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Cryptococcus neoformans and C. gattii are fungal pathogens that are most commonly found in infections of the central nervous system, which cause life-threatening meningoencephalitis and can grow as a biofilm. Biofilms are structures conferring protection and resistance of microorganism to the antifungal drugs. This study compared the virulence of planktonic and biofilm cells of C. neoformans and C. gattii in Galleria mellonella model, as well as, the quantification of gene transcripts LAC1, URE1, and CAP59 by real time PCR. All three of the genes showed significantly increased expressions in the biofilm conditions for two species of Cryptococcus, when compared to planktonic cells. C. neoformans and C. gattii cells in the biofilm forms were more virulent than the planktonic cells in G. mellonella. This suggests that the biofilm conditions may contribute to the virulence profile. Our results contribute to a better understanding of the agents of cryptococcosis in the host-yeast aspects of the interaction.
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INTRODUCTION

Invasive fungal infections (IFIs) are of global importance. An increasing number of cases have been observed in recent years, and despite current antifungal therapy, mortality rates are high (Perfect, 2013). Among the pathogens causing IFIs, the yeast Cryptococcus neoformans is the most prominent in infections of immunocompromised individuals, but C. gattii can also cause infections in immunocompetent persons (Tortorano et al., 2012; Perfect, 2013; Prates et al., 2013). The number of cases of cryptococcosis has increased exponentially in the last 30 years due to the advent of AIDS, the use of immunosuppressive therapy in transplant patients and the use of chemotherapeutic agents (McClelland et al., 2013). The use of antiretroviral therapy has been shown to be important in the diagnosis of cryptococcal meningitis in HIV patients, because increasing of CD4 creates benefits for early diagnosis of cryptococcosis through serology (Rajasingham and Boulware, 2015). Although the most serious disease manifestation is meningoencephalitis, cryptococcal pneumony is underdiagnosed and may disseminate to the central nervous system (CNS) and other sites, depending upon host defenses (Brizendine et al., 2011).

Cryptococcus neoformans remains the most prevalent human pathogen in this genus and is found in the environment worldwide. Formerly, C. gattii was reported mainly in Australia and other subtropical and tropical areas, where it was linked to eucalyptus trees (Smith and Kauffman, 2012). Approximately 1 million cases of cryptococcosis are reported annually, resulting in 600,000 deaths per year (Stie and Fox, 2012; Zhu et al., 2012) and approximately one third of cases (Pyrgos et al., 2013) were related to non-HIV (Bratton et al., 2012; Brizendine et al., 2013). In Brazil, cryptococcosis has recently been identified as the most fatal mycosis in AIDS patients (Albuquerque and Rodrigues, 2012).

The mechanisms of pathogenicity and virulence factors correspond, respectively, to the strategies of the organism or its products to contribute to its virulence. The virulence factors of infectious agents are complex and multifactorial. Polysaccharide synthesis; the capsule; melanin; ability to growth at 37°C; extracellular enzymes such as laccase, phospholipase B, and urease; and biofilm formation are considered to be virulence factors for Cryptococcus sp. (Casadevall and Pirofski, 2001; Robertson and Casadevall, 2009; Zaragoza et al., 2009; Kronstad et al., 2011).

Biofilms are communities of microorganisms involving an extracellular matrix attached to a solid surface, whose development provides important benefits such as increased nutrient concentrations in the biofilm-liquid interface. The polymer matrix promotes the adsorption of nutrient molecules and provides protection from environmental insults (pH changes, salt concentration, dehydration, aggressive chemicals, bactericides, antibiotics, predators, lytic bacteria, and heavy metals). Thus, biofilm microorganisms differ profoundly from planktonic cells but retain their invasiveness and ability to evade the host immune system (Costerton et al., 1995; Sardi et al., 2013). C. neoformans is able to form biofilm on medical devices, including ventriculoatrial shunt catheters (Walsh et al., 1986; Bach et al., 1997), peritoneal dialysis fistula (Braun et al., 1994) and prosthetic cardiac valves (Banerjee et al., 1997), that highlight the ability of this organism to adhere to medical devices. Normally, patients who do not benefit from antifungal therapy and patients who present serious visual loss or ocular palsies or remain with high cerebrospinal fluid pressure levels, must be considered for ventriculoperitoneal placement (Corti et al., 2014). The increasing use of shunts to manage intracranial hypertension associated with cryptococcal meningoencephalitis suggests the importance of investigating the biofilm-forming properties of this organism (Bach et al., 1997) apud (Martinez and Casadevall, 2015).

Non-conventional animal models of infection can be used to investigate the virulent traits of a pathogen or the therapeutic efficacy of a drug, as well as the host–pathogen interactions. The Galleria mellonella model represents a versatile experimental system to study fungal virulence and antifungal efficacy (Mylonakis et al., 2005; Fuchs and Mylonakis, 2006; Scorzoni et al., 2013).

The objective of this study was to evaluate the ability of C. neoformans and C. gattii in biofilm and planktonic forms in G. mellonella, an alternative model, and to relatively quantify the gene transcripts involved in virulence by real time PCR.

MATERIALS AND METHODS

Microorganisms

Cryptococcus neoformans var. grubii ATCC 90112, serotype A, molecular type VNI and C. gattii ATCC 56990, serotype BC, molecular type VGIII, belonging to the mycology collection of the Laboratory of Clinical Mycology, Department of Clinical Analysis, Faculty of Pharmaceutical Sciences, UNESP, Araraquara were used in this study. Yeasts were kept frozen in glycerol and subcultured at the time of the experiment.

Biofilm Formation

Both C. neoformans and C. gattii were grown in Sabouraud dextrose broth (Difco Laboratories, Detroit, MI, USA) with shaking (200 rpm) at 37°C until the late log phase (as determined by a growth curve constructed from absorbance readings at an optical density of 600 nm). Biofilm formation was performed according to Martinez and Casadevall (2005), with some modifications. The cells were collected by centrifugation, washed twice with phosphate-buffered saline (PBS), counted with a hemocytometer, and suspended at 1 × 108 cells/mL in PBS. For each microorganism, 100 μL of the suspension was added into individual polystyrene wells in 96-well plates (TPP Trasadingen, Switzerland), and the plates were incubated at 37°C without shaking for 2 h for the adhesion stage. The mature biofilms were formed for 72 h with shaking at 70 rpm at 37°C in RPMI-1640 (Sigma–Aldrich, St. Louis, MO, USA) that contained L-glutamine, but not sodium bicarbonate, was supplemented with 2% glucose, and was buffered to pH 7.0 using 0.165 M MOPS, (Sigma–Aldrich, St. Louis, MO, USA). The wells without Cryptococcus cells were used as controls. Following the adhesion stage, the wells containing Cryptococcus biofilms were washed three times with 0.05% Tween 20 in PBS to remove non-adhered cryptococci. Fungal cells that remained attached to the plastic surface were considered true biofilms. All assays were carried out in triplicate.

Scanning Electron Microscopy (SEM)

Cryptococcus sp. biofilms were grown on glass coverslips in microtiter plates with RPMI-1621 for 72 h. Coverslips with biofilms were then washed three times with PBS and transferred to another microtiter plate containing 2.5% glutaraldehyde and incubated for 48 h at 4°C. The samples were serially dehydrated in alcohol, fixed in a critical-point drier (Samdri-790; Tousimis, Rockville, MD, USA), coated with gold-palladium (Desk-1; Denton Vacuum, Inc., Cherry Hill, NJ, USA), and viewed with a JEOL (Tokyo, Japan) JSM-6400 scanning electron microscope at a voltage of 10.0 kV; the image was captured at 10,000×.

Confocal Laser Scanning Microscopy (CLSM)

Confocal microscopy was performed according to Martinez and Casadevall, 2005. Mature biofilms were incubated for 45 min at 37°C in a solution of CAAF 488 (Concanavalin A conjugated to Alexa Fluor 488, CAAF; Molecular Probes, USA) and FUN 1 (Molecular Probes, USA). Thus, 4 μL of FUN 1 (10 mM) and 15 μL of CAAF 488 (5 mg/mL) were added to 3 mL of sterile PBS to obtain 10 μg/mL FUN 1 and 25 μg/mL CAAF. Subsequently, the coverslips were washed with distilled water taken from the wells and inverted over 4 μL of Fluoromount-G (Sigma–Aldrich, USA) that was previously deposited on microscope slides for observation under confocal microscopy (LSM 510 META, Zeiss). These trials were conducted in collaboration with the Oswaldo Cruz Institute in Rio de Janeiro, Department of Cell Biology, under the coordination of Professor Dr. Marcelo Machado Pelajo.

Metabolic Activity of the Biofilm

The metabolic activity of the biofilms was evaluated according to (Martinez and Casadevall, 2006b). Semi-quantitative measurements of planktonic cells, biofilm formations and mature biofilms of C. neoformans and C. gattii were obtained from the reduction assay of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[carbonyl (phenylamino)]-2H-tetrazolium hydroxide (XTT). The metabolic activity of the cells was measured by mitochondrial dehydrogenase activity, which reduces the XTT tetrazolium salt to formazan salt, resulting in a colorimetric change. For this assay, 50 μL of XTT solution (1 mg/mL in PBS) and 4 μL of a solution of menadione (1 mM in acetone, Sigma Chemical Co.) were added to each well. The microplates were incubated at 37°C for 5 h and measured at 490 nm (Microplate Reader iMark TM, BIO-RAD). In all experiments, RPMI was included as a negative control.

Antifungal Activity of Amphotericin B

The antifungal activity of amphotericin B (AMB) against planktonic cells and biofilm of C. neoformans and C. gattii was evaluated by metabolic activity quantification. AMB was tested in range of concentration equal to 0.0625–128 μg/mL for 48 h of treatment and the fungicidal concentration (FC) was considered the lower concentration to metabolic activity below 10% (Martinez and Casadevall, 2006b). This assay was performed XTT assay as previously described.

RNA Isolation and cDNA Synthesis

Total RNA was extracted from Cryptococcus sp. in planktonic and biofilm formations using TRIZOL®reagent (Invitrogen, Carlsbad, CA, EUA, USA) according to the manufacturer’s instructions. The total RNA from the two situations was treated with DNase I (Invitrogen, Carlsbad, CA, USA); its concentration and purity were then determined using a spectrophotometer (GE, Nanovue Plus). The integrity of the RNA was verified by electrophoresis with 1% agarose gels. RNA was converted to cDNA using 1 μg of total RNA and reverse transcriptase (RevertAidTM H Minus Reverse Transcriptase, Fermentas Life Sciences, Canada).

Real Time PCR of the Genes LAC1, URE1, and CAP59 in Planktonic and Biofilm Formations

For the analysis of differential gene expressions by RT-PCR (Real Time PCR), specific primers were used for genes (Supplementary Table S1) encoding proteins that are differentially expressed in C. neoformans (ATCC 90112) and C. gattii (ATCC 56990) strains in planktonic and biofilm formations. Primers were used at 0.8 μM each for specific forward and reverse primer and cDNA at 20 ng in 20 μl reactions. The test was performed by Maxima SYBR Green/ROX qPCR Master Mix (2X) (Thermo Scientific), and the GAPDH (Glyceraldehyde 3-phosphate dehydrogenase) gene was used as a reference gene. The reaction program was 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s, and annealing and synthesis occurred at 60°C for 1 min. Following PCR, a melting-curve analysis was performed, which confirmed that the signal corresponded to a single PCR product in an Applied Biosystems 7500 cycler. The data were analyzed by the 2-ΔCT method (ΔCt = ΔCt target–ΔCt endogen; Livak and Schmittgen, 2001).

Virulence of Planktonic and Biofilm Cells in Galleria mellonella

Galleria mellonella caterpillars were produced by EMBRAPA – Juiz de Fora/MG. Larvae weighing 100–200 mg were selected for the experiment. The day before the experiment, the larvae were stored at 37°C. The biofilms were destroyed with a scraper, and the cells were counted in a hemocytometer chamber together with the planktonic cells for the final concentration of 5 × 106 cells/larvae (cell concentrations previously standardized with planktonic cells). Larvae were infected with 10 μL of inocula injected into the hemocell through the last proleg using a Hamilton syringe (Hamilton, EUA). The groups of G. mellonella were incubated at 37°C for 7 days, and their death was monitored daily. The death of the larvae was assessed by the lack of movement after touching them with tweezers. For each condition, a total of 16 larvae were used, and each experiment was repeated at least twice.

Statistical Analysis

All analyses of the dates were performed with GraphPad Prism 5.0 (GraphPad Software, La Jolla, CA, USA). Survival curves were analyzed by the Log-rank (Mantel-Cox) Test. Real time PCR was performed statistically by t-test and p-values < 0.05 were considered significant.

RESULTS

Biofilm Formation

The ability of the C. neoformans and C. gattii strains to form biofilms in vitro was evaluated. Biofilm formation by Cryptococcus sp. was demonstrated by SEM. It was observed that every strain was able to form agglomerates of cells characterized by a microorganism community firmly adhered to a non-biological surface and resulting in the formation of a mature biofilm. The SEM data provided useful information on the cell morphology present in the biofilm structure. The biofilms of C. neoformans (Figures 1A,B) and C. gattii (Figures 1C,D) strains consist of a dense network of yeasts.
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FIGURE 1. Scanning electron microscopy (SEM) showing yeast communities adhered to surfaces of glass coverslips indicating the formation of mature biofilms. (A) Biofilm of Cryptococcus neoformans ATCC 90112 at 750× magnification. (B) Biofilm of C. neoformans ATCC 90112 at 3500× magnification. (C) Biofilm of C. gattii 56990 at 750× magnification. (D) Biofilm of C. gattii 56990 at 2500× magnification. The blue arrows indicate the self-produced matrix.



Confocal Laser Microscopy

Confocal laser scanning microscopy is useful for determining the viability/activity of the cells adhered to the glass surface and for analyzing the biofilm thickness. Applying two fluorochromes, Concanavalin A conjugated to Alexa Fluor 488 (CAAF) and FUN1, to determine the activity/viability allows the observation of metabolically active structures in fungal cells. In combination, the CAAF specifically binds to cell wall polysaccharides. Images of mature biofilms of C. neoformans ATCC 90112 and C. gattii ATCC 56990 were acquired by confocal microscopy (Figures 2A,C). The yellow-orange staining due to FUN1 is dense in the cytoplasm of metabolically active cell aggregates, while the green coloration results from the binding of Concanavalin A to the glucose and mannose moieties of the fungal cell wall. Orthogonal images of biofilms of the strains were analyzed to determine their thickness and architecture. Sections of the three-dimensional images showed that the biofilm of C. neoformans strain ATCC 90112 has a thickness of 10 μm (Figure 2B), while C. gattii ATCC 56990 (Figure 2D) has a thickness of 5.4 μm.
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FIGURE 2. Confocal laser microscopy showing metabolically active cells in mature biofilms. Staining with FUN1 fluorochrome shows the cytoplasm of metabolically active cells dyed orange–yellow. Staining with concavalin associated with Alexa Fluor 488 (CAAF) shows the presence of mannose in the cell wall of Cryptococcus sp. Orthogonal images show the thickness and architecture of the biofilms. (A) Mature biofilm of C. neoformans ATCC 90112. (B) Thickness of mature biofilm of C. neoformans ATCC 90112. (C) Mature biofilm of C. gattii ATCC 56990. (D) Thickness of mature biofilm of C. gattii ATCC 56990.



Kinetics of Biofilm Formation

The kinetics of biofilm formation on polystyrene microdilution plates by both Cryptococcus species was compared using the colorimetric XTT reduction assay to determine metabolic activity. During a period of 2 h, the Cryptococcus yeast became firmly adhered to the plastic surface. In the intermediate stage (12 h) the fungal population increased to form a cell monolayer, thus initiating the process of biofilm formation. During the maturation stage (24–72 h), fungal growth involves the formation of microcolonies consisting of clustered cells and resulting in compact structures adhering to the plastic surface.

All samples produced biofilms from 24 to 72 h, and the initial biofilm formation was observed by 2 h of incubation, which includes the period of initial adhesion. Over a period of 12 to 24 h, a continuously increasing biofilm was observed. The kinetics of biofilm formation was similar in both strains analyzed and showed no significant differences (Figure 3).
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FIGURE 3. Kinetics of biofilm formation by Cryptococcus sp. in microdilution plates as determined by the XTT reduction assay.



Antifungal Activity of Amphotericin B

The Supplementary Table S2 shows the values of fungicidal concentration (FC) of AMB for C. neoformans and C. gattii in planktonic and biofilm conditions. The FC was 0.5 and 0.25 μg/mL for planktonic cells of C. neoformans and C. gattii, respectively. In the biofilm condition, we observed an increase of the fungicidal concentration for C. neoformans as well as C. gattii, both with concentration of 64.0 μg/mL.

Gene Expressions of LAC1, URE1, and CAP59 in Biofilms and Planktonic Cells of Cryptococcus sp.

We used real time PCR assay, with GAPDH as the internal control. The results of the relative gene expressions of URE1, LAC1, and CAP59 with biofilm and planktonic cells of C. neoformans and C. gattii are shown in Figure 4. All three of the genes showed significantly increased expressions in the biofilm conditions for two species of Cryptococcus, when compared to planktonic cells. However, we can see that the increased expression of genes LAC1 and URE1 was more relevant when comparing biofilm and planktonic cells of C. gattii. On the other hand, the increase in CAP59 expression in biofilms of C. neoformans, when compared with planktonic cells, showed higher significance than other genes.
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FIGURE 4. Expression of the CAP59, laccase (LAC1), and urease (URE1) genes normalized by GAPDH in biofilms and planktonic cells of C. neoformans and C. gattii. Graphs are plotted in power of 10 to better visualization the results. *p < 0.5, **p < 0.01, and ***p < 0.001.



Virulence of Planktonic and Biofilm Cells in Galleria mellonella

To determine an adequate concentration for the virulence tests with planktonic and biofilm cells, survival curves were created for different concentrations of yeast (planktonic). The concentration of 5 × 106 cells/larvae was selected for the experiments (data not shown). The virulence of the biofilm and planktonic cells were then compared in vivo in the G. mellonella model. After 4 days, all larvae infected with cells from C. neoformans and C. gattii biofilms were dead. Larvae infected with planktonic cells exhibited 30% live larvae when infected with C. neoformans and 80% live larvae when infected with C. gattii in the time of 4 days. It is clear that cells from biofilms are more virulent, and in the final part of the experiment (7 days), live larvae still remained. When larvae were infected with planktonic cells, the death rate did not reach 100% in any of the strains tested (Figure 5).
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FIGURE 5. Comparison of virulence from planktonic and biofilm cells of C. neoformans ATCC 90112 and C. gattii ATCC 56990 using Galleria mellonella as the infection model. The differences were statistically significant (p < 0.05). Graphs represent the average of three repetitions.



DISCUSSION

Characterizations of the virulence factors of infectious agents have revealed great complexity. These factors can be divided into two categories: those that promote colonization and invasion as biofilms and those that damage the host by the production of hydrolytic enzymes (Mendes-Giannini et al., 2000). Biofilm formation is a common mechanism used by microorganisms to survive in hostile environments and to colonize and establish themselves in new environments, thus conferring protection against their destruction (Hall-Stoodley et al., 2004). Moreover, fungal biofilms are an increasing clinical problem associated with high mortality rates (Williams and Costerton, 2012). The production of melanin (Williamson, 1994), the presence of capsules (Kwon-Chung et al., 1992), growth at 37°C (Kraus et al., 2003), alpha mating type (Kwon-Chung et al., 1982), and the production of phospholipase (Wright et al., 2004), superoxide dismutase (Cox et al., 2003), protein kinases (Alspaugh et al., 1998), and urease (Cox et al., 2000), as well as the synthesis of polysaccharides (Albuquerque et al., 2014), were phenotypically and molecularly characterized as in vivo virulence factors related to invasion and survival in the host (Perfect, 2005).

In this study, strains of C. neoformans and C. gattii were able to form biofilms. These data were confirmed, and electron microscopy showed the formation of a dense network of yeasts with a self-produced extracellular matrix linking the cells of Cryptococcus sp. Factors such as the characteristics of the medium and the attachment surface are important for biofilm development by Cryptococcus sp., and strains of C. neoformans formed denser biofilms when they were cultured in RPMI 1640 medium (Martinez and Casadevall, 2006a). Biofilm formation is the most common growth form of microorganisms in nature; it represents up to 65% of all clinical infections, and given the high level of antimicrobial resistance, biofilms represent a huge problem in clinical practice (Donlan and Costerton, 2002; Ramage and Williams, 2013; Martinez and Casadevall, 2015). Biofilm production by Cryptococcus species has often been described as a strategy associated with chronic infection resulting from acquired resistance to host immune mechanisms and antifungal therapy (Martinez et al., 2006).

Amphotericin B activities increased 100X the fungicidal concentration for both species in biofilm condition. Our data corroborate to Martinez and Casadevall (2006a), since the authors showed a lower reduction in metabolic activity of C. neoformans biofilms when treated with the AMB in concentrations of 4 and 8 μg/mL, while for planktonic cells, the metabolic activity is reduced significantly after treatment with 0.5 μg/mL of AMB.

Additionally, our results demonstrated increased expression of the CAP59 gene in C. neoformans and C. gattii when compared the biofilm situations to the planktonic mode, suggesting that this gene may be related to the virulence of this infection. Although no studies of the CAP59 gene have been described in biofilms, the importance of this increased expression could be related to virulence and resistance because the presence of the capsule prevents the actions of both phagocytes and antifungal drugs. Few studies have been made of C. gattii; the genes that regulate virulence were therefore inferred from the work on C. neoformans. Several virulence factors were identified using C. neoformans as a model (Perfect, 2005). Some evidence of differences in the regulation of virulence genes between the two species have been published (Hicks and Heitman, 2007; Ngamskulrungroj et al., 2009). Our results demonstrated increased expression of CAP genes in the biofilms of C. neoformans and C. gattii. It has been reported that C. neoformans requires four genes to form the capsule: CAP59, CAP64, CAP60, and CAP10 (Chang et al., 1996; Grijpstra et al., 2009). However, unencapsulated homologs of CAP10, CAP59, and CAP64 have been found in other fungi, suggesting that these genes may be involved in other processes (García-Rivera et al., 2004). CAP59 was the first gene that was directly related to the phenotype of the capsule and to virulence (Chang and Kwon-Chung, 1994), and it is present in all varieties of C. neoformans (Alspaugh et al., 1998). Del Poeta (2004) suggested that changes in the capsule structure could be related to responses to specific environmental conditions, with important implications for the host immune response (Del Poeta, 2004).

Our results also demonstrated an increased expression of laccase, due to expression of LAC1 gene, in the biofilms of C. neoformans and C. gattii compared to planktonic cells. Laccase, a phenoloxidase, was described by Zhu et al. (2001) in as an important virulence factor contributing to the protection of the fungus against oxidative damage by host phagocytes; it is located in the cell wall of C. neoformans (Zhu et al., 2001). The enzyme has also been described for C. gattii (Sorrell, 2001) and may also modulate the immune response and contribute to the spread of the disease to the CNS (Qiu et al., 2012).

Urease, codified by the gene URE1, is a metalloenzyme that catalyzes the hydrolysis of urea to ammonia and carbamate in physiological conditions and increases the pH. The importance of this enzyme was described in Helicobacter pylori, Proteus mirabilis, and its clinical significance was described in C. neoformans, C. gattii, Coccidioides immitis, Histoplasma capsulatum, Sporothrix schenckii, Trichosporon, and Aspergillus species (Cox et al., 2000). The urease gene was expressed more in the biofilm condition in C. neoformans and C. gattii than in planktonic cells. Urease may promote the transmigration of the fungus across the blood–brain barrier and facilitate invasion of the CNS, indicating that urease activity can affect the interaction of the fungus with the endothelial cells and brain microcapillaries in the blood–brain barrier (Morrow and Fraser, 2013). Cox et al. (2000) suggested that urease activity in murine models increases the survival of mice infected with the mutant urease-negative gene (Cox et al., 2000), and Feder et al. (2015) demonstrated the importance of this enzyme in the virulence of C. gattii. In this work we emphasize, for the first time, the importance of these three genes in the biofilm condition (Feder et al., 2015).

Additionally, the importance of using alternative animal models in the study of virulence is increasing due to advantages such as the absence of ethical issues, cost, and the possibility of using a large number of individuals (Fuchs and Mylonakis, 2006; Desalermos et al., 2012). The use of G. mellonella in the study of Cryptococcus virulence is well documented (Firacative et al., 2014; Desalermos et al., 2015; Trevijano-Contador et al., 2015). Mylonakis et al. (2002) evaluated the virulence, host immune responses and efficacy of antifungal compounds and considered the G. mellonella model suitable for in vivo studies of C. neoformans (Mylonakis et al., 2002). Fuchs et al. (2010) also described G. mellonella as an appropriate model for the study of this yeast (Fuchs et al., 2010) and Desalermos et al. (2015) studied C. neoformans and various genes involved in the yeast-host interaction in C. elegans and G. mellonella (Desalermos et al., 2015). Although insects and mammalians are evolutionary distance, G. mellonella presents characteristics that support its use as in vivo model for fungal assays. The presence of at least six cellular type in hemolymph including phagocytic cells and the possibility of maintain G. mellonella at 37°C to simulate the mammalian temperature are important when considering the use of this alternative animal model in the study of human fungal disease (Kavanagh and Reeves, 2004; Fuchs and Mylonakis, 2006; Desalermos et al., 2012). Moreover, correlations have been found in mammals with respect to virulence and antifungal treatment (Mylonakis et al., 2005; London et al., 2006). Biofilm-producer and non-producer strains of Candida albicans were evaluated in G. mellonella and showed the biofilm-producer’s high ability to kill larvae (Cirasola et al., 2013).

As part of the characterization of the biofilms of Cryptococcus sp., we evaluated the virulence these species in planktonic and biofilm conditions in a G. mellonella model. The survival curve revealed that cells from biofilms are more virulent than planktonic cells, and this profile was also observed for C. neoformans and C. gattii. Microorganisms are protected by the extracellular matrix in biofilms, which is mainly composed of glycoproteins and polysaccharides. In addition to conferring protection and resistance, our results showed that biofilm cells are more virulent and quickly cause death in G. mellonella larvae.

Wand et al. (2012) reported that Acinetobacter baumannii biofilms could produce higher rates of mortality in the G. mellonella model compared to planktonic cells of various clinical isolates. Cirasola et al. (2013) also observed the virulence of clinical isolates of C. albicans with or without biofilm capability; the survival of G. mellonella larvae following infection was reduced and 80% of the infected larvae died within 72 h.

Our studies revealed that Cryptococcus sp. yeast cells that underwent biofilm formation for the first-time were more virulent than cells that have not gone through the same process when analyzed in the G. mellonella model. Other virulence factors could be involved during biofilm formation that might help us to understand pathogenic infections in G. mellonella. A study conducted by Uppuluri and Lopez-Ribot (2010) showed that cells that detach from a biofilm have a greater association with mortality than those from planktonic microorganisms. The dispersed cells of biofilms are more virulent and cause higher mortality than planktonic cells, which can be explained by epigenetic alterations within the cells that undergo biofilm development (Uppuluri and Lopez-Ribot, 2010; Sardi et al., 2014). Ramage et al. (2012) demonstrated an increased expression of aspartyl proteinases in C. albicans biofilms compared with planktonic cells. Their study reported that the production of proteinase by C. albicans established adhesion, invasion, and tissue destruction. Their results demonstrate that the expression of proteinases may be related to the severity of disease because the expression of these enzymes was significantly higher in mature biofilms (Ramage et al., 2012). C. neoformans also produces various proteases and aspartyl proteinases which have been proposed as potential virulence factors that contribute to host tissue invasion and colonization by the pathogen. The increase in proteases could explain the premature death of the larvae infected with C. neoformans and C. gattii biofilms.

These preliminary results demonstrate the higher virulence of C. neoformans and C. gattii biofilms. Additional studies are needed to understand the virulence mechanisms of the biofilms involved in the premature death of the larvae.

These preliminary results demonstrate the higher resistance of AMB and virulence in G. mellonella, as well as increased expression of virulence genes of C. neoformans and C. gattii biofilms. Additional studies are needed to understand the virulence mechanisms of the biofilms involved in the premature death of the larvae.
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