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Abstract

:

Several human pathogenic fungi produce melanin. One of its properties during parasitism is the protection against antifungal drugs. This occurs with the agents of chromoblastomycosis, in which DHN-melanin reduces antifungal susceptibility to terbinafine and itraconazole. Since these agents are resistant to some antifungal drugs, we investigated the role of DHN-melanin on the Fonsecaea susceptibility to amphotericin B, micafungin, fluconazole, and flucytosine, drugs that usually present high minimal inhibitory concentrations (MIC) to this genus. Seven strains from three Fonsecaea human pathogenic species were treated with tricyclazole, a DHN-melanin inhibitor, and the MIC of the treated and untreated cells were compared. A survival assay was performed to confirm the alterations in the susceptibility of strains with reduced melanization, and the chitin levels of the strains were estimated by fluorescence. Tricyclazole did not affect fluconazole and flucytosine MIC, while melanin inhibition increased susceptibility to amphotericin B. Surprisingly, DHN-melanin inhibition decreased the susceptibility to micafungin. Survival assays confirmed this result on five strains. Cell wall chitin levels of the strains were not associated with the decrease in micafungin susceptibility. The results show that DHN-melanin does not have a role in the intrinsic resistance of Fonseacaea spp. to amphotericin B, fluconazole, and flucytosine, and its inhibition may promote micafungin resistance.
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1. Introduction


The denomination “dematiaceous fungi” is given to those producing high amounts of a brown-to-black pigment called melanin in their cell wall [1]. Melanin is a complex, hydrophobic, negatively charged macromolecule composed of phenolic and/or indolic subunits [2]. Several pathogenic fungi, such as Cryptococcus neoformans [3], Trichosporon asahii [4], Aspergillus fumigatus [5], Sporothrix schenckii [6], Paracoccidioides brasiliensis [7], Histoplasma capsulatum [8], and Candida glabrata [9] produce melanin. This production is usually associated with a resistance to some harsh conditions encountered during parasitism, which makes melanin an important virulence factor of these fungi. The dematiaceous fungi that cause chromoblastomycosis and/or phaeohyphomycosis, including Exophiala dermatitidis [10] and Fonsecaea pedrosoi [11], also produce melanin in their cell wall [12].



Fonsecaea spp. constitutively produce and secrete melanin, which acts as a scavenger of oxidative oxygen radicals making these fungi more resistant to host defense mechanisms. It also provides resistance and integrity to the cell wall against several chemical compounds, such as antifungal drugs, thus acting as an important virulence factor [13]. Melanin interferes with complement activation, reducing the susceptibility of melanized fungi to antifungal agents. This pigment protects the fungus against oxidative damage, acting as a trap for nitric oxide. This mechanism does not allow macrophages or other phagocytes to eliminate fungal elements and may explain, in part, the recalcitrant and chronic course of chromoblastomycosis [14].



In Fonsecaea spp., melanin synthesis occurs through the dihydroxynaphthalene (DHN) pathway [15,16]. DHN-derived melanin is constitutively synthesized through polyketides in a pathway that starts with the conversion of acetyl (or malonyl) coenzyme A into 1,3,6,8-tetrahydroxynaphthalene [17]. It is important to note that Fonsecaea spp. and other dematiaceous fungi also have the genetic machinery necessary to produce at least two other types of melanin: eumelanin and pyomelanin [18].



Tricyclazole (5-Methyl-1,2,4-Triazolo[3,4-B][1,3]Benzothiazole) is a pesticide commercially known as BIM 750 (Dow Agrosciences, Indianapolis, IN, USA). The specific target of this compound is in the DHN pathway of melanin biosynthesis, having little or no inhibitory effect on the fungus growth in culture [19]. Inhibition of this specific biochemical process with tricyclazole can be used to induce morphological changes in the cell wall of F. pedrosoi, leading to a decreased fungal resistance to mechanical lysis and macrophage killing [15,20]. It also decreases minimal inhibitory concentrations (MIC) of itraconazole, posaconazole, and terbinafine for Fonsecaea species [21].



Itraconazole and terbinafine are the most commonly used drugs in the treatment of chromoblastomycosis. Itraconazole doses of 200 to 400 mg per day are usually recommended for adults and adolescents. The length of treatment varies; however, most cases improve within 8 to 10 months [22]. In general, terbinafine doses recommended are 250 to 500 mg per day until mycological cure or resolution of skin lesions [23,24,25]. Other drugs used in the treatment include amphotericin B and flucytosine, but hospitalization is needed for the administration of the former [25]. In addition, the nephrotoxic effect of this drug and adverse reactions must be considered, which makes treatment difficult [26]. In general, terbinafine and voriconazole are the drugs with the best in vitro activities against Fonsecaea spp., with MIC lower than 0.25 mg/L. On the other hand, fluconazole, flucytosine, amphotericin B, and micafungin usually show high MIC to these fungi [27]. Since melanin protects Fonsecaea spp. against drugs with effective antifungal activity against them, we investigated if this pigment was also associated with the increased MIC (>1 mg/L) observed for drugs with reduced antifungal efficacy in this genus.




2. Materials and Methods


2.1. Strains


Seven Fonsecaea strains isolated from skin lesions of patients with chromoblastomycosis were included in this study. They were previously identified through internal transcriber spacer (ITS) sequencing [27] as Fonsecaea monophora (38833 and 41080), Fonsecaea nubica (16451, 34113, and 34242), or F. pedrosoi (19889 and 38437).




2.2. DHN-Melanin Inhibition


After growth on potato dextrose agar (PDA) medium (HiMedia Laboratories Pvt. Ltd., India) for seven days at 30 °C, the study isolates were cultured in PDA medium supplemented with tricyclazole (Sigma Chemical Corporation, St. Louis, MO, USA) solutions at final concentrations of 1 mg/L, 2 mg/L, 4 mg/L, 8 mg/L, and 16 mg/L to determine the minimum concentration of tricyclazole capable of inhibiting their DHN-melanin production. Tricyclazole was dissolved in ethanol and added to the cultures, ensuring that the final solvent concentration in the PDA did not exceed 0.6% to avoid cytotoxic effects on the strains [15]. As controls, the strains were grown in the absence of tricyclazole. Visual reading of cultures was performed after 7 days of incubation at 30 °C and 35 °C to verify color changes in macroscopic colonies in comparison to the controls. For subsequent experiments after this initial test, cultures were performed in PDA supplemented with the lowest tricyclazole concentration capable of inducing melanin production inhibition. Cultures were maintained at 30 °C or 35 °C for seven days and used to prepare inoculum for susceptibility tests.




2.3. Antifungal Susceptibility Test


In vitro antifungal susceptibility tests were performed following the guideline of the Clinical and Laboratory Standards Institute (CLSI), M38-A2 protocol [28], with a few modifications in order to evaluate dematiaceous fungi of slow growth. Amphotericin B, fluconazole, flucytosine (all from Sigma-Aldrich, St. Louis, MO, USA), and micafungin (Astellas Pharma Tech Corporation, Takaoka, Toyama, Japan) were tested. The inocula of the seven Fonsecaea strains were prepared from seven-day-old PDA cultures, supplemented or not with tricyclazole as described above. Cells were harvested in RPMI 1640 medium (Sigma-Aldrich) buffered with MOPS (Sigma-Aldrich), pH 7.0, and diluted in 96-well plates to approximately 0.4–5 × 104 cells/mL. Plates were incubated at 35 °C for five days [21,27]. The MIC for amphotericin B, fluconazole, and flucytosine, as well as the minimal effective concentration (MEC) for micafungin, were determined according to the CLSI M38-A2 protocol. The reference strains Aspergillus flavus (ATCC 204304), Aspergillus fumigatus (ATCC 204305), Candida krusei (ATCC 6258), and Candida parapsilosis (ATCC 22019) were used for quality control.




2.4. Survival Assay


The test was performed as previously described by our group [29] with a few modifications to adapt the protocol to dematiaceous fungi. In brief, inocula were prepared as described above, and cells were diluted in RPMI-1640 medium at a 5 × 104 conidia/mL concentration. The cultures were supplemented with the antifungal drugs at ½ MIC, as determined previously. Colony-forming units (CFU)/mL were determined immediately after the addition of antifungal drugs. Cultures were incubated in a rotary shaker at 150 rpm at 35 °C. After 2 and 24 h of incubation, CFU/mL counts were performed again to verify the early and late killing of the antifungal drugs, respectively. The control conditions consisted of RPMI-1640 cultures of each strain without the addition of antifungal drugs and RPMI-1640 medium without antifungal drugs or fungal inoculum. The same procedures were performed for both test and control cultures. Percent survival for each time point was determined by comparing the CFU/mL counts for each strain/antifungal combination with the CFU/mL for each strain cultured in RPMI-1640 alone. This experiment was performed in triplicate.




2.5. Chitin Quantification


Conidial suspensions of the seven strains were prepared as described for the inoculum for the antifungal susceptibility test. Conidia were treated with Uvitex2B (Polysciences Inc., Warrington, PA, USA) to detect chitin in their cell walls. In brief, 1 µL of 10 µg/mL was added to 1 mL of the conidial suspension. This mixture was incubated at 35 °C for 60 min. Then, conidia were washed three times with phosphate-buffered saline and observed in the Axio Observer fluorescence microscope (Zeiss, Jena, Germany). The images were analyzed with the ImageJ software bundled with Java 1.8.0_172 to quantify the signal intensity in the conidia using the mean fluorescence intensity (MFI) method [30].




2.6. Statistical Analyses


Comparisons between MIC values and survival rates between strains with inhibited and regular DHN-melanin production were performed using the Wilcoxon non-parametric test with the software GraphPad Prism 8.4 (GraphPad software, San Diego, CA, USA). Comparisons between MFI of tricyclazole treated and untreated conidia were performed using the Student’s t-test. A significance level of 0.05 was used in the analyses.





3. Results


3.1. High Tricyclazole Concentration Is Necessary to Partially Inhibit Fonsecaea spp. Melanization


The control Fonsecaea spp. colonies in PDA were dark green to black. Complete melanin inhibition was not achieved with any of the tested tricyclazole concentrations. The addition of 8 mg/L or 16 mg/L tricyclazole to the culture medium yielded colonies with lower black pigmentation than controls for all strains (Figure 1). Since 16 mg/L also inhibited fungal growth (Supplementary Figure S1), a tricyclazole concentration of 8 mg/L was used in subsequent experiments.




3.2. Tricyclazole Affects Differently the MIC of Drugs with Low Antifungal Activity against Fonsecaea spp.


Table 1 presents MIC values of seven Fonsecaea strains with regular or inhibited DHN-melanin production against amphotericin B, fluconazole, and flucytosine, as well as their MEC values against micafungin. High MIC/MEC values were observed for all drugs with regular DHN-melanin production. DHN-melanin inhibition did not influence MIC values observed for fluconazole and flucytosine (p = 0.3458 and p = 0.5248, respectively). The inhibition of this melanin type increased susceptibility to amphotericin B (p = 0.0335). Surprisingly, DHN-melanin inhibition decreased susceptibility to micafungin; that is, tricyclazole-treated Fonsecaea cells presented higher MEC values than control cells (p = 0.0437).




3.3. Most Fonsecaea spp. Strains with Inhibited DHN-Melanin Production Are Resistant to Micafungin Killing


The survival assay of the seven Fonsecaea spp. strains (Figure 2) revealed variations in the killing effects of micafungin, depending on the Fonsecaea strain studied. The killing effect for one strain (F. monophora 41080) was similar in both conditions. For another strain (F. nubica 16451), DHN-melanin protected against both early and late micafungin killing, but four strains with inhibited DHN-melanin production (F. pedrosoi 38437, F. monophora 38833, F. nubica 34113, and F. nubica 34242) were the more resistant to both the early and late killing while another strain (F. pedrosoi 19889) was more resistant only to micafungin late killing.




3.4. Chitin Is not Associated with Micafungin Resistance of Tricyclazole Treated Fonsecaea spp. Cells


Although the seven strains were treated with Uvitex 2B to estimate chitin levels on the conidial cell wall, two of them (F. monophora 38833 and F. nubica 34242) did not yield a fluorescence signal with the protocol used. Figure 3 presents the MFI values of the remaining five strains tested. F. monophora 41080 and F. nubica 34133 presented lower chitin levels in tricyclazole treated conidia (p = 0.0256 and 0.0151, respectively).





4. Discussion


Due to the vastly explored ability of melanin to increase fungal virulence [31] and to promote resistance to antifungal drugs [32], it has been proposed that fungal melanin biosynthesis may be an innovative target candidate for the development of new antifungal drugs [9,33,34]. However, these propositions may not be accurate in all situations. In fact, when two Sporothrix brasiliensis strains with different melanin profiles isolated from a single lesion from a human patient with sporotrichosis were tested in an experimental murine model of infection, the albino strain presented as more virulent than the melanized strain [35]. Here, we provide evidence showing that, at least for some Fonsecaea strains, inhibition of DHN-melanin synthesis may increase resistance to the antifungal effects of the echinocandin micafungin.



Recently, a reduction in the MIC values of terbinafine, posaconazole, and itraconazole after Fonsecaea spp. tricyclazole exposure has been shown [21]. An older study, however, showed no influence of DHN-melanin on the antifungal susceptibility of F. monophora to eight antifungal drugs [36], suggesting an unpredictable role of this melanin type in the antifungal susceptibility of this genus. Our results showed that tricyclazole increased Fonsecaea spp. susceptibility to amphotericin B, which was not observed by another group [21], confirming the erraticism of antifungal protection conferred by DHN-melanin in this genus.



Fluconazole and flucytosine MIC values were not affected by the tricyclazole treatment of the cells. Similar results were found with Exophiala (formerly Wangiella) dermatitidis [37], another member of the Herpotrichiellaceae family presenting high levels of melanin in the cell wall. The heavy melanization of members of this family could be an explanation for the low susceptibility to these drugs, which was not the case. Flucytosine is described as an option for chromoblastomycosis treatment, especially in combination with amphotericin B [38]. Therefore, further studies on the resistance mechanisms of chromoblastomycosis agents against flucytosine may improve the research about new therapies for this neglected disease.



An unexpected result of the current study was the increased resistance of most Fonsecaea strains with inhibited DHN-melanin production against micafungin. It has been shown that melanin inhibition increases Histoplasma capsulatum and Cryptococcus neoformans susceptibility to caspofungin [8], another echinocandin with a similar mechanism of action. Alternaria infectoria, another dematiaceous fungus, increases melanization in response to caspofungin, probably as a protection mechanism against its effects [39]. Since microdilution procedures are not always effective in showing melanin influence on MIC/MEC determinations [8], we performed a survival assay of the strains in the presence of micafungin. Results of this assay with strains F. pedrosoi 19889, F. pedrosoi 38437, F. monophora 38833, F. nubica 34113, and F. nubica 34242 corroborate the individual MEC values observed for tricyclazole treated and untreated cells. To the best of our knowledge, there is no description in other fungi that DHN-melanin supports echinocandin activity.



Echinocandin resistance is associated with the inexistence of β-1,3-glucan in the cell wall [40], which is not the case for Fonsecaea spp. that present this polysaccharide in cell walls of conidia, hyphae, and muriform cells [41]. Other resistance mechanisms involve FKS point mutations and an increase in chitin cell wall levels to compensate for the lack of β-1,3-glucan [42]. It is unlikely that a seven-day exposure to tricyclazole causes specific mutations in the FKS genes. Chitin and melanin are probably bounded since as reactions of the saccharide units with melanin monomers can occur, covalent bonds are formed. We are probably dealing with melanin-chitin complexes, and this may be a reason for conflicting results of the seven strains and different antifungal drugs. A possible increase in chitin levels in tricyclazole treated Fonsecaea cells would explain the micafungin resistance. Unfortunately, the chitin levels were not determined on two of the strains, probably due to chitin levels being lower than the detection limit of the methodology. However, for most strains, chitin levels were not associated with micafungin resistance in tricyclazole-treated cells since only two strains presented significant variations. Moreover, one strain presented lower MEC in treated cells, while the other in untreated cells. The other three strains, all of them presenting higher MEC in treated cells, did not present significant differences in chitin levels of tricyclazole treated and untreated conidia.



A limitation of this study is the fact that we were unable to produce true albino phenotypes of the studied strains. Tricyclazole is a specific inhibitor of DHN-melanin [19], and members of the Fonsecaea genus have the genes necessary to also produce eumelanin and pyomelanin [18]. This may be the explanation for the fact that tricyclazole was unable to inhibit the melanization of the strains completely. Studies on eumelanin and pyomelanin in Fonsecaea spp. are scarce. These types of melanin could have distinct locations and roles. This could be essential to modifying drug susceptibility. For instance, eumelanin contains nitrogen and carboxyl groups, but DHN-melanin does not, which may impact their chelating ability.



It has been described that fungal melanins can bind to amphotericin B and caspofungin [8]. Therefore, we hypothesize that the DHN-melanin present in Fonsecaea cell walls binds amphotericin B, preventing it from reaching the ergosterol present in the cell membrane. On the other hand, micafungin binding by Fonsecaea DHN-melanin present in the cell wall increases its levels precisely at the drug site of action.




5. Conclusions


DHN-melanin does not have a role in the intrinsic resistance of Fonseacaea spp. to amphotericin B, fluconazole, and flucytosine, and its inhibition may promote micafungin resistance. Although micafungin is not recommended for chromoblastomycosis treatment, this study provides theoretical concepts about melanization and antifungal susceptibility and resistance. Future studies aiming to discover new antifungal drugs targeting melanin biosynthesis pathways need to evaluate the effects of this pigment on the susceptibility and resistance against other antifungals that may be used in combined therapies. In addition, these potential new antifungals need to inhibit several pathways for complete inhibition of melanin production by the fungus.
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Figure 1. Melanin inhibition in the presence of tricyclazole. The strain Fonsecaea pedrosoi 19889 was grown on potato dextrose agar (PDA, upper panels) and on PDA supplemented with 8 mg/L tricyclazole (TCZ, lower panels), at 30 °C (left panels) or 35 °C (right panels). The other strains present similar growth under these conditions. 
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Figure 2. Survival rates of seven Fonsecaea spp. isolates against micafungin. Black bars indicate the survival of strains with regular DHN-melanin production. Gray bars indicate the survival of strains with DHN-melanin production inhibited by tricyclazole. The * indicates a significant difference (p < 0.05) between regular and inhibited DHN-melanin production. 
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Figure 3. Chitin contents in five Fonsecaea spp. strains. Graphs present the mean fluorescence intensity of untreated (black bars) and treated (gray bars) conidia of five Fonsecaea spp. strains after Uvitex 2B incubation. * indicates significant difference (p < 0.05). 
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Table 1. Minimal inhibitory (or effective) concentrations of four antifungal drugs against seven Fonsecaea strains with regular or inhibited DHN-melanin production.
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Strain

	
Species

	
DHN-Melanin

	
Amphotericin B

	
Fluconazole

	
Flucytosine

	
Micafungin






	
19889

	
F. pedrosoi

	
regular

	
4 mg/L

	
16 mg/L

	
16 mg/L

	
8 mg/L




	
inhibited

	
4 mg/L

	
16 mg/L

	
16 mg/L

	
≥16 mg/L




	
38437

	
F. pedrosoi

	
regular

	
8 mg/L

	
16 mg/L

	
32 mg/L

	
1 mg/L




	
inhibited

	
1 mg/L

	
16 mg/L

	
16 mg/L

	
4 mg/L




	
38833

	
F. monophora

	
regular

	
8 mg/L

	
16 mg/L

	
8 mg/L

	
8 mg/L




	
inhibited

	
2 mg/L

	
16 mg/L

	
16 mg/L

	
≥16 mg/L




	
41080

	
F. monophora

	
regular

	
8 mg/L

	
16 mg/L

	
4 mg/L

	
8 mg/L




	
inhibited

	
2 mg/L

	
16 mg/L

	
2 mg/L

	
4 mg/L




	
16451

	
F. nubica

	
regular

	
4 mg/L

	
16 mg/L

	
4 mg/L

	
8 mg/L




	
inhibited

	
1 mg/L

	
32 mg/L

	
8 mg/L

	
≥16 mg/L




	
34113

	
F. nubica

	
regular

	
4 mg/L

	
32 mg/L

	
4 mg/L

	
8 mg/L




	
inhibited

	
1 mg/L

	
32 mg/L

	
8 mg/L

	
≥16 mg/L




	
34242

	
F. nubica

	
regular

	
8 mg/L

	
16 mg/L

	
4 mg/L

	
8 mg/L




	
inhibited

	
2 mg/L

	
32 mg/L

	
8 mg/L

	
≥16 mg/L
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