
Edited by  

Juliana Campos Junqueira and Eleftherios Mylonakis

Published in  

Frontiers in Microbiology 

Frontiers in Cellular and Infection Microbiology

Candida biofilms

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/research-topics/11268/candida-biofilms
https://www.frontiersin.org/journals/cellular-and-infection-microbiology


January 2023

Frontiers in Microbiology 1 frontiersin.org

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-83251-356-9 
DOI 10.3389/978-2-83251-356-9

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


January 2023

Frontiers in Microbiology 2 frontiersin.org

Candida biofilms

Topic editors

Juliana Campos Junqueira — São Paulo State University, Brazil

Eleftherios Mylonakis — Brown University, United States

Citation

Junqueira, J. C., Mylonakis, E., eds. (2023). Candida biofilms. 

Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-356-9

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-83251-356-9


January 2023

Frontiers in Microbiology 3 frontiersin.org

05 Editorial: Candida biofilms
Juliana Campos Junqueira and Eleftherios Mylonakis

08 Screening the Drug:H+ Antiporter Family for a Role in Biofilm 
Formation in Candida glabrata
Rui Santos, Mafalda Cavalheiro, Catarina Costa, 
Azusa Takahashi-Nakaguchi, Michiyo Okamoto, Hiroji Chibana and 
Miguel C. Teixeira

18 SPT20 Regulates the Hog1-MAPK Pathway and Is Involved in 
Candida albicans Response to Hyperosmotic Stress
Lianfang Wang, Ruilan Chen, Qiuting Weng, Shaoming Lin, 
Huijun Wang, Li Li, Beth Burgwyn Fuchs, Xiaojiang Tan and  
Eleftherios Mylonakis

31 Alkylimidazolium Ionic Liquids as Antifungal 
Alternatives: Antibiofilm Activity Against Candida albicans and 
Underlying Mechanism of Action
G. Kiran Kumar Reddy and Y. V. Nancharaiah

46 The Transcription Factor Stp2 Is Important for Candida 
albicans Biofilm Establishment and Sustainability
Bettina Böttcher, Bianca Hoffmann, Enrico Garbe, Tobias Weise, 
Zoltán Cseresnyés, Philipp Brandt, Stefanie Dietrich, Dominik Driesch, 
Marc Thilo Figge and Slavena Vylkova

61 Palmitic Acid Inhibits the Virulence Factors of Candida 
tropicalis: Biofilms, Cell Surface Hydrophobicity, Ergosterol 
Biosynthesis, and Enzymatic Activity
Krishnan Ganesh Prasath, Hariharan Tharani, Mourya Suraj Kumar and 
Shunmugiah Karutha Pandian

82 Precision Antifungal Treatment Significantly Extends Voice 
Prosthesis Lifespan in Patients Following Total Laryngectomy
Daniel R. Pentland, Sarah Stevens, Leila Williams, Mark Baker, 
Carolyn McCall, Viktorija Makarovaite, Alistair Balfour, 
Friedrich A. Mühlschlegel and Campbell W. Gourlay

99 Combination of Antifungal Drugs and Protease Inhibitors 
Prevent Candida albicans Biofilm Formation and Disrupt 
Mature Biofilms
Matthew B. Lohse, Megha Gulati, Charles S. Craik, 
Alexander D. Johnson and Clarissa J. Nobile

111 Biofilm Formation of Candida albicans Facilitates Fungal 
Infiltration and Persister Cell Formation in Vaginal Candidiasis
Xueqing Wu, Sisi Zhang, Haiying Li, Laien Shen, Chenle Dong, 
Yao Sun, Huale Chen, Boyun Xu, Wenyi Zhuang, 
Margaret Deighton and Yue Qu

123 How Biofilm Growth Affects Candida-Host Interactions
Emily F. Eix and Jeniel E. Nett

Table of
contents

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


January 2023

Frontiers in Microbiology 4 frontiersin.org

131 Antifungal Activity of the Natural Coumarin Scopoletin 
Against Planktonic Cells and Biofilms From a 
Multidrug-Resistant Candida tropicalis Strain
Ari S. O. Lemos, Jônatas R. Florêncio, Nícolas C. C. Pinto, 
Lara M. Campos, Thiago P. Silva, Richard M. Grazul, Priscila F. Pinto, 
Guilherme D. Tavares, Elita Scio, Ana Carolina M. Apolônio, 
Rossana C. N. Melo and Rodrigo L. Fabri

142 Streptococcus mutans Secreted Products Inhibit Candida 
albicans Induced Oral Candidiasis
Jéssica Diane dos Santos, Luciana Ruano de Oliveira Fugisaki, 
Rebeca Previate Medina, Liliana Scorzoni, Mariana de Sá Alves, 
Patrícia Pimentel de Barros, Felipe Camargo Ribeiro, 
Beth Burgwyn Fuchs, Eleftherios Mylonakis, 
Dulce Helena Siqueira Silva and Juliana Campos Junqueira

159 Silver Nanoantibiotics Display Strong Antifungal Activity 
Against the Emergent Multidrug-Resistant Yeast Candida 
auris Under Both Planktonic and Biofilm Growing Conditions
Roberto Vazquez-Munoz, Fernando D. Lopez and 
Jose L. Lopez-Ribot

170 The Postbiotic Activity of Lactobacillus paracasei 28.4 Against 
Candida auris
Rodnei Dennis Rossoni, Patrícia Pimentel de Barros, 
Iatã do Carmo Mendonça, Rebeca Previate Medina, 
Dulce Helena Siqueira Silva, Beth Burgwyn Fuchs, 
Juliana Campos Junqueira and Eleftherios Mylonakis

185 A Two-Way Road: Antagonistic Interaction Between 
Dual-Species Biofilms Formed by Candida albicans/Candida 
parapsilosis and Trichophyton rubrum
Letícia Morais Garcia, Caroline Barcelos Costa-Orlandi,  
Níura Madalena Bila, Carolina Orlando Vaso,  
Larissa Naiara Carvalho Gonçalves, Ana Marisa Fusco-Almeida and 
Maria José Soares Mendes-Giannini

200 Advances in Biomaterials for the Prevention and Disruption of 
Candida Biofilms
Noel Vera-González and Anita Shukla

208 Dynamics of Mono- and Dual-Species Biofilm Formation and 
Interactions Between Paracoccidioides brasiliensis and 
Candida albicans
Lariane Teodoro Oliveira, Kaila Petronila Medina-Alarcón, 
Junya de Lacorte Singulani, Nathália Ferreira Fregonezi, 
Regina Helena Pires, Rodrigo Alex Arthur, Ana Marisa Fusco-Almeida 
and Maria José Soares Mendes Giannini

219 Pathogenesis and Clinical Relevance of Candida Biofilms in 
Vulvovaginal Candidiasis
Carmen Rodríguez-Cerdeira, Erick Martínez-Herrera, 
Miguel Carnero-Gregorio, Adriana López-Barcenas, 
Gabriella Fabbrocini, Monika Fida, May El-Samahy and 
José Luís González-Cespón

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


TYPE Editorial

PUBLISHED 04 January 2023

DOI 10.3389/fmicb.2022.1128600

OPEN ACCESS

EDITED AND REVIEWED BY

Axel Cloeckaert,

Institut National de recherche pour

l’agriculture, l’alimentation et

l’environnement (INRAE), France

*CORRESPONDENCE

Juliana Campos Junqueira

juliana.junqueira@unesp.br

Eleftherios Mylonakis

emylonakis@lifespan.org

SPECIALTY SECTION

This article was submitted to

Infectious Agents and Disease,

a section of the journal

Frontiers in Microbiology

RECEIVED 20 December 2022

ACCEPTED 23 December 2022

PUBLISHED 04 January 2023

CITATION

Junqueira JC and Mylonakis E (2023)

Editorial: Candida biofilms.

Front. Microbiol. 13:1128600.

doi: 10.3389/fmicb.2022.1128600

COPYRIGHT

© 2023 Junqueira and Mylonakis. This

is an open-access article distributed

under the terms of the Creative

Commons Attribution License (CC BY).

The use, distribution or reproduction

in other forums is permitted, provided

the original author(s) and the copyright

owner(s) are credited and that the

original publication in this journal is

cited, in accordance with accepted

academic practice. No use, distribution

or reproduction is permitted which

does not comply with these terms.

Editorial: Candida biofilms

Juliana Campos Junqueira1* and Eleftherios Mylonakis2*

1Department of Biosciences and Oral Diagnosis, Institute of Science and Technology, São Paulo

State University/UNESP, São José dos Campos, Brazil, 2Division of Infectious Diseases, Rhode Island

Hospital, Alpert Medical School of Brown University, Providence, RI, United States

KEYWORDS

biofilms, Candida spp., candidiasis, antifungals, fungal-host interactions

Editorial on the Research Topic

Candida biofilms

Biofilm formation is an important factor of Candida pathogenesis with several

clinical implications. Most Candida spp. form biofilms on mucosal and skin surfaces

causing different types of superficial candidiasis, as well as on implanted medical devices

leading to systemic infections (Horton et al., 2020; Fan et al., 2022). The inherent

biofilm resistance to available antifungal drugs results in recurrent infections, chronic

persistent infections, and poor clinical outcomes (Ponde et al., 2021). The Research Topic

on “Candida biofilms” includes a collection of 14 original research articles and three

reviews prepared by renowned groups from Brazil, China, Germany, India, Portugal,

Spain, United Kingdom, and USA. Taken together the articles in this issue give an

overview on the field of Candida biofilms and provide insights on their structure and

regulatory networks; interactions with the host immune defense; mechanisms involved in

antifungal resistance; pathogenicity and clinical relevance; cross-kingdom interactions;

and development of novel therapeutic approaches.

In this context, Böttcher et al. present a detailed study about biofilm formation of C.

albicans with focus on the role of STP2, a key transcriptional regulator of extracellular

amino acid signaling and metabolism. The results demonstrate that STP2 mediates

the adherence, germ tube formation, metabolic adaptation, and biofilm sustainability,

suggesting that regulatory responses to extracellular amino acids are not only involved

with nutritional homeostasis, but also coordinate crucial factors for biofilm development.

Related to this work, Wang et al. explore the complex mechanism of C. albicans to

respond to environmental challenges, unveiling that SPT20 plays an important role to

resist hyperosmotic stress through regulating the high osmolarity glycerol 1 mitogen

activated protein kinase transduction pathway (Hog1-MAPK). Moving focus to biofilms

formed by Candida glabrata, Santos et al. demonstrate that Drug:H+ antiporter 1

(DHA1) transporters, involved in the activation of efflux pumps and drug resistance,

can also influence the biofilm development by affecting nutrient uptake and cellular

adhesion. Taken together, these studies contribute to clarify the intertwined network of

pathways involved in biofilms formed by Candida spp., making them promising targets

for drug development.

Looking into the influence of biofilms on Candida-host interactions and the role of

biofilm in Candida pathogenesis, Eix and Nett bring a comprehensive review on innate

immune responses associated with biofilms, highlighting the key mechanisms by which
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Candida cells increase their resistance to phagocytosis and alter

the mononuclear cell cytokine profile. The authors also examine

the insights into host responses to biofilm provided by animal

studies, and discuss models that explore biofilms formed on

vascular catheters, dental devices, and the mucosal surfaces of

rats and mice. Using a mouse model of vaginal candidiasis, Wu

et al. demonstrate that C. albicans strains can form significant

quantities of biotic biofilms on the vaginal epithelium. The

formation of these biofilms leads to high resistance to antifungal

treatment and promotes the formation of persister cells,

providing new experimental evidence that extend the role of

biofilms in the pathogenesis of vaginal candidiasis. Notably,

the mechanisms employed by C. albicans to colonize and to

form biofilms on vulvovaginal mucosa are thoroughly discussed

in the article performed by Rodríguez-Cerdeira et al., who

emphasize the genomic, proteomic and quorum sensing aspects

of these biofilms.

In a cohort study, Pentland et al. demonstrate the clinical

relevance of biofilms in voice prosthesis of patients that

underwent total laryngectomy, and show that biofilms are

associated with loss of device performance and its early

failure. Interestingly, in most cases of prosthesis failure the

investigators found polymicrobial biofilms composed mainly

by Staphylococcus aureus and C. albicans. Indeed, multi-species

biofilms formed by Candida and bacteria can be formed

in various niches of the human body, including the oral

cavity, gastrointestinal tract, vulvovaginal region, lungs, and

skin (Lohse et al., 2018). The interactions established by

Candidawith different bacterial species have been widely studied

(Barbosa et al., 2016; Kong et al., 2016; Kostoulias et al.,

2016), however little is known about the possible interactions of

Candida spp. with other fungi. In pioneering studies, Oliveira

et al. and Garcia et al. demonstrate that C. albicans can

form dual species biofilms with Paracoccidioides brasiliensis or

Trichophyton rubrum, respectively. The results of both studies

suggest that C. albicans and P. brasilensis or T. rubrum can

coexist in the same environment and establish fungal-fungal

interactions on host surfaces.

The cross-kingdom microbial interactions in biofilms have

been explored as a potential resource for the identification of

new antifungal molecules (Scorzoni et al., 2021). From this

perspective, Santos et al. reveal that Streptococcus mutans, an

important bacterium in dental biofilms, can secrete products

capable of inhibiting the oral candidiasis in a murine model.

In this work, the authors extracted, fractionated, and identified

the fraction of the S. mutans UA159 culture (SM-F2) with

strong activity against C. albicans and high efficacy in the

treatment of oral candidiasis. In an innovative study, Rossoni

et al. explore the antimicrobial activity of bacterial metabolic

products on Candida auris, an emerging multidrug-resistant

yeast. The results show that crude extract derived from the

probiotic bacterium Lactobacillus paracasei 28.4 can inhibit

the biofilms and persister cells of C. auris, and protect the

model host Galleria mellonella from fungal infection through

a direct antifungal activity as well as by modulating the

host immune response. Besides to natural compounds from

microbial origins, plant extracts have gained much attention

with large number of bioactive compounds already isolated

and identified (Singla and Dubey, 2019; Scorzoni et al., 2021).

This Research Topic highlights two plant-derived natural

compounds: the coumarin scopoletin (gelseminic acid) studied

by Lemos et al. and the palmitic acid (hexadecenoic acid)

studied by Prasath et al. Based on their results, both compounds

exhibit an effective inhibition on biofilms formed by Candida

tropicalis. The mechanism of action of scopoletin involves

the alteration on fungal cell and plasma membrane sterols,

while the action of palmitic acid seems associated with

ROS-mediated mitochondrial dysfunction and regulation of

ergosterol biosynthesis. Interestingly, scopoletin also showed

activity against the efflux pumps at plasma membrane when

combined with fluconazole, suggesting potential synergistic

activity against multidrug-resistant Candida strains.

Looking at therapeutic strategies targeted to Candida

biofilms, and based on the evidence that antiretroviral HIV

protease inhibitors can influence the secreted aspartyl proteases

(Saps) of Candida spp. (Cenci et al., 2008; Braga-Silva et al.,

2010), Lohse et al. investigate the capacity of 80 protease

inhibitors in preventing and treating Candida biofilms. Among

the 80 protease inhibitors studied, the investigators found that

gliotoxin, acivicin, TPCK and nelfinavir show effectiveness

against Candida biofilms. Moreover, several protease inhibitors

exhibit ability to decrease C. albicans biofilms when combined

with caspofungin or amphotericin B. Reddy and Nancharaiah

explore new anti-biofilm approaches using ionic liquids, a novel

class of molten salts originates from the combination of cations

and anions, with several applications in chemical industry.

The prospecting results indicate the imidazolium ionic liquid

with hexadecyl group ([C16MIM]+[Cl]−) as the most effective

compound against C. albicans biofilms. The antifungal and anti-

biofilm activity of imidazolium includes alterations in various

cellular process, such as membrane permeability, ergosterol

content, and ROS generation. Seeking alternative approaches

against C. auris, Vazquez-Munoz et al. studied the use of

silver nanoparticles (AgNPs) coated with polyvinylpyrrolidone

(PVP) and verified strong antimicrobial activity on several C.

auris strains under planktonic and biofilm growing conditions.

Promisingly, this antimicrobial activity against C. auris strains

is irrespective of their clade, geographical origin, or antifungal-

resistant profiles.

Lastly, Vera-González and Shukla discuss the recent

advances in antifungal biomaterials for combating Candida

biofilm infections. This review explores the design of

nanoparticles aimed at disrupting existing biofilms and

presents innovative technologies that employ polymer-only

coatings as well as coatings with conventional or new antifungal

agents against biofilm formation. Moreover, the authors outline
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future perspectives in the development of biomaterials targeted

for Candida biofilms, including the use of enzymes to digest the

components of extracellular matrix and identification of new

drug targets such as extracellular vesicles.

We hope that this Research Topic covers the key points

of the development, pathogenesis, and clinical relevance of

Candida biofilms, and provides an overview about the progress

and challenges of new antifungal discovery that will incentivize

innovation in the field of Candida biofilm pathogenesis

and therapeutics.
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Biofilm formation and drug resistance are two key pathogenesis traits exhibited by

Candida glabrata as a human pathogen. Interestingly, specific pathways appear to be

in the crossroad between the two phenomena, making them promising targets for drug

development. In this study, the 10 multidrug resistance transporters of the Drug:H+

Antiporter family of C. glabrata were screened for a role in biofilm formation. Besides

previously identified players in this process, namely CgTpo1_2 and CgQdr2, two others

are shown to contribute to biofilm formation: CgDtr1 and CgTpo4. The deletion of each

of these genes was found to lead to lower biofilm formation, in both SDB and RPMI

media, while their expression was found to increase during biofilm development and to

be controlled by the transcription factor CgTec1, a predicted key regulator of biofilm

formation. Additionally, the deletion of CgDTR1, CgTPO4, or even CgQDR2 was found

to increase plasma membrane potential and lead to decreased expression of adhesin

encoding genes, particularly CgALS1 and CgEPA1, during biofilm formation. Although

the exact role of these drug transporters in biofilm formation remains elusive, our current

model suggests that their control over membrane potential by the transport of charged

molecules, may affect the perception of nutrient availability, which in turn may delay the

triggering of adhesion and biofilm formation.

Keywords: Candida glabrata, drug:H+ antiporters, biofilm formation, CgTpo4, CgDtr1

INTRODUCTION

The human opportunistic pathogen, Candida glabrata, is responsible for an estimated death rate of
40–60% after invasive candidiasis (Ghazi et al., 2019). Being the second or third most common
cause of this disease (Tscherner et al., 2011; Fuller et al., 2019; Mari et al., 2019), C. glabrata
successfully infects and prevails in the human host thanks to its ability to adapt, resisting antifungal
treatment and the host stressful environment (Pais et al., 2019), often by being able to form biofilms
(Cavalheiro and Teixeira, 2018). In order to develop antifungal resistance, C. glabrata resorts to
the activation of different multidrug efflux pumps of the ATP-binding cassette (ABC) transporter
superfamily and the major facilitator superfamily (MFS) (Costa et al., 2014a; Cannon and Holmes,
2015). Although CgCdr1 ABC transporter appears to play a primordial role in azole resistant
clinical isolates, the upregulation of some of the MFS drug transporters has also been correlated
with at least clotrimazole resistance in clinical isolates (Costa et al., 2016). The activation of several

8
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ABC transporters and MFS transporters is mostly due to the
CgPdr1 transcription factor, regulator of multidrug resistance in
C. glabrata (Costa et al., 2013b; Paul et al., 2014; Pais et al., 2016b;
Whaley et al., 2018). This regulator may suffer gain-of-function
(GOF)mutations that enhance the activation of such transporters
(Moye-Rowley, 2019).

The ABC transporters have two transmembrane domains
and two cytoplasmic nucleotide-binding domains, requiring
energy from the hydrolysis of ATP, to cross substrates through
the membrane. The ones with most dominant role in C.
glabrata azole resistance are Cdr1, Cdr2, and Snq2 (Sanglard
et al., 2009). While the role of ABC transporters has been
well-characterized, only more recently MFS transporters have
been studied with more detail. The MFS family is divided
into two subgroups: Drug:H+ antiporter 1 (DHA1) and 2
(DHA2) transporter subfamilies, compromising transporters
with 12 and 14 transmembrane segments, respectively; both
with predicted transporters in the genome of pathogenic fungi:
Candida albicans, C. glabrata, Cryptococcus neoformans, and
Aspergillus fumigatus (Costa et al., 2014a). DHA transporters
have important roles in Saccharomyces cerevisiae drug resistance
(Sá-Correia et al., 2008; Santos et al., 2014) and, as more
recently unraveled, in C. glabrata (Costa et al., 2014a). In the
case of this pathogenic yeast, evidence for a role in antifungal
resistance was so far obtained for the DHA transporters: CgAqr1,
CgQdr2, CgFlr1_1 and CgFlr1_2, CgTpo1_1, CgTpo1_2, and
CgTpo3 (Costa et al., 2013a,b, 2014b; Pais et al., 2016a, 2019).
CgAqr1 has been shown to have a role in the resistance to
fluconazole and clotrimazole, while being also important in the
resistance to acetic acid, which interacts synergistically with
these antifungals (Costa et al., 2013a). CgQdr2 transporter
confers resistance to miconazole, tioconazole, clotrimazole,
and ketoconazole, its expression depending directly on the
Pdr1 transcription factor. In addition, CgQdr2 was shown to
complement the role of quinidine resistance of its homolog
in Saccharomyces cerevisiae (Costa et al., 2013b). CgTpo3 is
involved in azole resistance but is also important for C.
glabrata resistance to spermine, complementing its homolog
in S. cerevisiae (Costa et al., 2014b). Under the control of
CgPdr1, but also of CgYap1, transcription factors, are the genes
encoding CgFlr1 and CgFlr2, shown to have a role in azole
and 5-flucytosine resistance (Pais et al., 2016b). CgTpo1_1 and
CgTpo1_2 also contribute to the development of azole resistance
(Pais et al., 2016a).

Surprisingly, some of the DHA transporters were additionally
found to play important roles in C. glabrata virulence. For
example, CgTpo1_1 confers resistance to antimicrobial peptides,
like histatin-5, thus making C. glabrata cells more virulent
in a Galleria mellonella infection model (Santos et al., 2017).
CgTpo1_2 is necessary for the survival of C. glabrata upon
phagocytosis, and its expression is upregulated upon biofilm
formation, while its deletion decreases the expression of adhesin-
encoding genes during biofilm formation (Santos et al., 2017).
CgDtr1 MFS transporter is not involved in drug resistance, but
instead is necessary for C. glabrata’s full virulence in the infection
model G. mellonella. CgDtr1 has a role in the survival upon
phagocytosis, being necessary for the resistance to oxidative and

acetic acid stress (Romão et al., 2017).More recently, CgQdr2 was
also identified as playing a role in biofilm formation, although the
underlying mechanisms remained elusive (Widiasih Widiyanto
et al., 2019). All the roles described for MFS transporters
highlight their promiscuity in transporting many different
substrates, which appear to ultimately lead to unexpected roles
in processes, such as virulence, immune system evasion, or
biofilm formation.

In this work, we screened all the C. glabrata DHA1 MFS
transporters for a possible role in biofilm formation. Previously
characterized CgAqr1, CgQdr2, CgTpo1_1, CgTpo1_2, CgTpo3,
CgFlr1_1, CgFlr1_2, and CgDrt1 transporters were studied, as
well as two other MFS transporters, CgTpo4 (CAGL0L10912g)
and CgYhk8 (CAGL0J00363g), which had not yet been
characterized. The possible involvement of an ortholog of CaTec1
transcription factor in C. glabrata, CgTec1 (CAGL0M01716g),
in the regulation of the MFS transporters during biofilm
formation was also assessed. The deletion of those MFS
transporters was evaluated in terms of the effect on the
expression of given adhesins and on the changes in plasma
membrane potential.

RESULTS

Four, Out of the 10, Drug:H+ Antiporters in
C. glabrata Are Required for Biofilm
Development
Given the previous implication of CgQdr2 and CgTpo1_2 in
biofilm formation in C. glabrata (Santos et al., 2017; Widiasih
Widiyanto et al., 2019), a systematic analysis of the possible
involvement of all DHA1 transporters in this pathogenic yeast
was carried out. The ability of the KUE100 wild-type strain
and derived deletion mutants 1cgaqr1, 1cgqdr2, 1cgtpo1_1,
1cgtpo1_2, 1cgtpo3, 1cgtpo4, 1cgflr1_1, 1cgflr1_2, 1cgyhk8,
and 1cgdrt1 to form biofilms was assessed in SDB pH 5.6
and RPMI pH 4 media, on polystyrene, by the crystal-violet
assay. Following previous studies (KucharíkovA et al., 2011;
Gonçalves et al., 2016), RPMI medium was used at pH 4.0,
given the acidic nature of some of the niches colonized
by Candida species, as the vaginal tract (Owen and Katz,
1999; O’Hanlon et al., 2019). The deletion of CgQDR2 and
CgTPO1_2 was confirmed to significantly decrease biofilm
formation comparatively to the wild-type strain, in 30 and
40%, respectively, on both media, CgTpo1_2 playing a more
prominent role (Figures 1, 2). Additionally, the deletion of
CgTPO4 and CgDTR1 was also found to significantly decrease
the ability to form biofilms on SDB pH 5.6 medium, in
around 30% each, when compared to the wild-type strain
(Figures 1, 2). The deletion of CgFLR1_2, CgTPO1_1, CgTPO3,
and CgYHK8 appears to lead to a slight increase in biofilm
formation in RPMI medium, but this was not confirmed in
SDB medium. Altogether, the obtained results expand current
knowledge on the role forMFS transporters in biofilm formation,
including two additional players in the process, CgTpo4
and CgDtr1.
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FIGURE 1 | CgQdr2, CgTpo1_2, CgTpo4, and CgDtr1 are necessary for C. glabrata biofilm formation on polystyrene, in SDB pH 5.6. Assessment of 24 h biofilm

formation was performed by crystal-violet assay in microtiter plates of C. glabrata KUE100, 1cgaqr1, 1cgqdr2, 1cgflr1_1, 1cgflr1_2, 1cgtpo1_1, 1cgtpo1_2,

1cgtpo3, 1cgtpo4, 1cgyhk8, and 1cgdtr1 strains grown in SDB medium, pH 5.6. The data is displayed in a scatter dot plot, where each dot represents the level of

biofilm formed in a sample. Horizontal lines indicate the average levels from at least three independent experiments. Error bars indicate standard deviations. *P < 0.05;

**P < 0.01.

FIGURE 2 | CgQdr2, CgTpo1_2, CgTpo4, and CgDtr1 are necessary for C. glabrata biofilm formation on polystyrene, in RPMI pH 4. Assessment of 24 h biofilm

formation was performed by crystal-violet assay in microtiter plates of C. glabrata KUE100, 1cgaqr1, 1cgqdr2, 1cgflr1_1, 1cgflr1_2, 1cgtpo1_1, 1cgtpo1_2,

1cgtpo3, 1cgtpo4, 1cgyhk8, and 1cgdtr1 strains grown in RPMI pH 4. The data is displayed in a scatter dot plot, where each dot represents the level of biofilm

formed in a sample. Horizontal lines indicate the average levels from at least three independent experiments. Error bars indicate standard deviations. *P < 0.05;

**P < 0.01; ***P < 0.001.

CgTec1 Transcription Factor Controls the
Expression of CgQDR2, CgTPO4, and
CgDRT1 Genes in Early Biofilm Formation
Although in C. glabrata very little is known about the regulation
of biofilm formation, in C. albicans one of the major regulators
of biofilm formation is CaTec1 transcription factor (Schweizer
et al., 2000; Nobile et al., 2012; Daniels et al., 2015; Panariello
et al., 2017). The deletion mutant of the predicted ortholog

of CaTec1 in C. glabrata, encoded by ORF CAGL0M01716g
and here named CgTec1, was used to assess its possible role
controlling the expression of these MFS transporters during early
(6 h) and mature (24 h) stages of biofilm formation. Although for
the majority of Candida spp, 48 h are required to reach mature
biofilms, C. glabrata biofilms are apparently at an intermediate
maturation phase at 24 h of in vitro biofilm formation, where
a confluent monolayer is already obvious, with the presence
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of extracellular matrix (Kucharikova et al., 2014). Upon 24 h
of biofilm formation, the expression of CgQDR2, CgTPO1_2,
and CgTPO4 genes is upregulated in the KUE100 wild-type
strain, comparatively to 6 h of biofilm formation (Figure 3).
Moreover, the deletion of CgTEC1 gene, leads to a severe
decrease in the expression of CgQDR2, CgTPO4, and CgDRT1
at 6 h of biofilm formation, but not at 24 h (Figure 3). These
results indicate that CgTec1 is required for the activation of
CgQDR2, CgTPO4, and CgDTR1 transcription in the early stages
of biofilm formation. This suggests a specific window period in
which these transporters act for the benefit of biofilm formation,
the early stage of biofilm, under the control of the CgTec1
transcription factor.

The Transcript Levels of Adhesin Encoding
Genes Are Repressed in 1cgqdr2,

1cgtpo1_2, 1cgtpo4, and 1cgdrt1 Biofilms
Considering the importance of these MFS transporters on
biofilm formation, their impact in the expression of a set
of 5 adhesin encoding genes, CgALS1, CgEAP1, CgEPA1,
CgEPA6, and CgEPA7, linked to adherence and biofilm

formation (de Groot et al., 2013), was assessed. Gene expression
was measured at 6 and 24 h of biofilm development in the
KUE100 wild-type strain and in the 1cgqdr2, 1cgtpo1_2,
1cgtpo4, and 1cgdrt1 deletion mutants (Figure 4). The relative
expression of the genes in the wild-type strain KUE100 at 6 h of
biofilm growth were used as a reference. The results regarding
the expression of CgEPA6 and CgEPA7 are presented combined
given that they share 92% homology and their transcript levels
are indistinguishable.

The expression of all selected adhesin encoding genes is
upregulated upon 24 h of wild-type strain biofilm formation
comparatively to 6 h of biofilm formation. As described
previously (Santos et al., 2017), upon the deletion of CgTPO1_2,
the transcript levels of CgALS1, CgEAP1, and CgEPA1 are
decrease comparatively to the wild-type strain, in at least one of
the time points (Figures 4A,C,D). In turn, deletion of CgQDR2
gene leads to a repression of the expression of all adhesin-
encoding genes at 6 h of biofilm formation (Figures 4A–E).
CgTPO4 deletion leads to the repression of CgALS1, CgALS3, and
CgEPA1 genes, at the same time point (Figures 4A,B), while the
deletion of CgDTR1 results in a decrease of expression of the
CgALS1, CgALS3, CgEAP1, and CgEPA1 (Figures 4A,B,D).

FIGURE 3 | CgQDR2, CgTPO4, and CgDTR1 genes are regulated by CgTec1 transcription factor, upon early biofilm formation. Shown are the transcript levels of (A)

CgDTR1, (B) CgQDR2, (C) CgTPO4, and (D) CgTpo1_2 in the C. glabrata wild-type strain KUE100 and in the derived deletion mutant 1cgtec1, in 6 and 24 h of

biofilm formation conditions on polystyrene surface in liquid SDB medium, pH 5.6. Transcript levels were assessed by quantitative RT-PCR, as described in Materials

and Methods. Values are averages of results from at least three independent experiments. Error bars represent standard deviations. *P < 0.05; **P < 0.01,

***P < 0.001; ****P < 0.0001.
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FIGURE 4 | Effect of CgQDR2, CgTPO1_2, CgTPO4, and CgDTR1 gene deletion in the expression of adhesin encoding genes CgALS1, CgEAP1, CgEPA1, and

CgEPA6/7 during biofilm formation. Comparison of the variation of the CgALS1 (A), CgALS3 (B), CgEPA1 (C), CgEAP1 (D), and CgEPA6/7 (E) transcript levels in

KUE100 C. glabrata wild-type cells and 1cgqdr2, 1cgtpo1_2, 1cgtpo4, and 1cgdrt1 mutant cells, after 6 h (black bars) or 24 h (gray bars) of biofilm development.

The presented transcript levels were obtained by quantitative RT-PCR and are normalized to the CgACT1 mRNA levels, relative to the values registered in wild-type

cells after 6 h of biofilm development (6 h). The indicated values are averages of at least three independent experiments. Error bars represent the corresponding

standard deviations. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Such influence on the expression of different adhesin-
encoding genes, especially upon 6 h of biofilm formation,
indicates once again that CgQdr2, CgTpo1_2, CgTpo4, and
CgDrt1 have an important role in the early stage of this process
in C. glabrata and that they appear to act mostly by indirectly
delaying adhesin gene up-regulation.

Membrane Potential Is Increased in the
Absence of CgQdr2, CgTpo4, and CgDtr1
Given the clear influence of CgQdr2, CgTpo1_2, CgTpo4, and
CgDtr1 in early biofilm formation, we further investigated how
these transporters might be contributing for the initiation of this
process. It has been described that the environment is a key factor
thatmodulates the adherence and biofilm formation, especially in
terms of the deficiency of certain nutrients (Verstrepen and Klis,
2006; Fisher et al., 2011; Riera et al., 2012). The plasmamembrane
potential directly affects the secondary transporters responsible
for nutrient uptake, who have the membrane potential as a
driving force. Therefore, changes in membrane potential are
likely to affect cell proficiency in the uptake of given nutrients
(Goossens et al., 2000), thus influencing the signaling leading to
biofilm formation. Having this in mind, we assessed the effect of
the absence of each of the genes in study in C. glabratamembrane
potential. The plasma membrane potential of KUE100 wild-
type strain and 1cgqdr2, 1cgtpo1_2, 1cgtpo4, and 1cgdrt1

deletion mutant cells was monitored through the accumulation
of the fluorescent dye DiOC6(3) (Cabrito et al., 2011). All
deletion mutants were found to exhibit increased membrane
potential comparatively to the wild-type strain (Figure 5), an
effect already described for CgTpo1_2 (Santos et al., 2017). These
results suggest that CgQdr2, CgTpo1_2, CgTpo4, and CgDtr1 are
important for plasma membrane potential homeostasis, which is
likely to affect the cellular perception of nutrient availability, a key
step in the triggering of biofilm formation.

DISCUSSION

In this study, the previously characterizedmultidrug transporters
CgAqr1, CgQdr2, CgTpo1_1, CgTpo1_2, CgTpo3, CgFlr1_1,
CgFlr1_2, andCgDrt1 transporters, as well as two others, CgTpo4
and CgYhk8, all belonging to the DHA1 family, were screened for
a possible role in biofilm formation. This systematic screening
was driven by the observation that the majority of the MFS
transporters characterized so far appear to transport additional
substrates beyond drugs (Costa et al., 2013a,b, 2014b; Pais et al.,
2016a, 2019), which affect C. glabrata pathogenesis and virulence
(Romão et al., 2017; Santos et al., 2017).

Besides confirming the previously identified role of CgQdr2
(Widiasih Widiyanto et al., 2019) and CgTpo1_2 (Santos et al.,
2017) in biofilm formation, two new DHA transporters were
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FIGURE 5 | The deletion of CgQDR2, CgTPO1_2, CgTPO4, and CgDTR1

increases plasma membrane potential. C. glabrata wild-type KUE100 and

derived 1cgqdr2, 1cgtpo1_2, 1cgtpo4, and 1cgdrt1 mutant cells were

grown to mid-exponential phase of growth in YEPD medium. These cells were

incubated with the fluorescent dye DiOC6(3), whose uptake and accumulation

depends on the plasma membrane potential, and fluorescence microscopy

was used to measure the fluorescence intensity of individual cells. A scatter

dot plot representation of the data is shown, where each dot represents the

fluorescence intensity of each individual cell. The average level of fluorescence

intensity, considering at least three independent experiments, and at least 100

cells per experiment, is indicated by the black line (–), standard deviation being

represented by the error bars. ****P < 0.0001.

linked to this process: CgTpo4 and CgDtr1. This apparently
widespread role of DHA transporters in biofilm formation is
consistent with the previously described implication of the DHA
transporters CaQdr1, CaQdr2, and CaQdr3 in biofilm formation
in C. albicans. Deleting all QDR genes in C. albicans leads to
clear defects in the architecture and thickness of the biofilm,
which is suggested to be related to the remodeling of lipids
C. albicans cells suffer upon the loss of such genes (Shah
et al., 2014). The role of CgTpo1_2 in biofilm formation was
also linked with its effect in ergosterol and fatty acid content,
but mostly through its influencing over plasma membrane
potential (Santos et al., 2017). Interestingly, CgQdr2, CgTpo4,
and CgDtr1 were also found in this study to affect the membrane
potential. The alteration of plasma membrane potential by DHA
transporters may be related to their role in the transport of small
charged molecules, including cations and polycations (Vargas
et al., 2007). In Saccharomyces cerevisiae, MFS transporters are
known to be involved in this type of transport. For instance,
ScQdr2 is involved in K+ import (Vargas et al., 2007) and
ScTpo1-4 (Tomitori et al., 2001) and ScQdr3 (Teixeira et al.,
2011) are implicated in the export of polyamines. Given that
increased plasma membrane potential is implicated in higher
secondary transport activity (Eddy and Hopkins, 1998), nutrient
uptake capacity may be modified upon the absence of each

transporter. This may possibly affect biofilm formation as has
been described for bacterial MFS transporters. Indeed, bacterial
biofilms are influenced by the nutrients in the environment,
given that the uptake of given nutrients acts as a positive or
negative signal for the initiation of this process. Therefore, a
key role in biofilm formation was identified for bacterial MFS
transporters, responsible for nutrient uptake (Pasqua et al., 2019).
It is, thus, likely that the same phenomenon may also occur in
yeast biofilms.

Given that these transporters have a clear effect on the
plasma membrane, we hypothesized if they might influence the
presence of given proteins on the plasmamembrane and cell wall,
involved on biofilm formation. With this in mind, we assessed
the expression of adhesin-encoding genes upon the deletion of
CgQDR2, CgTPO1_2, CgTPO4, and CgDTR1 genes, in biofilm
conditions. CgALS1 and CgEPA1 expression was found to be
decrease upon the absence of all transporters, for at least one of
the time points tested (6 and 24 h). In addition, more adhesins
were found to be repressed upon the specific absence of each
transporter, highlighting the clear influence MFS transporters
have on the presence of adhesins in the cell envelop. It is possible
that the absence of theseMFS transporters alters the perception of
nutrient availability, delaying the activation of adhesin-encoding
genes, and ultimately leading to defects on the capacity of C.
glabrata to adhere and form biofilms.

Interestingly, in C. albicans, MFS transporters, CaMdr1 and
CaQdr1, have also been linked to biofilm formation and cell
dispersion, being up-regulated in both conditions. It is suggested
in the work of Uppuluri et al. (2018) that the upregulation of these
and other types of transporters is related to the reprogramming
of dispersal cells to acquire nutrients and be able to attach and
survive in nutrient-starved niches of the host (Uppuluri et al.,
2018). It would be interesting to test if CgQdr2, CgTpo1_2,
CgTpo4, and CgDtr1 have a role on this last phase of biofilm
formation. Nevertheless, our results suggest that their activation
is more significant in early stages of biofilm formation than
the later.

Although the specific role of these transporters may not yet
be clear, CgQDR2, CgTPO4, and CgDTR1 genes were found to
be activated by the CgTec1 transcription factor in early stages
of biofilm formation. CgTec1 has not yet been characterized in
C. glabrata but it seems to be involved on the regulation of
biofilm in this yeast, like its ortholog’s role in the regulation of
the same process in C. albicans. CaTec1 has a minor role in
adhesion but is required for the formation of the several layers
of cells and hyphal formation, and influences the thickness and
integrity of the biofilm (Schweizer et al., 2000; Daniels et al.,
2015). CaTec1 is also necessary for the full virulence ofC. albicans
(Yano et al., 2016). It is possible that the CgTec1 transcription
factor in C. glabrata may have important roles as is ortholog,
starting by the control of these transporters at the beginning of
biofilm formation.

Based on these results our current model is that the deletion
of CgQDR2, CgTPO1_2, CgTPO4, and CgDTR1 genes leads
to an increase in plasma membrane potential, which possible
affects nutrient uptake, influencing the signaling that triggers
cellular adhesion, eventually compromising C. glabrata biofilm
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formation. Moreover, CgQdr2, CgTpo4, and CgDtr1 expression
appears to be controlled by one of the predicted regulators of
biofilm formation, CgTec1, highlighting their role in the process.
Altogether, DHA transporters appear to be in the crossroad
between drug resistance, biofilm formation as well as additional
pathogenesis traits (Cavalheiro et al., 2018), highlighting their
potential impact in the success of C. glabrata infections and in
the design of novel antifungal therapeutic approaches.

MATERIALS AND METHODS

Strains, Plasmids, and Growth Medium
Candida glabrata KUE100 (Ueno et al., 2007) strain was used
in this study. The Candida glabrata 1cgtpo1_1, 1cgtpo1_2,
1cgaqr1, 1cgqdr2, 1cgflr1_1, 1flr1_2, 1cgtpo3, and 1cgdrt1
deletion mutants, constructed in previous studies (Costa et al.,
2013a,b, 2014b; Pais et al., 2016a; Romão et al., 2017), were
also used. 1cgtec1, 1cgtpo4, and 1cgyhk8 deletion mutants were
constructed as described in the next section.

Candida glabrata cells were cultivated in rich YEPD medium,
containing per liter: 20 g D-(+)- glucose (Merk, Darmstadt),
20 g bacterial-peptone (LioChem, Conyers, Georgia) and 10 g of
yeast-extract (Difco, Detroit, Michigan). Sabouraud’s Dextrose
Broth (SDB) pH 5.6, used for C. glabrata planktonic and biofilm
cultivation, contains 40 g glucose (Merk, Darmstadt) and 10 g
peptone (LioChem, Conyers, Georgia) per liter. RPMI 1640
medium pH 4, used for C. glabrata planktonic and biofilm
cultivation, contains 10,4 g RPMI 1640 (Sigma, Darmstadt),
34,5 g MOPS (Sigma, Darmstadt) and 18 g glucose (Merck,
Darmstadt) per liter.

Disruption of the C. glabrata CgTPO4,
CgYHK8, and CgTEC1 Genes (ORF
CAGL0L10912g CAGL0J00363g and
CAGL0M01716g)
The deletion of the CgTPO4, CgYHK8, and CgTEC1 genes was
carried out in the parental strain KUE100, using the method
described by Ueno et al. (2007). The target genes were replaced by
a DNA cassette including the CgHIS3 gene, through homologous
recombination. The DNA cassette was amplified with PCR for
which gene disruption primers (Table 1) including homologous
sequences at 5′ end and as a template the pHIS906 plasmid
including CgHIS3 were used. Transformation was performed
with the DNA cassette as described previously (Ueno et al., 2007).
Recombination locus and gene deletion were verified by PCR
using the primers indicated in Table 1.

Biofilm Quantification
Candida glabrata strains were tested for their capacity for biofilm
formation, recurring to the crystal-violet method (Pathak et al.,
2012). For that, the Candida glabrata strains were grown in
SDBmedium and harvested by centrifugation atmid-exponential
phase. The cells were inoculated with an initial OD600nm =

0,05 ± 0,005—corresponding to 5 × 105 CFU/ml—in 96-well
polystyrene microtiter plates (Greiner) in either SDB (pH 5.6)
or RPMI (pH 4) media. Cells were cultivated at 30◦C during

TABLE 1 | List of primers used in this study.

Name Sequence (5′-3′)

CgTPO4, CgYHK8 gene disruption

1CgTPO4_Fw GAACTGGTGAAATATAGTATAAGCGTTACAAAGCGAA

TAACGAATACATACACCACGGCCGCTGATCACG

1CgTPO4_Rv AAGAGCAAAAGTATTCAATTTTTTAAAAATTTAAAGCAA

ATCGAAAAAAAGGACTACATCGTGAGGCTGG

1CgYHK8_Fw TTGCTCGACTTCTATATCTTACACTATTACACAACCAA

AATCAGCAACAATAGAAAGGCCGCTGATCACG

1CgYHK8_Rv CTAAAAAAAGATCAAATGGTTCGTGCTGCTGTTATATT

CAGGGATAAGGCAGATTACATCGTGAGGCTGG

1CgTEC1_Fw AAGAGTACTAATACACATCGTACTCCCCCCCACAAAT

AACGCCCTCAATCTATATTGGCCGCTGATCACG

1CgTEC1_Rv TCAGCAAAACATTTCTGCAGAAAAAATAAAAATGTAGC

ATTCCTACATCTCTCTCACATCGTGAGGCTGG

Gene disruption confirmation

1CgTPO4_Fw_conf CAAGTTGGTGATACTAATAGCA

1CgTPO4_Rv_conf CACTTCACTCAAGGGAGC

1CgYHK8_Fw_conf GATGAAGGACTCAGATTCG

1CgYHK8_Rv_conf CCAGGTTGTCAGGCATTG

1CgTEC1_Fw_conf GACAGCTCGGTATCAGATAGGT

1CgTEC1_Rv_conf GTGGAGATGATGCTTTCGAAGA

RT-PCR experiments

CgACT1_Fw AGAGCCGTCTTCCCTTCCAT

CgACT1_Rv TTGACCCATACCGACCATGA

CgALS1Fw GAG CTC AAT GCA GAA GTG TAC TTT G

CgALS1_Rv GAT CTG ATT GTG GTA TAA AAG TGG TCA T

CgALS3_Fw GTTGACCCATTTCGTGGAAAA

CgALS3_Rv GAAGGCCATAATTTCACAGTCAGA

CgEPA1_Fw TTG ATT GCT GCA GAA GGG ATT

CgEPA1_Rv ATG GCG TAG GCT TGA TAA TTT CC

CgEAP1_Fw CAA CAC CAG CCC AAT CAA ATG

CgEAP1_Rv CGG AAG ACA TCG TTA ATG AAG GA

CgEPA6/7_Fw TTC CCT TCG CAA CTT ACA CAA CT

CgEPA6/7_Rv GAA GCA CTC CCA CTG CTA GAG TAA

CgTPO1_2_Fw AGGACCCGCTCTATCGAAAAA

CgTPO1_2_Rv GCTGCGACTGCTGACTCAAC

CgTPO4_Fw TCGTTGGCCCATTTTTGG

CgTPO4_Rv GCAAACCCGCGATGA

CgDTR1_Fw GGAGCCAAAATGAGAATGATATGTC

CgDTR1_Rv ACCACCTTGAAATCGGTGATG

CgQDR2_Fw TCACTGCATAGTTTCATATCGGACTA

CgQDR2_Rv CAACTTCAGATAGATCAGGACCATCA

15 ± 0,5 h with mild orbital shaking (70 rpm), as before (Melo
et al., 2006; Pathak et al., 2012; Santos et al., 2017; Cavalheiro
et al., 2019). After the incubation time, each well was washed
three times with 200 µL of deionized water to remove cells not
attached to the biofilm matrix. Then, 200 µL of a 1% crystal-
violet (Merck, Darmstadt) alcoholic solution was used to stain
the biofilm present in each well. Following 15min of incubation
with the dye, each well was washed with 250 µL of deionized
water. The stained biofilm was eluted in 200 µL 96% (v/v)
ethanol and the absorbance of each well was read in a microplate
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reader at the wavelength of 590 nm (SPECTROstar Nano, BMG
Labtech, Ortenberg).

Gene Expression Measurement
The transcript levels of CgTPO1_2, CgTPO4, CgQDR2, and
CgDTR1, and of the adhesin encoding genes CgALS1, CgEAP1,
CgEPA1, CgEPA6, and CgEPA7 were determined by quantitative
real-time PCR (RT-PCR). Total RNA was extracted from cells
grown in biofilm. 40mL of fresh RPMI 1640 (pH 4) was placed
in square polystyrene petri plates (Greiner), and cells were added
so that the initial OD600nm = 0.05 ± 0,005. The plates were
incubated at 30◦C and 30 rpm during 6 and 24 h to analyse both
young and mature biofilm development for each strain under
analysis. A lower agitation speed was used in this case to prevent
spilling of part of the culture. It does not compromise aeration, as
the surface area of the used petri dishes is much higher than that
in microtiter plates. At the end of each period the supernatant
was discarded, and the biofilm was removed with a metal spatula.
Samples were centrifuged to remove excess water and frozen
at −80◦C until RNA extraction. Planktonic growing cells, used
as control, were cultivated in RPMI 1640 (pH 4) with orbital
shaking (250 rpm) at 30◦C and harvested by centrifugation at
comparable times.

For total RNA extraction, the hot phenol method was applied
(Köhrer and Domdey, 1991). Total RNA was converted to cDNA
for the real-time Reverse-Transcription PCR (RT-PCR) using
the MultiScribe Reverse Transcriptase kit (Applied Biosystems,
Foster City, California) and the 7500 RT-PCR thermal cycler
block (Applied Biosystems, Foster City, California). The quantity
of cDNA for subsequent reactions was kept at ca. 10 ng. The real
time PCR step was carried out using adequate primers (Table 1)
designed by the Primer ExpressTM Software v3.0.1, SYBRGreen R©

reagents (Applied Biosystems, Foster City, California) and the
7500 RT-PCR thermocycler block (Applied Biosystems, Foster
City, California). Default parameters set by the manufacturer
were followed, and fluorescence was detected by the instrument
and plotted in an amplification graph (7500 Systems SDS
Software, Applied Biosystems, Foster City, California). CgACT1
gene transcript level was used as an internal reference.

Estimation of Plasma Membrane Potential
The estimation of the plasma membrane potential was carried
out by measuring the fluorescence intensity of cells exposed
to the fluorescent carbocyanine 3,3′-Dihexyloxacarbocyanine

Iodide [DiOC6(3)] (Cabrito et al., 2011). Cells were cultivated

in SDB media until mid-exponential phase, washed twice
in Mes/glucose buffer [10mM Mes, 0.1mM MgCl2 and
20 g/l glucose (pH 5,6)] and resuspended in Mes/glucose
buffer, supplemented with 250 nM DiOC6(3) (Molecular Probes,
Eugene, Oregon), followed by incubation in the dark for
30min at 30◦C with orbital agitation (250 rpm). After
centrifugation cells were observed with a Zeiss Axioplan
microscope equipped with adequate epifluorescence filters
(BP450-490 and LP520). Fluorescence emission was collected
with a CCD (charge-coupled device) camera (CoolSNAPFX,
Roper Scientific Photometrics, Tucson, Arizona). For the
excitation of the fluorescent molecule, radiation with a
wavelength of 480 nm was used. The images were analyzed using
MetaMorph 3.5. The fluorescence intensity values, obtained
pixel-by-pixel in the region of interest, were calculated for a
minimum of 100 cells per experiment, considering a minimum
of 3 independent experiments, per strain.

Statistical Analysis
Statistical analysis was performed using Graphpad Prism
Software version 6.0 and analyzed with Student’s t-test. P-values
equal or inferior to 0.05 were considered statistically significant.
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Candida albicans is the most common fungal pathogen and relies on the Hog1-
MAPK pathway to resist osmotic stress posed by the environment or during host
invasions. Here, we investigated the role of SPT20 in response to osmotic stress.
Testing a C. albicans spt201/1 mutant, we found it was sensitive to osmotic stress.
Using sequence alignment, we identified the conserved functional domains between
CaSpt20 and ScSpt20. Reconstitution of the Spt20 function in a spt201/CaSPT20
complemented strain found CaSPT20 can suppress the high sensitivity to hyperosmotic
stressors, a cell wall stress agent, and antifungal drugs in the Saccharomyces cerevisiae
spt201/1 mutant background. We measured the cellular glycerol accumulation and
found it was significantly lower in the C. albicans spt201/1 mutant strain, compared to
the wild type strain SC5314 (P < 0.001). This result was also supported by quantitative
reverse transcription-PCR, which showed the expression levels of gene contributing
to glycerol accumulation were reduced in Caspt201/1 compared to wild type (GPD2
and TGL1, P < 0.001), while ADH7 and AGP2, whose expression can lead to glycerol
decrease, were induced when cells were exposed to high osmolarity (ADH7, P < 0.001;
AGP2, P = 0.002). In addition, we tested the transcription levels of Hog1-dependent
osmotic stress response genes, and found that they were significantly upregulated in
wild type cells encountering hyperosmolarity, while the expression of HGT10, SKO1,
CAT1, and SLP3 were not induced when SPT20 was deleted. Although the transcript
of ORF19.3661 and ORF19.4370 in Caspt201/1 was induced in the presence of 1
M NaCl, the levels were less than what was observed in the wild type (ORF19.3661,
P = 0.007; ORF19.4370, P = 0.011). Moreover, the deletion of CaSPT20 in C. albicans
reduced phosphorylation levels of Hog1. These findings suggested that SPT20 is
conserved between yeast and C. albicans and plays an important role in adapting to
osmotic stress through regulating Hog1-MAPK pathway.
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INTRODUCTION

Candida albicans can be isolated from oral-pharyngeal,
gastrointestinal, and urogenital tracts (Calderone and Fonzi,
2001), and has emerged as one of the most common causes of
nosocomial bloodstream infections (Wisplinghoff et al., 2004).
In order to cause colonization and infection, this successful
opportunistic pathogen has to overcome environmental
challenges, such as host immune defenses, nutrient limitation,
competition with resident microbiota, and physiological
extremes including: pH, osmotic, and oxidative stresses
(Calderone and Fonzi, 2001; Marotta et al., 2013; Dong et al.,
2015). C. albicans has developed a series of complex mechanisms
to respond to these challenges.

The high osmolarity glycerol 1 mitogen activated protein
kinase signaling transduction pathway, also known as the Hog1-
MAPK pathway, can regulate responses to oxidative, osmotic,
and heavy metal stress (Enjalbert et al., 2006). Therefore, the
Hog1 signal transduction pathway is crucial for C. albicans cells
during exposure to stressors encountered during pathogenesis
(Alonso-Monge et al., 1999). When cells encounter hyperosmotic
conditions, they rapidly trigger the Hog1-MAPK pathway to
regulate Hog1-dependent osmotic stress response genes, and
the synthesis and accumulation of glycerol. Glycerol is an
important compatible cellular solute. When cells encounter
osmotic challenge, they can make a comparable change in
glycerol content to offset the increasing external osmolarity, thus
buffering the osmotic change to maintain normal cell volume and
enable survival (Reed et al., 1987).

This important pathway can be influenced by other genes.
SPT20, an important component of the SAGA complex, helps
to maintain the structural integrity of the SAGA complex
(Grant et al., 1997; Sterner et al., 1999), controls about 10% of
gene expression (Lee et al., 2000), and is highly conserved in
eukaryote cells (Sellam et al., 2009). The interaction between
Spt20 and Hog1 is essential for osmotic adaption (Zapater et al.,
2007). More specifically, when cells were subjected to osmotic
stress, Hog1 was activated and bound to osmostress promoters,
then recruited SAGA complex components (including Spt20).
Further experiment showed Hog1 co-precipitated the Spt20,
suggesting that Hog1 associates with Spt20 (Zapater et al.,
2007). The activation of human Hog1 did not correlate with
an increased recruitment of hSpt20 subunit under endoplasmic
reticulum stress (Nagy et al., 2009). However, p38IP, the human
ortholog of the yeast Spt20, can directly bind to p38 and
is required for the activation of the mammalian ortholog of
Hog1 (Zohn et al., 2006). These previous studies indicate
that further work is still needed to explore the interaction
between Spt20 and Hog1.

In our previous research, we reported that SPT20 was
involved in toleration to high osmotic stress, revealing it was
associated with C. albicans virulence (Tan et al., 2014). However,
the association between CaSPT20 and Hog1-MAPK signaling
pathway in C. albicans is still poorly understood. In this study,
we perform quantitative reverse transcription-PCR (qRT-PCR)
and western blotting to interrogate the relationship between
SPT20 and Hog1-MAPK pathway in C. albicans. We describe the

conserved role of SPT20 between S. cerevisiae and C. albicans
and report, for the first time, that SPT20 takes part in the
C. albicans response to hyperosmotic stress by regulating the
Hog1-MAPK pathway.

MATERIALS AND METHODS

Yeast Strains and Growth Conditions
Wild type C. albicans strain SC5314, the spt201/1 null mutant,
the spt201/SPT20 reconstituted strain, and S. cerevisiae wild
type BY4741 were grown in YPD medium (1% yeast extract, 2%
peptone, 2% dextrose) at 30◦C with shaking. The Saccharomyces
cerevisiae spt201 mutant strain (LCT1) was cultured in YPD
medium supplemented with G418 (Sigma-Aldrich, Shanghai,
China). Ampicillin-resistant E. coli was cultured in LB medium
with 100 µg/mL ampicillin at 37◦C. Strains with pYES-CaSPT20-
V5 or pYES2.1/V5-His-TOPO plasmids were cultured in Sc-Ura3
media. All strains were cultured to logarithmic growth stage.

C. albicans and S. cerevisiae strains used in this study are listed
in Table 1. All C. albicans strains were derived from the wild
type strain SC5314. All S. cerevisiae strains were derived from the
wild type BY4741.

Plasmid Construction
All primers and plasmids used in this study are listed in
Tables 2, 3, respectively. For the creation of plasmid pYES-
CaSPT20-V5, SC5314 genomic DNA was used as a template for
CaSPT20ResFwd andCaSPT20ResRev primers, which generated a
2,678 bp DNA fragment containing BamHI and BstEII restriction
sites, the promoter, ORF of CaSPT20 but lacked the stop codon.

The amplified fragment described above and plasmid
pYES2.1/V5-His/lacZ (Invitrogen, Shanghai, China) were
digested with BamHI-HF and BstEII-HF. The two products
were purified, ligated, and the resulting plasmid was
transformed to DH5α E. coli and colonies were selected
on LB plate with 100 µg/mL ampicillin. PCR followed by
sequencing were used to validate the correct insertion of
pYES-CaSPT20-V5-His/lacZ vector (Supplementary Data).

Generated Strains
Saccharomyces cerevisiae LCT1 was constructed as previously
described (Marotta et al., 2013). The template plasmid pFA6a-
5FLAG-KanMX6 was a gift from Eishi Noguchi (Noguchi et al.,
2008; Addgene plasmid # 15983; http://n2t.net/addgene:15983;
RRID: Addgene 15983). In brief, we used ScSPT20DelFwd
and ScSPT20DelRev as primers and the plasmid pFA6a-
5FLAG-KanMX6 as template to amplify a 1,676 bp DNA
fragment containing the kanamycin resistance gene flanked
by 20 bp of ScSPT20 5′ and 3′ sequences. The PCR product
was transferred to S. cerevisiae wild type strain BY4741
using a transformation method described previously by
Gietz (Gietz, 2014). Transformants with the desired insert
were selected on YPD media containing 200 µg/mL G418
and verified by PCR (Marotta et al., 2013). The LCT1 and
BY4741 strains were transformed with the pYES2.1/V5-
His-TOPO vector to generate LCT2 and LCT4 strains,
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TABLE 1 | Strains used in this study.

Microbial Strains Genotype Reference or source

E.coli DH-5α F-, 180dlacZ1M15, 1(lacZYA-argF )U169, deoR, recA1, endA1, hsdR17
(rk-, mk+), phoA, supE44, λ-, thi-1, gyrA96, relA1

From Takara

S.cerevisiae BY4741 MATa his31l leu210 metl510 ura310 From Merck

S.cerevisiae LCT1 MATa his31l leu210 metl510 ura310:spt20:kanMX6 This study

S.cerevisiae LCT2 MATa his31l leu210 metl510 ura310:spt20:kanMX6 pYES2.1/V5-His-TOPO This study

S.cerevisiae LCT3 MATa his31l leu210 metl510 ura310:spt20:kanMX6 pYES- CaSPT20- V5 This study

S.cerevisiae LCT4 MATa his31l leu210 metl510 ura3M0 pYES2.1/V5-His-TOPO This study

C. albicans SC5314 Wild type From Eleftherios Mylonakis

C. albicans spt201/1 spt201:FRT/spt201:FRT From Eleftherios Mylonakis

C. albicans spt201/SPT20 spt201:FRT/SPT20-FRT From Eleftherios Mylonakis

C. albicans hog11/1 hog1/hog1 From Ching-Hsuan Lin

C. albicans
C. albicans

C. albicans
C. albicans

hog11/HOG1
HOG1-OE

SPT20-OE
wt-HOG1-OE

hog1/hog1:HOG1
spt201:FRT/spt201:FRT HOG1/HOG1::pAgTEF1-NAT1-
AgTEF1UTR-TDH3-HOG1
hog1/hog1 SPT20/SPT20::pAgTEF1-NAT1-AgTEF1UTR-TDH3-SPT20
HOG1/HOG1::pAgTEF1-NAT1-AgTEF1UTR-TDH3-HOG1

From Ching-Hsuan Lin
This study

This study
This study

respectively. To create strain LCT3 (Scspt201/CaSPT20),
the pYES-CaSPT20-V5 plasmid was transformed to LCT1.
All strains were verified by PCR to ensure the correct
transformants were used.

The construction of overexpression strains was described
previously (Nobile et al., 2008). The NAT1-TDH3 promoter
plasmid pCJN542 (Nobile et al., 2008) was used for gene
overexpression. To construct the SPT20 overexpression
strain (SPT20-OE) in hog11/1 mutant background, the
PCR product was amplified using the plasmid pCJN542 as
template and primers SPT20-OEF and SPT20-OER (Table 2)
and then transferred to hog11/1 mutant strain. By the
same method, the PCR product generated using plasmid
pCJN542 as template for and primers HOG1-OEF and
HOG1-OER (Table 2) was transferred to spt201/1 mutant
strain to generate HOG1 overexpression strain (HOG1-OE).
Strains that underwent homologous recombination were
selected on YPD+ Nourseothricin (Werner BioAgents, Jena,
Germany; 400 µg/mL for SPT20-OE strain and 100 µg/mL
for HOG1-OE strain) plates and the recombination events
were verified by PCR with primers SPT20-F-2 and NAT1-R
for SPT20-OE strain, and primers HOG1-F-2 and NAT1-
OER-det for HOG1-OE strain, respectively. Function of
this overexpression strategy was verified by real-time
PCR with primers HOG1-F and HOG1-R for HOG1-OE
strain, and primers SPT20-F and SPT20-R for SPT20-OE
strain, respectively.

Sensitivity Assays
Sensitivity to a range of stresses was evaluated using a solid media
assay. All investigational strains were grown to mid-log phase
under suitable growth conditions and collected by centrifugation.
The pellets were suspended in YPD at 2.5 × 107 cells/mL. Ten-
fold serial dilutions from 2.5× 107 to 2.5× 103 of all strains were
prepared, and 4 µL of each of strain dilutions was spotted onto
the agar plates with integrated stimuli. Cells were incubated at
30◦C for 48 h and then observed for growth differences.

RNA Isolation and qRT-PCR Analysis
The C. albicans strains SC5314, Caspt201/1, Caspt201/SPT20
were cultured to logarithmic phase and diluted to OD600 = 0.2.
The cultures were incubated at 30◦C with shaking for 4 h.
5 × 107 cells were counted with a hemocytometer and then
collected by centrifugation. After being washed twice with sterile
PBS, the pellets were subjected to 1 M NaCl in YPD, while
the control group was added to an equal volume of YPD
medium. All the cultures were grown at 30◦C with shaking
for an additional 30 min. After treatment, cells were collected
by gentle centrifugation, and total RNA was extracted using
an RNeasy Mini Kit (Qiagen, Shanghai, China) according to
the manufacturer’s protocol. The concentration, purity, and
integrity of RNA were checked by Nanodrop spectrophotometer.
Generally, RNA samples with an A260/A280 ratio between 1.9 and
2.1 were used for further interrogation.

In order to remove potential genomic DNA contamination
and synthesize cDNA, we used PrimeScriptTM RT reagent
Kit with gDNA Eraser (Perfect Real Time; TaKaRa, Dalian,
China) following the manufacturer’s protocol. Real time reactions
were prepared using TB GreenTM Premix Ex Taq IITM Kit
(Tli RNaseH Plus; TaKaRa, Dalian, China), and quantitative
PCR experiments were conducted in a LightCycler480 System
(Roche, Switzerland). Transcript levels were normalized against
18S rRNA expression (used as an internal control of gene
expression). The gene expression changes were measured in
2−11Ct method. Fold changes of target genes in the spt20 mutant
and reconstituted strains were normalized to the untreated
wild type strain.

Intracellular Glycerol Assays
The C. albicans production of intracellular glycerol were
measured as previously described (Ene et al., 2015). In brief,
C. albicans strains SC5314, Caspt201/1, and Caspt201/SPT20
were grown overnight. An aliquot of 5 × 107 cells were
treated with 1 M NaCl in YPD for 30 min. Subsequently,
the intracellular glycerol levels were measured using the Free
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TABLE 2 | Primers used in this study.

Primers for strains construction

Name Sequence (5′-3′) Usage

ScSPT20DelFwd ATGAGTGCCAATAGCCCGACAGGAAACGA
TCCCCATGTATTTGGTATTCCTGTGAACGCA
ACACCATCCAATATGGGTTCGCCAGGCAG
TCCAGTTAATGCCGCTAGGGATAACAGGGTA

For the disruption of ScSPT20

ScSPT20DelRev AAGTGAGAATTTTTTTTAAATAATGATGT
ACTTTAATACAATATATATATATATATATATA
TATATATATATATATATATAAGGAATGATAACT
CTATTTGAATTCGAGCTCGTTTAAAC

ScKanI deFwd TGCCTCTTCCGACCATCAAG For identification of the strain LCT1

ScKanI deRev CCATGAGTGACGACTGAATC

ScUpI deFwd TGTTACCCGCTCGTGATACC

ScUpI deRev GGGACGAGGCAAGCTAAACA

ScDownIdeFwd ATACTAACGCCGCCATCCAG

ScDownIdeRev AACCCACTAGAGTGCATGGG

ScSPT20Fwd TATGCCCTACAACGCCCTTC

ScSPT20Rev GTGGCAAATACAGGCGCAAA

LacZFwd CAAGCCGTTGCTGATTCGAG For the construction of LCT2,

LacZRev GTGGCCTGATTCATTCCCCA LCT3, LCT4 strains

Ura3 Fwd GATAGGGAGCCCTTGCATGA

Ura3 Rev CGCTAAAGGCATTATCCGCC

CaSPT20ResFwd CCCGGATCCATTATATATAGCCCATAAATAAATACTG

CaSPT20ResRev CCCGGTCACCATTAGCAGGCGCATTTTTCTTCTTCTGAT

GAL1F AATATACCTCTATACTTTAACGTC

CaSPT20R GCAACAAGAAGCAAAGATTC

CaSPT20F CACTTCTGTTCACCCTCCTA

V5-R ATCCCTAACCCTCTCCTCGGT

SPT20-OEF AACAAAATCAGCAGTCAGTTTTTTCCAAATG
GTTTAGATGACTCTTCGATTCTGGAAATGG
ACGTTGAATTGAATGACAACTTAATCATAAT
AAGAAATCATCAAGCTTGCCTCGTCCCC

For the construction of SPT20-OE
strain

SPT20-OER GTTTTCCACCCTGATTCTGAGTCAGTACTGT
TGTACCATTAGATATAGAGTTTCCCACAGTT
TTGGATGCAGATCCACTCAAAACTTCAGATTT
TATCATATTTGAATTCAATTGTGATG

HOG1-OEF GAACACGCAACAATGCTACCGCGACTACAAAT
GGTTCAATCTGGAGAGAAACTTCCACC
TCAGCTAGTAACACTACTGTTTTTCTATAAACTG
TTTTCACATCAAGCTTGCCTCGTCCCC

For the construction of HOG1-OE
and wt-HOG1-OE strains

HOG1-OER ATGCTCCCATTCCCACGGGATTTAGCTCAGTG
TATCTATTGGTGATTTCAAAAACAGTC
CCAAATATCTGGGTTCTTGTAAATTCTCCATC
TGCAGACATATTTGAATTCAATTGTGATG

HOG1-F-2 GGCATAAAAGTGTTGGTAATGGC For colony PCR of HOG1-OE and

NAT1-OE-R-det GCAGTATCATCCAAAGTAGTA wt-HOG1-OE

SPT20-F-2 CTGCAACTGCACCAAGCTAT For colony PCR of SPT20-OE

NAT1-R GAAACAACAACGAAACCAGC

Primers for qRT-PCR

Name Sequence (5′-3′)

18S rRNA-F CGCAAGGCTGAAACTTAAAGG

18S rRNA-R AGCAGACAAATCACTCCACC

CAT1-F GGCCAGTGATAAGCCAGTTG

CAT1-R TTGGATAGCAGCATCAGCAC

SKO1-F AACCACCACCACCACAAAAT

(Continued)

Frontiers in Microbiology | www.frontiersin.org 4 February 2020 | Volume 11 | Article 21321

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00213 February 19, 2020 Time: 17:14 # 5

Wang et al. SPT20 Influence on Hog1-MAPK Pathway

TABLE 2 | Continued

Primers for qRT-PCR

Name Sequence (5′-3′)

SKO1-R CACCACGCAATTCATTCACT

AGP2-F CAGTCATGGGGTTCCTGTCT

AGP2-R TACGGTTGGAACCACGATCT

ORF19.3661-F TTGTGAAGCCACTCCTGTTG

ORF19.3661-R CCAGTCGGATTAGCTTGGAA

HOG1-F GACTTGTGGTCTGTGGGTTG

HOG1-R ACATCAGCAGGAGGTGAGC

TGL1-F TATGCAAGGTTGTTCCGTCA

TGL1-R CACTGTTGCTTGCCGATCTA

ADH7-F TGAAATTGGGTGCTGATGAA

ADH7-R TGTTCAGTGGCTGGTGGTAA

SPT20-F ACAAACTACTGCTGACGGGG

SPT20-R GGAGGGTGAACAGAAGTGGG

TABLE 3 | Plasmids used in this study.

Name Description Reference/source

pFA6a-5FLAG-KanMX6 Ampr, Kanr From Eishi Noguchi

pYES2.1/V5-His-TOPO URA3, Ampr From invitrogen

pYES2.1/V5-His/lacZ URA3, Ampr, lacZ From invitrogen

pYES- CaSPT20- V5 CaSPT20 in
pYES2.1/V5-His-TOPO

This study

pCJN542 NAT1-TDH3 promoter From Aaron P. Mitchell

Glycerol Reagent (Sigma-Aldrich, Shanghai, China) according to
the manufacturer’s protocol.

Western Blotting
Candida albicans wild type strain SC5314 and null mutant strain
Caspt201/1 were grown to mid-exponential phase in YPD at
30◦C with shaking. Cells were exposed to hyperosmotic stress
for a designated period of time by adding 5 M NaCl stock
solution to YPD medium to achieve a final concentration of 2
M NaCl. As a control, equal volume of YPD was added instead
of NaCl. Following treatment, C. albicans cells were collected
and the pellets were washed twice with sterile PBS. To extract
protein, pellets were suspended in 200 µL RIPA lysis buffer
containing Protease Inhibitor Cocktail (Roche, Shanghai, China),
and an equal volume of acid-washed glass beads (Sigma-Aldrich,
shanghai, China) was added. The cells were vigorously vortexed
for 1 min to mechanically disrupt cell walls then transferred to ice
for 1 min, and vortex and chill process repeated six more times.
Cell extracts were separated from whole cell debris and glass
beads by applying centrifugation at 13,000 rpm at 4◦C for 10 min.

The protein concentrations were determined using a
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific,
Shanghai, China). Equal quantities of protein (40 µg) were
loaded onto a 10% gel, analyzed by SDS-PAGE, and then
transferred to PVDF membranes. Anti-phospho-P38 antibody
(Cell Signaling Technology, Shanghai, China) was used to

detect the phosphorylated form of Hog1 (Smith et al., 2004).
Total Hog1 level was detected by Hog1 (D-3) antibody (Santa
Cruz Biotechnology, Shanghai, China). β-anti-actin antibody
(GeneTex, Shenzhen, China) was used as the loading control
(Deng and Lin, 2018).

Statistical Analysis
All experiments were performed at least twice as independent
replicates. Data were analyzed using SPSS software. Student’s
t-test and the analyses of variance (ANOVA) were used
to determine statistical significance. A P-value < 0.05 was
considered statistically significant.

RESULTS

Conservation of CaSPT20
We have previously reported that SPT20 was involved in
regulating virulence and stress responses in C. albicans (Tan et al.,
2014). However, little is known about the underlying molecular
mechanisms. The amino acid sequence alignment showed there
are conserved functional domains between CaSpt20 and ScSpt20
(Supplementary Figure 4). With the hypothesis that C. albicans
SPT20 could be functionally conserved with Saccharomyces
cerevisiae, we endeavored to determine if CaSPT20 could restore
defects in ScSPT20 mutant strains. To this end, we constructed
S. cerevisiae strains LCT1 (Scspt201), LCT2 (pYES2.1/V5-His-
TOPO in the LCT1 background), LCT3 (pYES2.1/V5-His-TOPO-
CaSPT20 in the LCT1 background) and LCT4 (pYES2.1/V5-His-
TOPO in the background of the wild type strain BY4741), then
performed a series of functional complement assays.

The strains were grown on YPD agar plates supplemented
with hyperosmotic stressors (NaCl, sorbitol, and glycerol),
ethanol stress, cell wall stress agent SDS, or antifungal agents
(amphotericin B, fluconazole, and caspofungin), which directly
perturb cell membrane component ergosterol synthesis or FKS
required for cell wall synthesis. After cultivation for 48 h, cell
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growth was observed under the applied stress conditions. The
introduction of plasmid pYES2.1/V5-His-TOPO had no influence
on cell growth, as seen when comparing growth of LCT4
to BY4741, and LCT2 to LCT1. Deletion of SPT20 impaired
normal cell growth of S. cerevisiae, which was in agreement
with the results reported by Roberts and Winston (Roberts
and Winston, 1996), but growth retardation was exacerbated
when cells were associated with the tested hyperosmotic stressors
and cell membrane targeting antifungal agent fluconazole.
Notably, the cell growth of Scspt201 mutant was rescued with
complementation of CaSPT20, suggesting that SPT20 is required
for the normal cell growth under extracellular osmolarity and cell
membrane stressor exposure. However, the decrease in resistance
to the other stresses (such as ethanol, SDS, amphotericin B, and
caspofungin) seen in Scspt201 cells largely matches the decreased
growth seen in the BY4741 (Figure 1), indicating that the growth
defects of Scspt201 cells in these stresses may not be due to the
deletion of SPT20. Importantly, complementation of CaSPT20
restores the growth of Scspt201 to the wild type levels, supporting
that the function of SPT20 is conserved between C. albicans
and S. cerevisiae.

Hog1 Phosphorylation Is Reduced by
Deletion of CaSPT20
The data demonstrates that Spt20 plays a conserved role in
protecting cells from osmotic stress. A well-known contributor
in protecting fungi from osmotic stress is the Hog1 pathway
(Brewster and Gustin, 2014). When C. albicans is exposed to
high osmolarity, Hog1 is phosphorylated and then induces target
gene expression to adapt to osmotic stress (Smith et al., 2004;
Day et al., 2017). In other words, phosphorylation of Hog1 is
the essential step for C. albicans to survive during high osmotic

challenge. To test if CaSPT20 affects Hog1 responses to osmotic
stress, we extracted protein from the indicated strains subjected to
2 M NaCl in YPD for various time periods, and then performed
western blotting. Specific antibodies were used to detect the levels
of total Hog1 and phospho-Hog1, respectively. In this assay,
β-actin antibody was used as a loading control.

As reported previously (Alonso-Monge et al., 2003; Smith
et al., 2004), Hog1 phosphorylation was induced by osmotic
treatment. Hog1 phosphorylation peaked after 10 min under high
osmotic stimulation in wild type SC5314, however, Caspt201/1
failed to have the same level of Hog1 phosphorylation after
10 min of osmotic treatment. Indeed, only a very slight increase
in phosphorylated Hog1 was observed after 60 min of stimulation
(Figure 2A). In stark contrast, reconstitution of SPT20 restored
phospho-Hog1 to wild type levels (Figure 2B). In addition, the
level of total Hog1 transcription in these three strains remained
constant, which was in accord with what Enjalbert et al. reported
(Enjalbert et al., 2006), indicating that Hog1 phosphorylation
occurs independent of total Hog1 expression levels. Thus, it
appears that SPT20 correlated with the phosphorylation of Hog1.
We then further explored the effects that deletion of SPT20 has
on Hog1 responses and the C. albicans phenotype.

CaSPT20 Affects Expression of
Hog1-Dependent Osmotic Stress
Response Genes
As shown above, the level of phosphorylated Hog1 in
Caspt201/1 was much less than what was seen in the wild type
strain, suggesting that SPT20 affected the level of phosphorylated
Hog1, which prompted us to investigate whether the expression
levels of Hog1-dependent osmotic stress response genes were
affected by the loss of SPT20. To this end, we measured the

FIGURE 1 | The introduction of CaSPT20 can restore sensitivity to stresses and antifungal agents caused by the loss of ScSPT20. LCT1 (Scspt201), LCT2
(Scspt201+pYES2.1/V5-His-TOPO), LCT3 (Scspt201+pYES- CaSPT20-V5), and LCT4(BY4741+pYES2.1/V5-His-TOPO) were constructed in the background of
S. cerevisiae BY4741 and grown at 30◦C for 48 h. The experiment was repeated on 3 independent occasions.
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FIGURE 2 | SPT20 affects the phosphorylation level of Hog1 protein. Cells
were exposed to 2 M NaCl for the indicated time. phosphorylated Hog1
(Hog1-P) and total Hog1 (Hog1) levels of wild type, SPT20 null mutant (A),
and SPT20 reconstitution strain (B) were detected by western blotting with
specific antibodies. The beta actin antibody was used as the loading control.
This experiment was repeated three times independently.

expression of Hog1-dependent osmotic stress response genes.
A panel of genes was assembled for interrogation as the previous
work did, which reported the expression levels of HGT10
(encoding a glycerol permease involved in active glycerol uptake),

SKO1 (encoding a transcriptional factor binding to promoters to
relieve osmotic stress), CAT1 (one of core stress genes, encoding
a key antioxidant enzyme), ORF19.4370 (predicted ORF),
ORF19.3661 (encoding a putative deubiquitinating enzyme) and
SLP3 (encoding a putative cation conductance protein) were
induced in a Hog1-dependent manner (Enjalbert et al., 2006;
Marotta et al., 2013). As showed in Figure 3, these Hog1-
dependent osmotic stress response genes were significantly
upregulated in wild type cells encountering hyperosmolarity,
while the expression of HGT10, SKO1, CAT1, and SLP3 were
not induced when SPT20 was deleted. Although the transcript of
ORF19.3661 and ORF19.4370 in Caspt201/1 was induced in the
presence of 1 M NaCl, it still did not reach the level observed in
the wild type (ORF19.3661, P = 0.007; ORF19.4370, P = 0.011).
Notably, the transcriptional changes caused by the deletion of
SPT20 gene in C. albicans were in accordance with that caused by
the loss of HOG1 gene, which also exhibited reduced expression
of HGT10, SKO1, CAT1, ORF19.4370, ORF19.3661, and SLP3
in the hog11/1 mutant strain during 1 M NaCl stimulation
(Marotta et al., 2013). Taken together, we can conclude that
SPT20 plays a role in appropriate expression of Hog1-dependent
osmotic stress response genes.

The Cell Growth Defect of Caspt201/1 Is
Rescued by HOG1 Overexpression
Under Osmotic Stress
The Hog1-MAPK pathway has been reported to be involved
in osmoadaptation, take part in resistance to oxidative stress,
and also play a role in morphogenesis changes as well as cell
wall biosynthesis (Monge et al., 2006). As we demonstrated

FIGURE 3 | Expression levels of Hog1-dependent osmotic stress response genes changed significantly when SPT20 was deleted in C. albicans. qRT-PCR
expression analysis of C. albicans Hog1-dependent osmotic stress response genes in the wild type strain, spt201/1 and spt201/SPT20. Transcript levels were
normalized to C. albicans 18S rRNA expression and fold changes between strains were normalized to untreated wild type which was adjusted to a value of 1. All
genes were analyzed in triplicate. Error bar represents Mean ± SD. *P < 0.5, **P < 0.01.
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earlier, the ability to overcome hyperosmotic stress was impaired
in Caspt201/1, suggesting CaSPT20 really plays a role in
osmostress responses (Tan et al., 2014). To evaluate if SPT20
responds to osmotic stress in cooperation with the Hog1 pathway,
cell growth of strains SC5314, Caspt201/1, Caspt201/SPT20,
Cahog11/1 and Cahog11/HOG1 were examined during
exposure to external hyperosmolarity, comparing growth defects
between Caspt201/1 and Cahog11/1 strains. As expected,
the knockout of CaSPT20 or CaHOG1 both led to impaired
cell growth in hyperosmotic conditions imposed by NaCl or
sorbitol, and for each, growth was restored to wild type levels
when CaSPT20 and CaHOG1 were reconstituted, respectively
(Figure 4). This result, along with the affected phosphorylation
level of Hog1 and the expression of Hog1-dependent osmotic
stress response genes, suggest a link between SPT20 and

Hog1-MAPK pathway in C. albicans osmoadaptation. Thus, we
hypothesized that SPT20 regulated the Hog1-MAPK pathway
to respond to external osmotic stress. In order to evaluate
this hypothesis, we constructed the HOG1 overexpression
strain in the Caspt201/1 mutant background (HOG1-
OE) and in the wild type background (wt-HOG1-OE), and
SPT20 overexpression strain in the Cahog11/1 mutant
background (SPT20-OE). The gene overexpression was verified
by quantitative reverse transcription-PCR analysis. In addition,
the basal levels of phosphorylated Hog1 and total Hog1 in
the HOG1 overexpression strains were significantly increased
when compared with wild type (Supplementary Figure 1).
We compared the cell growth of strains SC5314, Caspt201/1,
HOG1-OE, Cahog11/1, and SPT20-OE, which were treated
with NaCl. As illustrated in Figure 4, we observed that HOG1

FIGURE 4 | The cell growth defect of Caspt201/1 is similar to that of Cahog11/1 and is rescued by HOG1 overexpression. Ten-fold serial dilutions of strains were
spotted on appropriate plates to evaluate the cell growth defects. Cells were grown at 30◦C and then photographed. The experiment was repeated on three
independent occasions.

Frontiers in Microbiology | www.frontiersin.org 8 February 2020 | Volume 11 | Article 21325

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00213 February 19, 2020 Time: 17:14 # 9

Wang et al. SPT20 Influence on Hog1-MAPK Pathway

overexpression can partially rescue the growth defect caused
by SPT20 deletion when cells were exposed to a series of high
osmotic stress (YPD plate supplements with 1.8 M NaCl, or 2.2 M
NaCl), while overexpressing SPT20 did not confer the ability to
resist hyperosmotic stress to the hog11/1 strain. Furthermore,
in order to investigate whether there exists a Spt20-independent
manner contributing to the increasing resistance of HOG1-OE
strain, we observed the cell growth of wt-HOG1-OE strain,
and found that overexpressing HOG1 did not enhance the
osmotic tolerance of wild type cells (Supplementary Figure 2).
These results indicate that SPT20 influences Hog1 during the
C. albicans response to osmotic stress.

CaSPT20 Regulates Glycerol
Accumulation in C. albicans
To investigate the correlation between CaSPT20 and Hog1-
MAPK pathway in hyperosmotic stress response, we measured
the intracellular glycerol accumulation of strains SC5314,
Caspt201/1, and Caspt201/SPT20 after exposure to 1 M NaCl
for 30 min. Our results showed the basal glycerol contents of
these three strains were almost the same, and they all increased
strikingly under hyperosmotic condition. However, the ability to
accumulate intracellular glycerol was impaired in Caspt201/1
strain (P < 0.001) (Figure 5A).

Glycerol biosynthesis is catalyzed by glycerol-3-phosphate
dehydrogenase (encoded by GPD1/GPD2) and glycerol-3-
phosphatase (encoded by RHR2) (Hohmann, 2002; Fan et al.,
2005). Meanwhile, the increased cellular glycerol concentration
is also forced by regulated activities of triacylglycerol
lipases (encoded by TGL1/TGL2) (Wei et al., 2009), alcohol
dehydrogenase (encoded by ADH) (Blomberg and Adler, 1989),
and amino acid permease (encoded by AGP2) (Marotta et al.,
2013). To further examine the Spt20 influence on cellular
glycerol, we examined expression of these genes involved in
glycerol accumulation. GPD2, which was reported to increase
to a greater extent than GPD1 and RHR2 levels in response to
osmostress (Smith et al., 2004; Enjalbert et al., 2006; Jacobsen
et al., 2018), was suppressed when CaSPT20 was knocked out.
Although GPD2 was induced in the presence of 1 M NaCl, its
expression still did not reach the level observed in the wild type
(P < 0.001). In contrast, ADH7 was significantly induced in
the Caspt201/1 mutant, both in the absence and presence of
osmotic stress (6-fold in the presence of 1 M NaCl compared to
wild type; P < 0.001). TGL1 was under-expressed in Caspt201/1
after exposure to osmotic stress (0.31 for the mutant versus 0.76
for wt strain; P < 0.001). When compared to wild type, AGP2, a
gene involved in membrane permeability, experienced reduced
expression in the absence of salt exposure in the Caspt201/1
strain, but following osmotic stress treatment, it significantly
elevated and was 1.25-fold higher than the expression found
in the wild type strain (P = 0.002) (Figure 5B). The decreased
expression of GPD2 can reduce the accumulation of intercellular
glycerol directly. The expression of ADH7 can reduce the yield
of NADH, then lead to the decreasing production of glycerol
(Blomberg and Adler, 1989). Meanwhile, the reduced transcript
level of TGL1 blocks the process of transforming triglycerides

to glycerol (Jandrositz et al., 2005; Wei et al., 2009), while
the upregulation of AGP2 can cause increasing membrane
permeability, so that the intracellular glycerol can spread to
extracellular environments. Taken together, these findings
suggest that CaSPT20 participates in the process of glycerol
accumulation, since GPD2, ADH7, TGL1 and AGP2 expression
were sharply affected when SPT20 was deleted from C. albicans.

DISCUSSION

Osmoregulation by homeostatic mechanisms is crucial in
C. albicans in order to keep appropriate cell volume, turgor,
as well as a suitable intracellular environment for all kinds
of biochemical reactions (Hohmann et al., 2007; Fuchs and
Mylonakis, 2009). In this paper, we show that CaSpt20
has functional similarity with ScSpt20 and can be used
to reconstitute a mutation in the homologous gene. The
increased sensitivity of Caspt201/1 to hyperosmolarity is
due to its reduced phosphorylation levels of Hog1, thereby
causing downregulation of osmotic stress response genes and
decrease in glycerol accumulation, suggesting that SPT20 is
involved in resistance to high osmolarity. These findings
give us new insight into the role of SPT20 in C. albicans
response to osmotic stress, and indicate a new relationship
between Spt20 and Hog1.

As an indispensable component of the SAGA complex,
SPT20 has gained enough attention on its function. It was
reported that Spt20 was involved in endoplasmic reticulum
stress response in human (Nagy et al., 2009), hypoxic response
(Hickman et al., 2011) and the functional interaction between
other SAGA components and TBP in yeast (Roberts and
Winston, 1997), and the calcineurin-mediated Cl− homeostasis
in Schizosaccharomyces pombe (Zhou et al., 2013). Furthermore,
SPT20 is required for normal cell growth (Roberts and
Winston, 1996) and is essential for yeast survival at high
osmolarity (Zapater et al., 2007). Here, we demonstrated that
knockout of ScSPT20 caused significantly further growth defects
associated with the tested hyperosmotic stressors (NaCl and
sorbitol) compared to a wild type control exposed to the same
conditions. Additionally, the ability of Caspt201/1 mutant
strain to resist hyperosmolarity was greatly impaired (Figure 4).
These results suggested that SPT20 is required for the normal
cell growth under osmotic condition, which was in accord
with the previous work that reported SPT20 is essential for
yeast survival at high osmolarity (Zapater et al., 2007). The
similar phenotypes between Scspt201 and Caspt201/1 mutant
strain, and increasing resistance to osmotic stress due to
the complement of CaSPT20, supported that the function of
SPT20 was conserved.

The Hog1-MAPK pathway is critical for C. albicans to respond
to osmotic stress. Hog1, the core component in this pathway, has
a strong functional preservation from yeast to mammals (Sheikh-
Hamad and Gustin, 2004), and its rapid phosphorylation is an
essential step in osmotic toleration (Brewster and Gustin, 2014).
Our findings suggest that Spt20 regulates Hog1 activation in
C. albicans response to hyperosmotic stress. The evidences are the
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FIGURE 5 | CaSPT20 regulates intracellular glycerol accumulation under hyperosmotic condition. (A) CaSPT20 has an important effect on intracellular glycerol
content under hyperosmotic condition. 5 × 107 cells with or without treatment (1 M NaCl or YPD) were grown at 30◦C for an additional 30 min and then used for
glycerol measurement. The ability of spt201/1 strain to accumulate cellular glycerol under osmotic stress was impaired. (B) SPT20 affects the expression of genes
involved in glycerol accumulation. qRT-PCR analysis was used to measure the expression of genes involved in glycerol accumulation following exposure to 1 M
NaCl. The following C. albicans strains were evaluated: wild type SC5314, spt201/1, and spt201/SPT20 and genes were analyzed in triplicate. Expression levels
were normalized to 18S rRNA. Fold changes between strains were normalized to untreated wild type, which was adjusted to a value of 1. Three independent
biological replicates were conducted. Error bar represents Mean ± SD. *P < 0.01, **P < 0.001.

following. First, the cell growth defect of Caspt201/1 was similar
to that of Cahog11/1 (Figure 4). Second, the phosphorylation
level of Hog1 was significantly decreased because of the absence
of SPT20 (Figure 2). Our western blotting result showed that,
as reported previously (Smith et al., 2004), Hog1 was rapidly

but transiently phosphorylated during C. albicans salt exposure.
However, phosphorylation levels were comparably lower in
Caspt201/1, suggesting that CaSPT20 affected the process of
Hog1 phosphorylation. Hog1 phosphorylation is a dynamic event
(Alonso-Monge et al., 2003; Smith et al., 2004). The kinetics of
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FIGURE 6 | Outline of two potential mechanisms of Spt20 in C. albicans response to osmotic stress. Previous work found that when cells are subjected to high
osmolarity, Hog1 is activated and bind to osmostress promoters, then recruits SAGA complex components to induce expression of Hog1-dependent osmostress
response genes and genes involved in glycerol accumulation. In our study, we found that Spt20 regulates the phosphorylation of Hog1 in response to osmotic stress.

phosphorylation were different in these two strains: wild type
strain peaked at about 10 min after exposure to stress, while
the mutant strain peaked at about 60 min. However, in both
wild type and mutant strains, the peak levels of phospho-Hog1
were diminished over time. Third, overexpressing HOG1 in the
spt201/1 mutant background can partially rescue the growth
defect when spt201/1 mutant strain was exposed to osmotic
stress, while overexpressing SPT20 in the hog11/1 mutant
background was not able to restore its ability to respond to
hyperosmolarity (Figure 4). Meanwhile, the HOG1-OE strain
demonstrated higher basal level of phosphorylated Hog1 and
total Hog1 protein than wild type and spt201/1 mutant
strain (Figure 2 and Supplementary Figure 1B), which may
contribute to tolerate its osmostress, since C. albicans regulates
the phosphorylation of Hog1 to respond to hyperosmolarity
(Smith et al., 2004). Though the basal phosphorylated Hog1 level
of wt-HOG1-OE strain was enhanced as well, overexpression
of HOG1 did not increase the resistance to osmolarity in wild

type. Our working hypothesis is that the phospho-Hog1 level
in wild type may be similar to that in wt-HOG1-OE strain
under osmotic exposure which leads to similar cell growth.
Additionally, overexpression HOG1 did not revert the growth
defect of Caspt201/1 mutant strain to a level comparable to
the wild type, suggesting that besides the Hog1-MAPK pathway,
there may exist another mechanism that accounts for SPT20
response to osmotic stress. Strikingly, SPT20 overexpression in
the hog11/1 mutant background reduced the cell growth in
the YPD plate. This phenotype was not due to the changes in
the shape of fungal cells, since the SPT20-OE strain cells grew
as unicellular yeast and the shape was similar to that of wild
type and hog11/1 mutant strain (Supplementary Figure 3).
SPT20 is crucial for the structural integrity of SAGA complex
(Grant et al., 1997; Sterner et al., 1999), thus, overexpressing
SPT20 may change the structure of SAGA complex, which
would hamper the normal gene expression and then impair
normal cell growth.
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We noticed that, compared to wild type, the transcript level
of genes involved in glycerol accumulation was either reduced
or induced in the Caspt201/1 mutant strain (Figure 5B).
However, the changing patterns of these genes were similar
to that of wild type. When C. albicans cells were subjected
to osmotic stress, the activation of the Hog1-MAPK pathway
can regulate the synthesis and accumulation of glycerol (San
José et al., 1996; Monge et al., 2006), along with up-regulation
of genes contributing to increase the intercellular glycerol
levels and down-regulation of genes contributing to reduce
the glycerol levels. Although the magnitude of Hog1 activation
was significantly decreased in Caspt201/1 mutant strain
(Figure 2A), the reduced phosphorylated Hog1 can still induce
or repress the related gene expression to cope with osmolarity.
Strikingly, the fold induction of GPD2 in Caspt201/1 mutant
strain is greater than that in wild type. We hypothesized that
the repressed expression of ADH7 and TGL1, together with the
up-regulation of AGP2 contribute to the decrease of intracellular
glycerol, which may in turn lead to a greater fold induction of
GPD2 in Caspt201/1 mutant strain response to osmotic stress.
Furthermore, in contrast to the induction of GPD2 expression
reported previously (Enjalbert et al., 2006; Marotta et al., 2013),
there was no increase in GPD2 expression in wild type cells
when osmotic stress was imposed. However, the transcript level
of GPD2 is dynamic and related to the incubation time upon
osmotic stress (Enjalbert et al., 2006) and the C. albicans wild type
strains used in these studies were different, thus we speculated
that the incubation time and the wild type strains were associated
with the different GPD2 expression.

Our study has limitations that need to be taken into account
and addressed in the future. First, although the growth defects
of Scspt201 were rescued with complementation of CaSPT20
(Figure 1), C. albicans SPT20 gene was not codon optimized
prior to expression in S. cerevisiae, which should be noted as a
limitation in our study because it may lead to mistranslation.
Also, in future work, we plan to evaluate a Caspt201/hog11
double mutant strain to further assess genetic epistasis between
SPT20 and HOG1.

CONCLUSION

In conclusion, we confirm that SPT20 is functionally conserved
between S. cerevisiae and C. albicans, and report that SPT20
plays a critical role in C. albicans response to hyperosmotic

stress through regulating Hog1-MAPK pathway, through both
expression and phosphorylation (Figure 6). The reduced Hog1
phosphorylation in Caspt201/1 mutant can explain its high
sensitivity to osmotic stress, indicating a relationship between
Spt20 and Hog1 in the response to altered osmotic conditions.
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Candida albicans is an opportunistic pathogen causes fungal infections that range from
common skin infections to persistent infections through biofilm formation on tissues,
implants and life threatening systemic infections. New antifungal agents or therapeutic
methods are desired due to high incidence of infections and emergence of drug-
resistant strains. The present study aimed to evaluate (i) the antifungal and antibiofilm
activity of 1-alklyl-3-methyl imidazolium ionic liquids ([CnMIM]+[X]−, n = 4, 12 and 16)
against Candida albicans ATCC 10231 and two clinical C. albicans strains and (ii) the
mechanism of action of promising antifungal ionic liquid on C. albicans. Two of the
tested compounds were identified as more effective in preventing growth and biofilm
formation. These ionic liquid compounds with –dodecyl and –hexadecyl alkyl groups
effectively prevented biofilm formation by fluconazole resistant C. albicans 10231 and
two other clinical C. albicans strains. Although both the compounds caused viability loss
in mature C. albicans biofilms, an ionic liquid with –hexadecyl group ([C16MIM]+[Cl]−)
was more effective in dispersing mature biofilms. This promising ionic liquid compound
([C16MIM]+[Cl]−) was chosen for determining the underlying mode of action on
C. albicans cells. Light microscopy showed that ionic liquid treatment led to a significant
reduction in cell volume and length. Increased cell membrane permeability in the ionic
liquid treated C. albicans cells was evident in propidium iodide staining. Leakage of
intracellular material was evident in terms of increased absorbance of supernatant
and release of potassium and calcium ions into extracellular medium. A decrease in
ergosterol content was evident when C. albicans cells were cultured in the presence of
antifungal ionic liquid. 2′,7′-Dichlorodihydrofluorescein acetate assay revealed reactive
oxygen species generation and accumulation in C. albicans cells upon treatment with
antifungal ionic liquid. The effect of antifungal ionic liquid on mitochondria was evident
by decreased membrane potential (measured by Rhodamine 123 assay) and loss of
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metabolic activity (measured by MTT assay). This study demonstrated that imidazolium
ionic liquid compound exert antifungal and antibiofilm activity by affecting various cellular
processes. Thus, imidazolium ionic liquids represent a promising antifungal treatment
strategy in lieu of resistance development to common antifungal drugs.

Keywords: imidazolium ionic liquids, antifungal drugs, antibiofilm agents, Candida albicans biofilms, ergosterol
content, membrane damage, mitochondrial dysfunction, oxidative stress

INTRODUCTION

Fungal pathogens are a major health issue causing over 1.6
million deaths annually (Almeida et al., 2019). Several species
of Candida are responsible for the fungal infections, collectively
called as candidiasis. These are commensal organisms in
healthy individuals and reside in gastrointestinal, respiratory,
and genitourinary tracts. In immunocompromised or diseased
patients, they become opportunistic and cause infections ranging
from superficial (oral or vaginal) to life threatening systemic
infections1. About 50 to 70% of systemic fungal infections
are caused by Candida spp. (Santos et al., 2018). Candida
albicans is the most frequently observed organism in candidiasis.
Persistent Candida infections are increasingly being reported
in medically implanted devices such as catheters, heart valves,
pacemakers, vascular bypass grafts, dentures and endotracheal
tubes thus leading to high mortalities (Ramage et al., 2006;
Sardi et al., 2013; Santos et al., 2018). Biofilm mode of
growth by Candida spp. further complicates the treatment
as the cells reside in biofilms are about 2000 times more
resistant to fluconazole and amphotericin B over their planktonic
counterparts (Bergamo et al., 2015).

Azoles, polyenes, allylamines, and echinocandins are the
current antifungal arsenal available for treating candidiasis
(Fuentefria et al., 2018). Fluconazole is most commonly used
for treating candidiasis due to its low cost, high bioavailability
and possibility of drug administration is various formulations
(Martin, 1999). However, well documented resistance of Candida
spp. to fluconazole makes this drug a less attractive antifungal
agent in the current treatment scenario. Besides drug efflux
mechanisms, alterations in target sites/gene expression, current
challenges in treatment include biofilm formation which directly
or indirectly enhances the drug resistance (Fuentefria et al.,
2018). Currently applied strategies are ineffective against biofilms
warranting prospective new antifungal agents from natural
or synthetic origin (Sardi et al., 2013; Gyawali and Ibrahim,
2014; Nobile and Johnson, 2015). A potential antifungal agent
should have broad spectrum activity in terms of antifungal
and antibiofilm activities with minimal cytotoxicity and side
effects to the host.

Ionic liquids are a novel class of molten salts at ≤100◦C
and exclusively made up of combination of cations and anions
(Rogers and Seddon, 2003). These salts typically comprises
of a large cationic core (often a nitrogen containing group
with alkyl substituent) and a small counter anion (Pendleton
and Gilmore, 2015). Apart from their applications in chemical
industry (Vekariya, 2017), these compounds are promising

1http://www.cdc.gov/fungal/diseases/candidiasis/

as components of active pharmaceutical ingredients and
antimicrobials (Egorova et al., 2017). The tunable property of
ionic liquids by way of changing their constituent ions, allows
making large structural diversity of about 1018 compounds
(Pernak et al., 2007) with altered physical, chemical and biological
activities. Some of these ionic liquids have been explored as
antimicrobials, antiseptics and antifouling agents (Pernak et al.,
2004; Nancharaiah et al., 2012; Egorova et al., 2017). Imidazolium
ionic liquids have been reported for effective control of bacterial
and phototrophic biofilms (Carson et al., 2009; Busetti et al.,
2010; Reddy et al., 2017, 2020). With respect to antifungal
activity, –ethyl and –butyl side chain containing imidazolium,
pyridinium and cholinium ionic liquids were evaluated against
Penicillium sp. (Petkovic et al., 2009). Schrekker et al. (2013)
reported the efficient antifungal activity of N-alkyl-substituted
imidazolium salts with –decane, –tetradecane and –hexadecane
side chain containing cations against fungal pathogens with
minimum toxicity to leukocytes. Activity of –hexadecyl side chain
containing imidazolium ionic liquid against multidrug resistant
Candida tropicalis and clinical dermatophyte strains showed
potential activity against biofilms (Bergamo et al., 2014, 2015;
Dalla Lana et al., 2015). Inhibition of conidia germination and
mycelial growth was observed in Fusarium graminearum (Ribas
et al., 2016). Antifungal ionic liquids were incorporated into
poly(L-lactide) biomaterials for inhibiting adhesion of Candida
spp. (Schrekker et al., 2016). Using contaminated acrylic resin
strip specimens, 1-n-hexadecyl-3-methylimidazolium chloride
was demonstrated as a strong antifungal for mouthwash
formulation (Bergamo et al., 2016). Although several studies have
reported antifungal activity, effect of imidazolium ionic liquids
on preformed fungal biofilms (biofilm eradication potential) is
largely unknown (Table 1). Evaluation of antifungal ionic liquids
on preformed biofilms is of clinical relevance as the biofilm
formation often precedes treatment. Cell membrane has been
identified as the potential target in the case of imidazolium ionic
liquids (Nancharaiah et al., 2012; Benedetto, 2017; Egorova et al.,
2017). Other studies indicated that imidazolium ionic liquids can
decrease the content of ergosterol, an important component of
fungal cell membranes (Schrekker et al., 2013). Ionic liquids are
currently seen as promising asset for fighting fungal infections
(Hartmann et al., 2016). Due to limited understanding of
mechanisms, studies aimed at identifying potential targets and
underlying mode of action of antifungal ionic liquids are desired
for their prospective use in treating infections.

This study was aimed to determine the antifungal, antibiofilm
and biofilm eradication activities of three imidazolium ionic
liquids against C. albicans strains and to understand the
mode of action of potent antifungal imidazolium ionic
liquid. Antibiofilm activity was determined as prevention
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TABLE 1 | Summary of studies on evaluation of ionic liquids against various fungal strains.

Ionic liquid Fungi MIC (µmol l−1) MFC (µmol l−1) Effective
Antibiofilm
concentrations

Biofilm
eradication

Reference

[C16MIM]Cl 6 isolates of
C. tropicalis

0.04 ND 0.08–0.65 Killing of biofilm
cells.

Bergamo et al.,
2014

[CnMIM]Cl (n = 4,
10, 12, 16, 18);

21 strains of
Microsporum sp.;
24 strains of
Trichophyton sp.

Avg MIC50 C4 = 71;
C10 = 10.16;
C12 = 6.59; C16 = 0.20;
C18 = 20.03.

C16 = 0.6–36 for
Microsporum sp.;
C16 = 0.23–36.4
for Trichophyton sp.

ND ND Dalla Lana et al.,
2015

[CnMIM]MeS
(n = 4, 9, 16)

21 strains of
Microsporum sp.;
24 strains of
Trichophyton sp.

Avg MIC50 C4 = 53;
C9 = 17.37 C16 = 0.12.

C16 = 0.5–31 for
Microsporum sp.;
C16 = 0.5–31 for
Trichophyton sp.

ND ND Dalla Lana et al.,
2015

[C16MIM]Cl;
[C16MIM]MeS

Candida tropicalis ND ND ND Killing of biofilm
cells

Bergamo et al.,
2015

[C16MIM]Cl;
[C16MIM]MeS

4 Fusarium
graminearum
strains

9.1–18.2 and 7.7–15.5 ND ND ND Ribas et al., 2016

[CnMIM]Cl (n = 4,
12, 16)

Three fluconazole
resistant
C. albicans strains

C4 ≥ 1000, C12 = 25,
C16 = 4.68

C4 ≥ 1000,
C12 = 75,
C16 = 6.25

C4 = NE, C12 = 25,
C16 = 6.25

C4 = NE;
C12 = Biofilm cell
killing; C16 = Killing
and biofilm removal

Current study

[CnMIM]Cl: 1-n-Alkyl-3-methylimidazolium chloride; [CnMIM]MeS: 1-n-Alkyl-3-methylimidazolium methanesulfonate; ND, not determined; NE, no effect.

of biofilm formation in the presence of ionic liquids and
antifungal drugs. Biofilm eradication was determined in terms
of killing and dispersal activity of ionic liquids on preformed
fungal biofilms.

MATERIALS AND METHODS

Organisms, Media and Growth
Conditions
This research was conducted using C. albicans ATCC
10231 (Microbiologics, United States), a reference strain
commonly used for evaluating antifungal and antibiofilm
agents. Experiments were conducted with two clinical strains
of C. albicans [CA i16 (GenBank No. MG757722.1) and CA
i21 (GenBank No. MG757724.1)] which were isolated from
sputum samples of patients. The clinical strains were obtained
from University of Madras, India. These cultures were routinely
maintained on potato dextrose agar (PDA) (HiMedia, India).
For liquid cultures, a single colony was picked from PDA,
transferred to potato dextrose broth (PDB) and incubated for
24 h at 30◦C and 120 RPM in a temperature controlled orbital
shaker. Cells harvested from PDB were used for growth and
biofilm experiments.

Filter sterilized RPMI 1640 medium (L-Glutamine,
phenol red, 2 g l−1 glucose and 0.165 mol l−1 MOPS
buffer, pH 7.0) (Part No. AT180, HiMedia, India) was
used for biofilm experiments. Cultures were grown in
PDB for 24 h, pelleted by centrifugation, re-suspended
in RPMI 1640 and adjusted to desired cell density for
performing biofilm experiments. For determining the
mechanism of action, cells were re-suspended in phosphate
buffered saline (PBS).

Imidazolium Ionic Liquids and Antifungal
Drugs
1-butyl-3-methylimidazolium chloride ([C4MIM][Cl]),
1-dodecyl-3-methylimidazolium iodide ([C12MIM][I]),
fluconazole and amphotericin B were purchased from Sigma-
Aldrich (United States). 1-hexadecyl-3-methylimidazolium
chloride ([C16MIM][Cl]) was purchased from Acros
(United States). The chemical structures of three ionic liquids
used in this study are given in Supplementary Information
(Supplementary Figure S1). Stock solutions (100 mmol l−1)
of ionic liquids were prepared in sterile, ultrapure water and
stored at room temperature until further use. Stock solutions of
fluconazole (32 mmol l−1) and amphotericin B (13 mmol l−1)
were prepared, respectively, in ethanol and dimethyl sulfoxide
(DMSO). These stock solutions were stored at 4◦C until use.

MIC and MFC of Ionic Liquids Against
C. albicans ATCC 10231

MIC of ionic liquids was determined by microdilution method
according to the Clinical and Laboratory Standards Institute
(CLSI) guidelines [CLSI (2012)]. Actively growing log phase
culture in PDB was pelleted by centrifugation (8000 rpm for
5 min). Cell pellet was re-suspended in RPMI 1640 and cell
density was adjusted. MIC and MFC values were determined
in RPMI 1640 medium containing initial cell densities of
103 or 106 cfu ml−1. Initial cell density of 103 cfu ml−1

is recommended for determining MIC according to CLSI
antifungal susceptibility testing [CLSI (2012)]. Initial cell density
of 106 cfm ml−1 often employed in biofilm inhibition studies
was also used for determining MIC and MFC values according
to Pierce et al. (2008). A two-fold series dilution of ionic liquids
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and antifungal drugs (fluconazole and amphotericin B) were
prepared in RPMI 1640 containing C. albicans cells. Working
concentrations in the range of 1000 to 31.25 µmol l−1 for
[C4MIM][Cl], 100 to 1.15 µmol l−1 for [C12MIM][I] and 50 to
1.15 µmol l−1 for [C16MIM][Cl] were prepared in RPMI 1640
and tested. Concentrations of fluconazole and amphotericin B
were, respectively, in the range of 3265 to 12.75 µmol l−1 and
13 to 0.16 µmol l−1. Subsequently, 200 µl of these dilutions
were transferred to the wells of 96-well microtiter plate. Five
replicates were set up for each concentration. Control wells
received cells in RPMI without the compound. After 24 h
of incubation in an orbital shaker at 37◦C and 120 RPM,
growth was determined by measuring absorbance at 600 nm
using a microplate reader (BioTek R©, United States). The lowest
concentration that prevented C. albicans growth (measured as
absorbance at 600 nm) was represented as MIC. For MFC
estimation, aliquots of suspension from selected microtiter wells
were plated onto PDA plates and incubated at 37◦C for 48 h. MFC
was the lowest concentration at which no colonies of C. albicans
appeared on PDA plates.

Antibiofilm Activity of Ionic Liquids
For estimating incubation time for maximum biofilm formation,
RPMI 1640 containing 106 cfu ml−1 was aliquoted (200 µl)
in 96-well sterile, flat bottom, polystyrene microtiter plates
(Tarsons, India). Pierce et al. (2008) recommended 106 cfu
ml−1 as inoculum cell density for developing C. albicans
biofilms in 96-well plates. Hence, 106 cfu ml−1 cells were
used for all biofilm experiments. Multi-well plates containing
cells in RPMI 1640 were incubated at 120 RPM and 37◦C
for 6, 12, 18, 24 or 48 h. At the end of incubation,
biofilm mass and metabolic activity were estimated by crystal
violet (CV) and 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium-5-Carboxanilide (XTT), respectively. Based on time
course experiment on biofilm formation, 24 h incubation time
was chosen for quantifying the effect of ionic liquids and
antifungal drugs on biofilm formation.

Antibiofilm activity was determined by incubating planktonic
and adherent cells separately in the presence of ionic liquids
and antifungal drugs. C. albicans cell suspensions (200 µl,
106 CFU/ml in RPMI 1640) were transferred to each well of
a 96-well microtiter plate. Ionic liquids and antifungal drugs
were added and serially diluted using two-fold dilution. Final
concentrations in the range of 1000 to 125 µmol l−1 for
[C4MIM][Cl], 50 to 2.3 µmol l−1 for [C12MIM][I] and 25 to
1.1 µmol l−1 for [C16MIM][Cl] were tested. Amphotericin B
was tested in the range of 13 to 0.168 µmol l−1. Fluconazole
concentrations were tested up to 3265 µmol l−1. Effect of anions
(Cl− and I−) and 1-methylimidazole on growth and biofilm
formation of C. albicans was determined by incubating with
excess concentrations (500–1000 µmol l−1) of NaCl, KI and
1-methylimidazole. For each concentration, five replicate wells
were used. The plates were incubated at 37◦C in an orbital
shaker at 120 rpm to allow biofilm formation. For determining
antibiofilm activity using adherent cells, the cell suspensions
were transferred to each well of a microtiter plate and incubated
for 3 h at 37◦C in an orbital shaker at 120 rpm to allow

adhesion. Subsequent to adhesion, the non-attached cells were
carefully removed from the wells. Then 200 µl of RPMI medium
containing different concentration of ionic liquids and antifungal
drugs was added to each well. The plates were incubated for 24 h
as described above to allow biofilm formation.

The biofilm was quantified using the both CV assay
(Nancharaiah et al., 2012) and XTT reduction assay (Henriques
et al., 2006). For CV assay, biofilms were stained with 0.1%
CV (HiMedia, India) for 10 min. Excess CV was removed by
washing the wells with demineralized water (Nancharaiah et al.,
2012). Plates were air-dried for overnight and CV bound to the
biofilm was eluted with 33% glacial acetic acid. Eluted CV was
measured by reading absorbance at 570 nm. Eluted CV was
diluted with 33% glacial acetic acid whenever the absorbance
exceeded 2. For XTT reduction assay, working solutions of
XTT (0.5 mg ml−1) were prepared in sterile PBS, stored as
1.8 ml aliquots at −18◦C. As an electron coupler, a stock
solution of 0.32 mg ml−1 phenazine methosulfate (PMS) was
prepared in PBS and stored at −18◦C in 0.2 ml aliquots.
Prior to the assay, 1.8 ml of XTT was mixed with 0.2 ml
PMS and added immediately to each well of the microtiter
plate. The plates were incubated at 37◦C for 2 h to develop
orange colored formazan which was estimated at 492 nm
(Nett et al., 2011).

For visualization of biofilms, sterile glass slides were inserted
in 50 ml falcon tubes containing 25 ml of RPMI 1640 with
106 cfu ml−1 cells and different concentrations of ionic liquids.
Tubes were incubated at 37◦C, 120 RPM for 24 h. Slides were
washed with PBS to remove loosely bound cells, stained with
BacLight R© live/dead stain (Invitrogen, United States) for 15 min
and observed under inverted fluorescence microscope (Carl
Zeiss, Germany).

Eradication of Preformed Biofilms by
Ionic Liquids
For biofilm eradication experiments, 24 h old biofilms were
cultivated in RPMI 1640 as described above. After 24 h,
spent media was discarded from wells and washed with PBS
buffer to remove loosely bound C. albicans cells. Different
concentrations of ionic liquids were prepared by two-fold
dilution in PBS and 200 µl aliquots were transferred to wells. Five
wells were used for each concentration. Plates were incubated
again for 24 h at 37◦C and 120 RPM. After the challenge
period, contents in wells were discarded and washed with
PBS to remove detached or loosely bound cells. The biofilm
remained after exposure to test compounds was quantified
with CV assay. Viability and metabolic activity of cells in the
challenged biofilms was determined using BacLight R© staining
and XTT reduction, respectively. For this, working solution
of Syto 9 and propidium iodide (PI) mixture was prepared
as per manufacturer’s recommendations. Challenged biofilms
were stained with 200 µl of stain in the dark for 15 min.
Syto 9 and PI fluorescence was estimated by multimode reader
(BioTek R©, United States) using 488 nm excitation. Syto 9 and
PI signals were collected at 520 and 620 nm, respectively. The
results were represented as the ratio of Syto 9 to PI fluorescence
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(Live/Dead ratio). XTT reduction assay was performed as
mentioned previously.

Effect of Ionic Liquids on Clinical
C. albicans Isolates
Biofilm forming clinical isolates (CA i16 and CA i21) were
screened for evaluating the efficacy of fluconazole, amphotericin
B and ionic liquids. These isolates were cultured overnight in
PDB and adjusted to a cell number of 106 cfu ml−1 in RPMI
1640. Biofilm formation by CA i16 and CA i21 was determined at
different time intervals as mentioned above. Then antibiofilm and
biofilm eradication experiments were performed in the presence
of ionic liquids. Similar experimental procedures, incubation
time and estimation assays were used, as mentioned previously.

Mechanism of Action of Antifungal Ionic
Liquids
Based on MIC, MFC, antibiofilm and biofilm eradication against
C. albicans and clinical isolates, the potential ionic liquid
[C16MIM][Cl] was selected for identifying possible mode of
action. From the previously estimated MIC values, a 10-fold
MIC concentration of [C16MIM][Cl] and amphotericin B were
prepared in sterile PBS and incubated with 106 cfu ml−1 for 3 h
at 120 RPM. At the end of incubation, cells exposed to the ionic
liquid were harvested by centrifugation, washed with PBS and
used for various assays (morphological changes, cell membrane
permeabilization, leakage of intracellular material, reactive
oxygen species and mitochondrial dysfunction) described below.
For determining effect on ergosterol content, C. albicans
10231 was grown in PDB with sub-MIC concentrations of
antifungal ionic liquid.

Morphological Changes Upon Ionic
Liquid Exposure
Candida albicans cells exposed to [C16MIM][Cl] were harvested
and observed under bright field microscope. The images were
analyzed using ImageJ 1.37V software for determining the size of
cells in terms of overall length. For each treatment, a minimum of
220 cells were analyzed and average cell length was determined.

Effect on Membrane Permeabilization
Alteration in cell membrane permeability was determined by
investigating the propidium iodide (PI) uptake by C. albicans
cells. C. albicans cells exposed to ionic liquid were harvested
by centrifugation, washed with PBS and stained with 20 µM
PI (Invitrogen, United States) for 15 min. Experiment was
performed in triplicates. PBS was used as the control. Inverted
fluorescence microscope (Carl Zeiss, Germany) was used for
visualizing cells exhibiting PI fluorescence. PI uptake by the
C. albicans cells was measured quantitatively using 485 nm
excitation and 630 nm emission settings with multimode reader
(BioTek R©, United States).

Leakage of Intracellular Material
Leakage of intracellular contents was indirectly measured by the
increase in concentrations of metal cations such as potassium

and calcium and increase in 260 nm absorbance in cell free
supernatants. C. albicans cells (106 cfu ml−1) in ultra-high pure
(UHP) water was exposed to 0.1, 0.25, 0.5, 0.75, and 1 mM
of [C16MIM][Cl]. After 3 h incubation at 37◦C and 120 RPM,
cell suspensions were centrifuged to collect the supernatant.
Absorbance of the supernatant was measured at 260 nm using
UV-Visible spectrophotometer (Shimadzu). Metal cations were
measured in the supernatants by inductively coupled plasma-
atomic emission spectrometer (ICP-AES) (Horiba Jovin Yvon,
France). Appropriate controls (UHP water, UHP water with 0.1
to 1 mM [C16MIM][Cl]) were used for analyzing absorbance at
260 nm and quantifying metal cations.

Effect on Ergosterol Content
For this, C. albicans cells were cultured in 50 mL Erlenmeyer
flasks containing 20 ml PDB with sub-MIC concentrations
(MIC/2, MIC/4 and MIC/8) of [C16MIM][Cl] and fluconazole
(5 and 50 µM). Flasks were incubated for 24 h at 120 RPM and
37◦C. Then, cells were harvested, washed with PBS and used
for extracting total sterols through saponification (Arthington-
Skaggs et al., 2000). Briefly, 3 mL of 25% alcoholic KOH
solution (25 g KOH dissolved in 36 ml UHP water with a
100 mL final make up with 100% ethanol) was added to each
of the cell pellet in falcon tubes. Each of these suspensions
were mixed by vortexing for a minute and incubated for 1 h in
80◦C water bath. After incubation, tubes were cooled to room
temperature and sterols were extracted by adding a mixture of
water (1 mL) and n-hexane (3 mL). These suspensions were
vigorously mixed by vortexing for 3 min and left for phase
separation. The hexane layer containing sterols was diluted with
absolute ethanol and scanned between 200 and 300 nm using UV-
Vis spectrophotometer. Ergosterol content was determined and
normalized to wet biomass content using established formulae
(Arthington-Skaggs et al., 2000).

Effect on Intracellular Reactive Oxygen
Species (ROS)
Candida albicans cells exposed to [C16MIM][Cl] were analyzed
for intracellular ROS using 2’,7’-Dichlorodihydrofluorescein
diacetate (DCFH-DA) (Sigma-Aldrich, United States)
(Kobayashi et al., 2002). Cell number, treatment with
[C16MIM][Cl], incubation and washing procedures were
similar to that of membrane permeabilization experiment.
Cells exposed to ionic liquid were incubated with 20 µM
DCFH-DA at 37◦C under dark for 30 min. Experiment was
performed in four replicates with appropriate controls. The
cells were then observed for 2’,7’-dichlorofluorescein (DCF)
fluorescence using an inverted fluorescence microscope (Carl
Zeiss, Germany). The fluorescence of DCF was quantified
with 485 nm excitation and 538 nm emission settings using
multimode reader (BioTek R©, United States).

Effect on Mitochondrial Membrane
Potential and Mitochondrial Activity
Mitochondrial membrane potential (1ψm) in C. albicans after
exposure to [C16MIM][Cl] was measured using Rhodamine

Frontiers in Microbiology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 73035

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-00730 April 19, 2020 Time: 8:49 # 6

Reddy and Nancharaiah Antifungal Imidazolium Ionic Liquids

123 (Rh123) (Sigma, United States) as per Lopes et al.
(2013) with minor modifications. Cells were exposed to
[C16MIM][Cl] as detailed in the membrane permeabilization
experiment. Experiment was conducted in four replicates. The
cells exposed to ionic liquid were stained with 20 µM Rh123
for 30 min in the dark. After incubation, excess stain was
removed and washed with PBS. Cells were re-suspended in
PBS and observed for Rh123 fluorescence under inverted
fluorescence microscope (Carl Zeiss, Germany) through FITC
filter. Fluorescence of Rh123 was also quantified with 485 nm
excitation and 530 nm emission settings using multimode reader
(BioTek R©, United States).

MTT assay was used for determining mitochondrial activity
of C. albicans cells (Lopes et al., 2013). Cells exposed to
[C16MIM][Cl] were harvested, re-suspended in PBS containing
0.5 mg ml−1 MTT. Cells were incubated at 120 RPM and 37◦C
for 2 h. End of the incubation, cell suspensions were centrifuged
and washed with PBS. Purple formazan product developed
from the MTT reduction by mitochondrial dehydrogenases
was solubilized in 200 µL DMSO by vigorous vortexing.
Suspensions were centrifuged and supernatants were collected
for estimating formazan absorbance at 510 nm using UV-
Visible spectrophotometer (Shimadzu, Japan). Experiment was
performed in duplicates with necessary controls.

Statistical Analysis
Data was processed from replicates and presented as
mean ± standard deviation (SD). Student’s t-test was used
for determining the statistical significance. Differences between
the control and treatment samples were considered to be
significant at P-values <0.05, <0.01, and <0.001.

RESULTS

MIC and MFC of Ionic Liquids and
Antifungal Drugs
The antifungal activity of three ionic liquids and antifungal
drugs was expressed as MIC and MFC against C. albicans 10231
(Table 2). Growth of C. albicans 10231 was not inhibited in
the presence of [C4MIM][Cl] even at the highest concentration
(1000 µmol l−1) tested using initial cell densities of 103 and 106

cfu ml−1. Thus, growth of C. albicans 10231 in the presence

of [C4MIM][Cl] was similar to that of control. However, the
growth of C. albicans 10231 was severely inhibited in the
presence of imidazolium ionic liquids containing –dodecyl or –
hexadecyl alkyl groups. [C12MIM][I] completely inhibited the
growth of 103 and 106 cfu ml−1 cell densities, respectively,
at 6.25 and 25 µmol l−1. MFC values at these cell densities
was determined to be 37.5 and 75 µmol l−1, respectively.
Among the tested compounds, [C16MIM][Cl] showed maximum
potency with MIC value of 2.34 and 4.68 µmol l−1, for 103

and 106 cfu ml−1, respectively. The MFC concentrations for
[C16MIM][Cl] were determined to be 4.68 and 6.25 µmol l−1,
for 103 and 106 cfu ml−1, respectively. The MIC values for
fluconazole and amphotericin B were determined to >3265 µmol
l−1 and 1.62 µmol l−1 against 106 cfu ml−1 C. albicans
10231, respectively. The MFC values showed that [C16MIM][Cl]
was more effective in killing fungal cells than other two
ionic liquids and fluconazole. The MFC of [C16MIM][Cl] at
6.25 µmol l−1 was slightly greater as compared to 1.62 µmol l−1

for amphotericin B.

Antibiofilm Activity of Ionic Liquids
Time course assay of biofilm development by C. albicans 10231
revealed highest biofilm mass and metabolic activity at 24 h
(Supplementary Figure S2). Thus, 24 h incubation time was used
for biofilm inhibition experiments. Biofilm formed in presence
of different concentrations of imidazolium ionic liquids was
quantified by CV and XTT as shown in Figure 1. Biofilm
inhibition was not evident in the presence of [C4MIM][Cl]
(Figures 1a,d). Biofilm formation by C. albicans 10231 was
severely inhibited in the presence of imidazolium ionic liquids
containing –dodecyl and –hexadecyl groups. For example,
50 and 100% inhibition in biofilm formation was achieved,
respectively, using 4.6 and 25 µmol l−1 [C12MIM][I] (Figure 1b).
[C16MIM][Cl] was found to be more potent with no biofilm
formation beyond 4.68 µmol l−1 (Figure 1c). Biofilm formation
with adhesion step revealed complete inhibition in biofilm
formation beyond 25 and 6.25 µmol l−1 for [C12MIM][I]
and [C16MIM][Cl], respectively (Supplementary Figure S3).
Complete inhibition in biofilm formation was achieved using
1.62 µmol l−1 amphotericin B. However, biofilm formation
was not prevented even using 3265 µmol l−1 of fluconazole.
Inhibition of C. albicans 10231 biofilm formation in the presence
of imidazolium ionic liquids with –dodecyl or –hexadecyl

TABLE 2 | Antifungal activities of imidazolium ionic liquids and antifungal drugs against Candida albicans reference strain (C. albicans 10231) and clinical strains (CA
i16 and CA i21).

Strain* Compound (µmol l−1)

[C4MIM][Cl] [C12MIM][I] [C16MIM][Cl] Fluconazole Amphotericin B

MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC

C. albicans 10231 >1000 ND 25 75 4.68 6.25 >3265 ND 1.62 1.62

CA i16 >1000 ND 25 50 4.68 6.25 >3265 ND 0.34 0.68

CA i21 >1000 ND 37.5 75 9.38 12.5 >3265 ND 0.67 1.34

*Initial cell density: 106 cfu ml−1. ND, not determined.
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FIGURE 1 | Biofilm formation by C. albicans 10231 at different initial concentrations of [C4MIM][Cl] (a), [C12MIM][I] (b), and [C16MIM][Cl] (c). Biofilm quantified by CV
(light gray) and XTT (dark gray) was presented. Fluorescence microscopic images of C. albicans biofilms in presence of different concentrations of ionic liquids (d).

groups was clearly evident in the florescence microscopic
images (Figure 1d). The anion constituents (Cl− and I−) and
1-methylimidazole ring did not show any significant effect
on the growth and biofilm formation of C. albicans 10231
(Supplementary Figure S4).

Biofilm Eradication Potential of Ionic
Liquids

The biofilm eradication potential of alkylimidazolium ionic
liquids was determined in terms of killing of biofilm cells
and dislodgement of preformed biofilm. The effect of
alkylimidazolium ionic liquids on preformed C. albicans
10231 was shown in Figures 2 and Supplementary Figure S5.
[C4MIM][Cl] and [C12MIM][I] did not cause dispersal of 24 h

old C. albicans 10231 biofilms irrespective of their concentrations
(Figures 2a,b). A concentration dependent biofilm dispersal was
observed in the case of [C16MIM][Cl]. However, biofilm dispersal
required much higher concentrations than those required for
inhibiting biofilm formation. For example, removal of >90% of
biofilm was required 250 µmol l−1 [C16MIM][Cl] (Figure 2c).

Since [C4MIM][Cl] and [C12MIM][I] were not causing any
biofilm dispersal, their effect was determined in terms of viability
and metabolic activity of biofilm cells (Figure 2d). There
was no change in the Live/Dead (L/D) status or metabolic
status of C. albicans 10231 biofilms exposed to 1000 µmol
l−1 [C4MIM][Cl] for 24 h. However, the L/D status and
XTT reduction potential of C. albicans 10231 biofilms was
drastically decreased upon exposure to 25 to 2500 µmol l−1 of
[C12MIM][I].
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FIGURE 2 | Effect of imidazolium ionic liquids on preformed biofilms. C. albicans 10231 biofilms were exposed to imidazolium ionic liquids for 24 h and then residual
biofilm was quantified using CV method (a–c). Cell viability in C. albicans biofilms upon exposure to ionic liquids that did not exert biofilm dispersal (d).

FIGURE 3 | Effect of imidazolium ionic liquids on cell size during short term exposure. Bright field microscopic images of C. albicans cells in control (a), [C16MIM][Cl]
(b) and amphotericin B (c) treatments. Scale bar = 5 µm. Graph (d) represents the average length of cells in control and treatment. Cells exposed to 10× MIC
concentration for 3 h; ***P < 0.001, n = 220.

Ionic Liquids Against Fluconazole
Resistant Clinical C. albicans Strains
Clinical strains (CA i16 and CA i21) were selected based on their
copious biofilm formation potential and high resistance toward
fluconazole. CLSI has fixed MIC breakpoint of ≥64 µg ml−1 for

fluconazole resistant strains (Manoharan et al., 2017). The clinical
strains evaluated in this study were highly resistant to fluconazole
and inhibition in growth was not observed up to 1000 µg ml−1

fluconazole. MIC and MFC values for ionic liquids and antifungal
drugs against clinical C. albicans strains were presented in
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Table 2. Biofilm formation potential and metabolic activity of
both the clinical strains at different time intervals was shown in
Supplementary Figure S6. Biofilm formation pattern was found
to be very similar between the two clinical strains. Incubation
time of 24 h was considered optimum based on highest
metabolic activity. The tested imidazolium ionic liquids with –
dodecyl and –hexadecyl groups were effective in preventing
biofilm formation by both the clinical strains. However, there
was a marginal difference in the activity toward these two
different isolates. Complete inhibition in biofilm formation by
clinical isolates required 25 and 6.25 µmol l−1, respectively, for
[C12MIM][Cl] and [C16MIM][I] (Supplementary Figure S7).
Imidazolium ionic liquid with –hexadecyl group was equally
effective in dispersing preformed biofilms of clinical strains.
Removal of preformed biofilms of clinical strains was about 75
and 100% at 100 and 250 µmol l−1, respectively.

[C16MIM][Cl] Causes Shrinking of
C. albicans Cells
Initial microscopy observations revealed that potent ionic liquids
(containing -dodecyl, -hexadecyl side chain) cause changes in cell
size (data not shown). A systematic study with [C16MIM][Cl]
exposure to C. albicans 10231 cells revealed a significant decrease
in the cell size (Figure 3). In control population, the cell
length was 5.5 ± 1.1 µm. However, the cell length decreased
to 4.1 ± 0.8 µm upon exposure to [C16MIM][Cl]. In presence
of amphotericin B, the average length of cells was further
reduced to 3.4 ± 0.8 µm (Figure 3d). The results indicate that,
[C16MIM][Cl] decreased the cell volume leading to shrinkage of
C. albicans 10231 cells.

[C16MIM][Cl] Induces Membrane
Permeabilization
Impact of [C16MIM][Cl] on plasma membrane was monitored
by PI uptake. Due to high molecular weight, PI can only
enter the cells with permeabilized cell membrane. Control
cells were not stained by PI (Figure 4b). But, ionic liquid
and amphotericin B treated cells were stained by the PI
(Figure 4d,f). Quantitative fluorescence measurement revealed
significant uptake of PI by the cells exposed to [C16MIM][Cl]
than amphotericin B (Figure 4g).

[C16MIM][Cl] Causes Leakage of
Intracellular Material
[C16MIM][Cl] induced leakage of intracellular contents was
measured from the increase in 260 nm absorbance (nucleic
acids) and release of important metal cations (i.e., potassium
and calcium). A clear increase in the absorbance at 260 nm was
observed in the supernatant upon exposure of cells to potent ionic
liquid (Figure 5a). ICP-AES data showed efflux of potassium
and calcium when C. albicans 10231 cells were exposed to
[C16MIM][Cl] (Figure 5b). Increased absorbance of supernatant
and release of metal cations was a clear indication for leakage of
intracellular contents during ionic liquid treatment.

FIGURE 4 | Propidium iodide (PI) uptake by C. albicans cells exposed to
[C16MIM][Cl]. Bright field and fluorescence microscopy images of control
(a,b), ionic liquid treated (c,d) and amphotericin B treated (e,f) cells. (g) PI
fluorescence by control, ionic liquid and amphotericin B treated C. albicans
cells (cells exposed to 10× MIC concentration for 3 h; ***P < 0.001,
**P < 0.01, n = 3).

[C16MIM][Cl] Decreases Ergosterol
Content
The effect of [C16MIM][Cl] on cell membrane ergosterol content
was determined at sub MIC concentrations (MIC/2 to MIC/8).
Absorption spectra of extracted sterols were shown in Figure 6a.
A decrease in the absorbance of the sterols from 250 to
300 nm was evident when C. albicans 10231 were grown in the
presence of [C16MIM][Cl]. The total sterol content, calculated
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FIGURE 5 | Leakage of intracellular components from C. albicans cells upon exposure to [C16MIM][Cl]. (a) Absorbance of cell-free supernatant at 260 nm, (b)
concentration of potassium and calcium in cell-free supernatant.

from absorbance at 282 nm decreased in the cells cultured
in the presence of sub MIC concentrations of [C16MIM][Cl].
Normalization to cell weight after ergosterol estimation and
comparison with sterol content in control cells indicate the
negative effect of ionic liquid on ergosterol content and the effect
is concentration dependent (Figure 6b).

[C16MIM][Cl] Induces ROS Production
Candida albicans 10231 cells were exposed to [C16MIM][Cl] and
amphotericin B and stained with DCFH-DA for determining
ROS generation. ROS include superoxide anions, hydroxyl
radicals, hydrogen peroxide, and singlet oxygen, which can
oxidize DCFH-DA and generate DCF. Accumulation of DCF
inside the cells is a direct estimation for ROS generation.
Qualitative and quantitative measurement of ROS generation
in C. albicans 10231 cells was shown in Figure 7. Fluorescence
microscopic images revealed intense fluorescence from the
C. albicans 10231 cells treated with [C16MIM][Cl] (Figure 7d).
Cells treated with amphotericin B were also stained (Figure 7f),
although to a lesser extent than ionic liquid treated cells.
The fluorimetric data indicated significantly higher ROS in the
C. albicans 10231 cells exposed to ionic liquid (Figure 7g). The
ROS induced by amphotericin B were found to be significantly
lower than that of ionic liquid treatment.

[C16MIM][Cl] Decreases the
Mitochondrial Membrane Potential and
Inhibits Mitochondrial Activity
1ψm is essential for mitochondrial energy metabolism for ATP
synthesis (Zorova et al., 2018). Alterations in membrane potential
can damage mitochondrial function and could affect the cell
survival. Effect of [C16MIM][Cl] on 1ψm was investigated
by Rho123, a dye sequestered by active mitochondria.
Hyperpolarization leads to increased accumulation of Rho123.
But, depolarization results decreased accumulation of Rho123.

Intense Rho123 staining was observed in control cells indicating
the active 1ψm (Figure 8a). Ionic liquid exposed C. albicans
cells indicated faint staining with Rho123, indicating loss of
membrane polarization (Figure 8a). Quantitative measurement
of Rho123 fluorescence showed a significant decrease in
ionic liquid exposed cells over control cells (Figure 8b).
The results suggest that, ionic liquids cause loss of 1ψm in
C. albicans 10231 cells.

In addition to 1ψm, mitochondria function was also evaluated
by estimating the activity of mitochondrial dehydrogenases.
Metabolically active mitochondria can reduce colorless MTT
to purple formazan which can be solubilized and measured
calorimetrically. Failure of such reduction is an indication for
the abnormal mitochondrial activity. MTT reduction to purple
formazan was observed in control cells, indicating the normal
activity of dehydrogenases. In case of ionic liquid exposed cells,
formazan formation was severely impaired due to mitochondrial
dysfunction (Figure 8c). The formazan development in control
C. albicans 10231 cells inoculated in microtiter wells can be seen
in the inset of Figure 8c.

DISCUSSION

The major challenges in developing new antifungal drugs
or therapeutic strategies against Candida albicans are (i) its
opportunistic pathogenicity causing both superficial and systemic
fungal infections, (ii) its complex and polymorphic biofilm
structure, and (iii) emergence of resistance in C. albicans
strains against antifungal drugs like fluconazole. These challenges
warrant the development of novel antifungal agents for effective
treatment therapies. Ionic liquids have attracted attention
for medical applications because of huge structural diversity
(theoretically, 1018 compounds are possible) and tunability
of structure which enable attaining desired biological activity
and antimicrobial activities (Pendleton and Gilmore, 2015;
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FIGURE 6 | Effect of [C16MIM][Cl] on ergosterol content. (a) Absorption spectra of extracted sterols from C. albicans cells cultured in the presence of different
concentrations of [C16MIM][Cl] and fluconazole. (b) Ergosterol content in C. albicans cells grown in the presence of [C16MIM][Cl] and fluconazole (*P < 0.05,
**P < 0.01, ***P < 0.001, n = 2).

Egorova et al., 2017). Among others, imidazolium ionic liquids
are well studied for antimicrobial activities (Nancharaiah et al.,
2012) and shown to possess antifungal activity (Table 1). For
antibiofilm agents, it is desirable to have antimicrobial and
surfactant activities (Choi et al., 2011). Imidazolium ionic liquids
particularly with long-alkyl chains offer both these properties. In
this study, we have chosen imidazolium ionic liquids with three
different alkyl groups for determining (i) biofilm prevention and
biofilm eradication activities on C. albicans strains and (ii) mode
of action of promising ionic liquid on C. albicans cells. Although
antifungal and antibiofilm activities of imidazolium ionic liquids
have been studied previously (Bergamo et al., 2014, 2015; Dalla
Lana et al., 2015; Ribas et al., 2016), their effects on preformed
C. albicans biofilms and their molecular toxicity mechanisms are
largely unknown. This study provided a clear insight into the
biofilm eradication potential of alkylimidazolium ionic liquids
and mechanism of action of prospective antifungal ionic liquid.
Multi-marker approach was adopted for identifying targets and
to discern the mode of action of promising antifungal ionic liquid.

Antifungal, Antibiofilm and Biofilm
Eradication Activity of Ionic Liquids
The antifungal, antibiofilm and biofilm eradication potential of
three ionic liquids was determined in vitro against C. albicans
strains. Alkylimidazolium ionic liquid with -butyl group was
not inhibitory to C. albicans cells and considered as non-
antifungal ionic liquid. Ionic liquids with -dodecyl and
- hexadecyl groups were effective in preventing the growth
of C. albicans and two other clinical strains, hence referred
to as antifungal ionic liquids. This study re-confirmed that
the antifungal activity of alkylimidazolium ionic liquids was
dependent on the carbon chain length of alkyl group. The
MIC and MFC values of ionic liquids were dependent on
initial cell densities, that is, low concentrations were sufficient

to inhibit the growth of 103 cfu ml−1 than 106 cfu ml−1.
MIC values of potent antifungal ionic liquids were much
lower than fluconazole against C. albicans 10231. However,
the antifungal activity of two of the tested ionic liquids was
comparable or slightly higher than amphotericin B. Biofilm
formation by C. albicans 10231 and two clinical strains
was effectively and completely inhibited in the presence of
antifungal ionic liquids. The results of this study in terms of
antifungal and antibiofilm activity of alkylimidazolium ionic
liquids are in agreement with previous work on C. albicans
(Schrekker et al., 2013; Bergamo et al., 2014). But, the effect
of these antifungal ionic liquids on preformed biofilms is
largely unknown (Table 1). The effect of antifungal drugs on
adherent cells or biofilms is of clinical relevance because (i)
biofilm formation often precedes treatment and (ii) biofilms
are much more resistant to antifungals. In this context,
the biofilm eradication potential of antifungal ionic liquids
was determined for the first time in terms of viability loss
and dispersal of preformed C. albicans biofilms. Antifungal
ionic liquid with -hexadecyl group was able to effectively
disperse 24 h old C. albicans biofilm (Figure 2c). Interestingly,
antifungal ionic liquid with –dodecyl group was not effective
in dispersing the biofilm even at higher concentrations
(Figure 2b and Supplementary Figures S5C,D). But, this
antifungal ionic liquid remarkably decreased the viability
and metabolic activity of C. albicans cells in the preformed
biofilm (Figure 2d). The biofilm eradication potential results
suggest that antifungal ionic liquids are suitable for treating
C. albicans infections.

Mechanism of Action of Antifungal Ionic
Liquids
The microscopic observation revealed that the cells exposed
to [C16MIM][Cl] were smaller than the untreated control cells
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FIGURE 7 | ROS in C. albicans cells before and after exposure to
[C16MIM][Cl] and amphotericin B. Bright field and fluorescence images of
control (a,b), ionic liquid treated (c,d) and amphotericin B treated (e,f) cells.
Scale bar = 5 µm. Quantitative estimation (g) of ROS in control, ionic liquid
and amphotericin B treated cells. (Cells exposed to 10× MIC concentration
for 3 h; ***P < 0.001, n = 4).

(Figure 3). A significant reduction in cell volume was noticed in
C. albicans 10231 cells exposed to antifungal ionic liquid for few
hours. Shrinkage of C. albicans cells was observed upon exposure
to antifungal agents such as apigenin, silver nanoparticles (Li
et al., 2013; Lee et al., 2018). The cell shrinkage was often
associated with cell membrane permeabilization and leakage of
intracellular contents (Lee et al., 2018). Ionic liquid induced cell

membrane permeabilization was already reported in bacteria and
microalgae (Nancharaiah et al., 2012; Reddy et al., 2017). An
increased absorbance (at 260 nm) and metal ions (K+ and Ca2+)
in the water surrounding C. albicans 10231 during exposure to
antifungal ionic liquid suggested cell membrane permeabilization
or damage (Figure 5). Membrane permeabilization was indeed
confirmed in ionic liquid treated C. albicans 10231 cells by the
preferential uptake of PI but not by control cells (Figure 4). The
intracellular concentrations of alkali metal ions (i.e., K+, Na+) are
important for maintaining cell volume, pH and cell membrane
potential in yeasts (Arino et al., 2010). Therefore, leakage of
metal cations (K+ and Ca2+) and other intracellular material
(UV absorbing substances) are responsible for reduction in cell
volume. Ergosterol, another important constituent of fungal
membranes was quantified in C. albicans 10231 cells cultured in
the presence of [C16MIM][Cl]. Ergosterol is a major sterol in
the fungal cell membrane and adequate levels are essential for
maintaining membrane integrity and other membrane functions
(Hu et al., 2017). Hence, ergosterol and its biosynthetic pathways
are important targets in the development of antifungal agents
(Onyewu et al., 2003). A significant decrease in ergosterol content
of C. albicans 10231 cells cultured in the presence of antifungal
ionic liquid (Figure 6) suggests possible inhibition of ergosterol
biosynthesis. This was in agreement with the observations of
Schrekker et al. (2013) that imidazolium ionic liquids interfere
in the ergosterol biosynthesis and cause a reduction in its levels
in the cell membrane. It was hypothesized that imidazolium
ionic liquids interrupt conversion of lanosterol to ergosterol by
inhibiting lanosterol 14α-demethylase (Schrekker et al., 2013).
However, this is yet to be validated experimentally.

Generation and accumulation of intracellular ROS was
prominent in C. albicans 10231 cells treated with [C16MIM][Cl]
(Figure 7). In yeasts, ROS are majorly produced in the
mitochondria (Knorre et al., 2016). High ROS levels are
detrimental as they cause oxidative damage to intracellular
molecules and cell membrane lipids (Sun et al., 2017).
Interestingly, ROS production is one of the mechanisms by which
yeast cells senses mitochondrial dysfunction (Knorre et al., 2016).
The mitochondrial dysfunction in C. albicans 10231 cells was
assessed by 1ψm and dehydrogenases activity. Rho123, a cationic
and lipophilic dye used for quantifying 1ψm because this dye can
specifically stain negatively charged mitochondria (Dananjaya
et al., 2017). A significant decrease in Rho123 staining by
C. albicans 10231 upon treatment with antifungal ionic liquid
(Figure 8) indicated disruption of membrane potential. MTT
assay indicated almost complete loss of dehydrogenases activity
asserting mitochondrial dysfunction in ionic liquid treated
C. albicans 10231 cells. Cell volume reduction, intracellular ROS
production and mitochondrial dysfunction are often observed in
apoptosis (Pereira et al., 2008). Therefore, future experimental
work should investigate mode of action of antifungal ionic liquids
in this direction.

Clinical Relevance
Fungal infections alone account for approximately 11.5
million life-threatening infections and 1.6 million deaths
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FIGURE 8 | Effect of [C16MIM][Cl] on C. albicans mitochondrial membrane potential and mitochondrial activity. Cells exposed with [C16MIM][Cl] were incubated with
Rhodamine 123 (a,b) and MTT (c). Rhodamine 123 fluorescence from control and treated cells was observed under fluorescence microscope (a) and fluorescence
was also quantified in multimode reader (b). MTT reduction by control and treated cells is shown in figure (c) along with microtiter wells showing reduced MTT in
control. Cells exposed to 10× MIC concentration for 3 h; ***P < 0.001, n = 4 for Rhodamine 123 assay, n = 2 for MTT assay.

annually around the globe (Fuentefria et al., 2018; Almeida
et al., 2019). Treatment of fungal infections is a challenge
in clinical settings because of limited number of antifungal
drugs for treating invasive infections, inefficacy in preventing
infections, difficulty in administering and combination of
all these factors (Desai et al., 2014; Beardsley et al., 2018).
This is amplified by emerging antifungal resistance and
resistance conferred by fungal biofilms. Ionic liquids, unique
class of compounds, are seen as promising assets for treating
life-threatening fungal infections due to their structural
diversity and tunable physical and chemical properties
which contribute to the synthesis of a large number of
compounds (Hartmann et al., 2016). Imidazolium ionic
liquids are promising because of their strong antifungal and
biofilm inhibition activities. The other important attributes of
these compounds are (i) broad spectrum activity on bacteria
and fungi (Nancharaiah et al., 2012; Dalla Lana et al., 2015;
Bergamo et al., 2016) and (ii) multiple cellular targets for
exhibiting antifungal activity as demonstrated in this study.
Antifungal compounds with multiple pharmaceutical targets
are promising for evading resistance development, a menace
in antifungal therapy. Antifungal susceptibility testing and
other in vitro assays can screen a large number of compounds,
identify effective compounds and identify cellular targets.
Effective ionic liquids are suitable for prospective applications
in antifungal creams for topical applications, disinfection
of surgical tools and treatment of dental lines in hospital
settings. The results of in vitro assays are useful for guiding
treatment choices (Beardsley et al., 2018) and complementation

with in vivo studies is necessary for considering potential
clinical applications.

Schrekker et al. (2016) evaluated the biocompatibility of
imidazolium ionic liquids in vitro using L929 fibroblast cells
of mice. These tests revealed that cytotoxicity increases with
an increase in alkyl chain length from –butyl to –decyl and –
hexadecyl group. 1-butyl-3-methylimidazolium chloride
was fully biocompatible with no toxicity on fibroblast
cells. Whereas, 1-decyl-3-methylimidazolium chloride and
1-hexadecyl-3-methylimidazolium chloride were cytotoxic
to fibroblast cells, respectively, at 50 to 500 µg ml−1 and
10 to 500 µg ml−1. Thus, biocompatibility of –hexadecyl
containing ionic liquid was reported to be good at <10 µg
ml−1 with minimal toxicity on fibroblast cells suggesting
that low concentrations of these compounds are still safe.
Cytotoxicity data for 1-dodecyl-3-methylimidazolium iodide
is not available, although it can be predicted to possess the
toxicity between –decyl and –hexadecyl alkyl group containing
imidazolium ionic liquids. The concentrations of 1-hexaydecyl-
3-methylimidazolium chloride at 0.84 µg ml−1 and 1.69 µg ml−1

for antifungal and antibiofilm (for complete biofilm prevention)
activities, respectively, are below the reported toxicity value of
10 µg ml−1 on fibroblast cells (Schrekker et al., 2016) and seems
to be safe. Nevertheless, additional biocompatibility studies of
antifungal ionic liquids are warranted for considering these
compounds in prospective formulations. Therefore, further
research should focus on (i) efficacy, (ii) formulation and co-
administration with other compounds, and (iii) cellular toxicity
using in vivo models.
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The fungal pathogen Candida albicans forms polymorphic biofilms where hyphal
morphogenesis and metabolic adaptation are tightly coordinated by a complex
intertwined network of transcription factors. The sensing and metabolism of amino acids
play important roles during various phases of biofilm development – from adhesion
to maturation. Stp2 is a transcription factor that activates the expression of amino
acid permease genes and is required for environmental alkalinization and hyphal
growth in vitro and during macrophage phagocytosis. While it is well established that
Stp2 is activated in response to external amino acids, its role in biofilm formation
remains unknown. In addition to widely used techniques, we applied newly developed
approaches for automated image analysis to quantify Stp2-regulated filamentation and
biofilm growth. Our results show that in the stp21 deletion mutant adherence to
abiotic surfaces and initial germ tube formation were strongly impaired, but formed
mature biofilms with cell density and morphological structures comparable to the control
strains. Stp2-dependent nutrient adaptation appeared to play an important role in
biofilm development: stp21 biofilms formed under continuous nutrient flow displayed
an overall reduction in biofilm formation, whereas under steady conditions the mutant
strain formed biofilms with lower metabolic activity, resulting in increased cell survival
and biofilm longevity. A deletion of STP2 led to increased rapamycin susceptibility and
transcriptional activation of GCN4, the transcriptional regulator of the general amino
acid control pathway, demonstrating a connection of Stp2 to other nutrient-responsive
pathways. In summary, the transcription factor Stp2 is important for C. albicans biofilm
formation, where it contributes to adherence and induction of morphogenesis, and
mediates nutrient adaption and cell longevity in mature biofilms.

Keywords: Biofilms, filamentation, Candida albicans, amino acids, metabolism, Stp2, automated image analysis
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INTRODUCTION

Candida albicans is the fungal species most frequently associated
with the healthy human gastrointestinal, vaginal and skin
microbiome. Under certain circumstances, such as immune
suppression or disruptions of the associated microbiota, it can
become pathogenic and infect virtually any part of the human
body. Particularly problematic is its ability to adhere to catheters
and indwelling medical devices, such as artificial heart valves
and joint replacements, and proliferate to form biofilms (Nobile
and Johnson, 2015). These highly antibiotic-resistant, complex
cell communities can serve as a reservoir of infection, since
detached biofilm cells can disseminate to multiple body sites
(Uppuluri et al., 2018), resulting in life-threatening diseases
like sepsis. In most cases, the removal of infected biomedical
devices with auxiliary antibiotic administration remains the only
effective treatment (Cornely et al., 2012). Even so, Candida
spp. are consistently the third leading cause of device-associated
bloodstream infections with mortality rate of up to 50%
(Kojic and Darouiche, 2004).

The ability of C. albicans to undergo a morphogenetic
transition from yeast to hyphae is critical for proper biofilm
formation (Richard et al., 2005). Hyphae-associated factors,
like the Als family of adhesins promote anchoring to a
substratum, cell-cell adhesion, and are important for biofilm
establishment particularly under fluid flow and mechanical
shear force conditions (Nobile et al., 2008; Grubb et al., 2009;
Finkel et al., 2012). Further, the elongated filaments serve as
a scaffold in the mature biofilm, which is composed of a
dense network of yeasts, hyphae, and pseudohyphae embedded
into extracellular matrix. Biofilm-associated hyphal growth is
regulated by seven key transcription factors, which, together
with two regulators of glycolysis and carbon metabolism,
comprise a tightly controlled intertwined network (Bonhomme
et al., 2011; Cleary et al., 2012; Fox et al., 2015). Thus,
both filamentation and fungal metabolism play a critical role
in C. albicans biofilm formation. Indeed, increased biomass
limits the diffusion of nutrients, oxygen and water, leading
to constant metabolic adaptations. Previous reports describe
dynamic transcriptional and proteomic rearrangements in
glucose and amino acid metabolism, the tricarboxylic acid
(TCA) cycle, and the respiratory chain (García-Sánchez et al.,
2004; Lattif et al., 2008; Fox et al., 2015). High glucose levels
support biofilm development by activating the yeast-to-hypha
transition via the Ras/cAMP/PKA pathway (Sabina and Brown,
2009; Santana et al., 2013). C. albicans strains capable of
producing robust biofilms are signified by specific upregulation
of genes in different amino acid metabolic pathways, a
process coordinated by the aspartate aminotransferase Aat1
(Rajendran et al., 2016).

In C. albicans two distinct, but partially interconnected
regulatory systems control the sensing and uptake of amino
acids. Environmental oligopeptides and amino acids are sensed
via the SPS (Ssy1−Ptr3−Ssy5) signaling pathway, where the
Ssy5 endoproteinase cleaves the N-terminal cytoplasm-retaining
domain of the transcription factors Stp1 and Stp2, inducing
the expression of oligopeptide transporter and amino acid

permease-encoding genes, respectively (Martínez and Ljungdahl,
2005; Miramón and Lorenz, 2016). Sensing of intracellular amino
acids is coordinated by the TOR-pathway, and nutrient starvation
or a direct inhibition of the TOR complex by rapamycin blocks
the signaling cascade and leads to de-repression of nitrogen
catabolism (Lee et al., 2018).

The TOR pathway has broad functions in C. albicans
where it influences virulence features including flocculation,
filamentation, chlamydosporulation, and biofilm formation
(Bastidas et al., 2009; Böttcher et al., 2016; Flanagan et al., 2017).
Additional regulators also control both nitrogen metabolism and
biofilm formation. Arg81, a transcription factor required for
utilization of ornithine as a nitrogen source, is important for
adherence under flow conditions (Finkel et al., 2012), whereas
Gcn4, the key regulator of the general amino acid control
(GAAC) pathway, is required for normal biofilm growth (García-
Sánchez et al., 2004). While these reports demonstrate the
extensive role for factors responding to intracellular amino acid
levels in biofilm development, the importance of the SPS pathway
in biofilm formation remain poorly characterized.

Here, we investigated the role of Stp2, the key transcriptional
regulator of extracellular amino acid signaling and metabolism,
in biofilm development. The results indicate that Stp2 regulates
adherence and germ tube formation, which are essential for
biofilm initiation. At later time points, stp21 strains formed
robust biofilms with morphology and density comparable
to the control strains. However, Stp2-defective mature
biofilms displayed significantly reduced metabolic activity
and prolonged survival. Therefore, Stp2-mediated metabolic
adaptation supports the fundamental steps of C. albicans biofilm
development and coordinates biofilm lifespan.

RESULTS

Stp2 Is Required for Adherence to
Abiotic Surfaces
Nutrient sensing and utilization is important for C. albicans
filamentation and biofilm formation, and mature biofilms
are linked to activation of the TCA cycle and amino
acid metabolism. Since the transcription factor Stp2 controls
utilization of extracellular amino acids, we investigated its role
for biofilm establishment and maturation. Biofilms are initiated
by adherence of individual cells to solid biotic or abiotic surfaces,
so we tested the role of Stp2 in attachment to polystyrene
culture plates. Cells lacking STP2 had a significantly decreased
ability to adhere to surfaces as compared to the wild type
SC5314, stp21 + STP2 and the STP2OE strains (Figures 1A,B).
C. albicans adherence is closely coupled to germ tube formation,
and we noted that in addition to the impaired adherence
stp21 cells had defect in filamentation (Figure 1B), which
further contributed to the reduction in optical density. The
overexpression of STP2 did not promote cell adherence to the
abiotic surface beyond the wild-type level. No growth defects
were observed for the stp21 and STP2OE strains compared to
wild type and complemented strains in liquid RPMI medium
(Supplementary Figure S1).
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FIGURE 1 | C. albicans Stp2 mediates adherence to polystyrene surfaces. C. albicans strains were incubated on 24 well polystyrene plates for 90 min in RPMI and
non-adherent cells were washed off. (A) The density of the remaining cells was measured optically by OD600 nm. Statistical comparison revealed a significantly lower
cell density for the STP2 deletion strain to all the other strains (n = 3, One-way ANOVA with Tukey’s multiple comparisons test, p < 0.0001), indicating the
importance of Stp2 in the process of adherence to abiotic surfaces. (B) Imaging of adherent cells after dual staining with rhodamine and calcofluor white.
Microscopic analyses of stp21 showed a reduced cell number and shorten hyphae length. Scale bar: 50 µm.

Reduced Expression of Early Hyphae
Aassociated Genes Correlates With Stp2
Processing
To gain further insight into the effect of Stp2 on hyphal
morphogenesis, we established an automated method to quantify
yeast-to-hyphae transition in shaking culture. For this purpose,
the surface of mother yeast cells was stained with rhodamine,
followed by incubation in RPMI medium at 37◦C under
shaking conditions to induce hyphal growth. After 90 min
all cells, including budding yeasts and hyphal elements,
were counterstained with calcofluor white and visualized by
fluorescence microscopy. By automated image analysis, the
hyphal filaments were segmented and separated from their
mother yeast cells. Sample sizes of 83 to 100 elements per strain
were examined for the number of germ tubes per yeast cell and
the hyphal length.

This novel approach revealed that the stp21 mutant formed
significantly shorter filaments than the strains with a functional
Stp2, with an average hyphae length of 19.05 µm, compared to
30.27 µm in wild type cells and 29.2 µm in the heterozygous
STP2 revertant (Figure 2A). Notably, STP2 overexpression led
to a significant increase in hyphae length compared to the wild
type (32.96 µm; 8% longer). In addition, the number of hyphal
filaments per mother cell was calculated and an average stp21 cell
formed 1.12 germ tubes, resulting in a higher tendency to form
multiple filaments per yeast cell, whereas the mean number of
germ tubes was close to one for all other strains (Figure 2B).

To test if the filamentation delay can be detected on
transcriptional level, we analyzed the expression of early hyphae
associated-genes ECE1, ALS3 and HWP1 by qRT-PCR. Their
expression was significantly downregulated in the stp21 mutant
compared to the SC5314 strain (Figure 3), showing that

the altered filamentation is also reflected on gene expression
level. Importantly, similar effects were also observed when
cells were grown under strong Stp2-stimulating conditions,
since stp21 cells had reduced expression of hyphae-associated
genes (ECE1, ALS3, and HWP1) with a significant effect for
HWP1 (Supplementary Figure S2). C. albicans stp21 + STP2
cells grown in RPMI medium restored the transcript level of
early hyphal genes to an intermediate degree, and the STP2
overexpression brought gene expression to the wild type level,
except for expression of ALS3, which was significantly lower.

Genes for amino acid permeases (AAPs) are known targets
of Stp2 and their enhanced transcription suggests active Stp2
processing. As expected, the impact of this transcription factor
on AAP gene expression was apparent in casamino acid-rich
(CAA) conditions, since we noted that the stp21 cells had
significantly reduced expression of CAN2, HIP1, and most of
the GAP genes (Supplementary Figure S2). In contrast, GAP4
was upregulated suggesting that either additional transcriptional
activator regulates the expression of this gene or that Stp2 acts
as a repressor. We also tested AAPs gene expression in RPMI
medium, condition that resulted in downregulation of GAP1 and
HIP1 in cells lacking STP2 compared to the wild type (Figure 3).
However, the expression of these genes was still higher than
for the hyphae-associated genes, further suggesting regulation
by alternative or redundant transcription factors. Indeed, the
expression of GCN4, a key regulator of nitrogen starvation
responses, was enhanced in the stp21 mutant compared to the
wild type. Counter-intuitively, the basic amino acid permease
gene CAN2 was not differentially regulated, and thus its gene
expression was independent of Stp2 in the tested condition.

The activation of Stp2 is initiated by post-translational
N-terminal cleavage, and removal of the cytoplasmic retention
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FIGURE 2 | Stp2 contributes to filamentation in liquid RPMI medium. Filamentation of C. albicans strains was initiated in liquid medium for 90 min. Dual staining
facilitated the differentiation of yeast and hyphae parts of the germinating cells. (A) Hyphal length in RPMI was determined using automated object identification and
segmentation. The stp21 mutant and the STP2 overexpression strain showed significantly shorter or longer hyphae, respectively, compared to the SC5314 and the
stp21 + STP2 strains. (B) The number of hyphae per mother cell was significantly higher for the stp21 mutant compared to the wild type, complemented and
overexpression strains. P-values were obtained by pairwise Wilcoxon rank sum tests and corrected for multiple testing by the Benjamini-Hochberg procedure.

signal allows migration to the nucleus (Martínez and Ljungdahl,
2005). Since we noted Stp2-dependent expression of hyphal
and AAPs genes in RPMI medium, we questioned whether
these conditions stimulate Stp2 activation. Thus, processing
of the Stp2 protein was analyzed after incubation in RPMI
medium and compared to the conditions that stimulate Stp2
processing (CAA medium) or not (SD medium). As expected,
Western Blot analyses of Stp2 processing revealed no cleavage
of Stp2 in SD medium and nearly full processing in CAA.
Partial processing of Stp2 was observed upon growth in
RPMI medium (Figure 4). Thus, the amino acids available
in this medium are sufficient to activate Stp2, leading to
reduced expression of early hyphae-associated and AAP genes,
and contributing to the notable filamentation defect in the
stp21 mutant.

Deletion of STP2 Enhances the
Starvation-Induced Hyphal
Morphogenesis
Hyphae formation in planktonic liquid cultures and on solid
agar surfaces can differ in their manifestation, since they rely on
different genetic programs (Azadmanesh et al., 2017). Therefore,
a range of solid media and conditions were tested for hyphae
formation and radial filamentation, regardless of inner colony
wrinkling, was scored (Supplementary Figure S3). The nitrogen-
limiting SLAD agar promotes filamentation in C. albicans in
line with the starvation response. Stp2-defective strain growth
on SLAD agar formed longer filaments under all temperatures
and pH conditions tested, with a more pronounced effect at
pH 4.2 (Figure 5A).This phenotype was exclusively observed
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FIGURE 3 | STP2-defective C. albicans strain has lower relative gene expression of hyphae-associated and amino acid permeases genes in RPMI medium. Early
transcriptional response of cells grown in shaking, planktonic RPMI cultures after 60 min was analyzed using quantitative real time PCR. Two groups of genes were
analyzed: the key morphology-associated genes ECE1, ALS3, HWP1, and BCR1; and amino acid and nitrogen metabolism genes GCN4, CAN2, GAP1, and HIP1.
Depicted bars represent the relative fold expression change normalized to the housekeeping gene ACT1 and the wild type SC5314 gene expression using the
2-11CT method (Pfaffl, 2001). Shown are means and standard deviations from three biological and three technical replicates and the dashed line represents the
wild-type expression level. Statistical analyses compared each sample to the SC5314 wild type level (Multiple unpaired t-test, ***p < 0.001; **p < 0.005, and
*p < 0.01; for samples that passed the False Discovery Rate approach by the Benjamini–Hochberg procedure with 1% threshold, n = 3). The stp21 mutant strain
showed significantly reduced expression levels compared to the wild type SC5314 for all genes tested, but CAN2.

FIGURE 4 | Growth in RPMI induces partial Stp2 processing. STP2-TAP and
the parental stp21 strain were cultivated in liquid SD (4 h), CAA (4 h) or RPMI
(90 min) media and protein processing was analyzed by Western blot. As
expected, growth in the amino acid-free SD medium did not activate Stp2
processing, since only the full-length protein was detected. The amino
acid-containing media CAA and RPMI induced N-terminal cleavage, as both
the shorter and full-length Stp2 protein forms were detected. Tdh3 was used
as a loading control and the PageRulerTM protein ladder (10–180 kDa).

on SLAD agar, but not in liquid conditions (Supplementary
Figure S4). Incubation on Spider agar induced colony wrinkling
in all strains tested. However, while radial filaments were barely
seen in the wild type strain, the STP2-defective mutant formed a
prominent hyphal fringe at the edge of the colony. Interestingly,
this effect was rather mild at 37◦C, but striking at an incubation
temperature of 30◦C (Figure 5B). The incubation in liquid Spider

medium for 90 min at 37◦C revealed more robust filamentation
for the wild type compared to the stp21 mutant (Supplementary
Figure S4), pointing toward differential responses to liquid
and solid conditions. In contrast, filamentation on solid RPMI
medium was reduced in the stp21 deletion strain regardless of the
incubation temperature (Figure 5C). Growth on another typical
mammalian cell culture medium, medium M199, brought out a
similar phenotype (Supplementary Figure S3). Therefore, Stp2
controls filamentation in a nutrient-dependent manner.

Stp21 Mutant Forms Thinner Biofilms
Under Flow Conditions
Maturation from attached monolayers of germ tubes to a dense,
matrix-embedded population of cells is the third step of the
biofilm development. Thus, we evaluated the effect of Stp2
on biofilm maturation. After the initial adherence phase, the
medium was renewed and mature biofilms were allowed to form
at 37◦C with gentle shaking. Calculation of biofilm formation
after 24 h of growth revealed no significant differences for all
strains tested, showing that although the stp21 cells had defects
in the early stages of biofilm formation, they were able to reach
the density of the Stp2-containing biofilm formers (Figure 6A).

Flow conditions promote C. albicans biofilm formation due
to the increased availability of nutrients and imposed shear
stress (Mukherjee et al., 2009; Uppuluri et al., 2009). Therefore,
we applied a microfluidic technology to grow biofilms under
flow conditions. After cells were allowed to adhere to the
fluidic chamber under static conditions for 90 min the non-
adherent cells were rinsed. At this stage the morphology and
cell density the stp21 mutant strain appeared comparable
to those obtained from the static cultures, since fewer cells
attached to the surface, and those that remained showed a
reduced germ tube length (Supplementary Material M1). Next,
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FIGURE 5 | Stp2 controls filamentation on solid media depending on the available nutrient sources. 5 µl of C. albicans SC3514 or stp21 suspensions were dropped
onto different nutritional agar media and incubated for 5 days at 30 or 37◦C, respectively. The stp21 mutant formed an extended hyphal fringe on nitrogen starvation
medium (SLAD) (A) or mannitol-containing Spider agar (B). In contrast, hyphae formation was reduced on RPMI medium (C).

FIGURE 6 | Characterization the role of Stp2 in cell density and respiration of mature C. albicans biofilms. C. albicans biofilms were grown for 24 h in RPMI on
polystyrene plates, then analyzed for cell density by measuring the optical density (A) and for respiration of metabolically active cells using resazurin reduction assay
(B). stp21 biofilms were significantly less metabolically active compared to the STP2 overexpression and gene revertant strains (One-way ANOVA, p = 0.0188,
n = 3).

shear flow of RPMI medium was applied at 0.2 dyne/cm2.
Biofilm formation was recorded by imaging of the microfluidic
chambers every 20 min for 24 h (Supplementary Material M1).
The progress of biofilm formation was monitored using an
automated computational approach, which analyzed the gray-
scale values of the microscopic images (Weise et al., 2020).
Based on this, the specific rates of biofilm development were
calculated. Interestingly, biofilm maturation differed from static
experiments in that the strain lacking STP2 had an overall slower
growth rate, resulting in lower maximal biomass (Figures 7A,B).
Moreover, the growth and plateau phase were delayed, and never
reached the wild type biofilm confluency as notable differences
in biofilm density were detected (Figure 7A). However, hyphae
appeared indistinguishable between the two strains at later
stages of biofilm development. Biofilm formation by the STP2
overexpression strain was similar to the wild type under static
growth (Figure 6A), and slightly increased under shear flow
conditions and (Figure 7). Although some variance within the
technical replicates was observed (Figure 7C), the comparative
analyses of related measurements revealed a consistent pattern

of retarded growth rates for the stp21 mutant (Figure 7C). The
applied analysis not only provided high temporal and spatial
resolution of the growing flow-induced C. albicans biofilms, but
also allowed for the calculation of maximal growth rates and
investigation of experimental reproducibility.

Mature STP2-Defective Biofilms Differ in
Metabolic Activity and Longevity
Although the STP2 deficient strain was able to reach the
density of wild type mature biofilm under static conditions, its
metabolic activity was markedly reduced after 24 h of growth
(Figure 6B). This phenotype was fully restored in the revertant
and overexpression strains. Differences in the total metabolic
activity could result from variations in total biomass, energy
flux, or the number of live cells. Thus, the viability of cells
in wild type and stp21 biofilms was investigated. At early
time points (8 h), nearly all adherent germ tubes or young
biofilm cells of the wild type and stp21 mutant were alive
(Figure 8). After biofilm maturation at 24 and 30 h, the wild
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FIGURE 7 | Stp2 plays a crucial role during biofilm formation under flow conditions. Yeast cells were inoculated into a channel system of microfluidic plates and
adherence took place for 90 min in RPMI medium without any medium flow. Non-adherent cells were rinsed by a short, but impulsive flush with medium and biofilms
were allowed to form under constant slow medium flow. Biofilm architecture and biomass accumulation was monitored microscopically every 20 min over 24 h.
(A) Time series of measured and modeled cell density (expressed as mean pixel intensity) showing growth over time. (B) Time series of measured and modeled
specific growth rate representing the relative growth velocity. (C) Scatter subplot of height and time of maximal observed growth rate from independent replicates
(n = 5 for stp21 vs wild type and n = 4 for STP2OE vs wild type). The arrows link the maximal growth of STP2 deletion and overexpression strains (arrow head) to
their respective wild types (arrow tail) during one technical approach.

type biofilms had a large proportion (26 and 31%, respectively)
of dead cells (Figure 8). In stark contrast, stp21 biofilms had
enhanced longevity since only a limited number of dead cells
were detectable at the same time point. After 2 days the stp21
biofilms contained about 22% of dead cells, whereas about
the half of all wild type biofilm cells were PI-positive. This
indicates that absence of the STP2 results in a notable delay
in death of cells within a biofilm. Taken together, although
stp21 mutant formed comparable to the wild type strain static
24 h biofilms, they contained more live cells but with lower
metabolic activity.

Deletion of STP2 Increases Cellular
Sensitivity to the Tor1 Inhibitor
Rapamycin
The TOR pathway, active under high levels of intracellular
carbon and nitrogen sources, can impact filamentation and
adhesion in C. albicans (Bastidas et al., 2009). In S. cerevisiae
TOR controls components of the SPS pathway among others
(Shin et al., 2009). Therefore, we investigated whether similar
link exists in C. albicans. As expected, addition of 7.5 nM
rapamycin resulted in a flattened slope of the growth curve
in the wild type SC5314 compared to growth in pure
YPD medium (Figures 9A,B). The stp21 mutant exhibited
an increased sensitivity to rapamycin during the first 36 h
of growth, but eventually reached the cell density of the
control strains at the stationary phase. An overexpression
of STP2 increased the growth rate during the early time
points, indicating an increased rapamycin resistance. Growth
of stp21 and STP2OE strains in pure YPD medium was
comparable to the wild type and the complemented strains.

Therefore, there was a notable STP2 gene dosage effect in
sensitivity to rapamycin.

DISCUSSION

The C. albicans three component sensor SPS (Ssy1-Ptr3-
Ssy5) coordinates the proteolytic cleavage and activation
of the transcription factors Stp1 and Stp2 in response to
increased levels of exogenous oligopeptides and amino acids,
respectively (Martínez and Ljungdahl, 2005; Ljungdahl, 2009;
Tumusiime et al., 2011). The proper uptake of amino acids,
in particular, is critical for fungal pathogenicity, since the
SPS pathway is essential for damage and escape from the
macrophages, and for full virulence (Vylkova and Lorenz,
2014; Miramón and Lorenz, 2016; Silao et al., 2019). Sensing
and metabolism of certain amino acids, such as arginine,
proline and methionine, trigger morphological transition
from yeast to hyphae, a well-defined virulence factor. Biofilms
represent a microenvironment where morphogenesis and
nutrient adaptation are tightly connected. In this study,
we investigated how Stp2 drives different stages of biofilm
growth. We developed novel approaches for quantitative
image analysis and used them to obtain precise measurements
of hyphae initiation, biofilm growth rates, and density. Our
results show that at the early stage of biofilm formation the
stp21 mutant had impaired adherence to abiotic surfaces and
delayed germination, but ultimately formed mature biofilms
with density and morphology comparable to control strains.
However, STP2-deficient biofilms had significantly lower
metabolic activity, leading to increased biofilm longevity and
sustainability. Taken together, this study demonstrates that
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FIGURE 8 | Loss of STP2 enhances longevity of C. albicans biofilms. Biofilms of the stp21 mutant and wild type were grown on polymer imaging dishes in RPMI
medium for up to 48 h. To evaluate cell viability, live-dead staining (Syto9 and PI staining) was applied to single dishes at different time points. Partial cell death of the
wild type occurred already after 24 h, whereas cells of the stp21 mutant biofilm started to die with a large temporal delay at 48 h. (A) Exemplary render images of
C. albicans wild type SC5314 and stp21 biofilms in time series with live-dead staining in split Syto9 and PI channels. (B) The ratio of the red PI signal over the entire
cell population (PI + Syto9) was calculated over the z-stack and the median of biological triplicates with SD was plotted in percentage on a log10 scale. (n = 3).

C. albicans Stp2-coordinated processes are critical for biofilm
formation and longevity.

Adherence to surfaces is the initial step of biofilm formation.
In C. albicans this is mediated by GPI-modified cell wall
proteins named adhesins. The induced expression of hyphae-
associated adhesins, such as Hwp1 and Als3, during the
yeast-to-hyphae switch promotes adhesion to epithelial and
endothelia host cells and mature biofilm structure on silicone
surfaces (Zhao et al., 2004, 2006; Wächtler et al., 2011). In
this study, Stp2 regulated the adherence to abiotic surfaces,
as fewer stp21 mutant cells attached to the bottom of
the polystyrene well or the microfluidic channels. Stp2-
dependent expression of HWP1 and ALS3 was also notable

in planktonic cultures, which strengthens the link between
amino acids metabolism and adherence. In this regard, a
screening of transcription factor library for adherence in
YPD under flow condition revealed a number of adhesion-
defective mutants that are regulators of amino acid and
general nitrogen metabolism (Finkel et al., 2012). These
include controllers of branched-chain or sulfur-containing amino
acid biosynthesis genes (Leu3, Met4), utilization of ornithine
(Arg81), and putative arginine biosynthesis (Dal81) (Finkel
et al., 2012), highlighting the importance of amino acid
metabolism for adhesion.

Aside from the observed reduction in the number of adherent
cells, we noted a marked decrease in germ tube formation
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FIGURE 9 | STP2-defective mutants are unrestricted in growth but are suppressed by an antagonist of the TOR pathway. All strains (Wild type SC5314, stp21,
STP2OE and stp21 + STP2) were set to a defined OD600 nm of 0.01 in 200 µl pure and rapamycin-supplemented YPD (A, B) media. Incubation was carried out at
30◦C and increase of cell density was monitored every 30 min over 2 days (n = 3). Although no Stp2-specific effects occurred in standard YPD, the addition of
rapamycin to the medium decreased the growth rate of the STP2 deletion mutant, while increased the growth for the overexpression strain as compared to wild type
and revertant strains.

in the stp21 mutant. The recognition and uptake of certain
extracellular amino acids induces morphological changes (Lee
et al., 1975; Dabrowa et al., 1976; Kraidlova et al., 2011). For
instance, Silao et al. (2019) recently discovered that metabolism of
proline results in Ras1/cAMP/PKA-mediated hyphae formation.
Defects in filamentation were also described for mutants in
key components of the SPS pathway, which senses increase in
the extracellular level of some amino acids, but not proline.
The Ssy1 sensor is important for filamentation on solid Lee’s
plates or serum-containing medium (Brega et al., 2004), while
Stp2 is required for yeast-to-hyphae switch on ornithine agar
(Silao et al., 2019). A reduced ability of the Stp2-deficient
strain to initiate hyphal morphogenesis was also observed
here - in the context of biofilms, in liquid RPMI, and on
solid media. Interestingly, the filamentation defect in liquid
medium corresponded to the degree of Stp2 processing – stp21
fails to filament in amino-acid rich medium (Vylkova and
Lorenz, 2014), a strong Stp2-stimulating condition (Miramón
and Lorenz, 2016), whereas partial processing in RPMI only
caused a germination delay. We hypothesize that the observed
lag in hyphal growth in the latter condition is achieved by
activation of alternative pathways that react to changes in
the intracellular nutritional state, and that such compensatory
mechanisms fail in cells with gross growth defects (such as
stp21 cells in CAA). In C. albicans the former effects might
be driven by the Gcn4-controlled general amino acid control
(GAAC) or the TOR pathways, which are linked to the SPS
pathway and to each other by mutual control hubs (Garbe and
Vylkova, 2019). Indeed, we show that loss of Stp2 results in
enhanced expression of GCN4, which is regulated mostly at
the transcriptional level in C. albicans (Tournu et al., 2005),
and an increased sensitivity to the Tor1-inhibitor rapamycin,
supporting the idea of compensatory nutrient responses by these
pathways. A correlation between the Stp1/2 transcription factors
and TOR signaling was already described in S. cerevisiae, where
stp11 cells were hypersensitive to rapamycin and Stp1 protein

degradation was controlled by ScTORC1 (Shin et al., 2009).
Since the components of the TOR-complex differ fundamentally
between S. cerevisiae and C. albicans (Tatebe and Shiozaki, 2017),
the connections between TOR and members of the SPS pathway
could have been rewired.

Several studies revealed a transcriptional upregulation of
amino acid uptake and biosynthesis genes in mature biofilms. The
basic amino acid permease gene CAN2 is one of the common
core target genes of the master biofilm regulators, and shared a
transcriptional response with the hyphae-associated core target
genes ALS1, HYR1, and HWP1 (Nobile et al., 2012). Rajendran
and colleagues compared high and low C. albicans biofilm
forming isolates in the context of amino acid biosynthesis, and
showed that the aspartate aminotransferase Aat1 is a key factor
for biofilm heterogeneity (Rajendran et al., 2016). Further, the
transcription factor of sulfur amino acid biosynthesis Met4 is
required for adherence (Finkel et al., 2012), and its target genes
for methionine biosynthesis strongly upregulated in mature
biofilms (García-Sánchez et al., 2004). The role of amino acid
biosynthesis was further shown by metabolomic analysis, where
amino acids were intracellularly enriched during the whole
process of C. albicans biofilm formation (Zhu et al., 2013).
A high number of amino acid biosynthesis genes are regulated
by Gcn4, and this transcription factor is required for biofilm
formation (García-Sánchez et al., 2004). Interestingly, gcn41
mutant biofilms have the same proportion of hyphae compared
to the wild type (García-Sánchez et al., 2004), in line with our
observations of stp21 mature biofilms. Based on these reports
and data presented here, we propose that Stp2-mediated amino
acid sensing and uptake is particularly important during the early
phase of biofilm formation, whereas the GAAC activation in
the maturing biofilm leads to increased amino acid biosynthesis.
Consistent with this, constant supply of fresh nutrients under
flow, a condition that presumably does not require induction
of amino acid biosynthesis, leads to prolonged filamentation
defect in the stp21 mutant. A main question that remains to be
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answered is why C. albicans biofilm growth requires such tight
control of amino acid homeostasis.

Many longevity pathways are highly conserved in eukaryotes,
including mitochondrial function, TOR and PKA signaling,
and metabolic pathways such as NAD+ biosynthesis (Lin and
Austriaco, 2014). Although the exact mechanisms for how
these factors coordinate longevity are yet to be discovered, it
is now well established that nutritional restriction enhances
lifespan in many eukaryotes. In S. cerevisiae, for example,
the process is mediated through the Tor1-Sch9 and Ras2-
cAMP-PKA pathways (Longo, 2003; Deprez et al., 2018),
whereas in C. albicans low glucose levels were able to
extend the lifespan of goa11 mutant, which has impaired
mitochondrial function (Chen et al., 2012). Cells lacking
STP2 formed mature biofilms with reduced metabolic activity
compared to the control strains. Thus, failure to take up
amino acids likely leads to intracellular nutrient deficiency,
which could result in lowered nutrient consumption rates.
In this study, we observed a plethora of dead wild type
cells after 24 h of biofilm formation, whereas the cell death
was notable first in 30 h stp21 biofilms, indicating increased
survival rate. Although calorie reduction is often investigated
in form of glucose depletion, a role of amino acid limitation
was demonstrated in S. cerevisiae: high Gcn4 activation
was sufficient to repress protein synthesis, which further
increased yeast lifespan and longevity (Steffen et al., 2008).
Rapamycin enhanced the Gcn4-associated lifespan extension
and intracellular proline accumulation extended the replicative
lifespan, suggesting that cellular amino acid homeostasis is
critical for yeast aging (Mittal et al., 2017; Mukai et al.,
2019). Indeed, failure to properly sense and uptake extracellular
amino acids, such as in the S. cerevisiae SPS signaling
cascade deletion mutants, resulted in enhanced longevity and
replicative lifespan under both rich and calorie restricted
growth conditions (Tsang et al., 2015), a phenotype that is
similar to the longevity effect of stp21 biofilms described
here. Further studies are required to characterize the regulators
of lifespan in C. albicans and the contribution of this
process to adaption and survival in different body niches and
fungal pathogenicity.

Overall, our data describe a novel role for C. albicans
transcription factor Stp2 in adherence, germ tube initiation,
and biofilm sustainability, showing that the SPS-mediated
responses to extracellular amino acids are critical for biofilm
development. In this setting, amino acids not only represent
an important alternative nutrient source, but also coordinate
hyphal growth, fitness, and biofilm lifespan. The connection
between Stp2-regulated processes to pathways that control
intracellular nutritional homeostasis points toward a larger
regulatory network that remains to be investigated further.

MATERIALS AND METHODS

Strains and Culture Conditions
C. albicans strains were routinely passaged on YPD agar
(2% peptone, 1% yeast extract, 2% glucose, 1.5% agar) at

30◦C and stored as frozen stocks in YPD medium using
Roti R©-Store yeast cryovials (Carl Roth GmbH + Co. KG).
RPMI with stable glutamine (Merck–Biochrom) was used
as induction media for in vitro biofilm and planktonic
cultures assays. Liquid CAA medium (0.17% YNB, 0.5%
ammonium sulfate and 1% casamino acids; pH 4.5) was used
to trigger Stp2 activation, while SD medium (0.17% YNB,
0.5% ammonium sulfate and 2% glucose; pH 4.5) was used as
synthetic minimal medium that does not stimulate the SPS-
pathway. C. albicans strains used in this work are listed in
Table 1.

Growth Assays
General proliferation was evaluated via growth curve assays.
Strains were pre-cultured overnight in YPD at 30◦C and diluted
to OD600 nm of 0.01 in different growth media (YPD, YPD with
7.5 nm rapamycin, RPMI, RPMI with 0.5% ammonium sulfate).
Cultures were incubated at 30◦C in a Magellan TECAN plate
reader and OD600 nm determined prior 30 s shaking every 30 min
over 48 h. Changes in cell density (OD600 nm) were plotted in
biological triplicates against the incubation time.

Strain Construction
Plasmid Construction
For the ectopic overexpression of STP2, the previously described
pADH1-GFP (Hünniger et al., 2014) was used. STP2 was
amplified with the primer pair 5’STP2-XhoI and 3’STP2-EcoRV
and cloned via XhoI/EcoRV into the plasmid, thereby replacing
GFP. The created plasmid was named pSTP2OE_w/o_TAG.

Tagging of STP2 was done using the GatewayTM cloning
approach (Legrand et al., 2018). The STP2 gene was amplified
from genomic DNA with the primer pair STP2_Gateway_fwd
and STP2_Gateway_rev and subsequently cloned into
pDONR221TM (Thermo Fischer) via BP ClonaseTM reaction.
The resulting STP2 donor vector was added to a LR ClonaseTM

reaction with the expression vector pDEST2303 (Legrand et al.,
2018) to generate an expression plasmid carrying STP2 with
a C-terminal TAP-tag under control of the TDH3 promoter
and a SAT1 selection marker. The created plasmid was named
pDEST2303_(STP2).

C. albicans Transformation
For the integration of STP2 in the CaADH1 locus, a
transformation cassette was created via NarI/SacI-restriction

TABLE 1 | C. albicans strains in this study.

Name Genotype References

Wild type SC5314 wild type Fonzi and Irwin, 1993

stp21 stp21::FRT/stp21::FRT/stp21::FRT Vylkova and Lorenz,
2014

stp21+STP2 stp21::FRT/stp21::FRT/stp21::FRT-
STP2

Vylkova and Lorenz,
2014

STP2OE ADH1/adh1::STP2-SAT1 this study

STP2-TAP stp21::FRT/stp21::FRT/stp21::FRT
RPS1/rps1::TDH3p-STP2-TAP-
SAT1

this study
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of pSTP2OE_w/o_TAG, while pDEST2303_ (STP2) was
digested with StuI for integration in the CaRPS1 locus.
The resulting transformation cassettes were purified via gel
extraction (QIAquick Gel Extraction Kit, Qiagen) and used
for C. albicans transformation using the previously described
lithium-acetate-method (Walther and Wendland, 2003). After
the heat shock, the cells were incubated for 4 h in YPD at
37◦C prior to plating on YPD agar plates containing 200 µg/ml
nourseothricin (Werner BioAgents). Transformants were
validated via colony PCR. The validation primers are listed in
Supplementary Table S1.

Morphological and Biofilm Tests
Germ Tube Assay
For hyphae induction in liquid medium, Candida strains were
pre-cultured in liquid YPD overnight (30◦C, 180 rpm), washed
with PBS, and stained for 30 min with 1% rhodamine and 0.05%
Tween 80 in the dark. The cells were washed twice with PBS
and a final cell density of OD600 nm of 0.4 (8 × 106 cells) was
transferred into 500 µl RPMI induction medium for 90 min
cultivation at 37◦C. After germ tube induction, the cells were
counterstained with 2% calcofluor white for 5 min and the
morphology of the washed samples was analyzed microscopically
(Axiovert, Carl Zeiss, AG). The experiment was performed in
biological quadruplicates.

Filamentation Assay
Candida cells from YPD overnight cultures were washed
and 5 µl cell suspensions (OD600 nm of 0.5) were spotted
on the following agar plates (2% Kobe I agar, Carl Roth
GmbH + Co., KG): YPD; Spider (1% nutrient broth, 1%
mannitol, 0.2% K2HPO4); SLAD (synthetic low ammonium
dextrose: 0.17% YNB w/o amino acids and w/o ammonium
sulfate, 2% glucose, pH 4.2 and pH 7); M199 (without phenol
red, pH 4 and pH 7, from Sigma-Aldrich Chemie GmbH);
YNB + 2% Glucose; YNB + 2% Glucose + 10% fetal bovine
serum (ZellBio GmbH); YNB+ 2% N-acetylglucosamine (Sigma-
Aldrich Chemie GmbH) or RPMI (Merck–Biochrom, liquid
medium supplemented with water agar). Colony filamentation
was investigated after incubation at 30◦C or at 37◦C in
either atmospheric or 5% CO2-enriched air after 5 days
incubation using a binocular (Stemi 305, Carl Zeiss AG). Radial
filamentation was scored from 0 (yeast) to 4 (elongated hyphae).
Filamentation assays in liquid media were performed in Spider,
M199 (pH 4 and pH 7) and SLAD (pH 4.5 and pH 7)
media. The composition of the liquid media was equivalent to
the solid media, except the agar and the addition of 50 µM
ammonium sulfate to the SLAD media. Candida cells from
YPD overnight cultures were washed, transferred into 500 µl
induction media (OD600 nm of 0.1) and incubated for 90 min
at 37 ◦C under constant shaking (180 rpm). The morphology
was investigated microscopically scored from 0 (yeasts only) to
4 (true hyphae only).

Adherence Assay
Assays for C. albicans adherence and biofilm formation were
adapted from established protocols [summarized in Gulati et al.

(2018)]. Briefly, C. albicans cells were pre-grown in YPD
overnight and PBS washed cells were set to OD600 nm of 0.5 in
1 ml RPMI medium in 24 well plates (Costar R©, Corning R©). For
microscopic analyses, cells were set to a lower density (OD600 nm
of 0.05) and seeded in microscopy-optimized 24 well plates
(µ-Plate 24 Well Black, IBIDI). Cells were allowed to adhere for
90 min at 37 ◦C under constant shaking (100 rpm). Non-adherent
cell were washed three times with cold PBS and the density of
the remaining cells was measured by extinction at OD600 nm. Cell
morphology was assessed microscopically.

Biofilm Assay
The first steps of biofilm assay are identical to the adherence
protocol starting with OD600 nm of 0.5 cultures, with the
cell staining steps omitted. Following cell adherence, 1 ml
of pre-warmed RPMI medium (or the indicated medium)
was added and biofilms were formed for 24 h at 37◦C and
100 rpm. Next, supernatants were discarded, and biofilms
were washed once with PBS. Biofilms were quantified
for cell density (OD600 nm) and metabolic activity with
the help of resazurin reduction assays. For this, biofilms
were resuspended in 500 µl PBS plus 50 µl of resazurin
(0.15 mg/mL) and incubated at 37◦C for 1hr in the dark.
Fluorescent intensity (excitation 530 nm and emission
590 nm) of the reduced product resorufin was measured in
a TECAN plate reader.

Biofilm Assay Under Flow Condition
Biofilm formation under shear flow conditions was monitored
using the Bioflux1000 device (Fluxion Biosciences, Inc.)
following established protocols (Gulati et al., 2017). In short,
C. albicans overnight cultures were washed and set to OD600 nm
of 0.5 in pre-warmed RPMI medium. Cells were seeded with
2 dyne/cm2 (0.2 Pa) for 2–5 s from the outlet well into the
channels of Bioflux1000 48 well plates, which were primed before
with warm medium. The cells were allowed to adhere to the
channels for 90 min without any flow (0 dyne/cm2), followed
by removal of non-adherent cells by flowing fresh, pre-warmed
RPMI medium with 2 dyne/cm2 for 5 s. Shear flow was set
to 0.2 dyne/cm2 for time series experiments over 24 h biofilm
formation and images were captured every 20 min. Two channels
were investigated in parallel having a 10 × magnification to
allow a direct comparison between a mutant and a reference
strain. Image capturing and stacks to movies was performed
using the MetaMorph R© software (Molecular Devices).

Three-Dimensional Analysis of the Biofilm
Morphology and Vitality
The general biofilm protocol was adapted for high resolution
imaging as follows: cells were seeded with OD600 nm of 0.5
in 2 ml colorless RPMI in imaging dishes (µ-Dish 35 mm,
high and uncoated, IBIDI) and adherent cells and maturing
biofilms were stained for alive and dead cells using the
Filmtracer kit (FilmtracerTM LIVE/DEADTM Biofilm Viability
Kit, InvitrogenTM). Syto9 and propidium iodide were applied
at a 1:2000 dilution. Z-stack were collected with confocal laser
scanning microscopy (CLSM, LSM 780, Carl Zeiss AG) at
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1.0 µm intervals and the images were compiled to generate
three-dimensional renderings. All confocal parameters were
used as standard settings for comparison to the wild type and
mutant biofilms produced at different time points. CLSM z-stack
processing was performed using the ZEISS ZEN black edition.

Gene Expression Analyses
Candida overnight cultures were set to OD600 nm of 0.3 in
10 ml fresh YPD and were incubated at 37◦C, 180 rpm
until they reached OD600 nm of 1. Logarithmic cultures were
harvested and washed in RPMI prior to the transfer in
50 ml RPMI (OD600 nm of 0.3) and incubation for 60 min
(37◦C, 180 rpm). Sampling from CAA medium was done
similarly except the differences in culture volumes (50 ml
YPD medium for logarithmic cultures and 30 ml of a
CAA culture). Shock frozen cell pellets were used for RNA
isolation by a phenol-chloroform method previously described
by Martin et al. (2011). A BioAnalyzer instrument (Agilent)
was used to measure RNA quality and RNA concentration was
determined via NanoDrop (Thermo Fisher Scientific). Finally,
a total amount of 100 ng RNA was used for each qRT-
PCR reaction that included SYBRGreen R© as fluorescent dye
(Brilliant II SYBR Green qPCR Master Mix, Agilent). The
experiments were performed in a thermal cycler (Stratagene
MxPro-mx3005P, Agilent) and run in biological and technical
triplicates. The indicated expression rates are relative to the
expression values of the housekeeping gene ACT1 following the
mathematical model from Pfaffl (2001). All primers are listed in
Supplementary Table S1.

Protein Extraction and Western Blot
Analysis
To visualize STP2 processing, stp21 and STP2-TAP were
incubated overnight in YPD at 37◦C, washed twice with
sterile H2O, and then set to OD600 nm of 0.3 in 10 ml
of SD, CAA or RPMI medium. The samples for RPMI
were collected after 90 min, and for SD and CAA after
240 min. The cell pellets were immediately frozen in liquid
nitrogen. For extraction of total protein the cell pellets were
dissolved in 500 µl of protein extraction buffer (50 mM
Tris-HCl, 150 mM NaCl, 0.1% Triton X-100, 1mM DTT,
10% Glycerol) with proteinase inhibitor (Halt Proteinase
Inhibitor, 100 µl per 10 ml buffer, Life Technologies) and
an equivalent amount of ice-cold glass beads. The cells
were then disrupted via vortexing for 10 × 1 min with
1 min recovery breaks on ice in between. Subsequently, the
supernatant was transferred into a fresh tube after 10 min
centrifugation and the protein concentration measured via
BCA assay (Thermo Fischer). A total amount of 7 mg
protein was then loaded onto a SDS-gel (NovexTM 10%
Tris-Glycine Mini Gels, Thermo Fischer) and run for 1 h
with 100 V. The proteins were then transferred onto a
PVDF membrane via western blot for 1 h with 100 V, the
membrane blocked in 5% milk and cut. Tdh3 was detected
as a loading control using the Tdh3-antibody GT239 (also
Anti-GAPDH, GeneTex) with Donkey Anti-Mouse DyLight549

(Jackson Immuno Research) as the secondary antibody. STP2-
TAP was detected with the TAP tag polyclonal Antibody
CAB1001 (Invitrogen) and Goat Anti-Rabbit HRP (Invitrogen)
as the secondary antibody.

Automated Image Analyses
Automated Determination of Hyphal Length in RPMI
Medium
Multichannel z-stacks of differentially stained Candida cells were
first pre-processed with the software Fiji v1.51n (Schindelin
et al., 2012). For both channels, stained either with rhodamine
(cell bodies) or calcofluor white (cell bodies and hyphae),
edge detection was applied and the variance of pixel intensity
values of each slice in the z-stack was measured to find
the slice with best focus, which is expected to have the
highest variance. The rhodamine channel was shifted in
x-direction by 1 pixel and in y-direction by two pixels
to compensate for an offset between the two channels
and resulting black image borders were removed by image
cropping. The Despeckle function was applied to reduce noise
and background subtraction with a rolling ball radius of
250 pixels was performed to homogenize illumination. The
rhodamine channel was then exported for segmentation of
yeast cell bodies.

Yeast cell detection and splitting of cell clumps was
implemented in Python v3.7 using the computer vision library
OpenCV (Bradski and Kaehler, 2000). Pixel values of pre-
processed rhodamine images were first scaled to a range from
0 to 255. Adaptive thresholding with a Gaussian window and
block size of 21 pixels was performed to binarize images.
Foreground objects with an area less than 30 pixels were
removed to omit small objects that are not expected to be yeast
cells. Cell regions missed by adaptive thresholding were filled
by applying a global threshold set at 1.3 times the threshold
value obtained by Otsu’s method and adding the result to the
previous segmentation result. Objects with solidity less than
0.6 were removed and holes of remaining objects were filled.
Hyphal structures were then removed by morphological opening
with a circle of 7 pixels diameter. Splitting of cell clumps was
performed as described by Brandes et al. (2017) with parameters
set to n = 5, m = 3, mindst = 3, minarea = 60, lmin = n,
wmin = m, lmax = 5n, wmax = 5n, and shift = 3. In brief, contours
of foreground objects containing at least minarea pixels were
scanned in intervals of shift pixels for concavity points using
chords of length n. Only concavities with a depth of at least
mindst pixels were taken into account. A dynamic window with
minimum length lmin and width wmin and maximum length
lmax and width wmax was used to find split lines between
identified concavity points. Resulting split lines were then refined
in a post-processing step and small objects with an area less
than 5 pixels, created during cell clump splitting, as well as
objects larger than 2000 pixels were removed. Additionally, only
objects with a mean intensity value of at least 20 were kept
to remove remaining artifacts with intensities lower than yeast
cells. The final binary objects were used as a mask for hyphal
length quantification.
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Hyphal lengths were measured in Fiji. First, the calcofluor
white channel was smoothed by convolution with the edge-
preserving Kuwahara filter with a sampling window width of
3 pixels. A global threshold value was obtained by multiplying
the value of Li’s autothreshold with factor 1.5 and used to
binarize the image. Small artifacts were removed by applying the
Remove Outliers function with radius = 2 and threshold = 50. All
remaining foreground objects were detected using the Analyze
Particles function excluding objects that touch the image border
and images with more than 500 objects were skipped to
avoid length measurement inaccuracies due to crossing hyphae.
For the remaining images, the number of yeast cells present
in each foreground object was counted based on the yeast
cell mask image and only objects containing one cell were
taken into account to avoid crossing hyphae in cell clumps.
The mask image was dilated two times and subtracted from
the skeletonized objects image to obtain an image containing
only hyphae with one pixel thickness. The function Analyze
Skeleton (2D/3D) was then used to find the largest branch
for each skeleton, omitting smaller artifacts that are unwanted
concomitants of object skeletonization. All remaining skeletons
with a length smaller than 2 µm were removed to exclude
remaining artifacts that are probably no hyphae. The average
hyphal length and distribution of hyphae per cell were exported
for each image stack.

Images Analyses to Determine Biofilm Growth Under
Flow Condition
Computations regarding image pre-processing, image analysis
and modeling were performed using the programming language
python Python v3.6.9. Source material provided as AVI files
was converted into single TIFF images as well as data frames
containing meta data annotations. The individual image contains
two growth chambers (wild type and mutant) separated by
four edge lines. Images were rotated automatically to vertical
alignment in order to carry out an automated chamber detection
and analysis. The mean pixel intensity (i.e., gray scale value;
reflecting cell density) of the individual chamber was calculated
and added into the respective data frame. An ODE model
reflecting logistic growth as well as a lag phase was fitted to the
individual experiments. Fitting was carried out by minimizing a
cost function (unweighted least-squares-based) using the Nelder-
Mead-algorithm (Nelder and Mead, 1965). Growth rate time
series generated from the fitted model were used to compare wild
type and mutant regarding the maximum observed growth rates
as at their respective time points.

Detailed protocols regarding the above analyses can be found
under: (Weise et al., 2020)

Quantification of Proportion of Dead Cells of
Filmtracer-Stained Biofilms
The original 4D (X,Y,Z, color) confocal images were saved and
provided for analysis in the native CZI (Carl Zeiss Image) format.
The LIVE/DEAD staining technique provided two color channels
for each z-stack: one for red (PI staining of dead cells) and one
for green (Syto9 staining of live cells) labeling. The death ratio
analysis was carried out on by a custom-written Fiji macro, using

ImageJ version 1.52 s (Schindelin et al., 2012; Rueden et al., 2017).
The preprocessing and analysis parameters were adjustable via an
easy-to-use graphical user interface (GUI), also written in the Fiji
macro language. The workflow of the death ratio calculation was
as follows:

(i) Each channel was assigned its color (red or green) via the
GUI;

(ii) Optionally the top and bottom of the z-stack was trimmed
to avoid having very low signal to noise ratio (SNR) images
to interfere with the reliability of the results. The number
of Z layers to be cut off from the top or the bottom was
controlled via the GUI;

(iii) The channels were lightly smoothed by a Gaussian filter,
using a 2-pixel wide window;

(iv) Outliers were removed from the smoothed images on a per-
channel basis, the size limit was adjusted via the GUI. This
step served the purpose of removing salt-and-pepper type
noise from the images, to further increase SNR. The size
limit was adjustable for each channel independently, but
in practice the same values (two pixels) were used in the
entire analysis.

(v) The red and green channels were thresholded using the
Otsu algorithm (Otsu, 1979) as provided by Fiji.

(vi) The foreground pixels were counted for both the red and
green channels and the ratio of red/(red + green) was
calculated to characterize the share of dead cells in the
entire cell population.

All calculations in steps (i) to (vi) were carried out on a
per-layer basis in the z-stacks for both channels. The results
of the ratio calculations were saved in text files using the CSV
format and provided for further analysis. Images from biological
triplicates were analyzed and the median values were used to
calculate the ratio of dead cell over a z-stack.
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Biofilm is the fortitude of Candida species infections which eventually causes candidiasis
in human. C. tropicalis is one of the predominant Candida species commonly found in
systemic infections, next to C. albicans. In Candida species, biofilm maturity initiates
irreversible surface attachment of cells and barricades the penetration of conventional
antifungals. Hence, the current study investigated the antifungal and antivirulence
potency of palmitic acid (PA) against C. tropicalis mature biofilm and its associated
virulence factors. In vitro results revealed an effective inhibition of biofilm in PA-treated
C. tropicalis, compared to C. albicans and C. glabrata. Also, PA reduced C. tropicalis
mature biofilm at various time points. Further, PA treatment triggered apoptosis in
C. tropicalis through ROS mediated mitochondrial dysfunction as demonstrated by
confocal microscopic observation of PI, DAPI and DCFDA staining. PA regulated other
virulence factors such as cell surface hydrophobicity, ergosterol biosynthesis, protease
and lipase after 48 h of treatment. Downregulation of ERG11 (Lanosterol 14-alpha
demethylase) was contributed to the reduction of ergosterol in PA-treated C. tropicalis.
However, enhanced hyphal growth was observed in PA-treated C. tropicalis through
upregulation HWP1 (Hyphal wall protein) and EFG1 (Enhanced filamentous growth). This
study highlighted the antibiofilm and antivirulence potency of PA against C. tropicalis.
Hence, PA could be applied synergistically with other antifungal agents to increase the
efficacy for regulating NCAC infections.

Keywords: Candida tropicalis, mature biofilm, palmitic acid, ROS, virulence factors

INTRODUCTION

Clinically, non-C. albicans Candida (NCAC) species are increasingly reported as both colonizers
and pathogenic in bloodstream infections. A multicenter study on candidemia epidemiology
reported that the prevalence of C. albicans infection is higher in European nations (Poikonen et al.,
2010; Asmundsdottir et al., 2012; Hesstvedt et al., 2015) but in case of United States (Cleveland
et al., 2012), countries in Latin America (Nucci et al., 2013) and India (Chakrabarti et al., 2015), the
occurrence of NCAC infections are higher than C. albicans infections. Among NCACs, C. tropicalis
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is the most commonly distributed compared to other species
such as C. glabrata, C. parapsilosis, C. krusei, and C. kefyr
(Kumari et al., 2014; Pahwa et al., 2014). A study at Indian rural
tertiary hospital reported that the occurrence of C. tropicalis is
phenomenal in urine, blood and oral scrapings from candidemia
patients compared to C. albicans (Kaur et al., 2016). Also,
C. tropicalis infection is found in surgical related infection such
as osteomyelitis (Miller and Mejicano, 2001).

In our previous study, myristic acid from Nutmeg extract was
shown to inhibit biofilm and hyphal formation by C. albicans
by regulating proteins involved in sterol, sphingolipid and
Multi-drug resistance pathways (Prasath et al., 2019). In
addition, hexadecanoic acid was identified as a second major
component through GC-MS analysis of nutmeg extract (Prasath
et al., 2019). Hexadecanoic acid or Palmitic acid (PA), a
saturated fatty acid is richly abundant in oil palms, meat, dairy
products and many plants. PA possesses antimicrobial activity
against numerous pathogens such as Streptococcus mutants,
Streptococcus gordonii, Streptococcus sanguis, C. albicans,
Aggregatibacter actinomycetemcomitans (Huang et al., 2011) but
fails in Propionibacterium acnes (Yang et al., 2009).

Palmitic acid is one of the major components in cellular fatty
acids of Candida species such as C. parapsilosis, C. albicans,
C. tropicalis, and C. famata (Missoni et al., 2005). Also, PA
is a product of Fatty acid Synthase (FAS) complex and is
crucial for subsequent desaturation of fatty acid in C. albicans
(Nguyen et al., 2009). PA at 2.5 mg mL−1 increases the cellular
toxicity in C. parapsilosis and the rate of cell death is even
higher in ole1 (gene responsible for fatty acid desaturation)
mutants by inducing Reactive oxygen species (ROS) (Nguyen
and Nosanchuk, 2011). ROS are the aerobic by-product in
both prokaryotes and eukaryotes during mitochondrial electron
transport and metal catalyzed oxidation. The building up of
ROS causes severe damage in cellular DNA, RNA and protein
levels (Ray et al., 2012). Also, generation of ROS plays a vital
role in altering virulence processes of the cell and most of the
antifungal drugs induce ROS in both planktonic and biofilm cells
(Delattin et al., 2014).

Similar to C. albicans, C. tropicalis is a dimorphic pathogen
expressing a wide range of virulence factors such as biofilm,
yeast-hyphal transition, hydrolytic enzymes and sterol synthesis.
The expression level of these virulence factors are predominant
during log growth phase. Also, the log-phase yeast cell
resists external toxicity such as glucotoxicity by lipid storage
mechanisms (Nguyen and Nosanchuk, 2011). The biofilm
strengthens on excessive production of extracellular polymeric
substance during late- log phase and forms mature biofilm
(Montanaro et al., 2011). In Candida spp., the mature biofilm
forms a complex structure and releases more daughter cells that
disseminates to different niches to develop into new biofilms
(Cavalheiro and Teixeira, 2018). During dual-biofilm formation,
C. albicans suppresses the filamentation of C. tropicalis but the
latter overpowers in biofilm formation during its association
with C. albicans (Pathirana et al., 2019). Some conventional
antibiotics holds potent antibiofilm activity on early-biofilm
formation but fails to inhibit mature biofilm (Reiter et al., 2012).
The antibiofilm activity of triazole drugs are not consistent and

especially, fluconazole does not influence on the thickness of
C. albicans biofilm (Chandra and Ghannoum, 2018). In this
backdrop, the present study unveils the anti-infective potential
of PA on mature biofilm and its associated virulence factors of
C. tropicalis at different concentrations and time points.

MATERIALS AND METHODS

Candida spp. Culture Conditions and
Compound Concentration in This Study
1.2 × 105 CFU mL−1 of C. tropicalis (MTCC 186), C. albicans
(ATCC 90028), and C. glabrata (MTCC 3019) were cultured
in YEPD medium (1% yeast extract, 2% peptone, 2% dextrose,
Himedia Laboratories, Mumbai, India) by incubating at 37◦C
for 12 h at 160 rpm. Biofilm and dimorphism were analyzed by
culturing 1.5 × 107 CFU mL−1 of Candida spp. yeast cells in
spider medium (1% mannitol, 0.25% K2HPO4, and 1% nutrient
broth, Himedia Laboratories, Mumbai, India) and incubated
for 48 h at 37◦C. Palmitic acid (TCI chemicals, Japan) was
dissolved in methanol as vehicle control with stock concentration
of 10 mg mL−1.

Determination of MIC of Palmitic Acid
The MIC of PA against C. tropicalis was determined using
a macro broth dilution assay as per CLSI guidelines. Briefly,
3.2 × 107 cells of C. tropicalis were allowed to grow in YEPD
medium containing PA in a range of concentrations such as 2, 1,
0.5, 0.25, 0.125, 0.0625, 0.03125, and 0 mg mL−1 with 10 µg mL−1

of amphotericin B as positive control. The cells were incubated at
37◦C for 10 h with agitation of 160 rpm. After incubation, cells
were centrifuged and washed thrice with 1× PBS. The antifungal
activity of PA was evaluated by measuring the absorbance of the
cells at 600 nm (CLSI, 2017). In addition, the overnight grown
C. tropicalis cells in the absence and presence of PA were serially
diluted in PBS. Then, 3.1 × 105 CFU mL−1 cells were spotted
on YEPD agar medium followed by incubation at 37◦C for 10 h.
After incubation, the plates were documented in XR+ Bio-Rad
gel doc system, United States.

Effect of PA on C. tropicalis Biofilm
Formation
The antibiofilm activity of PA was examined against the
C. tropicalis at different concentrations such as 100, 200, 300, 400,
500, and 600 µg mL−1 in 24 well MTP. Briefly, 3.2 × 107 cells
were allowed to form biofilm in 24 well MTP in spider medium
without and with PA and the plate was incubated at 37◦C for
48 h. The biofilm cells were stained by 0.1% crystal violet (Sigma
Aldrich, United States) followed by destaining with 10% glacial
acetic acid. The absorbance of the solution was measured at
570 nm using Spectra Max 3 (Molecular Devices, United States).
The percentage of biofilm inhibition was calculated using
the formula,% Biofilm Inhibition = [(Absorbance of Control-
Absorbance of Treated)/(Absorbance of Control)] × 100. In
addition, antibiofilm activity of PA was also evaluated on
C. albicans and C. glabrata biofilm formation.
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Determination of Biofilm Inhibitory
Concentration of PA
In this experiment, PA at different concentrations (0, 25, 50, 75,
100, 125, 150, 175, 200, 225, and 250 µg mL−1) were added in
spider medium in 24 well MTP. To that, 3.2× 107 CFU mL−1 of
C. tropicalis cells were inoculated and incubated at 37◦C for 48 h.
After incubation, the plate was stained with 0.1% crystal violet
followed by destaining the plate with 10% glacial acetic acid. The
absorbance of the destained solution was measured at 570 nm.
The percentage of biofilm inhibition was calculated using the
formula as mentioned above. The concentration of PA at which
maximum percentage inhibition of C. tropicalis biofilm occurs,
would be the BIC of PA. For growth assessment, the cells were
harvested by centrifugation followed by washing twice with 1×
PBS. The effect of PA on the growth of C. tropicalis was examined
by spectrometric measurement of cell growth at 600 nm.

Alamar Blue Assay
The effect of PA on the metabolism of C. tropicalis was
determined by Resazurin, an oxidation-reduction indicator of
cell viability. Briefly, Cells were allowed to grow in YEPD
medium in the absence and presence of the PA at various
concentrations as mentioned above in 96 well MTP for 12 h
at 37◦C. After incubation, 10 µg mL−1 of resazurin (Sigma
Aldrich, United States) was added and incubated at 37◦C for
4 h. The reduction of dye to pink color indicated the viability
of cells and the reduction was measured in an excitation
and emission wavelength of 560 nm and 590 nm, respectively
(Selvaraj et al., 2019).

Growth Kinetics of C. tropicalis
The effect of PA on C. tropicalis growth was analyzed by growth
kinetics at different time points. Briefly, 3.2 × 107 CFU mL−1

cells were used to inoculate in the presence and absence of PA at
different concentrations such as 100, 200, 400, and 800 µg mL−1

at 37◦C for 20 h. Also, 10 µg mL−1 of amphotericin B was used as
a positive control. The absorbance of C. tropicalis in the absence
and presence of PA was measured at 600 nm for every 2 h.

Efficacy of the Compound on
C. tropicalis Mature Biofilm
For mature biofilm study, 1.8 × 105 CFU mL−1 C. tropicalis
was used to inoculate in spider medium in 24 well MTP and
incubated at various time points such as 1, 2, 4 and 7 days at
37◦C. After the growth of C. tropicalis at the prescribed time
points, the medium were removed and fresh spider medium
along with PA (0, 100, 200, and 400 µg mL−1) were added. The
plates were incubated on different time points such as 12, 24,
and 48 h. After incubation, the planktonic cells were removed
and the plates were stained with 0.1% crystal violet stain. Then,
the stain was removed and washed with d.H2O. The plates were
destained with 10% glacial acetic acid and the solution was
quantified spectrophotometrically at 570 nm. The percentage
biofilm inhibition of PA-treated cells was calculated by a formula
as mentioned above.

Light Microscopic Analysis of
C. tropicalis Mature Biofilm
The effect of the compound on biofilm and hyphae formed
by C. tropicalis was also observed using light microscopic
analysis. Briefly, C. tropicalis was allowed to form biofilm in
1 × 1 cm sterile glass slides in spider medium in 24-well
MTP and incubated at 37◦C for 7 days. After incubation, PA
at different concentrations such as 0, 100, 200, and 400 µg
mL−1 were added and incubated at 37◦C for 24 and 48 h.
After incubation, the slides were washed with d.H2O to remove
unbound cells and stained with crystal violet. C. tropicalis
dimorphism and biofilm were visualized at 400× magnification
by using binocular optical microscope and documented by Nikon
Eclipse, Ti 100 digital camera.

Evaluation of 3-D Biofilm Architecture by
Confocal Microscopic Analysis
The inoculation of C. tropicalis and the treatment of PA were
followed as stated above in 1 × 1 cm sterile glass slides in
spider medium in 24 well MTP. Then, the slides were washed
and stained with 0.1% of acridine orange (Sigma Aldrich,
United States). After that, the biofilm construction was visualized
using confocal laser scanning microscopy (CLSM) (Zeiss LSM
710, Carl Zeiss, Gottingen, Germany) by using argon laser with
an excitation and emission filter of 488 nm and 500–640 nm,
respectively (Gowrishankar et al., 2016). The thickness and 3-
dimension visualization of biofilm construction were observed by
image acquisition software (Zen 2009, Carl Zeiss).

Colony Forming Unit Assay for Growth
The fungicidal effect of PA at different concentrations such as
0, 100, 200, and 400 µg mL−1 on C. tropicalis was examined in
YEPD medium at 37◦C for 24 and 48 h. After incubation, cells
were washed thrice with 1× PBS. Then, the cells were subjected
to serial dilutions followed by spreading on Sabouraud Dextrose
Agar (SDA) and incubated at 37◦C for 16 h. The colonies were
counted in logarithmic scale and the plates were documented in
Bio-Rad Gel Doc XR + System (United States).

Scanning Electron Microscopy Analysis
of Colony Morphology
The impact of PA on morphology of C. tropicalis was visualized
in scanning electron microscope (SEM). C. tropicalis was allowed
to grow in 1 × 1 cm glass slides in the absence and presence of
PA for 48 h as mentioned above. The slides were washed and
fixed with 2.5% glutaraldehyde for 2 h. Then, the slides were
dehydrated with increasing concentration gradient of absolute
ethanol from 50 to 100%. The dehydrated slides were visualized
in SEM (Quanta FEG 250, United States) with the magnification
of 2500×, 5000×, and 10000× (Prasath et al., 2019).

Live and Dead Cell Analysis
The viability of C. tropicalis was also counter checked by live-
dead cell analysis by using acridine orange (AO) and ethidium
bromide (EtBr) stains. After treatment with PA at different
concentrations (0, 100, 200, and 400 µg mL−1) for 24 and 48 h,
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the cells were stained with 1 mg mL−1 of AO and EtBr. The live
and dead cells were visualized using CLSM with excitation and
emission wavelength of 502 and 528 nm, respectively for AO and
470 and 600 nm for EtBr (Liu et al., 2015).

Quantification of Apoptosis
The programmed cell death was quantified by Propidium Iodide
(PI- Sigma Aldrich, United States) staining solution which
is permeable only in the dead cells. Briefly, the treated and
untreated cells were collected at different time points such as 4 h,
8 h, 12 h, 24 h and 48 h. Then, the cells were washed with 1×
PBS, stained with 50 µg mL−1 of PI solution and incubated in
dark for 15 min. The apoptosis in untreated and treated cells
was quantified by measuring the fluorescence intensity of PI
with the excitation and emission wavelength of 535 and 617 nm,
respectively (Crowley et al., 2016).

Evaluation of DNA Damage
The DNA damage in C. tropicalis upon PA treatment was
evaluated by 4’, 6-diamidino-2-phenylindole (DAPI - Sigma
Aldrich, United States) staining. Briefly, C. tropicalis was treated
in the absence and presence of PA at two different time points
(24 and 48 h). After incubation, cells were harvested, stained
with 2 µg mL−1 of DAPI and incubated in dark for 10 min.
After the incubation, cells were washed with ice-cold PBS
and the fluorescence intensity was visualized using CLSM with
the excitation and emission wavelength of 358 and 461 nm,
respectively (Rajavel et al., 2018).

Detection of Reactive Oxygen Species
The apoptosis mediated by cellular reactive oxygen species (ROS)
was studied using 2’,7’-dichlorodihydrofluorescein diacetate
(DCFDA-Sigma Aldrich, United States) stain. ROS oxidize
DCFDA to a fluorescence emitting DCF and the extent of
fluorescence generated is directly proportional to the rate of
ROS generated inside the cells. Briefly, untreated and PA-treated
C. tropicalis cells at 24 and 48 h were stained with 15 µM
DCFDA and incubated in dark for 1 h. After incubation, the
cell suspension was centrifuged and excess staining solution was
aspirated. Then, 500 µL of 1× PBS was added and the cell
pellet was dispersed well in the solution. The difference in level
ROS produced by untreated and treated cells at different time
points were visualized in CLSM and quantified by florescence
spectrophotometer with the excitation and emission wavelength
of 488 and 530 nm, respectively (Shanmuganathan et al., 2019).

Assessment of Mitochondrial Damage
The ROS mediated mitochondrial damage was assessed by
measuring mitochondrial membrane potential (19 m) using
Rhodamine 123 (Sigma Aldrich, United States) stain. Briefly,
C. tropicalis cells were treated with PA at different concentrations
(0, 100, 200, and 400 µg mL−1) and time points (24
and 48 h). After the incubation time, cells were fixed in
4% paraformaldehyde and stained with 10 µg mL−1 of
Rhodamine 123. After incubation, fluorescence intensity was
observed using CLSM and the images were documented
(Wang and Youle, 2009).

H2O2 Sensitivity Assay
Candida tropicalis cells grown for 24 and 48 h in the absence
and presence of PA were adjusted to 0.3 of absorbance at
600 nm. Then, the cells were swabbed in YEPD agar plates and
10 mm filter paper discs (Himedia Laboratories, Mumbai, India)
was mounted. Then the discs were loaded with 50 mM H2O2
and incubated at 37◦C for 16 h. After incubation, the zone of
clearance around the disc was measured and the plates were
documented in Gel-doc system (Hassett et al., 1998).

Evaluation of Superoxide Dismutase and
Catalase by Native PAGE
The intracellular proteins of untreated and PA-treated
C. tropicalis for 24 and 48 h were extracted by sonication.
The extracted crude protein was separated in 8 and 10% native
PAGE for catalase and SOD analysis, respectively. The gels
were subjected to pre-run using running buffer (187.5 mM Tris
and 1 mM EDTA) at 50 V for 20 min to eliminate excessive
ammonium per sulfate. Then, the proteins were resolved in
50 mM Tris, 300 mM glycine and 1.8 mM EDTA running buffer
at 60 V and 20◦C. For catalase, gel was washed with 50 mM
Potassium Phosphate buffer (pH 7) and incubated in 4 mM
H2O2 for 10 min. After incubation, gel was stained with 1%
potassium ferricyanide and 1% ferric chloride. The appearance
of clear bands in the gel against dark green background indicated
the presence of catalase activity of C. tropicalis (Sethupathy et al.,
2016). For SOD, gel was stained in the 50 mM KPi (pH 7.8)
buffer solution containing 0.1 mM EDTA, 2 mg riboflavin and
16 mg nitro blue tetrazolium (NBT). The reaction was initiated
by adding 400 µL of Tetramethylethylenediamine (TEMED) to
reduce NBT and incubated in dark for 1 h. After incubation,
the gel was suspended in 50 mM KPi (pH 7.8) buffer solution
followed by exposing the gels in bright light. The appearance
of achromatic bands indicated the SOD activity of C. tropicalis
(Prasath et al., 2019).

Microbial Adhesion to Hydrocarbon
Assay
The cell surface hydrophobicity (CSH) is the ability of cells that
adhere to any hydrophobic substratum. The cells with greater
hydrophobicity is directly correlated with the biofilm formation.
CSH in C. tropicalis was determined through MATH assay as
described by Sivasankar et al. (2015). Briefly, the treated and
untreated cells were collected by centrifugation at 12000 rpm
for 15 min. The cells were washed with 1× PBS thrice and the
absorbance of cell suspension was measured at 600 nm. After that,
1 mL of toluene was added to the cell suspension and vortexed
vigorously for 10 min. Then the solution was allowed to stand
for phase separation. The organic phase was removed and the
optical density (OD) of cell suspension in aqueous phase was
measured spectrophotometrically at 600 nm. CSH was measured
as hydrophobicity index using the following formula:

Hydrophobicity index

= [1− (OD600 fter vortexing/OD600 before vortexing)] × 100
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Lipase Assay
The effect of PA on C. tropicalis lipase was evaluated by both
qualitative and quantitative method. For qualitative analysis,
3.5 × 105 CFU mL−1 of untreated and treated C. tropicalis were
spotted on the spider medium containing 0.1% of tributyrin
as lipase substrate and incubated at 37◦C for 5 days. After
incubation, the zone of clearance around the cell growth indicates
lipase activity of C. tropicalis (Muthamil et al., 2018). In addition,
the lipase activity was measured quantitatively by mixing culture
supernatant and 4-Nitro Phenyl palmitate (substrate) in the ratio
1:4. Then the solution was incubated in dark for 2 h and the
absorbance of the solution was measured at 410 nm (Ramnath
et al., 2017). The percentage of lipase inhibition was calculated
using the following formula:

%of Lipase Inhibition

= [(Control OD410 nm − TreatedOD410 nm)/

(ControlOD410 nm)] × 100

Proteinase Assay
The extracellular proteinase produced by C. tropicalis was
detected on Bovine Serum Albumin (BSA) agar medium
containing dextrose – 2%, KH2PO4− 0.1%, MgSO4 – 0.05%, agar
2% and BSA 1% (Himedia Laboratories, Mumbai, India). Briefly,
3.5 × 105 CFU mL−1 of untreated and PA-treated C. tropicalis
was swabbed on BSA agar medium and incubated at 37◦C
for 7 days. The extracellular proteinase cleaves BSA and the
zone of precipitation was observed around the C. tropicalis cells
(Staib, 1965).

Ergosterol Biosynthesis Assay
The untreated and PA-treated C. tropicalis cells for 24 and 48 h
were harvested by centrifugation at 8000 rpm for 10 min and
the cells were washed with 2 mL of 1× PBS thrice. Two mL
of 20% alcoholic KOH was added to the cell pellet followed
by incubation at 85◦C for 1 h. Then, 1 mL of n-Heptane was
added to the cell suspension and vortexed vigorously. After phase
separation, the organic layer was transferred to a fresh tube and
incubated at −20◦C overnight. Absolute ethanol was added to
the organic layer in the ratio 5:1 and the ergosterol content was
measured spectrophotometrically in the range of 200–300 nm
(Arthington-Skaggs et al., 1999).

Filamentation Assay
The untreated and PA-treated C. tropicalis cells as mentioned
above were adjusted to 0.3 of absorbance at 600 nm. Then,
3.5 × 105 CFU mL−1 was spotted in spider agar medium and
incubated at 37◦C for 5 days. After incubation, the growth of
hyphae on untreated and PA-treated (100, 200, and 400 µg mL−1)
C. tropicalis was observed and the plates were documented in
Bio-Rad Gel Doc XR + System (Liu et al., 1994).

RNA Isolation and cDNA Conversion
Based on the virulence assays, the anti-infective potential of
PA on virulence factors of C. tropicalis was validated by
quantitative PCR (qPCR). RNA was isolated from untreated and

PA-treated at 200 µg mL−1 for 48 h C. tropicalis cells by hot
phenol method (Schmitt et al., 1990). The resulted RNA was
observed by agarose gel electrophoresis and quantified by Nano
spectrophotometer (Shimadzu, Japan) and 1 mg of total RNA was
used for cDNA construction by Superscript III kit (Invitrogen
Inc., United States).

Virulence Gene Expression by
Quantitative PCR
The cDNA and primers were added in the ratio 1:5 in a solution
containing Quantinova SYBR Green PCR kit (Qiagen, Germany).
The primers (Table 1) were designed by using Primer3 (Version:
0.4.0) software (Koressaar and Remm, 2007; Untergasser et al.,
2012) and qPCR was performed in 7500 Sequence Detection
System (Applied Biosystems Inc., Foster, CA, United States).
The differential expression of virulence genes were normalized
with β-actin of C. tropicalis and the relative fold change of
gene expression levels were calculated using 2-11CT formula
(2−11CT > 1- Upregulation and 2−11CT < 1- Downregulation
of gene expression) (Prasath et al., 2019).

Statistical Analysis
Power and sample sizes were calculated using G∗Power (UCLA,
Los Angels, United States) (Faul et al., 2007). At 0.05 level of
significance, the application of the one-way analysis of variance
(ANOVA) F-test would have a power of 80.72% with sample size
of 24 (n = 6 per group) and medium effect size value (difference
of the means between the lowest and the highest value) of 0.75.

All the experiments were performed in three biological
replicates with experimental triplicates. The data were presented
as mean ± standard deviation. The mean differences between
control and treated samples were analyzed statistically by one-
way ANOVA and Duncan’s post hoc test was performed with the
significant p-value of < 0.05, < 0.01, and < 0.001 using SPSS
statistical software, version 17.0, United States. The symbols “]”,
“O”and “ ” denoted statistical significance with p< 0.05, < 0.01,
and < 0.001, respectively.

RESULTS

Antifungal Activity of PA Against
C. tropicalis
Plants are the known source of novel bioactives with different
functional groups such as phenolic, quinones, flavonoids and
saponins, which possess antifungal activity (Arif et al., 2009).
In this experiment, the effect of PA (2–0.03125 mg mL−1) on
the growth of C. tropicalis was evaluated by broth dilution
and spot assays. At lower concentrations, PA (at concentration
range of 0.03125–0.25 mg mL−1) did not affect the growth of
C. tropicalis. Beyond that, PA reduced the growth at 0.5 mg
mL−1 with p < 0.05. Further, PA at 1 and 2 mg mL−1

prevented the visible growth of C. tropicalis significantly with
p < 0.001 (Figure 1A). The antifungal activity of PA was
corroborated with the amphotericin B (p < 0.001) as positive
control. Contemporarily, the antifungal activity of PA was
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TABLE 1 | List of virulent genes, functions and primer sequences used in qPCR study.

S. NO GENE PROTEIN FUNCTION PRIMER

1. ACT1 Actin Conserved protein involved in cell
motility

F 5′- TTGCTCTCCGGCAACTTATT -3′

R 5′- TCGATCTTAATCGGGAGGTG3′

2. ERG11 Lanosterol 14-alpha demethylase Crucial step in ergosterol biosynthesis F 5′- GAAAGAGAACCATTACCAGG -3′

R 5′- AGGAATCGACGGATCAC -3′

3. HWP1 Hyphal wall protein Hyphal cell wall protein plays role in
hyphal developement

F 5′- CCCAGAAAGTTCTGTCCCAGT- 3′

R 5′- CCAGCAGGAATTGTTTCCAT -3′

4. TUP1 Negative regulator of transcription Represses HWP1 for initiating
filamentous growth

F 5′ -TTGCACCAGTTTCTGCAGTC-3′

R 5′- TTCAGCACCAGTAGCCAAGA -3′

5. NRG1 Negative regulator of transcription Regulation of chlamydospore
formation, hyphal growth

F 5′- CCAAGTACCTCCACCAGCAT-3′

R 5′- GGGAGTTGGCCAGTAAATCA-3′

6. UME6 Positive regulator of transcription Promotes hyphal elongation F 5′- ACCACCACTACCACCACCAC -3′

R 5′- TATCCCCATTTCCAAGTCCA - 3′

7. EFG1 Enhanced filamentous growth protein 1 Important for filamentous growth F 5′- GCCTCGAGCACTTCCACTGT
R 5′- TTTTTTCATCTTCCCACATGGTAGT-3′

counterchecked with spot assay (Figure 1B), which reflected the
same as in broth dilution method. Both studies revealed that PA
at 1 mg mL−1 was found to be MIC against C. tropicalis.

Effect of PA on Candida Species Biofilm
Formation
The broth dilution assay revealed that PA was antifungal in
the range of 500 µg mL−1. Hence, the antibiofilm activity
of PA at different concentrations ranges from 100 to 600 µg
mL−1 were tested against various Candida species such as
C. albicans, C. tropicalis and C. glabrata. In C. albicans and
C. glabrata, biofilm inhibition was observed PA-treated cells at
500 µg mL−1 with percentage inhibition of 54.22% (p < 0.01)
and 59.37%, respectively. But PA effectively inhibited 52.98% of
biofilm formed by C. tropicalis at 100 µg mL−1 (Figures 1C,D).
Also, significant reduction of biofilm was observed in PA-treated
C. tropicalis at 200, 500, and 600 µg mL−1 with percentage
inhibition of 80.02% (p < 0.001), 85.64% (p < 0.001), and
84.03% (p < 0.001). From this study, it is apparent that the
antibiofilm activity of PA was higher in C. tropicalis than other
Candida species.

Effect of PA on C. tropicalis Biofilm in
Dose-Dependent Concentrations
The effect of PA was evaluated on C. tropicalis biofilm at dose-
dependent concentrations such as 25, 50, 75, 100, 125, 150,
175, 200, 225, 250 µg mL−1. C. tropicalis biofilm was inhibited
with an increasing concentration of PA as shown in Figure 1E.
Besides that, the biofilm inhibition of C. tropicalis was higher at
150 µg mL−1 (66.91%) with p < 0.01 and maximum inhibition
was observed at 200 µg mL−1 (79.62%) with p < 0.01. Also,
the cell accumulation on the medium surface was increased
with increasing concentration of PA (Figure 1F). This proved
that PA possessed the ability to disrupt the C. tropicalis biofilm
with minimum biofilm inhibitory concentration (mBIC) at
200 µg mL−1.

PA Impacted on C. tropicalis Growth
The effect of PA on the growth of C. tropicalis was evaluated
by spectrophotometric method and the concentrations (W/V) of
PA were compared with the corresponding concentrations (V/V)
of vehicle control (methanol). Compared to control cells, the
growth was intact in PA-treated C. tropicalis at 25, 50, 100, and
200 µg mL−1. The growth was reduced significantly at 400 and
800 µg mL−1 PA-treated C. tropicalis. However, vehicle control
did not have any substantial effect even at higher concentrations
(Figure 1G). Hence, PA with increasing concentrations regulated
biofilm and growth of C. tropicalis without any influence of
vehicle control.

Assessment of Metabolic Activity of
C. tropicalis Using Alamar Blue
In healthy cells, reduction of resazurin to pink colored resorufin
by mitochondrial dehydrogenase, signifies the viability of cellular
metabolism. The absorbance of the reduced substrate in
untreated and PA-treated C. tropicalis was measured at 570 nm.
Compared to control, metabolic activity of cells was not reduced
until 0.5× BIC of PA. The metabolic activity was reduced
significantly in PA-treated C. tropicalis at 400 (p < 0.05) and
800 µg mL−1 (p < 0.05) (Figure 1G).

Effect of PA on C. tropicalis Growth
Kinetics
Spectrometric analysis and metabolic assay demonstrated that
BIC of PA reduced the growth of C. tropicalis and were counter
examined by growth curve analysis. The cell growth was stable
in both control and 100 µg mL−1 PA-treated cells with slight
deterioration at 200 µg mL−1 PA-treated cells. At 400 and
800 µg mL−1, the growth of C. tropicalis was fungistatic and
the antifungal activity was compared with the 10 µg mL−1 of
amphotericin B (Figure 1H). Our previous experiments showed
that PA was effective on C. tropicalis biofilm with impact on the
cell growth. Moreover, the antibiofilm activity of PA at 400 and
800 µg mL−1 treatment was found to be analogous. Hence, the
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FIGURE 1 | (A) Microbial Inhibitory Concentration (MIC) of PA against C. tropicalis was determined by Broth Dilution assay. PA reduced visible growth of C. tropicalis
at 2 (p < 0.001) and 1 mg mL−1 (p < 0.001) and antifungal effect was compared with 10 µg mL−1 of amphotericin (p < 0.001). (B) Effect of PA on growth of
Control and PA-treated C. tropicalis after serial dilution and spotting in YEPD agar medium with amphotericin B as positive control (C) Effect of palmitic acid (PA) on
Candida species biofilm grown in spider medium. PA decreased the biofilm at 200, 300, 500, and 600 µg mL−1 (p < 0.001) in C. tropicalis and did not inhibit
significantly in C. albicans and C. glabrata. (D) Influence of PA on Candida species biofilm stained with CV, a representative image. (E) Inhibitory effect of PA on
C. tropicalis biofilm and maximum inhibition was at 200 µg mL−1 (p < 0.01). (F) Representative MTP plate showing biofilm disruption ability of PA. (G) Difference
between the impact of PA and its vehicle control on C. tropicalis growth and metabolic activity at different concentrations (25–800 µg mL−1). (H) Growth curve
analysis of C. tropicalis with absence and presence of PA (100, 200, 400, and 800 µg mL−1) and 10 µg mL−1 of amphotericin B as positive control. The values are
expressed as means and error bars depict standard deviation (n = 6). Significant values were determined by one-way ANOVA in terms of p-value (“]”, “O”, and “ ”
denote p < 0.05, p < 0.01, and p < 0.001, respectively) followed by Duncan post hoc test.
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concentrations of PA was narrowed down to 400 µg mL−1 for
further experiments.

Time Killing Assay for C. tropicalis
Mature Biofilm
Some antibiofilm agents are effective on reducing early biofilm
but not good enough against the mature biofilm. Farnesol, a
quorum sensing molecule of C. albicans, inhibits germination of
blastospores and biofilm but fails on mature biofilm (Blankenship
and Mitchell, 2006). In our study, the effect of PA at different
concentrations such as 100, 200, and 400 µg mL−1 were evaluated
on 1, 2, 4 and 7 days matured biofilm with treatment time of PA
on 12, 24 and 48 h (Figure 2A). On 1 day matured biofilm, PA
at 200 µg mL−1 disrupted 30.84% with p < 0.05 after 24 h of
treatment. Further, the efficacy of PA at 200 and 400 µg mL−1

was increased with 44.85% (p < 0.01) and 53.84% (p < 0.01),
respectively after 48 h of treatment. Similar effect of PA was
observed in 2 days matured C. tropicalis biofilm with 43.40%
(p < 0.01) and 50.10% (p < 0.01) of inhibition upon 48 h of PA-
treatment at 200 and 400 µg mL−1, respectively. On 4 and 7 days
matured biofilm, the effect of PA (100, 200, and 400 µg mL−1)
was moderated upon 12 and 24 h of treatment. But in case of 48 h
treatment, PA at 200 µg mL−1 inhibited 31.38% and 34.20% of 4
and 7 days matured biofilm, respectively. At 400 µg mL−1 of PA,
4 and 7 days matured biofilm was reduced further with 40.71%
(p < 0.05) and 36.25%.

Light Microscopic Analysis of Mature
Biofilm
The effect of PA on C. tropicalis 7 days matured biofilm was
examined in optical microscope with 200 x magnification. Results
showed that the mature biofilm formation was disturbed in
a concentration-dependent manner. Upon 24 h of treatment,
significant inhibition of biofilm was found in PA-treated
C. tropicalis at 200 µg mL−1. On the other hand, a notable
disruption in biofilm was observed beyond 100 µg mL−1 and the
disruption was increased at 200 and 400 µg mL−1 of PA after 48 h
treatment (Figure 2B).

PA Reduced Biofilm Thickness and
Density
The biofilm thickness and density formed by C. tropicalis was
assessed by Z-stack of CLSM. The untreated C. tropicalis cells
were enhanced with both hyphal and yeast cells (Figure 2C). Both
biofilm thickness and density were reduced in the presence of PA
with increasing concentrations on both 24 and 48 h treatment.
But hyphal cells were observed even at higher concentration of
PA upon treatment on both the time points.

Time-Dependent Assessment of
C. tropicalis Growth on PA Treatment
Biofilm and the associated virulence factors proliferate on late-log
phase of C. tropicalis. The effect of PA upon 24 and 48 h treatment
on 10 h grown C. tropicalis was examined by CFU method. After
treatment with PA, the cells were serially diluted and spread on
SDA agar medium. On 24 h treatment of PA, C. tropicalis colonies

got reduced at 400 µg mL−1 compared to control. But after
48 h treatment, the colony reduction was seen even at 100 µg
mL−1 and reduced further with increasing concentration of PA
(Figure 3A (i)). The logarithmic conversion of untreated and
PA-treated C. tropicalis CFU is shown in Figure 3A (ii).

Testing Viability of C. tropicalis by Live –
Dead Staining
Acridine orange (AO) is a cell-membrane permissible dye,
whereas ethidium bromide (EtBr) cannot penetrate the live cells.
Post treatment of PA at different time points on viability of
C. tropicalis were assessed by staining the cells with AO and EtBr.
Compared to control, dead cells were not seen in 100 µg mL−1,
whereas countable dead cells were present at 200 and 400 µg
mL−1 PA-treated cells upon 24 h. Further on 48 h of treatment,
PA (200 and 400 µg mL−1) increased the membrane permeability
of C. tropicalis with increasing concentrations that reflects higher
number of dead cells (Figure 3B).

SEM Analysis of C. tropicalis Cellular
Morphology
As shown in CFU assay and Live-Dead staining, PA reduced the
cellular growth of C. tropicalis after 48 h of treatment. Hence SEM
was used to analyze the colony morphology of 48 h PA-treated
C. tropicalis (Figure 3C). The untreated C. tropicalis composed
of intact hyphae and yeast cells. PA at 100 µg ml−1 began
to impose stress on cellular surface. At higher concentrations
(200 and 400 µg mL−1) of PA, stress was surged and damage
cells were observed. Here, SEM analysis proved that PA is
fungistatic by mediating stress condition on C. tropicalis at higher
concentrations upon 48 h of treatment.

Quantification of Programmed Cell
Death by PA in C. tropicalis
When a compound inhibits the growth of the cells, it would
induce apoptosis mediated cell death. The apoptosis in the cells
was quantified using PI which is impermeable in live cells. The
apoptosis in PA-treated cells at different time points (4, 8, 12, 24,
and 48 h) was quantified by measuring the fluorescence intensity
of PI. The absorbance level is proportional to the number of dead
cells in the cell suspension. Compared to control, the absorbance
was not increased in 4 and 8 h PA-treated cells (Figure 4A). But
in 24 and 48 h treated cells, the absorbance of PI was greater and
significantly increased in 200 (p< 0.05 and p< 0.05, respectively)
and 400 µg mL−1 (p < 0.05 and p < 0.01, respectively). Thus, the
number of dead cells increased with the increasing concentration
gradient of PA (Figure 4A).

Assessment of DNA Damage by DAPI
Scanning electron microscope analysis confirmed morphological
variation in C. tropicalis caused by PA and hence the PA
induced DNA damage was evaluated by DAPI staining. The
elevated fluorescence level was observed in 48 h and 24 h PA-
treated C. tropicalis at 200 and 400 µg mL−1. This showed
that PA induced apoptosis by mediating DNA fragmentation
and condensed chromatin in C. tropicalis. Besides, the intense
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FIGURE 2 | (A) Time killing of 1, 2, 4 and 7 days matured biofilm formed by C. tropicalis by PA at different time points (12, 24, and 48 h) and concentrations (100,
200, and 400 µg mL−1. The values are expressed as means and error bars indicate standard deviation of triplicates (n = 6). Control and PA-treated for 24 h and 48 h
C. tropicalis biofilm (7 days matured) formed on 10 × 10 mm glass surfaces, as observed under (B) optical (Magnification – 400×, Scale bar – 50 µm) and

(C) Confocal Microscope. ]p < 0.05, Op < 0.01, and p < 0.001, significantly different when compared with control.
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FIGURE 3 | Effect of PA (0, 100, 200, and 400 µg mL−1) on C. tropicalis survival after 24 and 48 h of treatment. [A (i)] Image displaying the effect of PA on
C. tropicalis survival, grown on SDA agar medium. [A (ii)] CFU of C. tropicalis in the absence and presence of PA determined in logarithmic scale. (B) Confocal
microscopic examination of C. tropicalis revealing the efficacy of inducing cell death which was assessed using AO/EtBr staining. (C) SEM analysis of C. tropicalis
colony morphology in the absence and presence of PA (100, 200, and 400 µg mL−1) after 24 and 48 h of treatment.
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FIGURE 4 | Palmitic acid induced apoptosis and ROS associated with DNA damage in C. tropicalis. (A) Efficacy of PA inducing apoptosis in C. tropicalis at different
concentrations (0, 100, 200, and 400 µg mL−1) and time points (4–48 h) which was quantified using propidium iodide. (B) DNA damage induced by PA at different
concentrations were assessed by DAPI staining and visualized in CLSM. (C) Extent of ROS produced by PA in C. tropicalis after 24 and 48 h treatment was
quantified by DCFDA and addition of 10 mM NAC reversed the ROS production in C. tropicalis. (D) Also, the induction of ROS PA in C. tropicalis was visualized in
CLSM by DCFDA stain. The values are expressed as means and error bars indicate standard deviation of triplicates (n = 6). ]p < 0.05, Op < 0.01, and p < 0.001,
significantly different when compared with control.
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fluorescence was not inferred in control cells on both time
points (Figure 4B).

PA Triggers ROS Generation in
C. tropicalis
The extrinsic induction of ROS plays a significant role in
apoptosis mediated cell death. This study assessed the qualitative
and quantitative analysis of ROS generation in PA-treated
C. tropicalis by DCF-DA stain. Initially we determined the ROS
levels in PA-treated C. tropicalis cells at different time points
(24 and 48 h) using the ROS specific fluorescent stain DCF-
DA. CLSM images revealed the generation of DCF fluorescence
initiated at 24 h of PA treatment and it remarkably spiked-up at
48 h time point, with greater generation of ROS at 200 and 400 µg
mL−1 of PA (Figure 4D). ROS produced by the cells was directly
proportional to the extent DCFDA to DCF conversion. Also, the
effect of PA in induction of ROS was quantitatively measured at
different time points (4, 8, 12, 24, and 48 h). Upon 48 h treatment,
PA significantly induced ROS at 200 (p < 0.01) and 400 µg mL−1

(p< 0.01). However, the presence of NAC (ROS scavenger) along
with PA significantly revoked the PA induced DNA damage and
ROS production in C. tropicalis on both 24 h (p < 0.001 at 200
and 400 µg mL−1) and 48 h (p < 0.05 at 100 and 200 µg mL−1;
p < 0.01 at 400 µg mL−1) treatment (Figure 4C).

PA Induced Mitochondrial Dysfunction
Mediated Apoptosis
Mitochondrial membrane potential (19 m) is important for
normal cellular functions such as protein and ATP synthesis
(Ott et al., 2007). The intrinsic apoptotic cell death happens
during loss of 19 m (Henry-Mowatt et al., 2004). Hence,
this study investigated the PA-induced apoptosis mediated
by mitochondrial damage using mitochondrial specific probe
Rhodamine 123. The stain binds to the active mitochondria
and the fluorescence rate was higher in untreated C. tropicalis
on both 24 and 48 h time points. The fluorescence intensity
was decreased with increasing concentrations of PA-treated
C. tropicalis (Figure 5A). These results clearly indicated that loss
of 19 m was associated with PA induced apoptosis thereby
activating cell death in C. tropicalis.

Effect of PA on H2O2 Sensitivity,
Catalase, and Superoxide Dismutase
C. tropicalis
Eukaryotic cell contains antioxidant enzymes such as superoxide
dismutase (SOD), catalases and peroxidases that regulates
intrinsic ROS-damaging effects. The elevated expression of these
antioxidant enzymes would increase the antifungal resistance
in C. albicans (Seneviratne et al., 2008). We investigated the
effect of PA on 24 and 48 h treated C. tropicalis catalase and
SOD. Briefly, the intracellular proteins of untreated and 24
and 48 h PA-treated C. tropicalis at different concentrations
were isolated and resolved in native PAGE. PA with increasing
concentrations did not affect the C. tropicalis catalase on both the
time points (Figure 5D). Similarly, PA did not show any impact
onC. tropicalis SOD1 and SOD2 on 24 h treatment. But upon 48 h

of PA treatment, the expression levels of both SODs were reduced
with increasing concentrations of PA (Figure 5C). The repression
of SOD sensitizes the cells to the oxidative stress and the effect
was examined by H2O2 sensitivity assay. The zone of clearance
around the disc signifies the H2O2 induced oxidative stress in
C. tropicalis. In 24 h PA-treated C. tropicalis, the zone of clearance
was similar to control cells (Figure 5B). As expected, the zone was
greater in 200 and 400 µg mL−1 PA-treated C. tropicalis upon
48 h of treatment.

PA Reduced Cell Surface Hydrophobicity
of C. tropicalis
Cell surface hydrophobicity (CSH) is a putative virulence
attribute in Candida spp. on biofilm formation and the effect
of PA on CSH of C. tropicalis was evaluated by MATH assay.
The hydrophobic cells possesses greater affinity toward non-
polar solvents. After incubation, the PA-treated and untreated
cells were vortexed with toluene and hydrophobicity index was
calculated. Results showed that, the affinity of cells to toluene was
higher in untreated C. tropicalis and the affinity was reduced in
24 h PA-treated cells with increasing concentrations (Figure 6A).
But upon 48 h PA treatment, cell affinity toward the solvent was
reduced to 40.2% in 400 µg mL−1 of PA compared to control
(82.95%) (Figure 6A).

Effect of PA on C. tropicalis Extracellular
Lipase Production
The lipase activity of untreated and PA-treated C. tropicalis was
measured quantitatively by using P-Nitro Phenol Palmitate as a
substrate. Upon 24 h treatment, PA inhibited lipase at 100 and
200 µg mL−1 and significantly got reduced at 400 µg mL−1

(p < 0.05) (Figure 6B (ii)). Similarly after 48 h treatment,
lipase production was found to be decreased in a concentration
dependent manner and reduced at 200 and 400 µg mL−1

with percentage inhibition of 53.83 and 72.55% (p < 0.05),
respectively. In addition, the lipase activity was qualitatively
measured by tributyrin substrate in solid spider agar medium,
resulting in zone of clearance around the growth as shown in
Figure 6B (i). The lipase activity in 24 h PA-treated C. tropicalis
was as similar to control and slight inhibition was observed at
400 µg mL−1. But in case of 48 h treated cells, the phospholipase
activity was inhibited with increasing in the concentration of PA
and significant reduction was observed at 200 and 400 µg mL−1.

Qualitative Analysis of C. tropicalis
Protease
The effect of PA on C. tropicalis protease was examined in BSA
solid medium. In this, protease cleaves BSA (substrate) thereby
forming zone of precipitation around the cells. In untreated
24 and 48 h cells, a thick zone of precipitation was observed.
Upon 24 h PA treatment, the precipitation zone decreased with
increasing concentrations and in case of 48 h treatment, the zone
was completely inhibited at 200 and 400 µg mL−1 PA-treated
C. tropicalis (Figure 6C).
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FIGURE 5 | (A) Loss of mitochondrial membrane potential (19m) in C. tropicalis at different time points (24 and 48 h) and concentrations (100, 200, and 400 µg
mL−1) of PA as imaged in CLSM by Rhodamine 123 staining. Presence of PA mediated loss of mitochondrial membrane permeability and induced apoptosis in
C. tropicalis. (B) Representative SDA agar plates depicting the effect of PA on the sensitivity of C. tropicalis to H2O2. Native PAGE revealing expression of superoxide
dismutase (SOD) (C) and catalase (D) in PA (0, 100, 200, and 400 µg mL−1) treated C. tropicalis after 24 and 48 h.
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FIGURE 6 | Inhibitory effect of PA on virulence factors of C. tropicalis. (A) Bar graph showing the reduction of cell surface hydrophobicity in PA-treated (100, 200,
and 400 µg mL−1) C. tropicalis after 24 h and 48 h treatment. (B) Effect of PA at different concentrations (100–400 µg mL−1) on C. tropicalis lipase measured (i)
quantitatively and (ii) qualitatively after 24 and 48 h of treatment. (C) Effect of PA on the extracellular protease production of C. tropicalis on BSA agar medium. The
values are expressed as means and error bars indicate standard deviation of triplicates (n = 6). ]p < 0.05, Op < 0.01 and p < 0.001, significantly different when
compared with control.

Ergosterol Biosynthesis of PA-Treated
C. tropicalis
The efficacy of PA was investigated on C. tropicalis ergosterol
biosynthesis at different time points and concentrations. Total

ergosterol was isolated from untreated and PA-treated cells by
alcoholic KOH followed by extraction with n-heptane. The
ergosterol content was measured by UV-spectrophotometer
through a unique spectral peak between 240 and 300 nm.
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PA at 100 and 200 µg mL−1 reduced ergosterol production
significantly in both the time points when compared to control
(Figures 7A,B). Interestingly, ergosterol level of 24 h PA-treated
C. tropicalis at 400 µg mL−1 was similar to 200 µg mL−1

(Figure 7A). However, in 48 h treated C. tropicalis the ergosterol
level in 400 µg mL−1 of PA was reduced further to the previous
concentration (Figure 7B).

PA Induces C. tropicalis Hyphal
Formation
Hyphal formation is one of the virulence factors along with
lipase, protease, ergosterol and biofilm in Candida spp. The effect
of PA was investigated in selective spider medium for hyphal
formation in C. tropicalis. After treatment with PA on 12 h grown
C. tropicalis at different concentrations in two different time
points such as 24 h and 48 h, the cells were spotted on spider
agar medium. Interestingly, PA did not inhibit the C. tropicalis
hyphae and the level of hyphal formation was similar to control
upon 24 h PA treatment. On the contrary, PA at increasing
concentrations induced the hyphae in C. tropicalis upon 48 h of
treatment (Figure 7C). Hence it is obvious that PA did not impact
the redevelopment of hyphae but induce the dimorphism with
increasing concentrations.

Validation of Anti-virulence Aspects of
C. tropicalis by qPCR
Our previous experiments substantiated that PA at 200 µg
mL−1 upon 48 h effectively reduced mature biofilm, proteases,
ergosterol and lipases but failed to inhibit C. tropicalis hyphae.
Hence, the effect of PA at the above-mentioned concentration
and time point was evaluated on C. tropicalis virulence genes
such as ERG11, NRG1, TUP1, UME6, HWP1 and EFG by
qPCR. Result showed that PA downregulated the ERG11 (gene
encodes for Lanosterol 14-alpha demethylase) of C. tropicalis.
Besides, HWP1 and EFG1 (gene encodes for Hyphal formation)
were overexpressed in PA-treated cells. Interestingly, negative
transcription regulators of hyphae such as NRG1 and TUP1 were
negatively regulated and UME6, positive transcription regulator
of hyphae was upregulated.

DISCUSSION

Candidiasis is an infection caused by Candida spp. in clinically
associated and system specific infections. The occurrence of
candida infection on blood stream is known as candidemia.
Globally, Candida species are the fourth most common
pathogen causing Candidemia with the mortality of 38% - 61%
(Gudlaugsson et al., 2003) with C. albicans at the top. The
prevalence of NCAC in candidemia is greater than C. albicans
with higher mortality in clinically infected immunocompetent
patients (Dimopoulos et al., 2008). Mainly in India, the
morbidity rate of C. tropicalis infection is more prevalent in
blood stream infections with 35.3% followed by C. albicans
(21.5%), C. parapsilosis (20%), C. glabrata (17.5%), C. Krusei
(3.3%), C. haemulonii (1.5%) and C. guilliermondii (1%)

(Xess et al., 2007; Chakrabarti et al., 2015). Clinically, the
pathogenicity of C. tropicalis is more severe than C. albicans
in oncology patients and neonatal infections (Kothavade et al.,
2010). Several virulence factors of C. tropicalis such as
biofilm and hyphal formation, sterol synthesis, production of
hydrolytic enzymes are responsible for invasive infections in
immunocompromised patients.

Biofilms are formed by well-structured communication of
cells that possess the capacity to penetrate human tissues and
thereby causing infections at various sites of the human body
(Costerton et al., 1999). The extensive biofilm and hydrolytic
enzyme productions in clinically isolated Candida spp. makes
them more virulent and the longer colonization increases
probability of hematogenous infections (Gokce et al., 2007).
Also, the adhesion and biofilm in C. albicans are the important
factors for surface attachment in dental implants (Noumi et al.,
2010). In C. albicans, hydrolytic enzymes are important for
the host-cell membrane damage that promotes invasion and
colonization (Monroy-Pérez et al., 2016). The dense biofilm
matrices resists the passage of conventional antifungal drugs
thereby becoming ineffective (Taff et al., 2013). The compounds
derived from natural sources could be a suitable alternative
for overcoming antifungal limitations (Rates, 2001), and these
compounds are known to have the anti-inflammatory and
antimicrobial properties (Ahmad et al., 2014). The broth dilution
study and spot assay revealed that PA inhibited 15.23% of growth
at 500 µg mL−1. The growth was reduced further at 1 mg
mL−1 with 92.00% of inhibition and reduces the visibile growth
of C. tropicalis. This study unveiled the MIC of PA against
C. tropicalis was 1 mg mL−1.

Further, the study investigated the antibiofilm activity of
Palmitic acid against C. tropicalis and other candida spp. such
as C. albicans and C. glabrata. PA inhibited 50% of C. tropicalis
biofilm even at 100 µg mL−1 but failed in case of C. albicans
and C. glabrata biofilm. The dose dependent examination of PA
against C. tropicalis biofilm revealed the maximum inhibition at
200 µg mL−1 and was taken as BIC of PA. Furthermore, the
effect of PA on C. tropicalis growth was tested using metabolic
activity, growth curve and cell viability assays which showed that
the PA at BIC showed up a negative regulation of growth and the
inhibition was higher at 2× and 4× BIC of PA. Candida species
produces quorum sensing molecules such as farnesol, tyrosol
and farnesoic acid for the maintenance of cellular aggregation
for forming biofilms. The extrinsic addition of farnesol inhibits
growth mediated biofilm formation of C. albicans yeast cells
(Uppuluri et al., 2007).

The communication of yeast cells through quorum sensing
molecules leads to the cell pile-up thereby forming mature
biofilm (Ramage et al., 2002). Hence, the effect of PA on
C. tropicalis 1, 2, 4, and 7 days matured biofilm was examined
at different time points (12, 24, and 48 h). PA at 200 and 400 µg
mL−1 inhibited more than 50% of 1 and 2 days matured biofilm
upon 48 h of treatment and in case of 4 and 7 days matured
biofilm, PA was found to inhibit 35.49% of biofilm (Figure 2A).
The optical and confocal micrographs of the time killing assay
reveals that PA could effectively reduce the biofilm density and
thickness upon 48 h of treatment at 200 and 400 µg mL−1
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FIGURE 7 | Inhibitory effect of PA (100, 200, and 400 µg mL−1) on ergosterol biosynthesis of C. tropicalis after 24 h (A) and 48 h (B) treatment. Ergosterol was
extracted by n-heptane and unique sterol spectral profiles of C. albicans was measured in the range between 240 and 300 nm. (C) PA induced C. tropicalis hyphae
on spider agar medium with increasing concentrations on both the time points.
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(Figures 2B,C). The heterogeneous matrix of mature biofilm
retards the penetration of conventional antifungals (Al-Fattani
and Douglas, 2004). The potency of PA on C. tropicalis mature
biofilm formation was higher with increasing concentrations and
treatment times. The microbial biofilms are more resistant to
antibiotics than early biofilm due to the excessive EPS production
(Bowler et al., 2012). However, PA was effective against both early
and mature C. tropicalis biofilm.

Colony forming unit and Live-dead staining assay showed that
the number of dead cells were higher in PA-treated C. tropicalis
with increasing concentrations and time points. Also, SEM
analysis revealed a shrinkage in morphology of 48 h PA-treated
C. tropicalis at 200 and 400 µg mL−1. Hence, it is construed
that the ability of PA on C. tropicalis mature biofilm disruption
could be due to the compound intervention on cellular growth
(Figures 3A–C). PA > 1 mg mL−1 increases DNA fragmentation
in rat pancreatic cells and the subsequent induction of apoptosis
creates a damaging effect on β cell mass (Maedler et al., 2001).
In this study, the rate of apoptosis was quantified in PA-treated
C. tropicalis by propidium iodide and the dead cells were higher
in 200 and 400 µg mL−1 upon 48 h treatment (Figure 4A).
Similarly, PA generated DNA damage in C. tropicalis to a greater
extent at the above-mentioned concentrations and time point.

Ceramide is a part of sphingolipid pathway and acts as
an activator of apoptosis cascade due to the cellular stress
(Haimovitz-Friedman et al., 1997). But PA generates oxidative
stress mediated apoptosis through non-ceramide pathway in
Chinese Hamster Ovary (CHO) cells (Listenberger et al., 2001).
In C. tropicalis, the level of ROS was higher even in 200
and 400 µg mL−1 PA-treated cells and the presence of NAC
scavenged the ROS generation in PA-treated cells. The excessive
generation of ROS creates abnormal mitochondrial permeability.
Hence, rhodamine 123 was used to measure the mitochondrial
membrane potential (19 m) and the membrane potential of
C. tropicalis was reduced with increasing concentrations of PA
after 48 h treatment (Figure 5A). Collectively, these results
confirmed that the excessive accumulation of ROS and DNA
fragmentation in PA-treated cells could contribute to the loss of
mitochondrial membrane potential (19 m) in C. tropicalis.

In normal cellular metabolism, balancing of redox
homeostasis ensures the survival of cells under oxidative
stress conditions. The regulation of antioxidant enzymes, such
as superoxide dismutases (SODs), catalases, catalase-peroxidases
and peroxiredoxins would result in elevated levels of ROS
(Aguirre et al., 2005). SODs are crucial for Candida spp. to shield
itself from the oxidative mediated cell death (Gleason et al.,
2014). Native PAGE revealed that PA regulated SOD2 on both
the time points and the reduction of SOD2 sensitized C. tropicalis
to H2O2 stress. Surprisingly, PA did not inhibit the catalase
activity even at 400 µg mL−1.

Clinically, the surface chemistry of medical implants which are
more hydrophobic, would increase the bioavailability of devices
(Tang et al., 2008). But the hydrophobic nature of cell membrane
in pathogens prompts to interact with implants surface and
forms biofilm. The treatment of PA reduced the cell surface
hydrophobicity of C. tropicalis at both the time points (24
and 48 h) and concentrations (100, 200, and 400 µg mL−1).

Also, lipases and proteases are considered as major virulence
factors of C. tropicalis. These hydrolytic enzymes contribute to
the tissue invasion, colonization and morphological switching
in Candida species (Park et al., 2013). Previously, myristic acid
from Myristica fragrans was shown to inhibit lipase and protease
by regulating the putative lipase (ATG15) and Candidapepsin
(SAP6), respectively (Prasath et al., 2019). In this study, PA at
200 µg mL−1 significantly reduced both lipase and protease
after 48 h of treatment but the reduction was not detected
in 24 h treatment.

Ergosterol is one of the predominant virulence factors found
in eukaryotic fungi. The sterol is an essential component for
structural organization and function of the plasma membrane in
Candida species (Lv et al., 2016). In the present study, PA at both
the time points reduced the ergosterol content of C. tropicalis and
significantly inhibited at 200 µg mL−1. Most of the antifungals
such as azole drugs, nystatin and amphotericin BB targets
ergosterol biosynthesis pathway. The prolonged exposure of
azole drugs induces expression of Lanosterol α14 - Demethylase
(ERG11) in C. albicans and contributes to the development
of resistance against azole drugs (Henry et al., 2000; Song
et al., 2004). Hence, the differential expression of ERG11 in
control and 48 h PA-treated C. tropicalis at 200 µg mL−1 was
evaluated by qPCR. The result showed that the expression of
ERG11 was downregulated in PA-treated C. tropicalis. Azoles
interrupt the ergosterol pathway by interacting with heme group
on the active site of lanosterol demethylase (Ji et al., 2000).
Mutations in ERG11 plays a major role in development of
resistance against antifungals (Xiang et al., 2013). PA effectively
downregulated the ERG11 thereby dwindling the resistance
development in C. tropicalis.

Yeast – hyphal transition occurs in dimorphic fungus based
on the host- pathogen interactions and tissue invasion (Li and
Nielsen, 2017). Besides, the filamentation assay revealed that PA
induced the hyphal elongation in C. tropicalis with increasing
concentration after 24 and 48 h treatment (Figure 7C). Hyphal
wall protein (HWP1) is highly expressive in yeast – hyphal
transition in dimorphic Candida species (Nobile et al., 2008).
TUP1 is the transcriptional repressor of filamentous growth and
the deletion of the TUP1 gene causes overexpression of hyphae
in C. albicans (Braun and Johnson, 1997). Also, NRG1 regulates
the hyphal formation and acts as a transcriptional repressor
along with TUP1 and RFG1 (Braun et al., 2001). The result of
filamentation assay was reflected in qPCR with upregulation of
HWP1 and downregulation of TUP1 and NRG1 in PA-treated
C. tropicalis (Figure 8A). However, UME6, a positive regulator of
hyphal elongation and specific gene for germ tube formation was
upregulated. In C. albicans, HWP1 mutant influences on host-
pathogen interactions and pathogen morphology with the extent
of biofilm production remains unaffected (Orsi et al., 2014). This
proved that Candida species biofilm and hyphal formation works
on different mechanisms and the efficacy of the bioactive(s) on
pathogens’ virulence would differ from one factor to another.

Enhanced filamentous growth (EFG1) permits hyphal
morphogenesis in C. albicans and independent of TUP1
regulatory mechanism for filamentation (Braun and Johnson,
2000). Similar to HWP1, the expression of EFG1 was also
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FIGURE 8 | (A) Gene expression analysis untreated and PA-treated of C. tropicalis at 200 µg mL−1 after 48 h. Effect of PA on the differential expression of ERG11,
TUP1, NRG1, HWP1, UME6 and EFG1 using qPCR. The values are expressed as means and error bars indicate standard deviation. (B) Molecular Mechanisms of
PA at 200 µg mL−1 after 48 h inhibiting specific virulence factors of C. albicans such as mature biofilm, ergosterol, lipase, protease and cell surface hydrophobicity
but induced hyphal formation.
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upregulated in PA-treated C. tropicalis (Figure 8A). Secreted
aspartyl proteases (SAP4-6) are abundant in hyphal cells of
Candida species. But SAP4-6 mutants exhibit the filamentation
with less invasiveness and the expression of SAP4-6 is drastically
increased in EFG1 mutants (Felk et al., 2002). Similarly,
significant reduction of protease at 200 µg mL−1 PA-treated
C. tropicalis after 48 h of treatment was noticed in the present
study (Figure 6C). In C. albicans, the extent of hyphal formation
is associated with increasing ROS generation in germinating cells
(Schroter et al., 2000). Many antifungal agents cause apoptosis
through ROS generation in cell death mechanisms against
Candida infections (Peralta et al., 2015). Curcumin, a well-known
potential bioactive exhibits ROS mediated inhibition of biofilm in
C. albicans but reduces hyphae through TUP1 repressor pathway
(Sharma et al., 2010). Thus, it is predicted that PA reduces
virulence factors of C. tropicalis through ROS mediated apoptosis
but induced hyphal formation. The molecular mechanisms of
48 h PA-treated at 200 µg mL−1 targeting specific virulence
aspects of C. tropicalis is presented in Figure 8B.

CONCLUSION

The aggregation of C. tropicalis biofilm cells enhances their
capacity to evade the host defense and to resist conventional
antibiotics. The cell-aggregation of biofilm community in close
proximity displays similar transcriptomic pattern especially in
genes coding for antibiotic resistance (Bjarnsholt et al., 2013).
This kind of community is well established in mature biofilm by
means of robust exopolymers. Also, the failure of conventional
antifungal arises due to the restricted penetration in mature
biofilm. The current study explicated that PA at 200 µg mL−1

induced ROS and apoptosis in C. tropicalis thereby reducing
various virulence factors such as mature biofilm, cell surface
hydrophobicity, ergosterol, lipases and proteases after 48 h of
treatment. Besides, PA induced hyphal formation in C. tropicalis
with increasing concentrations. In addition, gene expression
analysis revealed that PA downregulated ERG11 and reduced

the probability of developing antifungal resistance. Further,
PA upregulated genes responsible for hyphal formation, i.e.,
EFG1 and HWP1 that correlates the filamentation assay. Thus,
the efficacy of PA targeting biofilm associated virulence, could
be used in the synergistic strategy that provides improved
therapeutic effects against NCAC infections.
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Indwelling silicone valves called voice prostheses (VPs) are the gold standard for speech
rehabilitation in patients with laryngeal cancer following total laryngectomy. Reported
VP lifespans amongst these patients are highly variable but when devices fail patients
experience loss of voice and an increase risk of chest infection. Early failure of VP
is a current clinical concern that is associated with regular hospital visits, reduced
quality of life and associated medical cost. Poly-microbial biofilms comprised of both
bacterial and fungal microorganisms readily colonize VPs and are linked to loss of device
performance and its early failure in addition to providing a reservoir for potential infection.
Our detailed analysis of poly-microbial biofilm composition on 159 early failing VPs from
48 total laryngectomy patients confirmed Candida albicans as the predominant fungal
species and Staphylococcus aureus as the most common bacterial colonizer within
our patient cohort. Using a combination of microbiological analysis, patient data and
a high-throughput antifungal test assay mimicking in vivo conditions we established
an evidence based precision antifungal treatment approach to VP management. Our
approach has allowed us to implement a personalized VP management pathway, which
increases device in situ lifespan by an average of 270%. Our study represents a
significant step forward in both our understanding of the cause of VP failure and a new
effective treatment pathway that offers tangible benefit to patients.

Keywords: Candida, voice prosthesis, laryngectomy, speech therapy, microbiology, antifungal

INTRODUCTION

Head and neck cancer is the sixth most common cancer worldwide and the eighth most
common cancer in the United Kingdom with 650,000 new cases (12,000 in the United Kingdom)
and 350,000 deaths (4,000 in the United Kingdom) attributed to it each year worldwide
(Leonhard and Schneider-Stickler, 2015; Cancer Research UK, 2018). Laryngeal malignancy is
the most frequent head and neck cancer, making up 26.2% of newly diagnosed male cases
and 13.1% of female cases in the United Kingdom (Cancer Research UK, 2018). Laryngeal
malignancy is treated with radiotherapy if it is diagnosed at an early stage, however, at later
stages treatment involves surgery often in conjunction with radiotherapy (Brook, 2013). The
majority of head and neck cancers are diagnosed at an advanced stage; for example 62% of
new diagnoses in Northern Ireland are reported to be at Stage III or Stage IV (Stage IV
alone accounts for 45%) (Cancer Research UK, 2018). Late diagnosis means that many cases of
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laryngeal cancer have to undergo a partial or total laryngectomy.
It has been estimated that there are currently 50,000–60,000
laryngectomees living in the United States (Brook, 2013).

Following a laryngectomy, the patient will no longer be
able to form speech on their own. The gold standard for
speech rehabilitation is tracheesophageal speech which requires
the use of a small silicone valve known as a voice prosthesis
(VP) (Bunting, 2004). Voice prostheses are susceptible to
colonization by microbial biofilms (Busscher et al., 1997a).
Such contamination may be enhanced by the environment of
the esophagus, e.g., foods, liquids (including saliva), humidity
and constant temperature (Holmes et al., 2014; Talpaert et al.,
2015), and device failure has been attributed to such microbial
growth as it can prevent valve closure (Leunisse et al., 2001;
Oosterhof et al., 2005) and leakage of esophageal contents into
the trachea. A loss of valve functionality leads to poor speech
and requires replacement of the device (Ticac et al., 2010;
Leonhard and Schneider-Stickler, 2015). Moreover, the microbial
colonization may act as a reservoir of potential pathogens which,
subsequent to aspiration, may lead to life-threatening infections
such as pneumonia (Delank and Scheuermann, 2008). The mean
VP lifespan is highly variable across different studies and has
historically been reported as being between 120 and 200 days
(Schafer et al., 2001; Sayed et al., 2012). However, a recent large-
scale study which analyzed the lifespan of 3648 VPs reported an
average of 86 days (Lewin et al., 2017). A number of strategies
have been proposed to increase VP lifespan, such as the use
of magnets to support the closing of the valve (Hilgers et al.,
2003) and the incorporation of compounds, for example silver
oxide, within the VP material to prevent microbial colonization
(Hilgers et al., 2009). VPs containing magnets such as the Provox
ActiValve have been shown to have longer in situ lifespans than
other models (Kress et al., 2014; Lewin et al., 2017). However,
overall, the levels of success with these approaches has been
variable and importantly the average VP device lifespan has not
significantly increased over the last 10 years (Lewin et al., 2017).

Co-colonization of VPs by bacterial and fungal species
within poly-microbial biofilms is commonly reported. However,
it is not clear to what extent yeast and bacterial biofilm
colonization contributes to early VP failure, nor how effective
their prevention may be in extending device lifespan. Medically,
biofilms are of particular importance because it is thought
that a significant percentage of human microbial infections
include biofilm formation (Costerton et al., 1999; Donlan,
2001a,b). Furthermore, cells within biofilms can be up to 1000x
more resistant to antimicrobial treatment than their planktonic
counterparts (Chandra et al., 2001; Donlan and Costerton, 2002).
The exact microbial composition on any particular VPs is
influenced by several factors including patient diet, lifestyle and
the voice prosthesis management regime to which they subscribe
(Talpaert et al., 2015).

Streptococcal species such as Streptococcus mitis and
Streptococcus sobrinus, Staphylococcal species such as
Staphylococcus aureus (Neu et al., 1994), and Pseudomonas
aeruginosa (Sayed et al., 2012) are among the major bacterial
microorganisms frequently isolated from VPs biofilms. Candida
albicans is reported as the most prevalent fungal colonizer of

a VP surface (Bauters et al., 2002; Buijssen et al., 2012), it is a
commensal yeast that is found on the mucosal surfaces of the
oral cavity, gastrointestinal tract and genitourinary tract of most
healthy individuals (Berman and Sudbery, 2002; Ganguly and
Mitchell, 2011). C. albicans is a dimorphic fungus and biofilm
formation of this organism involves a switch from growing in the
typical budding yeast form to a filamentous hyphal form.

Here we characterize the microflora found on early failing
voice prosthesis from 48 patients within Kent (South East
United Kingdom) over a 5-year period (2011–2016). We
observed that multi-species biofilms form in most cases, with
C. albicans and S. aureus being the most prevalent. We
demonstrate that the high CO2 environment experienced in the
airway promotes C. albicans biofilm formation on VPs, providing
an explanation for its prevalence on these devices. To determine
whether yeast colonization acts as a driver for early VP failure
we devised an evidence based strategy to manage contamination
using a newly developed high-throughput assay that mimics
in situ conditions in combination with drug sensitivity data. We
report results from a 20 patient study that applies our principles
of precision antimicrobial assessment that verifies antifungal
treatment as a highly effective approach to VP lifespan extension.
The study documented voice prosthesis lifespan pre- and post-
management pathway implementation and statistical analyses
confirmed a significant increase in VP lifespan within the patient
cohort. Our guidelines represent a significant advance in both our
understanding of the underlying cause of VP failure and a new
effective method to increase VP lifespan by an average of 2.7-fold.

MATERIALS AND METHODS

Patient Cohort and Voice Prostheses
Biofilms from a total of 159 early failing VPs from 48 patients
(41 males and 7 females; mean age = 69.5 years, range 35–
90 years) were analyzed for microorganism composition over
a 5-year period (2011–2016). All prostheses were removed
from patients attending one of the three main acute hospital
sites within East Kent, United Kingdom: William Harvey
Hospital, Ashford; Canterbury Hospital, Canterbury; Queen
Elizabeth the Queen Mother Hospital, Margate. 38 of these
patients had multiple voice prosthesis failures and were
followed as part of a Candida management guideline impact
study, which documented the voice prosthesis lifespans before
and after implementation of a set of treatment guidelines
designed to limit fungal growth. Treatment guidelines for the
treatment of VPs with anti-fungal drugs were approved by the
East Kent Hospital University Foundation Trust (EKHUFT)
Voice Prosthesis Infection Management Multi-disciplinary team
(MDT), EKHUFT Antimicrobial Stewardship Group, EKHUFT
Drugs and Therapeutics Committee, EKHUFT ENT Audit
Group, EKHUFT Adult Speech and Language Therapy Service,
East Kent Prescribing Group. This study was approved by the
EKHUFT Research and Innovation Department (2018/GAP/20)
in accordance with the Department of Health’s Research
Governance Framework for Health and Social Care and
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EKHUFT Research and Innovation policy. All patient data was
anonymised prior to use in this study.

Please contact the corresponding authors for information
if you wish to start using the Candida Management clinical
guidelines for voice prosthesis management used in this study.

Microorganism Isolation and
Identification
To determine which microorganisms were present, a failed
voice prosthesis was removed from the patient and sealed in
a sterile bag. Upon receipt at the microbiology laboratory,
the voice prosthesis was added to 2 ml saline solution
along with glass beads and vortexed at 2500 rpm for 30 s.
The resulting suspension was plated on chromogenic agar
to facilitate identification of bacterial species. 50 µl of the
suspension was also plated on Sabouraud Dextrose Agar (SDA)
plates (Oxoid, CM0041) containing 100 µg/ml chloramphenicol
(Oxoid, SR0078) to promote the growth of fungal species while
inhibiting bacterial growth. Chromogenic agar and SDA plates
were incubated for 48 h at 37◦C. Bacterial colonies were then
picked from the chromogenic plates and fungal colonies were
picked from the SDA plates, species were identified using
matrix assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-ToF).

MALDI-ToF Mass Spectrometry
Identification of Microorganisms
MALDI-ToF mass spectrometry was used to identify species
isolated from failed VPs within this study. Fungal and bacterial
colonies were picked and applied to a steel MALDI target plate
before being overlaid with an α-cyano-4-hydroxycinnamic acid
(4-HCCA) matrix (Sigma-Aldrich, 70990) (Gobom et al., 2001).
MALDI-ToF mass spectrometry was performed using a Bruker
MALDI Biotyper (Bruker) as per the manufacturer’s instructions.
The resulting mass spectra were compared to a reference database
for identification using the MBT Compass and MBT Explorer
Software along with the MBT Compass Library which comprises
approximately 2750 species from 471 microorganism genera.

Antifungal Sensitivity Testing
Antifungal sensitivity testing was performed using the
FungitestTM commercial testing kit (BioRad, 60780) as per
the manufacturer’s instructions. Isolates were assigned sensitive,
intermediate, or resistant based upon the European Committee
on Antimicrobial Sensitivity Testing (EUCAST) breakpoint
recommendations for each antifungal and/or species (European
Committee on Antimicrobial Susceptibility Testing, 2018).

Antibacterial Sensitivity Testing
Antibacterial sensitivity testing was carried out to determine
the minimum inhibitory concentrations (MICs) of clinically
commonly used antibiotics. Isolates were assigned sensitive,
intermediate, or resistant based upon the EUCAST breakpoint
recommendations for each antibiotic and/or species (European
Committee on Antimicrobial Susceptibility Testing, 2019).

Scanning Electron Microscopy (SEM)
of Voices Prosthesis Surfaces
Segments were taken from the valve and flange of a Provox Vega
voice prosthesis and mounted onto 12.5 mm aluminum SEM
specimen stubs (Agar Scientific, AGG301) with superglue. The
surfaces were imaged at ambient temperature with a Hitachi
S-3400N scanning electron microscope, using the variable
pressure scanning electron microscopy (VP-SEM) mode with a
chamber pressure of 30 Pa and accelerating voltage of 10 kV.
The backscattered electron (BSE) detector in conjunction with
the energy dispersive X-ray spectroscopy (EDS) detector was
used throughout with a working distance of 10 mm. The
acquisition software was Oxford Instruments INCA and images
were exported directly from this.

Atomic Force Microscopy (AFM) of Voice
Prosthesis Surfaces
Segments were taken from the valve and flange of a Provox
Vega voice prosthesis and mounted onto 15 mm AFM specimen
disks (Agar Scientific, F7003) with superglue. These surfaces were
imaged at ambient temperature using a Bruker Multimode 8
scanning probe microscope with a Nanoscope V controller, using
the ScanAsyst peak-force tapping mode with a 50 µm × 50 µm
scan area and a 700 nm scan height. SCANASYST-AIR (Bruker)
silicon nitride cantilevers (tip height of 2.5–8.0 µm, nominal tip
radius of 2 nm) with a nominal spring constant of 0.4 N/m and
a resonance frequency of 70 kHz were used throughout. The
image acquisition software was Nanoscope 8.15 R3sr5 and the
processing software was Nanoscope Analysis.

Candida Strains and Growth Media
Candida strains (Supplementary Table S3) were routinely grown
at 30◦C in yeast peptone dextrose (YPD) media (2% peptone
(BD Bacto), 2% D-glucose (Fisher Scientific), 1% yeast extract
(BD Bacto). For the biofilm growth assays, Candida biofilms were
grown at 37◦C in RPMI-1640 media (Sigma-Aldrich, R8755)
supplemented with 80 µg/ml uridine (Sigma-Aldrich, U3750).
Candida strains were maintained in YPD + 20% glycerol at
−80◦C for long-term storage and revived at 30◦C on YPD + 2%
Technical Agar (Oxoid) plates.

In vitro Biofilm Growth Assays
To investigate fungal biofilm formation and its treatment on
VPs a high-throughput assay was developed. C. albicans biofilms
were grown on a PDMS silicone elastomer (Provincial Rubber,
S1). The silicone was cut into 1 cm2 squares and placed in clips
in a modified 24-well plate lid (Academic Centre for Dentistry
Amsterdam, AAA-model) so they could be suspended in media
within a sterile 24-well plate (Greiner Bio-one, CELLSTAR,
662160). Silicone squares were incubated in 1 ml 50% donor
bovine serum (DBS) (Gibco, 16030074) for 30 min at 30◦C,
then washed twice with 1 ml Phosphate-Buffered Saline (PBS –
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4,
pH 7.4) to remove excess DBS. Candida strains were inoculated
into a test tube containing 5 ml YPD media and placed in a 30◦C
orbital shaking incubator with constant shaking at 180 rpm for
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18 h. OD600 measurements were taken and a volume of overnight
culture corresponding to OD600 = 1.0 (3 × 107 CFU/ml) was
removed. These cells were pelleted by centrifugation at 4000 rpm
for 5 min at which point the supernatant was discarded. The
resultant pellet was re-suspended in 5 ml PBS to wash and
centrifuged again at 4000 rpm for 5 min. The PBS supernatant
was discarded and the pellet re-suspended in fresh PBS (at an
OD600 of 1.0). The OD600 1.0 standard cell suspension was added
to wells (1 ml per well) in a pre-sterilized 24-well plate and
the lid with the silicone squares attached was placed on top so
the silicone squares protruded into the cell suspension. These
plates were then incubated at 37◦C (in either 0.03% CO2 or 5%
CO2) without shaking for 90 min to allow cell attachment to the
silicone. After the attachment phase, the silicone squares were
washed twice with 1 ml PBS to remove any unattached cells and
transferred to 1 ml RPMI-1640 media (Sigma-Aldrich, R8755).
They were then incubated at 37◦C (in either 0.03% CO2 or 5%
CO2) without shaking for up to 48 h to allow biofilm maturation.
Growth of biofilms on the surface of a sterile VP was conducted
using the same protocol.

Biofilm Quantification via XTT Assay
Biofilm growth was quantified using an XTT assay (Kuhn et al.,
2002). Biofilms were washed twice with 1 ml PBS to remove
any planktonic cells before proceeding to quantification. After
washing, the biofilms were transferred to a new pre-sterilized
24-well plate (Greiner Bio-one, CELLSTAR, 662160) containing
30 µg/ml XTT labeling reagent (Roche, 11465015001) and
incubated at 37◦C for 4 h. After incubation, the biofilms were
removed from the 24-well plate and the absorbance of the
remaining XTT labeling reagent was measured at 492 nm using a
BMG LABTECH FLUOstar Omega plate reader machine.

Antifungal Treatment of Biofilms
Biofilms were seeded on silicone elastomer sections as described
above and grown in RPMI-1640 for 24 h at 37◦C. The
biofilms were then transferred to fresh RPMI-1640 media
containing an antifungal, either; Fluconazole, Miconazole, or
Nystatin at indicated concentrations. Fluconazole (Santa Cruz
Biotechnology, sc-205698) was made as a 50 mg/ml stock solution
in ethanol and diluted in RPMI-1640 final concentrations of
128 and 32 µg/ml. Miconazole (Santa Cruz Biotechnology, sc-
205753) was made as a 50 mg/ml stock solution in DMSO
and also diluted in RPMI-1640 to final concentrations of 32
and 128 µg/ml. Nystatin (Santa Cruz Biotechnology, sc-212431)
was made as a 5 mg/ml stock solution in DMSO and diluted
in RPMI-1640 to final concentrations of 2 and 8 µg/ml.
Drug vehicle controls (0.25% ethanol for Fluconazole, 0.25%
DMSO for Miconazole, and 0.15% DMSO for Nystatin) were
used to ensure the solvents were not affecting biofilm growth.
The biofilms matured in the RPMI-1640 media containing
the select antifungal for a further 24 h at 37◦C in both
0.03 and 5% CO2 before proceeding to quantification via the
XTT assay. Experiments were performed in biological and
technical triplicate.

Mixed Species Biofilm Competition
Assays
Biofilms were set up as described previously, except that for
mixed biofilms C. albicans and C. parapsilosis clinical isolate
overnight cultures were each counted and adjusted to 1.5 × 107

CFU/ml to give a 3 × 107 CFU/ml overall inoculum (equivalent
to OD600 of 1.0) for the 90 min attachment phase. After
attachment, the silicone squares were washed twice with 1 ml PBS
to remove any unattached cells and transferred to 1 ml RPMI-
1640 media (Sigma-Aldrich, R8755). They were then incubated
at 37◦C in both 0.03% CO2 or 5% CO2 without shaking for 48 h
to allow biofilm maturation before proceeding to quantification
via the XTT assay. Experiment was performed in biological and
technical triplicate.

Biofilm Composition Analysis via
Chromogenic Agar
Silicone squares with biofilms on them were dropped into 2 ml
PBS and vortexed for 10 s at 2500 rpm to release the biofilm cells
from the surface. The resulting biofilm cell suspension was plated
on Candida Ident Agar (Fluka Analytical, 94382) in triplicate
(200 µl per plate). The chromogenic agar plates were incubated
at 30◦C for 48 h, at which point photographs of the plates were
taken. C. albicans colonies appeared green and C. parapsilosis
colonies stayed white on the Candida Ident Agar plates.

Analysis of Voice Prosthesis Lifespans
Voice prosthesis lifespans at the Speech and Language Therapy
Centre at the Kent and Canterbury Hospital were investigated
over the course of 8 years (2010–2018). In total, 38 patients
had their voice prosthesis lifespan documented. However, 18
patients were removed from further analysis due to a lack
of adherence to the guidelines, moving out of the hospital
catchment area resulting in incomplete data entries, or simply
not enough VPs failures/changes in the time period. The voice
prosthesis lifespans of the remaining 20 patients, before and after
the implementation of our treatment pathway, were analyzed
using the Online Application for Survival Analysis 2 (OASIS 2)
platform (Kim et al., 2016). In total, 143 VPs before and 176
after implementation of the pathway were included in this study.
Kaplan–Meier survival curves were plotted and log-rank tests
performed to statistically compare device lifespans before and
after the treatment pathway. Wilcoxon Signed-Rank tests were
also carried out to determine if the pathway effect was significant
when taking into account the inherent differences in device
lifespan from patient to patient. For all analyses, the significance
level (α) was 0.05.

RESULTS

Analysis of Microorganisms Found on
Early Failing Voice Prostheses
Staphylococcus aureus was the most frequently isolated bacterial
species (Figure 1B), being found on multiple early failing
VP (Figures 1B,C). This finding is in line with previous
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FIGURE 1 | The range and distribution of bacterial species found on voice prostheses within this study. (A) An example of a failed voice prosthesis removed from a
patient. Note the ring of colonization on the prosthesis hood around the valve mechanism. (B) Bar graph representation of absolute numbers of times each bacterial
species was isolated from 159 early failing VPs. (C) Pie chart representation of percentage of total bacteria isolated from 159 early failing VPs.

studies that also identified S. aureus as the prevalent bacterial
organism found within VP biofilms (Neu et al., 1994; van
Weissenbruch et al., 1997). However, S. aureus was one of several
Staphylococcal species identified, the others being identified
at lower frequencies included Staphylococcus epidermidis and
Staphylococcus schleiferi (Figures 1B,C). We also identified the
S. aureus strain methicillin-resistant S. aureus (MRSA) on 5 VPs
and counted these separately from the rest of the S. aureus isolates
(Figures 1B,C). P. aeruginosa was the second most frequent
bacterial species found on early failing VPs (Figures 1B,C).

Previous studies have also identified P. aeruginosa as a prevalent
bacterial species found within VP biofilms (Sayed et al., 2012).
Several Streptococcus species were also identified, but at a low
frequency, including Streptococcus milleri, Streptococcus mitis,
and Streptococcus intermedius (Supplementary Table S1).

Yeast species were isolated from the vast majority of the 159
early failing VPs; 107 (67.3%) were colonized by a single yeast
species, 37 (23.3%) were colonized by multiple yeast species,
and just 15 (9.4%) showed no yeast species presence. In total,
178 yeast isolates were identified and 168 (94.4%) of these
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were Candida species, the remaining 10 fungal isolates were
made up of Saccharomyces cerevisiae (8) and Pichia manshurica
(2). S. cerevisiae and P. manshurica isolates were normally
found alongside Candida species (62.5 and 100% respectively).
The most frequently isolated yeast species was C. albicans
(Figures 2A,B). This is in line with previous studies which
identified C. albicans as the yeast species most commonly found
on VPs (Everaert et al., 1997; Bauters et al., 2002; Buijssen et al.,
2012). The non-albicans Candida isolates constituted 44.4% of all
fungal isolates, with Candida glabrata being the most common of
these (Supplementary Table S2).

The same bacterial and fungal species were frequently isolated
from sequential VPs removed from the same patient implicating
a common pattern of biofilm establishment. In total, 38 of the 48
patients had more than one voice prosthesis failure during the
course of the study. 30 of these (78.9%) had the same bacterial
species present on at least 2 VPs while 29 (76.3%) had the same

fungal species on at least 2 VPs. 25 of the 29 patients which had
reoccurring fungal species also had the same bacterial species on
at least 2 VPs. The most commonly reoccurring fungal species
was C. albicans, being found on multiple VPs within 18 patients.

It is worth noting that fungal and bacterial species were often
found together on early failing VPs, 134 (84.3%) had at least one
species of each present. The two most numerous species in this
study, S. aureus and C. albicans, were the most commonly co-
isolated species, being found together on 60 (37.7%) VPs. It was
very rare for only fungal species to be present; only 10 (6.3%) VPs
harbored solely fungal species and intriguingly all of these were
either the first or second VP failure of their respective patients.
The significance of this, if any, is yet to be determined. The two
most commonly co-isolated fungal species were C. albicans and
C. glabrata which were found together on 17 (10.7%) VPs.

It is of importance to highlight that the most prevalent
voice prosthesis colonizing organisms within our patient cohort

FIGURE 2 | The range and distribution of fungal species found on early failing VP. (A) Bar graph representation of absolute numbers of times each yeast species was
isolated from 159 early failing VPs. (B) Pie chart representation of percentage of total yeast isolated from 159 early failing VPs.
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correlate with previous findings. This suggests that an effective
treatment plan designed to tackle biofilm formation on VP in our
cohort may have wide-reaching applicability.

Factors Promoting Microbial
Colonization of Voice Prostheses
Our routine examination of early failing VPs often suggested
concentration of microbial growth on certain regions of the

device surface (Figure 1A). We investigated surface topography
using atomic force and scanning electron microscopy as
roughness has been shown to be an important driver of
colonization (Radford et al., 1998; Nevzatoğlu et al., 2007). The
flange (Figure 3A) of the device exhibited a significantly rougher
topography than the valve which appeared smooth using these
high resolution techniques (Figures 3B,C). The roughness of the
flange was particularly evident in the AFM 3D plot of its surface
(Figure 3D). In line with previous studies, this may suggest

FIGURE 3 | Atomic force and scanning electron microscopy surface topography of the valve and esophageal flange of the Provox Vega voice prosthesis. (A) The
Provox Vega voice prosthesis. (B) SEM images of the valve and inner-side of the prosthesis hood were taken at x120 magnification. The scale bars represent
700 µm. (C) AFM images of the valve and esophageal flange were taken of 50 µm × 50 µm surface areas with a scan height of 700 nm. (D) AFM 3D plot of a
50 µm × 50 µm area of the esophageal flange. Z-axis is 0–1 µm. Several images were taken and representative examples are presented.
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that the flange, specifically the valve-flange interface, provides a
more likely site for initial attachment (Leunisse et al., 2001). This
proposition is also consistent with our observations that failed
VPs often exhibit heavy colonization on the flange, particularly
at the rougher inner edge where the flange interfaces with the
valve (Figures 1A, 3Bii).

Due to the high CO2 levels (∼5%) experienced in the airway as
a result of exhaled breath (Tsoukias et al., 1998), we contemplated
whether CO2 could be exerting an effect on C. albicans biofilm
formation in the voice prosthesis scenario. Indeed, when seeded
onto a voice prosthetic surface, C. albicans has increased biofilm
growth in 5% CO2 after 24 h than in atmospheric air (Figure 4).
Constant exposure of the valve mechanism and parts of the
esophageal flange to exhaled air may therefore contribute to the
prevalence of C. albicans colonization upon VPs.

C. parapsilosis Does Not Have a
Competitive Advantage Over C. albicans
in Biofilm Establishment
We observed that Candida parapsilosis was rarely co-isolated
with another Candida species. Of the 14 VPs which harbored
C. parapsilosis, only 1 also had another Candida species present.
This is a stark contrast to other Candida species, such as
C. glabrata which was found on 23 VPs, 19 of which also had
additional Candida species. This led us to investigate whether
C. parapsilosis exhibited a competitive advantage over C. albicans
with regards to biofilm growth. A C. parapsilosis clinical isolate
found as the sole yeast species on a failed VP was selected for this

investigation. Biofilms were seeded using equal cell numbers of
the C. albicans and C. parapsilosis clinical isolates either alone or
in combination and incubated for 48 h to mature. Overall biofilm
growth was analyzed by measuring the metabolic activity of the
biofilms using the XTT colorimetric assay (Kuhn et al., 2002)
(Figure 5). The proportions of C. albicans and C. parapsilosis
cells were then analyzed by removing biofilms from the silicone
surface and plating the resulting cell suspension on chromogenic
agar (Supplementary Figure S1). Strikingly, while the C. albicans
G-3065 clinical isolate was able to form a robust biofilm on the
silicone surface, the C. parapsilosis G10402 clinical isolate was
not (Figure 5). Moreover, when these two clinical isolates were
seeded together, the resultant biofilm was composed primarily
of C. albicans cells (Supplementary Figure S1). In addition,
while C. albicans biofilms were significantly increased when
grown in the presence of increased CO2 this was not observed
for C. parapsilosis. These data suggest that the identification of
C. parapsilosis in isolation on failed VPs is unlikely to arise from
a competitive advantage over C. albicans.

Antimicrobial Sensitivity of Clinical
Isolates
The sensitivities of the five most common bacterial species found
on early failing VP to an example antibiotic from the five major
antibiotic classes (Coates et al., 2011) are reported (Table 1).
Only 10 (8.5%) of the most common bacterial isolates tested for
sensitivity against the β-lactam antibiotic amoxicillin were judged
to be sensitive, and these were all S. aureus isolates. All of the

FIGURE 4 | Candida albicans biofilm forming on the flange of a voice prosthesis in vitro in both atmospheric air and elevated CO2 conditions. C. albicans biofilm
formation was assessed on a Provox Vega VP at 37◦C under atmospheric air and elevated CO2 conditions that mimic exhaled breath. Images were collected after
24 h at x8 and x100 magnification. The experiment was repeated three times and representative images are presented.
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FIGURE 5 | In vitro biofilm assay using C. albicans and C. parapsilosis early
failing VP clinical isolates. Biofilms were seeded and grown for 48 h to mature,
the resulting biofilms were quantified using the XTT assay which produces a
red product that can be measured spectrophotometrically at 492 nm (higher
cell number = higher absorbance). The C. albicans G-3065 clinical isolate
makes bigger biofilms than the C. parapsilosis G10402 clinical isolate, and
this biofilm formation is influenced by CO2 concentration. The graph
represents three independent experiments each containing triplicates, error
bars denote Standard Deviation. Paired two-tail t-tests were carried out:
*p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not significant.

P. aeruginosa, S. marcescens, MRSA, and K. pneumoniae isolates
tested for amoxicillin sensitivity were resistant. 76 (74.5%) were
deemed to be sensitive to the macrolide erythromycin, with
a significant number of S. aureus isolates being found to be
resistant. The majority of the common bacterial isolates were
sensitive to the fluoroquinolone Ciprofloxacin with 111 (93.3%)
being judged as sensitive, however, all of the MRSA isolates
tested were resistant to Ciprofloxacin. Likewise, a high number
of isolates were sensitive to Tetracycline (104–87.4%), but this
antibiotic did not exhibit good activity against the P. aeruginosa
and S. marcescens isolates with 5 (83.3%) of both species being
resistant. Finally, 115 (96.6%) of the common bacterial isolates
tested were sensitive to the aminoglycoside Gentamicin, this was
in fact the most effective antibiotic tested in this study (Table 1).

The sensitivities of the five most frequently isolated fungal
species in this study to Fluconazole, Miconazole and Nystatin,
three commonly used antifungals in the clinical setting, are
reported (Table 2). Of the 168 Candida isolates, 155 were tested
for Fluconazole sensitivity and 139 of these were found to be
sensitive (89.7%). Moreover, 123 of the Candida isolates were
tested for Miconazole sensitivity and 107 were sensitive (87.0%).
Finally, 129 of the Candida isolates were tested for Nystatin
sensitivity and 126 of these were found to be sensitive (97.7%).
Nystatin therefore appeared to be the most effective antifungal
with regards to inhibition of growth of Candida species obtained
from early failing VPs in this patient cohort.

Antifungal Sensitivity of C. albicans
Clinical Isolates Within Biofilms
The antifungal drugs Nystatin, Miconazole, and Fluconazole are
commonly used as agents to treat fungal colonization of the
ear, nose, and throat. We therefore tested their efficacy against

C. albicans biofilms grown from isolates recovered from early
failing VPs. The clinical isolates displayed higher resistances
to Fluconazole and Miconazole compared to Nystatin when
growing as biofilms (Table 3). Moreover, this azole resistance
was significantly increased in biofilms grown in high CO2
environments (Supplementary Figure S2). For instance, G-
8424 biofilms grown in 0.03% CO2 had an average decrease
in XTT activity of 59% relative to the untreated control upon
treatment with 32 µg/ml Fluconazole (p < 0.001), whereas
there was no significant decrease in relative XTT activity in
the 5% CO2 G-8424 biofilms (Table 3 and Supplementary
Figure S2). This was also true for the 128 µg/ml Miconazole
treatments in all three isolates (Table 3 and Supplementary
Figure S3). Furthermore, despite the fact that 0.03 and 5%
CO2 G-1625 biofilms both displayed significant decreases in
relative XTT activity upon Fluconazole treatment, the relative
XTT activity was still significantly higher in the biofilms grown in
5% CO2 (Supplementary Figure S2). Nystatin sensitivities were
generally independent of CO2 concentration (Figure 6). The G-
3065 and G-8424 clinical isolate biofilms were more resistant to
Fluconazole and Miconazole than the G-1625 isolate, however, all
isolate biofilms exhibited good sensitivity to Nystatin (Table 3).
Based on these data, we conclude that Nystatin is the most
potent against C. albicans biofilms on silicone surfaces and also
offers the greatest protection against the CO2 biofilm activation.
However, Fluconazole and Miconazole are still both efficacious
against some isolates. This approach, which extended current
drug susceptibility testing practice to better represent in vivo
biofilm growth conditions, was crucial in our decision to make
use of Nystatin as the lead compound in the development of
antifungal treatment guidelines.

Development and Clinical Testing of
Antifungal Treatment Guidelines (ATG) to
Extend VP Lifespan
Although VP biofilms are likely to be formed from several
species we hypothesized that an antifungal approach to reduce
colonization may effective in extending device lifespan. The
rationale behind this was based on three observations. First,
yeast contamination contributes significant biomass which in
turn is more likely to impair valve function. Second, the elevated
physiological CO2 environment in which a VP sits promotes
biofilm growth of the most commonly isolated yeast, C. albicans.
Third, since other commonly isolated bacteria, such as S. aureus
and P. aeruginosa have been reported to use Candida hyphae as
a scaffold to attach to during biofilm formation (Harriott and
Noverr, 2009), it may be the case that antifungal treatment also
attenuates the bacterial colonization.

The antifungal drugs selected for treatment were chosen
based upon the fungal sensitivity data with Nystatin being
demonstrated to be the most effective as it had the lowest levels
of resistance (Table 2). Previous studies have also identified
that most non-albicans Candida species have higher azole MICs
(Ribeiro et al., 2001; Singh et al., 2002), whereas all Candida
species have low in vitro Nystatin MICs (Nenoff et al., 2016).
Moreover, C. albicans sensitivity to Nystatin when in a biofilm
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TABLE 1 | Antibiotic sensitivity of the five most common bacterial species isolated from early failing VPs.

Species Total number of isolates tested Number of isolates in each category (%)

Sensitive Intermediate Resistant

Amoxicillin

Staphylococcus aureus 96 10 (10.4) 0 76 (79.2)

Pseudomonas aeruginosa 6 0 0 6 (100)

Serratia marcescens 6 0 0 6 (100)

MRSA 5 0 0 5 (100)

Klebsiella pneumoniae 5 0 0 5 (100)

Total 118 10 (8.5) 0 98 (83.1)

Erythromycin

Staphylococcus aureus 97 71 (73.2) 1 (1.0) 25 (25.8)

Pseudomonas aeruginosa 0 – – –

Serratia marcescens 0 – – –

MRSA 5 5 (100) 0 0

Klebsiella pneumoniae 0 – – –

Total 102 76 (74.5) 1 (1.0) 25 (24.5)

Ciprofloxacin

Staphylococcus aureus 97 95 (97.9) 0 1 (1.0)

Pseudomonas aeruginosa 6 5 (83.3) 0 1 (16.7)

Serratia marcescens 6 6 (100) 0 0

MRSA 5 0 0 5 (100)

Klebsiella pneumoniae 5 5 (100) 0 0

Total 119 111 (93.3) 0 7 (5.9)

Tetracycline

Staphylococcus aureus 97 95 (97.9) 0 2 (2.1)

Pseudomonas aeruginosa 6 0 0 5 (83.3)

Serratia marcescens 6 0 1 (16.7) 5 (83.3)

MRSA 5 5 (100) 0 0

Klebsiella pneumoniae 5 4 (80) 0 1 (20)

Total 119 104 (87.4) 1 (0.8) 13 (10.9)

Gentamicin

Staphylococcus aureus 97 93 (95.9) 0 4 (4.1)

Pseudomonas aeruginosa 6 6 (100) 0 0

Serratia marcescens 6 6 (100) 0 0

MRSA 5 5 (100) 0 0

Klebsiella pneumoniae 5 5 (100) 0 0

Total 119 115 (96.6) 0 4 (3.4)

The number of sensitive, intermediate, and resistant isolates based upon EUCAST breakpoint recommendations are given for the five most commonly isolated
bacterial species.

appears to be unaffected by CO2 level (Figure 6). Our antifungal
voice prosthesis management guidelines involve determining
the identity and antimicrobial sensitivities of microorganisms
present on a failed VP. Based on the antifungal sensitivities
of the colonizing fungal species, a course of antifungals (most
commonly Nystatin) is suggested and prescribed for topical
application directly on the VP.

To test the effectiveness of our antifungal approach to
managing VP data from 38 patients was assessed. VP lifespan

data from the patient cohort before and after their placement
on the ATG was assessed. Over the course of the study,
18 patients were removed from further analysis because of
either; concerns over a lack of adherence to the ATG, moving
out of the hospital catchment area resulting in incomplete
data entries, or insufficient VP replacement data. This left
20 patients with complete VP lifespan data entries before
and after guideline implementation on which to conduct
statistical analyses.
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TABLE 2 | Antifungal sensitivity of the five most common Candida species isolated from early failing VPs.

Species Total number of isolates tested Number of isolates in each category (%)

Sensitive Intermediate Resistant

Fluconazole

Candida albicans 83 81 (97.6) 2 (2.4) 0

Candida glabrata 23 21 (91.3) 2 (8.7) 0

Candida tropicalis 15 15 (100) 0 0

Candida parapsilosis 14 12 (85.8) 0 2 (14.3)

Candida krusei 9 1 (11.1) 2 (22.2) 6 (66.7)

Total 144 130 (90.3) 6 (4.2) 8 (5.5)

Miconazole

Candida albicans 62 59 (95.1) 3 (4.9) 0

Candida glabrata 19 19 (100) 0 0

Candida tropicalis 13 7 (53.9) 6 (46.1) 0

Candida parapsilosis 9 4 (44.4) 4 (44.4) 1 (11.1)

Candida krusei 9 8 (88.9) 1 (11.1) 0

Total 112 97 (86.6) 14 (12.5) 1 (0.9)

Nystatin

Candida albicans 65 64 (98.5) 0 1 (1.6)

Candida glabrata 20 18 (90.0) 1 (5.0) 1 (5.0)

Candida tropicalis 15 15 (100) 0 0

Candida parapsilosis 9 9 (100) 0 0

Candida krusei 9 9 (100) 0 0

Total 118 115 (97.4) 1 (0.9) 2 (1.7)

The number of sensitive, intermediate, and resistant isolates based upon EUCAST breakpoint recommendations are given for the five most commonly
isolated yeast species.

TABLE 3 | Antifungal sensitivity of biofilms of three C. albicans clinical isolates from early failing VPs.

Antifungal C. albicans G-3065 C. albicans G-8424 C. albicans G-1625

0.03% CO2 5% CO2 0.03% CO2 5% CO2 0.03% CO2 5% CO2

Fluconazole

32 µg/ml + + ++ − +++ ++

128 µg/ml + + +++ − +++ ++

Miconazole

32 µg/ml − − − − − +

128 µg/ml ++ − +++ − +++ +

Nystatin

2 µg/ml +++ +++ − + + +

8 µg/ml +++ +++ ++ +++ +++ +++

Action of antifungals was measured via the XTT assay activity relative to untreated in both 0.03 and 5% CO2: − >80%, + 60–80%, ++ 40–60%, +++ <40%.

Throughout the 8 year course of the study, the lifespan of
319 VPs (143 before and 176 after guidelines) across the 20
patient cohort were analyzed. These 319 VPs represented all
the changes for the 20 patients when the removed VP was
replaced by the same model of the same size. This ensured
there were no external factors such as VP surface/surface area
influencing the results. We also included all changes and not
just those specifically attributed to the presence of Candida
growth to remove bias.

Overall, implementation of the ATG resulted in a significant
(p < 0.001) increase in VP lifespan within our patient
cohort (Figure 7A). Importantly, this lifespan increase was not
dependent on VP manufacturer/model as both the Blom-Singer
Classic and the Provox Vega (the two most common VPs in
this study) exhibited similar increases in lifespan (Figure 7B).
It is also important to highlight that the lifespans of these two
models were not significantly different before or after the pathway
implementation (Figure 7B).
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FIGURE 6 | Nystatin sensitivities of C. albicans clinical isolate biofilms. Biofilms were seeded and grown for 24 h before addition of Nystatin, they were then grown
for a further 24 h before quantification using the XTT assay. The relative XTT activity is presented with the 0.03% CO2 biofilms being normalized to the 0.03% CO2

untreated control and the 5% CO2 biofilms being normalized to the 5% CO2 untreated control. This prevents the general higher growth of 5% CO2 biofilms
impacting the analysis. Graphs represent three independent experiments each containing triplicates, error bars denote Standard Deviation. Two-way ANOVAs
followed by a Tukey test for multiple comparisons were carried out: *p < 0.05, **p < 0.01, ***p < 0.001. Stars directly above the bars indicate a significant difference
to untreated in the same CO2 environment.

Although there was variation in average post-pathway VP
lifespan increase between patients, the majority of the patients
in our cohort enjoyed an overall increase in device lifespan
(Figure 8A). Two patients did not exhibit an increase in
VP lifespan, instead having a slight decrease of −2.4 and
−45.5 days respectively (Figure 8A). However, these two
patients had long-lived VPs on average (97.1 and 193.3 days
respectively) in comparison with the rest of the cohort prior to
the introduction of the new antifungal clinical guidelines. This
was particularly evident for patient 16 whose VPs were already
lasting longer than the post-pathway mean lifespan across all
patients. Thus, the treatment guidelines may be of most benefit
to patients who are experiencing early failing VP. The mean VPs
lifespan before guideline implementation was 71.9 days and this
increased to 192.0 days after implementation of the antifungal
management pathway representing an average 2.7-fold increase
in lifespan (Figure 8B).

We did not identify any cases of increased drug resistance to
antifungal application within the study. However, our guidelines
recommend a 6 months (180 days) limit before VP change.
This length of time was chosen primarily to ensure that the VP
remains structurally sound. Before ATG use only 8 VPs (5.6%)
reached this target across all 20 patients, while post-ATG 63 VPs
(35.8%) lasted at least 180 days (Figure 7A). It is worth noting
that after the treatment guidelines were implemented, several
VPs were being routinely changed because they had been in situ
for >6 months and not because they had actually failed. The full
set of guidelines can be obtained by contacting the authors and
are briefly summarized in Figure 8C.

DISCUSSION

The colonization of VP by mixed biofilms has been reported as
a potential cause for their early failure. However, a mechanistic
understanding as to such biofilms may drive early failure and
to what extend bacterial or fungal presence underlies failure
is not well-understood. In this study we sought to investigate
whether an antifungal treatment regime would provide an
effective option for prevention early VP failure. Using a dedicated
extraction protocol combined with high-powered microbiology
identification we confirmed Candida albicans as the most
prevalent fungal microorganism found on early failing VP. Our
findings are in-line with previous studies where C. albicans was
the most common fungal species isolated from VP (Buijssen
et al., 2012). It is however likely that differences in the
identification methods used, different patient demographics or
lifestyles and different lifestyles or dietary habits will impact upon
the microbial colonization of VP. For instance, Chaturvedi et al.
(2014) found that C. tropicalis was the most prevalent fungal
species colonizing VP within an Indian patient cohort. The high
consumption of dairy products such as yogurt and buttermilk
in India has been proposed to influence biofilm growth on VPs.
For example, the presence of Streptococcus thermophilus and
Lactobacillus in yogurt may reduce biofilm formation (Havenaar
and Huis In’t Veld, 1992; Busscher et al., 1997b), while the
high lactoferrin content (also found in saliva) in buttermilk has
antibacterial and antifungal properties against organisms such as
C. albicans and Streptococcus mutans (Soukka et al., 1991, 1992;
Nikawa et al., 1993).
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FIGURE 7 | Kaplan–Meier survival curves showing the voice prosthesis in situ
lifespans before and after implementation of our antifungal treatment pathway.
(A) Device lifespans were documented before and after implementation of the
ATG. Kaplan–Meier survival curves were plotted using the OASIS2 online
platform and a log-rank test was used to compare the survival curves:
p < 0.001. Red line is at 180 days lifespan which we targeted as the ideal
lifespan to achieve. (B) After lifespan analysis across all devices was
performed, the lifespans were categorized into groups depending on which
VP model a patient was using. Kaplan–Meier survival curves were again
plotted using the OASIS2 online platform and log-rank tests were used to
compare them: Blom-Singer Classic, Before vs. After; p < 0.001. Provox
Vega, Before vs. After; p < 0.001.

Our study found S. aureus as the most prevalent bacterial
species on failed VPs, present on 64.2% of VPs, and was
frequently found in combination with one or more Candida
species. This may be expected as S. aureus is a member of the
normal oral and perioral microbiota (McCormack et al., 2015).
Moreover, it is the third most commonly isolated organism
with C. albicans in poly-microbial infections (a significant
proportion of which are nosocomial infections) (Klotz et al.,
2007). Synergistic relationships between S. aureus and C. albicans
have previously been documented. S. aureus is poor at forming
biofilms on its own, however, it has been suggested that the
hyphal C. albicans cells provide a scaffold on which the bacteria
can attach within a poly-microbial biofilm (Harriott and Noverr,
2009). S. aureus has been proposed attach to C. albicans hyphae
as they penetrate epithelial layers and this has been proposed

as relevant for the invasion of human tissues during infection
(Schlecht et al., 2015). Within a mixed biofilm, S. aureus cells
have also been shown to become coated in C. albicans matrix
material, enhancing its antibiotic resistance (Kong et al., 2016).
Furthermore, S. aureus and C. albicans mixed biofilms can
withstand higher shear stresses than pure C. albicans biofilms
(Lin et al., 2013). Given the high frequency with which these
two microorganisms are found together, along with the synergy
they have been previously shown to exhibit, their inter-species
relationship in with respect to biofilm formation on medical
implant devices requires further investigation. However, it is
quite plausible that by treating fungal contamination we may also
decrease the burden of important bacterial pathogens, such as
S. aureus on medical devices such as VPs. The potential impact of
this relationship is highlighted by the fact co-infection results in
increased mortality in mouse models than either microorganism
alone (Carlson, 1982, 1983).

We have demonstrated that the lifespan of VP can
be significantly increased by applying a highly effective
personalized antimicrobial treatment regime focusing on
Candida colonization, without directly treating the bacterial
colonization. Initially we hypothesized that as VP failure
occurs as a result of valve blockage then tackling the more
significant biomass caused by yeast contamination then we
may see better results than attempting to treat bacterial
growth. However, our data also suggest that the rougher
silicone surfaces of the VP and more significantly the high
CO2 environment within exhaled breath can promote Candida
biofilm establishment. Another important reason for tackling
yeast contamination is that C. albicans has been shown to
be able to degrading silicone rubber (Buijssen et al., 2012)
which may contribute further to device failure. An antifungal
approach may also be advantageous because bacteria such as
S. aureus and P. aeruginosa have been reported to attach to
Candida hyphae during biofilm formation (Harriott and Noverr,
2009), meaning antifungal treatment may also attenuate the
bacterial colonization.

Prior to implementation of our VPs management pathway,
the average in situ lifespan of VPs within our patient cohort was
71.9 days. This is similar to a recent large-scale study of voice
prosthesis lifespans in the U.S. by Lewin et al. (2017) which found
an average lifespan of 86 days . While being slightly less than
a study by Kress et al. (2014) which found an average lifespan
of 108 days. The average device lifespan within our patient
cohort increased to 192 days after clinicians started following
the management guidelines – a 270% increase. Importantly, the
increase in lifespan was not affected by the make or model
of VP within the study group, suggesting that this treatment
regime may be applicable to a broad range of patients. The
actual lifespan of VPs post-pathway may be higher than the
192 days reported here, as we recommended the clinicians at the
Kent and Canterbury Hospital Speech and Language Therapy
Centre change VPs prophylactically after 6 months (180 days)
in situ. This ensures there is no biofilm formation around the
TEP as well as no structural deterioration of the device due to
mechanical stress and the constant application of antifungals.
It should be noted that two of our patients did not experience
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FIGURE 8 | The antifungal treatment guidelines along with its effects on voice prosthesis lifespan within each patient. (A) Dumbbell chart representation of the mean
VP lifespan difference after guideline implementation for each of the 20 patients. (B) Box plot representation of VP in situ lifespans before and after guideline
implementation, Wilcoxon Signed-Rank test: ***p < 0.001. (C) Summary of the treatment pathway. As of January 2019, this management pathway has been
distributed to 34 different speech and language therapy centers (32 in the United Kingdom, 2 internationally) upon request.

an increase in VP lifespan while using the antifungal treatment
guidelines; such a result may be expected within such a multi-
factorial clinical scenario. In both cases the patients exhibited
relatively long lived VPs before treatment began, and these
serve to highlight the importance of patient monitoring and
that fungal colonization may not be the cause of early VP
failure in every case.

CONCLUSION

Candida albicans was the most prevalent fungal species found on
failed VPs within our patient group and we have demonstrated
that the topical application of antifungals significantly extends
voice prosthesis lifespan in the majority of patients. Our anti-
fungal treatment guidelines have been fully ratified by the
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relevant EKHUFT NHS committees and have distributed
widely throughout the United Kingdom. Given that several
studies have identified similar microorganisms as predominant
colonizers of VP it is possible that our ATG protocol may
be widely applied and at time of submission it has been
distributed to 34 speech and language therapy centers (32
in the United Kingdom and 2 internationally). Given the
success of this approach it will be imperative to investigate
the use of precision antifungal methodologies to tackle biofilm
formation on a wider range of medical devices and tubing
as a means to reducing infection, morbidity and mortality
associated with their use.
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Biofilms formed by the fungal pathogen Candida albicans are resistant to many of
the antifungal agents commonly used in the clinic. Previous reports suggest that
protease inhibitors, specifically inhibitors of aspartyl proteases, could be effective
antibiofilm agents. We screened three protease inhibitor libraries, containing a total of
80 compounds for the abilities to prevent C. albicans biofilm formation and to disrupt
mature biofilms. The compounds were screened individually and in the presence of
subinhibitory concentrations of the most commonly prescribed antifungal agents for
Candida infections: fluconazole, amphotericin B, or caspofungin. Although few of the
compounds affected biofilms on their own, seven aspartyl protease inhibitors inhibited
biofilm formation when combined with amphotericin B or caspofungin. Furthermore,
nine aspartyl protease inhibitors disrupted mature biofilms when combined with
caspofungin. These results suggest that the combination of standard antifungal agents
together with specific protease inhibitors may be useful in the prevention and treatment
of C. albicans biofilm infections.

Keywords: Candida albicans, biofilms, antimicrobial resistance, therapeutics, protease inhibitors, aspartyl
protease inhibitors

INTRODUCTION

Candida albicans is a member of the human microbiota which asymptomatically colonizes the skin,
mouth, and gastrointestinal tract of healthy humans (Douglas, 2003; Nobile and Johnson, 2015;
Gulati and Nobile, 2016; Lohse et al., 2018). This fungal species is also one of the most common
pathogens of humans, typically causing superficial dermal and mucosal infections (Kennedy and
Volz, 1985; Kullberg and Oude Lashof, 2002; Kumamoto, 2002, 2011; Douglas, 2003; Achkar and
Fries, 2010; Ganguly and Mitchell, 2011; Kim and Sudbery, 2011). When a host’s immune system is
compromised (e.g., in patients undergoing chemotherapy or with AIDS), C. albicans can also cause
disseminated bloodstream infections with mortality rates exceeding 40% (Wenzel, 1995; Calderone
and Fonzi, 2001; Douglas, 2003; Pappas et al., 2004; López-Ribot, 2005).

An important virulence trait of C. albicans is its ability to form biofilms, structured communities
of cells several hundred microns thick, that can form on both biotic and abiotic surfaces (Chandra
et al., 2001; Douglas, 2002, 2003; Kumamoto, 2002; Ramage et al., 2009; Fox and Nobile, 2012;
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Lohse et al., 2018). When mature, these biofilms contain a
mixture of yeast, pseudohyphal, and hyphal cells surrounded
by an extracellular matrix (Chandra et al., 2001; Douglas, 2003;
Ramage et al., 2009; Fox and Nobile, 2012; Gulati and Nobile,
2016). C. albicans forms biofilms on mucosal surfaces, epithelial
cell linings, and on implanted medical devices, such as catheters,
dentures, and heart valves (Kojic and Darouiche, 2004; Ramage
et al., 2006). Mature C. albicans biofilms also release yeast cells,
which can seed new infections elsewhere in the host (Uppuluri
et al., 2010, 2018).

Candida albicans biofilms are typically resistant to antifungal
drugs at the concentrations that are normally effective against
planktonic (free-floating) cells, thus requiring higher drug
concentrations, which can lead to host side effects, such as
liver and kidney damage (Donlan, 2001; Kojic and Darouiche,
2004; Ramage et al., 2006; Tumbarello et al., 2007, 2012;
Lebeaux et al., 2014). Furthermore, C. albicans can also form
polymicrobial biofilms with several companion bacterial species
(Bamford et al., 2009, 2015; Jarosz et al., 2009; Peleg et al.,
2010; Peters and Noverr, 2013; Lindsay and Hogan, 2014; Pammi
et al., 2014; Jack et al., 2015), further complicating treatment
strategies. These polymicrobial biofilms can, for example, protect
their bacterial inhabitants from environmental hazards (e.g.,
oxygen in the case of anaerobic bacteria) (Fox et al., 2014)
and antibiotic treatments (e.g., protecting Staphylococcus aureus
from vancomycin) (Harriott and Noverr, 2009, 2010; Kong et al.,
2016). The drug-resistant nature of both single species and
polymicrobial biofilms frequently makes removal of biofilm-
infected medical devices the only treatment. However, this
recourse is problematic when patients are critically ill or when
device removal involves complicated surgical procedures (e.g.,
heart valve replacement) (Kojic and Darouiche, 2004; Andes
et al., 2012; Fox et al., 2015b).

Currently, the three major classes of antifungal drugs used
to treat C. albicans infections are the polyenes, azoles, and
echinocandins (Fox et al., 2015b; Prasad et al., 2016). The
polyenes (e.g., amphotericin B) target ergosterol in the fungal
cell membrane and are fungicidal against C. albicans. The
azoles (e.g., fluconazole) inhibit the demethylase enzyme Erg11
from the ergosterol biosynthesis pathway and are fungistatic
against C. albicans. Echinocandins (e.g., caspofungin), the most
recently developed class of antifungal drugs, inhibit synthesis
of the cell wall crosslinking component β-1,3-glucan and are
fungicidal against C. albicans. Although novel derivatives within
these classes have been introduced over the years, new classes
of drugs have not been introduced. The limited size of the
existing antifungals, both in terms of the distinct classes and
in the number of drugs within several of these classes, creates
several problems. As noted above, these classes of drugs typically
have reduced effectiveness against biofilms relative to planktonic
cells (Donlan, 2001; Kojic and Darouiche, 2004; Ramage et al.,
2006; Tumbarello et al., 2007, 2012; Lebeaux et al., 2014).
Furthermore, long term exposure to these drugs, especially
to members of the azole class, can give rise to antifungal
resistance. Although the development of new antifungal agents
is clearly called for, several recent in vitro studies have shown
that combinations of antifungals with other extant drugs can

be effective against C. albicans biofilms (Delattin et al., 2014;
De Cremer et al., 2015).

Recently, we demonstrated the importance of several secreted
proteases (Saps) for C. albicans biofilm formation (Nobile et al.,
2012; Winter et al., 2016). Deletion of Sap5 and Sap6, both
of whose expression is upregulated in biofilms (Nobile et al.,
2012), reduced biofilm formation in vitro and in vivo (Winter
et al., 2016). Previous reports showed that treatment with aspartyl
protease inhibitors, a class of drug commonly used to treat
HIV patients, reduced the occurrence of oral candidiasis in
immunocompromised patients independent of effects of the drug
on the immune system through HIV remediation (Cauda et al.,
1999; Diz Dios et al., 1999; Cassone et al., 2002). Further work
showed that several of the commonly used antiretroviral HIV
aspartyl protease inhibitors could inhibit the Saps (Cassone et al.,
1999; Gruber et al., 1999b,a; Korting et al., 1999; Pichová et al.,
2001; Skrbec and Romeo, 2002; Cenci et al., 2008; Braga-Silva
et al., 2010). Exposure to these protease inhibitors also reduced
C. albicans adherence to materials commonly used in medical
devices and to layers of host cells (Borg-von Zepelin et al.,
1999; Bektic et al., 2001; Tsang and Hong, 2009), although the
magnitude of the latter effect differs greatly between distinct cell
types (Falkensammer et al., 2007). Aspartyl protease inhibitors
have also been observed to reduce C. albicans-induced tissue
damage, proliferation, and virulence in vivo in a rat vaginal model
(Cassone et al., 1999; de Bernardis et al., 1999). Finally, one study
suggested that aspartyl protease inhibitors and the antifungal
agents fluconazole or amphotericin B act synergistically against
C. albicans in the planktonic form (Casolari et al., 2004). To
date, the studies of aspartyl protease inhibitors with regards to
C. albicans emphasized their effects on planktonic cells. The one
exception found that exposure to amprenavir, a common HIV
antiretroviral protease inhibitor, could reduce C. albicans biofilm
formation in vitro (Braga-Silva et al., 2010).

Given the number of protease inhibitors already approved
for use in humans, including inhibitors of aspartyl proteases or
other classes of proteases, we sought to evaluate the ability of a
wide range of protease inhibitors to prevent (either alone or in
combination with other antifungals) the formation of C. albicans
biofilms or to act against mature biofilms. To evaluate the efficacy
of these compounds in this regard, we screened three libraries
containing 80 protease inhibitors in both biofilm inhibition
and disruption assays. Each protease inhibitor was screened for
biofilm efficacy individually and in combination with fluconazole,
amphotericin B, or caspofungin. Although few of the protease
inhibitors were effective against biofilms on their own, several,
especially members of the aspartyl protease inhibitor class, were
effective against biofilms when combined with either caspofungin
or amphotericin B.

MATERIALS AND METHODS

Strains and Media
All assays were performed using SNY425, a SC5314-derived
prototrophic a/α strain (Noble et al., 2010); the sensitivity of
this strain to amphotericin B, caspofungin, and fluconazole in
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our assays are reported in Supplementary Table S1 “SN425
Sensitivity”. C. albicans cells were cultured as previously
described; in brief, cells were recovered from glycerol stocks for
two days at 30◦C on yeast extract peptone dextrose (YEPD)
plates (2% BactoTM peptone, 2% dextrose, 1% yeast extract, 2%
agar). Overnight cultures were grown approximately 16 h at 30◦C
in YEPD media (2% BactoTM peptone, 2% dextrose, 1% yeast
extract). Biofilm assays were performed in RPMI-1640 media
(containing L-glutamine and lacking sodium biocarbonate, MP
Biomedicals #0910601) supplemented with 34.5 g/L MOPS
(Sigma, M3183), adjusted to pH 7.0 with sodium hydroxide,
and sterilized with a 0.22 µm filter (Lohse et al., 2017;
Gulati et al., 2018).

Compound Libraries
The 53 member SCREEN-WELL R© Protease Inhibitor Library1

was purchased from Enzo Life Sciences. The two aspartyl
protease inhibitor libraries (from which we focused on nine
FDA-approved HIV-1 protease inhibitors, the ten macrocycles,
and eight linear peptidomimetics) have been previously reported
(Clarke et al., 2016). Due to limited quantities of several aspartyl
protease inhibitors, a minority of compounds were only screened
in one biofilm assay. In these cases, we prioritized the Disruption
Biofilm Assay over the Sustained Inhibition Biofilm Assay. Four
other compounds from these libraries [one FDA-approved HIV-
1 protease inhibitor and three linear peptidomimetics (API7-9)]
were not used in any assay. A list of compounds tested can be
found in Supplementary Table S1.

Biofilm Assays
The Sustained Inhibition and Disruption Standard Optical
Density Biofilm Assays followed previously reported protocols
for the 384-well format of biofilm screening assays (Nobile
et al., 2014; Fox et al., 2015a; Lohse et al., 2017; Gulati et al.,
2018). Compounds and antifungal agents were added during
the 90-min adherence and 24-h growth steps of the Sustained
Inhibition Biofilm Assay or for the second 24-h growth step
of the Disruption Biofilm Assay. In brief, 1 µl of overnight
culture was added to 90 µl media (or media with drug) in a
well (final OD600 = 0.15, roughly 2 × 106 cells/ml). Plates were
then sealed with Breathe-Easy R© sealing membranes (Diversified
Biotech BEM-1) and shaken at 37◦C for 90 min at 350 rpm in an
ELMI (DTS-4) incubator. Media was removed, wells were washed
with PBS, and fresh media (or media with drug) was added back
to wells. Plates were then resealed and shaken for a further 24 h.
For the Sustained Inhibition Biofilm Assay, media was removed
at this point and the absorbance (OD600) was determined on a
Tecan Infinite M1000 Pro or a Tecan M200. For the Disruption
Biofilm Assays, media was instead removed in groups of 6–
12 wells and fresh media containing the compound of interest
was carefully added back to the wells. Plates were then resealed
and shaken for an additional 24 h before removing media and
recording absorbance as described above.

1http://www.enzolifesciences.com/BML-2833/screen-well-protease-inhibitor-
library/

Standalone Assays
Compounds were tested at 40 µM in both the Sustained
Inhibition and Disruption Standard Optical Density Biofilm
Assays (Lohse et al., 2017; Gulati et al., 2018). Individual
repeats of candidate compounds and DMSO solvent controls
were performed. Each plate had groups of control wells spread
throughout the plate to minimize position effects. For the
SCREEN-WELL R© Protease Inhibitor Library, the 53 compounds
were screened once in both the Sustained Inhibition Biofilm
Assay and the Disruption Biofilm Assay. Promising compounds
from these initial screens were then tested a second time in the
relevant assay(s). For the two aspartyl protease inhibitor libraries,
we initially screened 21 compounds in the Sustained Inhibition
Biofilm Assay and 25 compounds in the Disruption Biofilm
Assay. Promising compounds from these initial screens were then
tested two more times in the relevant assay(s). An additional
three repeats were performed for four compounds (atazanavir,
indinavir, nelfinavir, tipranavir) in the Disruption Biofilm Assay.
For each experimental set of eight wells, significance was
evaluated versus all of the control wells from the same plate
by performing Welch’s t-test (two-tailed, assuming unequal
variance). In order to correct for the multiple comparisons
performed, we then applied the Bonferroni Correction with
α = 0.05. All of the comparisons for a given type of assay were
pooled for this multiple comparisons correction step, giving a
number of hypotheses, m, of 104 for the Sustained Inhibition
Biofilm Assay and of 125 for the Disruption Biofilm Assay
(final thresholds 4.81 × 10−4 and 4.00 × 10−4, respectively).
We then determined whether each experimental repeat had an
average absorbance of less than the average of the control wells
and was significant after the multiple comparisons correction.
To be considered a validated hit, a compound had to satisfy
both these criteria. Data and statistics for the Standalone
Sustained Inhibition and Disruption Optical Density Biofilm
Assays are compiled in Supplementary Table S1 “Standalone
Inhibition” and “Standalone Disruption”. A summary of hits
from these assays are included in Supplementary Table S1 “Hit
Listing By Type.”

BIC Assays
We determined the biofilm inhibitory concentration (BIC) of
nelfinavir, tipranavir, and TPCK using the 384-well format
Sustained Inhibition Standard Optical Density Biofilm Assay
(Lohse et al., 2017; Gulati et al., 2018). Both nelfinavir and
tipranavir were serially diluted two-fold from a maximum
concentration of 200 µM to a minimum concentration of
0.1 µM. TPCK was serially diluted two-fold from a maximum
concentration of 512 µM to a minimum concentration of
0.06 µM. Equivalent volumes of DMSO were used as loading
controls for the compounds. Statistical testing was performed
as described above with the following changes. Significance
was evaluated for a given concentration of compound (e.g.,
50 µM nelfinavir) compared to the equivalent DMSO loading
control (e.g., the 50 µM loading control). All BIC comparisons
were then pooled for multiple comparisons correction, giving
a number of hypotheses, m, of 38 (α = 0.05, final threshold
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1.32 × 10−3). We then determined whether each concentration
of a drug had an average absorbance of less than the average
of the relevant control wells and was significant after the
multiple comparisons correction. The BIC of a compound was
defined as the lowest concentration that met both of these
requirements for which all higher concentrations of the same
compound also met these requirements. If no concentration
met these requirements, the BIC is indicated as greater
than the highest concentration tested for that compound.
Data and statistics for the BIC Sustained Inhibition Optical
Density Biofilm Assay are compiled in Supplementary Table S1
“Inhibition BIC.”

Combination Assays
The combination (candidate compound plus known antifungal
agent) Sustained Inhibition and Disruption Biofilm Assays
followed the protocols described above with the following
modifications. The candidate compounds were included
at 12.5 µM in both assays except for TPCK, Dec-RVKR-
CMK, AEBSF·HCl, N-Ethylmaleimide, and acivicin, which
were included at 4 µM, and gliotoxin, which was included
at 1 µM. The Sustained Inhibition Biofilm Assays used
1 µg/mL amphotericin B, 0.125 µg/mL caspofungin, or
256 µg/mL fluconazole. The Disruption Biofilm Assays
used 2 µg/mL amphotericin B, 0.5 µg/mL caspofungin,
or 256 µg/mL fluconazole. The sensitivity of the strain
used in this study to amphotericin B, caspofungin, and
fluconazole are reported in Supplementary Table S1
“SN425 Sensitivity.”

Compounds and two sets of controls were included for
all candidate compounds and antifungal agents tested on a
given plate. The first set of controls contained the candidate
compound, but no antifungal agent, while the second set
of controls contained the antifungal agent, but no candidate
compound. The concentration of candidate compound or
antifungal agent in these control wells was the same as the
experimental wells. In general, one set of wells was included
for each experimental or control condition on a given plate.
Statistical analysis was performed using Welch’s t-test and the
Bonferroni Correction as described above with the following
modifications. Each experimental condition was compared to
both the relevant antifungal agent and candidate controls (e.g.,
a nelfinavir plus caspofungin experiment was compared to the
nelfinavir-only control and the caspofungin-only control from
the same plate). All of the same comparisons for a given assay
were pooled for the multiple comparisons correction, giving
a number of hypotheses, m, of 213 for both the antifungal
agent and candidate comparisons in the Sustained Inhibition
Biofilm Assay (α = 0.05, final threshold 2.35 × 10−4). The
number of hypotheses, m, was 240 for both the antifungal agent
and candidate comparisons in the Disruption Biofilm Assay
(α = 0.05, final threshold 2.08 × 10−4). To be considered a
hit, any given experimental condition must have an average
absorbance of less than the averages of both sets of relevant
control wells and remain significant for both sets of comparisons
after the multiple comparisons correction. Data, statistics, and

concentrations used for the combination Sustained Inhibition
and Disruption Optical Density Biofilm Assays are compiled
in Supplementary Table S1 “Combination Inhibition” and
“Combination Disruption.” A summary of hits from these
assays are included in Supplementary Table S1 “Hit Listing
By Type.”

RESULTS

Protease Inhibitor Libraries
We selected three libraries of protease inhibitors to screen
for compounds with the abilities to inhibit and/or disrupt
C. albicans biofilm formation in vitro. The first library,
the SCREEN-WELL R© Protease Inhibitor Library (Enzo Life
Sciences), contains 53 protease inhibitors effective against several
classes of proteases (Supplementary Table S1). The remaining
two libraries contain 31 compounds known or predicted to
specifically inhibit aspartyl proteases (Clarke et al., 2016), of
which we tested 27 in at least one assay. We focused on
nine FDA-approved aspartyl protease inhibitors, developed to
inhibit HIV-1 protease, ten macrocycles (API12-21), and eight
linear peptidomimetics (API1-6, 10, and 11) that were originally
synthesized with the goal of identifying new aspartyl protease
inhibitors (Clarke et al., 2016).

Standalone Screens
We screened the three libraries for their abilities to inhibit biofilm
formation or to disrupt mature biofilms using the Sustained
Inhibition Biofilm Assay and Disruption Biofilm Assay (Lohse
et al., 2017; Gulati et al., 2018), respectively. In the Sustained
Inhibition Biofilm Assay, compounds were included in media
during the 90-m adherence and 24-h growth steps of the
biofilm assay; the compounds were evaluated for their ability
to reduce or prevent biofilm formation (Figure 1A). In the
Disruption Biofilm Assay, a biofilm was grown for 24 h before
the compound of interest was added. The biofilm was then
incubated for an additional 24 h before determining whether
the compound affected the mature biofilm (Figure 1A). In both
assays, compounds were tested at a concentration of 40 µM.

Three of the 53 compounds in the SCREEN-WELL R© Protease
Inhibitor library, acivicin, gliotoxin, and TPCK, inhibited
biofilm formation on their own (Figure 1B, Supplementary
Table S1 “Standalone Inhibition”). One of these compounds,
gliotoxin, also disrupted mature biofilms on its own (Figure 1C,
Supplementary Table S1 “Standalone Disruption”). TPCK
irreversibly inhibits chymotrypsin (a serine peptidase) and
can also inhibit some cysteine peptidases while gliotoxin
inhibits the chymotrypsin-like activity of the 20S proteasome.
Acivicin, on the other hand, is an inhibitor of gamma-glutamyl
transpeptidase, an enzyme that transfers gamma-glutamyl groups
from peptide donors to peptide acceptors as well as acting as
a hydrolase to remove gamma-glutamyl groups from peptides.
None of the 25 aspartyl protease inhibitors tested were able to
disrupt mature C. albicans biofilms on their own, and only one
of the 22 aspartyl protease inhibitors tested, the HIV-1 protease
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FIGURE 1 | Four protease inhibitors either inhibited biofilm formation or disrupted mature biofilms on their own. (A) Overview of the experimental setups for the
Sustained Inhibition and Disruption Biofilm Assays used for these experiments. For the Sustained Inhibition Biofilm Assay, compounds were included during both the
90-min adherence step and the 24-h growth step of a standard biofilm assay. For the Disruption Biofilm Assay, compounds were included during a second 24-h
growth step. (B,C) Statistically significant hits from the standalone (B) Sustained Inhibition and (C) Disruption assays with the SCREEN-WELL R© Protease Inhibitor
Library. Mean OD600 readings with standard deviations are shown; significant differences from the DMSO solvent control as determined by Welch’s t-test (two-tailed,
assuming unequal variance) with the Bonferroni Correction are indicated for α = 0.05 (*) and α = 0.01 (**). Although a single repeat is shown, the indicated threshold
was met by all of the repeats of each compound shown. (D) Statistically significant hit from the standalone Sustained Inhibition assays with the two aspartyl protease
inhibitor libraries. Mean OD600 readings with standard deviations are shown; significant differences from the DMSO solvent control as determined by Welch’s t-test
(two-tailed, assuming unequal variance) with the Bonferroni Correction are indicated. A single repeat is shown; the indicated significance threshold was met by two
of the three repeats at α = 0.01 while the third repeat did not pass at α = 0.05. The “&” symbol indicates this mixed result.

inhibitor nelfinavir, was able to inhibit biofilm formation on
its own (BIC 50 µM) (Figure 1D, Supplementary Table S1
“Standalone Disruption” and “Standalone Inhibition”).

Combination Screens
We tested whether any compounds from the three protease
inhibitor libraries could inhibit biofilm formation and/or
disrupt mature biofilms in the presence of sub-inhibitory
concentrations of amphotericin B, caspofungin, or fluconazole
(see methods for concentrations). Five compounds from the
SCREEN-WELL R© Protease Inhibitor library inhibited biofilm
formation in the Sustained Inhibition Biofilm Assay when
combined with fluconazole (Figure 2A, Supplementary Table S1
“Combination Inhibition”). We did not observe any synergies
with amphotericin B or caspofungin in this assay. Two of these
five compounds, gliotoxin and TPCK, were also “hits” in the
standalone Sustained Inhibition Biofilm Assay described above.
The remaining three compounds, lisinopril, Z-Prolyl-prolinal,
and NNGH, were unique to the Sustained Inhibition Biofilm

assay for synergies with fluconazole. Lisinopril inhibits the
metalloprotease angiotensin-converting enzyme (ACE), NNGH
inhibits matrix metalloproteinase 3 (MMP-3), and Z-Prolyl-
prolinal inhibits prolyl endopeptidase (a serine protease). Two
compounds from the SCREEN-WELL R© Protease Inhibitor
library, gliotoxin and Dec-RVKR-CMK, disrupted mature
biofilms when combined with an antifungal agent (Figures 2B-
C, Supplementary Table S1 “Combination Disruption”).
Gliotoxin disrupted mature biofilms when combined with
fluconazole (Figure 2C, Supplementary Table S1 “Combination
Disruption”) while Dec-RVKR-CMK disrupted mature biofilms
when combined with caspofungin (Figure 2B, Supplementary
Table S1 “Combination Disruption”). Dec-RVKR-CMK, also
known as furin convertase inhibitor, inhibits the subtilisin
(Kex2p-like) proprotein convertase (a type of serine protease).

We next evaluated 17 aspartyl protease inhibitors in
the Sustained Inhibition Biofilm Assay and 26 aspartyl
protease inhibitors in the Disruption Biofilm Assay in
combination with the same three antifungal agents. Seven
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FIGURE 2 | Six compounds from the SCREEN-WELL R© Protease Inhibitor Library either inhibited biofilm formation or disrupted mature biofilms in combination with
one or more antifungal agents. (A) Statistically significant hits from the combination Sustained Inhibition Biofilm Assays with fluconazole. For each compound, the
wells with fluconazole (+fluconazole) are indicated in purple and the wells without fluconazole (–fluconazole) are indicated in blue. (B) Statistically significant hits from
the combination Disruption Biofilm Assays with caspofungin. For each compound, the wells with caspofungin (+caspofungin) are indicated in yellow and the wells
without caspofungin (–caspofungin) are indicated in red. (C) Statistically significant hits from the combination Disruption Biofilm Assays with fluconazole. For each
compound, the wells with fluconazole (+fluconazole) are indicated in purple and the wells without fluconazole (–fluconazole) are indicated in blue. For panels a–c,
mean OD600 readings with standard deviations are shown; significant differences from the compound without antifungal agent control (e.g., gliotoxin, – fluconazole),
as determined by Welch’s t-test (two-tailed, assuming unequal variance) with the Bonferroni Correction, are indicated for α = 0.05 (*) and α = 0.01 (**). Significant
differences from the antifungal agent without compound control (e.g., DMSO, +fluconazole), as determined by Welch’s t-test (two-tailed, assuming unequal variance)
with the Bonferroni Correction, are indicated for α = 0.05 (#) and α = 0.01 (##). Data from separate plates are separated by two vertical lines on the x-axis; the DMSO
solvent control is shown for each plate.

aspartyl protease inhibitors (four HIV-1 protease inhibitors
and three macrocycles) inhibited biofilm formation when
combined with one or more of the antifungal agents (six
with caspofungin, five with amphotericin B, and one with
fluconazole) (Figure 3, Supplementary Table S1 “Combination
Inhibition”). Specifically, lopinavir and API13 inhibited biofilm
formation in combination with caspofungin while API19
inhibited biofilm formation in combination with amphotericin
B. Ritonavir, saquinavir, and API15 inhibited biofilm formation
in combination with caspofungin and amphotericin B while

nelfinavir inhibited biofilm formation in combination with all
three antifungal agents tested (Figure 3, Supplementary Table S1
“Combination Inhibition”). Nine aspartyl protease inhibitors
(the HIV-1 protease inhibitors atazanavir, indinavir, lopinavir,
nelfinavir, ritonavir, saquinavir; and the macrocycles API15,
API16, API19) disrupted mature biofilms in combination with
caspofungin (Figure 4, Supplementary Table S1, “Combination
Disruption”). None of the 26 aspartyl protease inhibitors
tested disrupted biofilms in the presence of amphotericin B
or fluconazole. We were surprised to find compounds that
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FIGURE 3 | Seven aspartyl protease inhibitors were capable of inhibiting biofilm formation in combination with one or more of the three antifungal agents tested.
(A) Statistically significant hits from the combination Sustained Inhibition Biofilm Assays with caspofungin. For each compound, the wells with caspofungin
(+caspofungin) are indicated in yellow and the wells without caspofungin (–caspofungin) are indicated in red. (B) Statistically significant hit from the combination
Sustained Inhibition Biofilm Assays with fluconazole. For each compound, the wells with fluconazole (+fluconazole) are indicated in purple and the wells without
fluconazole (–fluconazole) are indicated in blue. (C) Statistically significant hits from the combination Sustained Inhibition Biofilm Assays with amphotericin B. For
each compound, the wells with amphotericin B (+amphotericin B) are indicated in orange and the wells without amphotericin B (–amphotericin B) are indicated in
green. For panels a–c, mean OD600 readings with standard deviations are shown; significant differences from the compound without antifungal agent control (e.g.,
lopinavir, – caspofungin), as determined by Welch’s t-test (two-tailed, assuming unequal variance) with the Bonferroni Correction, are indicated for α = 0.05 (*) and
α = 0.01 (**). Significant differences from the antifungal agent without compound control (e.g., DMSO, +caspofungin), as determined by Welch’s t-test (two-tailed,
assuming unequal variance) with the Bonferroni Correction, are indicated for α = 0.05 (#) and α = 0.01 (##). Data from separate plates are separated by two vertical
lines on the x-axis; the DMSO solvent control is shown for each plate. (D) Venn diagram illustrating the degree of overlap between the combination aspartyl protease
inhibitor Sustained Inhibition Biofilm Assay screens with amphotericin B, caspofungin, or fluconazole. (E) Structure of the aspartyl protease inhibitors API13, API15,
and API19.

were effective at disrupting mature biofilms, but were not
effective at inhibiting biofilm formation, namely atazanavir,
indinavir, and API16. We also note that the macrocycle

API19 had a synergistic effect with amphotericin B in the
Sustained Inhibition Biofilm Assay but with caspofungin in the
Disruption Biofilm Assay.
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FIGURE 4 | Nine aspartyl protease inhibitors disrupted mature biofilms in combination with the antifungal agent caspofungin. (A) Statistically significant hits from the
combination Disruption Biofilm Assays with caspofungin. For each compound, the wells with caspofungin (+caspofungin) are indicated in yellow and the wells without
caspofungin (–caspofungin) are indicated in red. Mean OD600 readings with standard deviations are shown; significant differences from the compound without the
caspofungin control (e.g., atazanavir, – caspofungin), as determined by Welch’s t-test (two-tailed, assuming unequal variance) with the Bonferroni Correction, are
indicated for α = 0.05 (*) and α = 0.01 (**). Significant differences from the caspofungin without compound control (e.g., DMSO, +caspofungin), as determined by
Welch’s t-test (two-tailed, assuming unequal variance) with the Bonferroni Correction, are indicated for α = 0.05 (#) and α = 0.01 (##). Data from separate plates are
separated by two vertical lines on the x-axis; the DMSO solvent control is shown for each plate. (B) Structure of the aspartyl protease inhibitor API16.

DISCUSSION

The ability of C. albicans to form biofilms on biotic and abiotic
surfaces presents a serious treatment challenge in the clinic as
biofilms are typically resistant to all classes of antifungal drugs
used to treat planktonic infections. Our results suggest that
proteolysis is important for the maintenance of the C. albicans
biofilm structure since anti-proteolytic agents contribute to the
prevention and disruption of these biofilms. Proteases may
play several different roles in C. albicans biofilm formation,
an idea supported by the fact that proteases are dynamically
expressed throughout the course of C. albicans biofilm formation
(Nailis et al., 2010; Fox et al., 2015a). For example, Sap5 and
Sap6, two secreted aspartyl proteases that are highly upregulated
at certain stages of biofilm formation, are known to mediate
adhesion of C. albicans cells to surfaces and possibly of
C. albicans cells to one another (Kumar et al., 2015; Winter
et al., 2016). Proteases may also contribute to the breakdown and
acquisition of nutrients, the processing of molecules important
for biofilm formation (e.g., adhesion molecules), quorum
sensing, and/or extracellular matrix production throughout
biofilm formation and maintenance. Although the involvement
of secreted proteases in biofilm formation is a relatively new

concept, there is some precedent for this idea in bacterial
biofilms, where extracellular proteases were found to be involved
in the processing of adhesion molecules during biofilm formation
of Staphylococcus species (Koziel and Potempa, 2013; Paharik
et al., 2017; Martínez-García et al., 2018).

In this study, we identify several protease inhibitors from
different classes that are effective at preventing biofilm formation
and/or at disrupting established biofilms when combined with
caspofungin, fluconazole, or amphotericin B, members of the
three major antifungal classes used to treat fungal infections in
the clinic. Aspartyl protease inhibitors, in particular those that
inhibit HIV-1 protease, were the most effective compounds tested
when combined with traditional antifungal agents. Combined
with the known dependence on Sap5 and Sap6 for biofilm
formation (Winter et al., 2016) and previous reports that aspartyl
protease inhibitors affect C. albicans in vitro and in vivo (Borg-
von Zepelin et al., 1999; Cassone et al., 1999, 2002; Cauda
et al., 1999; de Bernardis et al., 1999; Diz Dios et al., 1999;
Gruber et al., 1999b,a; Korting et al., 1999; Bektic et al., 2001;
Pichová et al., 2001; Skrbec and Romeo, 2002; Cenci et al., 2008;
Tsang and Hong, 2009; Braga-Silva et al., 2010), aspartyl protease
inhibitors are potentially promising combination treatments for
C. albicans biofilm infections which are recalcitrant to single drug
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treatments. We note, however, that we screened fewer inhibitors
of other classes of proteases than we did for aspartyl proteases.
Despite this bias, we succeeded in identifying several inhibitors of
two additional classes of proteases, serine and metalloproteases.
It may prove rewarding to conduct additional screens of FDA-
approved drugs whose mechanisms rely on the inhibition of other
classes of proteases with the goal of repurposing these drugs as
novel antifungals.

Perhaps the most unexpected result from this study was
the identification of compounds capable of disrupting mature
biofilms that were unable to prevent biofilm formation
(Figure 5). Unlike the opposite case, where a compound that
could prevent biofilm formation might be unable to penetrate a
mature biofilm to have an effect, it is not readily apparent how the
capacity to disrupt an established biofilm would not also inhibit
the formation of a biofilm. Although we do not understand the
basis for this result, it demonstrates that compounds that disrupt
biofilms are not simply a subset of those that inhibit formation
(Figure 5). This observation underscores the importance of
screening compounds for their antibiofilm capabilities in both
types of assays.

Although we focused on one type of compound, protease
inhibitors, this study raises several points to consider when
screening for antibiofilm agents. First, consistent with previous
reports (Delattin et al., 2014; De Cremer et al., 2015), our
results highlight the importance of screening for synergistic
interactions, as we detected more hits and hits with stronger
effects against biofilms when existing antifungal agents were
present along with the compound of interest (Figure 5). Second,
our results highlight the importance of screening using biofilms
as opposed to planktonic cultures. For example, in our biofilm
assays with saquinavir, amphotericin B showed more synergy
than fluconazole whereas the opposite relationship was reported
for planktonic cultures (Casolari et al., 2004). We also note that
we identified compounds that had effects on their own but not
in combination with existing antifungal agents, as well as the

FIGURE 5 | A number of compounds had effects in just a subset of the four
biofilm assays. Compounds with an effect in either the standalone or the
combination versions of the Sustained Inhibition or Disruption Biofilm Assays
are indicated. In total, 17 compounds had an effect in at least one of the four
assays.

reverse. As such, pursuing multiple assays (e.g., planktonic versus
biofilm, standalone compounds versus combinations) maximizes
the chance of identifying useful compounds.

Finally, we note that this study was largely inspired by
the discovery of the biofilm defects of the sap5 and sap6
single and double mutant strains (Winter et al., 2016). Thus,
future compound library screening could be informed by other
sets of gene knockouts with biofilm defects; likewise, results
from chemical screens could identify genes (and their protein
products) required for biofilm formation if the mechanism of
action of the chemical compound is known. To further develop
the idea of exploiting existing compounds, it should be possible
to screen existing C. albicans mutant strain libraries for biofilm
defects that arise in the presence of subinhibitory concentrations
of traditional antifungal agents. Should biofilm formation by
specific classes of mutant strains prove particularly sensitive to
traditional antifungal agents, a subsequent combination screen
between the traditional antifungal agents and compounds that
affect that particular pathway of genes might prove informative.
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TABLE S1 | Compiled data and statistics from the standalone and combination
Sustained Inhibition and Disruption Optical Density Biofilm Assays as well as the
BIC Sustained Inhibition Optical Density Biofilm Assay. For each compound, the

concentration used, average OD600, average OD600 of relevant control(s), and
value(s) for Welch’s t-test versus the relevant control(s) are provided. Whether the
average OD600 was below the average OD600 of the relevant control(s) and
whether the difference from the relevant control(s) remains significant following the
Bonferroni Correction (α = 0.05) are also indicated. The sensitivity of SNY425 to
amphotericin B, caspofungin, and fluconazole in planktonic and biofilms assays
are also indicated. A list of the 80 compounds from the three protease inhibitor
libraries tested in this study and a summary of the hits from the standalone and
combination Sustained Inhibition and Disruption Optical Density Biofilm Assays
are also included.
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Background: Vaginal candidiasis is an important medical condition awaiting more
effective treatment. How Candida albicans causes this disease and survives antifungal
treatment is not yet fully understood. This study aimed to establish a comprehensive
understanding of biofilm-related defensive strategies that C. albicans uses to establish
vaginal candidiasis and to survive antifungal treatment.

Methods: A mouse model of vaginal candidiasis was adopted to examine the formation
of biotic biofilms on the vaginal epithelium and fungal infiltration by laboratory and
clinical strains of C. albicans. Histopathological changes and local inflammation in
the vaginal epithelium caused by C. albicans of different biofilm phenotypes were
compared. Antifungal susceptibility testing was carried out for C. albicans grown
as planktonic cells, microplate-based abiotic biofilms, and epithelium-based biotic
biofilms. Formation of persister cells by C. albicans in different growth modes was also
quantified and compared.

Results: C. albicans wild-type reference strains and clinical isolates, but not the
biofilm-defective mutants, formed a significant number of biotic biofilms on the vaginal
epithelium of mice and infiltrated the epithelium. Biofilm formation and epithelial invasion
induced local inflammatory responses and histopathological changes in the vaginal
epithelium including neutrophil infiltration and subcorneal microabscesses. Biofilm
growth on the vaginal epithelium also led to high resistance to antifungal treatments
and promoted the formation of antifungal-tolerant persister cells.

Conclusion: This study comprehensively assessed biofilm-related microbial strategies
that C. albicans uses in vaginal candidiasis and provided experimental evidence to
support the important role of biofilm formation in the histopathogenesis of vaginal
candidiasis and the recalcitrance of the infection to antifungal treatment.

Keywords: vaginal candidiasis, recurrent vaginal candidiasis, biofilm formation, fungal infiltration, persister cells,
antifungal tolerance, mouse model
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INTRODUCTION

Vaginal candidiasis is one of the commonest medical conditions
affecting otherwise healthy women of reproductive age. It was
estimated that 23–49% of women of reproductive age suffer from
vaginal candidiasis, with the majority having uncomplicated
infections (less than 3–4 episodes within a 12-month period)
and a considerable number (6–9% of the patients) presenting
with recurrent infections (at least 3–4 episodes in 1 year);
the latter is a stubborn condition characterized by complex
pathogenicity and tolerance to antifungal treatment (Ilkit
and Guzel, 2011; Sobel, 2016; Blostein et al., 2017). Although
vaginal candidiasis is believed to be an immunopathological
condition of the human vagina with “neutrophy anergy”
as the underlying mechanism, invading microorganisms
might still play an important role in its pathogenicity (Yano
et al., 2018). Candida albicans is the leading agent causing
both uncomplicated and recurrent vaginal candidiasis (Liu
et al., 2014; Goncalves et al., 2016). Proposed virulence
determinants of C. albicans involved in the pathogenesis of
vaginal candidiasis include fungal morphogenesis, adhesion
to vaginal epithelial cells, the production of phospholipases
and proteinase such as secreted aspartyl proteases (Saps),
and the presence of candidalysin, a well-identified secreted
cytolytic peptide toxin encoded by ece1 (Kalkanci et al., 2013;
Richardson et al., 2017).

While much has been done to define host- and pathogen-
related factors contributing to the establishment of vaginal
candidiasis (Ilkit and Guzel, 2011; Bruno et al., 2015; Yano et al.,
2018), little effort has been placed on microbial mechanisms
driving vaginal candidiasis to resist antifungal treatment and
further develop into a more troublesome recurrent infection.
Despite the fact that most C. albicans isolates from patients
with uncomplicated or recurrent vaginal candidiasis showed
sensitivities to many first-line antifungals, clinical ineffectiveness
of these drugs in eradicating Candida or curing recurrent
vaginal candidiasis has been constantly reported (Richter et al.,
2005; Gamarra et al., 2014; Nagashima et al., 2016; Ying
et al., 2016; Adjapong et al., 2017). This suggests that in
addition to the host-related factors such as different host
sensitivity to pathological responses, microbial strategies other
than intrinsic resistance might be involved in the pathogenesis
and persistence of vaginal candidiasis (Peters et al., 2014;
Sobel, 2016).

Candida albicans and its related species are known to be
able to adopt a major pathogenicity strategy, biofilm formation,
to initiate and maintain infections, in particular on patients
with breached immune defense (Hagerty et al., 2003; Kojic and
Darouiche, 2004). Indeed, the role of epithelium-associated
C. albicans biofilm in the development of vaginal candidiasis
has been proposed (Harriott et al., 2010; Rodriguez-Cerdeira
et al., 2019), though a recent study by Swidsinski et al. (2019)
did not detect evident biofilms from the vaginal biopsies from
patients with confirmed vaginal candidiasis. Two different
types of biofilms might be involved in vaginal candidiasis:
abiotic biofilms that require a plastic or metal substratum,
such as intrauterine devices (IUDs; Auler et al., 2010;

Cakiroglu et al., 2015), and biotic biofilms that use the
vaginal epithelium as the supporting base (Harriott et al., 2010;
Muzny and Schwebke, 2015). Epithelium-associated biotic
biofilms were considered to be more important in the
pathogenesis of recurrent vaginal candidiasis, as many
patients suffer from recurrent infections without any IUDs
implanted or after the removal of IUDs (Cakiroglu et al.,
2015). Using a mouse vaginal candidiasis model, Harriott
et al. (2010) successfully established C. albicans biofilms
on the vaginal epithelium and raised the hypothesis that
formation of epithelium-associated biofilms may be an initiating
event for the infection (Harriott et al., 2010). A direct link
between the formation of epithelium-associated biofilms and
histopathological change of the vaginal epithelium, however,
is still missing. Although antifungal resistance of Candida
biofilms formed by clinical isolates from patients with vaginal
candidiasis has been reported, the tests were mostly done
on abiotic biofilms prepared in 96-well microplates (Gao
et al., 2016; Sherry et al., 2017). Epithelium-associated biotic
biofilms grown in a dynamic vaginal environment might
differ from in vitro abiotic biofilms in many different ways,
including their susceptibility to conventional antifungals
(Bjarnsholt et al., 2013).

The typical dynamics of recurrent vaginal candidiasis
coincides with the relapsing biofilm infection model proposed
by Lewis (2010), suggesting possible involvement of persister
cells (Lewis, 2010). Many studies, including our own, have found
that persister cells are responsible for antimicrobial tolerance
of many biofilm-related bacterial infections (Qu et al., 2010;
Yang et al., 2015). Lafleur et al. (2006) first isolated Candida
persister cells and linked their formation to the adherence growth
mode of C. albicans. It is thus reasonable to hypothesize that
biotic biofilms grown on the vaginal epithelium also harbor a
small number of persister cells. Treatment of persister cells is
known to be troublesome. Conventional antimicrobial agents,
unless used at very high dose for an extended period, will not
eradicate persister cells residing in biofilms (Yang et al., 2015;
Wu et al., 2019). Our study aimed to establish a comprehensive
understanding of the importance of C. albicans biofilm formation
in the pathogenesis of vaginal candidiasis, in order to identify
specific microbial targets for more efficient antifungal therapies.

MATERIALS AND METHODS

Ethics Statement
This study was approved by the Ethics Committee of Wenzhou
Medical University, China (Ethics approval number: Wydw2016-
0214). All experiments were performed in accordance with the
National Institutes of Health guide for the care and use of
laboratory animals.

Strains and Identification
Two biofilm-producing C. albicans laboratory reference strains,
C. albicans DAY185 and C. albicans DAY286, and their biofilm-
defective mutant strains, med3111 and bcr111, were used
in this study (Lafleur et al., 2006; Uwamahoro et al., 2012).
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Two C. albicans clinical isolates designated as VVC2 and VVC4
were also included. These two isolates were from patients with
clinically diagnosed vaginal candidiasis (two and four episodes
within a 12-month period, respectively) at The First Affiliated
Hospital of Wenzhou Medical University. The clinical isolates
were identified to a species level using the following tests:
CHROMagar Candida medium (CHROMagar, Paris, France)
and the Vitek matrix-assisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS, bioMérieux,
Craponne, France).

Mouse Vaginal Epithelial Biofilm Assay
An in vivo model of vaginal epithelium-associated biofilms was
used essentially as previously described (Harriott et al., 2010).
Firstly, BABL/C female mice of 6–8 weeks old were administered
0.1 mg of estrogen (17β-estradiol; Sigma) dissolved in 0.1 ml of
sesame oil subcutaneously for three consecutive days prior to
inoculation with C. albicans. C. albicans cells were grown in yeast
peptone dextrose broth (YPD, 200 rpm, 30◦C) for 20 h. One
hundred microliters of fungal suspensions containing 7 × 105

colony-forming units (CFU) of C. albicans cells was used to
infect mice via an intravaginal pathway. Mice were maintained
in an animal facility and euthanized after 72 h before the
vagina was removed. Fungal growth on the vaginal epithelium
and underlying tissue was assessed qualitatively using scanning
electronic microscopy (SEM, see below) and quantitatively with
the CFU-based viable count method.

Scanning Electronic Microscopy
For SEM, dissected mouse vaginal tissues were fixed with
glutaraldehyde for 2 h (2.5%, v/v, in 0.1 M cacodylate buffer,
pH 7.0) at room temperature, and dehydrated with gradually
increased ethanol levels (50, 75, 85, 95, 100, and absolute 100%)
(Gargani et al., 1989). Samples were coated with gold using a
Balzers SCD005 sputter coater and viewed under a scanning
electron microscope (SEM; Hitachi, H-7500, Japan).

CFU-Based Viable Counts
For CFU-based viable counts, dissected mouse vaginal tissues
were weighted, homogenized in PBS using a tissue homogenizer,
followed by vortexing vigorously for 30 s four times and
sonication at 42 kHz for 10 min. The suspensions were
serially diluted with PBS and plated on YPD for 72 h for
enumeration of CFUs.

Histopathology
For histopathological study of the infected vagina, tissues were
fixed in 4% paraformaldehyde and selected tissue blocks were
processed using a routine overnight cycle in a tissue processor.
The tissue blocks were then embedded in wax, serially sliced
into 5-µm sections. The transverse sections were stained with
Periodic acid–Schiff (PAS) staining for the presence of C. albicans
yeast/hyphae cells or Hematoxylin–Eosin (H&E) staining for
tissue damage, and then imaged under a light microscope (Nikon
ECLPSE 80i, Tokyo, Japan).

Enzyme-Linked Immunosorbent Assay
Concentrations of two representative inflammatory effectors in
mouse vaginal lavage fluids, innate cytokine IL-1β and an alarmin
S100A8, were analyzed using commercially available enzyme-
linked immunosorbent assay (ELISA) kits (Boyun Biotech Co.,
Ltd, Shanghai, China) per the instructions from the manufacturer
(Peters et al., 2014). Enzyme immunoassay/radioimmunoassay
(EIA/RIA) plates were incubated with dilutions of lavage
fluid (at 1:10 for IL-1β and 1:100 for S100A8) and serially
diluted protein standards for 2 h. After washing, the plates
were treated with biotinylated polyclonal goat anti-mouse IL-
1β or S100A8 antibodies for 2 h, followed by incubation
with streptavidin horseradish peroxidase (HRP) for 20 min.
A tetramethylbenzidine-H2O2 substrate solution was added to
the plates and the reactions were measured with a microplate
reader at 450 nm.

In vitro Biofilm Formation on IUDs
Candida albicans biofilms were grown on two copper IUDs for
qualitative analysis. Intrauterine devices were pretreated with
fetal bovine serum (Sigma, North Ryde, Australia) overnight at
37◦C with gentle shaking (75 rpm), washed twice with PBS, and
transferred to a 24-well plate containing 1 ml of freshly prepared
fungal suspensions (3 × 107 cells/ml in RPMI-1640 at pH 4.0).
The plate was incubated for 1.5 h at 37◦C with gentle shaking
(75 rpm) to allow the yeast cells to adhere to the surfaces. The
IDUs were then gently washed with PBS and transferred to a
new 24-well plate with RPMI-1640 media (pH 4.0), followed
by incubation at 37◦C with shaking (75 rpm) for 48 h. The
established biofilms were examined with SEM. Two IUDs were
used in this study; an indomethacin releasing round copper IUD
(Medsuture, Shanghai, China), and a yuan-gong type copper IUD
(Yantai Jishengyaoxie Co., Ltd., Shangdong, China).

Antifungal Susceptibility Tests for
Planktonic Cells and Abiotic Biofilms
Minimum inhibitory concentrations (MICs) were determined
using the broth microdilution method according to CLSI
guidelines M27-A3. Drug concentrations ranged from 0.125 to
64 µg/ml for clotrimazole and nystatin and 0.025–128 µg/ml
for amphotericin B. The MIC was defined as the concentration
resulting in complete growth inhibition for amphotericin B
and an inhibition of at least 50% of fungal growth for
other drugs, corresponding to a score of 2 in the NCCLS
M27-A3 protocol. Abiotic biofilm MICs were determined by
challenging C. albicans biofilms pre-grown in 96-well microplates
with antifungal agents prepared in RPMI-1640 for 24 h
(Qu et al., 2016). 3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide (XXT, Sigma-Aldrich, Australia)
was used to assess the inhibitory efficacy of antifungal
agents on the established abiotic biofilms. Biofilm MIC80 was
determined as the lowest concentration that inhibited ≥80%
of fungal biofilm growth. RPMI-1640 of pH 7.2 and pH
4.0 were used as growth medium, respectively, to examine
the effect of different environmental acidity on antifungal
efficacy as local pH has been found to impact on the
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antifungal-mediated killing of C. albicans (Ilkit and Guzel, 2011;
Kasper et al., 2015).

Ex vivo Antifungal Susceptibility Tests for
Biotic Biofilms
For ex vivo antifungal susceptibility testing, epithelium-
associated C. albicans biofilms were grown for 72 h before
removal from the euthanized animals. Concentrations of selected
antifungals ranged from 2 to 32 µg/ml for nystatin, 0.5–
1280 µg/ml for clotrimazole, and 1–16 µg/ml for amphotericin
B. Infected vaginal tissues were sectioned into small blocks
of 3 mm × 5 mm × 5 mm and exposed to antifungal agents
prepared at selected concentrations in RPMI-1640 (pH 4.0 and
pH 7.2, respectively) for 24 h. The treated vaginal tissue blocks
were washed with PBS, homogenized with tissue homogenizer.
Colony-forming units counting was carried out by plating an
aliquot onto YPD plates followed by an incubation at 37◦C
for 48 h. Vaginal tissue treated with RPMI-1640 served as
untreated control.

Quantification of Persister Cells From
Planktonic Cultures, Abiotic Biofilms,
and Biotic Biofilms
To isolate persister cells from planktonic cultures, suspensions
of single cells from cultures at mid-log phase were adjusted to
densities of ∼3 × 107 CFU/ml and exposed to amphotericin
B at 100 mg/ml for 24 h (Lafleur et al., 2006). To isolate the
persister cell population from abiotic biofilms, in vitro biofilms
of C. albicans were grown in 6-well microplates and collected
using a cell scraper. Collected biofilms were then re-suspended
into suspensions of single cells at densities of ∼3 × 107 CFU/ml
(LaFleur et al., 2010). Biofilm cells were statically exposed to
amphotericin B at 100 mg/ml for 24 h. To isolate the persister
cell population in epithelium-associated biotic biofilms, vagina
tissues were removed from the euthanized animals and then
sectioned into small blocks of 3 mm × 5 mm × 5 mm and
homogenized with tissue homogenizer. Obtained suspensions
were adjusted to densities of ∼3 × 107 CFU/ml and statically
challenged with amphotericin B at 100 mg/ml for 24 h. To
avoid antifungal carryover and accurately quantify the number
of persister cells, the antifungal treated suspensions were
centrifuged at 3000 g for 5 min, washed twice with PBS, and re-
suspended to the same volume with YPD broth. Colony-forming
units counting was done by plating serially diluted aliquots onto
YPD plates followed by incubation at 35◦C for 72 h to maximize
recovery of persister cells. The percentage of persister cells in
different populations was calculated as follows: (fungal density
after antifungal treatment)/(fungal density before antifungal
treatment) × 100%, as described before (Wu et al., 2019).

Data Analysis and Statistical Methods
One-way ANOVA or a non-parametric test was carried out
to compare two means, depending on the data distribution.
Statistical significance was assumed at a p value of less than 0.05.
Data analysis was performed using Minitab 16 software (Minitab,
State College PA, United States).

RESULTS

C. albicans Forms
Epithelium-Associated Biofilms in the
Mouse Vagina Accompanied by Fungal
Infiltration of the Epithelial Layer
We examined C. albicans laboratory strains and clinical isolates
for in vivo biofilm formation on the mouse vaginal epithelium
at 72 h post-inoculation. This time point was chosen because
our preliminary experiment using C. albicans DAY185 suggested
that fungal invasion and mouse immune response were both
evident at this stage of the infection. Qualitative SEM showed
that both DAY185 and DAY286 were able to irreversibly attach
to the mouse vaginal epithelium, forming monolayer biofilms,
with both yeast cells and hyphal elements distributed on
the epithelium and apparently internalized by epithelial cells
(Figure 1A). Two transcription factor mutant strains that are
defective in biofilm formation in vitro, med3111 and bcr111,
also formed monolayer biofilms on the vaginal epithelium,
but to a lower extent (Figure 1A). Parallel quantitative viable
counts also suggested biofilm formation of C. albicans on
the vaginal epithelium, with med3111 and bcr111 showing
densities approximately 1 log CFU/g of infected tissue less
than that of the wild-type strains (Figure 1B). Periodic acid–
Schiff staining clearly showed Candida hyphal infiltration of
the vaginal epithelial layers. This phenotype, however, was only
found for wild-type DAY185 and DAY286, not the mutant strains
(Figure 2). Two clinical isolates from patients with vaginal
candidiasis also formed significant biofilms on the mouse vaginal
epithelium and presented epithelial infiltration, as suggested by
SEM imaging, viable counts, and histopathological examination
(Figures 1A,B, 2). We also assessed biofilm formation of
C. albicans clinical isolates on IUDs, using an in vitro model
of biofilm cultivation. At a vaginal physiological pH of 4.0,
C. albicans clinical isolates VVC2 and VVC4 formed three-
dimensional multilayer biofilms on the surface of IUD wire and
in the gaps between neighboring wires (Figure 3). The intricate
three-dimensional structure of the IUDs, particularly the inter-
wire space, appeared to support robust biofilm formation of
C. albicans (Figure 3).

Histopathological Changes of the
Vaginal Epithelium Responsive to the
Formation of Biotic C. albicans Biofilms
and Fungal Infiltration
One of the key research questions, and also the focus of this
study was whether the presence of epithelium-associated
biofilms is directly related to the pathological changes within
vaginal tissues. We assessed the histopathological changes of the
vaginal epithelium and associated alarmin/cytokine responses.
Hematoxylin–Eosin staining showed evident neutrophil
infiltration and subcorneal microabscesses, two changes of
vaginal mucosae typically related to fungal infections in the
epithelial layer (Figure 4A). Little change was found when
mutant strains (med3111 and bcr111) were used to infect
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FIGURE 1 | Candida albicans forms biotic biofilms on mouse vaginal mucosae. (A) Scanning electron microscopy of epithelium-associated biotic biofilms formed by
C. albicans DAY185 and its med3111 mutant strain, C. albicans DAY286 and its bcr111 mutant strain, and two clinical isolates from patients with vaginal
candidiasis. The experiments were repeated on three different occasions. Scale bar = 50 µm. (B) Quantitative analysis of vaginal epithelium-associated biofilms
formed by C. albicans DAY185 and its med3111 mutant strain, C. albicans DAY286 and its bcr111 mutant strain, and two clinical isolates from patients with
vaginal candidiasis. CFU-based viable counts were performed. The experiments were repeated three times in triplicate. Means and standard errors were presented.
One-way ANOVA was used for two-set comparisons. *p < 0.05.

the mice (Figure 4A). Enzyme-linked immunosorbent assay
targeting cytoplasmic protein S100A8 and cytokine IL-1β

demonstrated a raised level of both agents in mice infected with
any of the C. albicans strains and indicated an inflammatory
condition (Figure 4B). C. albicans DAY185 and DAY286 had
readings of S100A8 and IL-1β significantly higher than the
mutant strains (med3111 and bcr111), suggesting a possible
linkage between the formation of biotic biofilms by C. albicans,
fungal infiltration, and the harmful immune responses to
infected vaginal tissues. Significant histopathological changes

and induction of inflammatory responses were also observed
when two clinical isolates were introduced to the mouse
vagina (Figure 4B).

Formation of Epithelium-Associated
Biofilms by C. albicans in the Vagina
Leads to Higher Antifungal Resistance
We further tested antifungal susceptibilities of DAY185 and two
clinical isolates grown in different modes, including planktonic
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FIGURE 2 | Histology of the vagina of mice infected by C. albicans shows fungal infiltration within the vaginal epithelium. Vaginal histopathological examination (PAS
staining, 400×) showed that C. albicans penetrated the cornified epithelium and formed fungal infiltrations in the mucosal layer. The lumen, mucosa, and submucosa
in the uninfected control are denoted for orientation. Evident endocytosed hyphae or fungal infiltrations (black arrows) in the mucosa were observed when
C. albicans biofilm-positive reference strains (DAY185 and DAY286) and clinical isolates (VVC2 and VVC4), but not biofilm-negative mutants (med3111 and
bcr111), were used to infect mice. The experiments were repeated on three different occasions.
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FIGURE 3 | Biofilm formation on IUDs. Qualitative assessment of biofilm formation by C. albicans clinical isolates on IUDs. C. albicans biofilms were grown on two
different IUDs for 48 h. Growth medium RPMI-1640 pre-adjusted to a pH of 4.0 was used for biofilm growth (as described in section “Materials and Methods”). SEM
was employed for qualitative examination of biofilm formation. It was noticed that C. albicans formed three-dimensional biofilms on the IUD wire surface and in the
inter-wire space of IUDs; the latter harbors more biofilm cells. The experiments were repeated on three different occasions.

cells, microplate-based abiotic biofilms, and epithelium-
associated biotic biofilms, to three conventional agents under
neutral and acidic conditions, respectively (Table 1). At pH

7.2, planktonic cultures of DAY185 and both clinical isolates
remained sensitive to all three agents used in this study.
Acidic condition of the vagina significantly impacted on the
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FIGURE 4 | Histopathological and inflammatory changes of the vaginal epithelium after exposure to C. albicans of different biofilm phenotypes. (A) Vaginal
histopathological examination (H&E staining, 400×) showed the formation of numerous microabscesses and neutrophil infiltration (black arrows) in the cornified
epithelium after mice were infected with biofilm-positive C. albicans reference strains (DAY185 and DAY286) and clinical isolates (VVC2 and VVC4). Minimal
neutrophil infiltration and microabscesses were seen when biofilm-defective mutant strains (med3111 and bcr111) were used to infect the mice. The experiments
were repeated on three different occasions. (B) Local inflammatory responses to C. albicans infections in the mouse vagina. C. albicans DAY185 and its med3111

mutant strain, C. albicans DAY286 and its bcr111 mutant strain, and two clinical isolates from patients with vaginal candidiasis were tested respectively.
Cytoplasmic protein S100A8 and cytokine IL-1β were selected as the representative inflammatory effectors. The experiments were repeated three times in duplicate.
Means and standard errors were shown. One-way ANOVA or a non-parametric test was used for two-set comparisons. **p < 0.01, ***p < 0.001.
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TABLE 1 | Antifungal susceptibility of C. albicans: planktonic cells, microplate-based abiotic biofilms, and vaginal epithelium-associated biotic biofilms.

Antifungals Planktonic MIC (mg/l) Abiotic biofilm MIC80 (mg/l) Biotic biofilm MIC80 (mg/l)

C. albicans strains C. albicans strains C. albicans strains

DAY185 VVC2 VVC4 DAY185 VVC2 VVC4 DAY185 VVC2 VVC4

pH 7.2

Nystatin 4 2 4 32 64 64 32 >32 >32

Clotrimazole 0.5 2 1 >1280 >1280 >1280 1280 1280 >1280

Amphotericin B 1 2 1 1 4 4 2 16 16

pH 4.0

Nystatin 16 32 32 16 64 128 32 32 >32

Clotrimazole 8 8 16 1280 >1280 >1280 >1280 >1280 >1280

Amphotericin B 2 2 4 2 4 16 2 >16 >16

Experiments for antifungal susceptibility testing were repeated on three different occasions in triplicate. Geometric means of planktonic MICs and biofilm MIC80s were
calculated and presented in the table. Definitions and detailed methods for planktonic MIC and biofilm MIC80 can be found in the main text.

susceptibility of nystatin and clotrimazole but not amphotericin
B, increasing MICs of nystatin and clotrimazole by 4–16
times. When grown as abiotic biofilms, C. albicans strains
generally gained higher resistance to clotrimazole (ratio biofilm
MIC80/planktonic MIC: >160-fold) and nystatin (1- to 16-fold)
and remained relatively sensitive to amphotericin B (1- to
4-fold). Epithelium-associated biotic biofilms demonstrated
highly elevated resistance to antifungal agents, with two clinical
isolates showing biofilm MIC80 even higher than that of
microplate-based abiotic biofilms (Table 1).

Formation of Epithelium-Associated
Biotic Biofilms by C. albicans Prompts
the Formation of Persister Cells
Persister cells residing in planktonic cultures, microplate-based
abiotic biofilms, and epithelium-associated biotic biofilms were
quantified. When grown as planktonic cultures at a mid-log
phase, C. albicans DAY185 and two clinical isolates produced
only very few persister cells (0.0001–0.0008%; Figure 5).
Formation of abiotic biofilms by C. albicans on biomaterials
significantly increased the number of persister cells in the
population; the percentage seemed to be strain-dependent with
DAY185 reaching 0.05%, VVC2 reaching 0.1%, and VVC4
reaching 1%. Growth of biotic biofilms on the vaginal epithelium
further promoted persister cells of VVC2 to 0.6%, and VVC4
to 3.3%, significantly higher than that for abiotic biofilms or
planktonic cultures (Figure 5).

DISCUSSION

Biofilm formation has been proposed as one of the most
important virulence factors of C. albicans causing vaginal
candidiasis, contributing to the establishment and recurrence of
the infection (Muzny and Schwebke, 2015). Although biofilm
formation of C. albicans has been extensively studied with
clinical isolates from vaginal candidiasis patients, most studies
used in vitro systems for biofilm cultivation that might only
represent biofilms formed on IUDs (Cakiroglu et al., 2015;

Gao et al., 2016; Sherry et al., 2017). Only a few studies have
been carried out on biofilms grown on the vaginal epithelium
(Harriott et al., 2010; Peters et al., 2014). Harriott et al.
(2010) characterized in vivo biofilm formation of C. albicans
on the vaginal epithelium; Peters et al. (2014) discovered a
link between fungal morphogenesis of C. albicans and the
immunopathology of vaginal candidiasis (Peters et al., 2014).
Using the mouse model developed by Harriott et al. (2010),
we further dissected the role of C. albicans biofilms in the
histopathogenesis and persistence of vaginal candidiasis. Key
findings of our study include the following: C. albicans infects the
vagina by establishing epithelium-associated biofilms and fungal
infiltration; histopathological changes of the vaginal epithelium
and local inflammation are in relation to the formation of
epithelium-associated biofilms; biofilm formation by C. albicans
on the vaginal epithelium leads to high antifungal resistance;
formation of biotic biofilms on the vaginal epithelium promotes
the formation of persister cells.

By comparing biofilm-positive C. albicans reference strains
and their biofilm-defective mutant strains, we established a
link between biofilm formation and the disease state of vaginal
candidiasis. C. albicans wild-type reference strain DAY286 and its
bcr111 mutant have been previously studied for in vivo biofilm
formation on the mouse vaginal epithelium (Nobile et al., 2006;
Harriott et al., 2010). Bcr1 is a transcription factor regulating
many important biological processes in C. albicans; its mutant
demonstrates normal filamentation but a reduction in biofilm
formation on abiotic substrate and host organs (Nobile et al.,
2006). Another wild-type reference strain C. albicans DAY185
experimentally causes systematic infection in mice; its med31
deletion mutant showed a reduction in both filamentation and
biofilm formation (Uwamahoro et al., 2012). Our study found
that biofilm-positive wild-type reference strains, not the biofilm-
defective mutants, induced evident histopathological damages
and local inflammation, supporting an important role of biofilm
formation in the histopathogenesis of vaginal candidiasis. One
hurdle in attributing biofilm formation of C. albicans to its
pathogenesis is to exclude other co-existing virulence strategies
that might also be involved in C. albicans pathogenicity (Sudbery,
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FIGURE 5 | Quantitative assessment of persister cells formed by C. albicans
in three different growth modes. C. albicans cells were grown as planktonic
cells, abiotic biofilms on tissue culture-treated polystyrene surfaces, and biotic
biofilms on the mouse vaginal epithelium, respectively. Biofilm cells and
planktonic cells were re-suspended to a density of ∼3 × 107 CFU/ml in
RPMI-1640, followed by exposure to amphotericin B at 100 mg/l overnight.
Survivors were recovered after 72 h incubation on YPD plates and counted as
the percentage of the initial population. The experiments were repeated three
times in triplicate. Means and standard errors were presented.

2011). Most transcription factors or their encoding genes often
synchronously regulate biofilm formation of C. albicans and
other important programs such as yeast-hyphae morphogenesis
(Nobile et al., 2006; Sudbery, 2011; Uwamahoro et al., 2012). The
pathogenesis of vaginal candidiasis has been essentially linked
to the hyphal invasive form of C. albicans that is required to
penetrate the intact epithelial layer and induce immunopathology
(Sudbery, 2011). Fortunately, the bcr111 mutant, which has
a defect in biofilm formation but not morphogenesis (Peters
et al., 2014), demonstrated a reduced capacity to elicit an
immune response or histopathological damage, as found in this
study. We also noticed a relation between biofilm formation
and candida infiltration of the vaginal epithelium, with biofilm-
defective mutant strains presenting less fungal infiltration. Recent
work by Swidsinski et al. (2019) found endocytosed hyphae
or pseudohyphae in the vaginal epithelium in patients with
confirmed vaginal candidiasis, although no typical multi-layer
biofilm structure was detected in the human vagina (Swidsinski
et al., 2019). We propose that the biofilm-related fungal
infiltration might resemble microcolony biofilms that are more
frequently found in vivo, and share some important traits with
in vivo biofilms, such as harboring antifungal-tolerant persister
cells (Bjarnsholt et al., 2013; Xu et al., 2019). It is now known
that dense microbial growth in a confined space promotes the
formation of persister cells (Qu et al., 2010).

We also presented experimental evidence to explain the
tolerance of vaginal candidiasis to antifungal treatment. Similar

to microplate-based abiotic biofilms, epithelium-associated biotic
biofilms are highly resistant to first-line antifungals. More
importantly, epithelium-associated biofilms act as a conducive
environment that facilitates the formation of persister cells.
Using a regimen that kills the bulk of fungal cells with normal
susceptibilities, our recent study has successfully isolated persister
cells from the vaginal epithelium of mice infected with C. albicans
(Wu et al., 2019). These persister cells could not be eradicated by
conventional antifungal drugs at very high concentrations and
might be the main culprit responsible for the recalcitrance of
infections to antifungal treatment (Wu et al., 2019). The current
study further established a connection between biofilm growth
by C. albicans in the vaginal epithelium and the formation of
persister cells, supporting a role of Candida biofilm formation in
the recurrence of vaginal candidiasis.

One of the possible limitations of this study was that the
mouse model of vaginal candidiasis still differs from human
vaginal candidiasis in several physical aspects, including a lack
of C. albicans as part of the vaginal microbiota, neutral vaginal
pH, and dependence on exogenous estrogen to initiate fungal
colonization (Harriott et al., 2010; Cassone and Sobel, 2016).
Differences in responses to Candida infection between human
and mice or other rodents cannot be neglected (Sobel, 2015;
Vecchiarelli et al., 2015; Cassone and Sobel, 2016). This small
animal model, however, remains a valuable research tool to study
vaginal candidiasis as it closely parallels the chronic nature of
the diseases in women and is cost-effective (Vecchiarelli et al.,
2015; Yano et al., 2018). Another limitation is the small number
of clinical isolates used in this study. The conclusion drawn from
this study might not fully represent vaginal candidiasis caused by
other C. albicans clinical isolates or other Candida spp. The cost,
labor, and requirements from the ethics aspect have limited the
use of a greater number of C. albicans strains in our study.

CONCLUSION

In summary, our study provides a comprehensive understanding
of biofilm-related factors involved in the pathogenicity and
persistence of vaginal candidiasis caused by C. albicans.
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Candida spp. proliferate as surface-associated biofilms in a variety of clinical niches.
These biofilms can be extremely difficult to eradicate in healthcare settings. Cells within
biofilm communities grow as aggregates and produce a protective extracellular matrix,
properties that impact the ability of the host to respond to infection. Cells that disperse
from biofilms display a phenotype of enhanced pathogenicity. In this review, we highlight
host-biofilm interactions for Candida, focusing on how biofilm formation influences
innate immune responses.

Keywords: Candida, biofilm, host, neutrophil, macrophage, matrix, immunity, dispersion

INTRODUCTION

Candida spp. are the primary cause of nosocomial fungal infections and recently rose to the
leading pathogen group causing nosocomial bloodstream infections (Magill et al., 2014). Candida
spp. exhibit the propensity to proliferate as adherent biofilms (Magill et al., 2014; Nobile and
Johnson, 2015). These aggregated communities exhibit resistance to antifungals as well as host
immune responses, making them extremely difficult to eradicate (Chandra et al., 2001a; Donlan,
2001b; Douglas, 2003). In the hospital setting, Candida spp. form biofilms on artificial medical
devices, such as vascular catheters, which can lead to bloodstream infection and disseminated
disease with associated mortality of approximately 30% (Donlan, 2001a; Kojic and Darouiche, 2004;
Wisplinghoff et al., 2004; Kumamoto and Vinces, 2005; Pfaller and Diekema, 2007; Tumbarello
et al., 2007). It is estimated that nearly 80% of patients with invasive candidiasis have implanted
medical devices (Andes et al., 2012). The ability of Candida spp. to persist as a biofilm on these
devices poses a serious issue for treatment of Candida infections, as device removal is often
the only option (Pfaller and Diekema, 2007; Andes et al., 2012). However, even with catheter
removal, mortality rates remain high in the setting of invasive candidiasis (Andes et al., 2012).
The observation that removal of catheters decreases the risk of persistent candidemia and rate
of mortality suggests that biofilm formation plays a major role in the pathogenesis of invasive
candidiasis (Andes et al., 2012; Ala-Houhala and Anttila, 2020).

Candida albicans, the most prevalent Candida spp., has served as a model organism for
study of biofilm formation (Hawser and Douglas, 1994; Chandra et al., 2001b; Ramage et al.,
2001; Uppuluri et al., 2010). However, biofilm formation is not unique to C. albicans, as many
other clinically relevant Candida spp., including C. glabrata, C. tropicalis, C. parapsilosis, and the
emerging pathogen C. auris, also form biofilms (Kuhn et al., 2002; Lewis et al., 2002; Jain et al.,
2007; Bizerra et al., 2008; Sherry et al., 2017). While biofilms formed by different Candida spp.
may vary in morphology and density, the structures uniformly contain a polymeric extracellular
matrix that encases and protects the fungal cells. The components of the extracellular matrix differ
from those found in the Candida cell wall, and these moieties are proposed to modulate host
recognition by concealing the cell wall components that typically interact with the immune system
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(Johnson et al., 2016; Zawrotniak et al., 2017; Hoyer et al., 2018).
In addition, cells dispersed from biofilms exhibit characteristics
distinct from cells growing under non-biofilm conditions (Sellam
et al., 2009; Uppuluri et al., 2010). In this review, we highlight key
host interactions with Candida biofilms, describing how the host
responds differently to Candida during biofilm and non-biofilm
growth (Figure 1).

IMPACT OF BIOFILM FORMATION ON
NEUTROPHIL RESPONSES

Neutrophils serve as primary innate immune responders to
Candida and are critical for controlling invasive infection
(FidelJr., 2002). The susceptibility of neutropenic patients to
severe fungal infections, including candidiasis, highlights the
importance of these leukocytes (EdwardsJr., Lehrer et al., 1978;
Erwig and Gow, 2016). However, when growing as a biofilm,
Candida resists damage and killing by neutrophils (Katragkou
et al., 2010, 2011a,b; Xie et al., 2012; Johnson et al., 2016;
Kernien et al., 2017). Compared to the neutrophil response
to planktonic C. albicans, neutrophils exhibit an up to 5-fold
lower activity against biofilms formed by C. albicans (Katragkou
et al., 2010, 2011b; Xie et al., 2012; Johnson et al., 2016).
This process appears to involve induction of an inhibitory
pathway, as neutrophils exposed to C. albicans resist activation
by potent stimuli, such as phorbol ester. Additionally, priming
of neutrophils with pro-inflammatory cytokines, including
interferon-γ and granulocyte colony-stimulating factor, does not
restore neutrophil killing of biofilms (Katragkou et al., 2011b).
This inhibitory process appears independent of filamentation,
as C. albicans biofilms of various architectures, including
those comprised primarily of yeast morphotypes, similarly
impair neutrophil function. Consistent with this, biofilms
formed by C. glabrata and C. parapsilosis, which lack true
hyphae, also resist neutrophil attack (Katragkou et al., 2011a;
Johnson et al., 2017).

Neutrophils respond to pathogens via a variety of effector
mechanisms, including phagocytosis, production of reactive
oxygen species (ROS), and the formation of neutrophil
extracellular traps (NETs), which are web-like structures
containing DNA, histones, and antimicrobial proteins
(Brinkmann et al., 2004). While neutrophils are capable of
phagocytosing Candida yeast cells, the elongated hyphal cells
cannot be completely engulfed. Instead, in response to C. albicans
hyphae and other large or aggregated pathogens, neutrophils
release NETs (Urban et al., 2006; Branzk et al., 2014). This
process of NET formation would arguably be an effective
neutrophil response against biofilm, considering their large size
and the inability of the structures to be completely phagocytosed.
However, NETs are not produced in response to C. albicans
biofilms (Johnson et al., 2016; Kernien et al., 2017). C. albicans
biofilms do not trigger neutrophils to generate ROS, a signaling
pathway that governs many forms of NET formation (Brinkmann
et al., 2004; Xie et al., 2012; Johnson et al., 2016). These impaired
responses have been attributed, in part, to the presence of an
extracellular matrix encasing the cells (Johnson et al., 2016).

MONOCYTE AND MACROPHAGE
RESPONSES TO BIOFILM

The formation of biofilm influences a variety of mononuclear
innate immune cell responses, including migration, phagocytosis,
and cytokine production (Chandra et al., 2007; Katragkou
et al., 2010; Alonso et al., 2017; Simitsopoulou et al., 2018;
Arce Miranda et al., 2019). In addition, the presence of these
and other cells can impact biofilm formation by Candida. For
example, when incubated with C. albicans biofilm, peripheral
blood mononuclear cells fail to engage in phagocytosis (Chandra
et al., 2007). However, the presence of these cells promotes
the formation of a thicker, hyphal-rich biofilm, which has
been linked to a biofilm-enhancing soluble factor produced
by the mononuclear cells during co-culture with biofilm
(Chandra et al., 2007).

In addition to avoiding phagocytosis, mononuclear cells
exposed to biofilms also display an altered cytokine profile,
when compared to those interacting with planktonic C. albicans
(Chandra et al., 2007). Observed differences for biofilm exposure
include increases in both pro-inflammatory cytokines (IL-1β

and MCP-1), as well as the anti-inflammatory cytokine, IL-10
(Chandra et al., 2007). Additional studies utilizing a human
monocytic cell line (THP-1) have also shown differing cytokine
responses to biofilm and planktonic C. albicans, including lower
TNF-α production upon biofilm exposure (Katragkou et al.,
2010). Modulation of cytokine production by biofilm likely
influences immunity, but little is known about this process.
However, it appears that cytokine responses to Candida biofilm
may vary among species (Simitsopoulou et al., 2018).

Investigations using murine macrophage cell lines are
beginning to shed light on the impact of Candida biofilm
formation on macrophage interactions (Alonso et al., 2017; Arce
Miranda et al., 2019). During the initiation of biofilm formation,
macrophages are capable of phagocytosing C. albicans (Arce
Miranda et al., 2019). However, as biofilms mature, macrophages
do not exhibit activity against them, and may even enhance
biofilm production (Arce Miranda et al., 2019). This pattern
of impaired activity against mature biofilms is similar to that
observed for both human mononuclear cells and neutrophils
(Chandra et al., 2007; Katragkou et al., 2010, 2011a,b; Xie
et al., 2012; Johnson et al., 2016; Kernien et al., 2017). Like
the neutrophil response to C. albicans biofilms, macrophage-
biofilm interactions also involve diminished ROS production
(Xie et al., 2012; Johnson et al., 2016; Arce Miranda et al., 2019).
Another response impaired by C. albicans biofilms is macrophage
migration. Murine macrophages move at rates approximately 2-
fold lower in response to biofilm when compared to incubation
with planktonic C. albicans (Alonso et al., 2017).

ROLE OF Candida BIOFILM MATRIX IN
IMMUNITY

The development of Candida biofilm begins with adherence to
a substrate, which is followed by proliferation and the assembly
of an extracellular matrix, a hallmark characteristic of mature
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FIGURE 1 | Overview of host interactions with Candida biofilms. Scanning electron micrograph reveals C. albicans (SC5314) growing as a biofilm on the luminal
surface of a rat vascular catheter. Biofilm formation influences host interactions, immunity, and pathogenesis.

biofilm formation (Chandra et al., 2001a; Uppuluri et al., 2010;
Wall et al., 2019). This extracellular matrix encases the cells
and presents unique structures which conceal the cell wall
components that are typically encountered by innate immune
cells (Chaffin et al., 1998; Hawser et al., 1998). Many studies have
demonstrated altered immune cell interactions with Candida
biofilms (Chandra et al., 2007; Katragkou et al., 2011a; Kernien
et al., 2017; Xie et al., 2012; Johnson et al., 2016, 2017; Alonso
et al., 2017; Arce Miranda et al., 2019). For neutrophils, this
phenotype appears to require an intact extracellular matrix, as
disruption of biofilm matrix can restore neutrophil activity,
including their ability to produce NETs and damage biofilms
(Katragkou et al., 2010; Johnson et al., 2016). It is likely that
extracellular matrix contributes to other aspects of immune
modulation by biofilms as well.

Analysis of C. albicans biofilms demonstrates that extracellular
matrix contains a mixture of biopolymers, including proteins
(55%), carbohydrates (25%), lipids (15%), and nucleic acids (5%)
(Zarnowski et al., 2014). Many of these components differ from
those found in the cell wall. For example, the biofilm extracellular
matrix of C. albicans contains an abundant high molecular
weight α-1,2-branched α-1,6 mannan, which assembles with
linear β-1,6 glucan to form a mannan-glucan complex that
is not found in the cell wall (Chaffin et al., 1998; Zarnowski
et al., 2014; Mitchell et al., 2015). This complex has been linked
to the capacity of C. albicans biofilms to inhibit neutrophil

function, as C. albicans biofilms with genetic disruption of this
pathway activate neutrophils (Johnson et al., 2016). Neutrophils
then generate ROS and produce NETs in response to these
mutants lacking extracellular matrix, ultimately resulting in
fungal damage (Johnson et al., 2016). The fungal components
involved in triggering this response are not certain. The finding
that neutrophils are also activated by biofilms following treatment
with echinocandin drugs, which unmask β-1,3 glucan, suggests a
role for this polysaccharide (Katragkou et al., 2010; Hoyer et al.,
2018; Simitsopoulou et al., 2018).

The production of matrix mannan-glucan complex is
conserved across Candida species, including C. albicans,
C. tropicalis, C. parapsilosis, C. glabrata, and C. auris (Dominguez
et al., 2018, 2019). It is anticipated that similar mechanisms
of neutrophil evasion may occur upon encounter with biofilms
formed by these species as well. However, species-specific
immune responses have been observed (Simitsopoulou et al.,
2018). Additional study is needed to delineate the neutrophil-
biofilm interactions for these and other emerging species.

HOST RESPONSE TO DISPERSED
BIOFILMS

Throughout biofilm development, cells detach from biofilms,
allowing Candida to disseminate to the bloodstream and cause
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invasive disease (Uppuluri et al., 2010). Various environmental
responses, including carbon source and pH, trigger this regulated
process for C. albicans (Sellam et al., 2009; Uppuluri et al., 2010).
During dispersion, yeast-like cells bud from the upper biofilm
layer of hyphae and are release as elongated cells (Uppuluri
et al., 2010). Although the cells resemble yeast, the newly
dispersed cells display enhanced pathogenicity traits, including
heightened capacities for filamentation, adhesion, and biofilm
formation (Uppuluri et al., 2010). Even more striking, the
dispersed cells exhibit enhanced virulence in a murine model of
invasive candidiasis and exert more damage to endothelial cells
(Uppuluri et al., 2010). The transcriptional profile of dispersed
cells broadly differs from both biofilm and planktonic C. albicans,
consistent with their unique phenotype (Sellam et al., 2009;
Uppuluri et al., 2018). These cells likely play a major role in
the pathogenesis of vascular catheter and other device-associated
infections that result in disseminated disease. In this setting,
environmental cues can trigger the detachment of yeast-form
cells with a heightened propensity to disseminate though the
bloodstream, adhere to endothelial cells, and damage tissues
(Uppuluri et al., 2010).

INSIGHT INTO HOST RESPONSES TO
BIOFILM THROUGH ANIMAL MODELS

Candida spp. interact extensively with the host during infection,
and animal models are ideal for examining this interface in vivo.
Invasive candidiasis frequently involves biofilm proliferation
on indwelling vascular catheters, which can lead to catheter-
associated bloodstream infection and disseminated disease (Kojic
and Darouiche, 2004; Andes et al., 2012). Models in mice,
rats, and rabbits mimicking vascular catheter-associated infection
have shed light on biofilm-host interactions (Andes et al.,
2004; Schinabeck et al., 2004; Lazzell et al., 2009). These
models reveal differences between in vitro and in vivo biofilms,
including the formation of a thicker biofilm matrix in vivo.
Interestingly, in vivo biofilm models reveal that a striking
number (>95%) of host-derived proteins incorporate into the
extracellular matrix, indicating a major host contribution to
C. albicans biofilms (Nett et al., 2015). Host proteins depositing
in the biofilm matrix include matricellular proteins, and
proteins indicating the presence of erythrocytes and leukocytes.
Imaging of catheters similarly shows the incorporation of
many host cells, including erythrocytes and neutrophils (Andes
et al., 2004). These findings suggest that neutrophils recruit
to C. albicans biofilms in vivo, but lack significant anti-
biofilm activity.

Urinary catheter biofilm models have been developed in mice
and rats, allowing the study of catheter-associated candiduria
(Wang and Fries, 2011; Nett et al., 2014; Capote-Bonato et al.,
2018). As seen with the vascular catheter models, on urinary
catheters, C. albicans also forms thick biofilms with dense
extracellular matrix (Wang and Fries, 2011; Nett et al., 2015).
Biofilms in this environment also incorporate numerous host
cells and proteins, which contribute to the extracellular matrix
(Nett et al., 2015). C. tropicalis similarly forms biofilms on

urinary catheter segments in mice (Capote-Bonato et al., 2018).
It appears that host response to both C. albicans and C. tropicalis
biofilms involves a degree of neutrophilic infiltration (Nett et al.,
2015; Capote-Bonato et al., 2018). However, the biofilms persist
despite this response.

In addition to the vascular and urinary placement of catheters,
models have employed subcutaneous implantation of catheters
or other devices in mice and rats to elucidate host interactions
with Candida biofilms (Ricicova et al., 2010; Nieminen et al.,
2014; Kucharikova et al., 2015). These models primarily involve
the insertion of preformed biofilms that continue to propagate
in vivo. Both C. albicans and C. glabrata proliferate as
biofilms in this setting (Ricicova et al., 2010; Nieminen et al.,
2014; Kucharikova et al., 2015). The subcutaneous C. albicans
biofilms induce an infiltration of inflammatory cells consisting
predominantly of neutrophils and macrophages (Nieminen
et al., 2014). Consistent with this, tissue sections adjacent
to subcutaneous biofilms show an inflammatory profile with
an increased abundance of inflammatory mediators, including
matrix metalloproteinases and myeloperoxidase (Nieminen et al.,
2014). Similar to other models of C. albicans biofilm formation,
the biofilms withstand this defense.

Oral biofilms represent one of the most common niches
for Candida biofilm formation (Douglas, 2002). Rats have
predominantly been utilized to study host-biofilm interactions,
particularly for the analysis of dental devices and the associated
denture stomatitis (Nett et al., 2010; Lee et al., 2011; Johnson
et al., 2012; Tobouti et al., 2016; Sultan et al., 2019; Yano et al.,
2019). In these models, Candida spp. adhere to the artificial
devices, proliferating as a biofilm (Nett et al., 2010; Chen et al.,
2011; Johnson et al., 2012; Tobouti et al., 2016; Sultan et al.,
2019). Similar to other sites of infection, host materials become
intertwined in the extracellular matrix of these C. albicans
biofilms, with integration of salivary proteins and immune cells
into the matrix (Nett et al., 2015). The mucosal response involves
the recruitment of inflammatory cells to the palate mucosa and
epithelial changes consistent with the histopathology of dental
stomatitis seen clinically (Nett et al., 2010; Johnson et al., 2012;
Tobouti et al., 2016; Sultan et al., 2019).

While the clinical relevance of Candida biofilm in the
pathogenesis of vulvovaginal candidiasis is not well-understood,
murine vaginitis models reveal that C. albicans forms biofilm on
the vaginal mucosa (Harriott et al., 2010). These mucosal biofilms
are characterized by the presence of an extracellular matrix
surrounding yeast and hyphal cells, typical of in vitro C. albicans
biofilms and biofilms formed at other sites of infection (Harriott
et al., 2010). Clinically, vulvovaginal candidiasis is associated
with a robust neutrophil response leading to acute inflammation.
A similar acute inflammatory response is recapitulated in a
murine model of C. albicans infection, which appears to be
mediated by the release of S100 alarmins from epithelial cells
(Yano et al., 2010, 2012). Interestingly, this likely represents
a species-specific host interaction, as C. glabrata does not
form biofilm or elicit a strong inflammatory response in this
model (Nash et al., 2016). Further studies are required to fully
elucidate the complex host response to Candida biofilms during
vaginal infection.
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HOST RESPONSES TO Candida IN
MIXED-SPECIES BIOFILMS

Many studies have focused on the proliferation of Candida in a
single-species biofilm, but Candida spp. also form polymicrobial
biofilms in a variety of niches, including the oropharynx and
skin. In these mixed-species biofilms, the immune response to
one species may influence immunity to another organism. For
example, Staphylococcus aureus has been shown to preferentially
adhere to C. albicans hyphae and form mixed-species biofilms
(Peters et al., 2010; Zago et al., 2015; de Carvalho Dias et al.,
2017). In this setting C. albicans promotes the phagocytosis
of Staphylococcus aureus, which can be carried by phagocytes
from the oral cavity to the lymphatic system and cause invasive,
disseminated disease in murine model of candidiasis (Allison
et al., 2019). In addition, formation of a mixed biofilm triggers
differential production of soluble factors and proteins that are
anticipated to modulate immunity and enhance the virulence of
both species (Peters et al., 2010; de Carvalho Dias et al., 2017).

Chronic wounds frequently become colonized by
polymicrobial biofilms, and Candida spp. are increasingly
recognized as major contributors to these infections (Kalan
et al., 2016; Kalan and Grice, 2018). Not only are Candida
spp. among the most frequently isolated fungal pathogens from
diabetic foot ulcers, the presence of fungi in these wounds
correlates with longer healing times (Kalan et al., 2016).
In vitro wound biofilm models recapitulate the chronic wound
environment and shed light on interactions among common
colonizers, including C. albicans, Pseudomonas aeruginosa, and
Staphylococcus aureus in this context (Townsend et al., 2016,
2017). In a three-dimensional wound biofilm model, combined
antibiotic and antifungal treatments are most effective in
eliminating polymicrobial biofilms, emphasizing the importance
of considering fungal presence in chronic wounds (Townsend
et al., 2017). While much of the host response to these chronic
wound biofilms has not yet been elucidated, this represents an
important topic for future studies.

In addition to forming polymicrobial biofilms with bacteria,
C.albicans also establishes mixed-species biofilms with other
Candida (Pathirana et al., 2019; Tati et al., 2016; Vipulanandan
et al., 2018). One common clinical example of this is
oropharyngeal candidiasis, which often involves multiple
Candida species (Redding, 2001). In a mouse model of
oropharyngeal candidiasis, colonization by C. glabrata requires
the presence of C. albicans (Tati et al., 2016). Co-culture of
the organisms lead to upregulation of C. glabrata cell surface
proteins that allow for adhesion to C. albicans hyphae (Tati
et al., 2016). Additional examples of species involved in mixed-
species biofilms include C. dubliniensis and C. tropicalis, both

of which appear to adhere to C. albicans and exhibit a growth
benefit (Pathirana et al., 2019). When co-cultured together,
these species form biofilms that achieve higher surface coverage.
The influence of these altered biofilm structures on host
responses remains unclear. However, the host interface for
mixed biofilms may be quite distinct from that observed for
either species alone.

CONCLUSIONS AND FUTURE
DIRECTIONS

Candidiasis frequently involves the formation of surface-
associated biofilms. These structures have a multifaceted
interaction with the host. Compared to cells grown in free-
floating conditions, Candida biofilms exhibit resistance to
phagocytosis by neutrophils, monocytes, and macrophages. In
addition, biofilm formation alters mononuclear cell cytokine
profiles, broadly influencing immunity. Biofilms modulate
immunity throughout various developmental stages. During
mature biofilm formation, extracellular matrix contributes to
resistance to host defenses. As fungal cells disperse, a more
virulent phenotype results in enhanced pathogenesis.

Further understanding of the impact of biofilm formation on
host immunity will be of interest. Many biofilm studies have
explored immune cell interactions ex vivo. However, biofilm
composition is highly impacted by in vivo conditions, and little
is known about how the host contribution to biofilm may alter
immune recognition. In addition, studies are just beginning to
shed light on the complexity of immunity to mixed biofilms.
Furthermore, it will fascinating to see how biofilm formation by
emerging species, such as C. auris, influences host responses, as
C. albicans has primarily been utilized as a model organism.
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Candida tropicalis is one the most relevant biofilm-forming fungal species increasingly
associated with invasive mucosal candidiasis worldwide. The amplified antifungal
resistance supports the necessity for more effective and less toxic treatment, including
the use of plant-derived natural products. Scopoletin, a natural coumarin, has shown
antifungal properties against plant yeast pathogens. However, the antifungal activity of
this coumarin against clinically relevant fungal species such as C. tropicalis remains to be
established. Here, we investigated the potential antifungal properties and mechanisms
of action of scopoletin against a multidrug-resistant C. tropicalis strain (ATCC
28707). First, scopoletin was isolated by high-performance liquid chromatography
from Mitracarpus frigidus, a plant species (family Rubiaceae) distributed throughout
South America. Next, scopoletin was tested on C. tropicalis cultivated for 48h in
both planktonic and biofilm forms. Fungal planktonic growth inhibition was analyzed
by evaluating minimal inhibitory concentration (MIC), time-kill kinetics and cell density
whereas the mechanisms of action were investigated with nucleotide leakage, efflux
pumps and sorbitol and ergosterol bioassays. Finally, the scopoletin ability to affect
C. tropicalis biofilms was evaluated through spectrophotometric and whole slide imaging
approaches. In all procedures, fluconazole was used as a positive control. MIC values
for scopoletin and fluconazole were 50 and 250 µg/L respectively, thus demonstrating
a fungistatic activity for scopoletin. Scopoletin induced a significant decrease of
C. tropicalis growth curves and cell density (91.7% reduction) compared to the growth
control. Its action was related to the fungal cell wall, affecting plasma membrane sterols.
When associated with fluconazole, scopoletin led to inhibition of efflux pumps at the
plasma membrane. Moreover, scopoletin not only inhibited the growth rate of preformed
biofilms (68.2% inhibition at MIC value) but also significantly decreased the extent of
biofilms growing on the surface of coverslips, preventing the formation of elongated
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fungal forms. Our data demonstrate, for the first time, that scopoletin act as an effective
antifungal phytocompound against a multidrug-resistant strain of C. tropicalis with
properties that affect both planktonic and biofilm forms of this pathogen. Thus, the
present findings support additional studies for antifungal drug development based on
plant isolated-scopoletin to treat candidiasis caused by C. tropicalis.

Keywords: Candida tropicalis, scopoletin, Candida spp., antifungal agents, fungal biofilms

INTRODUCTION

Invasive fungal infections produced by Candida spp. persist
as the primary hospital-acquired bloodstream infections and
are associated with high morbidity and mortality, especially in
intensive care units (Kauffman, 2015; McCarthy and Walsh, 2017;
Butts et al., 2019). While Candida albicans remains as the most
frequent fungal species isolated from candidemic patients, other
Candida species are often identified in clinical isolates (Reviewed
in Guinea, 2014).

Currently, Candida tropicalis is one the most relevant non-
albicans Candida species [reviewed in Silva et al. (2012),
Cavalheiro and Teixeira (2018)]. This pathogen has been
frequently detected in patients from intensive care units, mainly
those under prolonged catheterization and treatment with broad-
spectrum antibiotics (Silva et al., 2012). C. tropicalis is also
implicated in infections of cancer patients (Chai et al., 2010;
Silva et al., 2012). C. tropicalis is highly prevalent in tropical
countries and responsible for elevated mortality rate due to
candidiasis (Godoy et al., 2003; Chai et al., 2010; Chander et al.,
2013). Globally, the frequency of C. tropicalis is also expanding
(Guinea, 2014).

Biofilms of Candida species can cause challenging superficial
and systemic diseases and represent structures with high
tolerance to antifungal agents (Cavalheiro and Teixeira, 2018).
C. tropicalis biofilm formation has been increasingly linked to the
development of resistance to antifungal drugs such as fluconazole
and amphotericin B (Fernandes et al., 2015; Cavalheiro and
Teixeira, 2018).

The growing use of antifungal agents has been correlated
with emergence of multidrug-resistant strains of Candida
species to commonly used antifungal drugs such as azoles and
echinocandins (Perlin et al., 2015), thus requiring intensive
search for new drug therapies, including phytocompounds
originated from natural sources. Coumarins represent a
diverse group of natural polyphenols found in a variety of
plants and known by their varied pharmacological properties
(Reviewed in Kostova et al., 2011; Pinto and Silva, 2017;
Tomasz Kubrak et al., 2017). Scopoletin is one type of coumarin
with promising biological activities including antioxidant
(Jamuna et al., 2015; Zhang et al., 2017), anti-inflammatory
(Jamuna et al., 2015; Leema and Tamizhselvi, 2018), anti-
aging (Jamuna et al., 2015) and anti-tumoral (Pinto and Silva,
2017; Gupta et al., 2018) effects.

Scopoletin has natural and in vitro antifungal properties
against pathogenic yeast species of plants (Goy et al., 1993; Valle
et al., 1997; Prats et al., 2006; Sun et al., 2014; Ramírez-Pelayo
et al., 2019). However, the antifungal activity of this coumarin

against clinically relevant fungal species is poorly understood.
Previous works have demonstrated a moderate anti-C. albicans
effect for plant-isolated scopoletin (Navarro-Garcia et al., 2011;
Lu et al., 2017), but if this phytocompound is effective against
C. tropicalis remains to be established.

In the present work, we isolated scopoletin, for the first
time, from the aerial parts of Mitracarpus frigidus (Willd. ex
Roem.& Schult.) K. Shum, a species from the family Rubiaceae
distributed throughout South America (Pereira et al., 2006).
M. frigidus-originated scopoletin was then investigated and
showed significant antifungal activity against a multidrug-
resistant strain of C. tropicalis, affecting both planktonic and
biofilm forms of this pathogen.

MATERIALS AND METHODS

Plant Material
The aerial parts of Mitracarpus frigidus (Willd. Ex Roem. &
Schult.) K. Shum (Rubiaceae) were collected in Juiz de Fora,
Minas Gerais State, Brazil, in May 2011 (Latitude: 21◦45′51′′S
and Longitude: 43◦20′59′′W of Greenwich). A voucher specimen
(CESJ 46076) was deposited at the Leopoldo Krieger Herbarium
at UFJF, Brazil.

Extraction and Fractionation
A crude dichloromethane (CH2Cl2) extract was prepared from
aerial parts of M. frigidus as previously described (Fabri et al.,
2009). The purification of this extract was carried out as follows:
The CH2Cl2 extract (1.3 g) was chromatographed on a 74× 4 cm
column of silica gel (70–230 mesh) with a gradient of increasing
polarity (Hexane, Hexane-CH2Cl2, CH2Cl2-MeOH, MeOH) to
obtain a total of six fractions. Fractions were analyzed by thin
layer chromatography on silica gel 60 F254 (Merck) using CH2Cl2:
MeOH, 97:3, v/v and CH2Cl2: MeOH, 95:5 v/v as the mobile
phase for fractions F1 to F3 and fractions F4 to F6, respectively.
Detection was performed with a UV lamp (254 and 365 nm) and
by spraying with vanillin:sulfuric acid followed by heating. The
fractions were pooled and concentrated on a rotary evaporator
under reduced pressure.

High-Performance Liquid
Chromatography (HPLC) Analysis
The analyses were performed with an Agilent Technologies 1200
series purification system (Agilent Technologies, Waldbronn,
Germany) equipped with a Zorbax SB-18 column (250× 10 mm,
5 µm particle size), a PDA detector and an automatic injector.
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A linear gradient of a binary solvent system, A:B, which varied
from 0 to 100% B ran at a flow rate of 1 mL/min over 30 min
where A consisted of acetonitrile: H2O, 5:95, pH adjusted to 4.0
with H3PO4 and B of acetonitrile: H2O, 90:10, pH adjusted to
4.0 with H3PO4. The mobile phase was returned to its original
composition over the course of 30 min, and an additional
10 min were allowed for the column to re-equilibrate before
injection of the next sample. The sample volume was 10 µL at a
concentration of 1 g/L. Detection was performed simultaneously
at 210, 230, 254 and 280 nm.

Isolation of Scopoletin by
Semi-Preparative HPLC
Scopoletin was isolated from fraction 2 (300 mg) by semi-
preparative HPLC (Agilent Technologies) as above. Flow-rate
and sample volume were 3.5 and 1.0 mL/min, respectively
(25 g/L). The eluate from the outlet of the column was monitored
at 254 nm and the peak fractions were collected according to
the chromatogram.

Structural Elucidation of Scopoletin
1H-NMR (500 MHz) and 13C-NMR (125 MHz) spectra were
recorded on a Bruker DRX spectrometer (Bruker Biospin,
Rheinstetten, Germany) using the residual solvent peak (CDCl3)
as reference. Infrared spectra were recorded on a Bomem 102
FT-IR spectrometer with KBr pellets. The UV spectrum was
acquired in MeOH and MeOH + NaOH on a Shimadzu UV160
spectrophotometer (Tokyo, Japan). The EI mass spectrum was
obtained on a Hewlett-Packard 5973 MSD spectrometer (Agilent,
Palo Alto, CA, United States) by direct insertion in the positive
ion mode (70 eV).

Fungal Strain
Scopoletin was evaluated against C. tropicalis ATCC R©

28707, a yeast strain resistant to fluconazole, itraconazole
and amphotericin B, which was originally isolated from
human pyelonephritis (Woods et al., 1974; Ishida et al., 2011).
The strains were cultured (35◦C, 48 h) in Sabouraud dextrose
agar (SDA) and subcultured in Sabouraud dextrose broth (SDB;
35◦C, overnight) before the subsequent experiments.

Determination of the Minimal Inhibitory
Concentration (MIC)
The minimal inhibitory concentration (MIC) of scopoletin for
C. tropicalis ATCC R© 28707 was determined by a microdilution
method using two different media: RPMI 1640 buffered with
MOPS, pH 7-7.2 (CSLI, 2017) and the Brain Heart Infusion
(BHI) medium (Khan et al., 2006). The stock solution of
scopoletin was diluted in dimethylsulfoxide (DMSO - final
concentration of 1%) with concentrations ranging from 200
to 12.5 µg/mL. Growth controls and positive controls were
established with scopoletin vehicle (DMSO 1%) or fluconazole
(1000 to 7.81 µg/mL), respectively. Sterility controls were
performed with RPMI or BHI broth and scopoletin vehicle. All
tests were performed in a volume of 200 µL, with final inoculum
ranging from 0.5 × 103 to 2.5 × 103 CFU/mL (calculated from

stock inoculum obtained according to 0.5 McFarland turbidity
standards), and plates were incubated at 35◦C for 48 h. The
MIC values were calculated as the highest dilution showing
complete inhibition of tested strain. All analyses were performed
in duplicate. Of note, subsequent experiments were performed
using only BHI medium.

Minimum Fungicidal Concentration
(MFC)
Samples (10 µL) from each well that showed no visible growth
in the MIC assay were inoculated on freshly prepared SDA plates
and incubated at 35◦C for 48 h. The MFC was reordered as the
concentration of the scopoletin inhibiting the visible growth on a
new set of agar plates (Campos et al., 2018).

Fungal Killing Assay
Fungal killing assay was performed as before (Campos et al.,
2018) with some modifications. To determine the time-kill
kinetics for C. tropicalis strain, freshly grown yeasts in BHI
(35◦C, overnight) were standardized to 106 cells/mL in sterile
water and inoculated in test tubes with BHI broth and different
concentrations of scopoletin or fluconazole (MIC, MIC/2 and
MIC/4 values). Scopoletin vehicle served as fungal growth
control. Optical density (OD) at 530 nm was recorded at 4, 8, 24,
28, 32 and 48 h of incubation at 35◦C. Graphs of turbidity versus
incubation time were plotted and a time-death curve established.
The experiment was carried out in triplicate.

Fungal Cell Density
Cell enumeration was performed in cytocentrifuged cell
preparations, which use carefully controlled centrifugation
to separate and deposit a thin layer of cells on slides while
maintaining cellular integrity (Silva et al., 2014). C. tropicalis
was inoculated in tubes of BHI broth containing scopoletin
(MIC value) and incubated (35◦C, 48 h). Vehicle or fluconazole
(MIC value) inoculation served as negative or positive controls,
respectively. Samples were diluted 10 times (1 mL) in saline,
fixed with free-particle formaldehyde (final concentration
4%) and stained for 10 min with DAPI (4′, 6-Diamidino-
2-Phenylindole, final concentration 0.1 µg/mL, Vector
Laboratories, Burlingame, CA, United States) for DNA labeling.
Samples were prepared in a cytocentrifuge (Shandon Cytospin
4, Thermo, United Kingdom), at 254 g for 10 min. Analyses
were performed on a fluorescence microscope (BX-60, Olympus,
Melville, NY, United States) using U-MWU2 filter (330–
385 nm). Fungal cell numbers were determined by counting
20 random fields at 1,000× magnification using an ocular grid.
The final count was determined by multiplying by the dilution
factor (10×).

Nucleotide Leakage
Nucleotide release was evaluated as before (Khan et al., 2013;
Campos et al., 2018). After 48 h incubation in BHI broth,
yeast cells were washed, resuspended in 10 mM PBS (pH 7.4,
∼ 106 cells/mL) and incubated with scopoletin (MIC value).
Cultures incubated only with PBS (10 mM, pH 7.4) or fluconazole
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(MIC value) served as growth controls and positive controls,
respectively. Following incubation, cell suspensions in different
time points (0, 1, 2, 3, 4 and 5 h) were centrifuged at 10,000 × g
for 10 min and the supernatants diluted for OD evaluation
at 260 nm (specific wavelength for reading nucleotides) in a
spectrophotometer (Multiskan Go, Thermo Scientific, Waltham,
MA, United States) at room temperature. Experiments were
carried out in triplicate.

Sorbitol Protection Assay
To evaluate potential mechanisms involved in the antifungal
activity of the scopoletin on the yeast cell wall, we used
the sorbitol assay (Frost et al., 1995; Khan et al., 2013),
which was applied after determination of the MIC values
for scopoletin. Serial microdilution was performed on a 96-
well sterile microplate using doubly concentrated BHI broth
enriched in 0.8 M sorbitol. The stock solution of scopoletin
was diluted in dimethylsulfoxide (DMSO - final concentration
of 1%) thus obtaining concentrations ranging from 200 to
12.5 µg/mL. Growth controls and positive controls were
established with scopoletin vehicle (DMSO 1%) or fluconazole
(1000 to 62.5 µg/mL), respectively. All the wells were inoculated
with 100 µL of cell suspension (0.5 McFarland). After 48 h
of incubation at 35◦C, the MIC values with sorbitol were
read as the lowest concentration in which there was no
detectable visible growth.

Ergosterol Binding Assay
This assay evaluates the ability of the tested compound to bind
to membrane sterols by MIC value determination in presence
of exogenous ergosterol (Khan et al., 2013; Leite et al., 2014).
The scopoletin (MIC value) against C. tropicalis was determined
on a 96-well sterile microplate by serial microdilution in doubly
concentrated BHI broth plus ergosterol (400 µg/mL) as before
(Ana et al., 2017). The stock solution of scopoletin was diluted
in concentrations ranging from 200 to 12.5 µg/mL. Plates were
read after 48 h of incubation at 35◦C and MIC was determined
as the lowest concentration of tested agent inhibiting the visible
growth. Nystatin (100 to 6.25 µg/mL), whose interaction with
membrane ergosterol is well known (Leite et al., 2014), was used
as positive control.

Efflux Pump Inhibition Assay
Overexpression of drug efflux pumps located at the plasma
membrane is considered a mechanism for fungal escape
from the action of antifungal drugs (Hans et al., 2019).
To evaluate the effect of scopoletin on the efflux pump
inhibition we performed a phenotypic susceptibility assay
(Hans et al., 2019) using promethazine, an inhibitor of
plasma membrane efflux pumps. First, the MIC value of
promethazine (12.5 a 0.01 µg/mL) for C. tropicalis was
tested by broth microdilution method. Second, a new MIC
assay for fluconazole (250 to 3.9 µg/mL) was performed
including sub-inhibitory concentrations of promethazine
(MIC/4 = 0.78 µg/mL) or scopoletin (MIC/4 = 12.5 µg/mL) to
the final fungal inoculum.

Effect on the Growth Rate of Preformed
Biofilms
Candida tropicalis (1× 106 cells/mL) was grown as biofilms using
BHI broth with 1% glucose in 96 well polystyrene microtiter
plates for 48 h at 35◦C. After this incubation, the wells were
gently washed three times with sterile water for removal of
planktonic-phase cells. At this step, biofilm formation on wells
was verified. Having confirmed the presence of grown biofilms,
next, the wells were filled with 200 µL of BHI with scopoletin
or fluconazole at MIC, MIC/2 and MIC/4 (0 h) and incubated
for 48 h at 35◦C. Vehicle alone (same used for the scopoletin
group) served as a control for biofilm growth. OD at 530 nm
was measured at 0 and 48 h after incubation. The proportion of
the inhibition of biofilm proliferation was based on the reduction
between the OD at 48 h and the OD at 0 h, as following: [(ODr
control) – (ODr treated)/(ODr control)], where ODr = [OD at
48 h–OD at 0 h] (Gupta et al., 2018). The experiments were
performed in triplicate.

Effect on Biofilm Formation and
Adhesion
Evaluation of biofilm formation and adhesion was performed
using high-resolution Whole Slide Imaging (WSI). This
technology allows scanning and imaging of the entire slide
surface and translate it into a digital format for morphometric
evaluations (Amaral et al., 2017). For this, C. tropicalis strain
(1 × 106 cells/mL) was seeded in SDA (Sabouraud Agar media),
incubated (48 h, 35◦C), and inoculated into a tube with 5 mL
of BHI broth and 1% glucose. Then, 500 µL of the inoculated
broth were added in plates (24 wells) containing round
glass coverslips (13 mm, Glasscyto R©). Treatment (n = 3) was
performed by adding 500 µL of scopoletin (final concentration
per well = 4xMIC). For negative (n = 3) and positive (n = 3)
controls, 500 µL of sterile water or fluconazole (4xMIC) were
added, respectively. Accumulated biofilms on glass coverslips
were fixed in formaldehyde 3.7% and stained with 10 µL of
DAPI (0.01 µg/mL) for 10 min. Next, each coverslip (side
opposite to biofilm) was attached on the surface of a regular
glass slide using a double-sided tape. Slides were digitally
scanned using a 3D Scan Pannoramic Histech scanner (3D
HistechKft, Budapest, Hungary) connected to a computer
(Fujitsu Technology Solutions GmbH, Munich, Germany).
High-resolution images were obtained using Pannoramic
Viewer 1.15.2 SP2 RTM software (3D Histechkft Budapest,
Hungary) and the total area occupied by the biofilms was
measured using Image J software (National Institutes of
Health, United States). All experiments and analyses were
performed in triplicate.

Statistical Analysis
Results were expressed as mean values with the standard error.
The statistical analyses were performed using ANOVA test
followed by Bonferroni to compare controls and treated groups
at a significance level of 5%.
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RESULTS

Isolation and Identification of Scopoletin
Scopoletin eluted as a narrow peak at 9.58 min and had a
chromatographic purity of 96%. Then, the chemical structure of
scopoletin was elucidated (Figure 1).

Scopoletin (1): amorphous pale yellow powder;
chromatographic purity >96 Area% by GC; UV λmax nm
(MeOH) 227, 297, 339; (MeOH + NaOH) 210, 390; 1H NMR
(CDCl3, 500 MHz), calibrated from residual CHCl3 solvent
peak,δ 7.62 (1H, d, J = 9.5), 6.94 (1H, s), 6.87 (1H, s), 6.29 (1H,
d, J = 9.5), 3.98 (3H, s); 13C NMR (CDCl3, 125 MHz); δ 161.4,
150.3, 149.7, 144.0, 143.3, 113.5, 111.5, 107.5, 103.2, 56.4; EI-MS
70eV, m/z (relative intensity,%) 193.05 (12.68) [M+H+], 192.05
(100.0) [M+], 177.05 (53.5), 164.10 (19.44), 149.05 (37.2) [M-
HCO2H], 121.05 (14.9), 149 (16.3).

Minimal Inhibitory Concentration (MIC)
and Minimum Fungicidal Concentration
(MFC)
First, we confirmed the resistance of the C. tropicalis strain to
fluconazole. As expected, the MIC value found (250 µg/mL,
Table 1) was much higher than the upper limit of the reported
resistance range (0.12– ≥64 µg/mL) (Rex, 2008). In contrast, the
MIC value of scopoletin for the multidrug-resistant C. tropicalis
strain was 50 µg/mL (Table 1), indicating an antifungal activity
(fungistatic effect) of this coumarin against C. tropicalis. Parallel
MIC analyses of two additional species of Candida (C. albicans
ATCC R©18804 and C. glabrata ATCC R©2001ATCC) also indicated
a fungistatic property for scopoletin (Supplementary Table S1).

FIGURE 1 | Structure of scopoletin.

TABLE 1 | Minimal Inhibitory Concentration (MIC) values for scopoletin,
fluconazole, nystatin, and promethazine against C. tropicalis ATCC R© 28707 in the
presence or absence of sorbitol or ergosterol.

Tested
compounds

MIC (µg/mL)

BHI BHI +

Sorbitol
BHI +

Ergosterol
BHI +

Scopoletin
BHI +

Promethazole

Scopoletin 50 >200 >200 – –

Fluconazole 250 250 – 62.5* 31.25

Nystatin 25 – >100 – –

Promethazine 3.12 – – – –

The MIC for fluconazole (MIC/4) * in the presence of scopoletin or promethazole
is also shown. MIC assay was performed by microtiter broth dilution method. MIC
range: 100 to 0.1 µg/mL. BHI: Brain Heart Infusion.

Of note, the MIC values did not vary with the culture
medium (Supplementary Table S1) as previously demonstrated
(Khan et al., 2006). The MFC value of scopoletin for the strains
evaluated was not found for the doses tested.

Fungal Killing Assay
Next, the growth inhibitory action of scopoletin on the
C. tropicalis strain was tested by time-kill kinetics along 48 h.
Our analysis showed a significant decrease in growth cycle
curves of C. tropicalis treated with scopoletin or fluconazole
(MIC, MIC/2, and MIC/4) after 4h compared with the growth
control (vehicle treatment) (P < 0.0001; Figure 2). Thus,
scopoletin, mainly at MIC value, leads to fungal growth inhibition
compared to fluconazole.

Fungal Cell Density
The analysis of cell density enables microscopic assessment of
microorganisms in cell suspensions at single-cell level (Silva et al.,
2014; Gamalier et al., 2017). The cell density of C. tropicalis
in cultures was investigated at MIC treatments after 48 h. Our
quantitative analyses using fluorescence microscopy showed that
fungal cell density significantly decreased with both scopoletin
(P < 0.001) and fluconazole treatments (P < 0.0008), compared
with growth control (growth control = 7.13 ± 1.12 × 105

cells/mL; scopoletin = 0.58 ± 0.15 × 105 cells/mL; fluconazole
1.12± 0.19× 105 cells/mL). Thus, scopoletin induced an effective
reduction of fungal cells (91.7%) similar to fluconazole (84.3%)
after 48 h of treatment (P > 0.99) (Figure 3).

Nucleotide Leakage
Our analysis showed a significant increase in OD (260 nm) of
scopoletin-treated cultures compared to the negative control (at
1 h: P < 0.03, at 2–5 h: P < 0.0001). The positive control
with fluconazole also increased the OD (P < 0.0001) similar to
scopoletin treatment (Figure 4).

Effect of Scopoletin on the Fungal Cell
Wall and Membrane
To evaluate the effect of scopoletin on the fungal cell wall and
plasma membrane, we used sorbitol protection and ergosterol
binding assays, respectively (Table 1). Our data showed an
increase in the scopoletin MIC value with sorbitol (>200 µg/mL)
compared to the scopoletin MIC without sorbitol (50 µg/mL).
Likewise, we found MIC increase for scopoletin when in
presence of ergosterol (>200 µg/mL). Our results indicate a
potential scopoletin action on both fungal cell wall and plasma
membrane sterols.

Additionally, we evaluated the ability of scopoletin to
modulate plasma membrane efflux pumps from C. tropicalis
treated with fluconazole performing a phenotypic susceptibility
assay (Hans et al., 2019). This test revealed (Table 1) a MIC
reduction of fluconazole (62.5 and 31.25 µg/mL) when tested
with sub-inhibitory (MIC/4) concentrations of scopoletin and
promethazine, respectively. Considering that the resistance of
C. tropicalis ATCC R© 28707 to fluconazole is mostly based on
efflux pumps activity, these data implicate scopoletin in the
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FIGURE 2 | Time-kill curve for C. tropicalis ATCC R© 28707 treated with different concentrations of scopoletin or fluconazole. Yeasts strain in BHI broth with
scopoletin or fluconazole in different concentrations (MIC, MIC/2 and MIC/4) were evaluated by OD (530 nm) at 0, 2, 4, 6, 8, and 24 h of incubation at 35◦C. Yeasts
cultures with scopoletin vehicle served as growth control. The experiments were carried out in triplicate. Graphs were plotted as turbidity versus incubation time, and
data represent the mean ± SEM.

FIGURE 3 | Effect of scopoletin treatment on cell density of C. tropicalis ATCC R© 28707. Compared with negative control (vehicle treatment), treatment with
scopoletin induced a decrease in cell density similar to fluconozole treatment (positive control). Yeasts cells were stained with DAPI and counted under fluorescence
microscopy. Representative images from DAPI-stained C. tropicalis are shown for each experimental group. Experiments were done in triplicate and data represent
the mean ± SEM of yeast counted from 10 randomly selected fields/slide (n = 9 slides/time point). Letter (a) indicates statistically differences (ANOVA followed by
Bonferroni, P < 0.05).
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FIGURE 4 | Scopoletin treatment induces nucleotide released from C. tropicalis ATCC R© 28707. Cultures treated with scopoletin (SCO) or fluconazole (FLU, positive
control) were evaluated by nucleotide leakage test. Negative controls (GC) did not receive any treatment. Experiments were carried out in triplicate and data
represent the mean ± SD.

FIGURE 5 | Effect of scopoletin on preformed biofilms of C. tropicalis ATCC R© 28707. Scopoletin treatment similar to fluconazole at the same concentrations. In each
point, data represent mean ± SEM from at least two independent experiments performed in triplicate. The mean proportions of biofilm inhibition were compared
between scopoletin versus fluconazole treatments at the same concentration (MIC: P > 0.999, MIC/2: P > 0.40, MIC/4: P > 0.999; ANOVA followed by Bonferroni,
P < 0.05).

inhibition of efflux pumps at plasma membrane when associated
with fluconazole.

Effect on Preformed Biofilms
The ability of the scopoletin to affect the growth rate of
preformed biofilms of C. tropicalis ATCC R© 28707 was tested
at the MIC, MIC/2, and MIC/4 values. In response to
scopoletin, preformed Candida biofilms showed a 68.2% ± 2.87
(mean ± SEM) reduction of their growth after 48 h of treatment
(Figure 5). There was no significant difference in the proportion
of the growth rate inhibition of preformed biofilms when
scopoletin and fluconazole treatments were compared at the
same concentrations (MIC: P > 0.999, MIC/2: P > 0.40, MIC/4:
P > 0.999; Figure 5). Thus, scopoletin as well as fluconazole
treatments were able to reduce the growth rate of preformed
C. tropicalis biofilms (Figure 5).

Biofilm Formation
Biofilm formation was investigated through WSI analyses of
the biofilm grown on coverslips. The use of a slide scanner
provided a fast and reliable view of the total area covered by the
biofilm (Figures 6A–C). Remarkably, the use of high-resolution
WSI enabled the observation of cellular morphological features
(Figures 6Ai–Cii) and revealed the occurrence of hyphae forms
only in the controls (Figures 6Ai, Aii, arrows). Quantitative
computational analyses showed a reduction of the area occupied
by biofilms on the surface of coverslips treated with scopoletin
compared to controls (P < 0.01) (Figure 6D).

DISCUSSION

The secondary metabolites of plants represent a large but still
unexplored amount of compounds that are important sources
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FIGURE 6 | Scopoletin affects C. tropicalis ATCC R© 28707 biofilm formation. (A–C) Representative images of biofilms growing on the surface of coverslips. The
whole biofilm area is shown in normal fungal growth conditions (A) and after fluconazole (B) or scopoletin (C) treatments. Observe in panels (Ai–Cii) details of fungal
cells at higher magnifications. Note in the control (Ai,Aii) the formation of hyphae (arrows) while treated-cells (Bi–Cii) do not exhibit these fungal forms. Coverslips
were stained with DAPI and whole biofilm areas were scanned using a 3D Scan Pannoramic Histech Scanner. After acquisition of whole slide images, areas with
biofilm were measured using Image J software. (D) Mean percent of biofilm formation was expressed as mean ± SEM and the letter (a) indicate statistical difference
(ANOVA followed by Bonferroni, P < 0.05).
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for novel antifungal drugs, including agents that can enhance the
susceptibility of fungi, such as Candida spp. to existing drugs
(Lu et al., 2017). In the present study, we demonstrated that
the natural coumarin scopoletin, isolated here for the first time
from M. frigidus, has an effective antifungal property against a
multidrug-resistant strain of C. tropicalis and provided the first
insights into its mechanism of action.

The fractioning and liquid chromatography (HPLC) analysis
of M. frigidus extract enabled optimal performance in terms of
recovery and purity of scolopoletin. The chemical structure of
scopoletin (Figure 1), with three singlets (1H, s and 3H, s, OCH3-
6) and two doublets (1H, d), 10 signals of carbons and a methoxy
(O-CH3) group is consistent with previous reports (Bhatt Mehul
et al., 2011; Darmawan et al., 2012).

M. frigidus-isolated scopoletin showed an antifungal activity
against C. tropicalis with a suggestive fungistatic effect, as
detected by the MIC assay (Table 1). We demonstrated that
scopoletin induces reduction of fungal growth in C. tropicalis
similar to fluconazole treatment (Figures 2, 3), which was
associated with structural cell damage as demonstrated by
ergosterol, sorbitol and efflux pump assays. In fact, by monitoring
nucleotide leakage in C. tropicalis, we found that scopoletin
leads to an increase in nucleotide release similar to fluconazole
(Figure 4), thus suggesting an increase in fungal cell permeability
likely by disturbance of the fungal cell wall and membrane, a
property also found in other phytochemicals (Cho et al., 2013).

A feature of all fungal cells is the presence of a plasma
membrane surrounded by a complex cell wall, vital structures to
protect fungal organisms from the environment and regulate the
input/output of essential molecules for fungal growth (Feofilova,
2010). Considering a possible role of scopoletin at the fungal cell
wall, this compound was tested with the sorbitol and ergosterol
bioassays. Sorbitol has an osmoprotective function (Iwaki et al.,
2008). A fungal cell lacking or having an impaired cell wall
cannot grow, but if sorbitol is present in the medium, by a
supplementation way, fungal growth is still possible. Inhibitors
of fungal cell wall can be identified when MIC values obtained
with sorbitol are higher than those in their absence (Iwaki et al.,
2008). Indeed, scopoletin MIC values increased when tested with
medium containing sorbitol, thus indicating a potential property
of this compound on the fungal cell wall.

Ergosterol is a fungal lipid responsible for important physical
features of the plasma membrane, and its absence/injury causes
changes in plasma membrane permeability and growth inhibition
(Iwaki et al., 2008). If the activity of an agent is due to
binding to ergosterol, the presence of exogenous ergosterol
would prevent binding to the membrane ergosterol, resulting
in an increase in the MIC of the substance (Leite et al., 2014).
Indeed, in these conditions, we found increased MIC values for
scopoletin, suggesting the ability of this compound to bind to
this fungal sterol.

Overexpression of drug efflux pumps is a key strategy of
fungal cells for drug resistance (Hans et al., 2019). Resistance
of Candida species to antifungal agents can be demonstrated
by means of efflux pumps, with the CDR1 and CDR2 (Candida
Drug Resistance) genes related to the expression of ATP-binding
Cassette efflux pumps, and the MDR1 gene to efflux pumps of

the major facilitators class (Morschhauser et al., 2007). Increased
regulation of CDR1 and CDR2 leads to resistance to almost all
antifungal agents, whereas increased regulation of MDR1 leads
to resistance to fluconazole (Casalinuovo et al., 2004).

Inhibitors of efflux pumps, even at sub-inhibitory
concentrations, interfere with important physiological functions
of the yeast cells, such as elimination of metabolites and ion
transport (Castelo-Branco et al., 2013). This, in turn, could
contribute to a non-specific susceptibility to antifungal agents,
since these cells are likely to be weakened by the decrease in efflux
activity. The susceptibility of C. tropicalis to fluconazole was
observed by decreasing the MIC value after a synergistic assay
with sub-inhibitory concentrations of scopoletin suggesting that
scopoletin might be involved in the regulation of efflux activities
that are vital to cell homeostasis. Accordingly, scopoletin, as
a phenolic substance with a more lipophilic character, might
be able to bind directly to ABC-like transporter proteins,
hindering their tertiary structure and inhibiting their functions
(Ansari et al., 2013).

Lastly, our findings demonstrated that scopoletin has the
ability to affect the growth rate of preformed C. tropicalis
biofilms (Figure 5) as well as the formation of these complex
structures (Figure 6). As expected, fluconazole did not affect
biofilm formation since Candida biofilms show high resistance
to this antifungal (Cavalheiro and Teixeira, 2018). However, we
detected that fluconazole had an effect on the growth rate of
preformed biofilms comparable to that of scopoletin (Figure 5).
In fact, this suppressive effect of fluconazole was previously
demonstrated by an elegant study using real-time microscopy
(Kaneko et al., 2013). By measuring the change of biofilm
thickness every hour, the authors demonstrated that fluconazole
reduces biofilm growth rate in a way similar to another antifungal
(micafungin), but taking more time to manifest such effect
(Kaneko et al., 2013).

Candida biofilms are composed of a community of
morphologically distinct microorganisms enclosed in an
extracellular matrix (Ramage et al., 2005). Here, the extent of
C. tropicalis biofilms as well as their structural elements were
investigated with high-resolution WSI, which offered an optimal
view of the overall morphology of fungal biofilms (Figure 6).
WSI showed C. tropicalis biofilms composed of yeast cells and
elongated forms (Figure 6Aii) as also observed by scanning
electron microscopy (Bizerra et al., 2008). Interestingly, these
elongated fungal forms, which characterize a major fungal
growth form (Ramage et al., 2005) were detected by WSI only
in the control group (Figure 6Aii, arrows). This means that
scopoletin is likely affecting the vegetative fungal growth.

While different aspects of C. albicans biofilms have been
addressed, much remain to learn about biofilms of non-albicans
species, which are emerging as important human pathogens.
Because fungal biofilms can display intrinsic levels of resistance
against most antifungal agents, our results highlight scopoletin
with a potential application to prevent C. tropicalis biofilm
proliferation. However, considering that scopoletin was tested
here just on a strain of C. tropicalis, a potential antifungal
activity of scopoletin against other Candida species remains to
be addressed in future studies.
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CONCLUSION

Our findings showed, for the first time, that scopoletin isolated
here from Mitracarpus frigidus is a coumarin with antifungal
activity against a clinically relevant fungal species, the multidrug-
resistant C. tropicalis ATCC R© 28707 strain. Our data also
provided the first insights to understand the events of microbial
growth inhibition and death induced by M. frigidus-isolated
scopoletin, which acts by interfering with the synthesis of
essential fungal cell components and is able to disrupt both cell
wall and plasma membrane. Moreover, scopoletin affects the
growth rate of preformed C. tropicalis biofilms as well as its stages
of formation and proliferation. Thus, the present data encourages
the development of drugs based on plant isolated-scopoletin to
treat candidiasis caused by C. tropicalis.
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In the oral cavity, Candida species form mixed biofilms with Streptococcus mutans,
a pathogenic bacterium that can secrete quorum sensing molecules with antifungal
activity. In this study, we extracted and fractioned culture filtrate of S. mutans, seeking
antifungal agents capable of inhibiting the biofilms, filamentation, and candidiasis by
Candida albicans. Active S. mutans UA159 supernatant filtrate components were
extracted via liquid-liquid partition and fractionated on a C-18 silica column to resolve
S. mutans fraction 1 (SM-F1) and fraction 2 (SM-F2). We found anti-biofilm activity for
both SM-F1 and SM-F2 in a dose dependent manner and fungal growth was reduced
by 2.59 and 5.98 log for SM-F1 and SM-F2, respectively. The SM-F1 and SM-F2
fractions were also capable of reducing C. albicans filamentation, however statistically
significant differences were only observed for the SM-F2 (p = 0.004). SM-F2 efficacy to
inhibit C. albicans was confirmed by its capacity to downregulate filamentation genes
CPH1, EFG1, HWP1, and UME6. Using Galleria mellonella as an invertebrate infection
model, therapeutic treatment with SM-F2 prolonged larvae survival. Examination of the
antifungal capacity was extended to a murine model of oral candidiasis that exhibited
a reduction in C. albicans colonization (CFU/mL) in the oral cavity when treated with
SM-F1 (2.46 log) and SM-F2 (2.34 log) compared to the control (3.25 log). Although
both SM-F1 and SM-F2 fractions decreased candidiasis in mice, only SM-F2 exhibited
significant quantitative differences compared to the non-treated group for macroscopic
lesions, hyphae invasion, tissue lesions, and inflammatory infiltrate. Taken together,
these results indicate that the SM-F2 fraction contains antifungal components, providing
a promising resource in the discovery of new inhibitors for oral candidiasis.

Keywords: Streptococcus mutans, Candida albicans, biofilm, filamentation, oral candidiasis

INTRODUCTION

Oral candidiasis is the most common opportunistic fungal infection of the oral cavity and
represents a significant clinical problem, especially in elderly denture wearers, HIV-infected
individuals, and patients undergoing antineoplastic therapy (Coronado-Castellote and Jimenez-
Soriano, 2013; Garcia-Cuesta et al., 2014; Seneviratne and Rosa, 2016; Zhang et al., 2016;
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Venkatasalu et al., 2020). The manifestations of oral candidiasis
can occur in the lips, skin, and mucosa and have different
clinical and histopathological variants (Coronado-Castellote and
Jimenez-Soriano, 2013; Costa et al., 2013b; Zhang et al., 2016).
Among them, the most common lesions are pseudomembranous
candidiasis, characterized by white patches on the oral mucosa
surface, and erythematous candidiasis, formed by localized
erythema mainly on the tongue and the palate (Costa et al.,
2013b). Due to damage to the mucosal surface, patients often
complain of dysgeusia and burning sensation that can result in
significant patient morbidity through dysphagia, dehydration,
and malnutrition (Berberi et al., 2015; Salvatori et al., 2016;
Zhang et al., 2016).

The pathogenesis of Candida species is associated with various
virulence factors, including biofilm formation, morphological
transition between yeast and hyphae, and secretion of hydrolytic
enzymes (Costa et al., 2013b; Shu et al., 2016). Among them,
biofilm formation has gained considerable attention in the last
years for the ability to augment Candida albicans resistance
to antifungal drugs (Costa et al., 2013a; Matsubara et al.,
2016). Candida biofilm formation initiates through adherence
of yeast to host cells or abiotic surfaces of dental prostheses
and other medical devices. Once attached, yeasts form colonies,
produce germ tubes and hyphae, and secret polysaccharides
that contribute to the three-dimensional structure of the biofilm
(Costa et al., 2013b). Therefore, the pathogenicity of C. albicans
involves a significant co-regulation between adherence, biofilm
formation, and hyphal development (Breger et al., 2007).

Oral candidiasis is generally managed with the use of azoles
antifungal, such as nystatin, fluconazole, ketoconazole, and
miconazole (Berberi et al., 2015; Moges et al., 2016; Patton,
2016). However, the combination of frequent recurrences and
repeated treatment with antifungal agents leads drug resistant
Candida strains (Vazquez, 2010; Liu et al., 2015), precipitating
the necessity of new therapeutic approaches. One of the
possible therapeutic alternatives includes the identification of
new antifungal agents from natural substances produced by the
human microbiome (Vilela et al., 2015; Barbosa et al., 2016;
Rossoni et al., 2018). It is known that bacteria-fungi interactions
are common in humans and can influence the transition between
health and disease in specific environments within the host (Peleg
et al., 2010; Barbosa et al., 2016).

In the oral cavity, C. albicans can form mixed biofilms with
Streptococcus mutans, an important oral bacterium present in the
majority of the world population (Becker et al., 2002; Mitchell,
2003). One of the main virulence factors of this bacterium is
the ability to form biofilm on enamel surface leading to the
development of dental caries in the presence of sucrose (Zhang
et al., 2009). In mixed biofilms, C. albicans and S. mutans
can influence each other through cell-cell interactions and via
secretion of extracellular signaling molecules (quorum sensing)
(Pereira-Cenci et al., 2008; Barbosa et al., 2016). The physical
interactions between C. albicans and S. mutans in the presence
of sucrose have been associated with a mutualism relationship
in which the adherence of both species on dental surfaces
are stimulated and can increase the severity of dental caries
(Falsetta et al., 2014). However, recent studies reported that the

secretion of quorum sensing molecules by S. mutans can inhibit
the filamentation and virulence of C. albicans (Pereira-Cenci
et al., 2008; Joyner et al., 2010; Barbosa et al., 2016). Genetic
studies with different S. mutans isolates have shown an enormous
diversity of genes related to interspecies communication (Bekal-
Si Ali et al., 2002; Klein et al., 2006) and production of a
antimicrobial peptide called mutacin (Kamiya et al., 2008).

In our previous study, we evaluated the effects of S. mutans
(UA159) culture filtrate on C. albicans and found it exerted
inhibitory activity on biofilm formation, morphogenesis, and
pathogenicity of C. albicans (Barbosa et al., 2016). The present
study extracts, fractionates, and identifies S. mutans UA159
culture filtrate specific fraction that inhibits C. albicans. In vitro
and in vivo assays are undertaken to understand the mechanisms
of action to inhibit biofilm, filamentation, and candidiasis
development. For the first time, the effects of S. mutans
extracts were evaluated on murine oral candidiasis to treat this
common oral infection.

MATERIALS AND METHODS

Microorganisms and Culture Conditions
The described assays used C. albicans ATCC 18804 and S. mutans
UA 159 strains from the Oral Microbiology and Immunology
Laboratory of the Institute of Science and Technology of São José
dos Campos/UNESP. C. albicans was grown in agar Sabouraud
Dextrose (Himedia Laboratories, Mumbai, India) for 24 h at 37◦C
and S. mutans was cultivated in BHI agar (Himedia, Mumbai,
India) for 24 h at 37◦C with 5% CO2.

Preparation of S. mutans Culture Filtrate
Streptococcus mutans was cultured in BHI broth for 24 h at 37◦C
with 5% CO2. After overnight growth, 1 mL of a standardized
suspension containing 107 cells/mL was inoculated into 6 mL of
BHI broth and incubated for 4 h at 37◦C (5% CO2) (Barbosa
et al., 2016). The culture was centrifuged at 5000 rpm for 10 min
and the supernatant was filtered with a 0.22 µm diameter pore
membrane using a vacuum filtration system (Stericup R© and
Steritop R© Filter Unit, Millipore, MA, United States).

Preparation of Crude Extract and
Fractions From S. mutans Culture
Filtrate
The preparations of crude extract and fractions were performed
according to National Committee for Clinical Laboratory
Standards (2002), Medina et al. (2019) with some modifications.
The S. mutans culture filtrate was extracted with ethyl acetate
(3 × 50% of the supernatant volume) and then the organic
solvent was removed under vacuum in a rotary evaporator
(Buchi R-114). The obtained crude extract was lyophilized and
weighed. Thereafter, the crude extract was fractionated on a C-
18 derivatized silica column (150 g, 8 = 3.5 cm) using different
MeOH:H2O solutions (36:64, 49:51, 60:40, 76:24, 100:00) from
which the eluent yielded 5 fractions (360 mL each; SM-F1 to
SM-F5). The mass efficiency obtained from SM-CE (1,474 g) for
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each fraction was: SM-F1 969.3 mg, SM-F2 210.0 mg, SM-F3
22.7 mg, SM-F4 6.0 mg and SM-F5 397.2 mg. Due to the low
mass obtained, the fractions SM-F3 and SM-F4 were not included
in this study. The fraction SM-F5 was not active on preliminary
in vitro experiments (data not shown). Therefore, only fractions
SM-F1 and SM-F2 were included in this study.

Minimal Inhibitory Concentration
The antifungal activity was determined by broth microdilution
method in accordance with the Clinical and Laboratory
Standards Institute (CLSI) document M27-A2 (National
Committee for Clinical Laboratory Standards, 2002). For this,
C. albicans was grown in YPD broth (Himedia, Mumbai, India)
and incubated at 30◦C for 16 h. The SM-F1 and SM-F2 fractions
were diluted in RPMI 1640 medium (Merck, Darmstadt,
German) and concentrations from 1 to 15 mg/mL were tested.
A suspension of C. albicans at 1 × 103 cells/mL was added to
each well of 96-well microtiter plates (Kasvi, São José dos Pinhais,
Brazil) and incubated at 35◦C for 48 h. The results were analyzed
after 48 h at 595 nm. The minimal inhibitory concentration
(MIC) was considered as the concentration in which no turbidly
(growth) was observed.

Biofilm Formation Assay
The biofilm formation assay was based on the methodologies
described by Thein et al. (2006) and Barbosa et al. (2016).
For this, 100 µL of 107 cells/mL suspension prepared in Yeast
Nitrogen Base broth (YNB, Difco, Detroit, MI, United States)
supplemented with 100 mM glucose were added in a 96 well plate
and incubated at 37◦C at 75 rpm for 90 min. Next, the wells
were washed with buffered phosphate saline (PBS, 0.1 M, pH 7.2)
two times aiming to remove non-adherent cells. To promote the
biofilm formation, YNB supplemented with 100 mM glucose was
added and the plates were incubated at 37◦C at 75 rpm for 24 h.
Then, the media was replaced and fractions SM-F1 and SM-F2
were added. The plates were incubated for 24 h.

After the incubation period, the wells were washed with PBS.
A volume of 250 µL of PBS was added to each well and the
biofilms were disrupted using an ultrasonic homogenizer (Sonics
Vibra Cell) for 30 s at 50 W power setting. Serial dilutions were
prepared and 10 µL aliquots of the dilutions were plated on
Sabouraud Dextrose agar (Himedia, Mumbai, India). The plates
were incubated at 37◦C for 48 h and the number of CFU/mL was
counted. Two experiments replicates were performed, using five
biofilms per group.

C. albicans Filamentation Assay
Candida albicans was grown at 37◦C for 24 h in YNB
supplemented with 100 mM glucose. In a 24 well plate, 100 µL
of 107 cells/mL of C. albicans were inoculated in 1 mL of
sterile distilled water supplemented with 10% fetal bovine serum
(Sigma-Aldrich, São Paulo, Brazil) and the fractions SM-F1,
SM-F2, or PBS (control group) were added to each well. After
incubation at 37◦C for 24 h, the pH value was measured and
a 50 µL volume was transferred to glass slides, previously
demarcated with 10 fields on the back. The slides were then
observed under a light microscope (Carl Zeiss, Primo Star,

Germany) at 400× magnification (Barbosa et al., 2016). To
quantify the hyphae formation, 10 fields were analyzed in each
slide, totaling 100 fields for each sample. A score was assigned
according to the number of hyphae presence: 0, absence of
hyphae; 1, from 1 to 10; 2, from 11 to 20; 3 from 21 to
30; 4, from 31 to 40; 5, more than 40. Three (SM-F1) and
five (SM-F2) assays were used per group and the experiment
was performed as independent duplicates. Next, the study of
C. albicans filamentation was complemented with analysis of
scanning electron microscopy and gene expression.

Analysis of Filamentation by Scanning
Electron Microscopy (SEM)
Acrylic resin disks measuring 5 mm in diameter and 3 mm in
thickness were deposited at the bottom of each well in the 24
well plates for filamentation induction. After 24 h of incubation,
the disks were removed from the wells and washed with 1 mL
of 2.5% glutaraldehyde (Sigma-Aldrich, São Paulo, Brazil) for
1 h at 37◦C. The disks were removed from glutaraldehyde and
dehydrated with increasing ethanol washes (10, 25, 50, 75, and
90%) for 20 min each, followed by immersion in absolute alcohol
for 1 h. They were then transferred to aluminum stubs and
analyzed using an Inspect S50 scanning electron microscope
(FEI, Czechia). The assay was performed in duplicate with three
resin disks per group.

Analysis of Gene Expression Related to
Filamentation of C. albicans
Five genes associated with C. albicans filamentation were
evaluated: CPH1, EFG1, HWP1, UME6, and YWP1. This
experiment was performed in 24 well plates using the
same conditions and fraction treatments described in section
“C. albicans Filamentation Assay.” After the incubation period,
C. albicans was collected by centrifugation at 4700 rpm for 5 min
and RNA extraction was performed using TRIzol, following the
manufacturer’s suggested protocol (Ambion, Inc., Carlsbad, CA,
United States).

The concentration and purity of the RNA was determined
using a NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, DE, United States) by measuring
the absorbance at optical densities (OD): 230, 260, and 280 nm.
The OD260/OD280 ranged from 1.80 to 2.00 and OD260/OD230
ranged from 2.00 to 2.10. The integrity of the RNA was further
checked in a selected subset of samples by electrophoresis
through 1% non-denaturing agarose gels.

The extracted total RNA (720 ng) was treated with DNase
I (Turbo DNase Treatment and Removal Reagents - Ambion
Inc., Carlsbad, CA, United States) and transcribed into
complementary DNA (cDNA) using the SuperScript III First-
Strand Synthesis SuperMix for qRT-PCR Kit (Invitrogen,
Carlsbad, CA, United States), according to the protocols
recommended by the manufacturer. All investigated samples
were transcribed with the same reverse transcription reaction
conditions. Negative controls, which were run simultaneously
and used in all experiments, did not contain either RNA (no
template control) or no reverse transcriptase (RT negative
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control), that could indicated RNA and genomic DNA
contamination, respectively. Primers for the genes analyzed
are listed in Table 1.

For real-time quantitative PCR (qPCR) reactions, the
Platinum SYBR Green qPCR SuperMix-UDG Kit (Invitrogen,
Carlsbad, CA, United States) was used as recommended by the
manufacturer. The reactions were performed in triplicate in
the StepOnePlus Real-Time PCR System (Applied Biosystems,
Foster, CA, United States), consisting of 12.5 µL SuperMix
Platinum SYBR Green, 1 µL ROX, 0.3 µM each for specific
forward and reverse primers (final concentration), and target
cDNA, supplemented with RNAse-free ddH2O to a final volume
of 25 µL. Cycling parameters for amplification reactions were
50◦C for 2 min; 95◦C for 2 min; followed by 40 cycles of 95◦C
for 15 s and 60◦C for 30 s, with dissociation (a melting curve)
during the last cycle of 95◦C for 15 s, 60◦C for 30 s, 95◦C for
15 s. All samples showed only a single peak, indicating a single
pure product and no primer/dimer formation. Real-time PCR
efficiencies were acquired by amplification of standardized serial
dilutions of the template cDNA and were determined for each
gene as the slope of a linear regression model (Supplementary
Figure S1). The 2−11CT method was used to analyze the
relative changes in gene expression from the quantitative RT-PCR
experiment (Livak and Schmittgen, 2001).

The transcribed cDNAs were amplified for relative
quantification of the expression of the CPH1, EFG1, HWP1,
UME6, and YWP1 genes in relation to the concentration of the
reference gene PMA1. In this study, three reference genes, ACT1,
PMA1, and RPP2B, were tested in all experimental groups. The
obtained results were analyzed and the selected reference gene
was PMA1 (Supplementary Figure S2).

In vivo Study in G. mellonella Model
Galleria mellonella larvae were used in the final larval stage
weighting from 250 to 300 mg according to methodologies
previously established by our group (Barbosa et al., 2016;
Rossoni et al., 2017). Initially, the S. mutans extract in various
concentrations was injected in healthy larvae to evaluate its
toxicity. To study S. mutans fractions effects on candidiasis,
larvae were infected with 108 cells/mL C. albicans containing, and
after 30 min, treated with an injection of the SM-F1 or SM-F2
fractions. Untouched larvae and PBS injected larvae were used as
control groups. After injections, the larvae were stored in petri
dishes at 37◦C. G. mellonella survival were monitored daily for
7 days. Larvae were considered dead when they failed to react to
touch. The death of all larvae in the experimental group or the
transition to pupa determined the end of the experiment. Sixteen
larvae were used in each group.

In vivo Murine Oral Candidiasis Model
Adult male Swiss mice, weighing approximately 30 g, from
the Central Animal Care Facility of UNESP (Botucatu, SP,
Brazil) were used in the study with approval from the Ethics
Committee on the Use of Animals of the ICT/UNESP under
protocol 005/2016-CEUA- ICT-UNESP. A total of 17 mice were
used, divided into the following groups: mice not infected by
C. albicans and not treated (n = 2), mice infected by C. albicans

and not treated (n = 5), mice infected by C. albicans and treated
with SM-F1 (n = 5), and mice infected by C. albicans and treated
with SM-F2 (n = 5).

Oral candidiasis was induced as previously described
(Takakura et al., 2003). Animals were immunosuppressed
with two intraperitoneal injections of 100 mg/kg prednisolone
(Depo-Medrol, Laboratórios Pfizer Ltda., Guarulhos, Brazil)
on days alternating with Candida inoculations. Tetracycline
hydrochloride (Terramycin, Pfizer) was administered at a
concentration of 0.83 mg/mL in the drinking water during
the experiment period. For C. albicans infection, animals were
sedated intraperitoneally by injections of ketamine (100 mg/kg)
and xylazine (10 mg/kg) and inoculated with a C. albicans
suspension (109 cells/mL) using a sterile swab. After 24 h of
the second infection, 200 µL of the SM-F1 or SM-F2 at the
concentration of 1 g/Kg were delivered into the oral cavity
using a pipette.

Recovery of C. albicans From the Oral
Cavity After Treatments
After 48 h of treatment, samples were collected from the
tongue dorsum with a swab, placed in a tube containing
0.9 mL of PBS, and shaken for 1 min. Considering that the
swab absorbed approximately 0.1 mL of saliva from the oral
cavity of mice, this solution was estimated to be a 10−1

starting dilution of Candida from the soaked swab. Serial
dilutions were performed and seeded on Sabouraud dextrose agar
(Difco, Detroit, United States) supplemented with 0.1 mg/mL of
chloramphenicol (Vixmicina, São Paulo, Brazil). The plates were
incubated at 37◦C for 48 h to determine the number of CFU/mL.
Immediately after sample collections, mice were euthanized by
administering an overdose of anesthetic and the tongues were
removed for macroscopic and microscopic analysis.

Macroscopic Analysis of Oral
Candidiasis
Characteristics lesions of candidiasis on the dorsum tongue
were analyzed and quantified using a stereomicroscope (Zeiss,
Göttingen, Germany). Scores of 0–4 were assigned according to
the extension of lesions: 0, absence of lesions (normal aspect of
tongue); (1) white plaques in less than 20%; (2) white plaques
ranging from 21 to 90%; (3) white plaques in more than 91%;
(4) thick white plaque as pseudomembranes in more than 91%
(Takakura et al., 2003; Rossoni et al., 2015).

Microscopic Analysis of Oral Candidiasis
For the microscopic analysis, the tongues were fixed in 10%
formalin for 24 h and sectioned in two parts in the sagittal
direction. After being imbedded in paraffin, serial 5 µm thick
sections were obtained, and then Hematoxylin-Eosin (HE) and
Schiff ’s Periodic Acid (PAS) stained (Rossoni et al., 2015). The
presence of candidiasis was investigated on the entire surface of
the dorsum tongue and the description of the histological sections
was carried out according to the presence of yeasts and hyphae,
extent of lesions and changes in the tissues involved.
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TABLE 1 | Quantitative real-time PCR primers.

Target gene Oligonucleotide sequence 5′-3′* Description Amplicon size (bp)** References

ACT1 F- GAAGCCCAATCCAAAAGA
R- CTTCTGGAGCAACTCTCAATTC

Structural constituent of cytoskeleton
(Normalizing internal standard)

130 bp Nailis et al., 2006

RPP2B F-TGCTTACTTATTGTTAGTTCAAGGTGGGTA
R- CAACACCAACGGATTCCAATAAA

Structural constituent of ribosome
(Normalizing internal standard)

83 bp Nailis et al., 2006

PMA1 F- TTGCTTATGATAATGCTCCATACGA
R- TACCCCACAATCTTGGCAAGT

Plasma Membrane H (+) ATPase
(Normalizing internal standard)

66 bp Nailis et al., 2006

CPH1 F- ACGCAGCCACAAGCTCTACT
R- GTTGTGTGTGGAGGTTGCAC

Candida pseudohyphal regulator
(transcription factor activity)

119 bp Sherry et al., 2014

EFG1 F- CAGTATGGTCAGTATAATGCT
R- TGTTGTTGCTGTTGGTATGGATATGATGATG

Enhanced filamentous growth
(transcription factor activity)

222 bp Hnisz et al., 2012

HWP1 F- GAAACCTCACCAATTGCTCCAG
R- GTAGAGACGACAGCACTAGATTCC

Hyphal wall protein (cell adhesion
molecule binding)

92 bp Hnisz et al., 2012

UME6 F- TCATTCAATCCTACTCGTCCACC
R- CCAGATCCAGTAGCAGTGCTG

Zn(II)2Cys6 transcription factor
(transcription factor activity)

133 bp Hnisz et al., 2012

YWP1 F- ACACCGGAAAATACCGTTGC
R- ATGGCAGCTTTACCAGAACC

Yeast-form wall protein (adhesion of
symbiont to host)

116 bp Granger, 2012

*F- Forward and R- Reverse; ** bp- base pairs.

The presence of yeasts and hyphae was quantified according
to the methodology described by Junqueira et al. (2005),
attributing the following scores to the histological fields: 0,
absence of yeasts/hyphae; 1, 1 to 5 yeasts/hyphae; 2, 6 to 15
yeasts/hyphae; 3, 16 to 50 yeasts/hyphae; 4, more than 50
yeasts/hyphae. The intensity of tissue lesions and inflammatory
response in connective tissue was made according to Martins
Jda et al. (2011). The tissue lesions were evaluated by the
presence of epithelial hyperplasia, disorganization of the basal
layer, exocytosis, spongiosis, loss filiform papillae, hyperkeratosis,
desquamation, acantholysis, loss of stratification and formation
of intraepithelial micro abscesses. For the chronic inflammatory
infiltrate, the following scores were assigned: 0 (absence of
inflammatory cells), 1 (mild inflammatory infiltrate), 2 (moderate
inflammatory infiltrate) and 3 (severe inflammatory infiltrate).

Analysis of S. mutans Supernatant
Fractions by Gas Chromatography
The fractions SM-F1 and SM-F2 were analyzed by gas
chromatography coupled to mass spectrometry (GC-MS,
Shimadzu, model GC-MS-QP2020, with auto-injector
AOC-20i), using a Supelco RTX-5MS column (5% phenyl
polymethylsiloxane; 30 m × 0.25 mm × 0.25 µm) (Pellati
and Benvenuti, 2007). Chromatographic conditions were:
injector temperature −260◦C, injection mode - split; detector
temperature −260◦C; carrier gas flow (He) −1.0 mL min−1;
using the following temperature program −80◦C with a 3 min
hold, ramped to 260◦C at 3◦C/min and held for 10 min. The
mass spectrometer used in the CG-MS analyzes is equipped
with an electronic impact ionization (EI) source, set to 70 eV
and a mass range of 35–700 m/z acquisition. To ensure greater
thermal stability and greater volatility of the constituents,
as well as better chromatographic resolution (Pellati and
Benvenuti, 2007), a derivation step (silylation) was performed
during sample preparation. Thus, 5 mg of SM-F1 and SM-F2
fraction were solubilized in 200 µL of pyridine, then 200 µL

of N-methyl-N- (trimethylsilyl) - trifluoroacetamide (MSTFA -
Sigma) were added.

To compare the GC-MS results obtained from SM-F1 and
SM-F2, BHI broth was prepared and extracted with ethyl acetate
(3 × 50% of its volume). After the removal of the organic
solvent using a rotary evaporator, the obtained material (BHI
control) was prepared, including a silylation step as conducted
for fractions SM-F1 and SM-F2, to be analyzed by GC-MS in
the same conditions described above. The identification of the
compounds was carried by the comparison of mass spectra,
obtained for each peak during analyses, with data available in
Wiley7 and NIST libraries using GCMSsolutions Version 2.5
software. Only compounds that presented similarity higher than
85% were described.

Statistical Analysis
GraphPad Prism 8.4.2 statistical software (San Diego,
United States) was used in all tests with a p ≤ 0.05 considered
significant. The results of biofilms (CFU/mL) and gene
expression were evaluated by the Student’s t-test. Kruskal-Wallis
and Dunn tests were used to compare the scores obtained in
the in vitro filamentation assay, macroscopic and microscopic
analysis in mice. The number of C. albicans CFU/mL recovered
from the oral cavity of mice were submitted to ANOVA and
Tukey test. For the survival experiments in G. mellonella,
the survival curve was generated using the Kaplan-Meier
method and the level of significance calculated by the Log-rank
test (Mantel-Cox).

RESULTS

Antifungal and Anti-biofilm Activities of
SM-F1 and SM-F2
Initially, the antifungal activity of SM-F1 and SM-F2 fractions
were tested on planktonic growth of C. albicans. SM-F2 fraction
was active against C. albicans with MIC of 15 mg/mL. However,
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no antifungal activity on planktonic cells was observed for the
SM-F1 fraction. After that, the fractions were tested against
C. albicans biofilms, using concentrations of 5, 10, and 15 mg/mL
for both SM-F1 and SM-F2. We observed reductions in the
CFU/mL number of C. albicans for the biofilms treated with SM-
F1 and SM-F2 in all tested concentrations when compared to
the non-treated control group. The biofilms treated with SM-
F1 at 5, 10 and 15 mg/mL showed reductions of 1.85, 2.02,
and 2.59 logs, respectively. A more substantial reduction was
found when biofilms were treated with SM-F2, reaching 2.8 for
5 mg/mL SM-F2, 2.95 for 10 mg/mL SM-F2 and 5.98 logs with
15 mg/mL SM-F2. In the group treated with 15 mg/mL SM-F2
(n = 5), three biofilms showed a total inhibition of C. albicans cells
(Figure 1). Therefore, SM-F1 and SM-F2 exhibited anti-biofilm

activity against C. albicans in a dose dependent manner, with SM-
F2 being the most effective inhibitory fraction. Further, SM-F2
had conserved activity against planktonic cell forms.

Activity of SM-F1 and SM-F2 on Candida
Filamentation
In the microscopic analysis of filamentation, the group treated
with SM-F1 faction at 5 mg/mL exhibited numerous hyphae
spread along the microscopic fields similar to the profile
observed in the non-treated control group (Supplementary
Figure S3). The SM-F1 fraction of 10 and 15 mg/mL led to a
discrete reduction in the quantity of hyphae formation without
statistically significant difference in relation to the control group.

FIGURE 1 | Analysis of in vitro Candida biofilms. Mean and SD of CFU/mL (Log10) of C. albicans viable cells obtained for the non-treated control group (PBS) and
the experimental groups treated with the SM-F1 (A) or SM-F2 (B) fractions at 5, 10, and 15 mg/mL. Student’s t-test was used to compare the control group with the
experimental groups.
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However, when C. albicans was cultured with the SM-F2 fraction,
a hyphae reduction was found for all tested concentrations (5, 10,
and 15 mg/mL). Statistically significant differences in relation to
the control group were observed only for the groups treated with
10 mg/mL SM-F2 (Figure 2).

Since it is known that the acidic pH may have influence on the
C. albicans filamentation, the pH value of medium was measured
before the microscopic analysis. For all groups, we found pH
values from 6.8 to 7.0, indicating that the pH of the medium did
not interfere with the hyphae inhibition caused by the treatment
with S. mutans fractions (Supplementary Figure S4).

The results of light microscopy analysis were confirmed by the
SEM analysis, in which the non-treated control group showed a
large number of yeasts and hyphae that were reduced after the
treatments with S. mutans fractions. Treatment with SM-F2 was

more effective in decreasing the quantity of yeast and hyphae
in relation to SM-F1. In addition to reducing the quantity of
C. albicans cells, the SM-F2 fraction exhibited a strong capacity
for inhibiting hyphae formation (Figure 3).

Effects of SM-F2 on Gene Expression of
C. albicans
To investigate the inhibitory mechanisms of SM-F2 on C. albicans
filamentation, we analyzed the expressions of five virulence genes:
CPH1, EFG1, UME6, HWP1, and YWP1. CPH1, EFG1, and
UME6 are transcriptional regulators involved in morphogenesis
(Gulati and Nobile, 2016). HWP1 encodes a cell wall protein
essential for hyphae development (de Barros et al., 2017), while
YWP1 encodes a cell wall glycoprotein present in the yeast

FIGURE 2 | Quantitative analysis of Candida filamentation. Median scores obtained by counting hyphae counting. Scores were assigned according to the number of
hyphae in each microscopic field. (A) C. albicans cultured with PBS (control group), SM-F1 5 mg/mL, SM-F1 10 mg/mL, and SM-F1 15 mg/mL. No statistically
significant differences were found between groups. (B) C. albicans cultured with PBS (control group), SM-F2 5 mg/mL, SM-F2 10 mg/mL, and SM-F2 15 mg/mL.
Statistically significant difference was observed only between the control group and SM-F2 10 mg/mL (p = 0.004). Kruskal-Wallis and Dunn’s test.
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but absent in the filamentous form (Granger, 2012). Most of
the evaluated genes were downregulated when C. albicans cells
were exposed to SM-F2, with reductions of 10.0-, 4.0-, 23.25-,
and 111.1-fold for CPH1, EFG1, HWP1, and UME6 genes,
respectively (p < 0.0001) (Figure 4A). Conversely, YWP1 was
upregulated with SM-F2 treatment, increasing expression by
11.22-fold (p = 0.0092) (Figure 4B). Taken together, these results
reinforce the inhibitory activity of SM-F2 observed in vitro
filamentation assays and suggest repression of the signaling
cascade that leads to filamentation of C. albicans.

Antifungal Activity of SM-F1 and SM-F2
in G. mellonella Model
Streptococcus mutans supernatant fractions ranging between 1
and 15 mg/mL were injected into healthy larvae to evaluate
toxicity. None of the tested concentrations interfered with larva
survival (data not shown). Based on the results obtained in the
in vitro assays, 15 mg/mL was selected for larvae therapeutic
treatment upon C. albicans infection. The treatment with SM-
F1 did not prolong larvae survival and resulted in 100% of
death after 1 day, similar to the non-treated control group.
By contrast, treatment with SM-F2 achieved significant larvae
survival, with 70% of the larvae surviving beyond 1 day.
Although SM-F2 treatment delayed G. mellonella death, only
12.5% of the larvae survived until the end of the experiment
(7 days) (Figure 5).

Effects of SM-F1 and SM-F2 on Oral
Candidiasis in Mice
C. albicans can cause oral infections that are difficult to treat
due to biofilm formation. With the encouraging data that SM-F2
reduces biofilm formation and prolongs G. mellonella survival,
the fractions were evaluated in a murine oral candidiasis model.
C. albicans cells were recovered from the oral cavity of all infected
groups. The CFU/mL counts were 3.25 ± 0.32 (Log10) for the
non-treated control group, 2.46 ± 0.83 (Log10) for the group
treated with SM-F1 and 2.34 ± 0.41 (Log10) for the group
treated with SM-F2. Although both treatments were capable
of reducing C. albicans colonization, statistically significant
difference in relation to the control group was only observed for
SM-F2 (Figure 6).

Macroscopic analysis of the dorsum tongue revealed
extensive candidiasis lesions in the non-treated control
group, characterized by whitish regions with the presence
of pseudomembrane and areas of papillary atrophy. Promisingly,
these lesions were significantly reduced in the groups treated
with SM-F1 and SM-F2. Although, the tongues of treated
animals showed papillary atrophy, few whitish lesions
characteristic of candidiasis were found in these groups
(Figure 7). These findings were confirmed in the microscopic
analysis, in which the non-treated control group presented
a large quantity of yeasts and hyphae in the keratin layer.
In addition, numerous epithelial lesions (microabscesses,
exocytosis, spongiosis, and loss of filiform papillae) and intense
inflammatory infiltrate were found (Figure 8). Analyzing
all the extension of dorsum tongue, we verified that tissue

FIGURE 3 | SEM of fungal filamentation. Presence of C. albicans yeast and
hyphae was assessed within the following groups: non-treated control at
1000× magnification (A) and 3000× magnification (B), cells treated with
10 mg/mL SM-F1 at 1000× magnification (C) and 3000× magnification (D),
and cells treated with 10 mg/mL SM-F2 at 1000× magnifications (E) and
3000× magnification (F).

lesions were limited to the areas with the presence of yeast and
hyphae. Therefore, the tested concentration exhibited C. albicans
inhibition without adversely damaging tongue tissue at the
tested concentrations.

The macroscopic and microscopic lesions were quantified to
compare the studied groups. In the macroscopic analysis, we
observed a media of 3.6 ± 0.54 for the non-treated control
group, 1.60 ± 0.89 for the group treated with SM-F1 and
1.00 ± 0.00 for the group treated with SM-F2. The similar
reduction proportions were found in the microscopic analysis.
The medians of scores assigned for yeast/hyphae counts were 3
for the non-treated control group, 1 for the group treated with
SM-F1 and 0 for the group treated with SM-F2. Interestingly,
the SM-F2 showed a median score equal to 0 that corresponded
to total absence of yeasts/hyphae. The number of epithelial
lesions and intensity of inflammatory filtrate were also lower
in the groups treated with SM-F1 and SM-F2 when compared
to non-treated control group. In all the analysis, both fractions
decreased the oral candidiasis, however only the SM-F2 fraction
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FIGURE 4 | Relative expression of C. albicans genes. Relative quantification of CPH1, EFG1, HWP1, and UME6 genes (A) and YWP1 gene (B) for the non-treated
control group (PBS) and treated group with SM-F2 (10 mg/mL). Each gene was normalized using the reference gene PMA1. Values were expressed as the mean
and SD. The Student’s t-test was used to compare gene expression between the control and treated group (**p < 0.01 and *** p < 0.0001).

FIGURE 5 | G. mellonella survival assays. Antifungal activity of SM-F1 (15 mg/mL) and (SM-F2 15 mg/mL) on larvae infected by C. albicans. Statistically significant
difference was observed between the group treated with SM-F2 and non-treated control group (PBS) (p < 0,0001). Log-rank test (Mantel-Cox).

showed statistically significant difference in relation to the
control group (Figure 9). Taken together, these results suggest
that SM-F2 was the most efficient S. mutans fraction to treat
the oral candidiasis in mice at the present purification and
concentration levels.

Identification of Substances in the
SM-F1 and SM-F2 Fractions
The GC-MS analysis of SM-F1 and SM-F2 fractions were
performed along with GC-MS analysis of BHI control group
in order to identify compounds present in the fractions but
absent in the culture medium. Comparison of chromatograms
between the SM-F1 fraction and BHI control indicated the
presence of peaks in SM-F1 (tR = 53.12, 55.17, 55.46, 55.84,
56.23, 58.10 min) different from those observed in the BHI
control group (Supplementary Figure S5). The comparison
between the chromatograms of SM-F2 fraction and BHI control
(Supplementary Figure S6) showed some peaks with different
intensities from the peaks in the BHI control, including a peak
observed only in SM-F2 chromatogram (tR = 56.41 min).

FIGURE 6 | Quantification of Candida cells recovered from the oral cavity of
mice. Mean and SD of the CFU/mL (Log) of C. albicans obtained in the
non-treated control group (PBS) and the experimental groups treated with the
SM-F1 or SM-F2 fractions (1 g/Kg). ANOVA and Tukey test.

Despite the great number of peaks found in chromatograms,
few compounds were identified due to the low similarity with the
substances described in the databases. Since a limited numbers of
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FIGURE 7 | Macroscopic images of the dorsum tongue. Control group not infected by C. albicans: normal aspect of tongue (A). Control group infected by
C. albicans and not treated: presence of numerous white patches of candidiasis lesions (→) and papillary atrophy (B). Groups treated with SM-F1 (C) or SM-F2 (D)
showing few areas of white patches (→) and papillary atrophy.

microbial substances have been identified by GC-MS and inserted
in these databases, we could not identify all the compounds
presents in the SM-F1 and SM-F2 fractions. Moreover, there is
a possibility that some of these substances are not yet known.

The identified substances in the SM-F1 and SM-F2 fractions
that showed similarity higher than 85% compared with data from
software libraries are described in the Tables 2, 3, respectively.
Some of the compounds identified in the SM-F1 fraction
were aromatic acids, such as benzoic and benzeneacetic acids
(tR = 13.92 and 16.10 min, respectively), while some of the
compounds identified in the SM-F2 fraction were linear carbon
chain acids, including hexadecanoic and octadecanoic acids
(tR = 44.30 and 50.33 min, respectively).

DISCUSSION

In an effort to seek new antifungals to treat oral candidiasis,
we explored the ecological interactions established by bacteria
and fungal in the oral microbiome. Among these interactions,
quorum sensing molecules play an important role to control the
oral microbial population and to manipulate the phenotypes
of competing species (Vilchez et al., 2010). Since C. albicans
are found together with S. mutans in dental biofilms, we
selected this bacterium to investigate the presence of signaling
molecules diffuse into the medium with potential antifungal
activities (Vilchez et al., 2010; Barbosa et al., 2016). The presence
of competence-stimulating peptides (CSP) (Khan et al., 2016)
and universal bacterial signal autoinducer-2 (AI-2) was already
confirmed in the cell-free culture filtrate of the S. mutans UA159

strain (Vilchez et al., 2010). Based on its well-studied quorum
sensing system, this strain was employed in our study. Analyzing
the free-cell culture filtrate of S. mutans UA159 using extraction
and fractionation methods, we identified 2 bioactive fractions
against C. albicans (SM-F1 and SM-F2). Both SM-F1 and SM-
F2 were examined for inhibitory activity against planktonic cells,
only SM-F2 demonstrating efficacy.

These fractions were then tested on biofilms and filamentation
of C. albicans that are important virulence factors for the
candidiasis development. It is know that antifungal agents with
the ability to modulate biofilm formation and suppress dimorphic
switching can lead the homeostatic balance of oral microbiome,
protecting the host from the pathogenicity of Candida species
(Chanda et al., 2017). Interestingly, fractions SM-F1, and even
more so, SM-F2 were capable of inhibiting both biofilm and
filamentation. We found a reduction of 2.59 and 5.98 log
(CFU/mL) of mature biofilms treated with SM-F1 and SM-F2,
respectively. These results were superior to those found in our
previous study when unfractionated S. mutans UA159 culture
filtrate was tested on C. albicans biofilms, resulting in a 1 log
(CFU/mL) reduction (Barbosa et al., 2016). The data indicate
that the extraction and fractionation methods used in this study
were adequate to separate and concentrate active molecules with
antifungal activity. The inhibition is encouraging considering
inhibition was driven by active elements that were not yet
fully purified. Thus, we are working with a diluted product.
Further purification and higher concentrations may yet yield
more significant reductions.

Although biofilm formation is an important virulence
mechanism for Candida species, previous S. mutans antifungal
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FIGURE 8 | Microscopic images of the dorsum tongue. Control group not infected by C. albicans stained by PAS (A,B) and H&E (C): normal histological aspect of
tongue. Control group infected by C. albicans and not treated stained by PAS (D,E) and H&E (F): presence of several yeast and hyphae (→) in the keratin layer;
epithelial changes with microabscesses, exocytosis, spongiosis and loss of filiform papillae; and formation of inflammatory infiltrate in lamina propria. Groups treated
with SM-F1 stained by PAS (G,H) and H&E (I) or with SM-F2 stained by PAS (J,K) and H&E (L): reduction in candidiasis lesions in relation to the not treated control
group.

studies were focused on evaluating their effects on germ tubes and
hyphae formation. Jarosz et al. (2009) verified that filter sterilized
spent medium of S. mutans UA159 reduced C. albicans germ
tube formation from 52 to 17%. These effects were attributed
to the quorum sensing molecule CSP since a S. mutans mutant
unable to produce CSP exhibited reduced germ tube inhibition
compared to the wild-type strain. Joyner et al. (2010) also
found a reduction in the morphological transition of C. albicans
associated to the mutanobactin peptide produced by S. mutans.
In co-cultures with mutanobactin-competent S. mutans strain,
C. albicans grew only in the yeast form, whereas the co-culture
with a mutanobactin deletion strain permitted C. albicans growth
in a mycelium pattern. Vilchez et al. (2010) verified inhibitory
effects of S. mutans extracts on C. albicans filamentation that were
associated with fatty acid signaling molecule trans-2-decenoic

acid. These authors observed that extracts from culture filtrates
of Streptococcus mitis, Streptococcus oralis, and Streptococcus
sanguinis also suppressed hyphae formation, but the strongest
inhibition was achieved by the S. mutans extract.

In the present study, the S. mutans extract was fractionated
to identify antifungal containing compounds. We found a
significant reduction of hyphae formation when C. albicans
were grown in contact with the SM-F2 fraction. In this study,
C. albicans hyphae inhibition was not a condition of pH
alteration since it was not a significant variant when the active
fraction was added to the culture. The data reinforce that
hyphae inhibition resulted from the presence of metabolites
within the SM-F2 fraction. In addition, these metabolites seem
to have strong inhibitory activity since the hyphae formation
was inhibited in the presence of mammalian serum used in
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FIGURE 9 | Quantitative analysis of candidiasis lesions formed on the dorsum tongue of mice infected with C. albicans. (A) Scores and medians obtained in the
quantification of macroscopic lesions. (B) Scores and medians obtained in yeasts/hyphae counts in the histological cuts stained by PAS. (C) Medians of epithelial
lesions determined in the histological cuts stained by H&E. (D) Scores and medians of infiltrate inflammatory intensity in the histological cuts stained by H&E.
Kruskal-Wallis and Dunn’s test.

our filamentation assays. Mammalian serum is considered the
strongest inducing factor among the conditions that stimulate
C. albicans filamentation (Graham et al., 2017).

To complement the study about the inhibitory effects of the
SM-F2 fraction on filamentation, we analyzed the expression of
C. albicans genes when cells were cultured in serum bovine at
37◦C and 5% CO2. We analyzed the expression of regulatory
genes (CPH1, EFG1, and UME6) that integrate and respond
to the environmental signals controlling the morphogenesis
of C. albicans (Nobile and Mitchell, 2006; Lee et al., 2018).
All these transcription factors (TFs) genes that contribute
to the activation of the hyphal transcriptional program were
downregulated by the SM-F2 fraction. Among them, UME6 is
a common downstream target of regulators promoting hyphal
development and plays a role in the expression of HWP1,
ECE1, ALS3, and HGC1 genes (Nobile and Mitchell, 2006;
Lee et al., 2018). Interestingly, SM-F2 provoked a 111.1- and
23.25-fold decreased in expression of the UME6 and HWP1
genes, respectively, under the same environmental conditions.

On the other hand, the YWP1 gene was upregulated with SM-
F2 treatment. YWP1 (Yeast Wall protein 1) is an anchored
glycoprotein of the cell wall present only in the yeast form, absent
in filamentous form and chlamydospores (Granger, 2012; McCall
et al., 2019). Therefore, these results suggest that the activity of
SM-F2 against filamentation observed in the microscopic analysis
can be associated with the level of transcription in C. albicans cells
that leads to retention in the yeast state.

Based on these promising data, we interrogated our S. mutans
extracts using two different in vivo models. The G. mellonella
model is a prompt and reliable method to evaluate toxicity and
efficacy of antifungal agents (Junqueira and Mylonakis, 2019;
Lin et al., 2019; Rossoni et al., 2019). The S. mutans extract
tested concentrations were not toxic to the host. When the
efficacy of SM-F1 and SM-F2 fractions were tested on candidiasis,
only the SM-F2 fraction was able to prolong larvae survival.
Treatment with SM-F2 increased the survival rate by 70% 24 h
post-infection. These data were superior to those found in our
previous study (Barbosa et al., 2016) in which the larvae were
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TABLE 2 | Identified compounds by GC-MS presented in S. mutans fraction (SM-F1).

Peak# tR (min) Compounds Similarity

3 7.15 Propanoic acid, 2-[(trimethylsilyl) oxy]-, trimethylsilyl ester 94%

5 13.92 Benzoic acid, trimethylsilyl ester 93%

6 15.63 Glycerol-tri- trimethylsilyl ether 93%

7 16.10 Benzeneacetic acid, trimethylsilyl ester 98%

9a 18.06 Propanoic acid, 2,3-bis[(trimethylsilyl) oxy]-, trimethylsilyl ester 94%

10 18.14 Pyrimidine, 2,4-bis[(trimethylsilyl)oxy]- 92%

12a 20.13 (3R)-3-Methyl-1,4-bis(trimethylsilyl)piperazine-2,5-dione 93%

13 20.49 Silanamine, 1,1,1-trimethyl-N-(trimethylsilyl)-N-[2-[(trimethylsilyl)oxy]ethyl]- 89%

14 a 20.85 Pyrimidine, 5-methyl-2,4-bis[(trimethylsilyl)oxy]- 88%

15 21.10 Benzenepropanoic acid, trimethylsilyl ester 95%

30 27.60 4-Hydroxyphenylethanol, di-TMSb 92%

55 39.97 Pyridine, 2-methyl-3-(trimethylsilyloxy)-4,5-bis-[(trimethylsilyloxy)methyl]- 94%

56 40.42 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 90%

59 a 41.50 Gulose, 2,3,4,5,6-pentakis-O-(trimethylsilyl)- 89%

62 44.24 9H-Purine, 9-(trimethylsilyl)-2,6-bis[(trimethylsilyl)oxy]- 90%

83 54.12 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl)- 90%

aCompound presented only in SM-F1 when compared with BHI control group. bTMS - trimethylsilyl group.

TABLE 3 | Identified compounds by GC-MS presented in S. mutans fraction (SM-F2).

Peak# tR (min) Compound Similarity

5 7.12 Propanoic acid, 2-[(trimethylsilyl) oxy]-, trimethylsilyl ester 94%

6 13.08 Silane, trimethyl(2-phenylethoxy)- 93%

7a 14.88 Nicotinic acid-TMSb 92%

8 15.59 Glycerol-tri-tms ether 93%

41 40.35 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(2-methylpropyl)- 89%

54 44.30 Hexadecanoic acid, trimethylsilyl ester 88%

66 50.33 Octadecanoic acid, trimethylsilyl ester 86%

71a 52.57 Tryptophan, 2TMSb 86%

73 53.71 9-Octadecenamide, (Z)- 93%

74 54.30 Pyrrolo[1,2-a]pyrazine-1,4-dione, hexahydro-3-(phenylmethyl)- 91%

aCompound presented only in SM-F2 when compared with BHI control. bTMS - trimethylsilyl group.

treated only with the culture filtrate of S. mutans UA159, resulting
in an increase survival rate of 50% at 24 h post infection,
suggesting the applied degree of purification increased potency.
Therefore, the G. mellonella model provided evidences that the
bioactivity of antifungal agents within SM-F2 were maintained
under in vivo conditions.

Next, we used a well-established mouse model (Junqueira
et al., 2005; Costa et al., 2013b; de Campos Rasteiro et al.,
2014; Rossoni et al., 2015; Ribeiro et al., 2020) to evaluate the
effects of the SM-F1 and SM-F2 fractions on oral candidiasis.
Treatments with SM-F1 and SM-F2 reduced C. albicans cells
in 0.79 and 0.91 Log (UFC/mL), respectively, compared to an
untreated control group. In additional to affecting fungal oral
colonization, the supernatant fractions were capable of inhibiting
formation of pseudomembranous lesions on the dorsum tongue.
The clinical observations were confirmed in the microscopic
analysis, in which the SM-F1 and SM-F2 decreased the hyphae
invasion, epithelial lesions and inflammatory infiltrate. Notably,
the reductions observed were more pronounced by the treatment
with SM-F2 than SM-F1. These data are very promising since

the high efficacy of SM-F2 was confirmed in a dynamic
infection model that mimics the oral candidiasis in humans.
To our knowledge, this is the first report describing the effects
of S. mutans culture extracts filtrate or mutanobactins on
oral candidiasis model. Graham et al. (2017) investigated the
development of oral candidiasis in mice treated with the EntV
bacteriocin secreted by Enterococcus faecalis, a Gram-positive
bacterium also presented in the oral microbiome. EntV reduced
the fungal burden, hyphae invasion and inflammation in relation
to non-treated group. Similarly, to the SM-F2 fraction used in
our study, EntV did not eliminate the fungal colonization, but
the hyphae invasion in the epithelial tissue was almost entirely
eliminated (Graham et al., 2017).

Using GC-MS analysis, we identified compounds in the SM-F1
fraction that differed from the BHI control: Propanoic acid, 2,3-
bis[(trimethylsilyl) oxy]-, trimethylsilyl ester; (3R)-3-methyl-1,4-
bis(trimethylsilyl)piperazine-2,5-dione; pyrimidine, 5-methyl-
2,4-bis[(trimethylsilyl)oxy]; and glucose, 2,3,4,5,6-pentakis-O-
(trimethylsilyl). The compounds identified exclusively in the
SM-F2 fraction were the nicotinic acid-TMS and Tryptophan,
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2TMS. Some of these compounds are previously described in the
literature to show antimicrobial activity. The propanoic acid (also
called propionic acid) produced by Propionibacterium acnes, a
commensal bacterium of human skin, was able to inhibit the
growth of methicillin-resistant Staphylococcus aureus, Escherichia
coli, and C. albicans (Wang et al., 2014). Nicotinic acid, also
known as niacin or vitamin B3, is a water-soluble substance that
has an important role in the human body, also its activity against
Staphylococcus aureus was already demonstrated (Daglia et al.,
1994). Nicotinamida has demonstrated antimicrobial activity
against C. albicans (Pfaller et al., 2010), Aspergillus spp. (Dagenais
and Keller, 2009) and Botrytis cinerea (Wang et al., 2019).
Tryptophan-rich peptides have potent known antimicrobial
activity attributed to the biochemical properties that facilitate
crossing the microbial membranes without compromising their
integrity, acting internally on nucleic acids and enzymes
(Shagaghi et al., 2016; Mishra et al., 2018). Besides these
compounds, many others can be present in the SM-F1 and SM-F2
fractions, however we were unable to identify them since a large
number of substances from microbial extracts have not yet been
described and inserted in the databases. According to Joyner et al.
(2010), despite a variety of compounds such as peptides, lipids
and acyl-homoserine lactones have emerged as communication
agents among microorganisms, important contributions of many
other secondary metabolites remains overlooked.

In addition, the compounds produced by microorganisms
depend on environmental conditions; therefore, its identification
can be limited by the study methods employed. In this study, the
SM-F1 and SM-F2 fractions were obtained from pure cultures
of S. mutans. Indeed, quorum sensing molecules have often
been studied from pure laboratory cultures (Papenfort and
Bassler, 2016; Mukherjee and Bassler, 2019), contributing to
our understanding about the molecular mechanisms evolved
in different microbial species (Mukherjee and Bassler, 2019).
However, the uniform growth and the absence of mixed microbial
communities can influence the functions of quorum sensing
(Papenfort and Bassler, 2016). In this context, co-cultivation
became an interesting tool to study quorum sensing molecules, in
which co-cultures of two or more different microorganisms can
mimic the ecological interactions (Marmann et al., 2014). The
competition or antagonism experienced during co-cultivation
may lead to an enhanced production of diversified compounds
that are not detected in pure cultures (Marmann et al., 2014).
Another important aspect that should be considered in future
studies is the extension of antimicrobial activity of SM-F1
and SM-F2 for other microorganisms. It is probable that the
antifungal effects of these fractions can be extended for other
Candida species. Since Candida glabrata, Candida tropicalis, and
Candida krusei also have an important role in the oral candidiasis,
SM-F1 and SM-F2 fractions need to be tested on these non-
albicans Candida species (Junqueira et al., 2011). Furthermore,
the effects of extract and fractions of S. mutans can be explored
against oral bacteria and dental biofilms, seeking mechanisms
of action that may contribute for the control of oral bacterial
infections, such as dental caries and periodontal diseases.

In conclusion, SM-F2 was the most effective fraction we
tested with strong activity against C. albicans biofilms and

filamentation, resulting in inhibition of candidiasis in an
animal model. With further refinement, the extract demonstrates
potential to be explored as an antifungal agent to treat
oral candidiasis.
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FIGURE S1 | Validation of primers for qPCR. (A) Standard curve of the HWP1
primer for the calculation of efficiency. (B) Specificity of the primers demonstrated
by melting curve of HWP1 gene obtained from C. albicans group.

FIGURE S2 | Selection of the best reference gene (ACT1, PMA1, and RPP2B)
using BestKeeper, NormFinder, Genorm, and Delta CT.

FIGURE S3 | Light microscopy photomicrographs of Candida filamentation.
Hyphae formation and presence of yeasts in the microscopic fields for the
non-treated control group (A,E) and experimental groups treated with SM-F1
5 mg/mL (B), SM-F1 10 mg/mL (C), SM-F1 15 mg/mL (D), SM-F2 5 mg/mL (F),
SM-F2 10 mg/mL (G), and SM-F2 15 mg/mL (H).
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FIGURE S4 | Measured pH in the in vitro filamentation assay. Median and SD of
pH values in the medium for each well obtained in the following groups:
non-treated control group, SM-F1 5 mg/mL, SM-F1 10 mg/mL, SM-F1
15 mg/mL, SM-F2 5 mg/mL, SM-F2 10 mg/mL, and SM-F2 15 mg/mL (H).

FIGURE S5 | Chromatograms obtained by gas chromatography coupled to mass
spectrometry (GC-MS). Comparisons between the SM-F1 fraction (red line) and
control group of BHI media (black line). The black arrows indicate the peaks that

are different between the SM-F1 and control. The blue arrows show the peaks of
SM-F1 that indicate the identified compounds.

FIGURE S6 | Chromatograms obtained by gas chromatography coupled to mass
spectrometry (GC-MS). Comparisons between the SM-F2 fraction (pink) and
control group of BHI media (black). The black arrows indicate the peaks that are
different between the SM-F2 and control. The blue arrows show the peaks of
SM-F2 that indicate the identified compounds.
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Candida auris is an emergent multidrug-resistant pathogenic yeast with an unprecedented 
ability for a fungal organism to easily spread between patients in clinical settings, leading 
to major outbreaks in healthcare facilities. The formation of biofilms by C. auris contributes 
to infection and its environmental persistence. Most antifungals and sanitizing procedures 
are not effective against C. auris, but antimicrobial nanomaterials could represent a viable 
alternative to combat the infections caused by this emerging pathogen. We have previously 
described an easy and inexpensive method to synthesize silver nanoparticles (AgNPs) in 
non-specialized laboratories. Here, we have assessed the antimicrobial activity of the 
resulting AgNPs on C. auris planktonic and biofilm growth phases. AgNPs displayed a 
strong antimicrobial activity against all the stages of all C. auris strains tested, representative 
of four different clades. Under planktonic conditions, minimal inhibitory concentration 
(MIC) values of AgNPs against the different strains were <0.5 μg ml−1; whereas calculated 
IC50 values for inhibition of biofilms formation were <2 μg ml−1 for all, but one of the C. auris 
strains tested. AgNPs were also active against preformed biofilms formed by all different 
C. auris strains, with IC50 values ranging from 1.2 to 6.2 μg ml−1. Overall, our results indicate 
potent activity of AgNPs against strains of C. auris, both under planktonic and biofilm 
growing conditions, and indicate that AgNPs may contribute to the control of infections 
caused by this emerging nosocomial threat.

Keywords: nanoantibiotics, Candida auris, biofilms, metallic nanoparticles, silver nanoparticles,  
antimicrobial nanomaterials

INTRODUCTION

Candida auris is an emergent multidrug-resistant yeast that has been reported worldwide since 
its detection in Japan in 2009 (Centers for Disease Control and Prevention, 2019). It has been 
determined that there are four geographic clades of this pathogen, including South Asian (clade I), 
East Asian (clade II), South African (clade III), and South American (clade IV), which interestingly 
seemed to have emerged independently in different regions of the world at the same time 
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(Jeffery-Smith et  al., 2017; Rhodes and Fisher, 2019), with a 
potential fifth clade recently identified in Iran (Chow et  al., 
2019). C. auris is described as an ovoid-shaped non-dimorphic 
yeast that rarely forms pseudohyphae and exhibits two growing 
typical phenotypes: aggregative and non-aggregative (Ku et  al., 
2018; Forsberg et al., 2019). C. auris spreads in healthcare settings, 
posing a risk for hospital patients due to its high mortality rate 
invasive infections and its healthcare-associated outbreaks (Sears 
and Schwartz, 2017; Forsberg et al., 2019). It easily contaminates 
surfaces and medical instrumentation within healthcare facilities 
for long periods, which poses a risk factor in healthcare facilities 
worldwide (Sears and Schwartz, 2017). C. auris is considered 
as an urgent threat by the Centers for Disease Control and 
Prevention (CDC), according to their “Antibiotic Resistance 
Threats in the United  States, 2019” (CDC, 2019a).

Currently, the prevention and treatment of C. auris are 
challenging due to several factors. This yeast is known for its 
resistance to the main classes of clinically-used antifungal 
agents, and it is usually found as resistant to multiple drugs; 
also, its antifungal resistance profile is different in each strain 
(CDC, 2019b), which negatively impact treatment’s effectivity. 
Additionally, it is commonly misidentified in clinical laboratories, 
often leading to inappropriate treatments. Furthermore, it is 
able to form biofilms, C. auris biofilms, besides being intrinsically 
resistant to all antifungal agents (Sherry et  al., 2017), can also 
withstand exposure to harsh setting conditions, such as high 
temperature and salinity concentration, and can survive in 
plastic surfaces up to 2  weeks (Welsh et  al., 2017). This yeast 
is highly resistant to current sanitation processes and treatments, 
such as UV light and quaternary ammonium compounds (Ku 
et al., 2018), which defy our capacity to control its propagation.

Therefore, new treatments are needed to prevent and control 
C. auris growth and dissemination. Nanotechnology can provide 
new cost-effective antimicrobial nanomaterials (nanoantibiotics) 
that work as disinfectants and antimicrobial drugs. In particular, 
silver nanoparticles (AgNPs) exhibit good antimicrobial properties 
with a wide range of action against a broad range of 
microorganisms, including several Candida species (Raghunath 
and Perumal, 2017; Vazquez-Muñoz et  al., 2017). Additionally, 
nanoantibiotics can overcome the microbial drug-resistance to 
antibiotics (Rudramurthy et  al., 2016; Vazquez-Muñoz et  al., 
2019b). However, to date, only one report from our group 
has described the effect of AgNPs (synthesized using a different 
method) against a single isolate of C. auris in suspension and 
on functionalized medical and environmental surfaces (Lara 
et  al., 2020). This study demonstrated that AgNPs effectively 
inhibit the C. auris biofilm formation. Additionally, a 
non-nanostructured silver commercial formulation [0.01% silver 
nitrate (AgNO3) with 11% hydrogen peroxide] was shown to 
be  effective against C. auris (Biswal et  al., 2017).

We have recently reported on a modified facile, inexpensive 
synthetic method to generate AgNPs in non-specialized laboratories 
and described their antibacterial and antifungal properties. 

We  hypothesize that AgNPs display strong antifungal activity 
against multiple strains of C. auris, regardless of their clade, 
antibiotic-resistant profile, or morphological traits. Therefore, the 
objective of this study was to assess the antimicrobial activity 
of AgNPs synthesized using our newly described method, on 
different C. auris strains, for which we  have evaluated the 
antimicrobial activity of nanoantibiotics against 10 C. auris strains 
from the CDC panel, representing the four different major clades, 
both under planktonic and biofilm growing conditions.

MATERIALS AND METHODS

Reagents
Roswell Park Memorial Institute (RPMI) 1640 culture medium, 
phosphate saline buffer (PBS), 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide salt (XTT) (0.5 g L−1, 
in PBS), and menadione (for 3  μM final concentration) (Pierce 
et  al., 2008) were acquired from Sigma-Aldrich (MO). Osmium 
tetroxide (OsO4; 4% solution) and glutaraldehyde (2.5% solution) 
were acquired from Ted Pella, Inc. Solutions of the different 
reagents were prepared in Milli-Q water.

Silver Nanoparticles
AgNPs coated with polyvinylpyrrolidone (PVP) were synthesized 
by a chemical reduction protocol, reported previously by our 
group (Vazquez-Muñoz et  al., 2019a). The synthesis method 
uses a simple and fast chemical reduction process that involves 
the addition of PVP to a warmed AgNO3 solution, followed 
by sodium borohydride. The AgNPs obtained have an aspect 
ratio close to 1, an average size of 6.18  ±  5  nm and a zeta 
potential score of −16.2  mV. The negatively-charged, small, 
spheroid AgNPs displayed the strong antimicrobial activity 
against Staphylococcus aureus and Candida albicans (Vazquez-
Muñoz et  al., 2019a). This easy-to-replicate-synthesis method 
was specifically developed so that it can be readily implemented 
in non-specialized facilities and laboratories.

Strains and Culture Conditions
C. auris strains were acquired from the CDC antimicrobial 
resistance (AR) Isolate Bank stock (CDC, 2019b).The following 
AR bank strains were used: clade I  (#0382, #0387, #0388, 
#0389, and #0390), clade II (#0381), clade III (#0383 and 
#0384), and clade IV (#0385 and #0386). Frozen glycerol stocks 
of the microbial cells were subcultured onto Yeast extract-
Peptone-Dextrose (YPD) (BD Difco, MD, USA) agar plates, 
for 48  h at 37°C. Then, C. auris was cultured into YPD liquid 
media overnight at 30°C, in an orbital shaker. Cells from these 
cultures were prepared for the susceptibility tests, as described 
in the following sections.

Antifungal Susceptibility Testing Under 
Planktonic Conditions
The antimicrobial activity of the nanoparticles on the C. auris 
planktonic cells was determined by following the guidelines 
from the CLSI M27 protocol (CLSI, 2017) for Candida species, 

Abbreviations: AgNPs, Silver nanoparticles; MIC, Minimal inhibitory concentration; 
MFC, Minimal fungicidal concentration; IC50, Inhibitory concentration that reduces 
the microbial activity (XTT reading) by 50%; SEM, Scanning electron microscopy; 
CDC, Centers for disease control and prevention.
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with minor modifications. Briefly, the yeast cells were washed 
twice in PBS, counted in a Neubauer chamber, and adjusted 
for a final concentration of 103 cells  ml−1 in RPMI culture 
media. Then, 50  μl of the C. auris strains was inoculated in 
96 multi-well round-bottom plates (Corning Inc., Corning, NY, 
USA). AgNPs were prepared in a two-fold dilution series in 
RPMI, and then 50  μl of the dilution series was added to the 
plates with the yeast, for final AgNPs concentration range from 
0.5 to 256  μg  ml−1. Plates were incubated at 35°C for 48  h. 
The minimal inhibitory concentration (MIC) was set as the 
concentration in the well at which no microbial growth – 
turbidity or microbial pellet formation – were observed, as 
suggested by the CLSI guidelines. The minimal fungicidal 
concentration (MFC) was also established, as follows: after 
reading the MIC in each plate, 10 μl from each well containing 
the untreated and treated microbial cells was reinoculated in 
YPD agar plates and incubated for 24  h at 37°C. The MFC 
was set as the lowest concentration of nanoparticles for which 
growth of ≤2 colony-forming units (CFUs) was observed upon 
plating, corresponding to the killing of 99.9% of the initial 
inoculum (Cantón et  al., 2009). To ensure reproducibility, the 
experiment was independently performed by two people, on 
separate days, using different batches of AgNPs and C. auris 
cultures. Experiments were performed using duplicates of the 
plates, which contained triplicates of each condition.

Antibiofilm Activity Assays
The antibiofilm activity of AgNPs was evaluated in both the 
biofilm formation phase and on the preformed biofilm, as 
previously reported by our group (Pierce et  al., 2008). For 
inhibition of biofilm formation, overnight cultures of C. auris 
yeast cells were washed twice in PBS and adjusted to 2  ×  106 
cells ml−1 in RPMI culture media. Fifty microliter of the adjusted 
cell suspension was transferred to 96 multi-well flat-bottom 
plates (Corning Inc., Corning, NY, USA). Then, 50 μl of AgNPs 
prepared in a two-fold dilution series was added into multi-
well plates, for a final concentration range from 0.5 to 256 μg ml−1, 
with appropriate positive and negative controls. The plates were 
then incubated at 37°C for 24 h to allow for biofilm formation. 
We  also tested the activity against preformed biofilms. Briefly, 
cells from overnight liquid cultures were washed twice in PBS 
and adjusted to 1  ×  106 cells  ml−1 in RPMI. Then, 100  μl of 
the microbial suspension was inoculated into 96-multi-well 
plates, and then incubated for 24  h at 37°C. After incubation, 
the preformed biofilms were washed twice in PBS. Then, 100 μl 
of AgNPs in two-fold dilutions series (prepared in RPMI culture 
medium and resulting in final concentration ranging from 512 
to 1  μl  ml−1) was transferred to the wells of the microtiter 
plates with the preformed biofilms. Finally, the plates were 
incubated at 37°C for an additional 24  h.

The AgNPs anti-biofilm activity was determined using the 
XTT colorimetric method (Pierce et al., 2008) for both inhibition 
of biofilm formation and the preformed biofilm stages. Briefly, 
at the end of the procedure, biofilms were washed twice with 
PBS, and then 100  μl XTT/menadione was added to each well 
containing treated and untreated biofilms and in the empty wells 
(blank). Plates were protected from light and incubated at 37°C 

for 2  h. XTT absorbance was measured at λ  =  490  nm in a 
Benchmark microplate reader (Bio-Rad, Inc.). From the collected 
data, we generated dose-response curves to assess the IC50 values 
– the drug concentration required to reduce the biofilm activity 
by 50% – , by fitting the normalized results to the variable 
slope Hill equation (for assessing the nonlinear dose-response 
relationship) using Prism 8 (GraphPad Software, Inc.). To verify 
the reproducibility of the antibiofilm activity, the experiment 
was independently repeated by two different people. AgNPs from 
different rounds of syntheses were tested using two replicates 
of multi-well plates, each with three replicates of the treatments.

Ultrastructural Analysis
We assessed the effect of AgNPs on the biofilm structure in all 
C. auris strains from the four clades, using the biofilm inhibition 
assays. The biofilms were treated with sublethal (yet still inhibitory) 
concentrations of AgNPs. Treated and untreated (control) biofilms 
structural analysis was performed using optical and scanning 
electron microscopy. Biofilms were washed twice with PBS, and 
then fixed with a 2.5% glutaraldehyde solution for 3  h at 4°C. 
For the optical microscopy observations, the glutaraldehyde-fixed 
biofilms were observed under a 400× magnification using the 
bright field mode, in an inverted optical microscope (Fisher 
Scientific). For the scanning electron microscopy analysis, the 
glutaraldehyde-fixed biofilms were postfixed and stained with a 
1% OsO4 solution, for 2.5  h at 4°C. Then, the biofilms were 
dehydrated in an ascending concentration ethanol series, from 
30 to 100%. Finally, the ethanol was completely removed, and 
the dried samples were coated with gold, with 25  mA current 
for 3  min, in a sputter coater SC7620 (Quorum Technologies). 
The gold-coated biofilms were observed in a TM4000Plus scanning 
electron microscope (SEM) (Hitachi Inc.), with magnifications 
500 and 2,500×, at a voltage of 10  KeV in the high vacuum 
mode. The samples were prepared in duplicates, and different 
fields of both replicates from each sample were observed.

RESULTS

Silver Nanoparticles Inhibit the Planktonic 
Growth of C. auris
AgNPs exerted the strong antimicrobial activity against all the 
C. auris strains growing under planktonic conditions. Against 
9 out of 10 strains, AgNPs MIC values were <0.5  μg  ml−1, 
and the MFC values were only slightly higher, ranging from 
1 to 2  μg  ml−1 for all strains, except for AR #0381 strain, 
which had an elevated MFC of 32  μg  ml−1. AgNPs MIC and 
MFC values against each strain are summarized in Table  1.

Silver Nanoparticles Inhibit C. auris Biofilm 
Formation
AgNPs exhibited a strong activity to prevent biofilm formation 
in C. auris, regardless of the clade. Figure 1 shows the biofilm-
inhibitory effect against representative isolates from each clade, 
including strains AR #0381 (clade I), #0383 (clade III), #0386 
(clade IV), and #0390 (clade II). The AgNPs antibiofilm activity 
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against all 10 strains tested is shown in Supplementary 
Figure  S1A. The calculated IC50 values were ranged from 0.5 
to 4.9  μg  ml−1 (Table  2), and for 9 out of 10 strains, the IC50 
values were <2  μg  ml−1. These results indicate that AgNPs 
exert a potent activity for the prevention of biofilm formation 
by the different C. auris strains.

Interestingly, we  observed that some strains exhibited a 
significant increase in the biofilm activity (determined by the 
XTT readings) when grown in the presence of very low 
concentrations of AgNPs. This effect was consistently observed 
in all replicates, although with different degrees of intensity. To 
the extent of our knowledge, this phenomenon has not been 
observed in yeasts treated with AgNPs, but it has been previously 
reported in bacteria (Kumar-Krishnan et al., 2015). Nevertheless, 

this increase in activity is promptly extinguished at just slightly 
higher concentrations of AgNPs. Additionally, to assess if the 
augmented activity was specific to the AgNPs, we  evaluated the 
influence of AgNO3 on the C. auris AR #0390 strain, under the 
same culture conditions used for the AgNPs susceptibility assays. 
We  observed an increase in the biofilm activity in subinhibitory 
concentrations of silver ions (Supplementary Figure S2).

Silver Nanoparticles Display Antibiofilm 
Activity Against Preformed C. auris Biofilms
AgNPs displays potent activity against fully mature, preformed 
biofilms of C. auris, irrespective of their clade, as observed 
for representative isolates AR #0381 (clade I), #0383  
(clade  III), #0386 (clade IV), and #0390 (clade II) (Figure  2). 
The  AgNPs  activity on the preformed biofilms from all 10 

TABLE 1 | Minimal inhibitory concentration (MIC)/minimal fungicidal 
concentration (MFC) values of silver nanoparticles (AgNPs) against Candida auris 
strains under planktonic growth conditions.

Strains MIC

(μg ml−1)

MFC

(μg ml−1)

AR Bank # Clade
#0381 II ≤0.5 32
#0382 I 1 1
#0383 III ≤0.5 1
#0384 III ≤0.5 1
#0385 IV ≤0.5 1
#0386 IV ≤0.5 2
#0387 I ≤0.5 2
#0388 I ≤0.5 2
#0389 I ≤0.5 2
#0390 I ≤0.5 1

Clade I (South Asia), clade II (East Asia), clade III (Africa), and clade IV (South America).

TABLE 2 | Calculated IC50 values for AgNPs against C. auris biofilms by the 
different strains.

Strains Clade Inhibition of biofilm 
formation

(μg ml−1)

Preformed biofilms

(μg ml−1)

0381 II 4.9 2.8
0382 I 0.9 6.2
0383 III 0.5 1.8
0384 III 1.0 1.9
0385 IV 1.8 3.9
0386 IV 1.8 3.8
0387 I 1.0 1.9
0388 I 1.5 2.4
0389 I 0.9 1.2
0390 I 1.1 3.9

Clade I (South Asia), clade II (East Asia), clade III (Africa), and clade IV (South America).

FIGURE 1 | Silver nanoparticles (AgNPs) inhibit the biofilm formation on C. auris. The dose-response curves show that AgNPs display potent inhibitory activity 
(expressed as XTT) readings against the C. auris AR #0381 (clade I), #0383 (clade III), #0386 (clade IV), and #0390 (clade II) strains during the biofilm formation phase.
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C. auris strains tested is shown in Supplementary Figure S1B. 
From the dose-response experiments, the resulting calculated 
IC50 values of AgNPs against preformed biofilms of the different 
C. auris strains were ranged from 1.2 to 6.2 μg  ml−1 (Table  2), 
and were <4  μg  ml−1 for 9 out of the 10 strains. As with the 
biofilm-inhibitory assays described before, we  also observed 
an increase in the biofilm activity (determined by the XTT 
readings) at very low AgNPs concentrations (Figure  2; 
Supplementary Figure S2).

Alterations of C. auris Biofilm Structure 
Due to the Inhibitory Activity of AgNPs
Once we  had established the activity of AgNPs against C. 
auris biofilms, we  were interested in the visualization of the 
effects of treatment with these nanoantibiotics exerted on the 
overall biofilm structure, as well as on individual cells within 
the biofilms. Thus, in another set of experiments, we  grew 
biofilms of the all different C. auris strains in the presence 
of subinhibitory concentrations of the AgNPs, with results for 
a representative strain from each clade shown in Figures  2–5, 
corresponding to strains #0381 (East Asia clade), #0383 (Africa 
clade), #0386 (South America clade), and #0390 (South Asia 
clade), respectively. Optical microscopy revealed that AgNPs 
decrease the ability of C. auris to form biofilms. As seen in 
Supplementary Figure S3, in the untreated control samples, 
biofilms formed by the different strains uniformly covered most 
of the bottom of the wells in the microtiter plates. In contrast, 
inhibitory concentrations of AgNPs disrupt the biofilm formation 
in all C. auris strains, as revealed by the noticeable reduction 
of the coverage area of biofilms on the bottom of the wells. 
At higher concentrations of AgNPs, biofilm formation was 

drastically reduced, with only isolated cells scattered on the 
bottom of the wells being visible under the microscope.

The biofilms were observed using SEM at low (500×) and 
high (2,500×) magnifications, to further determine the effect 
of treatment with AgNPs on the biofilm structure and the cell 
morphology. C. auris strains from the distinct clades display 
differences in the cell morphology and the biofilm organization. 
SEM images confirmed that exposure to inhibitory concentrations 
of AgNPs decreases the biofilm forming ability of the different 
C. auris strains (Figures  3–6; Supplementary Figure S4). SEM 
micrographs showed that untreated biofilms display a uniform 
distribution with a tight clustering of cells; in contrast, AgNPs-
treated biofilms cover a noticeably lesser area, and the cells 
appear to be  less clustered. This finding is similar to that 
reported recently by Lara et al. (2020), for C. auris strain #0390 
when exposed to a different type of AgNPs (Lara et  al., 2020).

Moreover, when observed at higher magnification, it was 
revealed that treatment with AgNPs damages the fungal cell 
structure. In the control (untreated) samples, cells within the 
biofilms formed by strains #0381 (Figure  3), #0383 (Figure  4), 
and #0386 (Figure  5) displayed a typical oval yeast shape, 
whereas those in biofilms formed by strain #0390 (Figure  6) 
mostly exhibited a more elongated (almost pseudohyphal) 
morphology. For all the strains, inhibitory concentrations of 
AgNPs caused alterations in the shape and size of individual 
cells within the biofilms with also less cell clustering observed. 
In the case of C. auris strain #0386, low concentrations of 
AgNPs induced elongation of the shape in the yeast cells, similar 
to the pseudohyphae. However, when exposed to a higher 
concentration of AgNPs, the cell shape becomes spheroid, and 
no yeast- or pseudohyphae-shaped cells were observed (Figure 5). 

A B

C D

FIGURE 2 | Antibiofilm activity of AgNPs against C. auris preformed biofilms. The dose-response curves show that AgNPs display potent inhibitory activity 
(expressed as the XTT readings) against preformed biofilms of the C. auris AR #0381 from clade I (A), #0383 from clade III (B), #0386 from clade IV (C), and #0390 
from clade II (D) strains.
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A B C

D E F

FIGURE 4 | AgNPs reduce biofilm formation of C. auris strain #0383. SEM micrographs show a noticeable reduction in the biofilm formation in the AgNPs-treated 
biofilms (B,C) when contrasted with the untreated biofilms (A). However, the impact on cell morphology appears to be minimal (E,F), as the cell shape and size of 
cells within the treated biofilms are similar to those of the untreated control (D). Scale bar: white = 20 μm, yellow = 2 μm.

A B C

D E F

FIGURE 3 | AgNPs affect biofilm structure and cellular morphology of C. auris strain #0381. Scanning electron microscope (SEM) micrographs reveal that 
untreated biofilms have a larger area of distribution (A) than the AgNPs-treated biofilms (B,C). Also, the shape and size of the cells are affected by the AgNPs (E,F), 
whereas the untreated biofilms remain unaltered (D). Scale bar: white = 20 μm, yellow = 2 μm.
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A B C

D E F

FIGURE 6 | AgNPs affect biofilm structure and cellular morphology of C. auris strain #0390. The SEM micrographs of C. auris #0390 strain reveal that untreated 
biofilms (A) display a larger area of coverage than the AgNPs-treated biofilms (B,C). Moreover, untreated cells display pseudohyphae-like shape (D), which is also 
observed at the lowest concentration of AgNPs (E), but higher concentrations of AgNPs induce an aberrant morphology on cells and reduce the cell separation 
process (F) as compared to cells in untreated biofilms (D). Scale bar: white = 20 μm, yellow = 2 μm.

A B C

D E F

FIGURE 5 | AgNPs affect biofilm structure and cellular morphology of C. auris strain #0386. SEM micrographs show that biofilms and individual cell morphology 
are drastically affected by the AgNPs. Treated biofilms (B,C) show an evident decrease in coverage area as compared to untreated biofilms (A), whereas the cell 
morphology is changed by treatment with AgNPs (E,F) as compared to cells in untreated biofilms (D). Scale bar: white = 20 μm, yellow = 2 μm.
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In contrast, in the C. auris strain #0390, low concentrations 
of AgNPs induce enlargement of the pseudohyphae-shaped cells, 
growing longer than in the control (Figure 6), and their presence 
appears to be relatively higher. However, at higher concentrations 
of AgNPs, the cells of this strain become yeast-shaped again 
but with aberrant morphology. Also, in several instances, yeast 
cells remained attached to each other after cell division, leading 
to the formation of small multibranched chains of cells, typically 
in groups of less than 10 cells. Supplementary Figure S3 
includes SEM observations for the reminder of C. auris strains, 
with similar effects on biofilm structure and cellular morphology 
(Supplementary Figure S4).

DISCUSSION

Silver Nanoparticles Inhibit the Planktonic 
Growth of C. auris
Our results show that AgNPs display potent antifungal activity 
at very low concentrations in virtually all C. auris strains tested. 
However, AgNPs MFC was higher in strain AR #0381 
(32  μg  ml−1). AR 0381 is the only strain from clade II and 
might have particular biological mechanisms that allow it to 
withstand the AgNPs killing effect, even when its growth is 
still prevented at very low concentrations of AgNPs. In a previous 
report (Vazquez-Muñoz et  al., 2019a), similarly synthesized 
AgNPs exhibited strong antibacterial and antifungal activities. 
The MIC for S. aureus was 4  μg  ml−1, whereas for C. albicans, 
the MIC was 2  μg  ml−1, which is similar to the most common 
antifungals. It is worth noting that all C. auris strains are more 
susceptible to the AgNPs than C. albicans tested under similar 
experimental conditions. Also, the anti-Candidal activity of these 
AgNPs against planktonic cells of C. auris parallels other studies 
using different nanoparticles against different Candida species 
with typical MIC values in the 1–10  μg  ml−1 range (Monteiro 
et  al., 2011; Wady et  al., 2014; Patra and Baek, 2017; Vazquez-
Muñoz et  al., 2017). Moreover, all C. auris strains tested here 
displayed susceptibility to AgNPs, irrespective of their growth 
characteristics, susceptibility profiles against conventional 
antifungal, geographical origin (clade), or their ability to form 
aggregates in planktonic in vitro cultures. Borman’s group showed 
that some clades (South African) form aggregates when grown 
in vitro, whereas other clades (South Asian) do not display 
that ability. Moreover, the aggregating phenotype may 
be associated with their drug susceptibility (Szekely et al., 2019). 
This has been observed in other microorganisms, including 
other Candida species, where the drug-resistant strains and 
drug-sensitive strains from the same species display a similar 
susceptibility (MIC value) to AgNPs (Romero-Urbina et  al., 
2015; Perween et  al., 2019). Additionally, our results suggest 
that AgNPs antimicrobial performance is better than the main 
antifungals on all the tested C. auris CDC AR strains, according 
to their antifungal susceptibility profile reported by the CDC 
(CDC, 2020). Although there are not established MIC breakpoints 
for the main available antifungals against C. auris, the tentative 
MIC breakpoints for some of them are the following: fluconazole 

>32 μg ml−1, amphotericin B >2 μg ml−1, caspofungin >2 μg ml−1, 
and micafungin >4  μg  ml−1 (CDC, 2020). The AgNPs MIC 
(<0.5 μg ml−1) outperforms even the most potent antifungal drug.

This may be  due to the proposed mechanisms of action of 
AgNPs. The mechanism of action of the antifungal drugs is 
linked to specific molecular targets that disrupt the cell 
metabolism or structure, affecting growth. In response to these 
stresses, specific but relatively small changes at the structural 
or molecular level may increase their probability to resist the 
action of antifungals, as previously described for C. auris 
(Krishnasamy et  al., 2018; Chaabane et  al., 2019). In contrast, 
AgNPs cause several simultaneous types of structural and 
metabolic damages in the Candida cells, such as membrane 
depolarization (Zamperini et  al., 2013), cell wall/membrane 
disruption (Lara et  al., 2015), increase in ROS production 
(Radhakrishnan et al., 2018), inhibit enzymatic function (Babele 
et  al., 2019), cell arrest (Zamperini et  al., 2013), among many 
others. This massive disruption of cellular structure and function 
reduces their ability to withstand the AgNPs effects. Therefore, 
the metabolic/structural differences among the different strains 
are not significant when the cells from different C. auris strains 
are exposed to AgNPs.

Silver Nanoparticles Inhibit C. auris Biofilm 
Formation
C. auris is capable of forming biofilms that improve their 
adherence to surfaces (Forsberg et al., 2019) and increase their 
resistance to antifungal drugs (Sherry et  al., 2017; Ku et  al., 
2018). The mechanisms that enhance their resistance are mostly 
unknown, but some factors are known to help C. auris withstand 
harsh conditions include the protection by matrix polysaccharides 
(Dominguez et  al., 2019) and the overexpression of efflux 
pumps (Kean et  al., 2018). Thus, the formation of C. auris 
biofilms represents a current threat to both individual patients 
and healthcare facilities (Sears and Schwartz, 2017). In previous 
work, we demonstrated the antimicrobial activity of the AgNPs 
on the planktonic stage of C. albicans (Vazquez-Muñoz et  al., 
2019a), although their activity was not assessed on the biofilm 
stages. In this work, we  evaluate the anti-biofilm activity of 
the AgNPs during the biofilm formation phase and against 
fully mature, preformed biofilms.

Our results show that AgNPs exert a potent activity for 
the prevention of biofilm formation by the different C. auris 
strains, regardless of the clade. Interestingly, these values 
are only slightly higher than the MIC values obtained under 
planktonic growth. These values also compare favorably to 
those described before for conventional antifungals against 
biofilm formation for some of the same C. auris strains 
(Dekkerová et  al., 2019). We  note that the AgNPs IC50 value 
for the C. auris AR #0390 strain is higher than the value 
reported for the same strain as reported by Lara et al. (2015) 
(1.1 vs. 0.06  μg  ml−1, respectively), which is most likely 
related to the different techniques used for the synthesis of 
these nanoantibiotics resulting in AgNPs with different 
characteristics. Also, the antibiofilm activity of our AgNPs 
is comparable to the activity described for AgNPs synthesized 

166

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Vazquez-Munoz et al. Nanosilver Activity Against C. auris

Frontiers in Microbiology | www.frontiersin.org 9 July 2020 | Volume 11 | Article 1673

using different methods against other Candida species 
(Lara et  al., 2015; Muthamil et  al., 2018; Nadhe et  al., 2019).

Regarding the increase in the biofilm activity at very low 
concentrations of AgNPs, this effect on the biofilm activity 
must be  addressed in further studies, to assess any potential 
disadvantage of low-silver-content products intended against 
C. auris biofilms. As mentioned above, there are commercially 
available products containing silver (Biswal et  al., 2017), and 
therefore their viability for combat the biofilms of microbial 
pathogens must be  assessed.

Silver Nanoparticles Display Antibiofilm 
Activity Against Preformed C. auris Biofilms
It is well-known that once a biofilm is established, Candidal 
cells within these biofilms display increased susceptibility to 
most clinically-used antifungal agents (Ramage et  al., 2009; 
Sherry et  al., 2017). This is particularly true in the case of 
C. auris biofilms, which are intrinsically resistant to all the 
three main classes of antifungals (polyenes, azoles, and 
echinocandins) as well as to physical and chemical sanitizing 
methods (Sherry et  al., 2017; Ku et  al., 2018).

AgNPs displayed potent activity against fully mature, 
preformed biofilms of all C. auris AR strains, irrespective of 
their clade, with calculated IC50 values <4  μg  ml−1 for 9 out 
of the 10 strains. Interestingly, these values are similar (typically 
within one-fold dilution) to those observed for the same strains 
in the case of biofilm inhibition (compare values in both 
columns of Table 2). Therefore, in stark contrast with conventional 
antifungal agents, the AgNPs potency does not seem to 
be  particularly reduced after the biofilm has reached maturity. 
Moreover, the AgNPs antifungal activity against the preformed 
biofilms is equivalent or even better to that of conventional 
antifungals. For the C. auris AR strains #0383, #0386, and 
#0390, the AgNPs antibiofilm activity is superior to the activity 
of fluconazole (range from >64 to >1,024 μg ml−1) and caspofungin 
(>16  μg  ml−1). Furthermore, the AgNPs potency parallels the 
activity of amphotericin B (1–>8  μg  ml−1) (Dekkerová et  al., 
2019; Nadhe et al., 2019). Overall, although multiple mechanisms 
confer resistance of cells within biofilms against conventional 
antifungal agents (Srinivasan et  al., 2014), our results suggest 
that these do not equally affect the anti-biofilm activity of AgNPs.

Alterations of C. auris Biofilm Structure 
Due to the Inhibitory Activity of AgNPs
The observed effects of AgNPs on cellular morphology merit 
some further discussions. These effects seem to be  clade-
related, based on our SEM analysis for the 10 strains included 
in this study. Both strains from clade III (South Africa) were 
not affected in their cellular morphology. In contrast, in both 
strains from clade IV (South America), inhibitory 
concentrations of the AgNPs altered the cell shape, leading 
to round-shaped cells. Interestingly, in clade I  (South Asia), 
we  observed two different effects: in strains AR #0382 and 
#0387, the cells were altered, from the typical yeast shape 
to a more elongated, pseudohyphae-like shape and was not 

uncommon to observe mother-daughter cells attached to each 
other; whereas cells from strains AR #0388, #0389, and #0390 
acquire an aberrant morphology and form small multibranched 
chains as a result of treatment with AgNPs. In the case of 
C. auris strain AR #0381, the only one from clade II (East 
Asia), the cells became aberrant but remained separate from 
each other. Other studies have shown that AgNPs disrupt 
the biofilm and the cell ultrastructure in other Candida 
species, particularly on C albicans (Zamperini et  al., 2013; 
Vazquez-Muñoz et  al., 2014; Lara et  al., 2015), but the effect 
on other morphological traits, as the cell wall thickness, 
extracellular matrix integrity, and intracellular bioaccumulation 
of cells remained to be  further studied.

AgNPs are among the most used nanomaterials for health-
related and cosmetic applications worldwide (Vance et al., 2015). 
AgNPs have been used to control skin infections in vivo in 
wound dressings to treat burn wounds and are used in healthcare 
and cosmetic applications (Sim et  al., 2018). Our results suggest 
that AgNPs may be  used as sanitizers and potentially in future 
uses to control skin colonization and contribute to control of 
the nosocomial spread of this emerging pathogen. However, the 
potential toxicity of these specific nanoantibiotics is still to 
be  addressed before their direct applications in human patients. 
Research regarding the toxicity and effects in vivo of AgNPs is 
still a challenging topic, due to the complex interactions of silver 
with the living tissue, although there is a long use of silver in 
history (Klasen, 2000a,b). Recently, different studies have been 
aiming to find a balance between potent antimicrobial properties 
and toxicity, as AgNPs have several properties of clinical interest 
(Zivic et  al., 2018). However, AgNPs may be  applied, where no 
direct contact with humans is needed, particularly for sanitizing 
surfaces. Overall, our results indicate that AgNps display potent 
antimicrobial activity against all C. auris strains tested, both 
under planktonic and biofilm growing conditions. Furthermore, 
the antimicrobial activity is irrespective of their clade or 
geographical origin and regardless of their susceptibility and 
resistance patterns against clinically-used antifungals.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request 
to the corresponding author.

AUTHOR CONTRIBUTIONS

All authors contributed to the study design and execution, 
data collection and analysis, and the preparation of the manuscript. 
All authors have approved the final version of the manuscript.

FUNDING

This research was funded by the Mexican Council of  
Science and Technology of Mexico (CONACYT, RV-M 

167

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles


Vazquez-Munoz et al. Nanosilver Activity Against C. auris

Frontiers in Microbiology | www.frontiersin.org 10 July 2020 | Volume 11 | Article 1673

postdoctoral scholarship). Support in the laboratory was 
provided by the Margaret Batts Tobin Foundation, San Antonio, 
TX, USA. The funders had no role in study design, data 
collection, and analysis, decision to publish, or preparation 
of the manuscript, and the content is solely the responsibility 
of the authors.

ACKNOWLEDGMENTS

We thank the South Texas Center for Emerging Infectious 
Diseases (STCEID) for the purchase of the SEM microscope 
used in these studies.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01673/
full#supplementary-material.

SUPPLEMENTARY FIGURE S1 |  Antibiofilm activity of AgNPs against the 
different C. auris strains. The dose-response curve shows that AgNPs display 
potent inhibitory activity against all the different C. auris strains included in this 
study, including inhibition of biofilm formation (panel A) and against preformed 
biofilms (panel B).

SUPPLEMENTARY FIGURE S2 | Silver compounds exhibit a paradoxical effect 
on C. auris biofilms at low concentrations. Incubation in the presence of low 
subinhibitory concentrations of AgNO3 and AgNPs lead to an increase in biofilm 
activity (XTT readings) for biofilms formed by C. auris strain #0390 strain. In 
contrast to silver ions, this effect rapidly disappears in the case of AgNPs, turning 
into potent inhibitory activity at still relatively low concentrations.

SUPPLEMENTARY FIGURE S3 | AgNPs reduce the biofilm formation in 
C. auris. Optical microscopy images reveal that subinhibitory concentrations 
AgNPs reduce the ability of C. auris to form biofilms – as seen in the reduced 
area of biofilm surface coverage – when compared with their respective  
untreated controls.

SUPPLEMENTARY FIGURE S4 | Ultrastructure analysis of the C. auris 
biofilms. SEM images reveal that subinhibitory concentrations of AgNPs reduce 
the biofilm formation on all C. auris strains. Also, AgNPs negatively alter the 
shape and size in some C. auris strains (#0382, #0385, #0387, #0388, and 
#0389 strains). The effect on morphology is clade-related. Scale bar = 2 μm.
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Candida auris has emerged as a medically important pathogen with considerable

resistance to antifungal agents. The ability to produce biofilms is an important

pathogenicity feature of this species that aids escape of host immune responses and

antimicrobial agents. The objective of this study was to verify antifungal action using in

vitro and in vivomodels of the Lactobacillus paracasei 28.4 probiotic cells and postbiotic

activity of crude extract (LPCE) and fraction 1 (LPF1), derived from L. paracasei 28.4

supernatant. Both live cells and cells free supernatant of L. paracasei 28.4 inhibited C.

auris suggesting probiotic and postbiotic effects. The minimum inhibitory concentration

(MIC) for LPCE was 15 mg/mL and ranges from 3.75 to 7.5 mg/mL for LPF1. Killing

kinetics determined that after 24 h treatment with LPCE or LPF1 there was a complete

reduction of viable C. auris cells compared to fluconazole, which decreased the initial

inoculum by 1-logCFU during the same time period. LPCE and LPF1 significantly reduced

the biomass (p = 0.0001) and the metabolic activity (p = 0.0001) of C. auris biofilm.

There was also a total reduction (∼108 CFU/mL) in viability of persister C. auris cells after

treatment with postbiotic elements (p< 0.0001). In an in vivo study, injection of LPCE and

LPF1 into G. mellonella larvae infected with C. auris prolonged survival of these insects

compared to a control group (p < 0.05) and elicited immune responses by increasing

the number of circulating hemocytes and gene expression of antimicrobial peptide

galiomicin. We concluded that the L. paracasei 28.4 cells and postbiotic elements (LPCE

and LPF1) have antifungal activity against planktonic cells, biofilms, and persister cells

of C. auris. Postbiotic supplementation derived from L. paracasei 28.4 protected G.

mellonella infected with C. auris and enhanced its immune status indicating a dual

function in modulating a host immune response.

Keywords: probiotic, postbiotic, Lactobacillus, Candida auris, biofilms
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INTRODUCTION

Opportunistic infections are caused by non-pathogenic
microorganisms which become pathogenic when the body’s
defense system is impaired (Riccardi et al., 2019). Candida spp.
can cause vaginitis, oral candidiasis, cutaneous candidiasis, and
candidemia. This genus are responsible the main opportunistic
yeast infection in the world (Jacobsen et al., 2012; Wachtler et al.,
2012; Martins et al., 2014).

Most of these infections originate from biofilms (Vicariotto
et al., 2012; Matsubara et al., 2016a,b), defined as complex and
dynamic structures consisting of cells encased in a matrix of
extracellular polymeric substances (Serra et al., 2015; Rodrigues
M. E. et al., 2019). The adhered cells of the biofilm are protected
from the external environment by the extracellular matrix that
shields them and contributes to the increased antimicrobial
resistance. The development of Candida spp. biofilms is one
of the main reasons that fungal cells exhibit resistance to
antifungals (Davies, 2003; Rodrigues et al., 2016; Cernakova
et al., 2019; Rodrigues M. E. et al., 2019). Thus, treatment
of infections derived from biofilms represents an important
challenge today.

C. auris is a pathogenic yeast associated with invasive
infections and it has been reported from 32 countries across
six continents within a decade (Chakrabarti and Singh, 2020).
Previous studies suggest that this species is highly tolerant to
thermal and osmotic stresses, possessing the ability to persistently
colonize hospital environments, and thereby causing outbreaks
(Rossato and Colombo, 2018; Spivak and Hanson, 2018; Sabino
et al., 2020). Recently, the Centers for Disease Control and
Prevention (CDC) published a notice to different public health
officials informing them of C. auris isolation in U.S. patients
(Centers for Disease Control and Prevention, 2016; Sekyere and
Asante, 2018). The emergence of C. auris is concerning because
this yeast has or may develop resistance to different antifungal
agents (Lockhart et al., 2017; Chaabane et al., 2019), making
infections difficult to treat. Lockhart et al. (2017) evaluated the
antifungal susceptibility of 41 isolates of C. auris from 54 patients
during 2012–2015. The authors found that 93 and 35% of C. auris
isolates were resistant to fluconazole (FLC) and amphotericin
B, respectively. In addition, difficulties in its identification in
the routine diagnostic laboratory have a significant impact on
outbreak detection and appropriate management (Bidaud et al.,
2018).

With poor response to standard antimicrobials and the
deficiency in developing new antifungal agents into the clinic,
it stands that alternate means of treating the fungal diseases
are warranted. In this context, the use of probiotics has been
considered a promising strategy for prevention and control
of several fungal infections (Mailander-Sanchez et al., 2012;
Matsubara et al., 2016a; Hu et al., 2017; Rodrigues C. F. et al.,
2019). Probiotics are live microorganisms or microbial cell
components that beneficially affect host health (Guarner et al.,

Abbreviations: BHI, Brain heart infusion; CDC, Centers for Disease Control and

Prevention; CFU, colony-forming unit; CLSI, Clinical and Laboratory Standards

Institute; LPCE, L. paracasei crude extract; LPF1, L. paracasei fraction 1;

MIC, minimum inhibitory concentration; MRS, Man, Rogosa and Sharpe; PBS,

phosphate buffered saline; YNB, Yeast nitrogen base; YPD, Yeast peptone dextrose.

2012; Janczarek et al., 2016;Matsubara et al., 2016b; Rossoni et al.,
2018), but their clinical application in immunocompromised
patients is limited due to the possibility of bacteremia caused by
bacteria of the genus Lactobacillus (Cannon et al., 2005; Salminen
et al., 2006).

To address the risk for live cell probiotics potential of
bacteremia, postbiotics have emerged based on the concept that
bacterial viability is not essential for probiotics to exert beneficial
effects on human health (Tsilingiri and Rescigno, 2013; Cicenia
et al., 2014). Postbiotics are products of probiotic bacteria that
have biological activity in the host (Mosca et al., 2019) and
include metabolites, fractions of microbial cells, fatty acids,
proteins, polysaccharides, cell lysates, peptidoglycan derived
peptides, and structures responsible for adhesion, such as pili
(Wegh et al., 2019). In previous studies by our research group,
we isolated the Lactobacillus paracasei strain 28.4 from the oral
cavity and showed its inhibitory activity against the commensal
fungus C. albicans in both in vitro and in vivo models (Rossoni
et al., 2017, 2018; de Barros et al., 2018; Santos et al., 2019).

In the present study, the supernatant of L. paracasei 28.4
was extracted and fractionated to determine if postbiotic
elements could be effective at inhibiting the emergent species C.
auris. Particularly, examining their effects on biofilm state that
can plague immunocompromised patients that spur recurrent
and invasive infections, also, we examined cell-free postbiotic
supernatant inhibitory activity using the invertebrate infection
model Galleria mellonella to look for host responses.

MATERIALS AND METHODS

Strains
A panel of C. auris strains (designated AR-BANK#0381 to AR-
BANK#0390) obtained from the antimicrobial resistance bank
of the CDC was used in this study. The strains in this panel
are listed in Table 1. L. paracasei 28.4, an isolate from the
oral cavity of a caries-free individual, was used to obtain crude
extract and supernatant fractions. Our research group isolated,
identified, and characterized this probiotic strain demonstrating
its antifungal action both in vitro and in vivo studies (Rossoni
et al., 2017, 2018; de Barros et al., 2018; Santos et al., 2019; Ribeiro
et al., 2020).

All C. auris isolates were cultured in 1% yeast extract, 2%
peptone, 2% dextrose (YPD broth, Difco, Detroit, USA) for 24 h
at 37◦C, and L. paracasei 28.4 was grown on Man Rogosa and
Sharpe (MRS) agar (Difco, Franklin Lakes, NJ, USA) for 48 h at
37◦C (5% CO2).

In vitro Coinfection Cultures in a
Planktonic Environment
Coinfection cultures were performed in 2mL of BHI broth
at 37◦C in a rollerdrum according Peleg et al. (2008) with
modifications. Standardized inoculants of C. auris (1 × 105

cells/mL) and L. paracasei 28.4 (1 × 108 cells/mL) were
incubated together for 24, 48, and 72 h. At the indicated time
points, the CFU were enumerated for each group. YPD plates
containing kanamycin (45µg/mL) and MRS plates containing
fluconazole (32µg/mL) were used to determine C. auris and L.
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TABLE 1 | C. auris isolates used in this study.

Strain no. C. auris strain designation

CAU-01 AR-BANK#0381

CAU-02 AR-BANK#0382

CAU-03 AR-BANK#0383

CAU-04 AR-BANK#0384

CAU-05 AR-BANK#0385

CAU-06 AR-BANK#0386

CAU-07 AR-BANK#0387

CAU-08 AR-BANK#0388

CAU-09 AR-BANK#0389

CAU-10 AR-BANK#0390

paracasei CFUs, respectively. Results were obtained from three
independent experiments.

L. paracasei 28.4 Postbiotic Elements:
Supernatant Preparation, Extraction, and
Fractionation
First, the L. paracasei 28.4 supernatant was produced according
to Ribeiro et al. (2017). An inoculum of 1mL of the standard
suspension (107 cells/mL) was seeded into 6mL of MRS broth
and incubated at 37◦C for 24 h undermicroaerophilic conditions.
After this incubation, the broth was centrifuged (5,000 RPM for
10min) and filtered with a 0.22µm pore size membrane (MFS,
Dublin, CA, USA).

Next, postbiotic elements were obtained according to Medina
et al. (2019). In total, 4 L of supernatant were extracted with
EtOAc (3 × 50% of each medium volume) for the extraction
of the active compounds. After evaporation of EtOAc using a
rotary evaporator (Buchi rotavapor, Buchi, São Paulo, Brazil),
L. paracasei 28.4 crude extract (LPCE) was obtained (1.18 g).
LPCE crude extract was analyzed using HPLC with two LC6AD
pumps, CBM-20A communicator, SIL-10AF automatic injector,
and SPD-M20A diode array detector (Shimadzu, Columbia, MD,
USA), and the column used was a Luna Phenomenex octadecyl
silane (C-18) analytical 250× 4.6mm, and gradient elution H2O
/MeOH (95:05 → 0:100) for 45min. LPCE was fractionated
using 20 g of C18 silica in an open column in whichmethanol and
water were employed as a stationary phase in a polarity gradient
(26:74, 51:49, 75:25, and 90:10). Fraction 1 of the supernatant
(LPF1) was used in all subsequent assays as well as the LPCE. An
aliquot of LPCE and LPF1 were cultured in brain heart infusion
(BHI) broth (Sigma, St. Louis, MO, USA) to ensure that there was
no microbial growth in the postbiotic elements.

Minimum Inhibitory Concentration
To determine the minimal inhibitory concentration (MIC) of
LPCE and LPF1 against the C. auris strains, colonies of each
strain were inoculated in 5mL of yeast peptone dextrose (YPD)
media (Sigma, St. Louis, MO, USA) and grown overnight at
37◦C. The cells were harvested by centrifugation at 5,000 rpm
for 5min and washed with phosphate-buffered saline (PBS).
Subsequently, the cell pellets were suspended in RPMI 1640

medium (Sigma, St. Louis, MO, USA). The cell count was
determined using a hemocytometer and adjusted to 1.0 × 103

cells/mL. Susceptibility patterns of the isolates to LPCE and LPF1
were determined by performing the broth microdilution assay.
The final concentrations of LPCE and LPF1 ranged from 30 to
0.029 mg/mL. Fluconazole and amphotericin B (Sigma-Aldrich,
St. Louis, MO, USA) were used as a positive control and the assay
was performed according the Clinical and Laboratory Standards
Institute (CLSI) document M27-A2 (National Committee for
Clinical Laboratory Standards, 2002). The final concentrations of
fluconazole and amphotericin B ranged from 64 to 0.125µg/mL.
The resistance breakpoints were used as described in the Clinical
and Laboratory Standards Institute (CLSI) guidelines based
on C. albicans interpretive breakpoints (Fluconazole: ≤8.0 µg
/mL for susceptible, ≥64 µg /mL for resistant; Amphotericin
B: >1µg/ml for resistant) (National Committee for Clinical
Laboratory Standards, 2002).

Minimum Fungicidal Concentration
The minimum fungicidal concentration (MFC) was determined
as follows. In total, 10 µL of yeast culture from each microwell
of the MIC assay was plated on YPD agar and incubated at 35◦C
overnight. The static/cidal parameter can be roughly estimated by
comparing the MFC of a given antifungal to its MIC. If the MFC
is ≤4×MIC the drug is considered cidal (Pfaller et al., 2004).

Time to Kill Assays
After the MIC test of all C. auris strains, the CAU-01 strain
was selected for the subsequent tests based on its sensitivity to
fluconazole and amphotericin B. This strain showed the lowest
MIC value for both antifungals, a requirement for inducing
persister cells. Therefore, C. auris strain CAU-01 was explored
to interrogate the killing effects of LPCE and LPF1. The assays
were carried out in 10-mL tubes (BD Biosciences, San Diego,
CA, USA) in triplicate according to Tharmalingam et al. (2019)
with modifications. Briefly, log-phase cultures of CAU-01 were
diluted in fresh RPMI medium to a density of 106 cells/mL
LPCE and LPF1 were added at concentrations 3.75–120 mg/mL
(corresponding to 1 × MIC−8 × MIC), and the tubes were
incubated at 37◦C with agitation (200 rpm). Portions of cell
suspensions were withdrawn at predetermined time points (24,
48, and 72 h). Serial dilutions were plated on YPD agar to
determine the colony-forming unit/mL (CFU/mL) of the cell
suspensions. CFU were determined after incubation for 48 h at
37◦C. Three independent experiments were performed. As a
positive control, we included the antifungal agent fluconazole at
4, 16 and 32µg/mL (corresponding to 1×MIC−8×MIC).

Biofilm Formation
Evaluation of biofilm formation was performed in 96-well
microtiter plates (Corning, New York, NY, USA) following the
methodology described by Vilela et al. (2015) and Rossoni et al.
(2018), with some modifications. Briefly, 100 µL of C. auris
standard suspensions (1.0 × 107 cells) were deposited into 96-
well microtiter plates, after which the plates were placed on a
75-rpm shaking incubator at 37◦C for 90min. Each well was
washed twice with PBS, and 200 µL of yeast nitrogen base (YNB)
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broth (Sigma, St. Louis, MO, USA) supplemented with 100mM
glucose with LPCE or LPF1 were added to the wells of each plate
at the concentrations of 0.5 × MIC, 1 × MIC, and 2 × MIC.
For the control groups, 200 µL of YNB broth supplemented with
100mM glucose without LPCE or LPF1 was added. The plate was
incubated for 48 h at 37◦C with shaking at 75 rpm. The liquid
medium was replaced after 24 h and the treated groups received
fresh LPCE, LPF1, or fluconazole dilutions. After the incubation
period, each well was washed twice with PBS for subsequent
analysis of total biomass and metabolic activity. As a positive
control, we included the antifungal agent fluconazole at 4 and
8µg/mL (corresponding to 1×MIC and 2×MIC).

Analysis of Biofilms by Total Biomass
Quantification
After biofilm formation, the biofilm biomass was quantified
utilizing an assay previously described by Peeters et al. (2008),
with modifications. For biofilm fixation, 100µL of 99%methanol
was added to the wells (Sigma-Aldrich, St. Louis, MO, USA).
After 15min, the supernatants were removed and the plates were
air-dried. Then, 100 µL of a 1% crystal violet (CV) solution was
added to all wells. After 20min, the residual CV solution was
removed by washing with PBS. Finally, bound CVwas released by
adding 150 µL of 33% acetic acid (Sigma-Aldrich, St. Louis, MO,
USA). The absorbance was measured at 540 nm. All steps were
carried out at room temperature. The CV assay was performed as
two independent experiments with n= 6 biofilms per group.

Analysis of Biofilms by XTT Reduction
Assay Colorimetric Assay
The biofilms formed also were evaluated by a metabolic assay
based on the reduction of XTT, a tetrazolium salt (Sigma-Aldrich,
St. Louis, MO, USA) according Jin et al. (2004) and Rossoni
et al. (2019). Briefly, XTT salt was dissolved in PBS at a final
concentration of 1 mg/mL. Immediately before each assay, a
menadione (Sigma-Aldrich, St. Louis, MO, USA) solution was
prepared at a final concentration of 0.4mM and filter-sterilized.
The XTT solution was thawed prior to each assay and mixed
with the menadione solution at a ratio of 20:1 (v/v). Each well
was washed two times with 200 µL of PBS to remove any
non-adherent cells. Next, 158 µL of PBS, 40 µL of XTT, and
2 µL of menadione were added to each of the pre-washed
wells. The plates were incubated in the dark at 37◦C for 3 h.
Afterwards, 100 µL of the solution was transferred to a new
well, and any colorimetric change in the solution was measured
using a microtiter plate reader (Tp Reader; Thermo Plate,
Shenzhen, China) at 490 nm. The XTT assay was performed as
two independent experiments with n= 6 biofilms per group.

Isolation and Susceptibility of C. auris
Persisters Cells
For this study, the methodologies described by LaFleur et al.
(2006) and Al-Dhaheri and Douglas (2008) were used with some
modifications. Briefly, C. auris was grown for 72 h at 37◦C with
shaking in RPMI 1640 with L-glutamine and 0.165M MOPS
growth medium (50mL in 250-ml flasks) to isolate persister

cells in a stationary-phase cultures. After 72 h, cells from the
stationary-phase cultures were harvested and washed twice in
PBS. All cell suspensions were adjusted to concentrations of ∼5
× 108 cells/mL. An aliquot of 1mL of this suspension, containing
10x, 50x, 100x, 150x, and 200x MICs of indicated antifungals
(amphotericin B and fluconazole), was added to the wells of a
2mL deep well assay block (Corning Costar 3960) and incubated
at 37◦C, with shaking at 225 rpm for 48 h. In groups containing
postbiotic elements, the stationary-phase culture suspension was
treated with 10 × MIC of LPCE or LPF1. Control cells were
treated similarly with buffered medium without antifungal agent.
At designated times, 50 µL samples were removed, serially
diluted, and spot-plated on YPD agar plates to enumerate
the number of persister cells. This experiment was conducted
in triplicate.

G. mellonella Survival
G. mellonella survival was evaluated following the methodologies
described by Mylonakis et al. (2005) and Rossoni et al. (2017),
with some modifications. G. mellonella (Vanderhorst Wholesale,
St. Marys, OH, USA) in their final larval stage were stored in the
dark and used within 7 days from shipment. Sixteen randomly
chosen G. mellonella larvae with similar weight and size (250–
350mg) were used per group in all assays. Two control groups
were included in the assays—one group was inoculated with
phosphate-buffered saline (PBS), while the other group received
no injection as a control to evaluate general viability.

In view of the lack of studies in the literature that used
postbiotics elements on G. mellonella as an experimental model,
the toxicity of LPCE and LPF1 was evaluated prior to the
study of experimental candidiasis. The postbiotic elements
were injected directly into the hemolymph of G. mellonella at
varying concentrations (10–80 mg/kg), and survival curves were
constructed. Larvae were incubated at 37◦C and monitored daily
for survival.

For the experimental candidiasis, C. auris suspension was
prepared from cultures in 5mL of YPD liquid medium and
incubated at 37◦C for 18 h. Afterwards, cells were centrifuged at
2,000 × g for 10min, and the supernatant was discarded. The
cell pellet was washed twice and suspended in PBS. Cell densities
were adjusted using a hemocytometer.

To evaluate the effects of LPCE or LPF1 on C. auris infection,
the larvae were pre-treated by injecting the LPCE (80 mg/kg) or
LPF1 (30 mg/kg) through the last left proleg (volume, 10 µL).
After 2 h, larvae were infected with 106 cells/larvae of C. auris
suspended in PBS at the last right proleg (10 µL of volume).
Larvae were incubated at 37◦C and monitored daily for survival.
Larvae were considered dead when they displayed no movement
in response to touch.

Quantification of G. mellonella Hemocytes
In order to investigate the immunological mechanisms associated
with the postbiotics elements against infection by C. auris,
larvae were pre-treated with LPCE (80 mg/kg) or LPF1 (30
mg/kg) and infected with C. auris as described above. Hemocytes
were collected from the hemocoel at 4 h post-injection with
C. auris. Larvae were bled into tubes containing cold, sterile

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 4 August 2020 | Volume 10 | Article 397173

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Rossoni et al. Anti-biofilm Activity Against Candida auris

insect physiologic saline (IPS) (150mM sodium chloride; 5mM
potassium chloride; 100mM Tris—hydrochloride, pH 6.9 with
10mM EDTA, and 30mM sodium citrate). The hemocytes were
identified based on cell morphology and quantified using a
hemocytometer. The results were averaged from four replicates.

Analysis of Peptide Expression
G. mellonella gene expression was evaluated following the
methodologies described by Mowlds et al. (2010) and Rossoni
et al. (2017). After pre-treatments and infection, larval RNA was
extracted using TRIzol (Ambion, Inc., Carlsbad, CA, USA) at
24 h post-injection of LPCE or LPF1. In brief, a 2mL volume of
TRIzol was added to a 15mL tube containing the homogenized
frozen tissue of larvae and incubated at room temperature (RT)
for 10min. Subsequently, 400 µL of chloroform (Sigma-Aldrich,
St. Louis, MO, USA) was added and the tubes were centrifuged
at 12,000 × g for 15min at 4◦C. The supernatant was then
transferred to a new tube, and 1mL of isopropanol (Sigma-
Aldrich, St. Louis, MO, USA) was added. After centrifugation,
the obtained pellet was washed with 70% ethanol (Sigma-Aldrich,
St. Louis, MO, USA), centrifuged again, and suspended in 50
µL of nuclease-free water (Ambion Inc., Carlsbad, CA, USA).
The concentration, purity and quality of the RNA were verified
using a NanoVue Plus spectrophotometer (GE Healthcare Bio-
Sciences, Pittsburgh, PA, USA).

The extracted total RNA (1 µg) was transcribed into
complementary DNA (cDNA) using the Verso cDNA Synthesis
Kit (Thermo Fisher Scientific Inc, Waltham, MA, USA),
according to the protocols recommended by the manufacturer.
The primers for the genes that encode β-actin and galiomicin
were designed by Rossoni et al. (2017) and described in Table 2.
The transcribed cDNAs were amplified for relative quantification
of the expression of the gene encoding galiomicin in relation to
the concentration of the reference gene (β-actin).

Statistical Analysis
The Student’s t-test was used to compare the results from the
cell-cell interaction, time to kill assay, and in vitro biofilm assay.
Percent survival and killing curves of G. mellonella were plotted
and statistical analysis was performed by the Kaplan-Meier test
using Stata Statistical Software (Stata Corp LP, College Station,
TX, USA). Analysis of variance (ANOVA) and Tukey post-test
were used to compare the results obtained in the data of hemocyte
count and in the analysis of gene expression. All the tests were
performed using GraphPad Prism statistical software (GraphPad
Software, Inc., California, CA, USA) and a P-value ≤ 0.05 was
considered significant.

RESULTS

Probiotic Effect
First, L. paracasei 28.4 was screened for antifungal activity against
C. auris CAU-01 using co-culture. For this purpose, L. paracasei
28.4 cells were co-cultured with C. auris for 1–3 days. There
was a significant reduction in C. auris counts for all evaluated
times (1 day: 3.6 Log, 2 days: 1.67 Log, and 3 days: 1.8 Log)
compared to the control group as demonstrated in Figure 1.

L. paracasei concentration was constant throughout the assay,
however C. auris experienced growth suppression in the presence
of L. paracasei 28.4. This probiotic effect can indicate a better
ability of L. paracasei to utilize nutrients in the media for
growth, a direct cell-cell interaction, or possibly inhibition by
bacterial metabolites.

Postbiotic Planktonic Inhibition
To explore the possibility of an indirect inhibitory activity posed
by bacterial metabolites, we investigated C. auris inhibition by
cell-free supernatant of L. paracasei 28.4. Inhibitory assessment
was made using crude extract (LPCE) and a fraction (LPF1)
derived from the L. paracasei supernatant. The MIC of LPCE
and LPF1 was evaluated for 10 strains of C. auris (Table 3).
MICs for LPCE were 15 mg/mL for all strains, and LPF1 MICs
ranged from 3.75 to 7.5 mg/mL. For all strains evaluated, the
MFC values were ≤4 × MIC, so the postbiotic elements were
considered cidal (Figure 2). Thus, there does appear to be a
postbiotic effect by L. paracasei 28.4. The lower MIC of LPCE is
reasonable considering that the active component is more diluted
in the unfractionated volume.

Since LPCE and LPF1 were active against all of the tested C.
auris strains, we selected a single strain (CAU-01) for follow-up
experiments. The killing kinetics assay determined that the total
viable fungal count was about 6-log CFU at 0 h. After 24 h, there
was a complete reduction of the total viable count of C. auris cells
treated with LPCE (4 × MIC: 60 mg/mL) or LPF1 (8 × MIC:
30 mg/mL) (Figure 3). As a positive control, we included the
antifungal agent fluconazole. Fluconazole decreased the initial
inoculum by 1-log CFU during the same time period at all
concentrations tested (1 × MIC: 4µg/mL; 4 × MIC: 16µg/mL,
and 8×MIC: 32 µg/mL).

Postbiotic Biofilm Inhibition
It is known that antifungal compounds have variable efficacy
against biofilms. Therefore, the cell free supernatant extract and
fraction were tested for inhibitory activity on biofilms. LPCE and
LPF1 at 1 × MIC and 2 × MIC concentrations significantly
reduced the biomass (p = 0.0001) and the metabolic activity
(p = 0.0001) of the C. auris biofilm as shown in Figures 4A,B,
respectively. A biomass of C. auris showed a reduction of up to
67% for LPF1, 61% for LPCE, and 21% using fluconazole. The
metabolic activity of biofilms reduced 89, 85, and 23% for LPF1,
LPCE, and fluconazole, respectively. The biofilms treated with
the postbiotic elements in the concentration of 0.5 × MIC also
caused a reduction in relation to the control groups but there was
no statistically significant difference, indicating a dose dependent
effect on the biofilms.

We sought to determine the susceptibility of persister cells to
the L. paracasei 28.4 supernatant derived elements. To generate
C. auris persisters, C. auris CAU-01 was grown to stationary
phase and then was treated with different concentrations
of amphotericin and fluconazole (10x, 50x, 100x, 150x, and
200x MIC) or postbiotic elements (10 × MIC) for 48 h. The
concentration of cells in stationary phase was 5 × 108 CFU/mL
(∼8.54 Log) and, after treating with 200 × MIC (25µg/mL)
amphotericin B or 200 × MIC (1,600µg/mL) fluconazole for
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TABLE 2 | List and description of genes and primers sequences used in the qPCR.

Gene name NCBI genebank Primer sequence (5′–3′) Product size (bp*) Primers source

Galiomicin AY528421.1 aF-TCCAGTCCGTTTTGTTGTTG 123 bp Rossoni et al., 2017

bR-CAGAGGTGTAATTCGTCGCA

β-actin XM_026909080.1 aF- ACAGAGCGTGGCTACTCGTT 104 bp Rossoni et al., 2017

bR- GCCATCTCCTGCTCAAAGTC

aF indicates a forward primer.
bR indicates a reverse primer.

*Base pair.

FIGURE 1 | The viability of C. auris CAU-01 (solid line) was significantly reduced when co-cultured with L. paracasei 28.4 (dashed line). Student t-test, *p ≤ 0.01,

**p ≤ 0.001.

TABLE 3 | MIC for C. auris strains.

Specie Strain LPCE LPF1 Fluconazole Amphotericin

(mg) (mg) (µg) (µg)

C. auris CAU-01 15 3.75 8 0.125

C. auris CAU-02 15 3.75 16 0.25

C. auris CAU-03 15 7.5 >64 0.5

C. auris CAU-04 15 3.75 >64 0.5

C. auris CAU-05 15 7.5 >64 0.5

C. auris CAU-06 15 7.5 >64 0.5

C. auris CAU-07 15 7.5 8 0.25

C. auris CAU-08 15 3.75 >64 1

C. auris CAU-09 15 7.5 >64 1

C. auris CAU-10 15 7.5 >64 2

48 h, the cell viability was ∼104 CFU/mL and ∼107 CFU/mL,
respectively. Also, we treated the cells in stationary phase with
a dose of 10 × MIC LPCE (150 mg/mL) or LPF1 (37.5 mg/mL)
for 48 h and there was a complete reduction in the growth
of C. auris cells. C. auris was tolerant of standard of care
medications fluconazole and amphotericin at concentrations that
are normally detrimental to the fungi, suggesting a persistent
state. Under the same conditions, exposure to LPCE, and LPF

elicited a cell reduction, suggesting the ability to inhibit persister
cells (Figure 5).

Postbiotic Treatment in the G. mellonella

Infection Model
First, G. mellonella was used to evaluate acute systemic toxicity
of the postbiotic elements. The larvae were injected with varying
concentrations of LPCE and LPF1 (80–10 mg/kg), and their
survival wasmonitored for a period of 7 days. LPCE and LPF1 did
not exert toxic effects on the larvae when administered at those
concentrations (Figures 6A,B).

To investigate the antifungal effects of LPF1 and LPCE in a
G. mellonella model, we tested the efficacy of pretreatment with
LPF1 and LPCE in larvae infected with C. auris. LPF1 and LPCE
were injected into the larvae at 2 h prior to infection with C.
auris concentrations of 30 and 80 mg/kg, respectively. In the
control group, infection with C. auris without previous injection
of postbiotics elements caused death in 100% of the larvae within
3 days.When the larvae were pretreated with LPF1 or LPCE prior
to C. auris infection, the survival rate of G. mellonella larvae was
significantly prolonged (p< 0.05) (Figure 6C). More specifically,
larval survival increased 43% for LPF1 and 37% for LPCE groups.

To investigate the immune mechanisms associated with
the effects of LPCE and LPF1 against C. auris infection,
we determined the number of available hemocytes in the
hemolymph of larvae after 4 h of C. auris injection. Hemocyte
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FIGURE 2 | LPCE and LPF1 inhibits C. auris. The static vs. cidal nature of the inhibition was examined for the various postbiotics concentrations. Growth at

concentration equivalent or higher than the MIC indicated that LPCE and LPF1 were fungistatic and inhibition of growth indicated fungicidal activity.

count was performed after 4 h of infection based on our previous
study in which L. paracasei 28.4 stimulated hemocyte production
in 4 h rather than 24 h (Rossoni et al., 2017). We analyzed only
the larvae not infected by C. auris and observed an increase
in the number of hemocyte in the LPCE (1.43-fold increase)
(Figure 7A) and LPF1 (1.8-fold increase) (Figure 7B) groups
compared to the PBS control group, but there was no statistically
significant difference. In the larvae infected with C. auris, the
groups pretreated with LPCE or LPF1 also showed increased
hemocyte numbers compared to the C. auris control group (p
< 0.05). The LPCE and LPFI groups reached, respectively, 2.55
(Figure 7A) and 2.26-fold increase (Figure 7B). Interestingly,
we also observed that the C. auris group showed a reduction
of hemocyte numbers in relation to the PBS control group
in agreement with Bergin et al. (2003) that demonstrated an
inverse relationship with infectious fungi and hemocyte density,
but when the larvae were pretreated with LPCE or LPF1, the

hemocyte quantity was very similar to the values found in the
PBS control group (Figures 7A,B).

The presence of an increased hemocyte count suggests that
LPCE and LPF1 could modulate the immune response of G.
mellonella larvae. Thus, we further explored alterations in the
immune response examining the expression of the antifungal
peptide galiomicin. For this assay, we evaluated the galiomicin
expression after 24 h since the greatest expression of this peptide
occurs at a later stage of Candida infection (Rossoni et al.,
2017). We found that LPCE and LPF1 were able to increase the
expression of galiomicin. The groups pretreated with LPCE or
LPF1 and then infected with C. auris had a statistically significant
increase (p < 0.0001) in relation to the control group infected by
C. auris (LPCE group: 1.48-fold increase; LPF1 group: 1.31-fold
increase). LPCE and LPF1 induced an increase in gene expression
of 4.58 and 3.64-fold compared, respectively, to the control group
formed by consecutive PBS injections (Figures 7C,D). These
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FIGURE 3 | Killing kinetics. (A) Growth curves were generated using C. auris cells treated with LPCE. (B) Growth curves were generated using C. auris cells treated

with LPF1. (C) Growth curves were generated using C. auris cells treated with fluconazole. Student t-test, *p ≤ 0.01, ***p ≤ 0.0001.

results indicate that LPCE and LPF1 increased the hemocyte
density and levels of galiomicin expression, which may protect
G. mellonella from C. auris infection.

DISCUSSION

Recently, postbiotics have gained more and more attention due
to their beneficial actions on the host without the adverse
risk of inducing bacteremia in immunocompromised patients
from the delivery of live cells (Gao et al., 2019). In this study,
we identified LPCE and LPF1 derived from L. paracasei 28.4
supernatant as postbiotics and a potentially alternative antifungal
treatment against C. auris, a globally emerging pathogen. The

results obtained in the cell-cell interaction demonstrated that L.
paracasei strain 28.4 was able to interfere with C. auris growth,
demonstrating the potential for probiotic activity againstC. auris.
Also, the postbiotic elements reduced C. auris in planktonic,
biofilm, and persister states, a significant feat. In in vivo assays,
LPCE and LPF1 protected G. mellonella infected with C. auris.
Our research provides a novel idea for prevention and treatment
of C. auris infections.

The MIC results of this study demonstrated the antifungal
activity of LPCE and LPF1 against all 10 C. auris strains,
including both fluconazole-sensitive and fluconazole-resistant
strains. Although the MIC values found were higher than
fluconazole, the postbiotic elements are probably composed of
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FIGURE 4 | Quantification of cells in biofilms formed at the bottom of 96-well plates. (A) Biomass quantification and (B) Metabolic activity (XTT analysis) of different

treatments (LPCE, LPF1, and Fluconazole). The different concentrations of LPCE and LPF1 used in biofilm formation correspond to 0.5 × MIC, 1 × MIC, and 2 × MIC

values. Student’s t-test, p ≤ 0.05.

a pool of molecules and are not yet fully purified. In addition,
it was observed that the higher its purification and subsequent
fractionation, the lower the MIC value obtained (MIC value of
LPF1 is four times less than the value of LPCE).

The antibacterial properties of postbiotics have been tested on
bacterial diseases; for example, Dunand et al. (2019) determined
the protective capacity of postbiotics of fermented milk
against Salmonella enterica serovar Typhimurium. The authors
obtained the postbiotic from five frozen commercial cultures
of thermophilic lactobacilli and 11 autochthonous Lactobacillus
strains. The use of postbiotics for 14 days significantly increased
the secretory IgA in feces of mice and a higher survival
was also observed compared to controls demonstrating an
immunomodulatory and protective capacity against S. enterica
serovar Typhimurium infection in mice. In addition, studies
demonstrate the beneficial role of postbiotics in inflammatory
activity (Tsilingiri et al., 2012; Compare et al., 2017; Gao et al.,
2019; Johnson et al., 2019). To our knowledge, this is the first
study supporting the use of a postbiotic from Lactobacillus cells
against C. auris and its use remains unexplored as a therapeutic
option in these fungal infections. Therefore, further studies are
needed to evaluate some important aspects such as toxicity,
adverse effects, and viability of mass production.

To investigate the antifungal potential of LPCE and LPF1,
we evaluated its effects in the growth kinetics of C. auris. The
use of LPCE and LPF1 completely inhibited C. auris growth
in contrast to the clinical antifungal agent fluconazole, which
did not demonstrate any efficacy more than 1-Log. LPCE and
LPF1 also exerted anti-biofilm activity againstC. auris; significant
reductions in biofilm formation were observed in both biomass
amount and metabolic activity. In agreement to this result,
Rossoni et al. (2018) evaluated the antifungal action of the L.
paracasei 28.4 supernatant on different C. albicans strains. The
raw supernatant of L. paracasei 28.4 was capable of reducing
the growth of C. albicans by up to 73% in planktonic cultures,

62% in biofilms and interferes negatively in adhesion (ALS3:
66-fold decrease) and hyphae formation genes (HWP1: 66-fold
decrease; CPH1: 1000-fold decrease). Although the postbiotic
elements have had effectiveness to reduce C. auris biofilms,
previous studies have shown that biofilm formation is highly
variable between different strains of C. auris and this fact merits
further exploration (Sherry et al., 2017; Pathirana et al., 2018).

The biofilms of C. auris may become increasingly resistant
to conventional antifungals according to their formation time.
For example, after 4 h of biofilm development, the median MIC
increased 16-fold for miconazole and 4-fold for amphotericin B
compared to the 0 h time of biofilm formation (Kean et al., 2018).
Borman et al. (2016) demonstrated that old cultures of C. auris
can survive in high concentrations of fluconazole (256µg/mL),
as well as be unresponsive to treatment in vivo usingG.mellonella
model. These facts agree with the low sensitivity of biofilms
to fluconazole found in this study and reinforce the search for
alternative treatments such as postbiotics in C. auris infections.

Biofilms harbor drug resistant cells, included among them
are persister cells which, in their metabolically dormant state,
can be recalcitrant to antifungal agents (LaFleur et al., 2006).
One important aspect of postbiotic elements was their ability to
eliminate all C. auris persister cells that survived high dosages
of amphotericin B or fluconazole. Persister cells were reported
for the first time as a subpopulation of bacteria tolerant to
a particular antibiotic that, after removal of the antimicrobial
agent, gave rise to a new population of susceptible microbial
cells (Bigger, 1944). In the clinical setting, persisters are usually
associated with recurrent infections and the development of
chronic infections (Denega et al., 2019). The first report of
Candida spp. persister cells was described for LaFleur et al.
(2006) that showed a biphasic killing curve when C. albicans was
exposed to amphotericin B, chlorhexidine, or a combination of
both. In addition, Al-Dhaheri and Douglas (2008) showed that
not all Candida spp. and strains are able to form persister cells,
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FIGURE 5 | Isolation of C. auris persisters. (A) C. auris persisters cells induced by amphotericin B. (B) C. auris persisters cells induced by fluconazole. (C) LPCE and

LPF1 were able to kill all persister cells. Student’s t-test, ***p ≤ 0.0001.

for example, C. albicans strain SC5314 (Gillum et al., 1984), one
of themost commonly usedC. albicans strains used for molecular
genetics studies, is not able to form persister cells in vitro (Denega
et al., 2019).

The alternative invertebrate model of G. mellonella was
used to evaluate protective effects of LPCE and LPF1 in
experimental candidiasis by C. auris. First, in order to evaluate
acute systemic toxicity of the postbiotic elements, the larvae
were injected with different doses of LPCE and LPF1, and
none of the systemic doses (10–80 mg/kg) resulted in death
of the larvae. Additionally, we found that the injection of

LPCE or LPF1 into G. mellonella larvae infected by C. auris
increased the survival of these insects (43% for LPF1; 37% for
LPCE), the number of hemocytes and the gene expression of
galiomicin. These data further confirm the excellent performance
of LPCE and LPF1, thus providing important insight into
combating C. auris. To the best of our knowledge, this is the
first article in the literature that uses postbiotic elements in
G. mellonella.

Taken together, these findings indicate that LPCE and LPF1
are capable of stimulating the cellular and humoral immune
responses of the larvae and consequently reduce C. auris
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FIGURE 6 | (A) Toxicity evaluation of LPCE in G. mellonella model. (B) Toxicity evaluation of LPF1 in G. mellonella model. G. mellonella larvae were injected with serial

concentrations of postbiotic elements. No death was observed at the concentrations used. (C) LPCE and LPF1 prolong the survival of G. mellonella larvae infected

with C. auris. Significant differences were observed in survival between the “LPCE (80 mg/mL) + CAU-01 group” and “PBS + C. auris CAU-01 control group” and

between the “LPF1 (30 mg/mL) + CAU-01 group” and “PBS + C. auris CAU-01 control group.” Kaplan-Meier test, p ≤ 0.05.

infection. The use of posbiotics elements with antifungal and
immunomodulatory properties could be promising in C. auris
infection, once a recent study questioned the effectiveness of the

immune system against this species. It was demonstrated that
human neutrophils do not properly recognize C. auris as they
do with other Candida species and this behavior may explain
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FIGURE 7 | LPCE and LPF1 modulate the immune system of G. mellonella. (A) LPCE: The group of LPCE + PBS increased the hemocyte number compared to a

PBS control (PBS + PBS). The group LPCE + C. auris also increased the hemocyte quantity compared to C. auris group (PBS + C. auris). (B) LPF1: The group of

LPF1 + PBS increased the hemocyte number compared to a PBS control (PBS + PBS). The group LPF1 + C. auris also increased the hemocyte quantity compared

to C. auris group (PBS + C. auris). PBS + C. auris group showed a reduction of hemocyte quantity in relation to the PBS control group, but when the larvae were

pretreated with LPCE or LPF1, the hemocyte quantity was very similar to the values found in the PBS control group. (C,D) LPCE and LPF1 increased the gene

expression of galiomicin of G. mellonella. Relative quantification (log) of galiomicin for the groups treated with only PBS (Control), pre-treated with PBS and infected

with C. auris, only treated with LPCE or LPF1, and pre-treated with LPCE or LPF1 and infected with C. auris. The units in the Y-axis were calculated based on the

2−11CT method, and they are expressed as the means and standard deviation. Galiomicin expression was normalized and compared with the expression of insects

exposed to the control (PBS) using the reference gene β-actin. Different letters (A, B, and C) represent statistically significant differences among the groups. ANOVA

and Tukey Tests (p < 0.05 was considered significant). ***p ≤ 0.001.

the high mortality rates even for patients treated with antifungals
(Nett, 2019).

Modulation of the G. mellonella immune response has been
reported by different studies using probiotics (Ribeiro et al.,
2017; Rossoni et al., 2017; Scalfaro et al., 2017; Geraldo et al.,
2019). The main cells involved in the cellular immune response
of G. mellonella are hemocytes (Bergin et al., 2003; Sheehan and
Kavanagh, 2018). These are responsible for important events such
as nodulation, encapsulation, and phagocytosis. Phagocytosis
is a very important cellular process in which some enzymes
are released by hemocytes in order to destroy the invading
pathogen (Kavanagh and Reeves, 2004; Pereira et al., 2018;
Sheehan and Kavanagh, 2018). The humoral response of these
insects is constituted by effector molecules including opsonins,
melanin, and antimicrobial peptides (AMPs) (Tsai et al., 2016).
Although there are 18 different types of AMPs identified in G.

mellonella hemolymph, we chose to examine galiomicin because
it is a specific G. mellonella defense and is one of the most
effective AMPs against fungal infection (Wojda, 2017). This AMP
shows homology to human cysteine-rich peptides from the ß
group of defensins and make up part of the innate immune
system. In general, AMPs are the last line of defense and they
act on the hemolymph attacking elements of the bacterial or
fungal cell wall (Shai, 2002; Mowlds et al., 2010; Rossoni et al.,
2017).

Although postbiotic elements of L. paracasei 28.4 have shown
promising results, the key components of LPCE and LPF1 with
antifungal properties are still unknown and need to be further
investigated. Future studies should be addressed for the isolation
and characterization of the bioactive molecules presents in L.
paracasei 28.4 supernatant, as well as for the action mechanisms
of these postbiotic elements on specific targets in fungal cells.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 12 August 2020 | Volume 10 | Article 397181

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Rossoni et al. Anti-biofilm Activity Against Candida auris

Within the limitations of the study, it can be concluded
that L. paracasei 28.4 cells and its postbiotic elements (LPCE
and LPF1) have antifungal activity against C. auris including
activity against planktonic and persister cells, as well as biofilms.
Postbiotic derived from L. paracasei 28.4 protected G. mellonella
infected with C. auris and enhanced its immune status indicating
a dual function in modulating the host immune response.
The exact mechanisms related to the action of postbiotic
elements against C. auris are still unclear and need to be
further investigated.
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Dermatomycoses include superficial fungal infections of the skin and its appendages.
Trichophyton rubrum, Candida albicans, and Candida parapsilosis are some of
the most prevalent species that cause dermatomycoses. Several studies show a
variable predominance of Candida spp. in relation to dermatophytes, especially in
onychomycosis and the possibility of isolating both from the same site. The ability
of dermatophytes to form biofilms recently been explored and there is currently no
evidence on the involvement of these filamentous fungi in multi-species biofilms. Thus,
this study aims to investigate the probable dual-species interaction between T. rubrum
and C. albicans and T. rubrum and C. parapsilosis biofilms, considering variable
formation conditions, as well as the susceptibility of these dual-species biofilms against
terbinafine and efinaconazole. Three conditions of formation of dual-species biofilms
were tested: (a) the suspensions of T. rubrum and Candida albicans or C. parapsilosis
placed together; (b) suspensions of C. albicans and C. parapsilosis added the pre-
adhesion of T. rubrum biofilms; (c) after the maturation of T. rubrum sessile cells. In
the first and second conditions, the quantification of metabolic activities, biomass, and
polysaccharide materials of mixed biofilms tended to resemble Candida monospecies
biofilms. In the third condition, the profiles were modified after the addition of Candida,
suggesting that T. rubrum biofilms served as substrate for the development of Candida
biofilms. Scanning electron microscopy showed Candida predominance, however,
numerous blastoconidia were noted, most evident in the conditions under which
Candida was added after the pre-adhesion and maturation of T. rubrum biofilms. Despite
the predominance of Candida, the presence of T. rubrum appears to inhibit C. albicans
filamentation and C. parapsilosis development, confirming an antagonistic interaction.
Fungal burden assays performed when the biofilms were formed together confirmed
Candida predominance, as well as susceptibility to antifungals. Further studies will be
needed to identify the components of the Candida and T. rubrum biofilm supernatants
responsible for inhibiting dermatophyte growth and C. albicans filamentation.

Keywords: polymicrobial biofilms, Candida albicans, C. parapsilosis, dermatophytes, antagonistic interaction,
dermatomycosis, Trichophyton rubrum
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INTRODUCTION

Fungal infections of the skin, nails (onychomycosis), and
cutaneous-mucous surfaces, known as dermatomycosis, are
caused by several etiological agents and are an important cause
of morbidity (Rotta et al., 2012). Among dermatomycosis,
dermatophytosis, caused by dermatophytes, are the most
prevalent worldwide, affecting 20 to 25% of the population
(Havlickova et al., 2008; Zhan and Liu, 2017). Trichophyton
rubrum is the microorganism most frequently associated with
superficial mycoses (Costa-Orlandi et al., 2012, 2014; Zhan
and Liu, 2017; Celestrino et al., 2019). Previous studies
have reported that some strains of T. rubrum have a high
dissemination power in relation to other dermatophytes, showing
the dominance of this microorganism among dermatophytosis
(Ghannoum et al., 2013).

Regarding yeasts of the genus Candida, C. albicans is the
pathogen most commonly isolated from superficial mycoses.
However, the incidence of infections by non-C. albicans species,
such as C. parapsilosis, C. tropicalis, C. krusei, C. glabrata,
and C. guilliermondii, has been increasing considerably (Sardi
et al., 2013). Among, yeasts of C. parapsilosis are considered
emerging pathogens and are commensal microorganisms of
human skin. This microorganism is able to form biofilms in
catheters and is transmitted through physical touch to neonates
and in the hemodialysis systems used by chronic renal patients,
thereafter evolving into bloodstream infections (Trofa et al., 2008;
Pires et al., 2011, 2012).

Clinical practice cases and unpublished studies have
demonstrated that it is possible to isolate one or more
microorganisms from several infection sites in superficial
mycoses, with a marked predominance of dermatophytes
in comparison to yeasts of the genus Candida (Ghannoum
et al., 2000; Aquino et al., 2007; Costa-Orlandi et al., 2012).
Other studies indicate a higher prevalence of yeasts, especially
C. parapsilosis in relation to C. albicans and T. rubrum in patients
with onychomycosis (Pontes et al., 2002; Chadeganipour et al.,
2010; Costa-Orlandi et al., 2012).

One of the major virulence factors of Candida is its
ability to form biofilms (Ramage et al., 2012), which has also
been reported recently in dermatophytes (Costa-Orlandi et al.,
2014). Biofilms consist of communities of cells embedded in
a polymeric extracellular matrix. These communities can be
comprised of microorganisms of different species, genera or even
kingdoms with a highly complex organization, allowing them
to perform various functions, including nutrition, excretion,
growth, communication, and protection, with greater efficiency
(Ramage et al., 2009, 2012; Costa-Orlandi et al., 2017).
Unlike planktonic cells, those found in biofilms have different
morphologies depending on their location in the community
(Ramage et al., 2012). For example, the morphology of C. albicans
cells in biofilms vary from that of yeasts, hyphae, pseudohyphae,
and germ tube, while C. parapsilosis consists mainly of
yeasts and few pseudohyphae (Chandra and Mukherjee,
2015). Communities formed by dermatophytes are made up
of a dense network of interconnected hyphae covered and
embedded by an extracellular matrix that can be dense or

thin (Costa-Orlandi et al., 2014). Changes in morphology are
often regulated by molecules used for communication between
cells, through a mechanism known as quorum-sensing, which
has been widely studied in Candida biofilms but not yet
investigated in dermatophytes. In addition to morphology,
quorum-sensing is responsible for biofilm development, cell
population control, nutrient competition control, dissemination,
and the establishment of new communities during infection
(Wongsuk et al., 2016).

Compared to the information available on biofilms formed by
yeasts of the genus Candida, information on biofilms formed by
dermatophytes is greatly lacking. Studies have previously found
dermatophytes cohabiting with yeasts of the genus Candida
and other microorganisms in superficial infections (unpublished
data). This has also been widely observed in clinical practice.
Therefore, the formation of mixed biofilms between these
fungi is likely since biofilms provide many advantages for the
microorganisms involved and rarely involve only one species
(Costa-Orlandi et al., 2017).

There has been an increase in the incidence of mixed
infections, namely among dermatophytes with yeasts or
even non-dermatophyte filamentous species (Gawaz and
Weisel, 2018). This increase has been accompanied by reports
of antifungal resistance and, consequently, an increase in
therapeutic failures (Gupta and Foley, 2019). Kravvas et al.
(2018) found that the majority of routine dermatological
infections were in the form of biofilms. Although this has yet
to be proven in the case of dermatophytes, biofilm formation
has been attributed to the occurrence of onychomycosis, which
is often refractory to antifungal treatment and has a high rate
of recurrence (Gupta et al., 2016; Gupta and Foley, 2019). The
heterogeneity of species within biofilms makes it difficult to
characterize the contribution of each microorganism to the
pathogenesis and maintenance of infection and disease (dos
Santos et al., 2016; Iñigo and Del Pozo, 2018).

Finally, in multi-species biofilms, it is also essential to consider
the intercellular communications that occur via quorum-sensing
molecules, which allow one species to identify and react to the
presence of another. Therefore, these mediators are also able to
coordinate the collective behavior of microorganisms in these
communities (Demuyser et al., 2014).

There is currently a lack of research demonstrating the
involvement of dermatophytes in multi-species biofilms.
Thus, this work aims to investigate the probable dual-species
interaction between the biofilms of T. rubrum and C. albicans
and T. rubrum and C. parapsilosis. We will take into account
variable conditions of formation to evaluate the susceptibility
of these dual-species biofilms against two potent last generation
antifungals, both of which have a proven efficacy against these
microorganisms alone.

MATERIALS AND METHODS

Microorganisms
In this work, strains of C. albicans SC 5314, C. parapsilosis ATCC
22019, and T. rubrum ATCC MYA-4438 were used. All strains
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belonged to the collection of the Clinical Mycology Laboratory
of the Department of Clinical Analysis, of the School of
Pharmaceutical Sciences at São Paulo State University (UNESP).
Strains of C. albicans and C. parapsilosis were maintained on
Sabouraud Dextrose Agar (SDA) (Kasvi) (40 g/L), comprised
of a mixture of peptic digestion of animal tissue (10 g/L) and
pancreatic digestion of casein (10 g/l) and agar (15 g/L), at 35◦C
for 48 h. The dermatophytes were then kept on malt extract agar
(Kasvi), comprised of 2% peptone from animal tissue (Sigma-
Aldrich), 2% glucose (Synth) and 2% agar (Kasvi) at pH 5.7,
incubated at 28◦C for 7 days or until sporulation (Costa-Orlandi
et al., 2014; Jacob et al., 2015; Vila et al., 2015).

In vitro Formation of Monospecies
Biofilms
The Candida biofilms were formed according to Pierce et al.
(2008), with some modifications. Colonies of the stock cultures of
C. albicans SC5314 and C. parapsilosis ATCC 22019 strains were
subcultured in Sabouraud Dextrose broth (Kasvi) and incubated
at 150 rpm and 35◦C for 24 h. A fungal suspension was prepared
in RPMI 1640 medium supplemented with L-glutamine without
sodium bicarbonate (Gibco) and buffered with MOPS (Sigma-
Aldrich) with 2% glucose (Synth) at a final concentration of
1 × 106 cells/mL. Two hundred microliters and one thousand
microliters were dispensed in the wells of the 96- and 24-
well plates (Kasvi), respectively. The plates were incubated at
37◦C for 24 h and 48 h (maturation period) without shaking.
A period of 72 h was also added to observe the behavior of
biofilms for later standardization in dual-species biofilms, as the
maturation period of T. rubrum biofilms corresponds to 72 h
(Costa-Orlandi et al., 2014).

T. rubrum biofilms were formed as described by Costa-
Orlandi et al. (2014). Briefly, T. rubrum ATCC MYA-4438 was
subcultured in Malt Extract agar and incubated at 28◦C for
7 days. The colonies were covered with 5 ml sterile of 0.85%
saline, and conidia were gently detached with the aid of a
sterile swab. The supernatant was placed in 15-mL conical tubes
(Corning) and left to stand for 15–20 min to allow the hyphae to
settle, such that only microconidia remained in the supernatant.
The microconidia were counted in a hemocytometer and the
suspension was adjusted using sterile saline (0.85%) to obtain a
final concentration of 1 × 106 cells/mL. Subsequently, 200 µL
and 1000 µL of the adjusted inoculum were dispensed in the
96- and 24-well plates, respectively. The plates were incubated at
37◦C for 4 h without shaking for pre-adhesion of the biofilms.
The supernatant was then removed and 200 µL and 1000 µL of
RPMI 1640 medium was added to the wells of the 96- and 24 well
plates, respectively. The plates were re-incubated at 37◦C for up
to 72 h. These biofilms were also formed at 96 h and 120 h for
subsequent comparison with one of the conditions proposed for
dual-species biofilms.

In vitro Formation of Dual-Species
Biofilms
The fungal suspensions of all microorganisms were prepared at
a final concentration of 1 × 106 cells/mL when plated. Mixed

biofilms were formed under the following conditions: (a) the
T. rubrum/C. albicans and T. rubrum/C. parapsilosis suspensions
were dispensed in 96- and 24-well plates at the same time in a
proportion of 1:1. The plates were then incubated at 37◦C for
up to 72 h; (b) Candida suspensions were added after the initial
adhesion phase of T. rubrum (4 h), followed by incubation at
37◦C for up to 72 h; (c) Candida suspensions were added after the
maturation period of T. rubrum biofilms (72 h) before incubating
the plates at 37◦C for an additional 24 h and 48 h. The culture
medium was renewed every 24 h.

Determination of the Metabolic Activity
of Biofilms Using XTT Reduction Assay
(2,3-Bis (2-Methoxy-4-Nitro-5-
Sulfophenyl)-5-[Carbonyl
(Phenylamino)]-2H-Tetrazolium
Hydroxide)
Biofilms were formed as described above at different time
intervals (24 h to 120 h). A solution of XTT (Thermo Fisher
Scientific) was prepared at a final concentration of 1 mg/mL
in phosphate buffered saline (PBS) and menadione (1 mM)
(Sigma-Aldrich). After removing the supernatant and washing
the biofilms with PBS, 50 µL of XTT solution + 4 µL of
menadione solution were added. The plates were subsequently
incubated at 37◦C for 3 h and measured using a Biotek EpochTM

2 spectrophotometer at a wavelength of 490 nm (Martinez and
Casadevall, 2007; Costa-Orlandi et al., 2014).

Quantification of Biomass by Crystal
Violet (CV) Assay
The biomass quantification test was performed according to
Marcos-Zambrano et al. (2014), with some modifications. Briefly,
biofilms were formed in 96-well plates (Kasvi) at different
incubation times. The resulting supernatants were removed and
the remaining biofilms were washed with PBS. Two hundred
microliters of methanol (Vetec) were added to each well for
15 min. The methanol was discarded and the plates were dried
at room temperature for 45 min. After drying, 200 µL of 0.1%
violet crystal solution (Dinamica) was dispensed into the wells for
20 min. The resulting supernatant was carefully aspirated and the
wells were washed with distilled water until the complete removal
of excess dye. Finally, 200 µL of 33% acetic acid (Synth) was
added and plates were read using a spectrophotometer (Biotek
EpochTM 2 Microplate Spectrophotometer) at a wavelength
of 570 nm. The resulting absorbance values were directly
proportional to the amount of biomass.

Quantification of the Extracellular Matrix
and Other Polysaccharides by Safranin
Staining
The polysaccharide material and extracellular matrices of mono-
and multi-species biofilms were stained with 50 µL of 1% safranin
solution for 5 min after removing the supernatant and washing
the wells with PBS. The plates were washed with 200 µL of sterile
0.85% saline solution until the supernatant became clear. Lastly,
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the absorbance of the plates was measured using a EpochTM 2
microplate spectrophotometer at 492 nm (Seidler et al., 2008;
Costa-Orlandi et al., 2014).

Scanning Electron Microscopy (SEM)
Mono- and dual-species biofilms were formed in 24-well plates
and incubated until the maximum time determined in each
condition (as described above). The resulting supernatants
were removed and the remaining biofilms were fixed with
800 µL of 2.5% glutaraldehyde solution (Sigma-Aldrich) for 1
to 2 h at 4◦C. The glutaraldehyde solution was removed from
the wells and the biofilms were dehydrated using increasing
concentrations of alcohol (50–100%). After drying, the bottom
of the plates was cut using a scalpel. The resulting samples
were mounted on aluminum cylinders containing carbon strips
and evaporated under high vacuum (Denton Vacuum Desk
V; Jeol Ltd., Moorestown, NJ, United States) for gold coating.
The topographical characteristics of the biofilms were analyzed
by electron microscopy (JSM-6610 Series Scanning Electron
Microscope; Jeol Ltd., United States) at the School of Dentistry
of UNESP at Araraquara, SP, Brazil (Martinez et al., 2010; Costa-
Orlandi et al., 2014; Li et al., 2019).

Colony Forming Units Counting Assay
(CFU/mL) in Selective Media
For the C. albicans/T. rubrum and C. parapsilosis/T. rubrum
biofilms (1:1), the colony forming units were counted in selective
media. Monospecies biofilms were used as a control. After
the formation of biofilms in 96-well plates, the culture media
were discarded for the removal of poorly adherent cells. Two
hundred microliters of sterile PBS were added, and the biofilms
were detached from the wells with the aid of sterile tips. The
contents of the wells were transferred to 1.5 ml microtubes
(Kasvi) and vortexed until the complete dispersion of the
biofilm cells. Serial dilutions were performed in PBS and 10 µL
aliquots of the diluted content were plated in 60 × 15 mm
Petri dishes containing sterile glass beads and two selective
media: CHROMagarTM Candida (Difco; BD Biosciences) for the
isolation of yeasts and Mycosel agar (Difco; BD Biosciences)
for the isolation of T. rubrum. The plates were incubated
at 28 and 37◦C until the formation of colony forming units
(dos Santos et al., 2016).

Activity of Terbinafine and Efinaconazole
Against Mono- and Dual-Species
Biofilms
The activity of terbinafine (Sigma-Aldrich) and efinaconazole
(Valeant Pharmaceuticals) was verified against mono- and
dual-species biofilms formed using the previously described
conditions. Biofilms were formed in 96-well plates. After
72 h, the supernatants were removed and 200 µL of the
different concentrations of the terbinafine (0.03 to 32 mg/L)
and efinaconazole (0.5 to 256 mg/L) working solutions were
prepared in RPMI-1640 medium supplemented with 2% glucose.
Two controls were performed: a control for the sterility of the
medium (negative control) and a control for growth without

treatment (positive control). The plates were incubated without
shaking at 37◦C for an additional 48 h. Cell viability was
evaluated using XTT reduction assay (Pierce et al., 2008).
A reduction of at least 50% of metabolic activity was considered
an inhibition compared to the metabolic activity of biofilms
without treatment.

Statistical Analysis
At least three independent experiments were performed in
triplicate for all tests, except for the colony-forming unit
count assay. In this test, the assays were conducted with two
independent experiments in triplicate. Data were subjected to
statistical analysis using analysis of variance (ANOVA) with
Bonferroni’s post hoc test in GraphPad Prism 5.0 software.
P < 0.05 was considered statistically significant.

RESULTS

Determination of the Metabolic Activity
of Biofilms by XTT Reduction Assay
Monospecies Biofilms
The metabolic activities of the Candida monospecies biofilms
rose significantly until 48 h (p < 0.0001) (Figure 1). At 72 h,
there was a significant decline in the metabolism of both species
(p < 0.0001). In T. rubrum biofilms, there was a significant
increase in the metabolic activities for up to 72 h (p < 0.0001).
After this period, the metabolic activities remained constant until
96 h, followed by a slight decay in 120 h (p < 0.05). However,
during the periods of decay, there was still a considerable amount
of living cells in the biofilm, indicating the beginning of the
inhibition of mature biofilm formation.

Dual-Species Biofilms Formed Together (1:1)
The metabolic activities of the dual-species biofilms of
T. rubrum/C. albicans and T. rubrum/C. parapsilosis were
compared to the monospecies biofilms of each strain (Figure 1).
Figure 1A shows the dual-species biofilm formed between
T. rubrum ATCC MYA-4438 and C. albicans SC 5314. Until
48 h, the dual-species biofilm showed a higher metabolism than
the monospecies biofilm of T. rubrum (p < 0.0001), similar
to C. albicans biofilm. At 72 h, the metabolic activities
of the dual-species biofilms were similar to that of the
monospecies biofilms of T. rubrum and lower compared to
that of C. albicans (p < 0.01).

A similar behavior was observed between the dual-
species biofilms formed by T. rubrum ATCC MYA-4438
and C. parapsilosis ATCC 22019 (Figure 1B). At 24 h, the
metabolic activity of the dual-species biofilm was equal to that of
C. parapsilosis and higher than T. rubrum (p < 0.0001). At 48 h,
the dual-species biofilm showed higher metabolic activities than
the T. rubrum biofilm (p < 0.0001) and lower than C. parapsilosis
(p < 0.01). At 72 h, the dual-species biofilms showed a superior
metabolic activity compared to C. parapsilosis (p < 0.01) and
similar levels of metabolic activity as T. rubrum.
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FIGURE 1 | Comparison between the metabolic activities of monospecies biofilms of T. rubrum ATCC MYA 4438, C. albicans SC 5314, and C. parapsilosis ATCC
22019 and the dual-species biofilms formed by C. albicans/T. rubrum and C. parapsilosis/T. rubrum under three different conditions: (1) the suspensions of Candida
and T. rubrum were placed together at a proportion of 1:1 (A,B); (2) Candida suspensions added after the pre-adhesion of T. rubrum biofilm (C,D); (3) Candida
suspensions added after the maturation of the T. rubrum biofilm, followed by an additional incubation of 24 h and 48 h (E,F). Statistical significance: *p < 0.05,
**p < 0.01; ***p < 0.0001. Tr, T. rubrum; Ca, C. albicans; Cp, C. parapsilosis.

Dual-Species Biofilms Formed After T. rubrum
Pre-adhesion
The formation of dual-species biofilms in which Candida
suspensions were added after the pre-adhesion of T. rubrum are
shown in Figures 1C,D. Figure 1C shows the dual-species biofilm
formed between T. rubrum ATCC MYA-4438 and C. albicans SC
5314. After 24 h, the mixed biofilm showed a higher metabolic
activity than the T. rubrum biofilm (p < 0.0001) and lower than
that of C. albicans (p < 0.0001). After 48 h of incubation, the

dual-species biofilm showed lower metabolic activity than the
C. albicans biofilm (p < 0.01) and higher than the T. rubrum
biofilm (p < 0.0001). In 72 h, the dual-species biofilm exhibited a
higher metabolic activity than theT. rubrummonospecies biofilm
(p < 0.05), but similar to C. albicans.

When the C. parapsilosis suspension was added after
T. rubrum pre-adhesion (Figure 1D), the metabolic activity of the
dual-species biofilm was lower to that of C. parapsilosis (p< 0.01)
and superior to that of T. rubrum (p < 0.0001) until 24 h. At
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48 h, the dual-species biofilm showed metabolic activity similar
to that of the C. parapsilosis monospecies biofilm and superior
to that of T. rubrum (p < 0.0001). At 72 h, the mixed biofilm
showed a higher metabolic activity than theC. parapsilosis biofilm
(p < 0.0001), but similar to T. rubrum.

Dual-Species Biofilms Formed After Maturation of
T. rubrum Biofilm
For this condition, T. rubrum biofilms were incubated until
72 h, corresponding to the maturation time. During this period,
Candida suspensions were also added. The plates were then
incubated for an additional 24 h and 48 h. Therefore, the plates
incubated for 24 h and 48 h shown in Figures 1E,F correspond to
the same periods after the addition of Candida and 96 h and 120 h
of T. rubrum biofilm incubation. In relation to the additional
incubation time of the T. rubrum biofilms, it is worth noting
that the metabolic activities remained constant until 96 h, with
a slight decay at 120 h, which can result in an inhibition phase
(data not shown). Figure 1E shows that 24 h after the addition
of the C. albicans suspensions, there was a significant increase
in the metabolic activities of the dual-species biofilms compared
to those of T. rubrum monospecies biofilms (p < 0.0001). The
same result was observed after 48 h compared to the C. albicans
(p < 0.05) and T. rubrum (p < 0.0001) monospecies biofilms.
When the C. parapsilosis suspension was added, the mixed
biofilms showed higher values of metabolic activities than the
monospecies biofilm of C. parapsilosis (p < 0.01) and T. rubrum
(p < 0.05) after 24 h (Figure 1F). After 48 h, the metabolic
activities of mixed biofilms were superior to both monospecies
biofilms of C. parapsilosis and T. rubrum (p < 0.0001).

Quantification of Biomass by Crystal
Violet (CV) Staining
Monospecies Biofilms
The monospecies biofilms formed by C. albicans and
C. parapsilosis indicated an increase in the development of
biomass within the first 48 h (p < 0.0001). After this period
(at 72 h), there was a significant decrease (p < 0.0001) in the
absorbance measurements. Regarding T. rubrum biofilms, an
increase in the biomass was observed until 72 h (p < 0.0001).
After this period, there was no statistical significance between
the absorbances up to 96 h, corresponding to a stationary phase,
followed by a significant decay in 120 h (p < 0.001) (Figure 2).
These results are in agreement with the findings of the XTT
reduction assay.

Dual-Species Biofilms Formed Together (1:1)
The mass of the dual-species C. albicans/T. rubrum and
C. parapsilosis/T. rubrum biofilms formed after the addition of
fungal suspensions are shown in Figures 2A,B, respectively. In
the first interaction (Figure 2A), the dual-species biofilm at
24 h showed a lower biomass than the monospecies biofilms
(p < 0.0001). At 48 h, the biomass had significantly increased
(p < 0.001). Compared to the monospecies biofilms, its
development was similar to that of C. albicans and superior to the
T. rubrum biofilm (p < 0.0001). The biomass decayed after 72 h

of incubation, similar to the C. albicans biofilm and in contrast to
the T. rubrum biofilm, whose biomass increased (p < 0.0001).

In the dual-species biofilms formed between C. parapsilosis
and T. rubrum (Figure 2B), the biomass was similar to that of the
monospecies C. parapsilosis biofilm and inferior to the T. rubrum
biofilms (p < 0.0001) at 24 h. After 48 h of incubation, the
biomass absorbance measurements were similar to both types of
monospecies biofilms. At 72 h, the biomass of the dual-species
biofilm was similar to that of C. parapsilosis and lower than
T. rubrum (p < 0.0001).

Dual-Species Biofilms Formed After T. rubrum
Pre-adhesion
When C. albicans suspensions were added after T. rubrum pre-
adhesion (Figure 2C), the dual-species biofilms showed higher
biomasses compared to both types of monospecies biofilms
(p < 0.0001) at 24 h of incubation. At 48 h, the biomass of the
dual-species biofilm was similar to C. albicans and higher than
T. rubrum (p < 0.0001). At 72 h of incubation, the biomass was
similar to that of the T. rubrum biofilm, which was superior to
that of C. albicans (p < 0.0001).

In the dual-species biofilm formed between T. rubrum
and C. parapsilosis (Figure 2D), the biomasses of dual-species
biofilms were similar to the C. parapsilosis biofilms and inferior
to T. rubrum (p < 0.0001) at 24 h. At 48 h, the biomass of the
dual-species biofilms was similar to that of both monospecies
biofilms. However, after 72 h, the mass of the biofilm was higher
than that of C. parapsilosis (p< 0.0001) and lower than T. rubrum
(p < 0.0001). These results indicate that Candida is predominant
in this condition, although less than in the previous condition.

Dual-Species Biofilms Formed After Maturation of
T. rubrum Biofilm
The biomass of dual-species biofilms formed after the addition
of Candida suspensions for 24 h and 48 h in mature T. rubrum
biofilms are shown in Figures 2E,F. After the addition of
C. albicans (Figure 2E), the biomasses at 24 h and 48 h was
superior to that of the monospecies biofilms of T. rubrum and
C. albicans (p < 0.05). After 24 h of incubation with added
C. parapsilosis, the biomass was similar to that of the T. rubrum
biofilms and superior to the C. parapsilosis biofilms (p < 0.0001).
After 48 h of incubation, the mass of the mixed biofilms was
higher than the C. parapsilosis (p < 0.0001) and T. rubrum
(p < 0.01) monospecies biofilms.

Quantification of Extracellular Matrix and
Other Polysaccharides by Safranin
Staining
Monospecies Biofilms
The monospecies biofilms were stained with safranin as a control
in order to compare the amount of extracellular matrix and
polysaccharide structures produced compared to the dual-species
biofilms. In Figure 3, the production of polysaccharide material
from C. parapsilosis ATCC 22019 and C. albicans SC 5314
increased until 48 h of incubation (p< 0.0001). After 72 h, decays
were observed in both types of yeast biofilm (p < 0.0001). In
T. rubrum, the production of polysaccharide material increased
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FIGURE 2 | Comparison between the biomasses produced by the monospecies biofilms of T. rubrum ATCC MYA 4438, C. albicans SC 5314, and C. parapsilosis
ATCC 22019 and by the dual-species biofilms formed by C. albicans/T. rubrum and C. parapsilosis/T. rubrum under three different conditions: (1) suspensions of
Candida and T. rubrum together at a proportion of 1:1 (A,B); (2) Candida suspensions added after the pre-adhesion of T. rubrum biofilm (C,D); (3) Candida
suspensions added after the maturation of the T. rubrum biofilm, followed by an additional incubation of 24 h and 48 h (E,F). Statistical significance: *p < 0.05;
**p < 0.01; ***p < 0.0001. Tr, T. rubrum; Ca, C. albicans; Cp, C. parapsilosis.

until 72 h (p < 0.0001) and remained stable until 96 h, before
declining at 120 h (p < 0.0001). These results corroborate with
the results obtained in both the XTT and crystal violet assays,
suggesting a maturation period for Candida biofilms of 48 h and
for T. rubrum biofilms of 72 h.

Dual-Species Biofilms Formed Together (1:1)
The dual-species biofilm resulting from the T. rubrum ATCC
MYA-4438 and C. albicans SC 5314 suspensions (Figure 3A)

showed similar amounts of polysaccharide structures as the
C. albicans biofilm (p < 0.05) and superior to the dermatophyte
monospecies biofilm (p < 0.0001) after 48 h. At 72 h, the amount
of polysaccharide material was higher than that of the C. albicans
biofilm and lower than the T. rubrum biofilm (p < 0.0001).

For the dual-species biofilm formed using T. rubrum ATCC
MYA-4438 and C. parapsilosis ATCC 22019 (Figure 3B),
the amount of polysaccharide material formed after 24 h
of incubation was greater than that of the C. parapsilosis

Frontiers in Microbiology | www.frontiersin.org 7 September 2020 | Volume 11 | Article 1980191

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01980 September 3, 2020 Time: 21:1 # 8

Garcia et al. Antagonistic Interaction Between Candida/Trichophyton Biofilms

FIGURE 3 | Comparison between the amounts of extracellular matrix and polysaccharide structures produced by the monospecies biofilms of T. rubrum ATCC MYA
4438, C. albicans SC 5314, and C. parapsilosis ATCC 22019 and by the dual-species biofilms formed by C. albicans/T. rubrum and C. parapsilosis/T. rubrum under
three different conditions: (1) suspensions of Candida and T. rubrum placed together at a proportion of 1:1 (A,B); (2) Candida suspensions added after the
pre-adhesion of T. rubrum biofilm (C,D); (3) Candida suspensions added after the maturation of the T. rubrum biofilm, followed by an additional incubation of 24 h
and 48 h (E,F). Statistical significance: *p < 0.05; **p < 0.01; ***p < 0.0001. Tr, T. rubrum; Ca, C. albicans; Cp, C. parapsilosis.

monospecies biofilms (p < 0.05) and lower than that of
T. rubrum (p < 0.0001). After 48 h, the dual-species biofilm
showed quantities of polysaccharide structures similar to those
of the yeast biofilm and lower than the dermatophyte biofilm
(p < 0.0001). The dual-species biofilm at 72 h showed
extracellular matrix development superior to C. parapsilosis
(p < 0.0001) and lower than T. rubrum (p < 0.01).

Dual-Species Biofilms Formed After T. rubrum
Pre-adhesion
Figure 3C shows that the dual-species biofilm of T. rubrum
ATCC MYA-4438 and C. albicans SC 5314 after T. rubrum
pre-adhesion established a quantity of polysaccharide material
superior to both monospecies biofilms (p < 0.0001) after
72 h of incubation.
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When formed with C. parapsilosis (Figure 3D), the dual-
species biofilm formed after pre-adhesion of the dermatophyte
showed an extracellular matrix development superior to both
monospecies biofilms (p < 0.0001). Lastly, after 72 h of
incubation, the dual-species biofilm showed polysaccharide
structures similar to that of the dermatophyte and superior to
C. parapsilosis (p < 0.0001).

Dual-Species Biofilms Formed After Maturation of
T. rubrum Biofilm
When the C. albicans suspension was added to the mature
T. rubrum biofilm, the amounts of polysaccharide material of
the dual-species biofilm were higher than those of monospecies
biofilms of both T. rubrum and C. albicans (Figure 3E)
(p < 0.0001) after an additional 24 h and 48 h of incubation. The
same behavior was observed in the C. parapsilosis and T. rubrum
dual-species biofilms (Figure 3F). These results support the
use of dermatophytes as substrates for the development of
Candida biofilms, and corroborate our quantification of the
metabolic activities by XTT assays and of the biomass by crystal
violet staining.

Scanning Electron Microscopy (SEM)
The topographies of the dual-species biofilms of
C. albicans/T. rubrum and C. parapsilosis/T. rubrum established
under the three experimental conditions were analyzed by SEM
with different magnifications (×1000 and ×3000) and compared
to monospecies biofilms (controls) (Figures 4–6).

Figure 4 shows the topographies of the monospecies biofilms
of C. albicans SC 5314 (Figures 4a,b) and T. rubrum ATCC
MYA 4438 (Figures 4c,d), as well as their dual-species biofilms
(1:1) (Figures 4e,f) and formation after T. rubrum pre-adhesion
(Figures 4g,h). The biofilm of C. albicans SC 5314 (Figures 4a,b)
was comprised of a dense hyphae network that developed

from the yeasts, forming a complex three-dimensional structure.
The same structures were observed in the T. rubrum ATCC-
MYA 4438 biofilms, but appeared less dense than those in the
C. albicans biofilms. Moreover, the polysaccharide material was
at times dense and at other times thin, covering and connecting
the hyphae network (Figures 4c,d). When the suspensions were
placed together to form dual-species biofilms (Figures 4e,f),
it was not possible to reliably distinguish between the hyphae
formed by C. albicans and those formed by T. rubrum in
the images. However, interestingly, a reasonable amount of
blastoconidia (represented by the white arrows) was observed,
suggesting that the interaction likely affected the mechanisms
involved in the filamentation of C. albicans. The presence of
blastoconidia indicates the probable predominance of Candida
in relation to T. rubrum, more clearly seen in Figure 4f. When
the Candida suspensions were added after 4 h of dermatophyte
pre-adhesion (Figures 4g,h), similar results to those obtained
in the previous condition were observed. However, numerous
yeast blastoconidia were also observed, which reinforces our
theory of the predominance of Candida in relation to T. rubrum.
In addition, our findings indicate that the interaction with
T. rubrum may somehow inhibit the filamentation of C. albicans.
The greater prevalence of C. albicans compared to T. rubrum
can be justified by the fact that yeasts have a faster metabolism
than dermatophytes.

The topographies of the C. parapsilosis ATCC 22019 and
T. rubrum MYA-4438 dual-species biofilms (1:1) after T. rubrum
pre-adhesion are shown in Figure 5, along with their controls.
Figures 5a,b show a predominance of blastoconidia and
some rare pseudohyphae in the C. parapsilosis monospecies
biofilm. The T. rubrum ATCC MYA 4438 biofilms are shown
in Figures 5c,d. The interaction between T. rubrum and
C. parapsilosis (Figures 5e,f) shows a predominance of yeast
blastoconidia, but more dispersed than the control. We also

FIGURE 4 | Scanning electron microscopies of C. albicans SC 5314 (a,b) and T. rubrum ATCC MYA 4438 (c,d) monospecies biofilms and dual-species biofilms of
C. albicans/T. rubrum formed at a proportion of 1:1 (e,f) or formed with the addition of C. albicans suspensions after the pre-adhesion of T. rubrum biofilm (g,h).
White arrows denote the blastoconidia of C. albicans.
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FIGURE 5 | Scanning electron microscopies of monospecies biofilms of C. parapsilosis ATCC 22019 (a,b) and T. rubrum ATCC MYA 4438 (c,d) and dual-species
biofilms of C. parapsilosis/T. rubrum formed at a proportion of 1:1 (e,f) or formed with the addition of C. parapsilosis suspensions after the pre-adhesion of T. rubrum
biofilm (g,h). White arrows denote the hyphae of T. rubrum.

FIGURE 6 | Scanning electron microscopies of T. rubrum ATCC MYA 4438 (a,b), C. albicans SC 5314 (c,d), and C. parapsilosis ATCC 22019 (e,f) monospecies
biofilms and dual-species biofilms of C. albicans/T. rubrum (g,h) and C. parapsilosis/T. rubrum (i,j), formed after the maturation of T. rubrum biofilm, followed by an
additional 48 h incubation. It is possible to observe oval blastoconidia. Red arrows denote the extracellular matrices, while blue arrows denote hyphae.

observed poorly developed hyphae in the early stages, which
suggests the inhibition of C. albicans filamentation and a low
T. rubrum development, indicating an antagonistic interaction
between the species studied.

A lower inhibition in the formation of mature biofilms,
and, consequently, a more robust biomass, was observed
when C. parapsilosis was added after T. rubrum pre-adhesion
(Figures 5g,h). In addition, the T. rubrum hyphae were found to
be more developed than in the previous condition (white arrows),
although still in small quantities. Therefore, pre-adherence may
benefit the development of the hyphae of dermatophytes, the
latter of which serves as a substrate for the development of
C. parapsilosis biofilms.

Figure 6 shows the topographies of the biofilms formed
after the addition of the C. albicans and C. parapsilosis
suspensions to the mature T. rubrum biofilms. The monospecies

biofilms of T. rubrum, C. albicans, and C. parapsilosis are
shown in Figures 6a–f, respectively. In the mixed biofilms of
C. albicans/T. rubrum (Figures 6g,h), we observed numerous
blastoconidia and a dense biomass, in addition to a greater
amount of polysaccharide matrix (red arrows). The visualization
of the mixed biofilms of C. parapsilosis and T. rubrum was
better (Figures 6i,j). These findings reinforce our theory and
corroborate our results for the quantification of biomass by CV
and polysaccharide material by safranin staining.

Colony Forming Units Counting Assay
(CFU/mL) in Selective Media
For the colony forming unit count (CFU) assay, only one
condition for the formation of dual-species biofilms was
chosen: C. albicans SC 5314/C. parapsilosis ATCC 22019 and
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FIGURE 7 | Log of colony forming units per milliliter [CFU/mL] (Log) isolated from mono- and dual-species C. albicans SC 5314 and T. rubrum ATCC MYA 4438
biofilms (1:1) (A) and isolated from mono and dual-species biofilms of C. parapsilosis ATCC 22019 and T. rubrum ATCC MYA 4438 (B) formed under the same
conditions after 48 h and 72 h of incubation. Statistical significance: *p < 0.05, **p < 0.01, and ***p < 0.0001.

T. rubrum ATCC MYA-4438 (1:1). Petri dishes containing
CHROMagarTM Candida (Difco; BD Biosciences) were used
to isolate C. albicans from the mixed biofilm, while Mycosel
agar (Difco; BD Biosciences) was used to isolate T. rubrum at
different temperatures. Monospecies biofilms formed in the same
period were used as controls. Figure 7A shows the isolation
of C. albicans from the mixed biofilm with a fungal load after
48 h and 72 h of incubation, similar to that of the monospecies
biofilm of the same yeast (no statistical significance). On the other
hand, it was not possible to isolate T. rubrum from dual-species
biofilms, confirming the inhibition of growth by yeast (p < 0.01)
and reinforcing the results of the quantitative colorimetric tests,
especially of CV, and SEM.

In contrast, T. rubrum was isolated from dual-species biofilms
formed with C. parapsilosis (Figure 7B). The predominance of
yeast in comparison with the dermatophyte was still evident,
particularly after 72 h of incubation (p < 0.0001), confirming the
antagonistic interaction. In terms of the controls, the fungal loads

of C. parapsilosis and T. rubrum were found to be similar to those
of dual-species biofilms after 48 h of incubation (no statistical
significance). At 72 h, the fungal load of T. rubrum isolated from
the dual-species biofilm was significantly lower than that of the
monospecies biofilm (p < 0.01), whereas that of C. parapsilosis
was similar. Therefore, we concluded that the interaction between
C. parapsilosis and T. rubrum also culminated in the inhibition of
T. rubrum growth.

Activity of Terbinafine and Efinaconazole
Against Mono- and Dual-Species
Biofilms
To determine the minimum sessile inhibitory concentration
(SMIC), a reduction of at least 50% of cell viability was considered
in relation to positive controls. As shown in Table 1, both
monospecies and dual-species biofilms were resistant to all tested
concentrations of efinaconazole and terbinafine.
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TABLE 1 | Values of the minimum inhibitory concentration sessile (SMIC) expressed in mg/L for efinaconazole and terbinafine tested against the monospecies biofilms of
T. rubrum, C. albicans, C. parapsilosis, and dual-species biofilms formed by T. rubrum/C. albicans and T. rubrum/C. parapsilosis.

Antifungals/fungi T. rubrum MYA-4438 C. albicans SC 5314 C. parapsilosis ATCC 22019 Tr∗ MYA + C. albicans Tr∗ MYA + C. parapsilosis

Efinaconazole >256 >256 >256 >256 >256

Terbinafine >32 >32 >32 >32 >32

∗Tr: T. rubrum.

DISCUSSION

In mixed biofilms, interactions between different species can
be synergistic, neutral, or antagonistic (dos Santos et al., 2016).
Recent studies have shown that Candida yeast rarely exists in
isolated form (Jack et al., 2015). Synergism is beneficial to all
microorganisms involved, whereas antagonistic relationships can
cause the death, damage, or inhibition of one microorganism by
a product produced by the other. Finally, neutral relationships
are indifferent for both species involved in the formation
of the biofilm (Thein et al., 2009; Cabezón et al., 2016;
Costa-Orlandi et al., 2017).

The development of multi-species biofilms can also be
influenced by the sharing of nutrients available in the
medium between different species. Therefore, the polymicrobial
interactions in a biofilm are significantly modulated by
these environmental elements (Thein et al., 2009; Cabezón
et al., 2016). On the other hand, it is also essential to
consider intercellular communications that occur through
quorum-sensing molecules, which allow to coordinate the
collective behavior of microorganisms in these communities
(Demuyser et al., 2014).

Our results showed an in vitro antagonistic interaction
between C. albicans and C. parapsilosis and the dermatophyte
T. rubrum in RPMI medium. Although it is not known
which of the three conditions tested actually occurred in the
microbiome and in the pathogenesis of dermatomycoses, this
antagonism may be caused by products secreted into the
medium by both fungi, or even due to a lack of nutrients.
To prevent the latter, the culture medium was changed every
24 h. The predominance of Candida was possibly due to its
metabolism being more accelerated than that of T. rubrum,
mainly in the first condition, in which the two microorganisms
were added together. This condition can generate competition
for adhesion sites. In the other conditions, the absorbance
measurements corresponding to metabolic activities, biomasses,
and polysaccharide materials were similar or sometimes superior
to T. rubrum monospecies biofilms, which suggests that pre-
adhesion or mature biofilms of T. rubrum may served as a
substrate for the development of Candida biofilms. On the
other hand, the Candida monospecies biofilms demonstrated
differences in the quantity of the same parameters compared
to dual-species biofilms. These assumptions were confirmed in
the topographies of biofilms observed in SEM, which further
evidenced the predominance of yeasts, the inhibition of the
development of T. rubrum biofilms, and the inhibition of
C. albicans filamentation, more evident in the conditions where
there was a greater amount of the dermatophyte.

Regarding the quantitative tests of the monospecies biofilms,
the results corroborated the literature, indicating that the ideal
time for the maturation of the biofilms of Candida spp.
(24 h or 48 h) depended on the species (Pierce et al., 2008).
In comparison, the ideal maturation of T. rubrum is 72 h
(Costa-Orlandi et al., 2014).

According to dos Santos et al. (2016), it is not possible to
differentiate between the cellular metabolic activity of a single
species in mixed biofilms based only on the XTT reduction assay.
Therefore, it is necessary to make comparisons with monospecies
biofilms. The same authors stated that the metabolic behavior
of biofilms can vary depending on the microorganisms present
in the microbial interaction. The presence of C. krusei in the
mixed biofilm with C. albicans stimulated a reduction in cell
viability compared to the viability observed in the monospecies
biofilm formed by C. albicans, suggesting a possible inhibition
of C. albicans.

Bandara et al. (2010b) used colorimetric assays with XTT to
demonstrate that the presence of Escherichia coli in dual-species
biofilms, after 48 h, decreased the cell viability of C. parapsilosis,
without significant changes when compared to C. albicans.

The metabolic activities of biofilms were quantified through
a colorimetric assay with a solution of XTT and menadione
acting as an electron coupling agent. XTT is a yellow tetrazolium
salt, which converts to orange formazan salts in the presence of
metabolic activity. Many authors assume that this assay is an
efficient way to indirectly quantify biofilms since the observed
colorimetric change is proportional to the number of living
cells (Costa-Orlandi et al., 2014; Marcos-Zambrano et al., 2014;
Rosato et al., 2016). However, there are also studies indicating
that, for C. albicans and C. parapsilosis, the results obtained
with the XTT assay are not directly related to the number of
live microorganisms (Kuhn et al., 2003). It is also important to
consider that biofilms are surrounded by an extracellular matrix,
which can impair the metabolic activity of the microorganisms
if it limits the access of cells to nutrients and oxygen. Thus,
other methods will be needed in addition to the XTT tests
for the characterization of biofilms (Henriques et al., 2006;
Costa-Orlandi et al., 2017).

Regarding the quantification of biomass by the crystal
violet assay, previous studies have shown that the presence of
C. albicans biofilms stimulated an increase in the biomass of
heterotypic biofilms formed between C. albicans, C. glabrata,
and C. tropicalis, indicating that the first species can provide
a substrate for non-C. albicans species to adhere to acrylic
materials (Pathak et al., 2012). The co-cultivation of Streptococcus
mutans and C. albicans in dual-species biofilms resulted in better
biomass growth for each species. This may have occurred due
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to metabolic interactions that provided additional nutrients for
these microorganisms (Sztajer et al., 2014). In contrast, recent
studies have shown an inhibitory effect on metabolic activity and
biomass formation by C. tropicalis, C. krusei, and C. parapsilosis
when co-incubated with probiotic bacteria Lactobacillus gasseri
and Lactobacillus rhamnosus (Tan et al., 2018).

The crystal violet assay is based on the ability of this
substance to penetrate the fungal cell wall and remain
trapped in the cytoplasm. This quantification technique may
have its reproducibility affected by the different growth
conditions of the microbial biofilm and the different solvent
concentrations used in the assay, among others. In addition,
crystal violet is only able to quantify the biomass without
distinguishing between dead and living cells, so this analysis
must be complementary to other tests (Stepanovic et al., 2007;
Pantanella et al., 2013).

In this study, the colony-forming unit counting test was
used to complement the previous colorimetric assays, as
well as the topographic observation by SEM, since these
do not allow to specify the real constitution of the biofilm
from a quantitative point of view. This assay confirmed the
predominance of C. albicans and C. parapsilosis over T. rubrum
in the only tested condition (1:1). Although laborious, many
authors use this technique to isolate microorganisms within
mixed biofilms and, unlike the XTT reduction assay, this
technique is not influenced by the cellular metabolic state,
directly enumerating the present cells (Jin et al., 2004; Jabra-
Rizk et al., 2006; Bandara et al., 2010a; Fox et al., 2014;
dos Santos et al., 2016).

Finally, regarding susceptibility tests, the findings in
the present study corroborate the increased resistance that
biofilms have against antimicrobial agents. In the dual-species
interaction, although there is an antagonistic relationship
between the biofilms of Candida and the dermatophyte, there
is a prevalence of yeasts, making these dual-species biofilms
resistant to all tested drug concentrations. The results obtained
with the susceptibility tests of T. rubrum biofilms against
terbinafine and efinaconazole corroborate the results obtained
by our group and which are in preparation for publication.
Previous studies have demonstrated the ineffectiveness of
terbinafine against C. albicans biofilms, which agrees with
the results presented in this work. However, the same
authors demonstrated that terbinafine exerts activity against
C. parapsilosis biofilms, contrary to what was found in the present
study (Lam et al., 2016).

CONCLUSION

This study provides unprecedented data related to the
interaction between sessile communities formed by the
three microorganisms that are most frequently isolated
from dermatomycoses, one of the most prevalent mycoses
worldwide. The findings show that C. albicans/T rubrum and

C. parapsilosis/T. rubrum can grow and form biofilms together,
albeit with a degree of antagonism on both sides. If, on the one
hand, the growth of the dermatophyte is somewhat inhibited
by the presence of yeasts, the presence of the filamentous fungi
seems to proportionally inhibit one of the main virulence factors
of C. albicans, namely filamentation, thereby decreasing the
growth of C. parapsilosis. Even under condition in which the
dermatophyte seems to serve as a substrate for the development
of Candida biofilms, there is a certain antagonism for the same
reasons as mentioned above. Therefore, this work opens several
doors to the study of the interaction between T. rubrum biofilms
and other microorganisms. Further studies are currently being
conducted to identify potential substance(s) secreted in the
supernatants of these mixed biofilms for use as broad-spectrum
compounds. Additional studies should also be conducted using
other species with different biofilm formation abilities in order to
verify our findings.
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Candida species can readily colonize a multitude of indwelling devices, leading to biofilm 
formation. These three-dimensional, surface-associated Candida communities employ a 
multitude of sophisticated mechanisms to evade treatment, leading to persistent and 
recurrent infections with high mortality rates. Further complicating matters, the current 
arsenal of antifungal therapeutics that are effective against biofilms is extremely limited. 
Antifungal biomaterials are gaining interest as an effective strategy for combating Candida 
biofilm infections. In this review, we explore biomaterials developed to prevent Candida 
biofilm formation and those that treat existing biofilms. Surface functionalization of devices 
employing clinically utilized antifungals, other antifungal molecules, and antifungal polymers 
has been extremely effective at preventing fungi attachment, which is the first step of 
biofilm formation. Several mechanisms can lead to this attachment inhibition, including 
contact killing and release-based killing of surrounding planktonic cells. Eliminating mature 
biofilms is arguably much more difficult than prevention. Nanoparticles have shown the 
most promise in disrupting existing biofilms, with the potential to penetrate the dense 
fungal biofilm matrix and locally target fungal cells. We will describe recent advances in 
both surface functionalization and nanoparticle therapeutics for the treatment of 
Candida biofilms.

Keywords: Candida, biofilms, biomaterials, antifungal, surface functionalization, nanoparticles, antifungal polymers

INTRODUCTION

Candida is one of the most common causes of fungal infections worldwide, responsible for 
over 400,000 infections per year (Brown et  al., 2012; Tsui et  al., 2016). A commensal fungus 
that can readily become pathogenic, Candida, is known to form biofilms (Gulati and Nobile, 
2016). These surface-attached, three-dimensional communities of tightly packed fungi can 
serve as infection strongholds, complicating treatment and leading to persistent fungemia (Li 
et al., 2018). Candida biofilm related infections have mortality rates as high as 41% (Rajendran 
et  al., 2016). Biofilms protect fungal cells from the host immune system and often increase 
drug resistance (Mukherjee and Chandra, 2004; Nett, 2014). Biofilm fungi secrete a dense 
extracellular polymeric substance (EPS) that acts as a physical barrier for antifungal therapeutics, 
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most of which are hydrophobic with limited ability to penetrate 
this matrix (Singh et  al., 2018). Persister cells, which are 
metabolically dormant, can form as quickly as cell attachment 
occurs, leading to changes in gene expression, with an initial 
overexpression of drug efflux pumps, followed by a reduction 
in membrane sterol content in mature Candida biofilms 
(Kumamoto and Vinces, 2005; LaFleur et  al., 2006). Although 
persister cells represent a small subpopulation within the 
biofilm (~1% of all cells), their tolerance to high doses of 
antimicrobials allows them to readily repopulate the biofilm 
once the treatment has stopped, resulting in recurring infections 
(Galdiero et  al., 2020). Quorum sensing can mediate the 
secretion of signaling factors affecting Candida gene expression 
and behavior, including filamentation (Mallick and Bennett, 
2013; Tsui et  al., 2016). Changes to the cell wall that enhance 
drug resistance can also occur; for example, cell walls that 
are twice as thick as planktonic cells have been observed in 
biofilm Candida (Nett et  al., 2007; Lima et  al., 2019).

The majority of biofilm-associated Candida infections arise 
from cells that colonize the surfaces of implanted medical 
devices (Coad et  al., 2016). These devices range from plastic 
cochlear implants and subcutaneous drug delivery devices, 
silicone or polyurethane catheters, and acrylic dental implants, 
to titanium hip implants, glass-ceramics used in bone repair, 
metal pacemakers, and polymeric contact lenses among many 
others (Vargas-Blanco et  al., 2017; Cavalheiro and Teixeira, 
2018; Devadas et al., 2019). Treatments for these biofilm-associated 
infections are extremely limited, with only three primary 
antifungal drug classes (polyenes, azoles, and echinocandins) 
and a total of 21 United  States Food and Drug Administration 
(FDA) approved antifungal drugs (Butts and Krysan, 2012; 
McKeny and Zito, 2020), of which only a subset have demonstrated 
some level of antibiofilm activity. Innovations in biomaterials 
have the potential to combat Candida biofilms (Figure  1).  

Here, we  explore recent promising approaches in this field 
involving surface modification with antifungal small molecules 
and polymers aimed at preventing biofilm formation and the 
design of nanoparticles aimed at both preventing and disrupting 
Candida biofilms.

PREVENTING CANDIDA BIOFILMS 
USING SURFACE MODIFICATION WITH 
CLINICALLY UTILIZED ANTIFUNGALS

Inhibiting Candida attachment to surfaces, the first step of 
biofilm formation (Figure  2: 1A), is often the most effective 
way to combat biofilm-associated infections. Various approaches 
have been investigated to prevent fungi attachment, including 
surface functionalization with FDA-approved antifungals using 
covalent and non-covalent interactions (Zelikin, 2010). 
Caspofungin, the only echinocandin with primary amines, is 
most commonly used in direct surface tethering (Coad et  al., 
2015; Michl et  al., 2017). Caspofungin tethered titanium disks 
cultured with Candida albicans showed complete inhibition of 
fungal attachment compared to bare titanium (Figure 2: 2A,B). 
These same caspofungin-tethered disks implanted subcutaneously 
into the backs of mice and challenged with C. albicans showed 
89% less Candida attached after 2  days compared to bare 
disks (Kucharíková et  al., 2016).

In an example of non-covalent drug tethering, β-cyclodextrins 
(CD) were grafted to polyethylene and polypropylene surfaces 
(Nava-Ortiz et  al., 2010), commonly used in medical devices. 
CDs were used to promote host-guest interactions with the 
hydrophobic antifungal, miconazole, while also regulating 
interactions with proteins and increasing hemocompatibility. 
These miconazole loaded CD grafted surfaces exhibited up to 

FIGURE 1 | Biomaterials strategies to combat surface-associated Candida biofilms. These strategies include direct surface functionalization with antimicrobial small 
molecules and natural and synthetic polymers and the use of nanoparticles, which may better penetrate the dense biofilm matrix and potentially target fungal cells. 
Together these strategies can prevent biofilm formation by inhibiting the initial attachment of fungi to surfaces and eradicate existing biofilms.
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a 97% reduction in the amount of recovered C. albicans compared 
to a silicone control incubated with the fungus. Polymers are 
also commonly used to enable non-covalent functionalization 
with antifungals, due to their ability to form multivalent 
interactions promoting loading of antifungal compounds. Wen 
et  al. grafted poly(2-hydroxyethyl methacrylate) (PHEMA) onto 
poly(methyl methacrylate) (PMMA) denture resins. There is 
great interest in preventing Candida biofilms on dental surfaces, 
including dentures given the prevalence of Candida in the oral 
microbiota; in fact, Candida is responsible for up to 67% of 
denture-associated stomatitis (Ramage et  al., 2006). PHEMA 
grafting was used to load the antifungal, clotrimazole, mediated 

via hydrogen bonding interactions, leading to a clotrimazole 
surface coverage of up to 46.0  ±  3.2  μg/cm2 compared to 
5.2  ±  0.4  μg/cm2 on bare PMMA. A sustained release of 
clotrimazole was observed from the PHEMA-grafted denture 
disks over 28 days, yielding approximately a 50 and 36% reduction 
in C. albicans adhesion after 1 and 28 days, respectively, compared 
with non PHEMA-grafted disks (Wen et  al., 2016b). Grafting 
poly(1-vinyl-2-pyrrolidinone) (PNVP) to PMMA enabled 
miconazole loading of 127.0  ±  15.1  μg/cm2, likely mediated via 
hydrophobic interactions and hydrogen bonding (Figure 2: 3A). 
PNVP-grafted resins with miconazole showed no Candida adhesion 
even after 28 days of drug release (Figure 2: 3B; Wen et al., 2016a). 

A

A B

A A C
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A

B

B

1 2 3 4
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FIGURE 2 | Biomaterials for the prevention and treatment of Candida biofilms. (1) Biofilm formation of non-functionalized surfaces: (1A) Candida albicans biofilm 
formation (adapted with permission from Ramage et al., 2009). (2) Surface-tethered antifungals: (2A) Live/Dead staining showing caspofungin functionalized 
titanium disks (with caspofungin surface coverage of ~2,191 pmol/cm2) inhibiting C. albicans attachment and biofilm formation compared to bare titanium (green are 
live cells, and red indicates membrane compromised cells; adapted with permission from Kucharíková et al., 2016). (2B) Quantification of viable cells per area in the 
images shown in 2A (adapted with permission from Kucharíková et al., 2016). (3) Antifungal loaded polymer coatings: (3A) Schematic illustrating miconazole-
polymer hydrogen bonding (adapted with permission from Wen et al., 2016a). (3B) Miconazole loaded into poly(methyl methacrylate)-poly(1-vinyl-2-pyrrolidinone) 
(PMMA-PNVP) films inhibits C. albicans attachment and biofilm growth for up to 28 days compared to pristine PMMA (adapted with permission from 
Wen et al., 2016a). (3C) Antifungal poly(ethylene glycol) (PEG) + curcumin (CU) nanocomposites in solution after being released from graphene oxide (GO) coatings 
(adapted with permission from Devadas et al., 2019). (3D) Layer-by-layer (LbL) coated catheters prevent C. albicans attachment and biofilm formation after 2 days. 
(i) Uncoated catheters showing C. albicans attachment and biomass deposition. (ii) Magnified region outlined in 3D(i). (iii) Catheters coated with a hyaluronic acid 
(HA)/chitosan (CH) LbL film with β-peptide showing no C. albicans attachment but some biomass deposition on the surface. (iv) Magnified region outlined in 3D(iii). 
(v) Poly-L-glutamic acid (PGA)/poly-L-lysine (PLL) LbL film with β-peptide coated catheters showing no cell or biomass attachment. (vi) Magnified region outlined in 
3D(v) (adapted with permission from Raman et al., 2016). (4) Inherently antifungal polymer coatings: (4A) Polyurethane catheter-associated Candida parapsilosis 
biofilms. (i) Uncoated catheters exhibiting Candida attachment and biofilm formation. (ii) Magnified region of image 4A(i) showing a dense C. parapsilosis biofilm. 
(iii) Catheters coated with low molecular weight CH hydrogels significantly reduce Candida cell attachment and biofilm formation. (iv) Magnified region of image 
4A(iii) showing biofilm disruption (adapted with permission from Silva-Dias et al., 2014). (5) Antifungal nanoparticles: (5A) Scanning electron microscopy (SEM) 
images of C. albicans biofilms on polystyrene. (i) Control biofilm cells [white arrow points to extracellular polymeric substances (EPSs)] and (ii) biofilm inhibition in the 
presence of ferulic acid-chitosan nanoparticles (white arrow indicates the damaged fungal cell wall; adapted with permission from Panwar et al., 2016). (5B) SEM 
images of selenium nanoparticles (i,ii) binding to and (iii) disrupting C. albicans cells in biofilms. The red circles indicate areas of the cell membrane, where the 
nanoparticles have induced shrinking and folding (adapted with permission from Guisbiers et al., 2017).
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Along with superior biocompatibility, these functionalized materials 
can be  used for extended biofilm prevention and have the 
potential to be  reloaded with therapeutics.

PREVENTING CANDIDA BIOFILMS 
USING SURFACE MODIFICATION WITH 
NEW ANTIFUNGAL SMALL MOLECULES 
AND PEPTIDES

Although promising, surface functionalization with FDA-approved 
antifungals raises concerns for increased resistance to these 
therapeutics. Thus, there is an interest in alternative approaches 
to prevent Candida biofilms utilizing non-clinically used small 
molecules and peptides with inherent antifungal and antibiofilm 
properties. One example, filastatin, a potent small molecule 
inhibitor of Candida attachment and filamentation was recently 
identified in a screen of 30,000 compounds (Fazly et al., 2013). 
Vargas-Blanco et al. (2017) found that incubation of C. albicans 
with various biomaterials in the presence of filastatin can inhibit 
Candida attachment to these materials. Adsorption of filastatin 
on dental resin and silicone showed that Candida cell attachment 
was reduced on these materials by 62.7 and 79.7%, respectively, 
compared to uncoated controls. By incorporating filastatin into 
the silicone matrix during polymerization a 6.5-fold reduction 
in C. albicans adhesion compared to untreated silicone controls 
was observed (Vargas-Blanco et al., 2017). Other small molecule 
biofilm inhibitors specifically interrupt Candida quorum sensing. 
These molecules include furanones, which are plant synthesized 
compounds that prevent microbial fouling on the plant surface. 
Devadas et  al. (2019) coated common catheter materials with 
a furanone embedded polycaprolactone matrix. These polymer 
coatings retained 85% or more of the total loaded furanone 
over at least 30  days in solution. The attachment of clinical 
isolates of Candida tropicalis, Candida glabrata, and Candida 
krusei on these coated catheters was completely inhibited as 
determined by scanning electron microscopy (SEM; Devadas 
et  al., 2019). Other plant derived compounds have also shown 
activity against Candida biofilms when combined with 
biomaterials. Recently, clove oil and red thyme oil incorporated 
in polycaprolactone electrospun nanofibers led to a 60 and 
80% reduction in C. tropicalis attachment, respectively (Sahal 
et  al., 2019). Initial results with these small molecules are 
promising; future studies will likely examine functionalization 
via covalent tethering or affinity-based interactions with these 
compounds to enable long-term antibiofilm activity.

Combination approaches to prevent Candida biofilms involving 
the inhibition of fungal cell attachment and simultaneous killing 
of planktonic fungi have also been investigated. Palmieri et  al. 
(2018) developed a multilayered coating by drop-casting graphene 
oxide (GO) on polyurethane catheters, followed by curcumin 
(CU) and poly(ethylene glycol) (PEG). The GO was included 
to prevent C. albicans attachment due to its ability to generate 
oxidative stress and physically disrupt the cell wall and membrane. 
CU  +  PEG self-assembled nanocomposites (75–125  nm in 
diameter; Figure  2: 3C) were released from these coatings 
inhibiting planktonic C. albicans growth, with a minimum 

inhibitory concentration of 10.6  μg/ml. The complete catheter 
coating inhibited C. albicans attachment in vitro after 24  h 
with less than 20% biofilm formation compared to uncoated 
controls (Palmieri et  al., 2018).

As an alternative to solvent casting or vapor deposition 
approaches, many biomedical surfaces have been coated via 
layer-by-layer (LbL) self-assembly to develop antifungal coatings. 
LbL assembly is a multilayer film fabrication method that 
involves alternating the adsorption of molecules and 
macromolecules (e.g., polyelectrolytes, peptides, proteins, small 
molecules, etc.,) with complementary functionalities most 
commonly by dip coating (Shukla and Almeida, 2014; Alkekhia 
and Shukla, 2019; Alkekhia et  al., 2020). LbL films have been 
combined with antifungal peptides to exhibit remarkable 
antibiofilm properties. Antifungal peptides are considered potent 
and broad-spectrum antifungals; due to their multiple 
mechanisms of action, fungi are often unable to develop 
resistance to these peptides (Oshiro et al., 2019). These peptides 
are most commonly amphiphilic and cationic allowing them 
to readily interact with the fungal cell membrane, causing cell 
death (Karlsson et  al., 2010). Raman et  al. (2016) assembled 
an LbL film with hyaluronic acid (HA) and chitosan (CH) 
on catheter surfaces and used it as a reservoir for a synthetic 
antifungal β-peptide. The luminal surface of polyurethane 
catheters coated with these LbL films without any β-peptide 
was able to reduce viable C. albicans by approximately 25-fold 
after 6 h of exposure when compared to uncoated polyurethane 
catheters, demonstrating the innate antifungal properties of 
this polymeric coating. When passively loaded with the antifungal 
β-peptide, sustained release of the β-peptide was achieved over 
50  days with complete eradication of planktonic C. albicans 
in vitro. Catheters coated with the β-peptide-loaded films tested 
in a rat central venous catheter model exhibited almost no 
fungal cells following 2  days [Figure  2: 3D(i–iv)]. However, 
this coated surface was found to contain a network of host 
proteins, which can yield complications, including fouling with 
red blood cells, which can stimulate platelet production. Another 
film architecture examined in the same study utilizing β-peptide-
loaded poly-L-lysine (PLL) and poly-L-glutamic acid (PGA) 
LbL films exhibited both a complete lack of Candida cell 
attachment and host proteins when tested in the same in vivo 
model [Figure  2: 3D(v,vi)], emphasizing the importance of 
polymer choice in preventing overall fouling (Raman et  al., 
2016). PMMA denture disks were also recently coated with 
an LbL film containing the cationic mammalian salivary 
antifungal peptide, histatin-5 (H-5), and HA with a final H-5 
layer. SEM images confirmed over 4  weeks that these LbL 
coated surfaces were able to completely prevent Candida 
attachment (Wen et  al., 2018).

Many other small molecules and peptides not yet 
incorporated into biomaterials have demonstrated antibiofilm 
activity. Among these are newly synthesized imidazole 
derivatives, which have been found to prevent Candida biofilm 
formation and disrupt existing biofilms (Ribeiro et  al., 2014; 
Gabriel et  al., 2019). Thiazolylhydrazone derivatives have  
also recently emerged as effective antifungal compounds  
with low mammalian cell toxicity (Cruz et  al., 2018). 
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2,6-Bis[(E)-(4-pyridyl)methylidene]cyclohexanone, an antiparasitic 
compound, was also found to exhibit antifungal properties 
including the inhibition of Candida filamentation, crucial in 
biofilm formation (de Sá et  al., 2018). Antifungal peptide 
derivatives of H-5 are also being explored (Sultan et  al., 2019), 
and other host defense peptides such as innate defense regulator 
1018 and porcine cathelicidins have recently been shown to 
possess antifungal and antibiofilm properties against Candida 
(Lyu et  al., 2016; Freitas et  al., 2017). These compounds are 
potential candidates for incorporation into antifungal biomaterials.

PREVENTING CANDIDA BIOFILMS 
USING POLYMER-ONLY COATINGS

Many polymers themselves possess inherent antifouling, 
antifungal, and/or antibiofilm properties, while being less 
susceptible to resistance compared with small molecule 
antifungals; therefore, the use of polymer-only coatings for 
combating Candida biofilms has gained significant interest. For 
example, chitosan, a naturally derived polysaccharide, has been 
widely incorporated into hydrogels and coatings to prevent 
Candida attachment and biofilm formation (Carlson et  al., 
2008; Ailincai et  al., 2016; Tan et  al., 2016). It is hypothesized 
that chitosan interacts electrostatically via its positively charged 
amino groups with anionic moieties on microbial species leading 
to increased membrane permeability and eventual cell death 
(Jung et  al., 2020). In a recent study, polyurethane intravenous 
catheters were coated with low molecular weight (50  kDa) 
chitosan hydrogels, implanted subcutaneously into mice, and 
subsequently challenged with Candida parapsilosis. Following 
7 days, the chitosan-coated catheters reduced Candida metabolic 
activity by ~96% when compared to uncoated catheters, 
showcasing the ability of polymer-only coatings free of small 
molecule antifungals to achieve excellent antibiofilm activity. 
Reduced biomass on these chitosan coated catheters was shown 
using SEM (Figure  2: 4A; Silva-Dias et  al., 2014). Chitosan 
has also been modified to enhance its antibiofilm properties. 
Jung et  al. (2019) examined the use of amphiphilic quaternary 
ammonium chitosans (AQACs) in LbL coatings. LbL films 
containing sodium alginate and AQAC, effectively prevented 
cell attachment on coated PMMA substrates (Jung et al., 2019). 
AQACs have been shown to disrupt mature Candida biofilms 
by interacting electrostatically with the negatively charged biofilm 
surface (Jung et  al., 2020). Coatings with other polymers 
including imidazolium salt (IS) conjugated poly(L-lactide) (PLA) 
have also been used to effectively prevent Candida attachment 
on coated surfaces (Schrekker et  al., 2016).

NANOPARTICLES FOR THE 
PREVENTION OF FUNGAL CELL 
ATTACHMENT AND BIOFILM 
ERADICATION

Despite the progress that has been made in antifungal surface 
functionalization, these approaches are limited in their ability 

to treat mature biofilms. Nanoparticles are a promising strategy 
to eradicate existing biofilms, with the potential to carry, 
stabilize, and protect therapeutic payloads, penetrate the EPS, 
target fungal cells, and be  internalized (Ikuma et  al., 2015; 
Qayyum and Khan, 2016; Stone et  al., 2016). Several strategies 
have been used to develop nanoparticles for the treatment of 
fungal infections, from using inorganic compounds to 
antimicrobial polymers (Ahmad et  al., 2016; Amaral et  al., 
2019). In an example of the latter approach, chitosan nanoparticles 
(20–30  nm diameter) were recently examined for their ability 
to inhibit C. albicans biofilm growth, following initial cell 
attachment. Incubation with chitosan nanoparticles for 3  h 
led to a greater than 50% reduction in biofilm mass compared 
to non-treated controls (Ikono et al., 2019). While these chitosan 
nanoparticles exhibited some inherent antibiofilm activity, they 
were unable to entirely inhibit or disrupt Candida biofilms. 
Panwar et  al. (2016) instead incorporated ferulic acid, a plant 
derived small molecule with known antibiofilm properties 
(Teodoro et  al., 2015), into chitosan nanoparticles (~115  nm 
diameter). On its own, ferulic acid cannot efficiently penetrate 
fungal biofilms; however, when incorporated into chitosan 
nanoparticles and incubated with C. albicans biofilms, a significant 
reduction in fungal metabolic activity was observed (22.5% 
normalized to an untreated biofilm following 24  h). While 
the mechanism of these nanoparticles is not fully understood, 
it is believed that their strong cationic surface charge allows 
them to localize to and disrupt the fungal cell membrane 
while the surface bound ferulic acid interrupts Candida oxidative 
phosphorylation. This cell damage is evident in SEM images 
[Figure  2: 5A(ii)] when compared to healthy biofilm cells 
[Figure  2: 5A(i); Panwar et  al., 2016].

Lipid-based self-assembled nanoparticles have also shown 
promise in penetrating the biofilm matrix and in targeting 
fungal cells. AmBisome®, a widely utilized liposomal formulation 
of amphotericin B, is able to disrupt Candida biofilms while 
free amphotericin B is unable to do this (Stone et  al., 2016). 
AmBisome has a strong affinity for Candida cells, electrostatically 
interacting with the cell wall before binding to the cell membrane 
at sites of high ergosterol content (Soo Hoo, 2017), which 
may promote their activity against biofilm Candida cells, which 
have been shown to have thicker cell walls (Nett et  al., 2007). 
Liposomal amphotericin B has also been immobilized on 
biomaterial surfaces for the prevention of biofilm formation 
(Alves et  al., 2019). In our recent work, we  have shown that 
liposomes encapsulating anidulafungin, the latest echinocandin 
approved by the FDA, are effective against mature C. albicans 
biofilms, reducing metabolic activity to approximately 46% 
compared to untreated controls over 24  h. Biofilms treated 
with an equivalent concentration of free anidulafungin did 
not reduce metabolic activity, further emphasizing the importance 
of nanoformulations in the treatment of Candida biofilms 
(Vera-González et  al., 2020).

In addition to organic nanoparticles, inorganic nanoparticles 
have also been widely utilized for their antimicrobial properties, 
most commonly including silver and silica nanoparticles (Cousins 
et  al., 2007; Monteiro et  al., 2011; Silva et  al., 2013). Silver 
nanoparticles were recently shown to inhibit biofilm formation 
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of multi-drug resistant Candida auris (Lara et  al., 2020), an 
emerging fungal threat with the unique ability to survive on 
surfaces for several weeks (Welsh et  al., 2017). Selenium 
nanoparticles, which are less toxic to mammalian cells than 
silver nanoparticles, have only recently been explored for their 
antimicrobial properties (Huang et  al., 2016). Guisbiers et  al. 
(2017) demonstrated that ~100  nm selenium nanoparticles 
successfully inhibited the formation of C. albicans biofilms by 
attaching to and penetrating through the cell wall (Figure 2: 5B), 
replacing sulfur with selenium in important biochemical 
processes. These particles were able to reduce fungal burden 
in mature biofilms by over 50% at a nanoparticle concentration 
of as low as 26  ppm (Guisbiers et  al., 2017). Inorganic 
nanoparticles have also been combined with antimicrobial 
therapeutics, to enhance antifungal properties. de Alteriis et al. 
(2018) conjugated the mammalian antimicrobial cathelicidin 
peptide, indolicidin, to the surface of gold nanoparticles (5 nm 
diameter) in order to protect it from proteolytic degradation 
and self-aggregation. These particles were able to penetrate 
and disrupt mature biofilms, eradicating over 50% of the cells 
for the most C. albicans and C. tropicalis strains tested after 
24  h of treatment when compared to untreated biofilms, with 
a hypothesized mechanism involving penetration of the fungal 
cell membrane and inhibition of intracellular targets, arresting 
cell metabolism (de Alteriis et  al., 2018).

CONCLUSIONS AND PERSPECTIVES

We have discussed several biomaterials strategies from surface 
functionalization to nanoparticle drug delivery for the prevention 
and disruption of Candida biofilms. Other approaches that can 
be  combined with biomaterials to functionalize surfaces prone 
to the biofilm formation in the near future include the use 
of enzymes that target and digest EPS components (Nett, 2014), 
identification of new drug targets, including inhibition of Candida 
extracellular vesicles (Zarnowski et al., 2018), and incorporation 

of polymers, such as nylon-3 that have potent and selective 
activity against Candida biofilms (Liu et  al., 2014, 2015).

While many advances have been made, development of 
antifungal biomaterials lags behind the development of antibacterial 
materials. There is a need for expansion and innovation in 
antifungal biomaterials, and an emphasis must be  placed on 
advancing technologies beyond preclinical testing. Attention must 
also be  given to polymicrobial biofilms, comprised of multiple 
fungal and bacterial species, which are currently understudied 
(Harriott and Noverr, 2009). It is estimated that more than 
50% of C. albicans infections are polymicrobial in nature (Harriott 
and Noverr, 2011; Nash et  al., 2016). Undoubtedly, it will 
be  critical to use multi-pronged strategies combining effective 
biomaterials approaches (e.g., surface coatings with nanoparticles) 
to successfully combat Candida and other microbial biofilms.
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The oral cavity is a highly diverse microbial environment in which microorganisms interact
with each other, growing as biofilms on biotic and abiotic surfaces. Understanding the
interaction among oral microbiota counterparts is pivotal for clarifying the pathogenesis
of oral diseases. Candida spp. is one of the most abundant fungi in the oral
mycobiome with the ability to cause severe soft tissue lesions under certain conditions.
Paracoccidioides spp., the causative agent of paracoccidioidomycosis, may also
colonize the oral cavity leading to soft tissue damage. It was hypothesized that both
fungi can interact with each other, increasing the growth of the biofilm and its virulence,
which in turn can lead to a more aggressive infectivity. Therefore, this study aimed to
evaluate the dynamics of mono- and dual-species biofilm growth of Paracoccidioides
brasiliensis and Candida albicans and their infectivity using the Galleria mellonella
model. Biomass and fungi metabolic activity were determined by the crystal violet
and the tetrazolium salt reduction tests (XTT), respectively, and the colony-forming unit
(CFU) was obtained by plating. Biofilm structure was characterized by both scanning
electronic- and confocal laser scanning- microscopy techniques. Survival analysis of
G. mellonella was evaluated to assess infectivity. Our results showed that dual-species
biofilm with P. brasiliensis plus C. albicans presented a higher biomass, higher metabolic
activity and CFU than their mono-species biofilms. Furthermore, G. mellonella larvae
infected with P. brasiliensis plus C. albicans presented a decrease in the survival rate
compared to those infected with P. brasiliensis or C. albicans, mainly in the form of
biofilms. Our data indicate that P. brasiliensis and C. albicans co-existence is likely to
occur on oral mucosal biofilms, as per in vitro and in vivo analysis. These data further
widen the knowledge associated with the dynamics of fungal biofilm growth that can
potentially lead to the discovery of new therapeutic strategies for these infections.

Keywords: Candida albicans, Paracoccidioides brasiliensis, dual-species biofilm, oral cavity, Galleria mellonella
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INTRODUCTION

An important step in the development of infectious diseases
involves the ability of microorganisms to adhere to host surfaces.
Adherence is a widely distributed biological phenomenon and
is also the first step in the process of biofilm formation
(Verstrepen and Klis, 2006; Pitangui et al., 2012; Martinez
and Casadevall, 2015). Biofilm arrangement can protect fungal
pathogens from host defenses and reduce the diffusion of
antifungal drugs (Martinez and Casadevall, 2006; Kernien et al.,
2017; Tulasidas et al., 2018; Thomaz et al., 2020). Clinically,
fungal biofilms can adhere to both abiotic surfaces, comprised
of medical and dental devices, as well as to mucous membranes
(Kernien et al., 2017). Many clinically relevant fungi can grow as
biofilms, including Candida spp. (Hawser and Douglas, 1994) and
Paracoccidioides spp. (Sardi Jde et al., 2015; Cattana et al., 2017).

Paracoccidioidomycosis (PCM) is a human systemic mycosis
which assumes increasing clinical importance due to the increase
in their frequency and mortality rates in South and Central
America (Coutinho et al., 2002). Paracoccidioides spp. are
dimorphic fungi that change their morphology according to the
environmental temperature, with a transition from mold at 25◦C
to yeast at 37◦C in human lungs (San-Blas and Vernet, 1977;
Gauthier, 2017). Although the primary route of PCM infection
is pulmonary, the disease is frequently diagnosed by extensive,
ulcerative and painful buccal manifestations corresponding to the
clinical form of the multifocal type (Franco et al., 1987; Mendes
et al., 2017; de Arruda et al., 2018).

Candida spp. is a commensal fungus found in the
gastrointestinal tract, on oropharyngeal and vaginal mucosa
of humans, with the ability to cause mucosal infections under
certain conditions, such as immunosuppression, radiotherapy,
antibiotics, and corticosteroids (Fotos et al., 1992; Akpan and
Morgan, 2002; Epstein et al., 2002; Fangtham et al., 2014).
Candida albicans is one of the most abundant fungi in the oral
mycobiome (Ramage et al., 2004; Dongari-Bagtzoglou et al.,
2009; Millsop and Fazel, 2016). Increasing evidence indicate that
the coexistence of C. albicans and oral bacteria as well as other
interactions with different kingdoms affect both the dynamics of
biofilm growth and the course and severity of mucosal lesions, as
reviewed by Negrini et al. (2019).

Considering that both Candida and Paracoccidioides may
co-exist in the oral cavity, the impact of such fungal-fungal
interaction on biofilm formation and its pathogenic potential
are still unknown. Therefore, this study aimed to evaluate the
dynamics of mono- and dual-species biofilm formed by P.
brasiliensis plus C. albicans and their infectivity using the Galleria
mellonella model. Our hypothesis is that both fungi interact with
each other boosting the biofilm growth, that in turn could lead to
a more aggressive infectivity.

MATERIALS AND METHODS

Fungal Strains and Growth Conditions
Paracoccidioides strains are currently classified as a complex of
five cryptic species (P. brasiliensis, P. americana, P. restrepiensis,

P. venezuelensis, and P. lutzii) distinguished by the phylogeny
findings and studies using molecular techniques (Matute et al.,
2006; Carrero et al., 2008; Turissini et al., 2017; De Macedo et al.,
2019). We used the P. brasiliensis strain (former S1 phylogenetic
group, Pb 18 strain, De Macedo et al., 2019), originally isolated
from a case of pulmonary paracoccidioidomycosis in São Paulo,
SP, Brazil. This strain belongs to the collection of the Clinical
Mycology Laboratory, Department of Clinical Analysis, School
of Pharmaceutical Sciences, UNESP. C. albicans ATCC 90028
was also used and it was cultured on Sabouraud dextrose
agar (Difco—BD Biosciences, Sparks, MD, United States) and
incubated at 37◦C for 48 h. P. brasiliensis (Pb18) was cultured
in Fava-Netto standard medium (Fava Netto et al., 1969) and
incubated at 37◦C for 5 days.

In vitro Biofilm Growth
The inocula were prepared as previously published, as per the
C. albicans biofilm formation protocol (Jin et al., 2004). Briefly,
a suspension of each fungus was standardized in Brain Heart
Infusion (BHI) broth at 1× 106 cells/mL using a hemocytometer.
In all experiments, the fungal cell viability was evaluated using
trypan blue (do Carmo Silva et al., 2015). Monospecies biofilms
were developed on a polystyrene 96-well microtiter plate by
adding 200 µL of C. albicans or P. brasiliensis standard inoculum
to six wells. The plates were incubated at 37◦C for 168 h with
both fungi. The medium was changed during the total incubation
time every 24 h. To compare the growth rates, both the biofilms
were incubated for 168 h according to the kinetics for the
biofilm of P. brasiliensis previously determined by our group
(Sardi Jde et al., 2015).

Dual-species biofilms were developed on a 96-well microtiter
plate by adding 100 µL of P. brasiliensis and 100 µL of C. albicans
standard inoculum to six wells and by incubating them for 168 h
at 37◦C. Based on the assumption that C. albicans already exists
in the oral microenvironment, we developed a second group of
dual-species biofilms. In this group, we inoculated 100 µL of
P. brasiliensis standard inoculum to a preformed 12 h C. albicans
biofilm at 37◦C. This was followed by incubation for a total period
of 168 h at 37◦C. In both dual-species biofilm groups, the medium
was changed every 24 h of incubation.

Quantitative Biofilm Analysis
Biomass Quantification
Biofilm biomass was quantified based on the crystal violet
(CV) assay (Peeters et al., 2008) with modifications. One
microplate containing mono-species and dual-species biofilms
was subjected to the CV methodology every 24 h until a
168 h total period. After each 24 h of incubation, the plates
were washed with PBS to remove non-adherent cells. The
biofilms were fixed with 100 µL of 99% methanol (Sigma-
Aldrich, São Paulo, Brazil). After 15 min, the supernatants
were removed, and the plates were air-dried. Then, 100 µL
of 0.1% CV solution was added to all wells. After 20 min,
the excess CV was removed by washing with PBS. Finally,
the bound CV was released by adding 150 µL of 33% acetic
acid (Sigma-Aldrich, São Paulo, Brazil). The absorbance was
measured at 570 nm using a microplate reader (Epoch, Biotek).
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All steps were carried out at room temperature. Three
independent experiments were performed with six replicates
each.

Biofilm Metabolic Activity Assessment
The biofilm metabolic activity was assessed through the
XTT (2.3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[carbonyl
(phenylamino)]-2H-tetrazolium hydroxide) reduction assay.
About 50 µL of XTT salt solution (1 mg/mL in PBS) and 4 µL
of menadione solution (1 mM in ethanol; Sigma-Aldrich, São
Paulo, SP., Brazil) were added to each well of the 96-well plate
and incubated at 37◦C for 3 h. The test was carried out every
24 h until a total period of 168 h for both mono-species and
dual-species biofilms. The absorbance was measured using a
microplate reader (Epoch, Biotek) at 490 nm (Martinez and
Casadevall, 2006; Silva et al., 2010). In all assays, the culture
media were included as negative control. Three independent
experiments were performed with six replicates each.

Counts of Fungal Viable Cells
After biofilm formation, at different point times (0, 24, 48,
72, 96, 120, 144, and 168 h), the wells were washed thrice
with PBS to remove loosely adhered cells. The biofilms were
then mechanically disrupted, filling the wells with 100 µL of
BHI broth and then vigorously mixed. Each individual well
content was transferred to microtubes containing 900 µL of BHI
broth. The suspensions were serially diluted and plated onto
BHI agar supplemented with 1% glucose, 5% of P. brasiliensis
339 culture filtrate and 4% fetal bovine serum and caspofungin
0.25 µg/mL (for P. brasiliensis counts) and on Sabouraud
dextrose agar (for C. albicans counts) that were incubated
at 37◦C for 10 days and 48 h, respectively. The number of
viable fungal colony-forming units (CFU) was determined under
a stereomicroscope and the results were expressed as log10
CFU/mL. Three independent experiments were performed with
six replicates each.

Structural Biofilm Analysis
Confocal Laser Scanning Microscopy (CLSM)
The standardized P. brasiliensis inoculum was treated with
carboxyfluorescein diacetate succinimidyl ester dye (CFSE, 100
µM/mL, BioChemika), kindly provided by Dr Paula Aboud
Barbugli from Araraquara School of Dentistry (São Paulo State
University - UNESP) for 30 min at 37◦C. The fungi cells
were washed with PBS and resuspended in BHI medium by
restoring the initial volume. This inoculum was then incubated
with 12 h preformed C. albicans biofilms in 24-well plates.
Mono-species biofilms of P. brasiliensis or C. albicans grown
for a time that allowed their maturation (144 and 48 h,
respectively) were used as controls (Sardi Jde et al., 2015). For
the formation of dual-species biofilms of P. brasiliensis and
C. albicans, equitable volumes of the standardized inoculum of
the two organisms were co-cultivated and grown for 120 h,
the time of greatest metabolic activity determined by the XTT
test (section “Biofilm Metabolic Activity Assessment”). Next,
the biofilms were washed carefully with sterile PBS to remove
non-adherent cells. The biofilms were stained with calcofluor

white (1 g/L; Sigma-Aldrich St. Louis, MO, United States) for
30 min at room temperature and washed again with PBS.
The biofilms were photographed under a 20× dry immersion
objective (numerical aperture 1.0) using a Zeiss LSM 800 confocal
microscope. Each field of view was photographed using a
405 nm laser to capture calcofluor with an emission range up
to 450 and 488 nm for CFSE detection with an emission range
up to 540 nm.

Scanning Electron Microscopy (SEM)
To access the morphology, the biofilms were formed in 24-well
plates according to previously published protocols (Morris et al.,
1997; Ells and Truelstrup Hansen, 2006) with modifications.
Mono-species biofilms of P. brasiliensis or C. albicans grown
at 37 C for 144 and 48 h, respectively, were used as controls.
Dual-species biofilms were formed over a period of 120 h. Next,
the plates were washed with PBS to remove non-adherent cells.
The biofilms were fixed with 1,000 µL of 2.5% glutaraldehyde
solution (Sigma-Aldrich, St Louis, MO, United States) in sterile
distilled water overnight (for both P. brasiliensis mono-species
and dual-species biofilms) or for 3 h (C. albicans mono-species
biofilms), washed thrice with PBS and sequentially dehydrated
with ethanol (50–100%) at room temperature. All samples were
dried in a 780A Samdri desiccator (Rockville, MD, United States).
Subsequently, the samples were mounted on aluminum and silver
cylinders and disposed in a high vacuum evaporator (Denton
Vacuum Desk V, Jeol, Moorestown, NJ, United States) for gold
coating. The topographic images of biofilms were captured under
a scanning electron microscope (Jeol JSM- 6610LV, Peabody,
MA, United States).

Survival Assay Using G. mellonella Model
Survival assay was performed according to the previous protocol
(Scorzoni et al., 2015), with some modifications. G. mellonella
larvae (School of Pharmaceutical Sciences, São Paulo State
University–UNESP) with a body weight ranging from 150 to
200 mg were randomly chosen for the experiments. The larvae
were separated into six infection groups, each group consisting
of 9–10 larvae which were kept in Petri plates at 37◦C overnight,
prior to use. To obtain planktonic cells, C. albicans was grown
in Sabouraud agar at 25◦C for 48 h and P. brasiliensis was
grown in BHI broth supplemented with 1% glucose at 37◦C and
150 rpm for 72 h. Pre-formed biofilms of C. albicans for 12 h
and P. brasiliensis for 120 h in a 24-well plate were scrapped
using a sterile tip and utilized for inoculum preparation. The
inoculum of fungi for planktonic cells or cells from biofilms
were prepared in PBS and counted using a hemocytometer.
For each group, the larvae were injected at a concentration of
1 × 106 cells/larvae of C. albicans or P. brasiliensis (2 × 106

cells/larvae total for co-infection) into the last pro-leg using a
10 µL Hamilton syringe (Chibebe Junior et al., 2013; Scorzoni
et al., 2015; de Barros et al., 2018). Survival larvae were monitored
daily for up to 7 days of infection. Larvae were considered dead
when they displayed no movement in response to touch. Larvae
inoculated once or twice with sterile PBS were used as controls.
Three independent experiments were performed, resulting in an
n = 27–30 larvae/group.
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Statistical Analysis
The statistical analysis was conducted using the GraphPad
Prism 5.0 software (GraphPad Software, Inc., San Diego, CA).
The results were presented as mean ± standard deviation
and compared by analysis of variance (ANOVA) followed by
Bonferroni test. The data from the survival of G. mellonella larvae
were plotted as Kaplan–Meier survival curves and compared
using log-rank tests. Statistical significance was considered
when p < 0.05.

RESULTS

Biomass Quantification
Overall, a biomass increase of all tested biofilms was observed in
the period from 24 to 96 h growth, and this increase extended
to up to 144 h in the case of P. brasiliensis mono-species
biofilm (Figure 1). Comparison of mono-species with dual-
species biofilms was performed using the analysis of variance
(ANOVA) followed by Bonferroni test. Two different approaches
have been done in relation to the dual-species genera interaction:
(1) P. brasiliensis and C. albicans incubated simultaneously; (2)
P. brasiliensis incubated after C. albicans pre-formed biofilm. The
biomass of dual-species biofilms formed after P. brasiliensis was
added to pre-formed 12 h C. albicans biofilms was statistically
higher than the biomass of simultaneously formed dual-species
biofilms at 48 h growth (p < 0.05). The biomass of P. brasiliensis
mono-species biofilms was statistically lower than the biomass of
simultaneously formed dual-species biofilms at 48 h (p < 0.01),
72 h (p < 0.05), and 96 h (p < 0.001) of growth and lower than
the biomass of dual-species biofilms grown from P. brasiliensis
added to 12 h pre-formed C. albicans biofilms at 48, 72, and
96 h (p < 0.001) and at 120 and 168 h (p < 0.01) of growth. No
difference was found in the biomass of C. albicans as a mono-
species biofilm compared to simultaneously formed dual-species
biofilms in all periods analyzed, except the biomass at 48 h that
was statistically lower than the biomass of dual-species biofilms
grown from P. brasiliensis added to 12 h preformed C. albicans
biofilms (p < 0.01).

Biofilm Metabolic Activity
P. brasiliensis biofilm presents an increase in the metabolic
activity from 24 h to up to 120 h of growth, whereas the
C. albicans biofilm exhibits an increase in metabolic activity
up to 48 h. Dual-species biofilms showed higher metabolic
activity, mainly when P. brasiliensis was added to preformed
12 h C. albicans biofilms and there was a slight reduction after
72 h. Comparison of mono-species biofilms with dual-species
was performed using analysis of variance (ANOVA) followed by
Bonferroni test. The metabolic activity of P. brasiliensis biofilms
was statistically lower than simultaneously formed dual-species
biofilms at all time points (p < 0.001 for 24, 48, 72, 96, and 168 h
and p < 0.05 for 120 and 144 h) and statistically lower than dual-
species biofilms grown from P. brasiliensis added to preformed
12 h C. albicans biofilms at all time points (p < 0.001) except
at 120 h of growth. Metabolic activities of P. brasiliensis and
C. albicans biofilms were statistically lower than simultaneously

formed dual-species biofilms only at 120 h of growth (p < 0.01)
and at 24 h (p < 0.05), 48 and 72 h (p < 0.001) in comparison
to dual-species biofilms when P. brasiliensis was added to
preformed 12 h C. albicans biofilms. The metabolic activity
of simultaneously formed dual-species biofilms was statistically
lower than those in other conditions at 48 and 72 h of growth
(p < 0.01) (Figure 2).

Determination of Viable Cells as CFU/mL
Comparison between the C. albicans CFU values were similar in
mono or dual-species biofilms (ANOVA followed by Bonferroni
test). However, the values of dual-species biofilms when
P. brasiliensis was added to 12 h preformed C. albicans biofilms
were statistically significant and higher than C. albicans biofilm at
144 h (p < 0.001) (Figure 3A). Similarly, the comparison between
the CFU values of P. brasiliensis was similar in mono or dual-
species biofilms (Figure 3B). There was no significant difference
in the evaluated times, suggesting that both fungi are able to co-
exist in dual-species biofilms resembling those formed on oral
mucosal surfaces.

FIGURE 1 | Quantification of mono and dual-species biofilm biomass by
crystal violet methodology. Co-cultivated dual-species biofilms and
dual-species biofilms formed by the addition of P. brasiliensis inoculum to
preformed 12 h C. albicans biofilms. Three independent experiments with six
replicates each were performed. Error bars indicate the standard error.
Statistical significances were calculated by using analysis of variance (ANOVA)
followed by Bonferroni test.

FIGURE 2 | Metabolic activity of mono- and dual-species biofilms. Three
independent experiments with six replicates each were performed.
Co-cultivated dual-species biofilms and dual-species biofilms formed by the
addition of P. brasiliensis inoculum to preformed 12 h C. albicans biofilms.
Error bars indicate the standard error. Statistical significances were calculated
by using analysis of variance (ANOVA) followed by Bonferroni test.
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FIGURE 3 | Quantitative analysis of biofilm formation in vitro by CFU/mL (Log10) count for the following groups: (A) Mono-species biofilms formed by C. albicans,
co-cultivated C. albicans plus P. brasiliensis biofilms or dual-species biofilms formed by the addition of P. brasiliensis inoculum to preformed 12 h C. albicans biofilms
(*p < 0.001). (B) Mono-species biofilms formed by P. brasiliensis, co-cultivated C. albicans plus P. brasiliensis biofilms or dual-species biofilms formed by the
addition of P. brasiliensis inoculum to preformed 12 h C. albicans biofilms. Statistical significances were calculated by using analysis of variance (ANOVA) followed by
Bonferroni test.

FIGURE 4 | Representative confocal microscopy images. P. brasiliensis was marked with CFSE (green) and C. albicans with Calcofluor white (blue). C. albicans (CA)
and P. brasiliensis (PB) mono-species biofilms formed for 48 and 144 h, respectively. For dual-species biofilms, P. brasiliensis previously treated with CFSE was
added to 12 h preformed C. albicans biofilm, and incubated for 120 h. (A) Dual-species biofilms: overlay of CA and PB (A1), CA (A2), PB (A3) and zoom in image
showing dual-species interaction (A4); (B) Mono-species biofilms: CA biofilm (B1) and PB biofilm (B2).

Biofilm Structure
Confocal images showed C. albicans as a carpet-like biofilm
(either as mono or as dual-species biofilms) whereas in
dual-species biofilms, P. brasiliensis presented as organized
clusters surrounded by C. albicans cells (Figure 4). The SEM
images showed homogeneous and organized biofilms which were
interspaced by an extracellular polysaccharide matrix (Figure 5).
C. albicans and P. brasiliensis mono-species biofilms presented
mainly yeasts forms (A) whilst (C) dual-species biofilms grown
from P. brasiliensis added to preformed 12 h C. albicans biofilms

presented a dense colonization by C. albicans (E). It appears that
the interaction between C. albicans and P. brasiliensis, in addition
to the direct physical contact, is also mediated by extracellular
polysaccharides (F).

Microbial Interaction in the G. mellonella
Model
The pathogenicity of cells released from the disrupted biofilms of
P. brasiliensis and C. albicans and its co-infection were tested in
the G. mellonella model (Figure 6). The data from larvae survival
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FIGURE 5 | Representative scanning electron micrographs of C. albicans and P. brasiliensis mono-species biofilms formed for 48 and 144 h, respectively. For
dual-species biofilms, P. brasiliensis was added to 12 h preformed C. albicans biofilm for 120 h. Biofilms formed by C. albicans (A) 1,000× and (B) 5,000×
magnification. The white arrows indicate the yeast size (B). Biofilms formed by P. brasiliensis (C) 1,000× and (D) 5,000×. The black arrows denote the measure of
yeast (D). Dual-species biofilms grown from P. brasiliensis added to 12 h preformed C. albicans biofilms (E) 1,000× and (F) 5,000×.

were plotted as Kaplan–Meier survival curves and compared
using log-rank tests. Firstly, we observed a decrease in the
survival rate of the larvae when infected with the mono- and dual-
species biofilm cells compared to their planktonic cells. About
55% of the larvae were alive on the 7th day when infected with
P. brasiliensis planktonic cells, but up to 38% were alive for its
biofilm form. Likewise, infections by the two fungi in planktonic
form led to the death of the larvae in the first 24 h, while larvae
death was observed after 12 h of infection by the biofillm form.
No larvae died with the single or double injection of PBS.

Secondly, when we compared the profile curve of larvae
infected with mono- and dual-species biofilms with planktonic
cells, there was a significant difference between P. brasiliensis
and P. brasiliensis plus C. albicans (p < 0.05). On the other
hand, the profile curve between C. albicans and P. brasiliensis
plus C. albicans did not show a statistical difference, although the

dual-species infection led to faster larvae mortality compared to
C. albicans (1 vs. 2 days).

Thirdly, the comparison of larvae infected with mono-
and dual-species biofilms cells showed a significant difference
between P. brasiliensis or C. albicans and P. brasiliensis +
C. albicans (p < 0.05).

DISCUSSION

Candida species, the most representative oral mycobiome
microorganism (Bertolini and Dongari-Bagtzoglou, 2019), is
normally found in the oral cavity at levels compatible to health.
However, under certain conditions, especially those related to
immune suppression or even in neonates or elderly, there is an
increase in Candida carriage in the oral cavity that ultimately
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FIGURE 6 | Survival curve of Galleria mellonella larvae infected with 1 × 106 cells/larvae of planktonic cells, mono-, and dual-species biofilms grown after
P. brasiliensis (Pb) was added to preformed C. albicans (Ca) biofilms. Larvae inoculated with PBS was used as control. The values are plotted as Kaplan–Meier
survival curves and compared using log-rank tests.

leads to the development of opportunistic mucosal infections
(Nicolatou-Galitis et al., 2001; Bertolini and Dongari-Bagtzoglou,
2019). In this context, many studies have reported inter-kingdom
Candida-bacterial interactions in the oral cavity, as well as
Candida-Candida interactions and their role in oral diseases,
especially at the mucosal sites (Baena-Monroy et al., 2005; Thein
et al., 2009; Martins et al., 2016; Negrini et al., 2019; Pathirana
et al., 2019; Rodrigues et al., 2019). Moreover, Paracoccidioides
spp. can also be found in the oral mucosal lesions as loose
or dense granulomas (de Carli et al., 2015). Thus, both fungi
can be found in a suitable niche in the oral cavity to exert
their pathogenicity.

Both fungi may grow as in vitro or in vivo mono-species
biofilms (Hawser and Douglas, 1994; Douglas, 2003; Sardi Jde
et al., 2015; Cattana et al., 2017). Therefore, evaluating the
dynamics of mono- and dual-species biofilm formed by P.
brasiliensis and C. albicans can widen the knowledge about the
PCM infection mechanism, the most important mycotic disease
in Latin America. To our knowledge, this is the first time that
such dual-species biofilm has been developed and reported.

Despite the disadvantages of reproducing some biological
conditions (Diaz-Garcia et al., 2019), polystyrene microtiter
plates are commonly used as the standard system to study
adhesion and biofilm formation by bacteria and fungi (Simoes
et al., 2010; Pemmaraju et al., 2013; Sardi Jde et al., 2015).

Both biomass and biofilm metabolic activity were used in this
study to characterize the dynamics of biofilm growth. Based on
the quantification of biomass, we found that C. albicans mono-
species biofilms reached a mature stage from 72 to 96 h in
agreement with previous data (Pierce et al., 2010; Cavalheiro and
Teixeira, 2018). P. brasiliensis needed 144 h to reach its highest
biomass, which corroborates with the previous studies carried
out by Sardi Jde et al. (2015). In addition, the C. albicans mono-
species biofilm showed higher values of biomass, metabolic
activity and CFU than that found in the P. brasiliensis mono-
species biofilm in most of the evaluated times.

Interestingly, the growth dynamics of dual-species biofilms
was different. The mature stage (in terms of biomass) of co-
cultivated dual-species biofilms was reached after 96 h of growth,
while the dual-species biofilm formed after P. brasiliensis was
added to 12 h preformed C. albicans biofilm reached its highest
biomass in 48 h. In line with the fast growth of dual-species
biofilms, their metabolic activity was also higher than the mono-
species biofilms, almost at all time points, mainly in 72 h. In
agreement with the biomass and metabolic activity results, the
C. albicans CFU values in dual-species biofilms were higher
compared to the CFU values of mono-species biofilms, specially
from 96 h. The increase in metabolic activity, biomass and CFU,
primarily in the dual-species biofilms grown after P. brasiliensis
was added to preformed 12 h C. albicans biofilms, compared to
P. brasiliensis mono-species biofilms, indicate that there were no
loss to P. brasiliensis and that can coexist in the same environment
as C. albicans.

There are common functional organization principles that
occur at sites of polymicrobial infection, including exploration of
metabolites, immunological modulation, niche optimization and
induction of virulence. Thus, the presence of a microorganism
can generate a niche for other pathogenic microorganisms or
predispose the host to colonization by other microorganisms, or
two or more non-pathogenic microorganisms together can cause
disease (Brogden et al., 2005; Peters et al., 2012). Clinically, we
could hypothesize that oral cavity lesions caused by P. brasiliensis
would be more aggressive when both fungi (C. albicans and
P. brasiliensis) are present at both the same time and site,
once we observe an improvement in the biofilm features. The
surface first settled by C. albicans cells has already been related
to increased adhesion, accompanied by a significant increase
in cell viability with bacterial biofilms (Bartnicka et al., 2019).
Interactions in mixed biofilms are essential to produce a rich
exopolysaccharide matrix. In a previous study, the synergism
between C. albicans and Streptococcus mutans increased the
virulence of mixed biofilms formed on the surfaces of teeth,
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thus contributing to the severity of caries (Falsetta et al.,
2014; Sztajer et al., 2014). Here, the enhanced growth through
intergeneric cooperation may be taking place and the damage
to oral mucosa tissues caused by Candida may be influence the
PCM pathogenesis.

The SEM images of mono-species biofilms showed
C. albicans and P. brasiliensis yeasts embedded in extracellular
polysaccharide matrix and presenting an average size from 2 to
4 µm and from 11 to 12 µm, respectively. Dual-species biofilms
also showed similar features of mono species biofilms, however,
presenting a higher proportion of C. albicans yeast cells. This
higher proportion of C. albicans may be due to the slower growth
of P. brasiliensis. Interestingly, the interaction between C. albicans
and P. brasilensis in dual-species biofilms seem to happen both
by direct physical contact and mediated by the extracellular
polysaccharide matrix. It is known that some Candida surface
adhesins, such as Als3, exert an important role on Candida
biofilm formation as well as mediating the co-aggregation
between Candida and other microorganisms (Verstrepen and
Klis, 2006; Cavalheiro and Teixeira, 2018; Negrini et al., 2019).
Moreover, Candida cell-wall mannan-residues might also act as
an adhesion element for extracellular polysaccharides (Negrini
et al., 2019). In addition, several Paracoccidioides adhesin
proteins have been shown to be extracellular matrix ligands,
such as 43 kDa glycoprotein (gp43), enolase and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Vicentini et al., 1994;
Mendes-Giannini et al., 2004; Barbosa et al., 2006; Donofrio
et al., 2009). These adhesins may be used in the adhesion
process, the initial phase of biofilm formation. In recent studies,
GP43, GAPDH, and proteinase genes were considered to be
overexpressed in the biofilm (Sardi Jde et al., 2015). Then, we
hypothesize that agglutinin-like sequence (Als) surface proteins
optimize the physical interaction and co-aggregation between
C. albicans and P. brasiliensis and the cell-wall mannan-residues
might act as a receptor to extracellular polysaccharides, which
in turn act as a bridge, facilitating the adhesion between both
microorganisms. It is unclear though, at this moment, which
of those adhesion mechanisms are the most predominant and
whether other adhesion mechanisms might be involved in such
interactions. These interactions between two organisms can
induce additional responses among themselves and modify the
immediate environment to influence pathogenesis. Although
we have begun to investigate the consequences of these
interactions, much is still unknown. This highlights the need for
future mechanistic studies to be properly designed to address
those questions.

Galleria mellonella has been presented as a useful invertebrate
model to assess the fungi virulence, innate immune response and
antifungal efficacy due to the ease of breeding it in the laboratory
as well as in carrying out experiments with the larvae (Fuchs and
Mylonakis, 2006). The model is especially advantageous in the
study of dimorphic fungi due to the possibility that the larvae
are kept at 37◦C during survival assays, which represents the
conditions of human physiology and contributes to maintaining
the yeast phase of fungi such as Paracoccidioides spp. (Singulani
et al., 2018). More recently, G. mellonella has been used to
evaluate co-infection between fungi (Alcazar-Fuoli et al., 2015)

or fungus and bacteria (Kean et al., 2017; Rossoni et al., 2017;
Reece et al., 2018; Sheehan et al., 2020). Furthermore, some
results are similar to those found in mammal models (Sheehan
et al., 2020). Here, we used the G. mellonella model to evaluate
the virulence of mono-species and dual-species P. brasiliensis
and C. albicans biofilm formation. Cells from biofilms usually
exhibit different phenotypes compared to planktonic cells and
are associated with a higher pathogenicity of the microorganisms,
including resistance to host immune mechanisms (Martinez and
Fries, 2010). In this aspect, our results showed that cells released
from the disrupted biofilms increased the virulence of both fungi
compared to their planktonic cells and consequently, it decreased
the survival rate of the larvae. Similar results were presented
for Cryptococcus neorfomans in a previous study (Benaducci
et al., 2016). Furthermore, the comparison of larvae infected with
mono-species and dual-species biofilms presented the difference
between P. brasiliensis or C. albicans and P. brasiliensis plus
C. albicans, especially for biofilm formation. This means that
the larvae survival on dual-species biofilms was lower when
compared to survival with mono-species biofilms. Thus, our
results from G. mellonella are based on in vitro assays since dual-
species biofilms showed greater biomass and metabolic activity,
and therefore were more virulent than mono-species biofilms.
Finally, our data may indicate that P. brasiliensis and C. albicans
co-existence is likely to occur on oral mucosal as biofilms, using
an in vivo model. In the same way, when G. mellonella larvae
were infected with C. albicans and Staphylococcus aureus, there
was an increase in the virulence of these microorganisms and
the antifungal resistance, which indicated a synergic interaction
(Kean et al., 2017).

One may argue that the dynamics of dual-species biofilm
growth could be affected by the different growth kinetics of
P. brasiliensis and C. albicans and that both strains should
ideally present similar growth curves. We acknowledge that
the maturity of P. brasiliensis mono-species biofilms was
reached later compared with C. albicans biofilms. This way,
we might consider the contribution of C. albicans to dual-
species biofilms (in terms of biofilm dry weight, biofilm
metabolic activity and infectivity on the G. mellonella model)
to be greater than P. brasiliensis. Paracoccidioides and Candida
are often co-isolated in the oral mucosa. This presence may
represent a polymicrobial association with mutual collaboration
or advantage for one of the agents, that can lead to more
exacerbated clinical and pathological manifestations. Moreover,
the comparison of larvae infected with mono- and dual-species
biofilms cells showed a significant difference between C. albicans
and P. brasiliensis plus C. albicans (p < 0.05), which can
be a consequence of virulence factors and quorum sensing
mechanisms of biofilms.

Irrespective of any difference in growth kinetics, both the
strains were able to co-exist on the studied dual-species biofilms,
suggesting that a fungal-fungal interaction is likely to occur
on oral mucosal sites. In fact, an in vivo rodent model should
be adopted in further studies to assess both the infectivity of
this dual-species biofilms on oral mucosal surfaces and the
elicited immune-response against those fungal biofilms. Thus, a
deeper understanding of the adhesion and signaling mechanisms
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involved in the interactions between both fungi will provide a
new perspective on the role of known virulence determinants and
the relevant factors for both diseases.

CONCLUSION

This study suggested that the C. albicans and P. brasiliensis
can coexist in the same environment and that a fungal-fungal
interaction is likely to occur on oral mucosal sites. These data
widen the knowledge associated with the dynamics of fungal
biofilm growth that can potentially lead to the discovery of new
therapeutic strategies for fungal infections.
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The ability of Candida spp. to form biofilms is crucial for its pathogenicity, and thus, it
should be considered an important virulence factor in vulvovaginal candidiasis (VVC)
and recurrent VVC (RVVC). Its ability to generate biofilms is multifactorial and is
generally believed to depend on the site of infection, species and strain involved, and
the microenvironment in which the infection develops. Therefore, both cell surface
proteins, such as Hwp1, Als1, and Als2, and the cell wall-related protein, Sun41,
play a critical role in the adhesion and virulence of the biofilm. Immunological and
pharmacological approaches have identified the NLRP3 inflammasome as a crucial
molecular factor contributing to host immunopathology. In this context, we have earlier
shown that Candida albicans associated with hyphae-secreted aspartyl proteinases
(specifically SAP4-6) contribute to the immunopathology of the disease. Transcriptome
profiling has revealed that non-coding transcripts regulate protein synthesis post-
transcriptionally, which is important for the growth of Candida spp. Other studies
have employed RNA sequencing to identify differences in the 1,245 Candida genes
involved in surface and invasive cellular metabolism regulation. In vitro systems allow the
simultaneous processing of a large number of samples, making them an ideal screening
technique for estimating various physicochemical parameters, testing the activity of
antimicrobial agents, and analyzing genes involved in biofilm formation and regulation
(in situ) in specific strains. Murine VVC models are used to study C. albicans infection,
especially in trials of novel treatments and to understand the cause(s) for resistance to
conventional therapeutics. This review on the clinical relevance of Candida biofilms in
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VVC focuses on important advances in its genomics, transcriptomics, and proteomics.
Moreover, recent experiments on the influence of biofilm formation on VVC or RVVC
pathogenesis in laboratory animals have been discussed. A clear elucidation of one of
the pathogenesis mechanisms employed by Candida biofilms in vulvovaginal candidiasis
and its applications in clinical practice represents the most significant contribution of
this manuscript.

Keywords: vulvovaginal candidiasis, Candida spp., biofilm models, proteomic, genomic, new anti-
Candida targets

INTRODUCTION

Vulvovaginal candidiasis (VVC) is a usual fungal infection caused
by Candida species, mainly Candida albicans. It is characterized
by inflammatory signs and symptoms detected in the vulva and
vaginal mucosa that are caused and linked by an overgrowth of
Candida species, which are generally present as quiescent vaginal
commensals (Sobel, 2007).

The genus Candida belongs to the Saccharomycetaceae family.
The organisms reproduce asexually or anamorphically through
blastoconidia, do not produce melanin pigments, have diverse
morphologies (globose, oval, cylindrical, and elliptical), and are
sized between 3 and 10 µm. In humans, different species of this
genus are identified as commensals of the gastrointestinal tract,
upper respiratory tract, skin, oral, vulvar, and vaginal mucosa
(Neppelenbroek et al., 2014).

Comparative Candida species genomics will enhance our
understanding of the genetic and phenotypic variations that
occur inside the vulva and vagina and will further facilitate better
understanding of the pathogenesis of these commensals in VVC
(Bradford et al., 2017).

Despite the fact that C. albicans is the most common VVC-
causing pathogen, the identification of non-C. albicans Candida
(NCAC) species, mainly C. glabrata, as the originator of this
infection appears to be continuously increasing. It is difficult to
determine its prevalence because the diagnosis and treatment
are often based on the symptoms and not dependent on
the confirmation by microscopic examination or using culture
techniques (Mahmoudi Rad et al., 2011).

Other NCAC species that must be taken into account are
C. tropicalis, C. parapsilosis, C. kefyr, C. krusei, C. guilliermondii,
C. famata, and C. lusitaniae. The production of virulence factors
by these strains depends on the site and degree of invasion, as
well as the nature of host response. Early identification of the
involved strain is, therefore, essential for rapid diagnosis (Bitew
and Abebaw, 2018). The techniques used most frequently for
their identification are shown in Figure 1.

Yeasts that are present in the vagina become pathogenic
when the host vagina allows it (Miró et al., 2017). Host-
related factors involve pregnancy (Brown et al., 2019), hormonal
imbalance, ill-treated diabetes, immunosuppression (either
through immunosuppressive drugs or infection with the human
immunodeficiency virus), which can act as a predisposing factor
(Yano et al., 2019), use of broad-spectrum antibiotics (Shukla

and Sobel, 2019) and glucocorticoids, and genetic predispositions
(Gonçalves et al., 2016).

Other less recognized or more debatable factors are oral
contraceptive administration (especially when the estrogen
dose is high), estrogen therapy, use of intrauterine devices,
spermicides, and condoms, and certain hygiene, clothing,
and sexual practice-related routines (Corsello et al., 2003;
Maraki et al., 2019). In general, the most common clinical
characteristic related to vaginal inflammation is itching, which is
followed by burning.

Recurrent vulvovaginal candidiasis (RVVC) is featured by
four or more episodes of symptomatic infection in the same
year, and clearly affects the quality of life in women (Blostein
et al., 2017). Djohan et al. (2019) have reported a prevalence of
RVVC in 23.5% (CI95: 19.49–28.02%) of women of reproductive
age and identified five Candida species in a group of 94
patients with RVVC: C. albicans (59.6%), C. glabrata (19.1%),
C. tropicalis (16%), C. krusei (4.2%), and C. inconspicua (1.1%).
However, other authors have provided lower figures, but there is
a consensus that the frequency of RVVC is increasing (Gonçalves
et al., 2016; Denning et al., 2018).

Among other species, C. kefyr is frequently found to be
present in the polyfungal population (Ozcan et al., 2010;
Guzel et al., 2011).

However, a new pathogen, C. auris, has emerged recently
(Kumar et al., 2015). Another emerging pathogen that has
been identified is C. nivariensis, which is genetically related
to C. glabrata. C. nivariensis was reported for the first time
in Canary Islands, Spain, and at present, it seems to widely
distributed worldwide. Inhibition of quorum sensing molecules
with natamycin against C. tropicalis haven been used successfully
by researchers (Agustín et al., 2019). However, the number
of cases is low possibly due to the impossible phenotypic
identification of C. glabrata (Aznar-Marin et al., 2016).

New compounds have been developed, with more candidates
in the pipeline, for the treatment of biofilms associated with
Candida spp. infections. Some of these are naturally occurring,
while others have been developed by synthetic routes optimized
in the laboratory. New antifungals such as acridone (de Oliveira
et al., 2019) or nanotechnology-based techniques, such as
the encapsulation of citric acid into Mg-Al-layered double
hydroxides, have shown optimistic trends.

Prebiotics, probiotics, and symbiotics also offer promising
results, as these are related to the stimulation of host immunity
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FIGURE 1 | The algorithm used for the identification of Candida yeasts.

and their presence is known to decrease the prevalence of
Candida spp. (Davani-Davari et al., 2019).

Plant extracts and essential oils derived from the leaves of
plants of Brazilian origin described by Costa et al. (2017), such
as Hymenaea courbaril var. courbaril, Myroxylon peruiferum,
and Vismia guianensis, have shown therapeutic potential in
this regard. The derivatives of flavonoids, such as methylated
isoflavones (i.e., formononetin 7-O-apiosyl glucoside) (Martins
et al., 2016), or the polyphenol, licochalcone-A, found in the roots
of Glycyrrhiza spp. (Seleem et al., 2016) or honey (Fernandes
et al., 2020), have also been demonstrated to be useful.

Photodynamic therapy (Ghasemi et al., 2019), quorum sensing
molecules and antibodies/peptides (Carrano et al., 2019) have
emerged as viable treatment modalities in recent years. More
sophisticated techniques, such as lock therapy (Visek et al., 2019),
represent an important potential breakthrough in the treatment
of biofilms produced due to infection by Candida spp.

In this review, we aimed to discuss the main characteristics of
the female vulvovaginal mucosa, and the mechanisms employed
by Candida spp. to colonize the host. Furthermore, the different
kinds of biofilms formed by Candida spp., their impact on clinical
practices, and the development of new agents against them will
also be reviewed in depth.

MATERIALS AND METHODS

The databases MEDLINE (PubMed), and Embase were searched
extensively for articles published from January 2003 to January

2020, using the following search terms: vulvovaginal candidiasis,
Candida spp., C. albicans, C. glabrata, C. parapsilosis, C. tropicalis,
C. kefyr, C. auris, C. nivariensis, biofilm, and antifungal agents.
PRISMA Flow Diagram (Figure 2) depicted the flow of reports
through the different stages of this systematic review. It mapped
the number of records that were identified, included or excluded,
and the reasons for exclusions.

CHARACTERISTICS OF THE
VULVOVAGINAL MUCOSA AND
MECHANISMS THAT Candida spp.
DEPLOYS COLONIZE IT

Vaginal Ecosystem
The vaginal microbiota, which mainly constitutes of Lactobacillus
spp., forms the most important defensive barrier against candidal
infections (Smith and Ravel, 2017). The vaginal ecosystem
balance is maintained at the expense of articulated interactions
of different mechanisms, which keeps the female genital tract
(FGT) healthy. Both epithelial cells of the vaginal mucosa and
FGT immune system are under the control of the female
sex hormones, estradiol, and progesterone. On the vaginal
epithelium, estrogens regulate trophism, vascularity, and tissue
vitality; in addition, it influences conditions such as humidity,
pH, and vaginal discharge as well as vaginal microbiota
composition (Achilles et al., 2018).
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FIGURE 2 | PRISMA Flow diagram (Moher et al., 2015).

Candida spp. is considered as opportunistic pathogens.
Although initially it was thought that yeast participates passively
in the pathogenesis process and fungal infection establishment,
but recently this concept has been modified, proposing an active
participation of these microorganisms via the action of virulence
factors (El-Houssaini et al., 2019).

Factors contributing to C. albicans pathogenesis include
morphogenesis (transition between single-celled yeast cells to
filamentous growth forms), secretion of enzymes like aspartyl

proteases (SAP) and phospholipases, and host recognition
biomolecules (adhesins), which lead to the biofilm formation
process. Likewise, the phenotypic change is accompanied by
alterations in antigen expression, colonial morphology, and
affinity of C. albicans to tissues (El-Houssaini et al., 2019;
Monika, 2019).

The experimental information on the contribution of these
virulence factors has revealed that their individual participation
is not sufficient to explain the mechanisms of damage in the
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host; moreover, there is a combined regulation mechanism
operating between them. This was further demonstrated with
polymorphism and gene expression analyses of SAPs. The studies
currently being carried out on the genetic expression of virulence
factors, which depends on different environmental conditions,
will allow us to better understand how the biological activity of
Candida spp. modifies to favor adhesion or penetration processes
and, consequently, modifies its role to become a pathogenic
microorganism (Silva et al., 2012; Kalaiarasan et al., 2018;
Willems et al., 2018).

Araújo Paulo, de Medeiros et al. (2017) reported that
the virulence characteristics of C. albicans contributing to its
pathogenicity include the skill to adhere to human epithelial
and endothelial cells, yeast to hyphae transition, extracellular
hydrolytic enzyme (proteinases and phospholipases) secretion,
phenotypic adaptability, and biofilm formation. Further, there is
a relationship between virulence factor expression and VVC signs
and symptoms identified in the patients, but it does not seem to
be essential for the transition from colonization to infection.

Adherence
Adhesion is initiated by non-specific binding, which is based
on attractive and repulsive forces that bring the pathogen close
to the host surface. Adhesins are biomolecules that promote
the binding of specific ligands to host cells. The investigations
by Zhao et al. (2003) stake the adhesion about the family of
adhesins called ALS (Agglutinin-Like Sequence), which belongs
to a group of eight genetically related glycosylated proteins with
great allelic variability (ALS1–ALS7 and ALS9). ALS1 and ALS3
are particularly found to be important in the adhesion process.
Other molecules that also promote the adhesion and penetration
of C. albicans into the tissues are the polysaccharides, proteins,
and lipids present on cell surface. Data supplied by the C. albicans
genome sequencing project provided the main indication that
the strain SC5314 encodes two different ALS9-like sequences and
three ALS genes (ALS5, ALS1, and ALS9) next to chromosome 6
(Araújo et al., 2017).

Wilkins et al. (2018) showed that the eukaryotic proteome
contains certain components that are encoded by open reading
frame (ORF)s possessing protein-coding tandem repeat (TRs)
(TR-ORFs, pcTRs), but their biological consequences are not
clearly known. Ichikawa et al. (2019) analyzed the adherence and
cytotoxicity of C. glabrata that selectively adhered to the epithelial
cells. On the contrary, C. parapsilosis showed poor adherence
to the HaCaT keratinocytes. C. glabrata caused more damage to
the A549 cells than to the HaCaT cells, suggesting that Candida
spp. exhibits different effects depending on the tissue on which
they can adhere.

Modrzewska and Kurnatowski (2015) demonstrated that the
adherence of Candida spp. on the tissue or cell wall of a host
is based on the relationship that might exist between the two.
A variety of genes that are responsible for the adhesion capacity
of fungal cell wall, like HWP1, which encodes protein 1 of
the hyphal wall and germ tubes and is responsible for biofilm
formation. It is also responsible for the fungal virulence capacity
and therefore, provides resistance to antifungal agents. This gene

is identified in both oral cavity and vaginal yeast infections
(Fan et al., 2013).

Ardehali et al. (2019) identified that the frequency of HWP1
gene among C. albicans was 95%, with HWP1 being the most
detected virulence factor, and SAP4 being the least detected one
in the clinical specimens collected from patients hospitalized in
the Intensive Care Unit (ICU) of Milad hospital, Tehran, Iran.

According to Cota and Hoyer (2015), the ALS genes encode
fungal glycoproteins on the cell surface. A total of eight ALS
genes have been reported so far (ASL1–7 and ALS9). According
to Liu and Filler (2011), the ALS3 gene exhibits a dual function
of adhesin and invasion. ALS3 is used for the preparation of
vaccines because of its level of in vivo dispersion. According to
Zajac et al. (2016), other genes that have been involved in cell
adhesion are EPA (epithelial adhesin) genes that are specifically
identified in C. glabrata, as in this Candida sp., ALS genes have
not been identified to date.

According to Modrzewska and Kurnatowski (2015), the most
important adhesins present on the fungal cell wall in Candida
spp. are: ALS, EPA, HWP1, but also EAP1, SUN41, CSH1
and probably HYR1; for significant adhesion, they also possess
Sap (secreted aspartyl proteases). Various other genes reported
to positively affect adhesion and hyphal formation are CZF1,
EFG1, TUP1, TPK1, TPK2, HGC1, RAS1, RIM101, VPS11,
ECM1, CKA2, BCR1, BUD2, RSR1, IRS4, CHS2, SCS7, UBI4,
UME6, TEC1, and GAT2.

Morphogenesis
Morphogenesis refers to the conversion of a particular yeast form
(unicellular) to the filamentous form of the fungus (hypha or
pseudohypha), making it possible to adapt to different biological
niches, which favors the fungal spread.

According to Min et al. (2019), N-acetylglucosamine
(GlcNAc) potently induces the transition of C. albicans from
budding to filamentous hypha growth. It also stimulates an
epigenetic change that converts the white cells to opaque cells,
which vary in morphology, metabolism, and virulence properties.

According to Min et al. (2018), the presence of TF
(transcription factor) Ndt80 is necessary for the growth of hyphae
in C. albicans and its presence is significant since it is conserved in
most of the fungal species; however, it must be taken into account
that its quantity is variable among the different fungal species.
It regulates a variety of processes, such as sexual development,
resistance to antifungals, fibrillation, virulence, and nutritional
stress response, among others.

The human fungal pathogen C. albicans contains three
virulence genes, namely NDT80, REP1, and RON1. RON1
deletion leads to growth defects when grown in GlcNAc media
and hypha induction. To avoid this, a new short cross-linked
palindromic/CRISPR repeat associated with Cas9 has been used
for gene deletions (Min et al., 2019).

Phenotypic Switch
Tang et al. (2019) demonstrated that the majority of C. albicans
strains are capable of undergoing the phenomenon of phenotypic
switch, which is associated with the manifestation of phenotypic
changes at high frequency and a consequence of the action
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of numerous environmental factors. This phenomenon induces
an epigenetic change in colonial morphology. Hu et al. (2016)
collected and subsequently employed 231 clinical isolates for
genotyping as well as phenotypic switch analysis. A total of
65 different genotypes were recognized by microsatellite locus
(CAI) genotyping assay, and some prominent genotypes were
identified from certain human niches. The authors established
that there is an association between the phenotypic switching
and genotypes of the CAI microsatellite locus in these C. albicans
clinical isolates.

During this process, enzymes able to break down the structural
polymers that provide accessible nutrients for fungal growth,
capability to evade the immune system, and suppress the
host pro-inflammatory response are released. They are also
responsible for inactivating certain molecules that are directly
linked to the host defense mechanisms (Hu et al., 2016). The main
extracellular enzymes (Basmaciyan et al., 2019) that are related to
the pathogenesis of Candida spp. are described below:

Secreted aspartic proteinases (Sap) (Kadry et al., 2018) are
regarded as one of the most critical virulence factors as they
are related to adhesion, invasion, tissue damage, and evasion of
the host immune system, due to its ability to hydrolyze various
host proteins, including albumin, keratin, collagen, fibronectin,
interleukin 1β (IL-1β), and Immunoglobulin A.

Phospholipases
Studies by Richmond and Smith (2011) and Dabiri et al.
(2018) demonstrated the existence of glycoproteins with
hydrolase activity (glyphospholipid esters are hydrolyzed)
and lysophospholipase transacylase (release fatty acids from
lysophospholipids and transfer free fatty acid to another
phospholipid), which play key roles in the infection process.

BIOFILMS

For a long time, investigations in the area of microbial biofilms
have received increasing momentum and scientific evidence has
led to a change in the way we consider microbial life (de Barros
et al., 2020). Biofilms are defined as heterogeneous and dynamic
microbial communities undergoing continuous transformation.
They can be comprised by a single bacterial/fungal species,
or can be polymicrobial. Since there are differences between
biofilms formed on mucosal and abiotic cells, it is precise to
have in vitro and in vivo models that can mimic these processes
(Tournu and Van Dijck, 2012).

In this context, new tools to analyze Candida biofilms
have been implemented, including genomic, transcriptomic,
proteomic, and metabolomics approaches, using a wide variety
of animal models.

According to Cavalheiro and Teixeira (2018), biofilm
formation is a complicated process, which starts with adhesion
on an abiotic surface, a tissue, or the air–liquid interface.
It is a continuous process, which undergoes different stages
of development: (a) conditioning, (b) adhesion, (c) quorum
sensing-induced extracellular matrix synthesis, (d) maturation,
and (e) dispersion.

These phases lead to the formation of a uniform structure
in the form of homogeneous deposits and cellular viscous
accumulations surrounded by a matrix of polymers with open
channels for water movement (Chandra and Mukherjee, 2015).

Cells in the biofilms have different properties than those of
isolated cells, which is because they have low growth rates and
great resistance to antimicrobial treatment, and it makes their
behavior different from those of planktonic cells (Muzny and
Schwebke, 2015). Biofilms are biological systems that interact
and evolve together. Hence, they need a wide network of
genetic regulation to carry out both intra- and inter-cellular
communication and specialization and originate biofilms made
up of the same species or multi-species (Rodríguez-Cerdeira
et al., 2019). C. albicans biofilm formation is a complex process
that begins when the yeast cells adhere to host tissue surface, and
the biofilm starts to form at an early stage (8–11 h), undergoes an
intermediate stage (12–30 h), and finally reaches the mature stage
(38–72 h) (Mathé and Van Dijck, 2013).

The mature biofilm comprises a dense network of
yeasts, hyphae, and pseudohyphae, which is covered by an
extracellular matrix and frequently associated with bacteria,
as also described by Silva et al. (2012, 2014). Each Candida
species (C. albicans, C. glabrata, C. parapsilosis, C. tropicalis,
C. nivariensis, C. kefyr, and C. auris) shows significant
peculiarities in terms of biofilm formation, which results in
different morphologies, extracellular matrix composition,
and resilience to antifungal agents (Cavalheiro and Teixeira,
2018) (Figure 3).

The importance of certain virulence factors was found to be
closely related to Sap, which is related to biofilm production
as described by Kadry et al. (2018). Isolates that were found to
be resistant to three different anti-fungal drugs were reported
as strong biofilm producers and shown to possess proteolytic
activity as they contained either Sap9 or Sap10, or both
(Černáková et al., 2019).

El-Houssaini et al. (2019) identified the virulence factors
related to hydrolases, which are involved in cell surface
hydrophobicity and biofilm production in vaginal samples.
C. albicans resistance and virulence patterns observed in the
samples were variable. The samples were highly resistant to
physical and chemical treatments, making it difficult to treat them
(Marak and Dhanashree, 2018).

Genomics of the Biofilm
Numerous genes involved in biofilm formation have been
identified in the C. albicans genome, including 50 transcriptional
regulatory genes, and 101 transcriptional non-regulatory genes
(Shukla and Sobel, 2019). Nobile et al. (2012) described
the six main transcriptional regulatory genes known as
“master” transcriptional regulators, including Efg1 (enhanced
filamentous growth), Tec1 (transposon enhancement control),
Bcr1 (biofilm and cell wall regulator), Ntd80 (meiosis-specific
transcription factor), Brg1 (biofilm regulator), and Rob1
(biofilm regulator). Each of these genes are mandatory for
normal biofilm development and have been identified both
in vitro, under standard laboratory conditions and in vivo, in
laboratory animals (rats).

Frontiers in Microbiology | www.frontiersin.org 6 November 2020 | Volume 11 | Article 544480224

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-544480 November 5, 2020 Time: 22:47 # 7

Rodríguez-Cerdeira et al. Biofilms and Vulvovaginal Candidiasis

FIGURE 3 | Comparative schematics of three stages of biofilm formation in C. albicans, C. glabrata, C. tropicalis, and C. parapsilosis, C. auris and C. nivariensis
highlighting the different capacities of the species in producing extracellular matrix (ECM), the varying components present in the ECM, and the ability of the species
to exhibit different cell morphologies, and highlights of the transcriptional factors involved in adhesion, extracellular polymeric substances, filamentation, and biofilm
formation. MSCRAMM, microbial surface components recognizing adhesive matrix molecules; MGCx, extracellular matrix mannan-glucan complex; eDNA, external
DNA.

Apart from these 6 genes, 44 other transcriptional regulatory
genes have also been identified, and the deletion of these
genes has been associated with erroneous biofilm formation (Ni
et al., 2009). Chatterjee et al. (2015) identified eight OPT genes
encoding the oligopeptide transporters that help C. auris to adapt
to different host tissues. They also found orthologs for these
genes that were believed to carry hexose, maltose, and permeases
(amino acid permeases, sulfur permeases, allantoic permeases,
glycerol permeases, and iron permeases), which also help the
fungi to adapt and live in their host. Other transcriptional
regulators have also been recently found to be involved in
adherence (Finkel et al., 2012).

The first step in biofilm formation process is surface adhesion,
in which the Candida cell wall interacts with the host cell
surfaces. This process involves a series of genes that encode
several proteins, such as ALS adhesins, of which ALS1, ALS3, and
ALS5 are implicated in the adhesion process; Eap1, regulated by
the factor EFG1; HWP1, which promotes the fixation of Candida

cells to the host surface and is a potential pathogenicity factor (it
is absent in C. glabrata); PGA10 and PBR1—it has been shown
that when the PBR1 gene is deleted, the adhesion of C. albicans to
blood cells decreases; EPA family of genes, of which EPA1, EPA6,
and EPA7 are the main epithelial adhesins, and their deletion
hinders or decreases adhesion to surfaces; AWP adhesins, whose
expression is higher in biofilms than in plant cells (Orsi et al.,
2014; Valotteau et al., 2019).

Inglis and Sherlock (2013) showed that the expression of these
wall proteins is regulated by two main genes: BCR1 and TEC1.
TEC1 regulates BCR1 via cell signaling cascades and is involved
in yeast differentiation into hypha. EPAs (epithelial adhesin) are
specific for C. glabrata and the genes encoding ALS proteins have
not been observed in mucosa yet.

CKA2, BCR1, BUD2, RSR1, and HWP1 are the genes that
modify adhesion and tissue damage, but not invasion, in the
host. Other genes that positively affect adhesion and hyphal
formation have been reported, including CHS2 (synthesizes
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chitin), SCS7 (involved in cell membrane sphingolipid
formation), UBI4 (contributes to ubiquitination), and genes
that participate in adhesion and filamentation. UME6, TEC1,
and GAT2 are involved in subsequent biofilm formation
(Modrzewska and Kurnatowski, 2015).

The importance of the adherence regulatory genes (Bcr1,
Ace2, and Snf5) lies in the fact that they are necessary for biofilm
formation in vitro (Guan et al., 2013; van Wijlick et al., 2016;
Burgain et al.; 2019).

After the initial adhesion of round yeast cells to the host
surface to form a basal layer, the next phase of biofilm
establishment is the growth and proliferation of hyphal cells.
During the C. albicans proliferation phase, it multiplies and
forms a monolayer adhesion zone where filamentation occurs,
with the hyphae leading to general stability and acting as a
support for the different cell morphologies: yeast, pseudohypha,
hypha, and other cells of microorganisms that might be a
part of the biofilm (Chandra and Mukherjee, 2015). According
to McCall et al. (2018) and Min et al. (2018), hyphal
growth in C. albicans is dependent on the presence of TF
(transcription factor) Ndt80, which is responsible for regulating a
variety of processes, including sexual development, resistance to
antifungals, fibrillation, virulence, and nutritional stress response,
among others. Hence, C. albicans possesses three paralogs
(genes of different species, which descends to a single gene by
genetic duplication in evolution) of NDT80 (NDT80, RON1,
and REP1), and each of them provides C. albicans with specific
characteristics. NDT80 is involved in resistance under different
stress conditions, as well as in hyphal growth, and RON1 deletion
has shown to cause growth defects when C. albicans is grown
in GlcNAc media.

Glazier et al. (2017) highlighted that biofilm maturation is
regulated by several transcription factors in C. albicans, including
BCR1, EFG1, TEC1, NDT80, ROB1, and BRG1. When any one
of them is deleted, biofilms are not formed correctly. Other
transcription factors, such as CZF1, GZF3, UME6, CPH2, and
ACE2, are also shown to be involved in C. parapsilosis biofilm
formation. Biofilm formation decreases dramatically if ACE2 is
deleted, and it also regulates biofilm development in C. albicans;
however, in C. glabrata, the ability to cause disease is increased
when ACE2 is inactive.

Ng and Dean (2017) reported that the increased expression
and maturation of sgRNA facilitates and improves the
CRISPR/Cas9 mutagenesis in C. albicans by about 10 times.
This may help us edit the C. albicans genome. Finally, REP1
has been shown to be negatively involved in the expression of
the MDR1 drug flow pump, which provides resistance against
several microorganisms (Chen et al., 2009).

In the maturation phase, biofilm development continues via
morphological modifications, an increase in the number of
cells, and extracellular polysaccharide matrix production. This
extracellular matrix mediates adhesive and cohesive interactions,
grants mechanical stability and integrity, allows cell dispersion,
limits the diffusion of toxic substances and nutrients, and even
acts as an enzyme system. However, the main function of the
extracellular matrix is to protect the biofilm from the important
clinical repercussions, acting as a physical barrier to protect

the biofilm cells from environmental factors (Chandra and
Mukherjee, 2015; Rodríguez-Cerdeira et al., 2019).

Apart from the composition of the matrix, several recent
studies have focused on its genetic regulation. C. albicans
biofilm matrix in vivo and in vitro models were biochemically
analyzed by Flemming and Wingender (2010) to identify
the macromolecular components. The composition was as
follows: 55% proteins and their glycosylated counterparts,
25% carbohydrates, 15% lipids, and 5% non-coding DNA.
α-1,2-branched α-1,6-mannans were the most frequent
polysaccharides related to unbranched α-1,6-glucans, forming
a mannan–glucan complex on the matrix. However, they
were a smaller proportion of extracellular matrix (ECM)
components in C. albicans than β-1,3-glucan and β-1,6-glucan
(Zarnowski et al., 2014).

Mitchell et al. (2015) and Dominguez et al. (2018)
highlighted the importance of mannan and β-1,6-glucan
in ECM formation. The elimination of proteins involved
in ECM formation by deleting any one of the seven genes
that governs the level of matrix mannan and β-1,6-glucan
(ALG11, MNN9, MNN11, VAN1, MNN4-4, PMR1, and VRG4
for mannan production; BIG1 and KRE5 for β-1,6-glucan
production) resulted in complete disappearance of the biofilm.
In C. parapsilosis, the main function of Efg1 is to behave as
a regulatory switch and participate in biofilm formation. Its
absence leads to the production of an incomplete biofilm
(Connolly et al., 2013).

In C. albicans, Cph1 acts as the terminal transcription factor
of the MAP kinase pathway (Freire et al., 2018). This protein
belongs to the family of the STE type transcription factor, which
is also present in other Candida spp. (Bandara et al., 2013).

Brg1 controls the growth of hyphae in C albicans. When it is
overexpressed, there is an increase in the expression of hyphae-
specific genes, along with ALS3, HWP1, and ECE1 (Su et al.,
2018). In C. parapsilosis, a homolog of Brg1 has been identified
(Holland et al., 2014). According to Mendelsohn et al. (2017),
the transcription factor Ume6, together with Nrg1 and Rfg1
decreases the expression of hypha specific genes ALS3, ECE1, and
HWP1 in both C. albicans and C. tropicalis.

The cell surface proteins encoded by HYR1, ECE1, RBT5,
ECM331, HWP1, ALS3, ALS1, and ALS9 genes are all regulated
by Bcr1 gene. Upon overexpression of ALS3 in a bcr1/bcr1 cell,
the biofilm formation phenotype was shown to be completely
restored (Freire et al., 2018).

Vandeputte et al. (2012) identified that Rca1/Cst6 in
C. albicans regulates hypha formation by facilitating the
expression of GWP1, ECE1, HGC1, and ALS3 genes and the
transcription factor Efg1. Cst6 is also a transcriptional controller
of biofilm growth. It is a bZIP transcription factor, which belongs
to the ATF/CREB family that inhibits the expression of the EPA6
gene and encodes an adhesion protein in the C. glabrata biofilm
(Pohlers et al., 2017).

In C. glabrata, Leiva-Peláez et al. (2018) demonstrated that the
expression of several related genes is subjected to subtelomeric
silencing. HYR1, EPA1, EPA2, EPA3, EPA4, EPA5, EPA6, and
EPA7 genes of C. glabrata undergo subtelomeric silencing due to
their loci proximity to a telomere. The Sir complex (Sir2–Sir4),
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Rap1, Rif1, yKu70, and yKu80, as well as the Swi/Snf complex are
shown to be involved in regulating biofilm formation.

Deletion of the PMR1, KRE5, and FKS1 genes was associated
with the increased susceptibility to fluconazole (Navarro-Arias
et al., 2016; Tanaka et al., 2016; Jiang et al., 2018). Chowdhary
et al. (2018) demonstrated that persistent cells cultured from
the biofilm exhibit higher expression of CDR genes (Khosravi
Rad et al., 2016). According to Feng et al. (2016), a set of
isogenic C. albicans strains carrying single or double deletions
in genes encoding efflux pumps (1cdr1, 1cdr2, 1mdr1/drc2,
and 1mdr1/cdr1) show antifungal resistance with paired strains.
Tan et al. (2018) demonstrated that β-1,3-glucan has a crucial
role in Candida biofilm formation and stress response in biofilm-
forming Candida. They also showed that β-1,3-glucanase might
be useful as an anti-biofilm agent.

In contrast, there are two major regulators of ECM
production: Rml1 and Zap1. It has been shown that Rm11
deletion leads to the reduction in matrix levels (Nett et al.,
2011; Pierce et al., 2017). However, Zap1 deletion leads to an
increase in matrix levels, which is due to the overexpression of
the glucoamylases, Gca1 and Gca2, as these enzymes, together
with other hydrolyzing enzymes, are important for biopolymer
degradation (Gulati and Nobile, 2016). Previous studies revealed
that 1zap1 mutant, which is defective in the expression of zinc
regulator Zap1, enhances the accumulation of yeast cells in
biofilms (Ganguly et al., 2011).

In the late or dispersal phase, unbound Candida cells scatter
from the biofilm and attempt to colonize other surfaces. Thus,
it is possible for the cells to initiate the formation of new
biofilms or spread in the host tissues, which ultimately leads
to the development of candidemia and disseminated invasive
diseases. Dispersed cells exhibit strong adherence, capacity to
form new biofilms, and virulence. This process depends on three
identified transcriptional regulators: Pes1, Nrg1, and Ume6. The
transcriptional regulators, Nrg1 and Ume6, are of significant
importance as their overexpression is shown to increase the
number of sprawling cells actively released from the biofilm
(Araújo et al., 2017).

In the biofilm maturation phase, ECM production is also
extremely important. The gene responsible for glucan synthesis
is FKS1, which is involved in resistance to fluconazole in
C. albicans and promotes biofilm maturation in the presence
of high glucose levels in C. parapsilosis. RLM1 and ZAP1 are
the other two regulatory genes involved in matrix formation
in C. albicans. Some ZAP1 target genes are CSH1 and IFD6
(negative regulators), and GCA1, GCA2, and ADH5 (positive
regulators) that are associated with β-1,3-glucan production from
the biofilm matrix. RML1 is a positive regulator, and its deletion
reduces the matrix levels significantly. Other glucan regulatory
genes associated with matrix formation are BGL2, PHR1, XOG1,
CCR4, GAS1, GAS2, and GAS5 (Araújo et al., 2017).

The last step in biofilm formation is the detachment and
dispersion of cells or parts of the biofilm, which further get
displaced and colonize other parts of the host. The lack of
nutrients or changes in the environment can favor this phase,
which then leads to the development of infection in other organs.
For this step, there are three genes involved: PES1, UME6 and

NRG1. NRG1 is a negative regulator of filamentation and UME6
is necessary for the extension of hyphae (Beitelshees et al., 2018).

The main genes implicated in the genetic control of biofilm
formation in Candida spp. are collated in Table 1.

Proteomics of the Biofilms
Biofilm associated proteins (55% of the biofilm dry weight)
are mainly glycoproteins, glycolytic enzymes, and heat shock
proteins. Around 565 different proteins have been identified,
representing a total of 458 different biochemical activities
(Thomas et al., 2006). Many of them are categorized as
secretion signals, but most of these proteins do not have
any such signal, indicating a non-canonical secretion pathway
and/or protein increment occurring after cell death. In
addition, host proteins including proteins related to the heme
group and inflammatory and leukocyte-associated proteins, like
hemoglobin, myeloperoxidase, C-reactive protein, and alarmin
S100-A9 have also been found in vivo (Nett et al., 2015).

According to Hirota et al. (2017), the extracellular matrix of
C. albicans is composed of extracellular DNA (eDNA), which
has a crucial role in Candida biofilm formation and its structural
integrity, and promotes the morphological transition from yeast
to hyphal growth form during C. albicans biofilm development.
The eDNA is mostly made up of random non-coding sequences
and might also have an important role in antifungal resistance.

The adhesins of the fungal wall are modular proteins, and
their precursors possess signal peptides to enter in the ER and
GPI anchors. The mature proteins possess an N-terminal domain,
which generally determines the ligand binding specificity of
adhesins and is followed by a low complexity domain that in most
cases contains internal tandem repeats. These internal tandem
repeats have an important role in the adhesion of the fungal cells
and exposure of the ligand-binding domains, which is modulated
by the number of repeated copies, and consequently by the size
variations of the adhesin-encoding genes identified in the clinical
isolates (Willaert, 2018). According to Wagener et al. (2012),
there are numerous phenotypic variations between the clinical
isolates of C. glabrata in their ability to adhere to the abiotic
surfaces for medical importance.

As high expression of heat shock proteins encourages Candida
yeast–hyphae switch, which is an essential step in biofilm
development, the expression of Hsp genes during C. albicans
biofilm formation has been investigated previously (Becherelli
et al., 2013). In contrast, heat shock protein 90 (Hsp 90) has
also been shown to be involved in the dispersion process.
The overexpression of the same leads to a decrease in the
number of dispersed cells that are released and induction of the
filamentation process. The authors recognized 226 C. albicans
Hsp90 genetic interactors under planktonic conditions, of which
56 were identified to be implicated in transcriptional regulation.
Six of these transcriptional regulators have previously been
involved in biofilm development, proposing that the genetic
interactors of Hsp90 found in planktonic conditions might have
functional significance in biofilm formation. They further studied
the relationship between Hsp90 and five of these transcription
factor genetic interactors: BCR1, MIG1, TEC1, TUP1, and UPC2
(Diezmann et al., 2015).
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TABLE 1 | The main genes involved in biofilm formation in Candida spp.

Type Gene References

Adhesion ALS1 Finkel et al., 2012; Holland et al.,
2014

ALS3 Finkel et al., 2012; Holland et al.,
2014; Mendelsohn et al., 2017;
Freire et al., 2018; Su et al., 2018

ALS5 Finkel et al., 2012

ASL9 Holland et al., 2014

AWP Finkel et al., 2012

BCR1 Guan et al., 2013; Inglis and
Sherlock, 2013; Holland et al.,
2014; Orsi et al., 2014;
Modrzewska and Kurnatowski,
2015; Marak and Dhanashree,
2018; Burgain et al., 2019;
Valotteau et al., 2019

BUD2 Valotteau et al., 2019

CHS2 Valotteau et al., 2019

CKA2 Valotteau et al., 2019

CSH1 Gulati and Nobile, 2016

CZF1 Burgain et al., 2019

EAP1 Finkel et al., 2012

ECE1 Holland et al., 2014; Mendelsohn
et al., 2017; Freire et al., 2018;
Su et al., 2018

ECM1 Orsi et al., 2014

ECM331 Holland et al., 2014

EFG1 Orsi et al., 2014; Mitchell et al.,
2015; Mendelsohn et al., 2017;
Dominguez et al., 2018; Marak
and Dhanashree, 2018; Burgain
et al., 2019

EPA1 Finkel et al., 2012; Vandeputte
et al., 2012

EPA2 Vandeputte et al., 2012

EPA3 Vandeputte et al., 2012

EPA4 Vandeputte et al., 2012

EPA5 Vandeputte et al., 2012

EPA6 Finkel et al., 2012; Freire et al.,
2018

EPA7 Finkel et al., 2012; Vandeputte
et al., 2012

GAT2 Valotteau et al., 2019

HGC1 Mendelsohn et al., 2017

HWP1 Finkel et al., 2012; Holland et al.,
2014; Freire et al., 2018; Su
et al., 2018; Valotteau et al., 2019

HYR1 Vandeputte et al., 2012; Holland
et al., 2014

PBR1 Finkel et al., 2012

PGA10 Finkel et al., 2012

RBT5 Holland et al., 2014

RSR1 Valotteau et al., 2019

SCS7 Valotteau et al., 2019

SNF5 Inglis and Sherlock, 2013;
Modrzewska and Kurnatowski,
2015; van Wijlick et al., 2016

TEC1 Valotteau et al., 2019

(Continued)

TABLE 1 | Continued

Type Gene References

UBI4 Valotteau et al., 2019

UME6 Ganguly et al., 2011; Gulati and
Nobile, 2016; Su et al., 2018;
Burgain et al., 2019; Valotteau
et al., 2019

Biofilm formation ADH5 Gulati and Nobile, 2016

ALG11 Mitchell et al., 2015

BIG1 Mitchell et al., 2015

FKS1 Gulati and Nobile, 2016;
Navarro-Arias et al., 2016; Jiang
et al., 2018; Leiva-Peláez et al.,
2018

GCA1 Nett et al., 2011; Gulati and
Nobile, 2016

GCA2 Nett et al., 2011; Gulati and
Nobile, 2016

IFD6 Gulati and Nobile, 2016

KRE5 Mitchell et al., 2015;
Navarro-Arias et al., 2016; Jiang
et al., 2018; Leiva-Peláez et al.,
2018

MNN11 Mitchell et al., 2015

MNN4-4 Mitchell et al., 2015

MNN9 Mitchell et al., 2015

PMR1 Mitchell et al., 2015;
Navarro-Arias et al., 2016; Jiang
et al., 2018; Leiva-Peláez et al.,
2018

RAP1 Vandeputte et al., 2012

RIF1 Vandeputte et al., 2012

RM11 Feng et al., 2016; Tan et al.,
2017

SIR Complex Vandeputte et al., 2012

SWI/SNF Vandeputte et al., 2012

VAN1 Mitchell et al., 2015

VRG4 Mitchell et al., 2015

YKU70 Vandeputte et al., 2012

YKU80 Vandeputte et al., 2012

Morphogenesis NTD80 van Wijlick et al., 2016; Marak
and Dhanashree, 2018; Min
et al., 2018; Burgain et al., 2019

REP1 Glazier et al., 2017; Min et al.,
2018

RON1 Min et al., 2018

Oligopeptide
transporter genes

OPT Ni et al., 2009

Resistance CDR1 Pohlers et al., 2017; Chowdhary
et al., 2018

CDR2 Pohlers et al., 2017; Chowdhary
et al., 2018

MDR1 Glazier et al., 2017

TPO1_2 Pohlers et al., 2017

Transcriptional
regulatory genes

ACE2 Guan et al., 2013; Inglis and
Sherlock, 2013; Modrzewska
and Kurnatowski, 2015; Burgain
et al., 2019

BGL2 Gulati and Nobile, 2016

(Continued)
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TABLE 1 | Continued

Type Gene References

BRG1 Bandara et al., 2013; Freire
et al., 2018; Marak and
Dhanashree, 2018; Burgain
et al., 2019

CCR4 Gulati and Nobile, 2016

CPH1 Connolly et al., 2013; Yano
et al., 2019

CPH2 Burgain et al., 2019

CST6 Mendelsohn et al., 2017; Freire
et al., 2018

GAS1 Gulati and Nobile, 2016

GAS2 Gulati and Nobile, 2016

GAS5 Gulati and Nobile, 2016

GWP1 Mendelsohn et al., 2017

GZF3 Burgain et al., 2019

NRG1 Ganguly et al., 2011; Gulati and
Nobile, 2016; Su et al., 2018

PES1 Ganguly et al., 2011; Gulati and
Nobile, 2016

PHR1 Gulati and Nobile, 2016

RCA1 Mendelsohn et al., 2017

RFG1 Su et al., 2018

RLM1 Gulati and Nobile, 2016

ROB1 Marak and Dhanashree, 2018;
Burgain et al., 2019

TEC1 Orsi et al., 2014; Marak and
Dhanashree, 2018; Burgain
et al., 2019

XOG1 Gulati and Nobile, 2016

ZAP1 Feng et al., 2016; Gulati and
Nobile, 2016; Pierce et al.,
2017; Tan et al., 2017

The overexpression of Ywp1 protein in the cell wall makes
the biofilm more adherent, as it negatively regulates the
dispersion process. It has previously been shown that Ywp1
can collaborate biofilm detachment in early stages. On the
contrary, it can contribute to biofilm maintenance during
the late phases of biofilm growth. It has been proposed
that Ywp1 interacts with other C. albicans adhesin proteins
expressed in early, but not late phases of biofilm growth
(Karkowska-Kuleta et al., 2019).

The process of cell dispersion begins early and occurs during
the development phase of the biofilm. These dispersed cells
have differences in their transcriptome that confer improved
virulence characteristics and drug resistance, as well as a superior
expression of transporters necessary for the achievement of
nutrients. However, initial adhesion and maintenance are keys
to biofilm biomass development. The filamentation process is
important for the expression of proteins that maintain adhesion,
and thus the deletion of individual proteins in C. albicans, such
as Efg1 and Bcr1, resulted in an almost complete loss of initial
adhesion and a collapse of biofilm development. However, the
suppression of the expression of the ALS1 and ALS3 adhesins
and Hyr1 lead to a shortage of adhesion and biofilm biomass.

The hyperfilamentous strains generated by the suppression of
Hog1 and Sfl1, formed a more robust biofilm. In addition,
in a previous study, it was found that C. albicans that lacks
Ywp1 protein had a weak adhesion maintenance force, but its
effect on initial binding was minimal. This finding indicates that
Ywp1 protein interferes with other C. albicans adhesive proteins
(McCall et al., 2019).

The proteins expressed in Candida spp. biofilm formation are
summarized in Table 2.

Quorum Sensing (QS)
Quorum sensing or “quorum perception” designates a
complex intercellular communication system, wherein the
microorganisms coordinate to generate a uniform response for
their survival and ensure the colonization of their habitats. It is
the so-called “language of microorganisms” (Saxena et al., 2019).

Due to the environment, the metabolic pathways of C. albicans
that are involved in the yeast–hypha transition, as well as its
virulence, depend on a large number of molecules generated
during QS (Padder et al., 2018). This process includes the
production and deliverance of a signal molecule (autoinducer)
that, according to cell density, will increase its concentration and
favor the collective and synchronized expression of specific genes
in all the species associated with biofilm formation.

According to Riekhof and Nickerson (2017), it has been
demonstrated that C. albicans is a dimorphic fungus in the
presence of farnesoic acid (FA) and farnesol (F), the two
sensor molecules of related sesquiterpene quorums, and when
accumulated, they do not allow the change from yeast to
mycelium. Studies were conducted with three different ATCC
strains of C. albicans, 10231, A72, and SC5314. The first strain
excretes a high concentration of FA, while the remaining two
secretes only F, although it is important to note that the Candida

TABLE 2 | Differential expression of the proteins involved in biofilm formation in
Candida spp.

Type Protein References

Adhesion Adhesins Nett et al., 2015; Hirota et al.,
2017

Als1 Diezmann et al., 2015

Als3 Diezmann et al., 2015

Bcr1 Diezmann et al., 2015

Efg1 Diezmann et al., 2015

Hog1 Diezmann et al., 2015

Hyr1 Diezmann et al., 2015

Sfl1 Diezmann et al., 2015

Ywp1 Becherelli et al., 2013; Diezmann
et al., 2015

Biofilm associated Alarmin S100-A9 Beitelshees et al., 2018

C-reactive protein Beitelshees et al., 2018

eDNA Thomas et al., 2006

Hemoglobin Beitelshees et al., 2018

Myeloperoxidase Beitelshees et al., 2018

Heat shock Hsp 90 Wagener et al., 2012; Willaert,
2018
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spp. that produce FA do produce F in undetectable amounts. In
conclusion, although F and FA possess close chemical similarity,
they use separate pathways to block hyphal development.

Previously, CaPHO81, a key component of the phosphate
starvation response signal transduction pathway, has been shown
to be implicated in inhibition of hyphal development via FA. First,
it must be taken into account that the 1hot1 mutant cells used
in this study, lost their sensitivity to FA but were still sensitive
to F. Second, HOT1 and PHO81 mRNA abundance increased
dramatically between 40 and 240 min after FA treatment, but
these expression levels remained unchanged after F treatment
as well. However, the genetic and biochemical factors that
contribute to the selection for FA production versus F production
are currently unexplored. Moreover, further studies will likely
provide more details on the differences in virulence and immune
responses between the ATCC 10231 strain used in various studies
and other clinical isolates of C. albicans (Dižová and Bujdáková,
2017; Paluch et al., 2020).

Farnesol synthesized by C. albicans acts as a negative regulator
of morphogenesis, as it inhibits the yeast–hyphae transformation.
Thus, the aforesaid effect on morphological transformation via
cyclic AMP (cAMP)/protein kinase A (cAMP-PKA) pathway also
affects other biochemical pathways of yeasts, such as the ones for
sterol biosynthesis or triggering of apoptosis via accumulation
of ROS (reactive oxygen species) that damages essential
cellular compartments. ROS activate intracellular caspases that
indicate apoptotic response in C. albicans (Lindsay et al., 2012;
Polke et al., 2018).

Regarding QS, we would like to highlight that Paluch et al.
(2020) investigated the quorum quenching (QQ) technique
and highlighted its importance because it interrupts the
microbial communication and ultimately, the biofilm formation.
QQ-driving molecules can decrease or even completely
inhibit virulence factor production, and consequently, biofilm
formation. One of the strategies is to use structural analogs
of the QS receptor autoinducers. Most QQ molecules are
enzymes with the ability to degrade the signaling molecules or
cascades. The techniques that are being used to measure QS/QQ
are mass chromatography-spectroscopy, bioluminescence,
chemiluminescence, fluorescence, electrochemistry, and
colorimetry. The importance of these research methods lies in
their medical and biotechnological application.

Candida BIOFILM MODELS

To determine whether Candida spp. can form biofilms on vaginal
mucosa, the use of in vivo, ex vivo, and in vitro models are
essential. Studying the implications of Candida spp. in clinical
practice may help in the discovery of new therapeutic targets in
Candida spp.

In vitro Models
To facilitate the detection of compounds that are active against
biofilms, high-performance biofilm models are needed. Tsui et al.
(2016) used a microtiter plate model to evaluate the variability
between C. albicans biofilms formed in independent wells of the

same microtiter plate. The biofilms that constituted over a 24 h
period showed consistent metabolic activity.

Nweze et al. (2012) and Almshawit et al. (2014) used the
Calgary Biofilm Device (CBD) for the understanding of Candida
spp. biofilms. The CBD was also used to study the susceptibility
of Candida spp. biofilms to metal ions and chelating agents
(Harrison et al., 2007a) and identify persistent cells in such
biofilms (Harrison et al., 2007b).

Samaranayake et al. (2005) used a perfusion model involving
three commonly used antifungal agents, amphotericin B,
fluconazole, and flucytosine, and biofilms established on
microporous filters by C. albicans, C. parapsilosis, and C. krusei.
The authors found that biofilm growth is dependent both on
the antimycotic agent used and Candida spp. Shao et al. (2015)
described a free-flow incubator that allowed biofilm organization
under continuous flow conditions. The system displayed stability
and continuity during the 96 h experiment. C. albicans and
C. glabrata might co-exist in the dual-species biofilms under
the flow regime.

Catheter-associated infections can be caused by biofilms
formed on catheter surfaces. Within the biofilm, cells are
protected from the host immune system. Authors studied the
formation of C. albicans biofilms on catheters, including latex
urinary catheters, and with artificial urine and antimicrobial
therapies (Negri et al., 2011).

Recently, Srinivasan et al. (2012) have developed a C. albicans
biofilm chip microarray system (CaBChip). The system is
composed of more than 700 uniform and independent nano-
biofilms encapsulated in a collagen matrix and is the first
miniature biofilm model for C. albicans. In spite of multiple
miniaturizations, the biofilms formed on the chip had phenotypic
features that were similar to those of biofilms organized
in vitro, containing a combination of yeast, pseudohyphae, and
hyphal cells, and high concentrations of antifungal compounds.
The models will allow the identification of possible anti-
biofilm drugs.

The use of SkinEthicTM reconstituted human epithelia
models is based on the fact that the epithelial cells are
placing in inert filter substrates that rise to the air–liquid
interface in a humidified air incubator. Nutrient medium is
added to feed the basal cells through the filter substrate.
After the first 5 days, a stratified epithelium similar to
human tissue is formed. The oral and vaginal epithelial
tissues formed express all the major natural markers of
epithelial basement membrane and epithelial differentiation,
behave like human epithelium, and reflect natural wound
resolution processes in vivo. Damage can be visualized by
histopathological examination and precisely analyzed using
available techniques. Confocal laser microscopy is being used
(Schaller et al., 2003, 2005), although no conclusive data have
yet been published.

Samaranayake et al. (2005) and other authors have verified that
Candida spp. biofilms on mucosal surfaces exhibit characteristics
similar to those of cells growing on abiotic surfaces. Murine
models with vaginal yeast infections established on mucosal
surfaces have demonstrated that Candida biofilms harbor many
yeast, hyphae, and extracellular material.
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Table 3 shows the main studies on Candida biofilm models
conducted in vitro.

In vivo Models
Experimental animal models are crucial to completely
understand the candidate factors of pathogenesis and develop
new therapeutic approaches, mainly in light of the increased
incidence of fungal infections.

Rodents are one of the most useful animals to study
candidiasis, since the disease process and host immune responses
are similar to those of humans. A well-established estrogen-
dependent mouse model has been developed for the study of
vaginitis (Yano and Fidel, 2011). Even though, unlike humans,
laboratory rodents do not naturally have C. albicans as a
commensal, the experimentally induced infection resembles
human infection. Therefore, the investigations of the animal
model are translatable to the human host (Peters et al., 2014).

Wang and Fries (2011) made a murine model to investigate
catheter-associated urogenital tract infections and candiduria.
In this model, a guidewire is inserted through the urethra of
a female mouse and a catheter segment is inserted over the
guidewire into the bladder. While mucosal biofilms share many
characteristics with the device-associated biofilms, whether they
exhibit the same degree of resistance to antifungal compounds is
unclear. Clinically, mucosal biofilms respond more frequently to
antifungal therapies, including azoles (Wang and Fries, 2011).

After 5–7 days, the animal is infected intravascularly with
C. albicans. The infection persists for approximately 28 days.

During this time period, a dense biofilm of adherent yeast
and hyphae forms on the luminal and extraluminal surfaces.
The difficulty is that, since there is only one catheter
segment, the flow will probably be less. This system can
also be used in other mammalian animals, including wild or
immunocompromised animals.

Since there is only one catheter segment in place in the model,
the flow conditions are probably less than what would be seen
for a catheter installed in a patient, which functions to drain the
bladder. The model includes the mammalian immune system. In
addition, the model may use wild type or immunocompromised
animals. To the best of our knowledge, this model has not been
used to investigate the activity of anti-biofilm therapies yet.

Naglik et al. (2008) administered 0.1 mg 17-β-oestradiol in
0.1 ml sesame seed oil subcutaneously for 3 days to female mice
prior to intravaginal inoculation with 20 µl C. albicans 3153A
(2.5 × 106 cells/ml), C. albicans DAY185 (2.5 × 108 cells/ml), or
biofilm mutant (2.5 × 108 cells/ml) suspension. After a period
of time, the mice were euthanized. The vagina was removed
from each mouse and examined through confocal or scanning
electron microscopy.

Harriott et al. (2010) performed an ex vivo investigation that
involved female mice treated with estrogen. After euthanizing,
the vagina was removed from each mouse. C. albicans isolates
(1 × 106 blastoconidia) in 0.1 ml PBS was incubated at
37◦C in an atmosphere of CO2 and instilled on the vaginal
surface. The fungal load was determined and microscopy
examination was performed.

TABLE 3 | Schema for in vitro Candida spp. related to biofilm models.

In vitro models Components Characteristics

Plastic/microtiter plates (Tsui et al., 2016) Polystyrene surfaces at different temperatures (10,
20, and 37◦C), flat-bottomed 96-well microtiter
plates, and plastic slides

Useful for biofilm formation for different Candida
spp. strongly associated with the type and
phenotypic behavior of the isolates

Calgary Biofilm Device (CBD) (Harrison et al.,
2007a; Nweze et al., 2012; Almshawit et al., 2014)

CBD was developed from polypropylene
microcentrifuge tubes and pipette type boxes, as
well as 96-well polystyrene pegs/plates

A useful, simple, low cost miniature device for
parallel study of Candida biofilms and factors
modulating this phenomenon.

Microporous membrane filters (Gu et al., 2015) Microporous polycarbonate (25-mm diameter) Quantitative evaluation of the antifungals that
diffused into the disk through the biofilm

Flow system biofilm models (Shao et al., 2015) Automated microfluidic device under laminar flow
conditions

Used to study biofilm formation in real-time. The
flow of liquids can influence nutrient exchange and
the structural integrity of biofilms.

Catheters (Negri et al., 2011) Silicone, polyurethane, and latex urinary catheters,
with artificial urine

Used under flow conditions to study Candida spp.
adhesion and biofilm formation

Robotic microarrayer is used to dispense yeast
cells of C. albicans onto a solid substrate.
(CaBChip) (Srinivasan et al., 2012, 2013)

CaBChip composed of ∼750 equivalent and
spatially distinct biofilms with cell-based microarray
platform allows for miniaturization of microbial cell
culture and is fully compatible with other
high-throughput screening technologies

The main advantages of the fungal biofilm chip are
automation, miniaturization, savings in amount and
cost of reagents and analyses time, as well as the
elimination of labor intensive steps. This chip
significantly speeds up the antifungal drug
discovery process.

Reconstituted human epithelia (RHE) models
(Schaller et al., 2003, 2005)

Epithelial cells are seeded on inert filter substrates
that are raised to the air-liquid interface in a
humidified air incubator

Epithelial damage can be visualized by histological
analysis of the embedded and quantified based on
the extracellular activity of lactate dehydrogenase
(LDH) in the culture medium released by the
damaged epithelial cells. Additionally, microscopy.
fluorescence-activated cell sorting. ELISA can be
used to measure and detect protein expression,
and real-time immune-PCR (used to show them)
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Another recently used model for the in vivo study of Candida
spp. biofilms is the nematode Caenorhabditis elegans. The model
is relevant for aspects of human infections, including resistance
to antifungal agents (Madende et al., 2020).

The most relevant studies on Candida in vivo/ex vivo biofilms
are summarized in Table 4

Biofilm Inhibition
It should be noted that despite the existence of numerous
investigations, no specific drugs are available for treating biofilm-
produced VVC/RVVC yet.

Posaconazole shows in vitro and in vivo synergy with
caspofungin against C. albicans, including echinocandin-
resistant isolates. Furthermore, an in vitro study of C. albicans,
C. glabrata, and C. parapsilosis showed that azole-resistant
Candida spp. are not resistant to the combination of both
compounds (Cui et al., 2015). Similar results were obtained by
Ning et al. (2015) with epigallocatechin gallate bound to azoles.

In a study of the various biological properties of the
thiazolidinone scaffold, 100 compounds were synthesized and
characterized by a 1,3-thiazolidin-4-one nucleus derivatized at
the C2 with a hydrazine bridge, linked to (cyclo) aliphatic or
hetero (aryl) moieties. The N-benzylated derivatives of these
compounds were found to be highly effective against Candida
spp. (Carradori et al., 2017).

Mannich base-type eugenol derivatives have also been
synthesized and shown to be particularly effective against
C. glabrata (Abrão et al., 2015).

Piperazine derivatives 1c–34e have been synthesized from
phenol, 2,4-dichlorophenol and 4-hydroxybiphenyl. Their
inhibitory activity during hyphae formation was verified and it
correlated with the inhibition of biofilm formation by C. albicans,
thus possibly indicating the vital role of hyphae development in
the C. albicans biofilm formation process (Zhao et al., 2018).

A new series of glycosides modified in their saccharide units
has been analyzed against Candida sp. The newly synthesized
glycoside is called eugenol glucosiso 5 and can be considered
a new structural pattern in anti-Candida drugs, fundamentally
against C. glabrata (de Souza et al., 2016).

When a cationic peptide antibiotic was used in combination
with antifungal agents, such as polymyxin B with azoles,
a synergist effect was seen (Pankey et al., 2014; Raman
et al., 2015). Aminoglycosides, like tobramycin, have been
shown to possess antifungal potential (Fosso et al., 2018).
Silva et al. (2014) showed that cerium nitrate has fungicidal
activity against planktonic Candida cells. Similarly, the ability
of cerium nitrate to pare and disarticulate biofilms has been
demonstrated, which represents an important advance in clinical
practice. Thamban Chandrika et al. (2018) identified fluconzaol
analogs and found that the antifungal activity of alkyl-amino
fluconazole derivatives depends on the alkyl chain length.
Recently, compounds 6–9 were identified as promising antifungal
agents, with low cytotoxicity and hemolytic activity. These
compounds have higher activity levels and lower toxicity
than fluconazole.

Antifungal lock therapy is used to inhibit biofilm formation.
Micafungin (5 and 15 mg/L), especially combined with ethanol;
capsofungin (5 and 25 mg/L); and posaconazole (10 mg/L)
have been used in this form of therapy (Walraven and Lee,
2013). Liposomal amphotericin B (5 mg/mL) or anidulafungin
(3.33 mg/mL) has also been successfully used (Basas et al., 2019).

Nikkomycin Z has been shown to act synergistically in
association with caspofungin or micafungin against biofilms
(Kovács et al., 2019).

Given the resistance of fungi to fluconazole, new compounds
derived from this antifungal compound have been investigated.
A total of 27 new fluconazole derivatives have been tested for their
antifungal activity against a panel of 13 clinically relevant fungal
strains (Shrestha et al., 2017).

Classically, the combination of antifungals and antibiotics,
such as rifampicin, have been shown to have a general role in
regulating signal transduction or modulating gene expression
by other mechanisms in C. albicans (Vogel et al., 2008).
Similarly, synergistic interactions between fluoroquinolones
and antifungal agents (amphotericin B or caspofungin) have
been demonstrated, potentially improving the outcome in
immunosuppressed patients with concurrent bacterial and
fungal infections (Stergiopoulou et al., 2009). Recently,

TABLE 4 | Schema for in vivo/ex vivo Candida-associated urogenital biofilm models.

In vivo models Device Animal species Characteristics References

Catheter-associated models Candiduria model: a
subcutaneous foreign body
system featuring a catheter
through the urethra of a female
mouse

Rat, mouse, and rabbit Rat and mouse models have
advantages over rabbit
models that include relatively
low cost, ease of use, and
ability to mimic the clinical
conditions of rabbit models

Wang and Fries, 2011;
Yano and Fidel, 2011;
Peters et al., 2014

Models in which the vagina of
each animal is excised and cut
longitudinally to expose the
mucosal surface.

17-β-Estradiol
subcutaneous + intravaginally
administered C. albicans

Female mice Tissue is used to determine
fungal load through
confocalor scanning electron
microscopy

Naglik et al., 2008

Models using biotic surfaces,
such as vaginal mucosa

Ex vivo models Mouse (treated with estradiol
prior to infection)

Low cost and mimics clinical
conditions

Harriott et al., 2010

Animal is infected with fungi by
consuming the yeast cells as a
food source

In vivo models Nematode Caenorhabditis
elegans

Identification of antifungal
chemical compounds

Madende et al., 2020
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chloramphenicol has been shown to have activity, mainly
against C. albicans and C. glabrata (Joseph et al., 2015).
The combination of antifungals and QS molecules is also of
interest. Farnesol, a QS molecule, inhibits the formation of
hyphae and biofilms, and tyrosol and farnesol are excellent
antifungal candidates (Monteiro et al., 2017; Mehmood et al.,
2019).

Using nanotechnology, amphotericin B-loaded silver
nanoparticles have been developed and shown promise in
improving the antifungal capacity of amphotericin B against
Candida spp. (Leonhard et al., 2018).

Some success has also been obtained with 0.43–1.736 mM
acetylsalicylic acid use. It is especially effective due to its
synergistic effects with amphotericin B (Zhou et al., 2012).
Ibuprofen (Sharma et al., 2015) and ambroxol (Li et al., 2017)
have also been successfully used as antifungal agents.

Synthetic compounds, such as the peptides, KSL-W and
SM21, which inhibit the transition from yeast to hypha,
also inhibit biofilm formation (Theberge et al., 2013;
Cavalheiro and Teixeira, 2018).

Photodynamic therapies using light of a certain wavelength
and a photosensitizing dye are also being investigated. These
therapies produce reactive oxygen species (ROS), and after
treatment, substances such as hydrogen peroxide can be used.
The absence of dye toxicity and low cost of the technique
suggest that this alternative approach has great potential
(Bujdáková, 2016).

Polymers incorporated in medical devices can also be
modified to prevent fungal contamination. Lumbrical organ
water-insoluble polyethylamine derivatives are capable of
inhibiting C. albicans growth, by altering the membrane
integrity. Furthermore, the natural polymer, chitosan, is also
effective against C. albicans biofilms (Hoque et al., 2015).

Table 5 shows the main advances in new compounds involving
new therapeutic options directed toward fungal biofilms.

Immune Response Intervention
Peptide-derived antibody therapies against Candida spp. are
currently being developed. These therapies increase the oxidative
stress of the yeast and membrane permeability to significantly
decrease the expression levels of biofilm generation-related genes
(Paulone et al., 2017).

New targets are also being investigated to develop vaccines for
RVVC. An effective RVVC vaccine is a possible option to treat this
chronic condition. An ideal vaccine should be able to induce an
efficient immune response that promotes fungus elimination and
virulence factor neutralization, without causing harmful changes
in the vaginal microenvironment (Cassone, 2015). Vaccines that
target the adhesin, Als3, and the enzyme, Sap2, have been
developed. Although no vaccine has been approved for use in
humans currently, important advances in this area are expected
in the near future (Sui et al., 2017; Tso et al., 2018). In a recent
study, 70 women of fertile age were recruited and divided into two
groups. One group was treated by intravaginal autolymphocyte
therapy, in conjunction with traditional treatment, and a control
group only received conventional treatment. The group of
patients treated by autolymphocyte therapy recovered fully

in half the time than that required by the control group
(Alyautdina and Esina, 2019).

Probiotics
The term probiotics refers to microorganisms with beneficial
actions on the human body. To be classified as a probiotic, a
microorganism must be correctly identified at the genus, species,
and strain levels using phenotypic and genotypic methods,
since the demonstrated beneficial effects of a specific strain
cannot be extrapolated and attributable to another strain of
the same species. The strain is also required to be deposited
in an internationally recognized collection. Probiotics should
lack virulence factors and/or the ability to produce metabolites
that are undesirable for the host. The main objective of
probiotic therapy is not to re-establish the vaginal canal
bacterial microbiome; and there is no consensus for its use
in vaginal infection treatment or their sequelae (Hewadmal
and Jangra, 2019). However, Rodríguez-Cerdeira et al. (2019)
have extensively reported the importance of probiotics in
VVC/RVVC treatment. Ongoing research on this topic and
recently performed studies are discussed below.

Tsimaris et al. (2019) studied a group of 70 women treated with
Lactobacillus during the pre-diagnosis period. Administration
of intravaginal B. coagulans, alone and in combination with
standard antibiotic therapy, provided significant benefits in
the treatment of vaginal symptoms in VVC patients in
this clinical trial.

Previous studies support the notion that vaginal microbiota
restoration and/or local mucosal immune response modulation
can be achieved via supplementation with probiotics, which can
be administered orally as a probiotic food supplement, intra-
vaginally as vaginal suppositories, or applied topically as a gel
(Köhler et al., 2012; Gille et al., 2016).

Gabrielli et al. (2018) have verified the probiotic capacity
of Saccharomyces cerevisiae CNCM I-3856 to modulate the
expression of C. albicans pathogenicity in mice with vaginal
candidiasis. Daily intravaginal administration of S. cerevisiae
CNCM I-3856 was shown to eliminate various components of
the fungus necessary for its virulence in the vagina and modulate
the expression of aspartyl proteinase and genes associated with
hyphal growth, Hwpl and Ecel, in the epithelium. The decreased
inflammatory response observed in this study was likely due
to the decrease in IL-8 production and aspartyl proteinase
expression inhibition. Despite the assumption that S. cerevisiae
administration would produce undesirable effects, it did not alter
the architecture of vaginal epithelial cells or organs, either in vitro
or in the human vaginal epithelium in vivo (Handalishy et al.,
2014; van de Wijgert and Verwijs, 2020).

In general, the studies reported contradictory results and
probiotics were generally not effective in preventing or curing
VVC. None of the studies showed safety issues with the tested
probiotics. There was no evidence of vaginal colonization by the
probiotic strains and thus, vaginal detection is restricted to the
dosing period. It should be noted that the different probiotic
products used in these studies differ in their components, such
as the active ingredients and excipients, and the application
methods and dosages differ between the different studies. There
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TABLE 5 | New anti-Candida spp. biofilm compounds.

Compound Action References

Posaconazole plus caspofungin (in vitro and in animals)
or
Concomitant use of epigallocatechin gallate and
miconazole, fluconazole, or amphotericin B

C. albicans, C. glabrata, and C. parapsilosis
Highly effective against C. albicans, C. glabrata and C. parapsilosis
in vitro and in animal experiments

Cui et al., 2015
Ning et al., 2015

1,3-thiazolidin-4-one nucleus and its N-benzylated
derivatives at the C2 with a hydrazine bridge linked to
(cyclo)aliphatic or hetero(aryl)

Strong activity against Candida spp.
Lack of cytotoxic effects

Carradori et al., 2017

Mannich base-type eugenol derivatives: :
4-allyl-2-methoxy-6- (morpholin-4-ylmethyl) phenyl
benzoate (7) and 4- {5-allyl-2 - [(4-chlorobenzoyl) oxy]
-3-methoxybenzyl}. Morpholin-4-io (8) chloride was found

Highly effective against C. albicans, C. glabrata, and C. krusei Abrão et al., 2015
Yano et al., 2012

1-(4-ethoxyphenyl)-4-(1-biphenylol-2-hydroxypropyl)-
piperazine

Acts primarily on C. albicans
Low cytotoxic effects

Zhao et al., 2018

Glucosides with modified saccharides Fungistatic activity against C. glabrata de Souza et al., 2016

Amphiphilic, helical β-peptide structural mimetics of natural
antimicrobial α-peptides

Specific planktonic antifungal and anti-biofilm activity against
C. albicans, C. glabrata, C. parapsilosis, and C. tropicalis

Pankey et al., 2014
Raman et al., 2015

Aminoglocosides derived from tobramycin The triazole is most effective against Candida spp. Fosso et al., 2018

Cerium nitrate, a member of the lanthanide family Active against planktonic and sessile Candida spp. cells
It is able to prevent biofilm formation by C. albicans and
C. parapsilosis both in vitro and in vivo
Application in medical devices

Silva-Dias et al., 2015

Fluconazole analogs with alkyl-, aryl-, cycloalkyl-, and
dialkyl-amino substituents

These compounds are active against some of the C. albicans and
non-albicans Candida strains and are highly effective against clinical
strains of C. glabrata and C. parapsilosis

Thamban Chandrika
et al., 2018

Micafungin + ethanol
Capsofungin/posaconazole, or
amphotericin B, or
anidulafungin, or
Caspofungin/micafungin in combination with nikkomycin Z

Antifungal lock therapy is used to inhibit the formation of the biofilm Walraven and Lee,
2013
Basas et al., 2019
Kovács et al., 2019

27 new FLC derivatives Broad-spectrum antifungal activity. All compounds inhibit the sterol
14α-demethylase enzyme involved in ergosterol biosynthesis

Shrestha et al., 2017

Fluoroquinolones and antifungal agents (from amphotericin
B or caspofungin) or rifampicin
Chloramphenicol

Very useful in immunosuppressed patients Stergiopoulou et al.,
2009
Vogel et al., 2008

Not valid for use against C. albicans or C. glabrata
Antifungal activity comparable to caspofungin and ketoconazole

Joseph et al., 2015

Tyrosol and farnesol Strong biofilm inhibition
Inhibit the formation of hyphae

Monteiro et al., 2017
Mehmood et al., 2019

Amphotericin B plus silver hybrid nanoparticles Powerful antifungal activity although the toxicity of the nanoparticles
depends on the size, concentration, and pH of the medium and the
exposure time to pathogens

Leonhard et al., 2018

Amphotericin B plus acetylsalicylic/ibuprofen/ambroxol They are inexpensive, but they increase the risk of bleeding and
hyperkalaemia

Zhou et al., 2012
Sharma et al., 2015
Li et al., 2017

KSL-W and SM21 peptides Inhibit biofilm formation by Candida spp. Theberge et al., 2013
Cavalheiro and Teixeira,
2018

is also no consensus on which specific strains of Lactobacillus
may be most beneficial for dysbiosis. However, the efficacy of the
different probiotics analyzed in the studies was highly similar.

DISCUSSION

The importance of the present review lies in the fact that it raises
awareness regarding the impact of biofilms on practical clinical
management and treatment of VVC/RVVC and highlights the

need for additional research toward the development of novel
therapeutics targeting pathogenic vulvovaginal biofilms.

As discussed in the present review, numerous transcriptional
events related to morphogenesis, key molecule expression,
and virulence factor manifestation occur during the invasion
and infection processes. Experimental evidence indicates that
C. albicans can differentially regulate its genes during adaptation
to and subsequent colonization of a biological niche, and it
exhibits a specific profile of virulence factors depending on
the type of mucosa in which the infection occurs. In this
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review, we focussed on the mucosa of the lower genital tract
(TGI) with a special emphasis on the vulvovaginal mucosa
(El-Houssaini et al., 2019).

Candida spp. that form biofilms exhibit high resistance to
antifungal drugs and are known to successfully evade host defense
mechanisms. This resistance is responsible for the perpetuation
and reappearance of this type of infection, causing collateral
damage to the surrounding tissues.

Present interventions for preventing biofilm formation
are based on attempts to modulate surface chemistries to
ensure prevention of attachment (Li et al., 2018) or blocking
molecules involved in signal transduction, such as c-di-
GMP, from regulating attachment and matrix production
(Hall and Lee, 2018).

Other substances used are proteases immobilized on
a polypropylene surface, which decreases the adhesion of
C. albicans required for biofilm formation, although the toxicity
of these enzymes remains an issue (Andreani et al., 2017).

Disruption of the maturation of Candida biofilms with the
alkaloid berberine has been successfully demonstrated in both
planktonic and biofilm conditions, as described by Xie et al.
(2020). The authors observed significant alterations in the
architecture of biofilms formed by C. albicans (ATCC 10231 and
ATCC 90028), C. krusei (ATCC 6258), C. glabrata (ATCC 90030),
and C. dubliniensis (MYA 646).

The role of epithelial cell-mediated immunity of the
vulvovaginal mucosa is crucial in the context of protection
against vaginal Candida infections. The FGT is equipped with
various mechanisms responsible for innate immunity that are
important in maintaining immunological surveillance against
microorganisms, upholding the basic tenets of commensalism,
and ensuring protection against invasion (Cassone, 2018).
These include neutrophil polymorphonuclear cells (PMNs),
macrophages, dendritic cells, natural killer (NK) cells, T
lymphocytes, and innate lymphocytes, which actively contribute
to the localized antifungal response (Richardson et al., 2018; Yano
et al., 2018). Most of these cells reside in the mucous membranes
of the TGI, although additional molecules are recruited in
response to infection. In addition to the transforming growth
factor (TGF) involved in immunoregulation, epithelial cells
express innate immunity receptors, such as pattern recognition
receptors (PRRs) and a broad spectrum of antimicrobial peptides
including alarmins, chemokines, and cytokines [such as IL-1,
IL-6, IL-8, and tumor necrosis factor (TNF)]. All these factors
initiate the first phase of the response and contribute to the
recruitment of other cell populations (Doerflinger et al., 2014;
Pericolini et al., 2015).

Epithelial cells can discern between the saprophytic and
hyphal forms of C. albicans, leading to activation of the
inflammatory response if necessary. Yeast to hypha transition
and virulence factor production causes epithelial disruption
and results in PMN recruitment, which, in turn, exacerbates
the inflammation (Yano et al., 2018). Previous studies have
identified the alarmins, S100A8 and S100A9, as key chemotactic
mediators of the acute PMN response toward Candida infection
(Yano et al., 2012).

According to Jaeger et al. (2013), epithelial cells express PRRs,
which are capable of detecting the presence of microorganisms

and sending activation signals to induce immune mediator
secretion. There are 3 PRR families involved in the recognition
of Candida pathogen-associated molecular patterns (PAMPs).
The different PAMPs of Candida spp. recognized by these
PRRs are well-characterized. Toll-like receptors (TLR)2, TLR4,
TLR7, and TLR9 recognize phospholipomannans, O-mannoside-
rich structures, Candida RNA, and Candida DNA, respectively.
NOD-like receptors (NLRs) are found in the cytosol of cells.
NLRP3 constitutes a part of the inflammasome, which is a
cytoplasmic multiprotein complex with enzymatic activity. Other
receptors, such as mannose receptor, dectin-2, DC-SIGN, and
mincle recognize other glucidic structures, such as mannose and
fucose, located in the Candida cell wall (Stoddart et al., 2011;
Yano et al., 2018).

As described by Yu and Gaffen (2008), Th17 cells within
the CD4+ T lymphocyte population secrete IL-17A, IL-17F,
IL-22, and IL-263, but differ in their production of cytokines
such as IL-1, IL-6, and TGF3. IL-23 is an absolute requirement
for the expansion, maintenance, and effector functions of
this cell population. NKT cells, T lymphocytes, and group 3
innate lymphoid cells (ILC3s) produce abundant IL-17 and play
important roles in defending the mucosa (Conti et al., 2009).

Identification of the key role of morphogenic changes in
fungus and production of Sap as a virulence factor that activates
the local inflammatory response have been associated with
the discovery of mutations and genetic polymorphisms in
the PRRs (Kalia et al., 2019) and their activation pathways.
These observations collectively highlight the mechanism of
VVC pathogenesis.

Biofilm formation in RVVC is usually related to the host
immune system, when evasion of the defense system occurs
at both humoural and acquired levels. Complement activation
is known to be decreased in biofilms compared to that
in plankton cells, and altered phagocytosis occurs due to
the surrounding extracellular matrix of polymeric substances
(Duggan et al., 2015).

It is important to highlight that persister cells that remain
latent inside the biofilm evade elimination by macrophages
(Mina and Marques, 2016; Wuyts et al., 2018). Therefore,
understanding the contributions of these biofilms in fungal
burden and in shaping subsequent strategies that influence and
modulate the local immunopathogenic response is imperative for
the development of efficient therapeutic modalities.

Emerging therapeutic approaches have centered on harnessing
the complex interaction between commensal and pathogenic
organisms in the vaginal environment. This is implemented
mainly by diets rich in probiotics or vaginally administered
probiotics, and this has been shown to restore the vaginal
microbiota and decrease the incidence of VVC/RVVC.
The work of Miyazima et al. (2017) provides support to
these claims.

Combinations of prebiotics and probiotics, also called
symbiotics, not only have therapeutic applications in infections
in the intestinal tract but also for the urogenital area
(Olveira and González-Molero, 2016).

Special care is taken with infections associated with mucosal
devices (Nett, 2016). In these cases, inhibition of yeast adhesion
to surfaces or devices (coating surfaces) constitute an important
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therapeutic aspect for patients with a catheter or similar device
inserted in the urogenial tract (Palmieri et al., 2018).

Novel associations, emerging drugs, and new activities are
being studied in response to yeasts in Candida spp. biofilms, as
described in the previous section (Fosso et al., 2018; Thamban
Chandrika et al., 2018; Černáková et al., 2019).

The resolution of these challenges would enable important
advances in understanding and therapeutic management of this
mycosis. Here, we summarize the potential therapeutic targets in
three parts: (a) those aimed at inhibiting or eliminating biofilms,
(b) those intervening in the immune response, and (c) those
mediated by probiotics.

CONCLUSION

Mycological diagnosis requires a comprehensive knowledge of
the complex mechanisms underlying the interaction between
a fungus and its host, and the identification of fungi is not
solely limited to complete and fine technical handling in
the laboratory. Fungi are eukaryotic entities with a markedly
more intricate physiology and pathophysiology than viruses
or bacteria, and they are an increasingly frequent cause of
morbidity and mortality.

Rapid and accurate identification of pathogenic yeasts is an
objective in proper patient management, especially for fungal
infection control. Incorporation of modern methodologies based
on molecular, genomic, proteomic, and genetic engineering
techniques has facilitated the identification of different strains
of Candida spp. These methodologies have contributed toward
preventing the irrational use of antifungals and selecting
appropriate empirical therapy.

Candida spp. biofilms have considerable clinical repercussions
in VVC/RVVC owing to the increasing frequency in resistance
to antifungals presented by these patients. The capacity of
Candida spp. strains to acquire resistance confers various
advantages, such as the colonization of host tissues, expression of
virulent characteristics, metabolic cooperation, efficient capture
of nutrients, cell–cell communication, and exchange of genetic
material, which provide a considerable ecological advantage, as it
protects against antifungals.

Thus, the genes involved in biofilm formation and
development as well as the quorum-sensing systems are
considered new targets in the development of specific inhibitors
as an alternative to currently available treatments.

The ability of yeasts of the genus Candida to generate a
biofilm is multifactorial and generally considered to be dependent
on the site of infection, species and strain involved, and
microenvironment in which it develops. Thus, as presented in
this manuscript, the virulence attribute is not exclusive to a
particular Candida species and new strains with greater formative
capacity may emerge any time.

Although the in vitro systems studied in the present study
had certain limitations, they allowed simultaneous processing of
a large number of samples, which is ideal for screening. The
systems also enabled easy testing of various physicochemical
and biochemical parameters as well as studying the activity of
antimicrobial agents. From a genomic point of view, the systems
allowed us to analyze the genes involved in biofilm regulation and
formation in the strains capable of forming biofilms (in situ).

In vivo studies in murine VVC/RVVC models are commonly
used to study C. albicans infection. Using these models, we will
first investigate the virulence factors associated with Candida
spp., including adhesins, aspartyl proteases, and hydrophobic
properties. Second, we will analyze the factors favoring such
infections, such as alterations in the bacterial flora. Third, we
will examine the immune response to this infection in mice with
genetic alterations. Finally, we can evaluate antifungal molecules
through pharmacokinetic studies; prophylactic, therapeutic, and
new molecule models; synergism studies; and in vitro, in vivo, and
ex vivo correlation analyses.

The future of Candida spp. infection biology should
simultaneously integrate the study of pathogenic factor
analysis and host immunological characteristics to generate
a comprehensive and detailed assessment of host-pathogen
interactions. Therefore, the new VVC/RVVC approach aims to
not only control fungal load, but also develop strategies targeted
for modulating the local immunopathogenic response.

Finally, we must be particularly careful with
immunocompromised patients with VVC/RVVC, as the release
of new fungal cells from the biofilm may spread the infection
throughout the body, which can lead to systemic candidiasis.
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