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Dermatophytes are fungi responsible for a disease known as dermatophytosis. Biofilms are sessile microbial communities
surrounded by extracellular polymeric substances (EPS) with increased resistance to antimicrobial agents and host
defenses. This paper describes, for the first time, the characteristics of Trichophyton rubrum and T. mentagrophytes bio-
films. Biofilm formation was analyzed by light microscopy, scanning electron microscopy (SEM) and confocal laser
scanning microscopy (CLSM) as well as by staining with crystal violet and safranin. Metabolic activity was determined
using the XTT reduction assay. Both species were able to form mature biofilms in 72 h. 7 rubrum biofilm produced
more biomass and EPS and was denser than 7. mentagrophytes biofilm. The SEM results demonstrated a coordinated
network of hyphae in all directions, embedded within EPS in some areas. Research and characterization of biofilms
formed by dermatophytes may contribute to the search of new drugs for the treatment of these mycoses and might
inform future revisions with respect to the dose and duration of treatment of currently available antifungals.
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Introduction

Dermatophytes are fungi that have the ability to invade
keratinized structures of humans and animals, producing
a condition called dermatophytosis (Weitzman &
Summerbell 1995). There are three anamorphic genera:
Trichophyton, Microsporum and Epidermophyton, which
share certain microscopic features despite the taxonomic
distance between them (Weitzman & Summerbell 1995;
Moraes et al. 2001; Costa-Orlandi et al. 2012).

Soil is a natural reservoir of dermatophytes; keratins
present in soil are used as nutrients, so these fungi are
adapted to various environments. Keratin is a protein of
high molecular weight, relatively insoluble and present
in the skin, hair, nails and debris deposited in soil (Saenz
2001; Aquino et al. 2007; Macura et al. 2010;
Achterman & White 2012). The prevalence of dermato-
phytes is variable but high in Latin America, causing
infections in both humans and domestic animals
(Pinheiro et al. 1997). The infection occurs when arthro-
conidia adhere to host skin, followed by germination and
the invasion of keratinized structures by fungal hyphae.
During invasion, keratinized tissues are digested by
secretion of multiple endoproteases, the presence of
which can determine fungal survival on the host as well
as the clinical evolution of the infection, by providing
nutrients, and triggering and modulating the immune
response (Vermout et al. 2008; Baldo et al. 2012). The
severity of the infection is related, in part, to the reaction
of the host to the invading organism, in addition to other

factors, such as species or virulence of the infecting
strain, host reaction to metabolic products produced by
the fungus, anatomic site of infection, and local environ-
mental factors (Soares et al. 2013). Endoproteases fall
into two large protein families: the subtilisins (which are
serine proteases) and the fungalysins (metalloproteases)
(Monod 2008). Studies have demonstrated seven putative
genes encoding serine proteases belonging to the subtili-
sin family (SUB) and five putative genes encoding
metalloproteases belonging to the M36 family, which
only exists in fungi (Zhang et al. 2013). The sequencing
of seven dermatophyte genomes has recently been
completed, and the sequences have been made publicly
available. Seven genomes were found to encode high
numbers of protease-encoding genes compared to related
non-dermatophytic fungi. In particular, dermatophytes
appear to have expanded sets of endopeptidases,
exopeptidases, and secreted proteases (Achterman &
White 2012).

This observation highlights the important role of
protein degradation in the life cycle of dermatophytes
(Achterman & White 2012). Many authors have
investigated the virulence factors that are activated in der-
matophytes exposed to environmental stresses such as
growth on lipids (Peres et al. 2010; Maranhao et al. 2011),
changes in pH (Silveira et al. 2010), and antifungal drugs
(Peres et al. 2010).

Biofilms are structured sessile microbial communities
that are organized by microorganisms adhering to a
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surface as well as to each other via an extracellular poly-
meric matrix. Biofilms are of particular significance
because it is now estimated that a significant proportion
of all human microbial infections involve biofilm forma-
tion (Ramage et al. 2009). The formation of biofilms
provides a number of advantages to microorganisms,
including protection against the environment, microbial
communication, increased virulence, improved metabolic
cooperation and the emergence of community-based reg-
ulation of gene expression (Percival et al. 2012). In
recent years, there has been an increasing appreciation of
the role played by biofilms in human medicine, primarily
because the microorganisms growing within a biofilm
exhibit phenotypic characteristics that are substantially
different from those exhibited when the same microor-
ganism is present in planktonic form. Furthermore, the
microorganisms in a biofilm community also have
increased resistance to antimicrobial agents and increased
protection against host defenses (Ramage et al. 2009).
Similar to bacteria, fungi are also able to form
biofilms, which contribute to their clinical significance
and the economic problems they cause, as they are
eukaryotic organisms and are therefore more complex than
bacteria. Moreover, most diseases caused by fungi are
neglected, making diagnosis and treatment more difficult
and resulting in high mortality rates. Biofilm formation
has been identified in species of Candida (Pires,
Montanari et al. 2011; Pires, Santos et al. 2011; Martins
et al. 2012; Sardi et al. 2013), Cryptococcus (Ajesh &
Sreejith 2012), Malassezia (Figueredo et al. 2012),
Trichosporon (Colombo et al. 2011), Saccharomyces
(Bojsen et al. 2012), Aspergillus (Muszkieta et al. 2013),
Histoplasma (Pitangui et al. 2012) as well as
Paracoccidioides brasiliensis (unpublished data) and
others. The ability of dermatophytes to form biofilms has
not been described, but it is believed that it is related to
antifungal resistance (Vlassova et al. 2011). Thus, this
study aimed to describe and characterize biofilms of
Trichophyton rubrum and T. mentagrophytes in vitro.

Materials and methods
Dermatophyte cultivation

This study was performed with standard strains of
T rubrum (ATCC 28189) and T. mentagrophytes (ATCC
11481), from the collection of the Clinical Mycology
Laboratory, Department of Clinical Analysis, School
of Pharmaceutical Sciences, UNESP. All samples were
cultured on Sabouraud dextrose agar (DIFCO — BD
Biosciences, Sparks, MD, USA) with additional
chloramphenicol (0.1%) or on Mycosel agar (DIFCO)
and incubated at 28°C for up to 15 days (Costa-Orlandi
et al. 2012).

Biofilm formation assay

A biofilm assay was performed based on the method
described by Mowat et al. (2007) for Aspergillus fumiga-
tus with some modifications. The strains of 7. rubrum
ATCC 28189 and T. mentagrophytes ATCC 11481 were
grown on potato dextrose agar (DIFCO) and incubated at
28°C for sevendays or until sporulation. The inoculum
was prepared by covering the cultures with 5 ml of sterile
saline at 0.85% or 0.01 M PBS (pH 7.2), counting the
conidia on a hemocytometer, and adjusting to a final con-
centration of 1 x 10° CFUml ™. Then, 1,000 pl of inocu-
lum were added to 24-well plates (TPP®, Trasadingen,
Switzerland) containing previously sterilized coverslips.
The plates were then incubated without agitation at 37°C
for 3h for biofilm pre-adhesion. After this time, the
supernatant was gently removed from the wells, the cells
were washed three times with sterile saline at 0.85% or
0.01 M PBS (pH 7.2) for removal of non-adherent cells,
1,000 ul of RPMI 1640 medium were added and the plates
were incubated at 37°C for 72h. Morphology was
observed by light microscopy on an IN Cell Analyzer
2000 instrument (GE Healthcare Life Sciences, Little
Chalfont, Buckinghamshire, UK), and image analysis was
performed with the IN Cell Image Analysis Investigator
software (GE Healthcare Life Sciences).

Quantification of biofilm mass by crystal violet staining

The method of quantifying dermatophytic biofilm mass
was adapted from the technique described by Mowat
et al. (2007). Biofilms were allowed to form in 96-well
plates (TPP®) for 72h before the culture medium was
removed from each well and the adhered cells were
washed three times with PBS. After drying at room tem-
perature, 100 ul of 0.5% crystal violet solution were
added to each well for 5min. The wells were washed
one more time with sterile water to remove excess stain
and biofilms were decolorized by the addition of 100 pl
of 95% ethanol solution to each well. The ethanol solu-
tion was gently homogenized with a pipette until the rest
of the crystal violet was completely dissolved (~ 1 min).
Finally, the solution from each well was transferred to a
new 96-well plate and then read in an ELISA reader
(Microplate Reader iMarkTM; BIO-RAD; Hercules, CA,
USA) at a wavelength of 570 nm. The absorbance values
should be proportional to the biomass of the biofilm,
which is comprised of hyphae, extracellular material and
dead cells (ie the greater the quantity of biological mate-
rial, the greater the staining and absorbance value).
Crystal violet was also used for the quantification of
T rubrum biofilm formed as described in the biofilm for-
mation section, in three different media: RPMI 1640
with L-glutamine, without sodium bicarbonate (Gibco®
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by Life Technologies, Grand Island, NY, USA);
Keratinocyte serum free medium (Gibco®) and
Dulbecco’s Modified Eagle Medium — DMEM (Gibco®)
with bovine fetal serum (BFS). Biofilm morphology in
the different media was observed by light microscopy on
an IN Cell Analyzer 2000.

Quantification of the extracellular matrix by safranin
staining

The extracellular matrix produced by the biofilm was
quantified by safranin staining as described by Seidler
et al. (2008). After biofilm formation for 72 h in 96-well
plates, the extracellular matrix was stained with 50 pl of
safranin solution for 5 min. Then, the plates were thor-
oughly washed until the supernatant stayed clear. Finally,
the plates were read in an ELISA reader (Microplate
Reader iMarkTM; BIO-RAD) at a wavelength of 492 nm.

Determination of the metabolic activity of the biofilm
by the XTT reduction assay

The XTT reduction assay (2.3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-[carbony] (phenylamino)]-2H-tetrazolium
hydroxide) is reproducible, sensitive, rapid, and is
directly related to the metabolic activity of the biofilm.
To conduct this assay, test solutions were prepared from
stock — XTT (1 mgml™" of PBS) and menadione (1 mM
in ethanol). Biofilms were formed in different plates for
different time points: 0, 3, 12, 24, 48, 72 and 96 h. Then,
50 ul of XTT solution plus 4 pul of a solution of menadi-
one were added to each well of the 96-well plates before
incubation at 37°C for 3h. The activity of the fungal
mitochondrial dehydrogenase reduces the tetrazolium salt
XTT to formazan salts, resulting in a colorimetric change
that correlates with cell viability. The colorimetric
change was measured using an ELISA reader (Micro-
plate Reader iMarkTM; BIO-RAD) at 490 nm. In all
experiments, RPMI 1640 medium free of biofilm forma-
tion was included as a negative control (Mowat et al.
2007; Pitangui et al. 2012).

Scanning electron microscopy (SEM)

The biofilms formed on coverslips were processed as
described by Morris et al. (1997), Ells and Truelstrup
Hansen (2006), and Pitangui et al. (2012) with modifica-
tions. Briefly, the biofilms were washed three times with
PBS to remove planktonic cells and then fixed with
800 ul of glutaraldehyde solution (Sigma-Aldrich, St
Louis, MO, USA) at 2.5% in sterile distilled water for
60 min. After three PBS washes, the specimens were
dehydrated with an increasing gradient of ethanol solu-
tions (50% to 100%) at room temperature. The samples
were dried using the critical point method in a Samdri
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780A desiccator (Rockville, MD, USA) using CO,. The
samples were mounted on aluminum and silver cylinders
and placed in a high vacuum evaporator (Denton
Vacuum Desk V, Jeol, Moorestown, NJ, USA) for gold
coating. Topographic features of biofilms were analyzed
under a scanning electron microscope (Jeol JSM-
6610LV, Peabody, MA, USA) at the School of Dentistry
of Araraquara, UNESP.

Confocal laser scanning microscopy (CLSM)

For confocal microscopy, a solution of CAAF (Conca-
navalin A [ConA], conjugated to Alexa Fluor 488;
Molecular Probes, USA) and FUN 1 (Molecular Probes,
Invitrogen, Eugene, OR, USA) was prepared. This
mixture was added to the wells containing the biofilms
on coverslips and the plates were incubated at 37°C
for 45 min, protected from light. Then, the coverslips
were washed with distilled water, carefully removed
from the wells, covered with 4 ul of Fluoromount-G
(Sigma-Aldrich), and deposited on microscope slides for
observation under a confocal microscope (Leica TCS
SP5, Leica Microsystems, Wetzlar, Germany) with the
capture and image program LAS AF 1.8.2 build 1465
(Leica Microsystems) (Ramage et al. 2001; Kuhn et al.
2002; Chandra et al. 2005).

Statistical analysis

All experiments were performed in triplicate. Statistical
analysis was performed using a #-test or one-way ANOVA
with GraphPad Prism 5 software. P-values <0.05 were
considered statistically significant.

Results
Biofilm morphology

The morphology of the biofilm was evaluated by light
microscopy, using an IN Cell Analyzer 2000 (Figure 1).
The images demonstrate that both species were able to
form biofilms, highlighting a denser mass in T rubrum
after 72 h (Figure 1d).

Biofilm quantification

The results of the measurement of biofilm mass of
T rubrum ATCC 28189 performed with crystal violet
show higher biomass production compared with
T. mentagrophytes ATCC 11481 (p<0.01) (Figure 2a).
The same results were observed for the polysaccharide
structure and the extracellular matrix quantified by
safranin staining as shown in Figure 2b (p <0.0001). In
all three media tested, there was substantial biomass
production by 7. rubrum biofilms with no significant
difference between the RPMI medium, Keratinocyte
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Figure 1. Analysis of the morphology of T mentagrophytes ATCC 11481 and T. rubrum ATCC 28189 biofilms on the IN Cell Ana-
lyzer 2000. (a) T. rubrum biofilm after 12 h; (b) 7. rubrum biofilm after 24 h; (c) 7. rubrum biofilm after 48 h; (d) 7 rubrum biofilm
after 72 h; (e) T mentagrophytes biofilm after 12 h; (f) T mentagrophytes biofilm after 24 h; (g) T. mentagrophytes biofilm after 48 h;

(h) T. mentagrophytes biofilm after 72 h.

serum free medium and DMEM with BFS (p>0.05)
(Figure 2c¢).

Determination of biofilm metabolic activity by the XTT
reduction assay

The results show that the initial metabolic activity of the
biofilms could be measured within 3 h. Over a period of
12-24 h there was a slight increase in metabolic activity,
and by 48 h there was a significant increase in metabolic
activity for both species. After 72h, cells started to
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detach and their metabolic activity tended to plateau, so
this period was considered the ideal time for biofilm
maturation. Both strains showed similar results and no
significant difference was observed (p >0.05) (Figure 3).

SEM

SEM analysis revealed that biofilm formation occurred in
the presence of a highly organized extracellular matrix.
Figure 4 shows images captured from different areas of a

_—
(2)
—
£
3

Absorbance OD 570 nm
Crystal violet

Figure 2. Quantification of biomass and extracellular matrix by staining with crystal violet (a) and safranin (b). 7. rubrum ATCC
28189 shows a greater biomass (p <0.01) and extracellular matrix production (p <0.0001) when compared with T mentagrophytes
ATCC 11481. (c) shows a similar profile of 7. rubrum biomass in different media, with no significant difference between them.

** = p<0.01; *** = p<0.0001.
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Figure 3. Kinetics of biofilm formation in 7 rubrum and T.
mentagrophytes in 96-well plates. The two strains showed simi-
lar results. No significant difference was observed (p > 0.05).
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T. mentagrophytes biofilm (A) with tangled hyphae cov-
ered by the exopolymeric matrix (B, C and D). The same
can be seen in Figure 5, which shows T. rubrum biofilm
(A), with a large amount of extracellular matrix involving
hyphae (B, C and D). By being denser and more com-
pact, a larger amount of EPS was found in the 7. rubrum
biofilm compared with the 7 mentagrophytes biofilm.

CLSM

The results of CLSM showed mature biofilm formation
in both species. The fungal mass was compared by sec-
tions (Figure 6). In Figure 7, ConA stained the fungal
cell wall and the extracellular matrix green, whereas
FUN 1 stained the active cells red. The biofilm thickness
of T rubrum and T. mentagrophytes was 249.67 um and
134.82 pm, respectively.

Discussion

The pathogenesis of mycosis is directly related to the inter-
action and adhesion of pathogenic fungi to host tissues
(Vermout et al. 2008). Its mechanisms can vary according

WD13mm  SS540

i .4

SEl  12kV WD12mm  SS540 %x3,000 Sum

Figure 4. SEM images of mature T mentagrophytes ATCC 11481 biofilm (A). Arrows denote the exopolymeric matrix (B, C and D).
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WD15mm SS30 x100 100pm  —

SEl  12kV x3,000 5pm

B

SEl  12kV WD15mm SS30

SEl  12kV WD16mm SS40

Figure 5. SEM images of mature T. rubrum ATCC 28189 biofilm (A). Arrows denote the exopolymeric matrix produced by

T rubrum covering the hyphae (B, C and D).

to fungal species and host status. The factors responsible
for adhesion of dermatophytes to various surfaces are
poorly understood, but it is known that the ability of
T. rubrum to adhere to epithelial cells is due to the action
of carbohydrate-specific adhesins that are expressed on the
microconidial surface (Vermout et al. 2008).

Biofilms can be defined as extensive communities of
organisms growing on surfaces, surrounded by a polysac-
charide-rich extracellular matrix, with a pronounced
capacity for resistance to antimicrobial agents and host
defenses (Chandra et al. 2005; Ramage et al. 2009).
Moreover, biofilm cells exhibit an altered phenotype with
respect to growth rate and gene transcription (Harding
et al. 2009; Percival et al. 2012). Burkhart et al. (2002)
proposed the hypothesis that biofilm formation in derma-
tophytes could explain dermatophytomas, in which cir-
cumscribed dense white fungal masses live within and
under the nail plate, but this has not previously been
characterized. Dermatophytomas are more resistant to
traditional therapies, host more than one microorganism
species and have living fungal elements strongly adherent

to the nail plate that survive in histological studies. In this
paper, the characteristics of the biofilms formed in vitro
by Trichophyton rubrum and T mentagrophytes are
described for the first time. The ability to adhere and form
biofilms was assessed first by light microscopy, using the
IN Cell Analyzer to investigate the development of the
biofilms on polystyrene surfaces. Two reference strains,
T rubrum ATCC 28189 and T. mentagrophytes ATCC
11481, were evaluated. The time of adherence corrobo-
rated with previous work by Zurita and Hay (1987), who
described a time of 3 to 4h for maximum adherence of
arthroconidia of Trichophyton spp. in keratinocytes
(Vermout et al. 2008). RPMI 1640 was used as the culture
medium as it has been shown to be optimal for biofilm
development. This medium is commonly used in in vitro
biofilm formation for several species of fungi (Seidler,
Salvenmoser & Muller 2008; Pires, Santos et al. 2011;
Sengupta et al. 2012; Peigian et al. 2013).

Colorimetric assays are important tools for studying
viability in eukaryotic cells (Kuhn et al. 2003). XTT is a
yellow tetrazolium salt which, in the presence of
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Figure 6. CLSM images of the mature biofilms of 7. mentagrophytes ATCC 11481 and 7. rubrum ATCC 28189. The images repre-
sent the bases (A, D), the middle sections (B, E) and the tops of the biofilms (C, F).

metabolic activity, is converted to orange-colored forma-
zan salts, which are soluble in water and easily measured
in cell supernatants. This makes them important in the
study of biofilms, without the involvement of community
structures. The overall result of the XTT reduction assays
in the present study demonstrated that both species of
dermatophyte showed similar results with regard to
growth kinetics and 72 h was the peak of metabolic activ-
ity. Thus, 72 h was the ideal time for the development of
mature T. rubrum and T. mentagrophytes biofilms.

Seidler et al. (2006, 2008) reported the ability of saf-
ranin to stain fungal polysaccharide structures and the
extracellular matrix. The absorbance results showed that
the T rubrum ATCC 28189 biofilm produces more poly-
saccharide structures and/or extracellular matrix than the
T. mentagrophytes ATCC 11481 biofilm. This fact was
confirmed by SEM in which a larger amount of
extracellular matrix was observed surrounding the hyphal
network in 7. rubrum biofilm. The same occurred when
both fungi were stained with crystal violet. The
T rubrum ATCC 28189 biofilm showed a greater
biomass when compared with the 7. mentagrophytes
ATCC 11481 biofilm.

SEM results demonstrated that 7. rubrum and
T. mentagrophytes form biofilms on polystyrene surfaces.
After biofilm formation for 72 h, a coordinated network of
hyphae was observed, growing in all directions, crossing
each other and embedded in some areas within an extra-
cellular polysaccharide matrix (EPS), and comprising the
ultrastructure of the mature biofilm. The 7. rubrum ATCC
28189 biofilm appeared more compact than that of
T mentagrophytes ATCC 11481 and, throughout its
length, it appeared to have more areas containing EPS. In
some places within the biofilm, the extracellular matrix
seemed to be thick and compact, giving the hyphae a
wrinkled appearance. The analysis of confocal imaging
sections taken across the biofilm showed the fungal mass
and its active cells. The thickness of the mature biofilms
was different: that of 7. rubrum ATCC 28189 had a
thickness of 249.67 ym and that of T. mentagrophytes
ATCC 11481 a thickness of 134.82 um.

It is known that several fungi that form biofilms are
more resistant to antifungal agents (Fanning & Mitchell
2012), so this may explain persistent infection, resistance
and the long-term treatment required for dermatophytosis,
especially in onychomycosis. Thus, the characterization
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Figure 7. CLSM images of the mature biofilms 7. mentagrophytes ATCC 11481 (A) and T. rubrum ATCC 28189 (B). ConA stains
the fungal cell wall and the extracellular matrix green, whereas FUN 1 stains the active cells red.

and confirmation of biofilm formation by these pathogens
is an extremely important tool for possible revision of
antifungal doses and time of treatment, as well as for the
discovery of new targets for new antifungal drugs.
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