peptide nucleic acids
(PNAs) and locked nucleic acids (LNAs) (Faltin, Zengerle, and von Stet hydrolysis
and hybridization probes) are being employed frequently in clinical diagnostics [46].

There are numerous categories for identifying main candida species. With the
support of criteria such as the minimal information required to publish qPCR experi-
ments, these approaches have been standardized [47]. The key benefit of qPCR over
traditional PCR is that it can identify the payload of infectious diseases, although at a
higher cost. Although in the clinic, simple positive or negative testing for the pres-
ence of the pathogen is frequently required, knowledge of pregnancy can be useful
in monitoring the effect of treatment or identifying infection in a non-sterile human
environment where overgrowth rather than simple presence is required [48].

Another clinical use of qPCR is to track the level of azole resistance in Candida
species. Because significant levels of transcription are required when the predominant
route of resistance is up-regulation of the gene encoding drug target or drug efflux
pumps [48-50], these genes are linked to azole resistance.

2.4MCA

MCA uses the temperature-dependent dissociation kinetics of dsDNA to discrimi-
nate PCR amplicons. The temperature at which half of a dsDNA molecule splits into
single DNA is known as the melting point (Tm). Because the G-C base pairs produce
three hydrogen bonds vs. two in the A-T base pairs, the Tm is sequence dependent,
needing more energy to solve the first. As a result, a higher Tm level corresponds with
a higher G/C concentration. Using split fluorescent dyes that glow only when bound
to dsDNA, the dissociation process may be monitored as a reduction in fluorescence
during progressive heating [51].

HRMA (High Resolution Melt Analysis) is a modernized version of classic MCA
[52]. HRMA employs more advanced algorithms and fluorescence sensors, as well as
brighter pigments in higher concentrations.

HRMA can detect and monitor minor fluorescence variations induced by changes
in Tm below 0.5°C, allowing one base pair precision detection of sequence discrepan-
cies. A Tm change of 41/length of sequence C occurs when a single G-C is substituted
with an A-T [53].

As aresult, amplicon length is an important consideration when organizing
HRMA studies. Short fragments (50-300 bp) give a single, well-defined fusion region
and simple profiles, but bigger fragments may represent several peaks and reduce
discriminatory power [54].

Furthermore, selecting a suitable fluorescent dye is critical. Unsaturated colors (such
as SYBR Green) hinder polymerization at maximum brightness dosages. Saturated dyes
from the most recent generation (such as SYTO9 and ResoLight) do not have this inhibi-
tory effect and can thus be utilized when saturated. Unsaturated dyes, on the other hand,
can re-link to free sites during dissolution, resulting in more fuzzy forms [55].

Decath et al. (2013) effectively differentiated cultivated strains of 16 Candida
species, including pathogenic primary Candida species, in 6 hours using MCA in
the ITS2 region [56]. MCA is also utilized in the commercial multiplexed qPCR kit
kiAsperGenius R. [56].
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This group not only finds and distinguishes Aspergillus fumigatus, Aspergillus
terreus, and Aspergillus spp., but also gives information on Ammophilus fumigatus
resistance by detecting resistance-related mutations in the cyp51a gene [57].

Different approaches such as differential media culture (Candida 1D,
CHROMagar), MALDITOF mass spectrometry, and DNA sequencing have been
compared to HRMA [58]. Because MCA and HRMA employ G/C content to dif-
ferentiate two unique DNA fragments, they are limited in their ability to detect all
amplicon sequence changes. The species pairings of Candida orthopsilosis and Candida
metapsilosis [59], and Candida fabianii and Meyerozyma guilliermondii are indistin-
guishable due to similar G/C structure and Tm overlap [60].

The HRMA approach is inexpensive, employs generic tools, takes a short amount of
time to perform, is straightforward, and uses a closed tube format, which eliminates the
danger of PCR contamination [61]. As a consequence, HRMA offers a quick and low-cost
method for measuring and identifying the most common clinical forms of Candida, as
well as detecting co-infections with these species, straight from clinical samples [62].

2.5 Detection of SNPs

Detecting alterations at the single nucleotide level can be extremely impor-
tant in the clinic, especially if the mutation is linked to medication resistance.
Polymorphisms can be detected with a high degree of specificity using PCR-based
methods. In these strategies, the following tactics are typically used: MCA is collected
using real-time PCR with hydrolysis probes, hybridization probes, or fluorescent
dye coupled to dsDNA; (ii) PCR (ASP) selectively amplifies target alleles using
Allelespecific Tag DNA polymerase and 3-end allele-specific primers [63].

ASP can identify single core alterations, as well as modest insertions and deletions.
The amplification thermal mutagenesis system (ARMS) and PCR amplification are
two techniques that are comparable [64]. The combination of ASP with quantitative
PCR (AS-qRT-PCR) and droplet PCR (AS-droplet-PCR) may improve genotyping
and quantification of chimerism in recipients as compared to a standard short tandem
polymerase chain reaction [65]. Hybridization using SNP-specific probes is another
possibility. DNA array devices that combine parallel hybridization with many probes
may provide a quick and simple testing platform. All of these methods, however, have
the limitation of requiring extensive knowledge of the most critical SNPs [66].

All of these methods, including group systems, were utilized to find resistance
mutations in a variety of fungal infections. To differentiate C. albicans isolates with
and without hotspot mutations in ERG11, which provide azole resistance, MCA was
utilized. PCR-based technologies are used in a variety of ways [67].

It was tweaked to detect SNPs in clinical samples. For Resistance mutations in the
FKS1 and FKS2 genes in C. glabrata, and in FKS1 in C. albicans [66] have been developed
PCR tests to detect echinocandin. Mutations in FKS1 and FKS2 in C. glabrata were also
studied utilizing MCA and Luminex technology [65]. Finally, there are a variety of SNP
detection technologies that may be utilized to uncover variants that cause resistance [67].

3. Conclusions

To summarize, molecular approaches for quantifying resistance in clinical samples
take a significant amount of effort. Only a few commercially accessible diagnostic
procedures include clinical testing. However, with resistance rates on the rise, clinical

49



Candida and Candidiasis

specimen resistance screening is becoming more important. Furthermore, molecular
approaches may only confirm the existence of known resistance mutations; they can-
not rule out resistance based on unreported mutations or other biological processes
like biofilm formation. As a result, traditional susceptibility testing will continue to
be an important method for detecting resistance variations.

A trustworthy, speedy, and user-friendly application approach for correctly
identifying Candida species, particularly in clinical specimens, is real-time poly-
merase chain reaction. It has a high sensitivity and specificity and can identify fungal
DNA in blood, different bodily fluids, and biopsy samples within six hours. Because
antifungal susceptibility patterns vary between different species, accurate identifica-
tion of Candida morphologies is crucial. Correct identification facilitates the choice
of antifungal medications for both prevention and therapy. More clinical studies are
required to determine the full potential of these novel treatments for various patient
populations. Future research must assess the potential advantages of early therapy for
individuals at risk for invasive Candida infection based on real-time polymerase chain
reaction.
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Abstract

The burden of Candidiasis continues to increase and so does the Candida species.
Although Candida species are closely similar phenotypically, they differ from each other
in terms of epidemiology, genetic characteristics, antifungal susceptibility and virulence
profile. Therefore, reliable and accurate laboratory methods for identification of Candida
species can determine the Candidiasis burden and enable the administration of the most
appropriate antifungal drug therapy to reduce fungal mortality rates. Conventional and
biochemical methods are often used in identification of Candida species. However, these
techniques are specific and sensitive enough in detecting the non albicans candida (NAC)
species. Molecular techniques have improved the laboratory diagnosis and management
of Candidiasis due to improved sensitivity and specificity threshold. This chapter provides
an overview of different laboratory methods for diagnosis of Candidiasis.

Keywords: Candida, identification, candidiasis, laboratory, diagnosis, non-C. albicans

1. Introduction

There is a global raise in the burden of Candidiasis among immunocompromised
individuals and this has to an increase in Candida species [1]. These species include
both C. albicans and non C. albicans (NAC); C. glabrata, C. tropicalis, Candida krusei,
C. dubliniensis, Candida parapsilosis, Candida guilliermondii, Candida famata, C. kefyr,
Candida norvegensis, Candida sake, Candida lusitaniae, C. pintolopesii, C. pseudotropi-
calis, C. globosa, C. dattila, C. inconspicua, Cobitis hellenica, Calamagrostis holmii, C.
pulchervima, C. valida, Candida fabianii, C. cacaoi, Candida zeylanoides among [2, 3].

The phenotypic appearance of Candida species are relatively similar, however,
different species differ from each other in terms of antifungal sensitivity, epidemio-
logical distribution, genetic makeup and virulence attributes [4]. The diagnosis of
Candidiasis is often clinical and empirical management is no longer adequate. This is
partly due to misdiagnosis and varied antifungal susceptibility profile of the different
Candida species [5]. This has worsened with the ever-increasing taxonomical shift in
the etiology of Candidiasis towards resistant non albicans candida (NAC) [6]. This is
partly caused by laboratory diagnosis which is frequently based on the conventional
phenotypic and biochemical methods that are often not specific and sensitive in
detecting NAC species [7]. However, diagnostic approaches have improved over the
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years with the invention of advanced molecular techniques [8]. This chapter provides
an overview of the laboratory methods for diagnosis of Candidiasis.

2. Laboratory diagnosis of candidiasis

The laboratory diagnosis of the Candidiasis involves the use of both Conventional
(phenotypic) and molecular (genotypic) methods to detect visible and genetic
characteristics of Candida respectively.

2.1 Conventional methods

Conventional methods are still commonly used for diagnosis and identification
of fungi. These techniques are based on microscopic examination and fungal culture.
Oral swab is collected, followed by microscopy and culture on selective media [4].
Microscopy can be done directly either from fresh samples or from fungal
cultures. However, microscopy is non-specific, as different species can show the same
morphological patterns and it is not possible to identify the Candida species causing
the Candidiasis [9]. Swab culture is normally the first test that is commonly done for
identification of Candida species causing Candidiasis. However, It takes 1 to 3 days
to have results [4]. Once positive cultures are available, other methods can be used to
identify species of Candida. For instance, CHROM agar is a selective and differential
medium for the identification of Candida species and can be used to identify C.
albicans, C. parapsilisis, C. dubliniensis, C. tropicalis and C. krusei. It is widely used in
mycology and it is found to be an effective primary identification test, where each spe-
cies gives different colors of the colony forming units when species-specific enzymes
split the chromogenic substrates [10]. Discrepancies may occur due to variations in the
enzymatic reactions within the same Candia species [11]. C. albicans can be presump-
tively identified using the germ tube test; C. albicans shows a distinctive, tube-like
structure when incubated in serum for 2-4 hours at 37°C. However, a possible limita-
tion about the germ tube test is that some other Candida species such as C. dubliniensis
also show a positive test result [12]. However, an easy and rapid commercialized latex
agglutination test, Bichro-Dubli Fumouze® (Fumouze Diagnostics, France) has been
evaluated to differentiate C. albicans from C. dubliniensis by detecting specific antigens
located on the surface of C. dubliniensis blastoconidia [13]. In addition, automated
biochemical and assimilation tests such as API and VITEK (BioMerieux Vitek, Inc.,
Hazelwood, USA) have been developed for Candida species identification. The API
20C system (Analytab Products, Plainview, USA) was one of the first available com-
mercial kits used for the identification of yeast [12]. The ID 32C system (bioMérieux,
France) has 12 substrates more than API which can enable identification of a diverse
set of clinically important yeasts and can also differentiate between C. albicans and C.
dubliniensis [14]. The Vitek 2 system is able to identify and detect Candida species and
their antifungal susceptibility profile [15]. The main concern of these tests is that they
require isolated fungal colonies and an incubation time of 2 to 3 days and misidentifi-
cation of Corynebacterium auris may occur [16].

Indirect nonculture-based methods are available such as C. albicans germ tube
antibody (CAGTA), circulating (1,3)-88-D-glucan (BDG) antigen detection, mannan
and anti-mannan antibody tests [17]. Much as, BDG Fungitell assay (Associates of
Cape Cod, Inc) has been approved by the Food and Drug Administration (FDA) for
the diagnosis of candidiasis, it associated with high false-positive, low sensitivity and
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Test Sensitivity (%) Specificity (%) Reference
Mannan and antimannan 58 and 59 93 and 83 [18]
(1,3)--D-glucan 75-80 80 [19]
C. albicans germ tube antibody 76.2 80.3 [20]
T2Candida 911 994 [20]
Polymerase chain reaction 95 92 [19]
PNA-FISH* 98-100 99-100 [21]
MALDI-TOF MS? 91-100 100 [11]

“Peptide nucleic acid fluovescent in situ hybridization.
*Matrix-assisted laser desorption/ionization time-offlight mass spectrometry.

Table1.
Sensitivity and specificity of some methods used in diagnosis of invasive candidiasis as compared to conventional
methods.

specificity results as shown in the Table 1 above. This has limited its use for screening
purposes [16, 22].

Enzyme-linked immunosorbent assay (ELISA) kits can be used to identify both
mannan and anti-mannan antibodies however, this test is not recommended for
identification of Candida species due poor specificity and sensitivity [23]. C. albicans
germ tube antibody is an indirect immunofluorescence assay that detects antibodies
against C. albicans germ tube and commercial kits for CAGTA assay include VirClia
IgG Monotest and Vircell kit (Vircell, Spain). However, FDA has not yet approved
CAGTA for use in clinical settings [24].

2.2 Molecular method

Molecular methods are more accurate and rapid in detecting Candida species. They
have higher sensitivity and specificity as shown in Table 1 above. Most molecular
methods have the power to rapidly detect both primary and secondary antifungal
resistance alleles, which may necessitate these methods to progressively replace
conventional techniques which have reduced sensitivity and specificity as shown in
Table 1 above [15]. The D1/D2 region located in the larger ribosomal deoxyribonucleic
(DNA) subunit and intervening transcribed spacers (ITS) 1 and 2 located between
188, 5.8S, and 28S ribosomal ribonucleic acid (RNA) genes as shown in Figure 1 below
are useful markers for Candida species identification and phylogenetic studies [11, 15].

ITS1 ITS3
— —
rRNA rRNA rRNA
188 5.88 28S
- A
ITS2 ITS 4

Figure 1.
Adopted from Chen et al., 2000, showing the non-coding internal transcribed spacer between the coding regions of
18S, 5.8S and 28S ribosomal RNA [25].
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These regions contain sufficient sequence heterogeneity to provide differences at the
species level [26].

Molecular techniques are categorized into two methods, i.e., polymerase chain
reaction-based methods and non-polymerase chain reaction (PCR) based methods.

2.2.1 Polymerase chain reaction-based techniques

Polymerase chain reaction (PCR) is one of the most important molecular tech-
niques used to detect Candida species, as it is fast and easy use [15].

2.2.1.1 Polymevase chain reaction (PCR)

PCR is based on the amplification of a small specific DNA target through multiple
repeated cycles of temperature changes into multiple copies. The main PCR steps are
denaturation of the template DNA into single strands (94-98°C), annealing of the
primers to the target sequence (50-65°C), and elongation whereby DNA polymerase
elongates a DNA complementary to each strand of the target (72°C) [27].

Various PCR techniques have been developed, such as real-time PCR, Restriction
Fragment Length Polymorphism (RFLP) PCR technique, multiplex PCR, reverse
transcriptase PCR and nested PCR [27, 28].

Real-time PCR can be used to quantify the PCR product during amplification.
Moreover, it has advantages over the conventional PCR in that it does not require
agarose gel electrophoresis to visualize the amplified products. In real-time PCR,
the amplified product can be measured automatically after each cycle by a fluo-
rometer [29].

Nested PCR is based on the amplification of DNA by using two sets of primers
to improve its specificity and sensitivity. Candida DNA topoisomerase II genes have
been used to adjust Nested PCR for identification of specific Candida species [30].
Reverse transcriptase PCR (RT-PCR) is based on the reverse transcription of ribo-
nucleic acid (RNA) into complementary DNA (cDNA) using a reverse transcriptase
enzyme. The cDNA can then be amplified by regular PCR [31].

Restriction Fragment Length Polymorphism (RFLP) PCR is an important tech-
nique to detect and identify strains of Candida species using portions of ribosomal
DNA, such as the intervening transcribed spacers (ITS) region that are located in
between the small and large ribosomal subunits, and the D1/D2 region of the large
(26S) ribosomal subunit [12, 22, 32].

Multiplex PCR requires multiple different primers and specific probes labeled
with different fluorophores in a single PCR tube to allow the identification of many
different Candida species from the same sample. For instance, amplification of two
DNA fragments from the ITS1 and ITS2 regions in combination with specific prim-
ers in a single PCR reaction is very accurate in Candida species speciation [33]. It is
worth noting that multiplex PCR has the following advantages, has a high specificity
and sensitivity of approximately 2 cells per, is rapid and easy to use, whole yeast
cells may be employed directly in the PCR mixture, has the potential to discriminate
specific Candida species in polyfungal infections to a maximum ratio of 1:10, and
has a good reproducibility among different PCR thermal cyclers and within different
laboratories [34]. In addition, commercial Multiplex qPCR kits for Candida detection
including CandID/Plus (OLM diagnostics, UK) and Fungiplex Candida IVD (Bruker,
Germany) are now available [17, 33].
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2.2.1.2 Sequencing

Sanger sequencing is a first-generation sequencing technique developed by Sanger
Frederick and it is based on chain-termination (Sanger et al., 1977). Sanger sequenc-
ing has been used extensively for identification of many fungal pathogens [35]. The
most commonly conserved regions in fungi are the ribosomal RNA genes including
5.8S, 18S and 28S and in between these are the ITS1 and ITS2 regions, non-coding
regions, which vary in different species and sequencing of these regions supports
rapid identification of different Candida species [15, 22]. Limitations of Sanger
sequencing include high cost for whole genome sequencing and reduced accuracy
when using only one copy for each strand [35].

Next generation sequencing (NGS) is accurate and rapid high throughput
sequencing technique and is very vital in genome sequencing, fungal research,
diagnostic purposes, outbreak monitoring [36]. Most of NGS platforms including
the Ion Torrent PGM (Life Technologies), HiSeq, MiSeq and NextSeq (Illumina), 454
GS (Roche) and SOLiD System (Applied Biosystems) are based on sequencing by
synthesis and have three main steps: template preparation, sequencing and imaging
and data analysis [37, 38]. In addition to Candida species identification, NGS can be
used for detecting genetic mutations associated with antifungal resistance [15]. As
compared to Sanger sequencing, NGS is accurate and faster as massive DNA strands
can be sequenced in parallel on a single run and a lesser amount of DNA is required.
However, NGS reagents are expensive and the software requires technical expertise
[38]. Nanopore sequencing is the fourth-generation DNA sequencing technology
which is fairly cheap and uses short sequencing time with long sequencing reads [39].
Nanopore platforms like GridlON™, PromethION™ and MinION™ are the latest
portable and affordable NGS technologies with high genotyping accuracy [40].

Pyrosequencing is another PCR based technique which depends on the release
of pyrophosphate when nucleotides are incorporated into the nucleic acid chain by
DNA polymerase and produced pyrophosphate is then subsequently converted to
Adenosine-5triphosphate (ATP) by ATP sulfurylase, and that provides energy for
luciferin oxidation by luciferase, which produces light that can be detected as a peak
on the pyrogram [37]. Any unincorporated nucleotides are degraded by apyrase to
allow iterative nucleotide addition into the nucleic acid chain and peak heights are
associated with the number of the same nucleotides added to the nascent strand [41].

Pyrosequencing is a rapid and accurate molecular method for the detection of
point mutations in any selected gene within short DNA fragments. It has been used
widely for the identification and detection of antifungal drug resistance [42].

2.2.2 Non-polymerase chain reaction-based methods

These methods can facilitate rapid identification of Candida directly from candida
culture broth without the need for DNA amplification. Non-PCR methods include
peptide nucleic acid fluorescent iz situ hybridisation (PNA-FISH) and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS).
These methods have sensitivity and sensitivity of up 100% in detecting Candida spe-
cies causing invasive diagnosis as shown in Table 1 above. PNA-FISH is based on the
rapid hybridization between synthetic oligonucleotide fluorescence-labeled probes
and species-specific ribosomal RNA that can be detected via fluorescent microscopy
[28]. PNA-FISH has been used to effectively identify Candida species with high
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sensitivity and specificity directly from positive cultures, with final identification
provided within 2.5 hours [12]. However, this test is very expensive and needs techni-
cal expertise [11].

MALDI-TOF MS is a method that uses mass spectrometry to identify the protein
fingerprints of microorganisms that are compared with databases of reference spectra
[43]. MALDI-TOF MS is able to accurately detect and identify Candida species in a
timely manner with up 100% sensitivity and specificity as shown in Table 1 above.
However, high set up cost is the main limitation of this test include the high setup [44].

2.2.3 The internal transcribed spacer marker for Candida species identification and
phylogenetics

The ITS region of ribosomal DNA (rDNA) is the most useful genetic marker for
rapid and accurate molecular identification of Candida species and phylogenetic
studies due to its region sequence variability among different species [15, 45-47]. The
ITS 1and ITS 2 are two vital non-coding regions composed of conservative and vari-
able subregions outside and inside respectively [45]. The ITS1 fragment is positioned
between the 18S and 5.8S ribosomal RNA genes while ITS2 fragment is positioned
between 5.8S and 28S ribosomal RNA genes [48]. Furthermore, the amplicon sizes
differ according to the target ITS1 region based on specific Candida species of interest
[33, 49]. It is worth noting that ITS primer design, PCR amplification and sequencing
has been made easy due to availability of several conserved sequences, frequent copies
of the ribosomal operon and moderately limited length of ITS region [48].

3. Conclusions

Emergence of non albicans Candida species causing Candidiasis has highlighted
importance of accurate Candida species identification. Laboratory diagnosis of
Candidiasis is often based on conventional and biochemical identification of Candida
species. However, these methods are labor intensive, time consuming and often do not
permit sufficient specificity and sensitivity. Furthermore, conventional based iden-
tification of Candida species is affected by the variable nature of phenotypic charac-
teristics. Molecular based methods are more proficient, rapid and easier diagnostic
technologies for Candidiasis due to their increased sensitivity, specificity and accurate
early detection of different Candida species. Early diagnosis allows clinicians to
combat Candidiasis at an early stage through choice-specific and effective antifungal
therapy, avoiding empirical management and development of resistance to antifungal
drugs. From this review, it is expected that progress in use of molecular approaches
will continue to have a positive impact on exploration of molecular epidemiology of
Candida species and subsequently improve diagnosis and management of candidiasis.
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Abstract

Cutaneous candidiasis is a multipicture infection of the skin, generally caused by
yeast like fungus c.albicans or other species of genus candida such as candida parap-
silosis, candida tropicalis, candida glabrata but these species are unusual, secondary
to skin diseases. Candida is flora of gut microbiota, rather than skin, although it is
present on skin at some instances. Certain factor of candida species such as ability
to evade host defense by biofilm formation, filamentous form and presence of tissue
damaging enzyme phospholipase are attributed to pathogenicity. Cutaneous candida
infection may occur in patient HIV/AIDS, cancer receiving chemotherapy, antibiotics,
steroids therapy and in organ transplantation. Vesicles, pustules, maceration and fis-
suring are common symptoms on perineum, axilla and interriginous areas. Systemic
and topical therapies are common treatment with different drugs. Single drug therapy
as combination of anti-fungal, antibacterial and topical corticosteroid has marvelous
results. Nystatin, Clotrimaziole and miconazole are efficiently reviewed topical drugs
with 73-100% cure.

Keywords: C.albicans, pathogenicity, systemic therapies, topical therapies and drugs

1. Introduction

Fungi like to reside in different areas such as air, soil, waterbodies, nutriment,
attire, human body, flora and fauna. Coccidioidomycetes, Histoplasmosis and
blastomycosis are human mycoses, native to different geographical regions and may
found in any organism [1]. However, few individuals, effected by inhalation of these
dimorphic fungi, show symptoms. On the other hand, opportunistic fungal infection
mostly caused by some fungal species such as Candida, Aspergillus and Zygomycetes
species, it basically present in immunosuppressed patients [2]. Among opportunistic
fungi Candida classified as particularly threatened species to diseased person with
week defense system. Cutaneous candidiasis is a skin infection caused by C. albicans.
From 20 species of candida, 30 are causing infection in human [3-5].

Medically most important species of genus candida are C. albicans, C.krusei, C.
parapsilosis, C. glbrata, C. guilermondii, C. tropicalis and C. kefyr. Invasive candidiasis
present in those who have immunodeficiency virus (HIV) infection and acquired
immunodeficiency syndrome (AIDS), hematological disorders and cancer and may
involve any internal organ or site [6]. By ingesting and killing opsonized candida,
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immune system is very useful in host body defense against invasive candida [7]. In
immunodeificient patient such as innate anemia and impaired natural immunity

by physiological abnormalities in phagocytic cells, candida is primary threat [8, 9].
Cutaneous candidiasis is well defined disease characterized by candida infection of
skin [4]. So the present study was designed to review pathogenicity, causes, signaling
pathways and drug delivery system having ability to accelerate accumulation of drug
in different cutaneous layer.

2. Overview of common clinical feature of cutaneous candidiasis

A considerable ratio of healthy individuals carry detectable number colonizing
candida on skin, oral, gastrointestinal tract. Oral candida account 25-75% in healthy
population [10], colonize mostly on the surface of oral cavity and most frequently
present in dorsum of tongue. Review of literature showed that oral candida was
continuous and regular. Adherence on epithelium by C. albicans blastocconidia and
hyphae followed integrin like molecule such as INT1p factor [11, 12]. Arginine-
glycine-aspartic acid (RGD) sequence recognition by adhesion molecule on epithelial
cells and themselves express RGD sequence identified by mammalian integrins
enhance adhesion of yeast to epithelium. Carriages of Candida species rarely estab-
lish into mucocutaneous so cutaneous and mucosal candidiasis poorly progresses to
invasive candida disease.

A well known cutaneous candidiasis fungal infection may categorized or may
be limited to integument on limited body surface. Candida skin infection expresses
by interdigital candidiasis between fingers and toe may develop after softening and
torn away finger’s skin. Like fungi, candida develops in hot, dark and humid area
which answered why it occur between skin surface, close to each other. Fissuring,
maceration, pimples and cyst are mostly present on interdiginious skin area.
Candida also cause rashes affecting anus and buttock area usually known as diaper
dermatitis. Rash is common causing agent of blanitis, spread to scrotum, thigh and
gluteal area. Candida is major source of folliculitis in immunosuppressed and obese
patients [13].

Approximately 1% outpatient [14] reported with common disease of skin, cuta-
neous candidiasis affect all life stages as compared to 7% [15] of all inpatient visits
in skin medical centre. Candida is primary source of skin disease or may develop
secondary to other skin infections such as allergic dermatitis, psoriasis or existing
diaper dermatitis. Cutaneous candidiasis develop in all body regions but frequently
manifestation include intertrigo, inflammation, diaper, rashes and candidiasis of
finger web [14]. Diversification of albicans species present but C. albicans play major
role in human skin candidiasis [14]. Synergetic candida albicans fungus origin of
wide human pathologies ranging from persistent or mild mucocutaneous infection
to acute, lethal and disseminated disorder. It colonize at mucosal surface or skin and
progression into candidiasis in immunocompromising, barrier disruption or wide
antibiotic use [16-18]. Fourth major reason of nosocomial infection is prevalence
of cutaneous candidiasis by C. albicans, pledged with 20-80% fatality. CD4+ T cells
play role in HIV + /AIDS patients susceptible to oropharyngeal candidiasis paly role in
defense of this candidiasis [19].

In finding related to human, Consequences of interleukins-23 and interleu-
kins-17 pathway briefly evaluated to protect mice candidiasis. It is also showed
that IL-23, IL-17RC and Act-1deficient mice are also vulnerable to oropharyngeal
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candidiasis(OPC) [20-23]. Similar signaling pathway for cutaneous candidiasis is
also described in mouse model [24-26]. Altogether, it is showed that mouse is faithful
animal to study immune response in candidiasis.

The IL-17 cytokines family comprise 6 related members. Interleukins member-
17A, 17B, 17C,17D,17E (Interleukins-25) and 17F [27]. Still, limited data available
about antifungal function of IL-17 family cytokines aside from IL-17A and IL-17F.
IL-17A and IL-17F signal by heterodimeric receptor composed of IL-17RA and
IL-17RC [28, 29]. Additionally, IL17RA combine with other partner of interleukin-17
family of receptors to make a binding complex for other IL-17 family cytokines [30]
and predicted as interleukin —17 family of receptors signaling subunit.

Specifically, receptor complex (Interleukins-17RA and interleukins-17RE has
cytokines interleukins-17C signal [27]. In comparison to iterleukins-17F and 17A, a
lymphocyte derived, interleukins-17C is mainly released by upper integumentary
tissue layer and keratinocytes [27, 31]. IL-17C like IL-17A govern natural defense at
mucosal surface and skin by invigorating chemokines, inflammatory cytokines and
antimicrobial peptides production. Interleukins-17A and interleukin-17C translated
genes overlapping [32-34]. It is reported that interleukins-17C magnify direct signal-
ing response by T-helper17 on T-helper 17 cells by interleukins-17RE/17RA [35]. Many
studies has demonstrated protective role of IL-17C in gut and skin, but it is still poorly
understood [36-38].

Local skin condition like occlusion, incomplete skin barrier, humidity and altered
microbial flora promote cutaneous candidiasis infection. Many risk factor are
known such as medical or disease related immunosuppression, endocrine disorders,
malnutrition, pregnancy, steroid therapy, malignant diseases and compromised
blood flow [16, 39].

Human cutaneous candidiasis is noxious dermatotosis defined by visible and
microscopic cyst that are basically polymorphonuclear leukocytes. Epicutaneous
implementation of candida blastospore occlusion for 24 hours in rodents create
intraepidermal microabscesses and subcorneal cyst at sites of hyphal invasion. Only
two species C. albicans and C. stellatoidea produces lesion after penetration in skin,
remaining species fail to elicit inflammatory response [40]. Chemotactic stimuli
generation may be related to clinical mechanism accountable for neutrophil cellular
migration. In vitro studied explained migration of polymorphonuclear leukocytes by
C. albicans. This response dependent on heat labile serum factor and independent of
organism’s viability [41]. Stratum corneum act as barrier but only to few species of
candida. After penetration barrier, complement system mediates an acute neutrophil
pustular response by inhibiting candida proliferation and prevents deep invasion of
tissue [40].

Candida, human mucosal microbiota, not of skin carries by fingers. By microscopy
and culture cutaneous candidiasis characterized and clinical diagnosis established. In
these days different techniques namely polymerase chain reaction (PCR) and matrix-
assisted-laser-desorption—ionization time-of-flight-mass-spectrometry (MALDI
TOF-MS) manifested sensitive, rapid, well characterized method of candidiasis
identification [42, 43].

The differentiation between living and dead fungi require cultures. National
treatment guidelines exist for few invasive yeast infection [44] but lacking for skin
yeast infection. Current treatment includes wide range of oral and topical therapies
with anti-fungal and anti-inflammatory effects. Furthermore, topical treatment
with corticosteroid have been established, but it is not clear whether these are
preferable or not.
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3. Pathogenesis stages
3.1 Biofilm formation

C. parapsilosis, C. albicans and other species are capable of biofilm formation,
promoting incursion and inhibit killing by antifungal therapy (Figure 1). Yeast,
pseudohyphae, hyphae and germ tubes, are multiple morphologies of C. albicans are
whereas those formed by Parapsilosis morphologies consist of only two cells type:
hyphae and yeast. All these biofilm attaches to medical instruments and limited
penetration of antifungals. Biofilm start by attachment of yeast cell with surface layer
[45]. This explain the need to central line tube elimination to clear candidiasis and
improve outcome [46].

3.2 Evading host immune system

C. albicans has mechanism to dodge normal immune response, making it vulner-
able to premature infants who are immunocompromised. C. albicans can conceal its
surface structure and improper Candida phagocytosis because its hyphae surface
protein mimic receptor of complement system. Fungus gas ability to eradicate cellular
C3b complement, minimizing immune response. In case, candida recognition, its
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Figure 1.
Mechanism of C. albicans virulence. (A) Biofilm production, (B) evading host immune system, (C) morphologic
switching, and (D) velease of hydrolyzing enzymes.

74



Cutaneous Candidiasis
DOI: http://dx.doi.org/10.5772/intechopen.107900

hyphae involve in lysosomal fusion as well as elimination of macrophages to promote
puncturing via filament elongation for destruction.

3.3 Morphologic switching

Morphologic switching shows capability of C. albicans to get both filamentous
and yeast form. A filamentous hyphae exist in two forms either hyphae or pseu-
dophyae. Changes in both form occur by ecological factor such as pH, tempera-
ture and amino acid presence. In vivo studies shows infection with wild type
strain is more lethal and had greatest mortality rate than either filamentous only
or yeast form [47]. The yeast form ease tissue and cell adhesion. In human cells,
pseudohyphae enhance destruction and attenuated immune system. Another
study indicated, both hyphal form of C. albicans are virulent, psudohyphal form
has less virulency and can be more easily cleared from tissue as compared to

hyphal form [48].
3.4 Hydrolyzing enzymes

C.albicans produced enzymes such as protease, phospholipase, lipase to accelerate
digestion of epithelial cells and invasion in host tissue. A gene named as Int1 helped
explain sticking mechanism, genes like C. albicans phospholipase B (caPLB 1) explain
importance of phospholipase enzyme penetration in host cell [49]. Another group of
enzymes, secreted aspartic acid (SAPs) help colonization of candida species. SAPs
breaks different proteins including keratin and collagen, beneficial for host tissue
[50]. Excluding C. glabrtata, almost all candida species produced SAPs, C.albicans
produced highest amount of SAPs.

4. Virulence factors

There are many factors responsible for C. albicans virulence in colonization and
intrusion of mucosal and cutaneous sites. The first indispensable step at epithelial
cells, adhesion depend on upper surface elements of fungi affinity for epithelia.
Candida adhesion molecule generally has three types.

One of these, a surface glycoprotein’s protein constituent bind with arginine-
glycine-aspartate (RGD), common to fibronectin, collagen, vitronectin and other
extracellular matrix glycoprotein. In the second, binding of surface glycoprotein in
lecithin like manner to sugar component of host glycoprotein. Surface mannopro-
tein a third one, least defined, polysaccharide constituent of candida attached with
unknown host receptors. Different adhesion patterns have been reviewed in detail by
calendar and Braun [51]. HIV/AIDS, mononucleosis, cancer and antibiotics can also
increase risk of candidiasis [52]. Many studies suggested role of SAPs in colonization
of oral epithelia [53]. Ex vivo analysis indicated, pepstatin inhibit a process, Pit for-
mation by Candida albicans yeast in mouse corneocytes [54], which inhibit aspartyl
proteinase enzymes, demonstrating Corneal layer invasion of proteinase. Pepstatin
cannot hindered C. albicans attachment to corneocytes, only penetration, pointing
out, colonization and adhesion of epidermal cells restricted by proteinase. Protein
dependent penetration do not require morphologic alteration of yeast cell of candida
to hyphae.
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Hyphae formation is essential step for virulence and penetration of C. albicans.
There is little evidence of hyphae role invasion, while yeast forms are associated
with colonization. But hyphal form important colonizer in buccal epithelium So
hyphae formation is not obligatory step for epidermal invasion. In vitro experiment
shown hyphal property such as thigmotropism [55]. Histopathologic studies of
C.albicans infected tissue, hyphae are unevenly distributed. Whereas keratinized
cells have specific pattern along keratinocytes strata or perpendicular to it. Such
pattern are not consistent as some plant fungal species exist perpendicular to cell
boundaries.

It is suggested hyphae may prefer to grow appropriately towards all time available
nutrients due to thigmotropism to micro surface in keratinized layer. A general
factor, surface hydrophobicity, regulating cell adhesion by wander walls forces [56].
C albicans show wide hydrophobicity with respect to growth temperature [57], these
variation associated with epithelial cell adhesion [58]. As a result hydrophobicity play
role in pathogenesis of cutaneous candidiasis. Virulence factor by C. albicans rarely
and discontinuously expressed in all possible microenvironment. There is no clear
evidence to explain C. albicans high potential for rapid switching of expressed phe-
notypes [59] by transcriptional regulation expression [60]. This phenomena helpful
to adapt different microenvironment to regulate gene expression of virulence during
colonization and penetration [61].

5. Diagnosis

Adjunctive diagnosis is miracle, not any replaced culture but they useful only
for high risk patients treated antifungal therapy and monitoring therapy response.
Fungal outer membrane polysaccharide such as Beta-D-glucana de mannan and
polymerase chain reaction assist detecting non-blood stream infection and treatment.
Currently they do not give good result in identifying true infection and costly. BDG
level is also helpful in detecting antifungal therapy. Serum BDG level in infants with
invasion is 364 pg./ml vs.89 pg./ml in noninfected infants, decreases by antifungal
therapy to 58 pg./ml [59].

Another assay to decide treatment therapy is direct buffy coated fluorescent assay
[60]. In this analysis, fluorescent stain bind to cellulose and chitin containing struc-
ture. Fluorescent test helpful to recognize hyphae and spores following 2 hours dura-
tion. Bimolecular techniques such as PCR and DNA microarray technology, recognize
fungi and its antifungal potential more quickly and with higher sensitivity than blood
culture. PCR is helpful during higher fungal infection expression. PCR can detect
candidiasis, nonblood stream infection, candida peritonitis and endotracheal coloni-
zation. Adjunctive test and PCR test are not critically studied.

6. Cutaneous candidiasis treatment

Immunocompromised patients are susceptible to fungal infection. The incidence
of superficial and deep seated infection [62]. Cutaneous candidiasis is most common
problem in human beings [63]. Various treatment strategies such as systemic therapy,
topical drug treatment are used by different drug delivery system. Many treatment
strategies are challenging and restricted to small group of compound, azole.
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6.1 Systemic therapy

Systemic antifungal therapy is miracle for cutaneous candidiasis treatment with
until complete remission occur with multiple week requirement. Various other infec-
tion such as catheter site and fungal digital escher are cured by continuous systemic
therapy. Epithelization of skin lesion is helpful. Untreated primary skin infection
extends far from visible range of lesion so systemic antifungal therapy applied before
debridement (2-3 weeks). However, debridement role in neutropenic patient is
unclear.

6.2 Treatment by fluconazole

A synthetic Trazole, fluconazole drug of 3rd generation is most preferable in clini-
cal patients [64, 65]. FLZ is used as tablet and (iv) injection, but restricted due to side
effects such as skin and gastrointestinal irritation and taste disturbance. Application
of solid lipid nanoparticles (SLN) and nanostructured lipid carrier (NLCs) for drug
application in topical therapy of cutaneous candidiasis is another approach of encap-
sulation. The SLNS has great ability to direct active molecule and enhance therapeutic
effectiveness with significant practicality of induction of lipophilic and hydrophilic
drug. It has more efficacy, physical maintaince and low cost as compared to lipo-
somes. Gold nanoparticles are also widely used in drug application [66].

Moreover, Physiological lipid core with epidermal attacking, follicular transfer
and controlled emission of active molecule with increased skin hydration caused by
occlusivity demonstrated high biocompatibility and biodegradability. Administration
of FLZ require prolonged therapy, however systemic therapy application leads to
disastrous by products [67]. It urges to develop fruitful FLZ preparation to avoid
problem.

6.3 Treatment by Sertaconazole

Sertaconazole nitrate, a broad range topical antifungal factor belonging to azole class
of drugs consisting of benzothiophene radical and excess lipophilic content [68, 69].
Synthesis reaction with lipophilic benzithiophene ether cause penetration of sertacon-
azole into keratinized layer of skin [70]. Similarly, these method recognize molecule
without systemic absorption [70]. Chemical alteration to imidazole loop of sertacon-
azole nitrate boost up its in vitro antifungal activity against candida than other molecule
of same antifungal class [68]. Sertaconazole nitrate shown high stability under different
physiochemical condition [69].

6.4 Mechanisms of action of sertaconazole

Candida species show 3 main antifungal drug targets cell membrane, cell wall and
nucleic acid [71]. It interacts with biosynthetic pathway of ergosterol by suppressing
cytochrome P450-dependent 14 alpha-lanosteroldemethylase or Ergllp, regulated by
ERG11 gene. This inhibition decreases addition of methyl to lanosterol to from ergos-
terol, hence ergosterol amount in fungal cell wall decreases resulting of toxic sterol
mechanism intermediate humus to inhibit cell growth (Figure 2). Consequently, high
lanosterol leads to absence of main fluidity, symmetry, permeability and integrity
controlling factors [72-76]. Azole basically are fungistatic. Sertaconazole has an
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Figure 2.
Antifungal drug site of action in yeast-like cell.

additional effect, bind to nonsterol lipid of plasma membrane like other azoles, to
change cell viability [77].

Azole and iron atom group of heme interaction leads to inactivation of 14
alpha-lanosterol demethylase blockage of yeast mycelium transformation. This
step inhibit attachment of fungus to human skin surface, initial step of treatment
[78]. Ketoconazole possess anti-fungal activity against Candida and dermatophyte
infections, leading to KTZ development with hope that drug is not absorbed hence
reduced drug related side effect. Although some studies have shown to moderate
skin and eye irritation by using topical KTZ application, but systemic toxicity in
anima is reported in literature [79]. Sertaconazole is also capable of inhibiting
hyphae growth and conglomeration of shorter, poorly developed and cluttered
blastocconidia [80]. Sertoconazole also bind directly with nonsterol lipid in the cell
membrane in the absence of ergosterol synthesis, interacting permeability regula-
tion, and cause leakage of intracellular components ATP, similar to miconazole and
ketoconazole [81].

6.5 Topical therapy

It helpful for local treatment, noninvasive and applicable directly to site of action
[82]. Topical formulation creams, lotion, gels, spray resulted in skin absorption,
itching, thus failed to proper removal of yeast [83, 84]. In Switzerland, liposomal
gel, 1st topical gel econazole established in 1994 [85, 86]. FLZ topical drug delivery
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developed by gel micellar emulsion [87], gel designing [67], Organogel with lecithin
content [88] and FLZ containing hydrogel [67] extensively studied.

For sustained drug release, skin aggregation for localized effect in skin and less
permeation of drug required. So vesicular carrier is best and effective way of topical
drug delivery [85, 86]. Vesicular carrier helped in best drug transfer, increase con-
centration and improved potency [89, 90]. Localization of drug at application site is
characterized by vesicular carrier for reservoir, reducing dose, dosing frequency and
systemic side effects [90].

6.6 Liposomal treatment

Over last few decades, fungal infection susceptibility and vulnerability upgraded
in terms of frequency and major causative agent of death [91, 92]. Inmunosuppressed
patients are more prone than impaired immunity system [62]. Outer layer and deep
seated infection rate rises gradually [93, 94] skin fungal infection is common prob-
lem, treatment strategy is challenging and limited to small number of compounds
such as azole [63]. A wide range of azole antifungal agent are exploited, however, due
to toxicity clinical use is restricted.

Phospholipid and nonionic surfactants containing liposomes and niosomes respec-
tively more advantageous over conventional method. Niosomes and liposomes are analo-
gous, best chemical structure, moderate cost and diversification of surfactant as compared
to liposomal based vesicles. Most important characteristics are amphipathic nature
allowing carring both hydrophilic and hydrophobic drugs [95, 96]. Liposome and nio-
somes act as dissolvable matrix and no specific point of drug delivery [97] Clotrimaziole
loaded liposomes might be effective for skin candidiasis, as localized effect [83]. Literature
reviewed that liposomes and niosomes have wide ability for TRA (Tretinoin) and nio-
somes carrying Ketoconazole are dominant over plain drug solution [98] showed that
ketoconazole-containing niosomes offer a considerable advantage over plain drug solu-
tion. Literature reviewed that liposomes and niosomes have wide ability for Tretinoin and
enhanced cutaneous drug accretion [96, 99-100]. Additionally, delivery of drug deeper
layer of skin with highest accumulation of finasteride in follicular region is reported [97].

Similarly, toxicity of drug is lessened by drug pharmacology and bioavailability
modification [101]. All these carrier system met desired sustained drug release
characteristics versus local delivery. On the other hand, they show drawbacks such as
liquid type and wash out problem. Furthermore, they can also be applied to com-
monly used dermal vehicle such as hydrogel, proper semisolid stability with appropri-
ate dermal use [83, 102].

7. Conclusion

Genetic basis of immunodeficiency disease lead to best diagnosis and treatment
and increased knowledge to pathophysiology of immune system. Clotrimaziole,
nystatin and miconazole most important drugs with high clinical and mycological
cure. Moving towards oral therapy, fluconazole only available evidence based option
for systemic treatment. FLA loaded CA lipid based SLNs explained better activity
against fungus by localized drug depot formation. This delivery system has great
ability for dermal delivery of drug to treat cutaneous candidiasis. In perspective,
resistance to candida species increases, these is need of further investigation and
treatment option to reduce use of drugs.
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Abstract

Infections caused by the genus Candida are a serious threat, especially in the
sanitary field. These pathogens are able to generate biofilms, which is one of the
main problems because they are difficult to eradicate and are associated with a high
mortality rate. These biofilms provide Candida species with increased resistance to
health care drugs and disinfectants. Currently, the resistance to antifungals is increas-
ing gradually and there are few drugs accepted for clinical use capable of combating
them, and, unfortunately, these substances are sometimes toxic at the effective doses
required. Therefore, finding new molecules capable of preventing the formation of
biofilms or eradicating them once generated is of vital importance. In addition, it
is essential to know the appropriate techniques to evaluate a new compound, guar-
anteeing reliable and precise data. Studies with dendritic systems of cationic nature
are recently being carried out, presenting interesting and encouraging results as
antimicrobials, against cells cancer cells, surface activating agents, and encapsulation
of antibiotic, among others. In this chapter, we will focus on its antifungal capacity,
especially its antibiofilm activity against Candida spp.

Keywords: Candida, treatments, cytotoxicity, biofilms, microscopy, dendrimers,
dendrons, dendritic compounds, resazurin

1. Introduction

In recent years, the cases of fungal infections are gradually increasing. These
infections range from skin lesions to systemic infections that can lead to the death
of the patient. Unfortunately, patients who are immunosuppressed or that suffered
from invasive procedures are particularly affected and at risk of taking these kind of
infections [1]. One pathogen of particular interest in the clinical field are the species
belonging to Candida genus. Candida spp. are a group of opportunistic pathogens
that are usually part of the human microbiota. Under favorable conditions, such as
those mentioned above, they can invade tissues and lead to a significant infection
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that can result in the death of the patients. There are two common types of Candida
species: Candida albicans and non-albicans Candida (NAC). C. albicans has been the
most frequent species related to fungal infections over the years and, therefore, the
most studied. However, studies and infections by other Candida species are becoming
more frequent, and even also are being isolated more frequently in the clinical envi-
ronment. Among these NAC species, the most frequent are C. glabrata, C. tropicalis,
or C. parapsilosis [2]. These pathogens are responsible for the majority of nosocomial
fungal infections [3]. The mortality rate associated is around 40%, therefore, these
pathogens are highly relevant to hospital environment. In addition, it is important to
mention the appearance of new Candida species. For example, C. auris is associated
with mortal candidemia and exhibits multidrug resistance [4].

A relevant virulence factor that some species of the genus Candida present is their
ability to develop biofilms on diverse surfaces. These biofilms are highly organized
communities of cells that are attached to biotic or abiotic surfaces and are surrounded
by a self-produced extracellular matrix [5]. This condition is of special clinical
relevance because these pathogens can grow and form biofilms in surgical materials,
such as catheters or prosthesis. The main problem associated with these biofilms is
that in this state, Candida cells are much more protected both from environmental
conditions, antifungal exposure, and from the immune system. Consequently, treat-
ment failure may occur and, unfortunately, on some occasions, it can cause the death
of hospitalized or immunocompromised patients.

The increase in the resistance to current antifungals, their low effect against
biofilms, and that they are associated with greater cytotoxicity, make it strictly
necessary to find new compounds that may offer new alternatives against these
pathogenic yeasts. A new alternative in the search for effective molecules for
the treatment of these human pathogens is the use of dendritic systems. Among
these systems, there are dendrimers and dendrons, with monodisperse branched
structures with a high capacity for multifunctionalization [6, 7]. These structures
serve a large number of applications, such as diagnostic agents, drug vectors,
drug encapsulation, cancer treatment, antimicrobial treatment, or nucleic acid
delivery, among others [8, 9]. Therefore, these molecules can be highly versatile
and cost-effective. In addition, they are very interesting not only because they
have antimicrobial activity by themselves, but also because they could serve as
nanocarriers to increase the bioavailability of antifungal drugs with poor solubil-
ity [10, 11].

This chapter will focus on the use of different dendritic compounds as a new
antifungal strategy against Candida spp. biofilms. Besides, it will discuss different
colorimetric methods for evaluating the biocide activity of these new compounds.

2. Candida: Biofilm and stages of biofilm development

Biofilms are extraordinarily complex microbial communities that are adhered to
surfaces (biotic or abiotic) and surrounded by a self-produced extracellular matrix,
which, among other things, provides them with protection. Biofilm formation of
C. albicans begins with the adherence of cells to a solid surface, creating a basel layer.
This is followed by a phase of cell proliferation and early-stage of filamentation of
attached cells. Then, Candida cells can invade the surface they have been attached to.
The invasion is caused by the secretion of some hydrolytic enzymes, such as hemo-
lysins, proteinases, and phospholipases, being the most studied secreted aspartyl
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proteases (SAP) [12]. Afterward, the biofilm matures, and during this phase, we can
find both hyphal cells, pseudohyphae cells, and round yeast cells. During the matura-
tion, different extracellular polymeric substances (EPS) are secreted, such as -1,6-
glucan, a-mannan, and p-1,3-glucan, among others. All these substances are part of
the extracellular matrix that surrounds the set of cells that constitute the biofilm.
Finally, there is the dispersion stage. This stage is particularly important and problem-
atic because it can cause new foci of infection in a patient, worsening the prognosis
and can be lethal. The release and dispersal of yeast cells from the biofilm aim to grow
in a different location and generate a new biofilm [5, 13].

3. Determination of the viability of a Candida biofilm in vitro

As it is known, there are different colorimetric methods using redox indicators that
allow us to determine the viability of biofilms. These redox indicators are 2,3-Bis- (2-
Methoxy-4-Nitro-5-Sulfophenyl) commonly known as XTT, 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazol named as MTT, or 7-Hydroxy-3H-phenoxazin-3-one
10-oxide commonly known as resazurin, among others. One of the problems associ-
ated with the first two viability assays is that they required other substances, such
as menadione or phenazine methosulfate [14-17], to evaluate a Candida biofilm.

On the other hand, another drawback is the use of dimethyl sulfoxide (DMSO) to
dissolve the salts in the MTT assay, making it an end-point assay that does not allow
to measure viability at different times from the same plate. Performing experiments
with dyes, such as MTT, XTT, or similar, would force the researcher to duplicate

the number of plates, reagents, and experiments (one plate to achieve the value of
absorbance and the other to determine the value of plating on agar plates. These
aspects will be carefully explained below). In addition, if there are different time
points, more plates will be required. Therefore, the use of these end-point assays
leads to a large expenditure of money, time, and resources, tremendously valuable
factors in science.

On the other hand, biofilms present among their structure some persister cells, a
type of cells that are resistant and do not grow or die in the presence of antifungals,
presenting low or no metabolic activity that cannot be fully detected by some colo-
rimetric methods that measure cell viability [18]. For this reason, assays using MTT
or XTT could only give us the values obtained after cell metabolic reduction and the
absorbance measurement. Therefore, we would be missing tremendously relevant
information and we would be giving inaccurate information. However, studies carried
out with the resazurin method have shown good efficacy and reliable and complete
results [19-22]. Resazurin does not require additives or dissolve salts with DMSO, as is
the case with the dyes mentioned above (Figure1).

On the other hand, it is common to find articles that evaluate the efficacy of a
compound against biofilms (eukaryotes and prokaryotes) exclusively using crystal
violet. This dye stains the biofilm surface that has been generated, however, it lacks
value to quantify the viability of the cells that remains viable after iz vitro treatment.
For that reason, the use of crystal violet with the aim of quantifying the biofilm
biomass is interesting and advisable. This assay is adequate to determine easily and
effectively the amount of biofilm, an essential approach. However, in order to assess
the activity of antimicrobials, the ideal is to determine the viability percentage
quantitatively using colorimetric assays (resazurin) and qualitatively growing on the
agar plates using the “drop plate method” (explained below).
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Figure 1.

C. albicans biofilm treated in vitro (c: control, compound concentrations: ranging from 512 to 2 mg/L). Viability
determination using vesagurin after treatment with an antifungal. Viable cells (active metabolism): pink wells
and non-viable cells (low or non-active metabolism): blue wells.

4. General concepts of biofilm in vitro treatment and nomenclature used

The in vitro treatment of biofilms can be approached at two stages of their
development: 1) treating and inoculating the microorganism at the same time,
that is, before biofilm generation, and 2) treating the biofilm after it adheres to a
surface and form a mature biofilm. Both procedures give us different results. In the
first case, it would indicate the capacity of the compound to prevent the generation
of a Candida biofilm, while in the second case; it would indicate the ability of the
treatment to eliminate a mature and highly organized biofilm with complex func-
tions. In the literature, different types of acronyms can be found to indicate the
values obtained in biofilm studies. Usually, it is common to mention MBIC (mini-
mum biofilm inhibitory concentration) and MBEC (minimum biofilm eradication
concentration). However, other acronyms that provide more information on the
damage caused by the compounds have recently emerged and that will be explained
in detail next.

Referring to the different treatments we can differentiate studies [19-22]:

1. Treatment to evaluate the prevention of biofilm formation: In these studies, the mi-
croplates are washed after treatment, and resazurin is added to each well. After
24 hours, the absorbance is quantified. Subsequently, a homogeneous suspension
from each well is grown on an agar medium for 24-48 hours. This will reach to
obtain different data:

* In the first step, we would obtain the value of the minimum biofilm inhibition
concentration (MBIC). The minimum concentration inhibits the formation of
biofilm structure, although the cells are not dead.

* In the second step, we would obtain the value of the minimum fungicidal
concentration in biofilm (MFCB). The minimum concentration completely
avoids the formation of biofilm structure, because the cells are dead.

2. Treatments to evaluate the evadication of established biofilms: In this case, the
microplates with previously established biofilms are washed after treatment,
and resazurin is added to each well. After 24 hours, the absorbance is quantified.
Subsequently, a homogeneous suspension from each well is cultured on an agar
medium for 24—48 hours. This will reach to obtain different data:
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* In the first step, we would obtain the value of the minimum biofilm damag-
ing concentrations (MBDC). The minimum concentration damages cells by
disrupting an established biofilm, though they may not all be dead.

* In the second step, we would obtain the value of the minimum biofilm eradi-
cating concentration (MBEC). The minimum concentration completely kills
the microbial cells of an established biofilm.

The data obtained by this method and in this way, allow us to consider even the
persister cells that are not assessed with other methods due to the inefficiency of the
technique. The MFCB and MBEC values allow us to determine 100% cell death if no
colonies grow on the agar plates. Therefore, the results obtained with the colorimetric
assay, such as resazurin or other dyes, should never be independent of the culture on
agar plates to determine these values.

5. Dendritic cationic compounds

The problem associated with the high rate of resistance against commercial
antifungals is a real fact and threat in the hospital setting. These resistances are
mainly due to the inadequate and massive use of these antimicrobials [23, 24]. Besides
and unfortunately, the number of antifungals approved for clinical use is relatively
limited, and the required doses are frequently associated with high toxicity [25].
Therefore, it is crucial to find compounds capable of eradicating Candida cells, not
generating resistances, and not being cytotoxic.

In this regard, cationic dendritic systems are of special interest and are actively
studied due to their attractive characteristics and properties. The hydrophobic/hydro-
philic balance of these systems is determined by increasing dendritic generation and,
in consequence, it determines how they interact with the cell membranes [21, 26].
Among these kinds of molecules, two main types can be differentiated: dendrimers
and dendrons. Both belong to the family of dendritic polymers of controlled synthesis
and monodispersity. Dendrimers are globular macromolecules formed by a central
nucleus, formed by one or more atoms, from which branches emerge from which
other ramifications can grow, creating radial layers called dendritic generations.
Finally, on the periphery are the terminal functional groups [9, 27]. On the other
hand, dendrons are the elementary unit of dendrimers that have a focal point from
which branches grow (Figure 2).

The main dendritic families selected for studies in the biomedical field are poly
(amino amide) (PAMAM), poly(propylamine) (PPI), poly(phosphorhydrazone)
(PPH), poly(L-lysine) (PLL), carbosilane, and polyester dendrimers [9]. In this
chapter, we will focus on the carbosilane dendritic family. The structure of carbosilane
dendrimers is defined by carbon-carbon and carbon-silicon bonds. These molecules
exhibit flexible, nonpolar, and thermally stable properties. In addition, they are usually
formed by polar groups to favor their solubility.

The use of these dendritic systems has been studied in both gram-negative and
gram-positive bacteria [28-31], including planktonic phase and biofilms [20, 22, 32, 33].
Its efficacy has also been evaluated in eukaryotes, such as yeasts (Candida spp.) and
protozoa. Treatments against amoebae both in the trophozoite and cyst phases have
been registered [34-38]. But in addition, its effectiveness against viruses has also
been reported. Anionic carbosilane dendrimers have been shown to significantly
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Figure 2.
Schematic representation of a dendrimer (left) and a dendron (right).

inhibit X4-HIV-1 infection [39]. In cell cultures, the effect of polyanionic carbosilane
dendrimers has also been seen to prevent infection by the hepatitis C virus [40]. They
have even been suggested as a possible strategy against SARS-CoV-2 [41]. Therefore,
the use of dendritic systems is highly versatile and with promising results in these
areas. On other occasions, dendrimers are associated with antimicrobials to improve
their characteristics. For example, interesting results have been observed associating
PAMAM dendrimers with amphotericin B to improve its toxicity and solubility [10].

6. Treatment of Candida biofilms with cationic dendritic compounds

The use of these dendritic compounds has been reported against both planktonic
cells and biofilms. The in vitro biofilm studies are more complex, laborious, and
critical. Besides, preceding biofilm treatment, the ideal is to test the production of
biomass with dyes, such as crystal violet; therefore, verify the optimal conditions for
its generation. In fact, it is important because it is not the same to treat a biofilm in
formation, a mature biofilm, or an old biofilm.

The cell death caused by these dendritic compounds occurs by the interaction
between the charges of the compounds with the cell membranes, destabilizing them.
For this reason, the most frequently used dendritic compounds against bacteria and
yeasts are the cationic systems because they have greater affinity; therefore, have
much better activity again microorganisms. This fact has been achieved by different
authors [42].

6.1 In vitro treatment with cationic dendrimers

In a study published in 2020, a dendrimer called BDSQ024 (Figure 3) was used
against biofilms formed and in the formation of the C. albicans strain from the
Spanish Type Culture Collection (CECT) 1002 and a clinical isolate of C. albicans
from the Principe de Asturias University Hospital (Madrid, Spain) [19]. This highly
stable dendrimer was a generation 0 compound with a tetrasiloxane core ([SiO] 4).
From its nucleus grows four branches with -NMe;* terminal groups that correspond to
the periphery of the molecule. The BDSQ024 dendrimer showed antifungal activity,
preventing the formation of C. albicans 1002 biofilms at 16-32 mg/L (MBIC) after
48 hours of treatment. In addition, it also presented a promising MBDC value of 16
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Figure 3.
Schematic structure of BDSQo24 dendrimer and BDLS001. Images have been obtained from the manuscript of
[19, 43].

mg/L. However, it was not able to eradicate all the cells of a previously formed biofilm
(MBEC). Notably, although the BDSQ024 dendrimer has greater activity against the
clinical strain of C. albicans (MBIC value of 8 mg/L) than the one obtained against
the CECT strain, the results of the MBDC and MBEC values were the same for both
strains after 48 hours of treatment. Additionally, it was found that the addition of
fresh compound after 48 hours of incubation did not improve its activity after incu-
bating for another 24 hours (72 hours of treatment). In this article, it was also found
another compound that was effective in preventing the formation of biofilms of

C. albicans at 32 mg/L (MBIC). The compound was named BDLS001 and presented
CgH;0; in its core and (NHC(NH)NH,)¢ (6 Guanidine) as functional groups

(Figure 3). The (BDLS001) dendrimer was tested in other studies against planktonic
cells of Escherichia coli, Staphylococcus aureus, a strain of multi-resistant S. aureus
(MRSA), and Acanthamoeba polyphaga trophozoites [43]. The results showed a clear
efficacy against these microorganisms, both eukaryotes and prokaryotes. These data
show the broad spectrum of this compound. In other studies, the antifungal and
antibiofilm activity of oligostyrylbenzenes, poly(phenylene) vinylene dendrimers,
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was also evaluated against C. tropicalis. Same as observed with other dendrimers,
the cationic ones showed better antifungal activity. The compounds had antibiofilm
activity, referring to the compound in the article as “compound 2” [42].

6.2 In vitro treatment with cationic dendrons

Interesting results of dendrons inhibiting the formation of C. albicans biofilms
have also been reported in the literature, as is the case with compound YF017
(Figure 4) [19]. The dendron presented a maleimide group at the focal point and had
positive charges on the surface (4 NMe,H"). This compound presented a MBIC and
MFCB value of 32 mg/L. In addition, it has been evaluated against S. aureus biofilms.
The results were somewhat worse than against Candida, detecting a MBIC value of
64 mg/L and a MFCB value of 128 mg/L [20]. Some of the dendritic compounds
have been synthesized using existing compounds (non-antimicrobials) as molecules
to place at focal point positions. In this way, we find molecules, such as carbosilane
cationic dendrons with 4-phenylbutyric acid (PBA) located as the focal group. Ina
reported study, three compounds with PBA focal group were tested against Candida
[21]. The ArCO,G,(SNMe;l), (Figure 4) dendron was the most active in preventing
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Schematic structure of YFo17 dendron (1) and ArCO,G,(SNMe;l) , dendron (2), AgNP(SG,(S-NMe;'), (1Ag)

(3). Images have been obtained from the manuscript of [20, 21, 28].
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the formation of the C. albicans biofilm (MBIC value of 16 mg/L) and severely
damaged a previously established biofilm (MBDC value of 64 mg/L). The beneficial
effects of this compound against a NAC pathogenic species, C. glabrata, were also
observed (data not shown).

6.3 In vitro treatment with dendron functionalized nanoparticles

The use of silver or gold nanoparticles to be functionalized with dendrons is
another approach currently under study. The use of silver as an antimicrobial agent
is well known. Also, the good activity of silver nitrate against biofilms [21] has been
observed. Therefore, the good efficiency that a compound that presents these metals
bound to dendritic systems would have to be expected. However, finding the perfect
combination is complicated. Currently, dendronized silver nanoparticles (AgNPs),
coated with cationic carbosilane dendrons, have been synthesized. Its activity has
been tested against bacteria and yeasts. AgNP(SG;(S-NMe;"), (1Ag) (Figure 4) was
highly active against C. albicans and C. glabrata with an MIC value of 1.8 mg/L in
planktonic cells [28]. In another study, functionalized silver nanoparticles were also
used: HSG1(SNMe;*)2:HSHPEG (ratio 1:1), HSG2(SNMe;*)4:HSHPEG (ratio 1:1) and
HSG3(SNMe;*)4:HSHPEG (ratio 3:1) [19]. None of the three compounds presented
a MBIC value lower than 128 mg/L against C. albicans biofilm. Other interesting
molecules are gold nanoparticles (AuNP), which can be also homofunctionalized with
dendrons or heterofunctionalized, for example, with carbosilane cationic dendrons
and (polyethylene) glycol (PEG) ligands [44]. Other paper reported a MIC value for
C. albicans and C. glabrata of 47.6 mg/L using AuNP (SG3(S-NMe;*)g) (3Au) [28].

6.4 Synergistic studies between dendritic compounds and other molecules

In the clinical field, the use of antimicrobials in combination (combine therapy) is
an interesting alternative, especially to overcome resistances or avoid the generation
of resistance, and reduce the concentration of cytotoxic compounds. For this reason,
many studies are carried out to find appropriate combinations that allow the reduc-
tion of the effective concentration of the drug to be administered. Synergy studies can
determine whether there are synergistic, additive, antagonistic, or indifferent effects.
The effect is synergistic when the activity of the two compounds together is much
greater than when they are administered individually.

Synergistic studies have been carried out between dendritic systems and commer-
cial antifungals, such as amphotericin and caspofungin. Amphotericin’s mechanism of
action is based on its binding to yeast membrane sterols, affecting membrane perme-
ability and ultimately cell death. On the other hand, caspofungin inhibits the synthe-
sis of beta (1,3)-D-glucan, a component of the yeast wall. In a study of the prevention
of biofilm formation of C. albicans, three synergistic effects were determined using
the dendrimer BDSQ024 (Figure 3), and these two mentioned antifungals [19]. In the
case of amphotericin, a synergistic combination was achieved using the dendrimer
at 8 mg/L and the antifungal at 0.06 mg/L. The results with caspofungin were even
better. In this case, two synergistic effects were determined, the first using 8 mg/L of
BDSQ024 dendrimer and 0.007 mg/L of caspofungin, and the second case, using 4
mg/L of BDSQ024 dendrimer and 0.03 mg/L of caspofungin. When the previously
established biofilms were treated in a dendrimer-antifungal combination, the MBEC
value was not reduced, however, the growth on agar plates was notably reduced with
respect to the individual treatment.
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Other studies reported the use of different substances to treat biofilms of Candida
spp- In the combined therapy studies using ArCO,G,(SNMe;!), (Figure 3) and
silver nitrate (AgNOs), it was possible to reduce the viability of a biofilm in the
formation of C. albicans to 11.6% when treated with the combination 8 mg/L of
ArCO,G,(SNMesl) 4 and 4 mg/L of AgNO; [21]. In addition, it was also possible to
determine a suitable combination capable of eradicating a previously established
biofilm using concentrations of 32 mg/L ArCO,G,(SNMe;l), and 32 mg/L of
AgNO; (MBEC). In this case, cell destruction was verified by scanning electron
microscopy (SEM) (Figure 5). SEM approach is an interesting alternative that
allows us to corroborate our results and to know the real damage that has been
caused and how the compound affected the cell morphology or the cell membrane.
Besides it also allows us to evaluate the thickness of the biofilm and the presence of

cell dispersion.

Other combinations have been used, for instance, with ethylenediaminetetraacetic
acid (EDTA), a chelating agent [21]. Combination therapy reduced the viability of a
forming C. albicans biofilm to 24% using 8 mg/L of ArCO,G,(SNMe;l), and 32 mg/L
of EDTA. Additionally, satisfactory results were found in the treatment of previously
established biofilms. Total biofilm eradication (MBEC) was achieved using 256 mg/L
of ArCO,G,(SNMe;l), and 16 mg/L of EDTA. The viability of a previously established
biofilm was even reduced to 42.6% using 32 mg/L of ArCO,G,(SNMesl), and 16 mg/L
of EDTA.

Figure 5.

Ev%tluatian of cell damage of an established biofilm of C. albicans treated with a dendron, AgNO; and
EDTA observed by scanning electron microscopy (SEM). (A) Untreated; (B) 256 mg/L ArCO,G,(SNMe;l),
(2) dendron; (C) 32 mg/L AgNO; (D) 256 mg/L EDTA; (E) 32:32 mg/L combination ArCO,G,(SNMe;l) ,
(2):AgNOj; (F) 256:32 mg/L combination ArCO,G,(SNMe;l), (2):EDTA White arrows: collapsed cells. SEM
images were obtained from a previous study [21].
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7. Cytotoxicity, a key element

Finding new compounds with antifungal activity is a complicated task, especially,
finding non-cytotoxic compounds. For example, the commercial antifungal ampho-
tericin B is fungicidal with wide activity, however, it is toxic, affecting the kidney and
the central nervous and hematopoietic systems [45]. The cytotoxicity of dendritic
systems is often generation dependent, increasing the cytotoxicity with the genera-
tion. In this case, it also affects the number of groups on the surface and whether they
are anionic, neutral, or cationic compounds. Positively charged dendrimers tend to
show greater cytotoxicity [46, 47]. Despite this, it is possible to find references for
effective compounds against microorganisms, especially eukaryotes, with a cytotoxic
effect below the MIC and/or MBIC values. Furthermore, adding PEG ligands to
dendritic systems structures may solve or improve the cytotoxicity problem as these
ligands have been shown to improve biocompatibility as well as solubility [22, 44, 46].
Another alternative to reduce cytotoxicity is by using synergistic combinations of
different compounds. These combinations will allow treatment of microorganisms at
lower concentrations; therefore, the cytotoxicity will also decrease [19].

8. Conclusion

The generation of biofilms of Candida species is a major social problem, especially
in clinical and hospital settings, and associated with immunocompromised patients.
Therefore, finding new compounds capable of preventing the generation of biofilms
and/or eliminating the viability of an established biofilm is strictly necessary. The
use of new techniques, such as the resazurin colorimetric method, may allow us to
evaluate in vitro the viability of a biofilm and to eliminate large costs in its process,
providing reliability and security for the data obtained. Finally, the dendritic systems
present a high activity against Candida biofilms. The summarized results are very
promising, their high solubility in water and their low cytotoxicity make them a very
interesting alternative as antifungals.
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Abstract

The molecular foundation of fungal disease can now be better understood and treated
because to advances in mass spectrometry (MS) based proteomics technology. Numerous
disease-related biomarkers and potential new drug targets have been discovered over
the course of the past 30 years of proteomics research, which examines dynamic protein
expression, post-translational modifications, cellular and sub-cellular protein distribu-
tion, and protein—protein interactions. Although MS proteomics was of paramount
importance to understanding the molecular progression involved in their differential
expressions but was challenging under invasive and non-invasive growth conditions of
Candida. species but was challenging especially due to the lack of diagnostic morpho-
logical features for early prediction. The long-term goal of this chapter is to identify the
biomarkers relevant for early prediction and future target molecules for drug discovery
and to determine proteins linked to fungal action, made the identification of alterations
in fungal physiology and host-pathogen interactions between cells and antibiotics during
COVID-19 infection therapy. Here, we also discussed the developments of proteomic-
driven interactions between the host and the fungal pathogens, clinical application of
spectrometry-based Candida. proteome identification diagnosis, and treatment with
antibiotics. Proteomic approach advancements open new pathways for effective preven-
tion and medication development for infectious diseases brought on by fungi.

Keywords: mass spectrometry, proteomics, candidiasis, biomarker, drug—target
interactions prediction, COVID-19
1. Introduction

The use of proteomics based on mass spectrometry (MS) for diagnosing infectious
diseases relies on the type of pathogens being examined, such as bacteria or viruses.

Laser desorption/ionisation time-of-flight with matrix assistance (MALDI-ToF)
MS has been developed to identify bacteria in clinical microbiology. It is a quick,
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straightforward, and affordable method of identification. High-throughput bacterial
species identification is made possible by specialised mass spectrometers, standardised
sample preparation methods, and spectrum libraries that the relevant authorities have
approved. Utilising MALDI-ToF to biotype Protein MS is used most effectively by MS
in clinical laboratories [1-4]. The third most common source of infections in healthcare
is bloodstream infections (BSIs) [5]. BSIs often result from the urinary tract, intestinal
or community-acquired pneumonia infections, mainly caused by bacteria or fungi
[5, 6]. Hospitalised individuals frequently have “candidemia, “or the blood-borne
tungus Candida. Candida albicans, Candida glabrata, Candida parapsilosis, Candida
tropicalis, and Candida krusei are the most commonly associated with candidemia [7].
In adults and children, C. albicans is the most prevalent fungus isolated from
BSI and is linked to high mortality rates [8]. Recently, technologies based on genetic
information and DNA sequencing have been utilised to find infections in the blood.
Lipopolysaccharides for Gram-negative bacteria and galactomannan for fungus
are two examples of serological techniques [8]. C. albicans is the primary source of
invasive candidiasis (Figure 1), associated with considerable morbidity and mortal-
ity in immunocompromised and severely ill patients [9, 10]. Several circumstances
predispose IC. These linked to altering the host’s microbiota (for instance, through
prolonged use of broad-spectrum antibiotics), (ii) rupturing the cutaneous and
gastrointestinal barriers (for example, through organ transplantation or the use
of central venous catheters), and (iii) weakening the host’s defences (for instance,
through cancer, neutropenia, chemotherapy, or corticosteroid therapy) [10, 11].
Over the past two decades, mass spectrometry (MS)-based proteomics has sig-
nificantly contributed to microbiology. A search of PubMed papers revealed a steady
increase in contributions due to the application of MS-based proteomics in fungal
biology, host-fungal interactions, and the creation of antifungal medicines. Based
on high-resolution MS, proteomics is a powerful method for measuring and profil-
ing proteins in cells, organs, and tissues [12, 13]. It offers in-depth knowledge of the
dynamics of cellular interactions, modifications, and processes.

1.59%
0.29%

u Klebsiella pneumoniae
= Acinetobacter baumannii
m Pseudomonas aeruginosa
u E coli
m Other GNBs
= Enterococcus
u CONS
w S. aureus
Candida
= Aspergillus
= Other fungi

Figure 1.
Distribution of COVID-19 patient-isolated bacterial and fungal pathogens [9].
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2. Antifungal resistance mechanisms

For instance, a quantitative proteomics study using iTRAQ labelling comparing
haploid and diploid C. albicans, cultures looked for proteins linked to amphotericin
B resistance, the “gold standard” antifungal drug [14]. The analysis also discovered
100 distinctively abundant proteins among the various fungal strains, focusing on
those involved in the oxidative stress response, a key mechanism in Amphotericin B
cytotoxicity. Alkyl hydroperoxide reductase 1 (ahpl) was crucial in determining anti-
fungal susceptibility. This study revealed a unique antifungal resistance mechanism in
C. albicans, linking Amphotericin B tolerance to ahpl expression via preservation of
persister cells’ oxidative capability in biofilms. Profiling the proteome in response to
drug treatment is another method for identifying antifungal resistance processes, as
was recently shown in Candida glabrata. This study uses iTRAQ-MS from membrane-
enriched samples to define a unique resistance mechanism for the azole antifungal
Clotrimazole [15]. After clotrimazole treatment of C. glabrata, twelve proteins,
including four multidrug resistance transporters—two previously characterised and
linked to imidazole resistance—and two novel targets, were up regulated. By find-
ing the novel targets (CgTpol 2 and CgTpol 1) by gene deletion, the mutant strains’
greater susceptibility to various antifungals was discovered, highlighting the many
functions played by these transporters in the survival of the fungus during treatment.

3. Principles of MS-based proteomics

Simple protein denaturation and solubilisation using a chaotropic agent, such as
urea, to severe tissue destruction, such as probe sonication and boiling in a detergent
are only a few sample preparation methods available for MS analysis (e.g., sodium
dodecyl sulfate). Using sequence-specific proteases like trypsin or Lys-C, proteins are
broken down into peptides for bottom-up and targeted research before being puri-
fied on C18 resin [16]. Specifically, metabolic (such as isotopically stable amino acid
incorporation at the cellular level [17, 18] or chemical (such as the inclusion of mass
tags or chemical derivatisation [19-21] or label-free [22] approaches are utilised for
the absolute and relative quantification of proteins or peptides. Depending on size,
mass, or charge, samples may be divided to streamline them further and promote
excellent proteome coverage. The second MS scan (MS2) or MS/MS scan chooses and
fragments peptides or ions for identification based on fragment masses after the first
MS scan (MS1) records groups present at a particular instant. With the aid of LC-MS/
MS, top-down proteomics analyses intact proteins to separate them based on size
and peak isolation, as well as to identify and count various proteoforms. Bottom-up
proteomics uses LC-MS/MS to objectively assess proteolytically digested proteins
(peptides) to identify and quantify proteins in a sample. Targeted proteomics may
identify, describe, and measure specific proteins and biomarkers using a predeter-
mined set of peptides (isolation of parent ion by mass in Q1, collision of the ion in Q2,
and mass filtering of synthesis in Q3).

4. Fungal pathogenesis by MS-based proteomics

The secretome and vesicles of the external environment, the complete proteome
of the cellular compartment, and changed microbial states for survival could all be
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molecular structures (i.e., biofilms and spores). Phosphorylation, glycosylation,
and ubiquitination are a few of the most frequent post-translational modifications
(PTMs) [8].

4.1 Cellular compartment

In addition to providing an overview of cellular regulatory mechanisms and signal
transduction pathway alteration, the study of intracellular proteins also suggests
connections between protein synthesis and disease. A subset of considerably elevated
proteins focused on central carbon metabolism pathways (such as arabitol synthesis
and glycerol formation) were found in C. albicans cells cultured under normal condi-
tions (e.g., yeast potato dextrose (YPD) medium) and those under high osmolarity
salt stress [23]. A closer look at this protein subset indicated strong selectivity for
the accumulation of osmolytes during cellular stress adaptation during the osmotic
stress response. This study highlights the significance of fungi adapting to shifting
environmental conditions and illustrates how osmoregulation affects proteins and
metabolic pathways. Proteomics can characterise the several growth states that ther-
modimorphic fungi like Paracoccidioides can alternate between [24]. Microbiological
models of fungi are beneficial for the creation of MS-based proteomics methods.
This was recently proven using C. albicans and enhanced stable isotope labelling in
amino acid cell culture (SILAC). To properly quantify proteins in a sample, SILAC is
a metabolic labelling technique that uses light- or heavy-labelled lysine and arginine.
Traditionally, efficient labelling in SILAC requires auxotrophic mutants; however,
Native SILAC (nSILAC), recently developed, offers excellent labelling throughout
exponential cell growth without the need for auxotrophic strains [25]. Notably,
strong proline conversion from heavy arginine causes issues with peak detection in
C. albicans. To address this issue, the authors developed a computational strategy to
modify the protein SILAC (heavy/light) ratios, which balanced the ratios of proline-
containing to proline-free peptides.

4.2 Extracellular environment

The secretory apparatus and pathways also produce vesicles, which may affect the
pathogenesis of fungi.

The extracellular vesicular fraction of C. albicans was proteomically profiled,
and 75 proteins with highly varied biological activities were found to be exclusive
to the vesicular fraction [26]. These 60% had a glycosylphosphatidylinositol
(GPI)-anchor or a signal peptide, suggesting conventional secretion pathways.
However, the other 40% lacked a signal peptide and most likely used other export
mechanisms (e.g., vesicular pathways, non-classical secretion, or proteins capable
of performing dual or multiple functions depending on cell localisation). Notably,
the released immunogenic protein Bgl2 was present in the vesicular and superna-
tant fractions, and the isolated protein was examined as a possible vaccine against
invasive candidiasis [26, 27].

4.2.1 Modifications and interactions

In order to build a list of targets, which is essential in understanding the
function of proteins, including kinases and phosphatases, it is required to identify
proteins that interact physically. In order to distinguish real interactors from
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proteins that adhered non-specifically to the affinity matrix in C. albicans, SILAC
labelling and affinity-purification MS (AP-MS) were used in conjunction with a
substrate-trapping mutant of Cdc14, a crucial player in the regulation of mitosis
and cell division [28]. One hundred twenty-six proteins were found to interact
with Cdc14 due to the proteome study, of which 44% have a Cdc14 dephosphory-
lation motif and 80% are considered novel interactors. These proteins are neces-
sary for DNA repair and cytokinesis during the cell cycle. This study provides an
expanded list of Cdc14 interactors in C. albicans. It creates a reliable and quantita-
tive mechanism for locating genuine kinase and phosphatase partners in a fungal
system [8].

5. Microbial competition demonstrating antifungal properties

Identifying proteins produced by each bacterium to ensure their survival
through symbiosis, competition, or predation may be made possible by studying
the interactions of microbial species coexisting in an environment. In support
of the quickly expanding field of biocontrol agents, this strategy most recently
resulted in the discovery of lugdunin, the first novel class of antibiotics discov-
ered in more than 30 years [29]. In the nose, Staphylococcus lugdunesis competes
with Staphylococcus aureus for lugdunin production. Researchers have discovered
a connection between the activity of bacterial chitinase against fungal cell walls
and the anti-pathogenic effects of Bacillus safeness, Cryptococcus neoformans, and
C. albicans in the natural environment [30, 31]. The potential for new biocontrol
agents can also be shown by comparing distinct fungal species. For instance, the
mycoparasitic yeast Saccharomycopsisschoeni kills the growing multidrug-resistant
Corynebacterium auris [32] despite the lack of clear explanations of the molecular
mechanisms underlying this interaction. Here, quantitative live-cell microscopy
assays and genomic, transcriptomic, and proteomic methods were combined to
identify the genes and proteins overproduced by S. schoenii during its predation of
model prey cells, Saccharomyces cerevisiae [33]. Proteome analysis of the interaction
between S. schoeni and S. cerevisiae revealed an abundance of proteins related to
catabolic processes and the regulation of sulphur metabolism. Predation, however,
resulted in an enrichment of proteins related to cell walls. Additional investigation
into predator—prey relationships indicated that aspartic protease overexpression
was associated with predatory behaviour and that overall nutritional deficiencies
were the main cause of predation [32]. When considered as a whole, this body of
data offers a thorough and objective analysis of S. schoeni’s predatory behaviours. It
suggests S. schoeniyeasts as viable biocontrol agents as an alternative to the persis-
tent misuse of antifungals, which encourages the emergence of resistant fungal
strains [33].

6. Proteomics of host-fungal interactions using MS

The interaction between host and germ is essential for the early control and clear-
ance of invasive microorganisms as well as the prognosis of the disease. Determining
the conflicting functions of different biological systems from a global perspective is
necessary to discover novel approaches to combat infection (i.e., taking into account
both the host and microbial responses).
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6.1 Host perspective

The host’s immunological response, particular proteins or disease-fighting
pathways, and potential treatment targets to boost the host’s defence mechanisms
can all be learned by profiling the impacts of fungal infection from the host’s point
of view. In C. albicans, a recent study found that protein abundance increased in
correlation with reported transcript levels but that a decrease in transcript levels
had no corresponding effect on protein abundance [21]. The relationship between
reduced transcript levels and protein abundance depends on post-translational
regulation and the intracellular stability of the protein (such as protein turnover
rates) [27, 28].

6.2 Pathogen perspective

By characterising the host-pathogen relationship from the pathogen’s point of
view, it is feasible to identify new virulence factors, characterise new mechanisms of
action for previously described fungal proteins, and discover anti-virulence strategies
to avoid infection. According to an image-based high-throughput screening experi-
ment to examine host-fungal interactions, a proteinS-acyltransferase (PFA4; involved
in catalysing lipid modifications of proteins) influences fungal adherence and
phagocytosis in human monocytic cells in C. neoformans [29]. Here, 72 Pfa4-specific
host protein substrates were discovered using click chemistry, MS-based proteomics,
and biorthogonal palmitoylome-profiling (metabolic labelling of fatty acids with a
palmitic acid analogue containing an alkyne group).

6.3 Dual perspective

The development of MS technologies and bioinformatic platforms for integrated
data processing has increased the accessibility of studying host-pathogen interac-
tions. This is because it enables researchers to compare different points of view in
a single experiment. In order to understand how C. albicans escapes from macro-
phages, dual proteome profiling is used [30]. This study discovered 1253 macrophage
proteins, 227 C. albicans proteins, and 483 C. albicans proteins (5 showed differential
regulations).

The scientists contrasted their mixed proteome analysis with conventional pro-
teome analysis, which does not distinguish between different cell types but instead
allows all the proteins in a sample set to be processed before being bioinformatically
categorised as either fungal or mammalian. Traditional proteome analysis involves
isolating and dividing cells according to their biological origin (for instance,
fungal or mammalian), examining two databases that are particular to those two
organisms.

7. Proteomics using MS to create new antifungal drugs
Antifungals face difficulties overcoming the close evolutionary link between
eukaryotic fungal cells and the human host, in contrast to antibiotics that treat

bacterial infections. Antifungal drugs must focus on the eukaryotic fungal cell while
minimising cytotoxicity and injury to human biological processes [31, 32]. Currently,
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polyenes, azoles, pyrimidine analogues, and echinocandins are the four antifungals
frequently used in monotherapy or combination. Today, finding and creating new
antifungal treatment methods to thwart the spread of fungal diseases is made possible
by MS-based quantitative proteomics.

These techniques involve identifying the processes underlying antifungal resis-
tance, identifying microbial interactions with antifungal qualities, and identifying
fresh possibilities for developing antifungal medicines, vaccine candidates, and
therapeutic repurposing.

8. New antifungal developments, vaccine design, and drug repurposing

The creative use of clinically approved drugs alone or in conjunction with other
substances to fight infection is made possible by drug repurposing approaches. This
strategy may lessen the amount or length of time that antifungals must be adminis-
tered, which lowers the chance that fungus will acquire resistance. Recently, a novel
therapeutic repurposing strategy was proposed to interfere with proteostasis utilising
an FDA-approved anti-cancer drug to treat cryptococcosis caused by C. Neoformans
[34]. C. neoformans is controlled by the cAMP/PKA signal transduction pathway, and
quantitative proteomics investigation of this organism revealed protein clustering
associated with translation and the ubiquitin-proteasome pathway. The ubiquitin-
proteasome pathway, PKA activity, and protein degradation in neurological illnesses
are connected. Further investigation of proteasome function using the inhibitor
bortezomib revealed an impact on capsule creation and pathogenicity [35]. This study
establishes synergistic drug studies combining bortezomib with commonly used
antifungals to treat cryptococcal infection (such as fluconazole and amphotericin
B). Designing vaccinations that can trigger protective immune responses against
infection is an alternative strategy for halting the global spread of fungal illness.
Thl-type CD4+ T cell-mediated immunity is essential for the host response because
Th1 cytokines promote the recruitment of lymphocytes, phagocytes, and delayed-
type hypersensitivity responses [36]. Proteomics and immunological techniques were
used to identify three cytoplasmic proteins that could trigger a Th1 response and four
immunogenic cell wall-associated proteins in C. neoformans, pointing to potential
new vaccine candidates [37]. In another study, 13 species of medically necessary fungi
were subjected to quantitative proteome analysis to create a pan-fungal or broad-
spectrum vaccination to guard against infection by various fungal species [38].

These included Crfl, Ecm22, and EgIC, 1,3-glucanosyltransferases (Gell-4,
Bgtl, and their homologues), Gell, and Crfl. Gell and Crf1 had previously been
identified as promising vaccination candidates, validating the use of proteomics in
discovering potential candidates. These proteins were discovered to be prevalent
in a wide variety of fungus species and to be unrelated to human proteins. Last but
not least, it was found that two recently developed antifungal prototypes, thios-
emicarbazide (TSC) and a camphene derivative of TSC (TSC-C), had advantageous
medical properties, including the capacity to inhibit P. lutzii growth [39]; however,
the targets of these antifungals have not yet been established. Here, the compounds
interacting with TSC and TSC-C in Paracoccidioidesbrasiliensis were discovered using
a chemoproteomics technique. After being immobilised on resin, the substances
were treated with cell extracts [40]. Integrating multi-OMICs datasets (such as the
transcriptome and proteome) revealed numerous targets of the medicines’ activity,
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including mitochondrial membrane damage, cell cycle arrest, and metabolic
process inhibition. The findings of this study showed that TSC and TSC-C had
no adverse effects on mammals while still having antifungal effectiveness against
Paracoccidioides brasiliensis.

9. Antifungal-resistant Candida strains

Approximately 7% of all Candida blood samples evaluated at the CDC have
fluconazole resistance.

Even though Candida albicans, one of the Candida species, is the main culprit
behind severe Candida infections. Other species, particularly Candida Auris, Candida
glabrata, and Candida parapsilosis, exhibit resistance the most frequently. It is espe-
cially alarming because echinocandins, a different type of antifungal medication, are
becoming resistant. It appears that echinocandin resistance is rising, particularly in
the species Candida glabrata. According to CDC monitoring data, the antifungal flu-
conazole is already highly resistant to C. glabrata, and this resistance has been broadly
stable over the previous 20 years. Echinocandin resistance could significantly reduce
the range of treatments available to individuals with C. Glabrata induced candidiasis.
Echinocandin is the chosen treatment for C. Glabrata [41].

10. Mass spectrometry in COVID-19 infection

Immunological assays or RT-qPCR are the two most extensively used methods
for following disease progression and diagnosing COVID-19. The former is a quick
and inexpensive procedure but is limited for early diagnosis because the immune
response is still building. However, the outcomes depend on several variables,
including appropriate sample techniques and premium extraction kits [9, 11]. Early
in the viral infection, SARS-CoV-2 is found in high concentrations in saliva [34].
According to a recent study, salivary glands are known to serve as a viral reservoir;
as a result, this biofluid can be employed as a source for COVID-19 diagnosis and
prognosis [35]. MALDI-MS and machine learning algorithms have been used in
many protocols due to their relative affordability and speed, including for the
diagnosis and prognosis of several types of cancer, the identification of fungi and
bacteria [42, 43], detection of fungi and bacteria that are resistant to treatment,
and diagnosis and prognosis of COVID-19.Tandem mass spectrometry (LC-MS/
MS) is a technique that combines numerous mass spectrometers with liquid chro-
matography to provide a thorough analysis as well as the separation capabilities of
liquid chromatography. It is a technique for conclusively detecting SARS-CoV-2
in human samples. Comparing LC-MS/MS to techniques like RT-PCR and quick
testing has shown great sensitivity and specificity while reducing the possibility of
false positives [32, 33].

11. Identification of proteomics in COVID-19 treatment

Several COVID-19 therapeutics has been identified by MS-based proteomics; the
development of these therapies relies on identifying SARS-CoV-2 replication machin-
ery. In order to identify therapeutic targets, Gordon et al. investigated the ligands of
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SARS-CoV-2 interacting proteins [24]. Two successful therapeutic classes were identi-
fied after discovering 69 such compounds: agonists for the Sigma receptors and protein
synthesis inhibitors (including ternatin-4 and zotatifin) (such as hydroxychloroquine
and haloperidol). It was found that both classes inhibited SARS-CoV-2 reproduction
over 8 hours by lowering the viral nucleoprotein. The identification of COVID-19
therapeutics has also been aided by discovering case severity-related protein biomark-
ers and host-virus protein interactions. Suvarna et al. used label-free quantitative MS
to differentiate 38 proteins with different expression levels between mild and severe
COVID-19 cases, and they found abnormalities in several cellular functions. In cases
of severe COVID-19, proteins like alpha-2-macroglobulin and fibrinogen gamma
chain are raised for the processes of blood coagulation and inflammation, respectively.
Serpin Family A Member 3 is another protein upregulated for these activities [25].
Medical experts rely on medical history, symptoms, physical examinations, and
laboratory tests to diagnose invasive candidiasis. Most often, invasive candidiasis
testing entails sending a blood sample or sample from the affected body site to alab to
see if it will grow Candida in a culture. Due to its high contagiousness, SARS-CoV?2 is
only processed in specialised research facilities, which presents significant challenges
for systems-level molecular analyses. In our developing world, finding more effi-
cient solutions is a challenge. SARS-CoV?2 treatment, as well as point-of-care testing
(PoCT), may, in the future, play a far more significant role in this.

12. Conclusion

The primary therapeutic targets of today are proteins, which are important in the
modern drug design process. Pathogens are especially interested in host proteins as
targets that less likely to experience an obstruction-causing mutation to the therapy
and create resistance. Development of therapeutic target usually requires several
processes, including the building medication formulations based on a certain drug’s
structure target, confirmation of therapeutic effectiveness, testing for toxicity, fol-
lowed by a clinical trial. High throughput MS based proteomics systems will provide
a far more comprehensive, a thorough and focused approach to studying an infection
and demonstrating the intricate actions that take place inside an infected cell while
mitigating for a technique’s shortcomings when used alone. Posttranslational modifi-
cation such as phosphorylation, specific changes include acetylation and ubiquitina-
tion can change a certain protein target’s activity which control of extensive signalling
networks and pathways inside cells. In order to find new antifungal medications
and host susceptibility factors, a thorough knowledge of the molecular mechanisms
underlying viral infection continues to be a significant problem. It is anticipated that
systems-level modelling and the merging of the genomic and proteomic fields with
existing wet lab techniques would lead to new developments in the field. Here, we
made an effort to skim through the significance and advantages of combining two
potent proteomic approaches in order to better understand the molecular interactions
primarily by taking a broad view of cellular signalling networks.

To sum up, advances in technology, platform development, and protein chemistry
have significantly advanced the field of proteomics studies over the past thirty years.
The identification of the molecular signatures of diseases based on protein pathways
and signalling cascades offers enormous potential and utility for disease diagnosis and
therapy development, combined with the use of microarrays and bioinformatics tool
sets, with other omics based approach.
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Chapter 8

Antifungal Activity of Propolis
against Candida Species: Propolis
and Antifungal Action

Emine Kucukates

Abstract

Candida species live as commensal in humans and cause candidiasis in the
presence of some predisposing factors. They are the most common among systemic
mycosis agents. Currently, existing drugs used in the treatment of Candida infections
may develop resistance, especially azole group compounds, and may lead to serious
side effects and problems that may occur in therapy. Therefore, alternative natural
treatment methods with very low side effects or no side effects should be considered.
Propolis is one of the most natural products which has been used as a natural drug
in traditional medicine for the treatment of various diseases for thousands of years.
Propolis is a sticky resinous substance collected and deposited by bees from plant
buds, leaves, and stems. Propolis has a wide spectrum of biological activities such as
antibacterial, antifungal, antiviral, antiparasitic, anti-inflammatory, immunomodu-
latory, and antioxidant. The compounds responsible for the biological activity of
propolis are thought to be flavonoids, caffeic acid and esters, phenolic compounds,
aromatic acid and esters. In this chapter, I aimed to investigate the antifungal activity
of propolis against Candida species. Considering the safety, low cost, and usefulness
of propolis, it should be considered as an alternative natural treatment method.

Keywords: propolis, antifungal activity, Candida species

1. Introduction
1.1 Candida species

Candida species are diploid, dimorphic, asexual fungi, and common in nature
and humans and they live harmless, commensal in humans [1]. Yeasts of the genus
Candida are found in the skin, respiratory system, genito-urinary system, and gas-
trointestinal tract mucous membranes of humans. Although there are approximately
200 Candida species, at least 30 species have been identified as infectious agents in
humans and continue to increase in three decades and the notional numbers of non-
albicans Candida infections have increased. Candida albicans is the most frequently
isolated from Candida infections, followed by Candida glabrata, Candida parapsilosis,
Candida tropicalis, Candida krusei, Candida lusitanie, Candida dubliniensis, and
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Candida guilliermondii and several other less often obtained species. This genus is

the largest in which medically important yeasts are found [1-4]. When the body’s
normal microbiota or immunity is impaired, overgrowth of Candida species can cause
host damage and opportunistic infection may occur [5, 6]. The disease caused by
Candida is called candidiasis. Candida infections can be acute, chronic, localized, or
systemic. These opportunistic pathogens are a major cause of morbidity and mortal-
ity worldwide, and therefore, poses a great threat to public health [3, 4]. Risk factors
for Candida infections are broad-spectrum antibiotic use, advanced age, Candida
colonization in the oral mucosa, burn, malignancy, central venous catheter, steroid
use, total parenteral nutrition, prosthetic devices, HIV/AIDS patients, diabetes mel-
litus, indwelling devices, hyperalimentation fluids, organ transplantation, immuno-
suppressive drugs, hemodialysis, surgical interventions, and invasive applications
[1,4-7]. Candida species was declared to be the fourth in 2004 and third in 2014 in the
United States as the most common cause of bloodstream infections (BSIs). Most of
these BSIs are caused by foreign body (implant) such as catheters (peritoneal dialysis
or hemodialysis, and/or intravascular catheters; central lines, arterial catheters,

or peripheral intravenous catheters), prosthetic valve, endotracheal tube and joint
prosthesis [3, 8-10]. Oropharyngeal candidiasis is the most common oral evidence in
HIV patients. It is also common in patients with head and neck cancer [5, 11].

1.2 Candida virulence factors

The virulence factors of Candida species declerated, to cause infections based
on the site of infection, the type of infection, the stage of infection, and the host
reply. The primary virulence factors of Candida species are biofilm formation, pro-
duction of acid proteinase, phospholipases, and lipases, the ability to change its mor-
phology from yeast to hyphal forms, and its metabolic adaptability [1, 3-12]. Candida
first attaches to the host cells with adhesins on the surfaces of fungal cells. They have
to invade the host after adherence. Many Candida species can form biofilm. Biofilm
formation of Candida includes first the reproduction of yeasts on a surface contact
to host cells or biomaterial, and then these are followed by filamentation. Biofilms
consist of a community of microorganisms that adhere to a living or biomaterial
surface, embedded in the organic exopolysaccharide matrix, they produce, and
irreversibly attached to each other, to one another, to a solid surface or to an inter-
face, and biofilms are important for the development of infection. Biofilm-forming
Candida species can occur with conditions that clinicians do not want to encounter,
such as antifungal resistance, chronic infection, and foreign body infections. Biofilm-
associated Candida infections are very difficult to treat. The biofilm production is
related to the antifungal resistance of Candida species [1, 4, 5, 10, 13].

1.3 Antimicrobial resistance of Candida species

Antimicrobial resistance is a threat worldwide and is a major public health
problem. Antifungal selection is very important in several fungal infections, because
in universal treatment, various problems such as side effects, drug interaction and
toxicity, and antifungal resistance such as azole and polygenic derivatives may occur
related to conventional treatments. The rapidly increasing antimicrobial resistance
in the world results in an increase in the number of diseases and deaths [5, 7, 9, 13].
Therefore, alternative treatment methods with natural products due to very low
side effects or no side effects should be considered. In recent years, the increase in
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antimicrobial resistance and its side effects and the increase in cancer cases have led
scientists to seek alternative natural treatments in modern medicine.

2. Apitherapy

Bee products have been used for treatment in folk medicine for centuries.
Apitherapy is a type of alternative therapy that bee products are used that obtained
directly from honeybees. Bee products such as honey, royal jelly, beeswax, bee venom,
propolis, and pollen are thought to be beneficial to humans due to their biological and
pharmacological properties [14-16]. It has been used all over the world, especially
in China, Japan, and Korea in recent years. Apitherapy has been used for thousands
of years. Bee venom therapy used since ancient times in Egypt, Greek, China, and
Central Asia for various types of pain and arthritis pain and it is anti-inflammatory
and helps relieve pain. Clinical studies have shown that bee venom treatment reduces
the need for medication and reduces the risk of pain and recurrence. Diseases such
as infections, wounds, burn, lupus, arthritis, shingles, pain, and muscle and joint
disorders are some of the areas of apitherapy [16, 17]. Modern herbalists recommend
propolis for the treatment of gastrointestinal ulcers and to increase the body’s natural
defense mechanisms against infections due to its antibacterial, antifungal, antiviral,
anti-inflammatory, and liver protective properties [16]. Today, there are extensive
apitherapy centers in China, Romania, and some Eastern European countries where
diseases are treated with bee products [16]. With the regulation on traditional and
complementary medicine practices published in 2014, in Turkey, apitherapy courses
have been organized and apitherapy centers have begun to be established.

3. Biological properties of propolis

Propolis is a useful and versatile natural, non-toxic, low-cost bee product that
has been used to cure diseases, and only bees can make propolis. It is used in ancient
times in Egypt, Greece, Rome, Europe, and North Africa in the treatment of vari-
ous diseases or to reduce their side effects. The Greeks used propolis as an antiseptic
and in wound healing, while the Assyrians used it in wound and tumor treatments.
Egyptians used propolis to mummify the dead [16, 18]. Propolis in Greek “pro”
means “in defense for” and “polis” means “city” [19]. Propolis is a resinous and waxy
substance collected by bees from the leaves, stems, buds, and similar parts of plants,
which has a nice and pungent smell and does not dissolve in water. Propolis wax
at15-20°C, at 30—40 C sticky and gum-like. Generally, it melts at 60-70°C, when
frozen times take a hard and brittle structure. Propolis gains a strong and sticky
property due to the change of the structure of the collected plant resin by the bees
[17, 18]. It is extremely rich in antioxidant content. Bees use propolis as an agent with
antibacterial, antiviral, and antifungal activities to maintain a sterile environment in
the hive and to protect the health of bees. Bee propolis is used the coat the inside of
the hive, close the cracks, harden and repair the edges of the honeycombs, make the
hive entrance hole easily defendable, and clean and polish the cells before the queen
lays her eggs. It is brittle and hard in the cold but can become sticky when in hot
environment. The structure of propolis consists of 50% resin and herbal balm, 30%
wax, 10% essential and aromatic oils, 5% pollen, 5% protein, and other substances
[19-23] (Figure1). There are more than 300 compounds in the content of propolis.
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These are polyphenols (flavonoids, phenolic acid, and its esters), terpenoids, steroids,
aromatic acid, and its esters, alcohols, aldehydes, chalcones, hydrocarbons, quinones,
amino acids, coumarin, ketones, essential fatty acids, vitamins (B1, B2, B6, A, C, and
E), and minerals (calcium, magnesium, potassium, sodium, manganese, selenium,
iron, zinc, and copper). Polyphenols and terpenoids are considered the most active
compounds. The flavonoids are antimicrobial effect, and they include chrysin,
pinocembrin, apigenin, galangin, pinostrobin, quercetin, kaempferol, tectochrysin,
and other similarly structured compounds. The beneficial feature of propolis is
usually due to the flavonoid groups it contains [19, 20, 23-25]. Flavonoids are gener-
ally found in photosynthesizing cells. Since they are secondary plant metabolites and
cannot be synthesized by humans, they are important for human nutrition. Aromatic
acids are among the other important components of propolis, and the most important
ones are caffeic acid, cinnamic acid, ferulic acid, benzoic acid, and coumaric acid

[24, 25]. Propolis has different and richer content than bee pollen. Propolis supports
the immune system with its antimicrobial, anti-inflammatory, and antioxidant
properties [23]. Propolis can be protective against tumor formation by preventing the
structural change of the cell by neutralizing free oxygen radicals with its antioxidant
property in cellular damages caused by oxidant. The effects on the cardiovascular
system and eye health are also based on this feature [26-29]. Cinnamic acid and its
active ingredients, galangin, pinocembrin, and cumaric acid in propolis are involved
in a wide therapeutic spectrum. It shows antimicrobial, antifungal, and antibacte-
rial effects [30-32]. Propolis and its extracts have numerous procedures in treating
various diseases due to its antiseptic, antibacterial, antifungal, antiviral, antiparasitic,
antioxidant, anti—inﬂammatory, antitumor, antiulcer, anticancer, scar-forming, tissue
regeneration, local anesthetic, immunomodulatory and cytostatic activity. Therefore,
it has been used in foods and beverages for the prevention of cancer, heart diseases,
and diabetes [19, 20, 23, 33]. There are also harmful effects of propolis besides the
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Figure 1.
The structure of propolis.
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beneficial effects. Sensitive as a result of allergic reactions in humans occurring in
different parts of the body such as mouth, tongue, hand, back, feet such as eczema,
dermatitis (skin crusting, watery picking, itching, pain, etc.) cough, etc. symptoms
can be seen [18, 27].

The structure of propolis varies according to the type of plant it is collected from,
the way it is collected and used by the bee, and the methods used. Propolis should not
be consumed as it is produced in the hive. Since raw propolis contains unwanted parts
such as bee dead, larval remains, and plant parts, it is pre-purified by extraction with
suitable solvents before use. In order for people to benefit from this product, it must
be processed. Since it is a natural product and has a characteristic smell [19].

Since the chemical structure of propolis changes according to the plant source
from which it is collected, different plant species can be propolis sources. Particularly
in continental climate regions, mainly Populus spp., Abies spp., Acer spp., Alnus
spp., Ulmus spp., Tilia spp., Pinus spp., Betula spp., Salix spp., Corylus spp., Castanea
sativa, Eucalyptus spp., Quercus spp., and Prunus spp. are shown as botanical sources
of propolis [17]. Properties such as the content, color, and smell of propolis may differ
according to the vegetation around the hive, climate, season, geographical region, col-
lection time and the source plant obtained. At the same time, these factors also affect
the color of propolis. Propolis that is usually dark brown can be yellow, green, red, or
transparent if these properties change. But the basic composition ratios are similar
to each other [34]. However, it is reported that the season of harvesting in the same
region does not have a significant effect on the composition of propolis [34].

4. Collection time of propolis

The best time to harvest propolis from the hives is between September and
October. Because before the bees enter the winter months, the market holes in the hive
should be as small as possible with the help of propolis in order to protect themselves
in the best way possible, and they are harvested by beekeepers when the time comes.
It is reported that propolis production may be more active with the onset of the rainy
season in tropical climates. Phenolic compounds containing flavonoid and cinnamic
acid derivatives are predominantly found in propolis obtained from temperate
regions. While diterpenes and prenylated compounds are very rare in temperate zone
propolis, it has been reported that they are found together with lignans, flavonoids,
and other group compounds in tropical propolises obtained from South America [27].

4.1 Extraction methods of propolis

The composition of the propolis varies according to the type of solvent used and
the extraction method. Solvents that do not pose a threat to health should be used
in propolis extracts offered for human consumption. There may be variations in
the biological effects of different solvents depending on the solubility properties of
different components in propolis [35, 36]. Ethanol is the most preferred propolis
extract, besides water, methanol, glycerol, methylene chloride, hexane, acetone, olive
oil, and propylene glycol are other preferred solvents for the extraction of propolis.
One of the solvents in the legislation, water is not preferred because it cannot dissolve
the components in propolis sufficiently. Solubility in water-based propolis is only 1%.
Like the tween used to dissolve chemicals with detergent, properties are harmful
to health. In the case of using water as a solvent, the expected benefits cannot be
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achieved due to the low rate of penetration of caffeic acid, phenyl ester, and some
important flavonoids (chrysin, galangin, pinobanksin, pinocembrin) in the content.
Ethanol, glycerol, and propylene glycol alcohol- derived solvents. The reason why
ethanol is mostly preferred in propolis extraction is that it dissolves more bioactive
substances. High-pressure liquid chromatography (HPLC) with a diode array detector
(DAD) (HPLC-DAD), gas chromatography-mass spectrometry (GC-MS), liquid
chromatography-mass spectrometry (LC-MS), liquid chromatography-tandem mass
spectrometry (LC-MS/MS), and many chromatographic methods are used to examine
the chemical structure of propolis. It is reported that HPLC-DAD and high-pressure
liquid chromatography-mass spectrometry (HPLC-MS) give good results due to the
polar nature of propolis (the molecular structure generally contains in OH- groups)
[17, 35, 36]. Therefore, when interpreting the results of the studies, which solvent is
used should be considered.

5. Studies on the chemical composition and antimicrobial activity of
propolis in the world

There are many studies on the chemical structure and antimicrobial effect of
propolis in the world [21, 23-29, 33-35, 37-53] (Table 1). Popova et al. [21] searched
114 propolis specimens from different countries to determine the chemical character-
istics of poplar propolis and formed two groups according to the data obtained.
Central and Southern Europe, Turkey, Syria, and other locations in continental
climate (97 samples) first group, in the same zone as colder regions (Northern and
mountains regions; Baltic Countries, England, Ukraine, Siberia, Canada, and
Sweden) the second group. Groups varied considerably in phenolic and flavonoid
content. Northern and mountainous region propolises were found to have lower
values of 25% phenolic, 38% flavone and flavonol, and 17% flavonone/dihydroflavo-
nol compared with the first group propolis. However, no significant differences were
observed between the antimicrobial activities of all specimens. AL-Ani et al. [23]
studied the chemical components, biological activities, and synergistic effects of
antibiotics in different plant-derived propolis samples collected from various regions
of Europe; Ireland, Germany, and Czech Republic. The chemical components of the
ethanol extract of propolis (EEP) and water extract of propolis (WEP) were analyzed
by gas liquid chromatography-mass spectrometry (GLC-MS) and high-performance
liquid chromatography (HPLC), and more than 100 different phytochemicals were
obtained from the ethanol and water extracts. In Irish propolis identified many
flavonoids like pinocembrin, chrysin, and galangin were as well as significant
amounts of nonacosane, heptacosane, pentacosane, guaiol, alpha-bisabolol, and
caffeic acid. German propolis contained several acids such as benzoic acid, cinnamic
acid, salicylic acid, myristic acid, 4-methoxyphenyl propanoic acid, hexadecanoic
acid, and dodecanoic acid. Also, in Czech propolis detected as dominant compounds
flavonoids such as galangin, pinocembrin, and chrysin and phenyl carboxylic acids
such as benzoic acid, caffeic acid, cinnamic acid, and p-coumaric acid. All ethanol
extracts displayed a free radical scavenging effect (ICso ranging between
26.45 + 3.4 pg/mL and 36.40 + 3.2 ug/mL). Irish and Czech Republic propolises
showed the highest free radical scavenging effect (ICsy 26.45 + 3.8 pg/mL and
2772 + 5.2 pg/mL). Also, water extract of propolis samples demonstrated moderately
antioxidant activity (ICsp 36.40 + 3.2 pg/mL). In the investigation of antimicrobial
effect, Irish propolis displayed noteworthy antimicrobial activity against
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Region

Main compounds

Activity

References

First group: Central and
Southern Europe, Turkey,
Syria, and other locations
in continental climate

First group: phenolic,
flavone and flavonol,
flavonone/dihydroflavonol

Same antimicrobial activity;
Gram-positive bacteria

Second group: Northern
and mountains regions;
Baltic Countries, England,
Ukraine, Siberia, Canada,
and Sweden.

Second group: lower values
than first group 25%
phenolic, 38% flavone, and
flavonol, 17% flavonone/
dihydroflavonol

Same antimicrobial activity;
Gram-positive bacteria

Popovaetal. [21]

Ireland Flavonoids, galangin, and Gram-positive bacterial and AL-Ani etal. [23]
caffeic acid antifungal effect
Germany Several acids, benzoic acid, Gram-positive bacterial and
cinnamic acid, and salicylic antifungal effect
acid
Czech Republic Flavonoids Gram-positive bacterial and
antifungal effect
Germany All of samples have similar Highest antimicrobial activity =~ Hegazi etal. [33]
flavonoids and phenolic on S. aureus and E. Coli
esters
France Low effect on all pathogens
Austria Highest activity to C. albicans

Six different regions of
Turkey:

Artvin, Erzurum, Adana

Low phenolic and very low
flavonoid compounds

[zmir, Kayseri, Yozgat

Very similar phenolic and
flavonoid content

Popova et al. [37]

Bulgarian propolis Similar features: The samples  Antibacterial and antifungal =~ Velikova et al. [38]
Turkish propolis are rich in caffeic acid and
ferulic acid
Iran Pinocembrin, acetate, - Mohammadzadeh
pinobanksin, pinobanksin-3, etal. [39]
pinostrobin flavonones, and
flavones
Iran Pinocembrin, caffeic acid, Gram-positive bacterial and Yaghoubi et al.
kaempferol, galangin, and antifungal activity [40]
chrysin
Egypt - Antibacterial and high Gharib et al. [41]
antifungal effect
Lebanon - Antibacterial (bacteriostatic) = Chamandi et al.
and antifungal (fungicidal) [42]
effect
Brazilian propolis Cinnamic acid derivatives Antibacterial effect Moncla et al. [43]
and flavonoids
Uruguayan propolis Flavonoids, phenolic acid - Kumazawa et al.
esters, and aromatic acids [44]
Japan Total phenolic compounds Antioxidant activity Hamasaka et al.
[45]
Table 1.

Chemical characterizgation and antimicrobial activity of propolis in the world.
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Gram-positive bacteria, the other Czech and German propolis extracts. All propolis
specimens observed antifungal effects on reference and Candida species obtained
from clinics. Excellent fungicidal effect was observed in Irish and Czech ethanol
extracts with a minimum fungicidal concentration between 0.1 pg/mL and 2.5 pg/mL,
also, the other propolis origins displayed mostly fungistatic effect; MIC values
between 0.6-5 pg/mL. C. tropicalis, Candida glabvata and C. parapsilosis were the most
susceptible Candida species. Synergism was determined in the combination of
ethanol extract of propolis and vancomycin on Streptococcus pyogenes. Furthermore,
combination of EEP and levofloxacin was found on Streptococcus pneumoniae and
Haemophilus influenzae. Hegazi et al. [33] researched the chemical properties and
antimicrobial effects of three propolis specimens collected from Germany, France,
and Austria by GC-MS method. The main plant sources of all of these propolises were
poplar buds. Flavonoids and phenolic esters were similar in all the propolises samples,
but the flavonoid and phenolic ester amounts of German and French propolises were
higher than that of Austrian propolis. A total of 41 components were isolated from
these propolises, 11 of which defined for the first time. In the specimens searched in
this study, few polar compounds were found that are characteristics of poplar buds.
Compounds like aromatic acid found in all researched specimens are in the first
group. Trans-p- coumaric was the greatest in all samples. In German propolis, galan-
gin, benzylferulate, and phenylethyl-trans-caffeate were dominant. Benzyl caffeate
was dominant in the French propolis specimen. Also, in French and Austrian propolis
was dominant, and pinocembrin and trans-p-cumaric acid were dominant in all
specimens. Among the studied propolises, German propolis had the highest antimi-
crobial effect on S. aureus and E. Coli, also Austrian propolis displayed the highest
effect to C. albicans. French propolis was demonstrated less effective studied on all
pathogens than German and Austrian propolis. Popova et al. [37] investigated the
composition and antimicrobial effect of propolis specimens from six different regions
of Turkey (Adana, Artvin, Erzurum, [zmir, Kayseri and Yozgat). They detected that
Western (Izmir) and Central (Kayseri and Yozgat) Anatolia propolis specimens
showed very similar phenolic and flavonoid ingredient. They found low phenolic and
very low flavonoid concentrations in propolis samples from Adana (Central
Anatolia), Artvin and Erzurum (Eastern Anatolia). Velikova et al. [38] performed a
chemical analysis of a Bulgarian and two Turkish propolis types by using GC-MS. The
chemical components of the propolis of both countries were similar. They reported
that they probably showed the characteristics of poplar propolis. The samples were
found particularly rich in caffeic acid and ferulic acids and also, they showed antibac-
terial, antifungal, and cytotoxic effects. Mohammadzadeh et al. [39] analyzed the
chemical components of propolis collected from Tehran by GC-MS method and it has
been reported that the botanical source of Iranian propolis may be popular due to the
presence of acetate, pinocembrin, pinobanksin, pinobanksin-3, pinostrobin flavo-
nones and flavones such as galangin and chrysin. Yaghoubi et al. [40] investigated the
antimicrobial activity of ethanol extract of Iranian propolis (EEP) against Gram-
positive, Gram-negative, and fungi by disc diffusion method. EEP was only Gram-
positive and fungi but, not Gram-negative. They identified pinocembrin, caffeic acid,
kaempferol, phenethyl caffeate, chrysin, and galangin in Iran propolis. The total
phenolic and flavonoid ingredients were 36% and 7.3%. They suggested that the
powerful antimicrobial effect of Iranian propolis may be due to rich sources of
flavonoid and phenolic composites. Gharib et al. [41] analyzed antimicrobial effect of
propolis on some bacteria and fungi. Egyptian propolis was higher effective S. aureus
than E. coli. They found high antifungal effect on tested fungi. Chamandi et al. [42]
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searched the antimicrobial effect of propolis obtained from different regions of
Lebanon. These microorganisms are multi-drug resistant bacteria (MDR), Extended
Spectrum Beta Lactamases (ESBL) positive Klebsiella pneumoniae, Methicillin
Resistant S. aureus (MRSA), and C. albicans. Ethanol Extract Propolis (EEP) speci-
mens against ESBL-positive K. pneumoniae and MRSA displayed bacteriostatic
activity. Also, it showed fungicidal effect against C. albicans. Moncla et al. [43]
examined chemical content and antibacterial activity of Brazilian propolis against
Enterococcus spp. They found flavonoids, prenylated compounds, and cinnamic acid
derivatives as the main constituents in Brazil propolis. Kumazawa et al. [44] studied
the structure of Uruguayan propolis. They found 33 compounds that are 18 flavonoids
including two new compounds, 11 phenolic acid esters including one new compound,
and four aromatic carboxylic acids. Components obtained from Uruguayan propolis
were similar to propolis of European and Chinese origin. They suggested that
Uruguayan propolis has a plant origin and is similar to those of propolis from Europe
and China. Hamasaka et al. [45] investigated the chemical compositions and antioxi-
dant activity of propolis collected from various regions of Japan (Tokyo, Nagano,
Okinawa, Okayama, Tottori, Kanagawa, Akita, Fukushima, Gifu, Fukuoka, Shizuoka,
and Hokkaido). They detected that the components and quantitative values of
propolis vary according to geographic origin. Ethanol Extract Propolis (EEP) from
Akita (Minamiakita) and Okinawa was almost potent antioxidant activity and
connected with total polyphenol ingredient. Also, in propolis collected from Akita
(Minamiakita) was found a large amount of antioxidant components.

5.1 Studies on the chemical analysis and antimicrobial activity of propolis in
Turkey

Numerous studies are carried out on the chemical composition and antimicrobial
activity of propolises produced in Turkey [15, 30, 32, 36, 54-64] (Table 2). Bayram
et al. [15] investigated the chemical analysis and antimicrobial action of propolis from
Hakkari region (Eastern Anatolia) of Turkey on some pathogens by GC-MS. They
detected more the total flavonoid amount than the other compounds such as terpenes,
ketones, alcohols, hydrocarbons, aromatic acids, cinnamic acids, and their esters and
aliphatic acids and esters. They found pinocembrin (9.16%), pinostrobin chalcone
(8.85%), ethyl oleate (8.15%), and chrysin (5.82%) as major flavonoids. Kartal et al.
[54] investigated the antimicrobial activities of propolis samples collected from
Ankara (Kazan) and Mugla (Marmaris) regions of Turkey, by GC-MS chromatogra-
phy method and detected 24 different compounds in the samples. They prepared four
different ethanol extracts (using 30%, 50%, 70%, and 96%) from propolis samples
and examined the effects of these extracts on seven Gram-positive, four Gram-
negative, and fungal culture. They stated that the samples taken from Ankara-Kazan
showed stronger antimicrobial activity compared with the Mugla-Marmaris samples,
and they stated that the chemical content of Ankara-Kazan propolis was similar to
the bud secretions of Populus species. They explained that the observed activity was
mostly due to caffeic acid and its esters. Also, the active components of the Mugla-
Marmaris samples were determined as isopimaric acid. The other study on the chemi-
cal content of Turkish propolis was conducted by Sorkun et al. [55] and in this study,
samples from different regions of Turkey (Bursa, Erzurum-Askale, Gumushane-
sogutagil and Trabzon-Caglayan) were collected and their chemical analyzes were
performed by GC-MS. According to the results of this study, propolis samples taken
from Trabzon and Gumushane regions have similar chemical content, and the basic
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Region Main compounds Activity References
Hakkari Total flavonoids Bayram etal. [15]
Ankara Caffeicacid and esters Higher antimicrobial activity Kartal et al. [54]
(Kazan)
Mugla Isopimaric acid Antimicrobial activity
(Marmaris)
Bursa Flavonones, terpenoids, - Sorkun et al. [55]
flavones, aromatic acid, and
their esters and ketones
Erzurum- Aromatic acid esters and
Askale alcohols
Gumushane- Aromatic acids, aliphatic
Sogutagil acids, and their esters and
ketones
Trabzon- Aromatic acids, aliphatic
Caglayan acids, and their esters and
ketones
Erzurum High aromatic acid esters and Strong Gram-positive effect (S. Silici and Kutluca [56]
amino acid contents aureus), weak Gram-negative
bacteria efficacy (E. Coli
and P, aeruginosa) and yeast
(C. albicans)
Trabzon Flavonoids, crysin, apigenin, All of propolis specimens Katircioglu and
and flavonones high antibacterial effect on Mercan [57]
. . .. S. aureus and E. coli, also, no
Erzurum Flavonoids, crysin, apigenin, L .
showed inhibitory activity to
and flavonones .
K. pneumoniae and Morganella
Tekirdag Flavonoids, crysin, apigenin, movgagni
flavonones, and naringenin
Different Flavonoids, aromatic High antibacterial activity Temiz et al. [58]
geographic alcohols, aromatic acids and to Salmonella enteritidis and
region of esters, terpens, aliphatic Listeria monocytogenes
Turkey carboxylic acids, and esters
Table 2.

Chemical structure and antimicrobial efficiency of propolis in Turkey.

components are aromatic and aliphatic acids and their esters and ketones, Erzurum
propolis has a different structure and aromatic acid esters and alcohols are the basic
components, and it is better than other samples. It was found to contain more amino
acids. In the samples collected from Bursa region, it was determined that flavonones,
terpenoids, flavones, aromatic acid esters, and ketones were the main amounts. In
the samples from Bursa region, flavones, flavonones, and ketones were detected

in very rich amounts. Silici and Kutluca [56] investigated the chemical profile and
antimicrobial effect of propolis collected by three different honeybees in the same
region and the same season in Erzurum (East Anatolia) with the GC-MS method and
48 compounds were identified 32 being new for propolis. They found high aromatic
acid esters and amino acid contents and strong Gram-positive activity in S. aureus,
weak Gram-negative efficiency in E. coli and P. aeruginosa, and yeast in C. albicans.
Katircioglu and Mercan [57] studied the chemical components and antimicrobial
activity of propolis samples obtained from different regions of Turkey. They collected
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propolis samples from Trabzon, Erzurum, and Tekirdag in 2004 and analyzed

them by GC-MS chromatography method. They determined as major compounds
flavonoids, crysin, apigenin, and flavonones in Trabzon propolis, crysin, flavonoids,
apigenin, and flavonones in Erzurum propolis, and also crysin, apigenin, naringenin,
flavonoids and flavonones in Tekirdag propolis. These propolis specimens displayed

a strong inhibitory effect against Escherichia coli and Staphylococcus aureus isolates,
but they did not show inhibitory action on the K. pneumoniae and Morganella mor-
gagni strains. Temiz et al. [58] researched the antimicrobial activities of 25 propolis
specimens obtained from different geographical regions of Turkey on two food-borne
pathogens, Salmonella enteritidis ATCC 13076 and Listeria monocytogenes ATCC 1462.
The chemical compounds of ethyl alcohol extracts of propolis (EEP) specimens were
identified by GC-MS. The main constituents were flavonoids, aromatic alcohols,
aromatic acids and esters, terpenes, aliphatic carboxylic acids, and esters. Flavonoids
were the only shared compound determined in all samples with different levels.
Antimicrobial actions of the propolis samples were investigated at two different
dilutions 10% and 1%. All propolis specimens at 10% dilution displayed high activity
against both bacteria. Also, 1% dilution ratios were found high antimicrobial effect on
L. monocytogenes.

5.2 Antifungal properties of propolis and mechanisms of action

The mechanisms of action of propolis are shown in Figure 2. The studies have
reported that compounds such as flavonoids (especially pinocembrin) and phenolic
compounds present in honey and propolis are responsible for their antifungal activ-
ity by affecting cytoplasmic membrane permeability and resulting in total leakage
of cell components and inorganic ions, leading to complete cell death [46-48]. The
ability of C. albicans to switch from yeast form to hyphae form plays an important
role in its virulence. Recently, propolis has been used in the treatment of oral fungal
diseases. Germ tube formation contributes to adherence in C. albicans. Propolis
inhibits germ tube formation. The inhibition of C. albicans growth and germ tube
formation by propolis is probably due to interaction with cellular sulphydryl com-
pounds [49, 50]. Flavonoids, which are components of propolis, contain subgroups
such as flavones, flavonols, flavanols (flavan-3-ol), isoflavones, anthocyanins, and
chalcones [65]. The antifungal effect of flavonols such as kaempferol, quercetin,
and myricetin has been defined to inhibit the growth and cell division of C. albicans
[66]. Also, the flavanols subclass flavan-3-ol and gallotannin indicated an inhibi-
tory effect on the growth and cell division of C. albicans [67]. Serpa et al. [68] found
that flavones induced apoptosis in C. albicans. Terpenes showed an antibiofilm
efficacy in the treatment of Candida infections related to device use in the hospital.
Mechanism of action of terpenes; alteration of the cellular cytoplasmic membrane
and induction of apoptosis [69]. Resistance to antifungal drugs used in the recent
years has been considered as a health problem. Treatment difficulties are expe-
rienced especially in infections associated with biofilm formation in implanted
medical devices such as cardiac, urinary, dental prosthesis, and catheters. Candida
species are associated with biofilm-related infection. They are capable of colonizing
medical implantable devices and mucosal membranes and develop resistance to
commonly used conventional antifungal agents. Candida species may develop resis-
tance to fluconazole and other azole groups during treatment or prophylaxis and
high-level cross-resistance to azole groups often develops and also echinocandins
[10, 70-72].
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Figure 2.
The mechanisms of efficacy of propolis.

5.3 Studies on the antifungal properties of propolis

Investigation on the antifungal efficacy of propolis is shown in Table 3. Hegazia
etal. [33] found the highest antifungal activity of propolis on C. albicans, which was
detected in Austrian propolis. Ota et al. [51] investigated the antifungal effect of
Brazilian propolis against Candida species isolated from the saliva of patients with
denture stomatitis. They reported that the antifungal activity of propolis was caused
by phenolic constructions containing phenolic acids and their esters. In this in vitro
study, the highest fungicidal activity showed C. albicans and others respectively were
C. tropicalis, C. krusei, and C. guilliermondii. Also, in the in vivo study with propolis
in these patients, a decrease in the number of Candida species was observed in the
mouth rinse. Yarfani et al. [52] investigated the antifungal activity of Iranian propolis
specimens to fluconazole-resistant C. albicans isolates obtained from HIV patients
with oropharyngeal candidiasis. They found higher fungicidal activity in all flucon-
azole-resistant C. albicans specimens and they detected high amounts of phenolic acid
and aromatic acids (especially caffeic acid) in each propolis specimen. These compo-
nents of propolis have antifungal and antibacterial activities. Oliveira et al. [53]
reported a high activity of propolis on C. albicans, C. tropicalis, C. parapsilosis, and
other species obtained from patients with onychomycosis lesions. Fernandez-
Calderon et al. [72] examined the activity of a new Spanish Ethanol Extract of
Propolis (SEEP) on growth, cell surface hydrophobicity, adherence, and biofilm
formation of C. glabrata to azole-resistant isolates obtained from different clinical
specimens. The Spanish propolis had good antifungal activity within the range of 0.1~
0.4% (60-240 pg/mL), with a MICso and MICgg of 0.2% (120 pug/mL). SEEP displayed
perfect fungicidal effect on C. glabrata strains, with an MFCs of 0.4% (240 pg/mL),
an MFCy of 0.8% (480 pg/mL) and range 0.4—>1.5%. SEEP did not exhibit a clear
activity on surface hydrophobicity and adhesion, but an inhibitory activity on biofilm
formation was displayed at sub-inhibitory concentrations (0.1 and 0.05%) with a
significant decrease in biofilm formation. Capoci et al. [73] observed the antifungal
effect of propolis and inhibition of biofilm production in strains of C. albicans iso-
lated from patients with vulvovaginal candidiasis (VVC). The MIC of propolis extract
ranged from 68.35 to 546.87 pg/mL of total phenol ingredient in gallic acid. Propolis
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Region Mechanism of action Activity References
Austria All of propolis specimens Perfect effect against C. Hegazi etal. [33]
inhibit the growth albicans
Germany Antifungal action
France Low antifungal activity
Brazilian - Highest fungicidal action Otaetal. [51]
propolis
Iran - Higher fungicidal effect Yarfani etal. [52]
Brazil - Fungicidal activity Oliveira et al. [53]
Spain Inhibit the biofilm formation Excellent fungicidal Fernandez-Calderon
activity etal. [72]
Brazil Inhibit the biofilm formation Antifungal activity Capoci et al. [73]
Brazil Inhibit the biofilm formation Predominantly fungistatic Freires et al. [74]
effect
Thailand Inhibit hyphal adhesion, Anticandidal effect Iadnut et al. [75]
invasion, and biofilm
formation
Table 3.

Mechanisms of action and antifungal activity of propolis.

solution inhibited biofilm formation by C. albicans in patients with VVC. Freires et
al. [74] analyzed the chemical properties and antifungal effect of Brazilian propolis
(type 3 and type 13) on Candida species (C. albicans, C. dubliniensis, C. glabrata, C.
tropicalis, C. parapsilosis, and C. krusei). Propolis ethanol extracts were examined by
GC-MS. In the EEP 3 were found the phenolic compounds p-coumaric acid, caffeic
acid phenetyl ester, kaempferol, and quercetin. In the EEP 13 were identified isofla-
vonoids such as vestitol and formononetin. All extracts inhibited biofilm formation.
Brazilian propolis has frequently fungistatic effect. Ladnut et al. [75] examined the
antifungal and antivirulence effects of biologically synthesized Ethanolic Extract of
Propolis-Loaded poly (lactic-co-glycolic acid) PLGA Nanoparticles (EEP-NPs) on
C. albicans. EEP-NPs showed a higher antifungal effect than EEP in free form and
reduced the effect of virulence factors such as adhesion, hyphal germination, biofilm
formation, and invasion.

In conclusion, resistance to antifungals used in traditional treatment such as azole
groups and also echinocandins in Candida species has increased due to the adhesion
capacity, germ tube, and biofilm formation of Candida. Propolis is a resinous natural,
non-toxic product collected by honeybees. There are many in vitro studies on the
antimicrobial and antifungal properties of propolis in the world. However, clinical
studies examining its effects on animals and humans are very limited. For the safe use
of propolis, further and more clinical studies should be performed to develop alter-
native therapies with natural products like propolis that complement conventional
treatments.
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