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Abstract

Candida albicans is the most common human fungal pathogen and can grow as yeast or filaments, depending on the
environmental conditions. The filamentous form is of particular interest because it can play a direct role in adherence
and pathogenicity. Therefore, the purpose of this study was to evaluate the effects of three clinical strains of
Lactobacillus on C. albicans filamentation as well as their probiotic potential in pathogen-host interactions via an
experimental candidiasis model study in Galleria mellonella. We used the reference strain Candida albicans ATCC
18804 and three clinical strains of Lactobacillus: L. rhamnosus strain 5.2, L. paracasei strain 20.3, and L. fermentum
strain 20.4. First, the capacity of C. albicans to form hyphae was tested in vitro through association with the
Lactobacillus strains. After that, we verified the ability of these strains to attenuate experimental candidiasis in a
Galleria mellonella model through a survival curve assay. Regarding the filamentation assay, a significant reduction
in hyphae formation of up to 57% was observed when C. albicans was incubated in the presence of the Lactobacillus
strains, compared to a control group composed of only C. albicans. In addition, when the larvac were pretreated with
Lactobacillus spp. prior to C. albicans infection, the survival rate of G. mellonela increased in all experimental groups.
We concluded that Lactobacillus influences the growth and expression C. albicans virulence factors, which may inter-
fere with the pathogenicity of these microorganisms.

Introduction

Candida albicans is the most common human fungal patho-
gen and is recognized as the most virulent species of the ge-
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penetration and an escape from immune cells, which leads to
the infection process (Tati et al. 2016). The morphological
transition from yeast to hyphal filaments occurs in response
to a wide variety of conditions in the host environment. These
conditions are reproducible in in vitro studies and include the
presence of serum, body temperature (37 °C), high CO, con-
centration, neutral pH, certain carbon sources or amino acids,
and the extracellular matrix of microbial biofilms (de Barros
et al. 2017; Kadosh 2016). The inhibition of these virulence
factors in C. albicans is an important tool for the treatment of
candidiasis.

Recently, certain strains of Lactobacillus have been studied
as potential probiotics, which can modulate the immune sys-
tem and prevent or attenuate experimental candidiasis
(Ribeiro et al. 2017; Rossoni et al. 2017). Probiotics are con-
sidered to be live microorganisms and can be administered
through a wide range of products, including food, medica-
tions, and dietary supplements. Various species of microor-
ganisms are known for their probiotic effects, such as
Lactobacillus, Bifidobacterium, and Saccharomyces
cerevisiae (Alok et al. 2017; Liaskovskii and Podgorskii
2005).

The use of probiotics to inhibit pathogenic microorganisms
could be an interesting strategy to control opportunistic infec-
tions due to their antagonistic effects on other microorganisms
through the release of specific molecules, such as hydrogen
peroxide and bacteriocins (Dubovskiy et al. 2013; Peleg et al.
2010). Some Lactobacillus strains can interact with C.
albicans and seem to inhibit the filamentation of this strain,
which results in growth inhibition (Matsubara et al. 2016¢;
Ribeiro et al. 2017; Smith et al. 2012; Vilela et al. 2015).
Despite the great interest in the study and characterization of
probiotic strains, the vast majority of these strains originate
from the gastrointestinal tract and are called “standard
strains”(Matsubara et al. 2016a; Pujia et al. 2017; Rivera-
Espinoza and Gallardo-Navarro 2010; Verdenelli et al.
2014). In this context, the characterization of clinical strains
of Lactobacillus isolated from the oral cavity of our study
becomes important and innovative.

Invertebrate models, such as the nematode Caenorhabditis
elegans and the insects Drosophila melanogaster and
Galleria mellonella, have been developed to study pathoge-
nicity, host-pathogen interaction, and the immune responses
resulting from microbial infections (Fedhila et al. 2010).
Among these models, the facile inoculum delivery and han-
dling of G. mellonella makes it a desirable model for the study
of fungal pathogenesis (Fuchs et al. 2010; Junqueira 2012).
Furthermore, the immune system of G. mellonella possesses a
number of structural and functional similarities to the innate
immune system of mammals (Bergin et al. 2003; Bergin et al.
2006; Mc Namara et al. 2017).

The immune response of G. mellonella consists of both
cellular and humoral components. The humoral system
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provides antimicrobial peptides that are released by some cells
of G. mellonella. These peptides serve to attack the structures
of bacterial and fungal cells that enter the hemolymph. In
addition, the resulting cellular response is orchestrated by he-
mocytes in the antimicrobial process of phagocytosis (Bergin
etal. 2006; Wu et al. 2016). In this context, the purpose of this
study was to evaluate the in vitro effects of three clinical
strains of Lactobacillus on C. albicans filamentation and to
verify if these strains are able to increase the survival of G.
mellonella infected by C. albicans.

Materials and methods
Strains and growth conditions

In this study, we used the reference strain Candida albicans
ATCC 18804 and three clinical strains of Lactobacillus: L.
rhamnosus strain 5.2, L. paracasei strain 20.3, and L.
fermentum strain 20.4. The Lactobacillus strains were isolated
from the human oral cavity of an individual without caries, per
the approval of the Ethics Committee under protocol 560.479.
C. albicans was cultured for 18 h at 37 °C in Yeast Nitrogen
Base broth (YNB; Difco, Detroit, MI, USA) supplemented
with 100 mmol/L glucose. The Lactobacillus strains were
cultured in Lactobacillus Man-Rogosa-Shape broth (MRS
broth; Difco, Detroit, USA) for 24 h at 37 °C under
microaerophilic conditions. The suspension densities were de-
termined with a spectrophotometer (B582, Micronal, Sao
Paulo, Brazil) and were then diluted to concentrations of 107
and 10°® cells per mL. The number of cells in the inoculum was
confirmed by counting the CFU per mL following plating on
Sabouraud dextrose agar (SDA; Himedia, Mumbai, India) for
C. albicans and MRS agar (Difco, Detroit, MI, USA) for
Lactobacillus.

In vitro effects of Lactobacillus spp. on C. albicans
filamentation

The filamentation assays were performed in 24-well mi-
crotiter plates (TPP®, Trasadingen, Switzerland) follow-
ing the methodology described by Vilela et al. (2015) with
some modifications. In this experiment, the wells were
divided into the following groups: C. albicans + PBS
(control) and C. albicans + Lactobacillus. One milliliter
of distilled water supplemented with 10% fetal bovine
serum and 100 mL of a C. albicans suspension (107 cells
per mL) were added to each well. Then, 50 puL of
Lactobacillus cells (107 cells per mL) was added to each
well. In the control group, 50 uL of PBS was added in-
stead of Lactobacillus. The plates were incubated at 37 °C
for 24 h. Afterwards, 50 puL of the culture contained in
each well was spread onto a glass slide and observed
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under a light microscope at 40x magnification. The im-
ages were analyzed in terms of C. albicans morphology
and hyphae quantification, which were determined
through examining 10 microscopic fields per slide.
According to Vilela et al. (2015), the following scores
were assigned for the number of hyphae present in each
microscopic field: score 0: no hyphae; score 1: 1 to 3
hyphae; score 2: 4 to 10 hyphae; score 3: 11 to 20 hyphae;
and score 4: more than 20 hyphae. The filamentation per-
centage was calculated by considering the total amount of
hyphae in a microscopy field of the C. albicans control
group in relation to the groups associated with
Lactobacillus. The filamentation assay was performed as
three independent experiments with n =35 wells per group.

In vivo effects of Lactobacillus spp. on G. mellonella
survival

In this study, the methodology described by Vilela et al.
(2015) was adhered to, with some modifications. G.
mellonella in the final larval stage and with similar weights
and sizes of 200-250 mg were randomly selected and di-
vided into seven experimental groups: one negative control
group (no injection), one positive control group (PBS in-
jection), two positive control groups (C. albicans injection
+ PBS and PBS + C. albicans groups), two “prophylactic”
groups (Lactobacillus and C. albicans injections), and one
“therapeutic” group (C. albicans and Lactobacillus injec-
tions). For the prophylactic groups, we had two different
groups: prophylactic provisions of Lactobacillus 24 h prior
to C. albicans infection (Lactobacillus 1x) and prophylactic
provisions of Lactobacillus 48 and 24 h prior to C.
albicans infection (Lactobacillus 2%). For the therapeutic
group, we injected Lactobacillus after 1 h of C. albicans
infection.

Previously, our group determined the sub-lethal inoculum
concentration of these Lactobacillus strains by injecting lar-
vae with serial dilutions of the bacteria. Based on the results
of Rossoni et al. (2017), a concentration of 10° cells per
larva was adopted for all subsequent assays, since it is the
same concentration that is typically used for C. albicans
infections.

To evaluate the effects of probiotics on C. albicans infec-
tions, the larvae were injected with Lactobacillus and C.
albicans, according to the previously described experimental
groups, through the last left proleg (volume of 10 uL). Larvae
were incubated at 37 °C and monitored daily for survival. The
larvae were considered to be dead when they did not present
any movement in response to touch. The death of all larvae in
the experimental group or the transition to a pupal form was
determined at the end of the experiment. The survival curve
was performed in two independent experiments using 16 lar-
vae per group.

Statistical analysis

A statistical analysis was performed using GraphPad Prism 6
software (GraphPad Software, Inc., La Jolla, CA, USA). The
scores obtained through in vitro filamentation analysis were
compared by using Kruskal-Wallis and Dunn’s tests. A
Student’s 7 test was used for filamentation percentage calcula-
tions. The survival curves were plotted, and statistical analysis
was performed via a Kaplan-Meier test. A p value <0.05 was
considered significant.

Results

In vitro effects of Lactobacillus spp. on C. albicans
filamentation

In the filamentation assay, we observed a large number of C.
albicans hyphae in the control groups with PBS. However, we
verified that hyphae formation was significantly inhibited
when C. albicans was incubated in the presence of
Lactobacillus strains 5.2 (p =0.0004) and 20.4 (p =0.0327)
compared to the control group. L. paracasei 20.3 was able
to reduce C. albicans filamentation, but the difference was
not statistically significant compared to the control group
(Fig. 1).

The best reduction in C. albicans filamentation was ob-
served in its interaction with L. rhamnosus 5.2 (Fig. 2).
More specifically, the results obtained from the C. albicans
control group were compared with heterotypic groups; we
found a 57% reduction in germination values when this strain
was associated with C. albicans, as opposed to 31% with L.
fermentum 20.4 and 17% for L. paracasei 20.3 (Fig. 3).

In vivo effects of Lactobacillus spp. on G. mellonella
survival

In the in vivo assay, we found that 100% of larvae survived in
the PBS control groups, demonstrating that there was no in-
terference due to the particular batch of larvae used or the
handling technique used by the manipulator. In the positive
control group, the infection with C. albicans without previ-
ously injecting Lactobacillus strains caused death in 100% of
the larvae within 24 h.

When the larvae were pretreated with Lactobacillus spp.
prior to C. albicans infection, the survival rate of G. mellonela
increased in all experimental groups. Highlighting the exper-
imental groups involving a 48-h “prophylactic” interaction
(Lactobacillus inoculated 24 and 48 h prior to C. albicans
infection), larvae survival increased up to 80% with L.
rhamnosus injection (Fig. 4a), 20% with L. paracasei injec-
tion (Fig. 4b), and 60% with L. fermentum injection (Fig. 4c).
In agreement with the results obtained in the in vitro
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Fig. 1 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 and cells of L.
rhamnosus 5.2 + C. albicans
group. 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 and cells of L.
paracasei 20.3 + C. albicans
group. ¢ 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 and cells of L.
Sfermentum 20.4 + C. albicans
group. A significant hyphae
reduction was observed in the
interactions with L. rhamnosus
(p=0.0004) and L. fermentum
(p=0.0327) compared to the C.
albicans control group (Mann-
Whitney test, p <0.05)

Fig. 2 Light microscopy
photomicrographs of in vitro
Candida albicans filamentation. a
Control group (PBS): intense
formation of hyphae. b L.
rhamnosus 5.2 + C. albicans
group: reduction of hyphae
formation. Original
magnification: x400
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Fig. 3 Lactobacillus strains
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filamentation assays, L. rhamnosus promoted the greatest sur-
vival rate of G. mellonella compared to the other strains.

Discussion

In this study, we evaluated the inhibitory potential of
Lactobacillus on C. albicans filamentation and whether this
could affect the in vivo survival of larvae infected with C.
albicans. These data agree with Matsubara et al. (2016c¢),
who evaluated the inhibitory effects of the L. rhamnosus
LR32 to the Candida biofilm and filamentation in vitro. In
the presence of probiotic, the biofilm had a predominance of
yeast instead of hyphae, while the control biofilm presented a
denser distribution of filamentous cells, showing that the di-
rect contact of probiotic cells with C. albicans biofilms was
essential for the anti-filamentation effect. Various in vitro
studies have demonstrated the antifungal effect of probiotics
against C. albicans isolates from the oral cavity and gastroin-
testinal tract showing the importance of adjuvant therapies
since there are no adverse effects directly related to probiotics
(Coman et al. 2014; Hasslof et al. 2010; Matsubara et al.
2016b; Verdenelli et al. 2014).

An analysis of in vitro filamentation showed that the inter-
action between our clinical strains of Lactobacillus and C.
albicans reduced the number of hyphae compared to the C.
albicans control group. The largest reduction in C. albicans
filamentation was observed through its interaction with L.
rhamonsus 5.2, in which the median filamentation score of
C. albicans was reduced by 57%. One hypothesis regarding
our results is that the strain, L. rhamnosus 5.2, can directly act
against the virulence of C. albicans through producing some
bacteriocins, lactic acid, or other metabolites capable of reduc-
ing the number of hyphae. In this context, the influence of
these strains with probiotic potential on C. albicans hyphae
formation suggests new study directions, such as extracting
and isolating the molecules released in the metabolism of

Experimental groups

Lactobacillus. The results also support new therapeutic proto-
cols against candidiasis.

In agreement with the results obtained here, Ledo et al.
(2015) evaluated the influence of L. rhamnosus ATCC 1465
on the expression of C. albicans virulence factors in vitro. A
suspension of L. rhamnosus was cultured, and its influence
on C. albicans biofilm and germ tube formation was evalu-
ated after 24, 48, and 72 h of Lactobacillus-Candida inter-
action. The authors found a significant reduction in C.
albicans growth and germ tube formation at all evaluated
time points, suggesting that L. rhamnosus may interfere
with the pathogenicity of C. albicans. In addition, de
Oliveira et al. (2017) related the probiotic activity of L.
rhamnosus ATCC 7469 in mouse macrophages and in G.
mellonella model. The authors verified that L. rhamnosus
was able to stimulate the tumor necrosis factor (TNF)-o
and interleukin IL-1f3, IL-6, and IL-17 production, and this
immune modulation may be related to the decreased C.
albicans infection in G. mellonella.

Lactobacillus is one of the most common bacteria used as a
probiotic. Probiotics are bacteria that provide beneficial ef-
fects to the host. They are used in the prevention and treatment
of diseases, in the regulation of the intestinal microbiota, and
as immunostimulants and are able to compete directly with
other microorganisms for adhesion to the host epithelium
(Hashemi et al. 2016; Patel and DuPont 2015). Numerous
studies have shown that Lactobacillus species have
acidogenic capacities and acid tolerances that can directly af-
fect the formation of hyphae (Badet and Thebaud 2008;
Bandara et al. 2017; Matsubara et al. 2016b; Matsubara
et al. 2016¢; Ribeiro et al. 2017). According Mayer et al.
(2013), a range of environmental cues are able to affect C.
albicans morphology. For example, at a low pH (<6), C.
albicans cells predominantly grow in the yeast form, while
at a high pH (>7), hyphal growth is induced. These data
suggest that the Lactobacillus strains in this study acidify the
pH of the medium to a point that is able to reduce the forma-
tion of hyphae.

@ Springer
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Fig. 4 Lactobacillus spp. prolongs the survival of G. mellonella larvae
infected with C. albicans. There was a significant difference between the
“Lactobacillus strain + C. albicans group” and “PBS + C. albicans
control group.” a L. rhamnosus 5.2: therapeutic group (C. albicans +
L. rhamnosus/C. albicans + PBS) p =0.0269; prophylactic group 24 h
(PBS + C. albicans/L. rhamnosus 1% + C. albicans) p=0.0001;
prophylactic group 24 and 48 h (PBS + C. albicans/L. rhamnosus 2% +
C. albicans) p=0.0001. b L. paracasei 20.3: therapeutic group (C.
albicans + L. paracasei/C. albicans + PBS) p =0.0036; prophylactic

Based on the in vitro data, we expanded this study to include
an in vivo model of experimental candidiasis, using G.
mellonella. Larvae survival increased in all groups associated
with Lactobacillus strains, especially for the 48-h “prophylac-
tic” groups (prophylactic inoculation of Lactobacillus at 24 and
48 h prior to Candida infection). In these groups, larvae surviv-
al increased up to 80% with an L. rhamnosus injection, 20%
with an L. paracasei injection, and 60% with an L. fermentum
injection, compared with the C. albicans control group.
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A- Controls

B- C. albicans + PBS

C- C. albicans + L. fermentum (therapeutic group)

D- L. fermentum 1x + C.albicans (prophylactic group 24h)

E- L. fermentum 2x + C. albicans (prophylactic group 24h and 48h)
F- PBS + C.albicans

group 24 h (PBS + C. albicans/L. paracasei 1% + C. albicans) p =
0.0001; prophylactic group 24 and 48 h (PBS + C. albicans/L.
paracasei 2x + C. albicans) p=0.0001. ¢ L. fermentum 20.4:
therapeutic group (C. albicans + L. fermentum/C. albicans + PBS) p =
0.0001; prophylactic group 24 h (PBS + C. albicans/L. fermentum 1x +
C. albicans) p=0.0001; prophylactic group 24 and 48 h (PBS + C.
albicans/L. fermentum 2x + C. albicans) p=0.0001. Controls are
composed of groups that received only Lactobacillus or PBS and by the
no injection group. Kaplan-Meier test, p <0.05

L. rhamnosus 5.2 was the strain of Lactobacillus with the
greatest probiotic activity promoting larvae survival, as well
as the strain that further reduced the formation of hyphae
in vitro. This indicates that this Lactobacillus strain is capable
of altering the morphogenesis of C. albicans, influencing lar-
vae survival. A concurring study by Borghi et al. (2014) in-
vestigated whether biofilm production by C. albicans clinical
isolates could be a hallmark of virulence in G. mellonella. The
authors found a positive correlation between the biofilm
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producing strains and the virulence of G. mellonella due to the
capacity of C. albicans to produce filaments and form a bio-
film structure inside the larvae.

Recently, members of our research group developed a
study to evaluate the immunomodulatory action of the strain,
L. paracasei 28.4, in G. mellonella experimental candidiasis.
Rossoni et al. (2017) showed that prior exposure to a dose of
L. paracasei 28.4 activates the G. mellonella immune system,
which may allow the larvae to combat a lethal infection by C.
albicans. This effect was mediated by an increase in circulat-
ing hemocytes and the production of elevated levels of anti-
microbial peptides that consequently reduce Candida cell
numbers in G. mellonella hemolymph. These data reinforce
the prophylactic results of our study, in which we observed up
to an 80% increase in larval survival.

In our study, we also observed that the therapeutic groups
treated with Lactobacillus strains were able to increase larval
survival, but this rate was much lower compared to that in the
prophylactic groups (0 to 23%). With these data, we can sug-
gest that Lactobacillus needs more time inside the larvae to
produce metabolites that affect the pathogenicity of C.
albicans, as highlighted by the times used for the prophylactic
groups (24 and 48 h). In addition, when lactobacilli were
injected into the hemolymph of the larvae in the therapeutic
groups, these insects were already infected by C. albicans.
This factor may have made it more difficult to attenuate the
fungal infection.

In this context, more studies should be performed in order
to reveal the exact mechanisms used by lactobacilli in the
inhibition of Candida infections, for a better understanding
of this disease in humans, and to find alternative therapies that
do not involve the use of drugs. We concluded that
Lactobacillus influences the growth of C. albicans and ex-
pression of its virulence factors, which may interfere with
the pathogenicity of this microorganism. The prophylactic
groups of all lactobacilli used in this study resulted in better
survival curves compared to the therapeutic group.
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