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Abstract Pathogenicity of Candida albicans is associated
with its capacity switch from yeast-like to hyphal growth.
The hyphal form is capable to penetrate the epithelial surfaces
and to damage the host tissues. Therefore, many investiga-
tions have focused on mechanisms that control the morpho-
logical transitions of C. albicans. Recently, certain studies
have showed that non-albicans Candida species can reduce
the capacity of C. albicans to form biofilms and to develop
candidiasis in animal models. Then, the objective of this study
was to evaluate the effects of Candida krusei and Candida
glabrata on the morphogenesis of C. albicans. Firstly, the
capacity of reference and clinical strains of C. albicans in
forming hyphae was tested in vitro. After that, the expression
of HWPI (hyphal wall protein 1) gene was determined by
quantitative real-time PCR (polymerase chain reaction) assay.
For both reference and clinical strains, a significant inhibition
of the hyphae formation was observed when C. albicans was
incubated in the presence of C. krusei or C. glabrata
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compared to the control group composed only by
C. albicans. In addition, the culture mixed of C. albicans-
C. krusei or C. albicans-C. glabrata reduced significantly
the expression of HWPI gene of C. albicans in relation to
single cultures of this specie. In both filamentation and gene
expression assays, C. krusei showed the higher inhibitory ac-
tivity on the morphogenesis of C. albicans compared to
C. glabrata. C. krusei and C. glabrata are capable to reduce
the filamentation of C. albicans and consequently decrease the
expression of the HWPI gene.

Introduction

A leading cause of opportunistic infections is fungal species
belonging to the Candida genus, with C. albicans ranking as
the most prevalent causative agent of candidiasis and
candidemia around the world (Bassetti et al. 2015; Das et al.
2011; Guinea 2014; Nucci et al. 2013; Pfaller et al. 2012;
Wisplinghoff et al. 2014). An important virulence factor of
C. albicans is its ability to grow either as unicellular budding
yeast or as filamentous forms, including hyphae and
pseudohyphae (Fan et al. 2013; Lu et al. 2014; Shareck and
Belhumeur 2011; Whiteway and Bachewich 2007). The hy-
phal form is responsible to promote tissue penetration and
escape from immune cells leading to the infection process
(Lu etal. 2014; Tati et al. 2016). The reversible morphological
transition from yeast to hyphal filaments occur in response to a
wide variety of conditions of the host environment that can be
reproduced in in vitro studies, such as the presence of serum,
body temperature (37 °C), high CO, concentration, neutral
pH, certain carbon sources or amino acids, and extracellular
matrix of microbial biofilms (Kadosh 2016).

The morphological switching of C. albicans is controlled
by the protein products of specific genes. Among them, the
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hyphal wall protein 1 gene (HWPI) encodes a cell wall man-
nose protein that is essential for growth of hyphae (Fan et al.
2013). The HWPI expression is induced by physical contact
between the fungal and epithelial cells determining important
functions for C. albicans, such as the binding of Candida to
epithelial cells, the hyphal development, and the biofilm for-
mation (Modrzewska and Kurnatowski 2015; Orsi et al. 2014).

Since the morphological transition is an important viru-
lence mechanism for C. albicans, the factors evolved in this
process constitute a target for the development of antifungal
agents. A large number of small molecules such as farnesol,
fatty acids, rapamycin, geldanamycin, histone deacetylase in-
hibitors, and cell cycle inhibitors have been reported to mod-
ulate the yeast-to-hypha transition in C. albicans (Shareck and
Belhumeur 2011). Many of these molecules are produced as
part of the quorum sensing (QS) that is a mechanism of mi-
crobial communication observed when different species are
associated. The knowledge of the QS mechanisms whereby
microorganisms compete with each other and establish antag-
onistic interactions may contribute to the discovery of new
therapeutic strategies for human infections, such as
C. albicans infections (Barbosa et al. 2016; Peleg et al. 2010).

In this context, some studies were developed to understand
the mechanisms of interactions between Candida species.
Thein et al. (2007a) showed that high concentrations of
C. krusei were capable to suppress C. albicans populations
in biofilms formed on acrylic surfaces. In previous studies,
competitive interactions were also observed when
C. albicans was associated with C. krusei and C. glabrata in
mixed biofilms. Among these studies, Rossoni et al. (2015)
verified that these competitive interactions attenuated the
pathogenicity of C. albicans in animal models. Barros et al.
(2016) observed that C. krusei and C. glabrata inhibited cer-
tain virulence genes of C. albicans. Moreover, dos Santos
et al. (2016) found that non-albicans species were able to
reduce the metabolic activity of C. albicans biofilms.

The vast majority of studies among Candida species were
focused on biofilm assay and animal models, thus the present
study evaluated the morphogenesis of C. albicans in the pres-
ence of non-albicans species. In this context, the objective
was to investigate the effects of C. krusei and C. glabrata on
C. albicans in relation to its ability to form hyphae in in vitro
assays and to regulate the HWPI gene expression.

Materials and methods

Candida strains

The reference strains of C. albicans (ATCC18804),
C. glabrata (ATCC90030), and C. krusei (ATCC6258) were

obtained from the Oswaldo Cruz Institute, Rio de Janeiro,
Brazil. The clinical strains were isolated from a single HIV-
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infected patient with oropharyngeal candidiasis lesions caused
by a mixed infection of C. albicans (sample 60), C. krusei
(sample 62), and C. glabrata (sample 64). The clinical isolates
were collected at the Emilio Ribas Infectious Diseases
Institute, Sdo Paulo, Brazil, under the approval of the Ethics
Committee (Protocol 051/2009-PH/CEP). The strains were
stored in the Microbiology and Immunology Laboratory of
the Institute of Science and Technology of Sao José dos
Campos, UNESP-Univ. Estadual Paulista, Sao Paulo, Brazil.

In vitro filamentation assay

For this assay, the following groups were evaluated:
C. albicans + PBS (n = 5), C. krusei + PBS (n = 5),
C. glabrata + PBS (n = 5), C. albicans + C. krusei (n = 5),
and C. albicans + C. glabrata (n = 5). These groups were used
for the references (total of n = 25) and clinical strains (total of
n = 25). The experiment was performed independently in
triplicate.

In a 24-well culture plate (Costar Corning, New York, NY,
USA), 1 mL of distilled water was mixed with 10% fetal
bovine serum and 50 pL of the standardized C. albicans sus-
pension (107 viable cells per mL). According to the experi-
mental group, 50 puL of standardized C. glabrata suspension
(107 viable cells per mL) or 50 uL of C. krusei (107 viable
cells per mL) were also added. In the control groups, 50 puL of
PBS was added to each well. The plates were incubated at
37 °C under a partial pressure of 5% CO,.

After 6 h of incubation, 50 uL of the inoculum was trans-
ferred to glass slides with 10 previously demarcated fields on
the back of the slide and observed under a light microscope at
x40 magnification. The images were analyzed regarding
C. albicans morphology and ten microscopic fields per slide
were chosen for the quantification of hyphae. According to
Ribeiro et al. (2016), the following scores were attributed for
the number of hyphae present in each microscopic field: 0, no
hyphae; 1, 1-10 hyphae; 2, 11-20 hyphae; 3, 21-30 hyphae;
4,31-40 hyphae; and 5, more than 41 hyphae. As C. krusei do
not form true hyphae, only pseudohyphae in this assay both
were quantified (total count of germination). The percentage
of germination was calculated considering the heterotypic
groups formed by C. albicans-C. glabrata or by
C. albicans-C. krusei in relation to monotypic group of
C. albicans.

Quantitative real-time PCR assay

The qReal-time PCR assay was performed in the same condi-
tions described on in vitro filamentation assay. In this exper-
iment, the control was the standardized suspension of
C. albicans (107 cells per mL).

Total RNA of the groups described on in vitro
filamentation assay was extracted using a TRIzol (Ambion,
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Inc., Carlsbad, CA, USA) as recommended by the manufac-
turer. The extracted total RNA (500 ng) was treated with
DNase I (Turbo DNase Treatment and Removal Reagents—
Ambion Inc., Carlsbad, CA, USA) and transcribed into com-
plementary DNA (cDNA) using the SuperScript® III First-
Strand Synthesis SuperMix for qRT-PCR Kit (Invitrogen™,
Carlsbad, CA, USA) according to the protocols recommended
by the manufacturer.

The primer for HWP1 gene was described according to
Nailis et al. (2006, 2010). Its specificity was confirmed only
for C. albicans and not for the other species of this genus
(Barros et al. 2016). The transcribed cDNAs were amplified
for relative quantification of the expression of the HWP/ gene
in relation to the concentration of the reference gene (RIP1).

The qPCR method was applied to evaluate the amount of
the cDNA product in the exponential phase of the amplifica-
tion reaction. As a detection system, the SYBR® Green
fluorophore (Platinum® SYBR® Green qPCRSuperMix-
UDG Applied Biosystems, Framingham, MA, USA) was
used as recommended by the manufacturer. As a negative
control for the reaction, all of the reagents were added to the
last wells of the plates except for cDNA, and the wells were
sealed with optical adhesive (Invitrogen™, Carlsbad, CA,
USA). Subsequently, the plate was placed in a
StepOnePlus™ System (Applied Biosystems, Framingham,
MA, USA) device, and the following cycling parameters
were used: 50 °C for 2 min, followed by an initial
denaturation at 95 °C for 2 min and 40 cycles of 95 °C for
15 s and 60 °C for 30 s. The 2. aact method was used to
analyze the relative changes in gene expression from the
quantitative RT-PCR experiment (Livak and Schmittgen
2001).

Statistical analysis

Statistical analysis was performed using the GraphPad PrismS5
software (GraphPad Software, Inc., La Jolla, CA, USA). The
scores obtained by the analysis of in vitro filamentation were
compared by the Kruskal-Wallis and Dunn’s test. Student’s ¢
test was used for relative quantification of gene expression
assay. A p value <0.05 was considered significant.

Results

Effects of C. glabrata and C. krusei on C. albicans
filamentation

In this assay, we observed a large number of C. albicans hy-
phae in the control groups with PBS. However, we verified a
significant inhibition of the hyphae formation when
C. albicans was incubated in the presence of C. krusei or
C. glabrata compared to the control group. As expected, the

control group of C. glabrata did not form hyphae. These re-
sults were obtained for both ATCC (Fig. 1a, b) and clinical
strains (Fig. 2a, b).

The best reduction of C. albicans filamentation was ob-
served in the interaction with C. krusei clinical strain, in which
the median score of filamentation of C. albicans reduced sig-
nificantly (p = 0.0001) when this strain was cultivated with
C. krusei. More specifically, the results obtained from
C. albicans control was compared with heterotypic groups;
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Fig. 1 Non-albicans Candida ATCC strains inhibit C. albicans
filamentation. a Median scores obtained by determining the number of
hyphae in the in vitro C. albicans filamentation assay for the following
groups: C. albicans control group, C. krusei control group, and
interaction group with C. krusei. b Median scores obtained by
determining the number of hyphae in the in vitro C. albicans
filamentation assay for the following groups: C. albicans control group,
C. grabrata control group, and interaction group with C. glabrata. A
significant hyphae reduction was observed in the interaction group
when compared to the control groups (Mann-Whitney test, p < 0.05). ¢
Percentage of germination, expressed as mean values of hyphae and
pseudohyphae of C. albicans alone (control group) and when associated
with C. glabrata and C. krusei (¢ test, p < 0.05)
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Fig. 2 Non-albicans Candida clinical strains inhibit C. albicans
filamentation. a Median scores obtained by determining the number of
hyphae in the in vitro C. albicans filamentation assay for the following
groups: C. albicans control group, C. krusei control group, and
interaction group with C. krusei. b Median scores obtained by
determining the number of hyphae in the in vitro C. albicans
filamentation assay for the following groups: C. albicans control group,
C. grabrata control group, and interaction group with C. glabrata. A
significant hyphae reduction was observed in the interaction group
when compared to the control groups (Mann-Whitney test, p < 0.05). ¢
Percentage of germination, expressed as mean values of hyphae and
pseudohyphae of C. albicans alone (control group) and when associated
with C. glabrata and C. krusei (¢ test, p < 0.05)

we found a 46.4% reduction in germination values when as-
sociated with C. glabrata (ATCC strain) opposed to 76.8%
with C. krusei (ATCC strain) (Fig. 1¢). For clinical strains, we
found a reduction of 42.8% in germination values when asso-
ciated with C. glabrata opposed to 86.2% with C. krusei
(Fig. 2c), demonstrating that the inhibition of C. albicans
was greater in the presence of C. krusei than in the presence
of C. glabrata.
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Effects of C. krusei and C. glabrata on the expression
of filamentation gene HWPI of C. albicans

The expression levels of filamentation gene HWP/ were
quantified from cells of C. albicans ATCC 18804 and
C. albicans 60 at the time of 6 h of the filamentation assay.
C. albicans 60 strain exhibited a different gene expression
pattern compared to the ATCC strain. The value of the tran-
script level of gene HWP/ in clinical strain was higher (3.89-
fold increase) than that observed in the reference strain (1.62-
fold increase) compared to C. albicans control (Fig. 3a, b).

In the interaction with C. krusei, for both reference and
clinical strains, the HWP/ gene was downregulated with
20.25- and 15.56-fold decrease, respectively, showing signif-
icant differences compared with C. albicans after 6 h of
filamentation assay (p = 0.0001). In the association with
C. glabrata, both strains downregulated the HWP1 gene, with
4.37-fold decrease for reference and 6.48-fold decrease for
clinical strains with statistical difference in relation to
C. albicans after 6 h of filamentation assay (p = 0.0005)
(Fig. 3a, b).

In agreement with the results obtained in the in vitro
filamentation assays, the major inhibition of the HWPI gene
of C. albicans was observed in the presence of C. krusei.

Discussion

The ability of C. albicans to reversibly switch between yeast
and filamentous forms is important for multiple aspects of
biology and pathogenicity of this specie. C. albicans hyphal
formation occurs in response to distinct environmental stimuli
and is controlled by complex regulatory networks (Berman
and Sudbery 2002; Brown and Gow 1999; Lopez-Ribot
2005). Since C. albicans and non-albicans Candida species
are found together in candidiasis lesions (Junqueira et al.
2012; Samaranayake et al. 1987), in this study, we investigat-
ed the effects of C. krusei and C. glabrata on C. albicans in
relation to its ability to form hyphae in in vitro assays and to
regulate the HWPI gene expression.

Analysis of in vitro filamentation showed that the interac-
tion between C. albicans and C. glabrata or C. krusei reduced
the number of hyphae when compared to the control group
inoculated only with C. albicans. The most reduction of
C. albicans filamentation was observed in the interaction with
C. krusei clinical strain, in which the median score of
filamentation of C. albicans reduced 86.2% when this strain
was cultivated with C. krusei. To the best of our knowledge,
this is the first study that evaluated the influence of
C. glabrata and C. krusei on the morphogenesis of
C. albicans; consequently, there are no studies with similar
methodology in order to compare and better discuss the pres-
ent findings.
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Fig. 3 C. krusei and C. glabrata
strains downregulated the
expression of filamentation gene
HWPI of C. albicans. a Relative
quantification (Log) of the
expression of yeast-hyphae
transition gene (HWPI) in
filamentation assays after 6 h
using quantitative real-time PCR
(qPCR) in relation to the control
in the ATCC strains. b Relative
quantification (Log) of the
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An important part of C. albicans pathogenicity is its ability
to form hyphae, which plays important roles in the coloniza-
tion and invasion of the host tissue. The hyphal form belongs
to the overall factor of C. albicans virulence by invading ep-
ithelial and endothelial cells and evading phagocytes that
cause the release of hydrolytic enzymes that lead to tissue
damage (Tan et al. 2014). One hypothesis for our results is
that the non-albicans Candida species can produce some sig-
naling molecule that is capable to reduce C. albicans
filamentation. In this context, the influence of C. krusei on
C. albicans hyphae formation suggests new studies in order
to elucidate the mechanisms of this interaction and may sup-
port new therapeutic protocols.

In the present study, we evaluated the expression of the
C. albicans HWPI gene in the filamentation assay when associ-
ated with non-albicans species. HWP1 gene is known to encode
amajor C. albicans protein involved in several functions, includ-
ing cell wall assembly, intracellular signaling, and hyphal devel-
opment; moreover, this gene promotes binding of Candida to
epithelial cells, as the initial step of colonization (Biswas et al.
2007; Chaffin 2008; Naglik et al. 2006; Sundstrom et al. 2002).
In the interaction with C. krusei and C. glabrata, the HWPI gene
was downregulated showing significant differences compared
with control group. Several genes that have been identified to
be expressed in a morphotype-dependent manner, “filament-
specific” genes and their products, have frequently been charac-
terized as virulence factors such as ALS3 and HWPI (Almeida
et al. 2008; Phan et al. 2007).

In this study, the inhibitory influence of C. krusei and
C. glabrata on the expression of the HWPI gene of
C. albicans agreed with Barros et al. (2016) that investigated
the presence of these species on heterotypic biofilms at differ-
ent times and may explain why Rossoni et al. (2015) found
that single infections by C. albicans were more harmful for
oral cavity of mice than mixed infections with non-albicans
species.

Several hypotheses have been proposed to explain this in-
triguing phenomenon of inhibition between Candida species,
such as competition for food and space, dissemination of in-
hibitory chemicals produced in the association and even the
existence of mediators or molecular messengers that are able
to reduce factors related to the virulence of C. albicans
(Korres et al. 2011; Rossoni et al. 2015; Thein et al. 2007b).
Furthermore, according to Thein et al. (2007b), the effect of
C. krusei on C. albicans filamentation may be due to compet-
itive adhesion in the early stages of biofilm formation,
restricting populations of C. albicans and thereby the forma-
tion of hyphae.

In summary, we concluded that C. krusei and
C. glabrata are capable to reduce the filamentation of
C. albicans and consequently decrease the expression of
the HWPI1 gene. Our findings open new perspectives
regarding molecular mechanisms involved in the ecolog-
ical relationships between Candida species and these
may assist to discover new alternative therapies for the
control of candidiasis.
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