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The Sporothrix schenckii Gene Encoding for the Ribosomal Protein L6 Has Constitutive and Stable Expression and Works as an Endogenous Control in Gene Expression Analysis
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Sporothrix schenckii is one of the causative agents of sporotrichosis, a worldwide-distributed mycosis that affects humans and other mammals. The interest in basic and clinical features of this organism has significantly increased in the last years, yet little progress in molecular aspects has been reported. Gene expression analysis is a set of powerful tools that helps to assess the cell response to changes in the extracellular environment, the genetic networks controlling metabolic pathways, and the adaptation to different growth conditions. Most of the quantitative methodologies used nowadays require data normalization, and this is achieved measuring the expression of endogenous control genes. Reference genes, whose expression is assumed to suffer minimal changes regardless the cell morphology, the stage of the cell cycle or the presence of harsh extracellular conditions are commonly used as controls in Northern blotting assays, microarrays, and semi-quantitative or quantitative RT-PCR. Since the biology of the organisms is usually species specific, it is difficult to find a reliable group of universal genes that can be used as controls for data normalization in experiments addressing the gene expression, regardless the taxonomic classification of the organism under study. Here, we compared the transcriptional stability of the genes encoding for elongation factor 1A, Tfc1, a protein involved in transcription initiation on Pol III promoters, ribosomal protein L6, histone H2A, β-actin, β-tubulin, glyceraldehyde 3-phosphate dehydrogenase, UAF30, the upstream activating factor 30, and the transcription initiation factor TFIID subunit 10, during the fungal growth in different culture media and cell morphologies. Our results indicated that only the gene encoding for the ribosomal protein L6 showed a stable and constant expression. Furthermore, it displayed not transcriptional changes when S. schenckii infected larvae of Galleria mellonella or interacted with immune cells. Therefore, this gene could be used as control for data normalization in expression assays. As a proof of concept, this gene was used to assess the expression of genes encoding for glycosidases involved in the protein N-linked glycosylation pathway, a histidine kinase whose expression is regulated during the fungal dimorphism, and a glycosidase that participates in sucrose assimilation.
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INTRODUCTION

Sporotrichosis is a subacute or chronic infection caused by members of the Sporothrix schenckii complex, a group of dimorphic fungi with worldwide distribution (Lopes-Bezerra et al., 2006; Lopez-Romero et al., 2011; Chakrabarti et al., 2015). Although most of the sporotrichosis cases may be controlled with the recommended antifungal strategies, it has been recently considered as an emerging health problem due to the epidemic outbreaks in Brazil, associated to cats, and the high mortality and morbidity rates in immunocompromised patients (Lopez-Romero et al., 2011; Rodrigues et al., 2013, 2016). Despite its increased importance in both the basic research and the medical mycology field, the publication records dealing with these organisms and the infection are extremely limited, with less than 3000 research papers found in repository databases such as PubMed from the National Center for Biotechnology Information, since the first report of the disease by Schenk more than a century ago (Mora-Montes et al., 2015). The lack of interest in this field might be explained, in part, by the limited repertoire of molecular tools to facilitate the study of these organisms (Mora-Montes et al., 2015). The first approach to assess the relevance of genes and molecular pathways in S. schenckii physiology and virulence was the use of mutants generated by exposure to UV light (Torres-Guerrero and Arenas-Lopez, 1998; Romero-Martinez et al., 2000). Later, a protocol to generate S. schenckii insertional mutants based on Agrobacterium tumefaciens transformation was reported (Zhang et al., 2011), the RNA interference approach was standardized for the study of S. schenckii calcium/calmodulin kinase I (Rodriguez-Caban et al., 2011); and more recently, the genome sequencing of S. schenckii sensu stricto, S. brasiliensis, S. globosa, and S. pallida were reported (Teixeira et al., 2014; D’Alessandro et al., 2016; Huang et al., 2016).

The gene expression analysis is a set of powerful tools that helps to assess the cell response to changes in the extracellular environment, the genetic networks controlling metabolic pathways, and the adaptation to different growth conditions or the presence of extracellular insults. Most of the quantitative methodologies used nowadays require data normalization, and this is achieved running experiments in parallel to measure the expression of endogenous control genes. Reference genes, whose expression is assumed to suffer minimal changes regardless the cell morphology, the stage of the cell cycle or the presence of harsh extracellular conditions (Velculescu et al., 1999; Cusick et al., 2014), are commonly used as controls in Northern blotting assays, microarrays, and semi-quantitative or quantitative RT-PCR (RT-qPCR). Since the biology of the organisms is usually species specific, it is difficult to find a reliable group of universal genes that can be used as controls for data normalization in experiments addressing the gene expression, regardless the taxonomic classification of the organism under study. In several works, it is clear that the genes routinely used as controls for data normalization, such as actin, the ribosomal subunit 18S, β-tubulin, and others; are not always expressed constitutively in all the studied organisms (Zhong and Simons, 1999; Hamalainen et al., 2001; Selvey et al., 2001; Deindl et al., 2002; Glare et al., 2002; Artico et al., 2010). In fact, a gene with constitutive a stable expression in an organism displays different gene expression in others. Thus, it has been suggested that the best way to normalize expression data is the establishment of a panel of multiple reference genes, specific for each organism (Vandesompele et al., 2002).

In this work, we aimed to find genes whose expression is stable and constitutive under different growth conditions of S. schenckii. Our data indicated that the gene encoding for the ribosomal protein L6 showed a stable and constant expression in different growth conditions and cell morphologies. As a proof of concept, the identified gene was used to assess the expression of genes encoding for glycosidases involved in the protein N-linked glycosylation pathway, a histidine kinase whose expression is regulated during the fungal dimorphism, and a glycosidase that participates in sucrose assimilation.

MATERIALS AND METHODS

Strains and Culturing Conditions

The following clinical isolates of S. schenckii sensu stricto (kindly donated by Prof. Leila M. Lópes-Bezerra, University of Rio de Janeiro State, Brazil) were used in this study: 1099-18 (ATCC MYA-4821) (Castro et al., 2013), Ss39, Ss47, and SS-B02 (Fernandes et al., 2013). Unless otherwise indicated, strain 1099-18 (ATCC MYA-4821) was the organism used throughout the study. Cells were grown and maintained at 28°C in YPD medium (1% [w/v] yeast extract, 2% [w/v] gelatin peptone, 3% [w/v] dextrose), added with 2% (w/v) agar when required. The mycelial morphology was obtained as previously described (Mora-Montes et al., 2010), with minimal modifications. Briefly, 5 mL of overnight-grown cells at 28°C in YPD broth, pH 4.5, were inoculated into 50 mL fresh medium, and incubated at 28°C and shaking at 200 rpm for 36 h. Then, mycelia were harvested by filtering, using a vacuum system and a 5-μm nylon membrane (Monodur®), and washed six times with sterile cold water during the process. Cells were frozen in liquid nitrogen and kept at -70°C until used. Yeast-like cells were obtained as follows: a 5-mL aliquot of 24 h-grown cells at 37°C in YPD broth, pH 7.8, was inoculated into 50 mL of fresh YPD broth, pH 7.8, and incubated at 37°C with constant shaking at 120 rpm for 4–6 days. Under these conditions, nearly 100% cells displayed a yeast-like morphology. Cells were pelleted by centrifuging at 5000 × g for 5 min at 4°C, washed three times with deionized cold water, and placed in liquid nitrogen until used.

To grow fungal cells in several carbon and nitrogen sources, cells were cultured in 5 mL of YPD broth, pH 7.8, at 37°C and shaking (120 rpm) for 3–4 days. Then inoculated in 50 mL of each tested broth and incubated at 28°C and 200 rpm during 48 h. Finally, cells were collected by centrifuging at 5000 × g for 5 min at 4°C before RNA extraction. Media tested were brain–heart infusion (BHI, Oxoid), PDB (0.4% [w/v] potato extract and 2% [w/v] dextrose) and Vogel (1.5% [w/v] sucrose and Vogel 1X from stock solution 50X). Vogel stock solution 50X included: 20% (w/v) sodium citrate⋅51/2 H2O, 33.33% (w/v) K2HPO4, 13.33% (w/v) NH4NO4, 1.33% (w/v) MgSO4⋅7H2O, 0.66% (w/v) CaCl2⋅2H2O, 0.66% (v/v) trace element solution (5% [w/v] citric acid⋅H2O, 5% [w/v] ZnSO4⋅7H2O, 1% [w/v] Fe(NH4)2(SO4)2⋅6H2O, 0.25% [w/v] CuSO4⋅5H2O, 0.05% [w/v] MnSO4⋅H2O, 0.05% [w/v] H3BO4, 0.05% [w/v] Na2MoO4⋅2H2O, and 1% [v/v] chloroform), 0.33% (v/v) biotine at 0.01% (w/v), and 0.2% (v/v) chloroform. For induction of β-fructofuranosidase activity, conidia were inoculated in medium contained 0.67% (w/v) yeast nitrogen base and 3% (w/v) sucrose (Sigma), and incubated at 28°C for 72 h and 120 rpm (Lutfiyya and Johnston, 1996). As control, cells were inoculated in 0.67% (w/v) yeast nitrogen base and 3% (w/v) glucose, and incubated under the same conditions.

Interaction of S. schenckii with Galleria mellonella Larvae

Killing assays of Galleria mellonella larvae were conducted as described (Clavijo-Giraldo et al., 2016). Groups containing 10 larvae of at least 1 cm length and uniform color were inoculated in the last left proleg with 10 μL of a solution containing 1 × 105 yeast/μL, using a Hamilton syringe (701N, 26’s gauge, 10 μL capacity). Sporothrix yeast-like cells were obtained by growing cells in YPD broth, pH 7.8, as described above. Animal groups were kept at 37°C and decapitated either at days 1, 5, 10, or 15 post-inoculation. Fungal cells were retrieved from the hemolymph by washing twice with cold deionized water, and frozen at -70°C for RNA extraction.

Ethics Statement

Universidad de Guanajuato, though the Ethics Committee, approved the use of human cells in this study (permission number 17082011). Only healthy adult volunteers took part of this study. Information of the study was disclosed and written informed consent was signed before blood samples were withdrawn.

Human Peripheral Blood Mononuclear Cells-Sporothrix schenckii Interaction

Histopaque-1077 (Sigma) was added to whole human blood and peripheral blood mononuclear cells (PBMCs) were isolated using density centrifugation as described (Martinez-Alvarez et al., 2017). Cells were washed twice in sterile PBS and suspended in RPMI 1640 Dutch modification (Sigma). The PBMC-fungus interaction was performed in 96-well microplates, with a human cell:yeast-like cells ratio 5:1, in a total volume of 200 μL containing 5 × 105 PBMCs. Plates were incubated at 37°C with 5% (v/v) CO2, and the content of 10 wells was removed either at 1, 6, or 24 h after the beginning of the cell–cell interaction. Human cells were disrupted by washing twice with cold deionized water, and fungal cells were saved and frozen at -70°C for RNA extraction.

Interaction of S. schenckii with RAW 264.7 Macrophages

The RAW 264.7 (ATCC® TIB-71TM) murine cell line was cultured in DMEM media (Sigma), supplemented with 10% fetal bovine serum, at 37°C and 5% (v/v) CO2. After reaching 90% confluence, cells were detached using trypsin (Sigma) in DMEM medium and sub-seeded into 6-well plates for further growth. Cells were harvested by trypsin detachment and counted to be adjusted at a cell suspension of 2 × 105 cells/mL in DMEM medium. The macrophage:yeast-like cell ratio was set at 1:5, and interactions were incubated at 37°C under a 5% (v/v) CO2 atmosphere. The content of 10 wells was removed either at 1, 6, or 24 h after the beginning of the cell–cell interaction. Murine cells were disrupted by washing twice with cold deionized water, and fungal cells were frozen at -70°C for RNA extraction.

Extraction of Nucleic Acids

Genomic DNA was isolated as reported (Robledo-Ortiz et al., 2012). Briefly, frozen cells in liquid nitrogen, were ground with a mortar and pistil, resuspended in 200 mM Tris-HCl, pH 8.5, 250 mM NaCl, 25 mM EDTA, 0.5% (w/v) SDS, 40 μg ml-1 RNase, and incubated 1 h at 37°C. Then, DNA was extracted with one volume of a phenol:chloroform (1:1) solution, the sample was centrifuged 10 min at 8,000 × g and 4°C, the supernatant saved, mixed with 0.5 volumes of isopropanol, and incubated overnight at -20°C to precipitate DNA. The nucleic acid was washed with 70% (v/v) ethanol, and kept at -20°C until used. Total RNA was isolated following a protocol previously standardized (Logemann et al., 1987). Nitrogen-frozen cells were ground with mortar and pistil, 100 mg were placed in Eppendorf tubes containing 8 M guanidine hydrochloride, 20 mM MES, and 20 mM EDTA, mixed thoroughly in vortex and centrifuged 15 min at 10,000 × g and 4°C. The supernatant was saved, mixed with two volumes of acid phenol:chloroform(1:1), vortexed 5 min and centrifuged for 10 min at 10000 × g and 4°C. The aqueous phase was saved, RNA precipitated with one volume of absolute isopropyl alcohol, incubated 30 min at room temperature, then pelleted by centrifuging 10 min at 10,000 × g and 4°C, washed once with DEPC-treated 2 M sodium acetate, pH 5.2, and then twice with 70% (v/v) ethanol. The pelleted material was resuspended and kept at -70°C until used.

Synthesis and Purification of cDNA

The quantification of nucleic acids was performed by spectrophotometry, using a NanoDrop 2000 (Thermo Scientific). Reverse transcription reactions were performed in a Thermal Cycler T100 thermocycler (BIO-RAD), using Superscript II reverse transcriptase (Invitrogen), 40 μg total RNA as template and oligo(dT) primer (20 mer), following the manufacturer’s instructions. Then, cDNA was purified using a recent protocol developed by our group that involves RNA degradation and adsorption chromatography (Trujillo-Esquivel et al., 2016).

Assay Performance

Calibration curves for each quantified amplicon were generated using the following dilutions of cDNA synthesized with oligo(dT) primer (20 mer) as follows: 1.28, 6.4, 32, 160, and 800 ng/μL. The reactions were processed as described below to determine the threshold cycle (Ct). Ct values and template concentrations were used to generated a calibration curve and from that the efficiency of amplification was calculated as previously reported using the linear dynamic range (Bustin et al., 2009).

Analysis of Gene Expression by RT-qPCR

The RT-qPCR reactions were performed using a thermocycler StepOne plus (Life Technologies) and the SYBR Green PCR Master Mix (Life Technologies). The reaction contained in a final volume of 20 μL: master mix, 100 nM each primer set (see Table 1), and 1 μg purified cDNA. Reactions were run as follows: 1 cycle at 95°C 10 min and 40 cycles at 95°C 15 s and 60°C 1 min. The StepOne software V 2.2 (Life Technologies) was used to analyze, quantify and validate the RT-qPCR reactions, determining the Ct and dissociation curves. Relative quantification was determined in the same software by calculating 2-ΔΔCt (Livak and Schmittgen, 2001).

TABLE 1. Oligonucleotide primers used in this study.

[image: image]

Quantification of Glycosidase Activity

The α-mannosidase and α-glucosidase activities were measured using the fluorogenic substrates 4-methylumbellyferyl-α-D-mannopyranoside (Sigma) and 4-methylumbellyferyl-α-D-glucopyranoside (Sigma), respectively. Cells were harvested by centrifugation, broken with glass beads in a FastPrep machine (Thermo Scientific), and the homogenate centrifuged at 21,000 × g and 4°C for 10 min. The supernatant was saved and used to quantify enzyme activity as reported (Mora-Montes et al., 2004; Robledo-Ortiz et al., 2012). Aliquots containing 100 μg protein were resuspended in 10 mM phosphate buffer, pH 7.0, in a total volume of 200 μL. Then, 40 μM of either 4-methylumbellyferyl-α-D-mannopyranoside or 4-methylumbellyferyl-α-D-glucopyranoside were added and the reaction incubated at 37°C for 30 min. The reaction was stopped by addition of 3.3 mL 50 mM glycine-NaOH, pH 11.0, and fluorescence of the released 4-methylumbellyferone (MU) was measured in a Perkin-Elmer LS-5B luminescence spectrofluorometer, with excitation and emission set at 350 nm and 440 nm, respectively. Total enzyme activity was expressed as nmoles of MU min-1 total protein-1. In assays to inhibit mannosyl-oligosaccharide glucosidase, 10 μM castanospermine (Sigma) was added prior the incubation step at 37°C (Lopes-Bezerra et al., 2015).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7 software. All experiments were performed three times in duplicate. Data represent cumulative results of all experiments performed and are showed as mean ± SD. The Mann–Whitney U-test or the one-way ANOVA were used to establish statistical significance, which was set at P < 0.05.

RESULTS

Selection of Candidate Genes to Display a Constitutive and Stable Expression in S. schenckii

It has been described that the most suitable candidates for constitutive and stable expression are genes encoding for housekeeping functions, i.e., genes in charge of the basic tasks during cellular maintenance, such as those related to metabolism, molecular recycling or structural roles (Zhu et al., 2008; Cusick et al., 2014; Pathan et al., 2017). After a thorough revision of the literature, we selected the 10 most popular genes used in fungal cells systems as endogenous controls during gene expression analysis: the genes encoding for 18S ribosomal RNA (Fang and Bidochka, 2006; Li et al., 2012), elongation factor 1A (Fang and Bidochka, 2006; Son et al., 2013), Tfc1, a protein involved in transcription initiation on Pol III promoters (Teste et al., 2009), ribosomal protein L6 (Nowrousian et al., 2003; Cusick et al., 2014), histone H2A (Davé et al., 2006), β-actin (Nailis et al., 2006; Bohle et al., 2007; Cusick et al., 2014), β-tubulin (Yan and Liou, 2006; Cusick et al., 2014), glyceraldehyde 3-phosphate dehydrogenase (Panepinto et al., 2002; Tavanti et al., 2003; Fang and Bidochka, 2006), UAF30, the upstream activating factor 30 (Moss et al., 2007), and the transcription initiation factor TFIID subunit 10 (Teste et al., 2009). Most of these genes contain putative introns; therefore, some of the primer pairs for PCR were designed to align in regions containing at least one putative intron. This design was useful to assess the potential contamination of RNA samples with genomic DNA (see Table 1). All the putative genes were confirmed to be present in the genomic DNA preparations, and all of them showed expression, as cDNA was amplified by RT-PCR (data not shown).

Variation of Gene Expression under Different Growth Conditions

Next, we compared the suitability to synthesize cDNA using either oligo(dT) primer (20 mer) or a specific reverse primer for the target gene. Upon RT-qPCR reactions, the Ct value for amplification of elongation factor 1A, using the specific reverse primer was 29.415 ± 1.273, whereas the Ct value of reactions with cDNA synthesized with oligo(dT) primer (20 mer) was 30.063 ± 0.998 (P > 0.05). Since no significant differences were observed, we decided to use the oligo(dT) primer (20 mer) during the transcriptase reverse reaction, to use the same cDNA preparation in the expression analysis of all the tested genes, thus minimizing variations. Since the 18S ribosomal RNA is not polyadenylated after transcription (Henras et al., 2015), this gene was discarded from the analysis. Synthesized cDNA using total RNA from conidia showed variations in the Ct values in all the analyzed genes, suggesting that RNA extraction from this morphology is not homogeneous across replicates. Since this phenomenon was not further investigated, we decided to eliminate conidia from our analysis. The efficiency of the amplification reactions was similar for all the primer pairs tested (Table 2). The comparison of Ct values for the nine genes with putative constitutive and stable expression in both yeast-like cells and hyphae are given in Figure 1. Three of the nine tested genes showed similar expression in both hyphae and yeast-like cells: those encoding the ribosomal protein L6, the elongation factor 1A and glyceraldehyde 3-phosphate dehydrogenase (Figure 1). The genes encoding for UAF30, β-actin, Tfc1 and histone H2A were significantly more expressed in yeast-like cells than in hyphae (Figure 1); while those encoding for β-tubulin and the transcription initiation factor TFIID subunit 10 showed more expression in hyphae than in yeast-like cells (Figure 1). Therefore, only the genes showing similar expression levels in both cell morphologies were further studied.

TABLE 2. Amplification reaction efficiency for the different amplicons analyzed in this study.
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FIGURE 1. Ct values of genes with putative constitutive and stable expression in both Sporothrix schenckii sensu stricto hyphae and yeast-like cells. Cells were grown in YPD medium under controlled conditions to generated either hypha (closed bars) or yeast-like cells (open bars) (see Materials and Methods). Total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). Only the genes encoding the ribosomal protein L6, elongation factor 1A, and glyceraldehyde 3-phosphate dehydrogenase showed constant expression in both morphologies (∗P > 0.05).



Next, we tested the stability of the gene expression in different and popular culture media to grow molds, such as PDB and Vogel, and BHI, the most used culture medium to induce cell dimorphism in S. schenckii (Barros et al., 2011). In PDB, cells showed a morphology of long and thin filament cells; whereas in Vogel medium they were shorter filament cells and mixed with rounded yeast-like cells (data not shown). Cells displayed the classical yeast-like morphology when grown in BHI, but a small proportion of hyphae and conidia (less than 20% of total cell population) were also observed (data not shown). Cells obtained from these culture media, along with hyphae and yeast-like cells grown in YPD, were collected and used for total RNA extraction and RT-qPCR upon cDNA synthesis. When analyzed the expression of the gene encoding the ribosomal protein L6, no significant changes were observed in the Ct values across all the culture media tested (Figure 2). For the case of the genes encoding for the elongation factor 1A and glyceraldehyde 3-phosphate dehydrogenase, they displayed similar expression in yeast-like cells and hyphae obtained in YPD medium; but cells grown in either Vogel, PDB or BHI showed increased Ct values (Figure 2). Interestingly, for the gene encoding for the elongation factor 1A the expression levels in the three culture media (PDB, Vogel and BHI) were not significantly different (P = 0.1291). A similar situation was also observed with the gene encoding for glyceraldehyde 3-phosphate dehydrogenase (P = 0.0723). Therefore, only the gene encoding the ribosomal protein L6 showed stable and constitutive expression in the tested conditions.
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FIGURE 2. Ct values of genes with putative constitutive and stable expression in S. schenckii sensu stricto growing in different culture conditions. Cells were grown in either Vogel medium, potato-dextrose agar (PDB), brain–heart infusion (BHI), YPD, pH 4.5 (generates hyphae), or YPD, pH 7.8 (generates yeast-like cells) (see Materials and Methods). Total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). Only the gene encoding the ribosomal protein L6 showed constant expression in all the tested media. ∗P < 0.05 when compared to the expression level in hyphae and yeast-like cells.



The S. schenckii Gene Encoding for the Ribosomal Protein L6 Does Not Show Differential Expression during Interaction with Host Cells

Next, to further assess whether the expression of the gene encoding for the ribosomal protein L6 undergoes transcriptional regulation when fungal cells interact in vivo with host cells, we took advantage of the recently standardized model of sporotrichosis in larvae from G. mellonella (Clavijo-Giraldo et al., 2016), and infected the insect with yeast-like cells from the strain 1099-18 (ATCC MYA-4821). We followed the infection for 15 days and recovered fungal biomass at days 1, 5, 10, and 15 post-infection, to isolate RNA and determine the Ct values for the gene encoding for the ribosomal protein L6. No changes in the Ct values were observed in the selected points for fungal RNA isolation (Figure 3; P = 0.3234). Similar results were obtained with strains Ss39, Ss47 and SS-B02, which have different killing rates of larvae (Clavijo-Giraldo et al., 2016) (Figure 3).


[image: image]

FIGURE 3. Ct values of the S. schenckii sensu stricto gene encoding for the ribosomal protein L6 upon interaction with G. mellonella larvae. Sporothrix yeast-like cells were obtained in YPD broth, pH 7.8, and used to inoculate animal groups containing 10 larvae. Animals were kept at 37°C and decapitated either at days 1, 5, 10, or 15 post-inoculation. Fungal cells were retrieved from hemolymph, total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). One-way ANOVA was used to establish statistical significance. P-value was for all the strains > 0.05.



To further expand our observations, we set ex vivo interactions between yeast-like cells of strain 1099-18 (ATCC MYA-4821) and human PBMCs, immune cells that are likely to participate in the establishment of a protective anti-Sporothrix immune response (Martinez-Alvarez et al., 2017). We retrieved fungal cells after 1 h (early stage) 6 h (intermediate stage) or 24 h (late stage) of interaction, and the Ct values of the gene encoding for the ribosomal protein L6 were not significantly different to those observed in cells grown in YPD, pH 7.8 (Figure 4A; P = 0.1872). Again, this was independent of the strain tested, as similar results were obtained when strains Ss39, Ss47, or SS-B02 were used (Figure 4A). Finally, when a similar approach was used to analyze the expression of the gene encoding for the ribosomal protein L6 during interaction with the murine macrophages RAW 264.7 (ATCC® TIB-71TM), we could not find differences in its expression at 1 h, 6 h, or 24 h of interaction, or when different strains were used (Figure 4B). Therefore, expression of the gene encoding for the ribosomal protein L6 is likely to be stable and constant during in vivo and ex vivo interactions of S. schenckii with host cells.
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FIGURE 4. Ct values of the S. schenckii sensu stricto gene encoding for the ribosomal protein L6 upon interaction with human PBMCs and the RAW 264.7 (ATCC® TIB-71TM) murine cell line. Sporothrix yeast-like cells were obtained in YPD broth, pH 7.8, and used to interact with either human PBMCs (A) of RAW 264.7 (ATCC® TIB-71TM) murine cell line (B). Fungal cells were retrieved after 1, 6, or 24 h interaction with the immune cells, total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). One-way ANOVA was used to establish statistical significance. P-value was for all the strains > 0.05.



Validation of the Gene Encoding for the Ribosomal Protein L6 as a Useful Control for Data Normalization in RT-qPCR

To demonstrate that the constitutive and stable expression of this gene could be useful for data normalization, during expression quantification of a target gene, we determined the relative quantification of the encoding genes for mannosyl-oligosaccharide glucosidase (Lopes-Bezerra et al., 2015), α-glucosidase II (Robledo-Ortiz et al., 2012) and mannosyl-oligosaccharide α-1,2-mannosidase (Lopes-Bezerra et al., 2015) by calculating 2-ΔΔCt (Livak and Schmittgen, 2001). The endogenous control gene was the one encoding for the ribosomal protein L6, and as the reference condition the growth in YPD broth, pH 7.8. The expression of the three genes was similar when cells were grown in PDB or YPD, pH 4.5, when compared to the reference condition, i.e., cellular growth in YPD, pH 7.8 (Figure 5A). However, a significant increment in the expression of these three genes was observed when cells were grown in either Vogel medium or BHI (Figure 5A). Accordingly, when α-mannosidase activity was measured in cells grown under the same experimental conditions, this was significantly increased in cells grown in Vogel medium or BHI; while the enzyme activity from cells grown in PDB, YPD, pH 4.5, or pH 7.8, was significantly lower and similar across the three-growing conditions (Figure 5B). When a similar approach was used to quantify the α-glucosidase activity, again, only cells growing in Vogel medium or BHI had higher enzyme activity (Figure 5C). Since the approach to measure the α-glucosidase activity cannot distinguish between the mannosyl-oligosaccharide glucosidase and α-glucosidase II (Robledo-Ortiz et al., 2012; Lopes-Bezerra et al., 2015), we also quantified the enzyme activity in presence of castanospermine, an inhibitor with strong preference toward the mannosyl-oligosaccharide glucosidase (Mora-Montes et al., 2009; Lopes-Bezerra et al., 2015). Upon incubation with castanospermine, the enzyme activity was reduced in about 50% in all the growth conditions (Figure 5C), indicating both the mannosyl-oligosaccharide glucosidase and α-glucosidase II activities are being detected, and the changes in the enzyme levels, related to different growth conditions, are associated to changes in both enzyme activities. These data suggest the gene encoding for the ribosomal protein L6 was useful as endogenous control during data normalization.
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FIGURE 5. Gene expression and enzyme activity of endoplasmic reticulum (ER) α-glycosidases in different culture media. In (A), gene expression of ER glycosidases was determined and normalized using the gene encoding for the ribosomal protein L6 as control, and the fungal growth in YPD pH 7.8 as reference condition. In (B), cells were grown in different culture media, mechanically broken, centrifuged to pellet cell debris and the cell homogenate used to quantify the total activity of α-mannosidase using the substrate 4-umbellipheryl-α-D-mannopyranoside. In (C), cells were subjected to the same treatment as in (B), but α-glucosidase activity using the substrate 4-umbellipheryl-α-D-glucopyranoside in absence or presence of 10 μM castanospermine was determined. ∗P < 0.05, when compared with untreated cells grown in YPD pH 7.8. ‡P < 0.05, when compared with untreated cells. †Defined as nmoles of 4-methylumbellyferone min-1 total protein-1.



Next, to continue with this validation, conidia were grown in YNB added with either 3% glucose or 3% sucrose and were incubated at 28°C per 72 h. Using the growth in glucose as reference condition, and the encoding gene for the ribosomal protein L6 as endogenous control, we observed a 36.2 ± 1.9-fold increase in the expression of the encoding gene for β-fructofuranosidase activity when cells were grown in sucrose as a carbon source (Figure 6A). This data is similar to the inducible expression of SUC2, the putative functional ortholog from Saccharomyces cerevisiae (Lutfiyya and Johnston, 1996). The other fungal strains analyzed showed a similar profile, with exception of strain Ss47, which did not show gene expression in the media containing either glucose or sucrose (Figure 6A). PCR reactions were set to amplify the β-fructofuranosidase ORF from all the tested strains and this could not be amplified from strain Ss47 (data not shown). The sequencing of this region of the genome showed the β-fructofuranosidase ORF is absent from the genome of strain Ss47, which is likely to explain the lack of gene expression in this strain.


[image: image]

FIGURE 6. Expression of the gene encoding for β-fructofuranosidase activity and the hybrid histidine kinase DRK1 in different strains of S. schenckii sensu stricto. In (A), cells were grown YNB added with 3% sucrose and were incubated at 28°C per 72 h. Total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). The reference condition to calculate the fold change was cells grown in YNB added with 3% glucose and the encoding gene for the ribosomal protein L6 was used as endogenous control. In (B), cells were grown at 37°C in either BHI or YPD, pH 7.8, to induce yeast-like cell formation. Total RNA was extracted, cDNA synthesized with oligo(dT) primer (20 mer) and the gene expression was quantified by RT-qPCR using specific primers (see Table 1). The reference condition to calculate the fold change was cells grown at 28°C in BHI or YPD, pH 4.5, respectively. In both cases, the encoding gene for the ribosomal protein L6 was used as endogenous control. One-way ANOVA was used to establish statistical significance. In both panels, P-value was for all the strains > 0.05.



Finally, the hybrid histidine kinase DRK1 has been suggested to be involved in the S. schenckii dimorphism, and its expression is highly upregulated in yeast-like cells (Hou et al., 2013). To further demonstrate the gene encoding for the ribosomal protein L6 is a good candidate for data normalization in RT-qPCR, we measured the expression of the gene encoding DRK1 in yeast-like cells grown in BHI at 37°C, using as reference condition the fungal growth in the same culture medium at 28°C. Under these conditions, there was a 33.4 ± 0.9-fold increase in the expression of the gene encoding for DRK1, when compared to the reference condition, and was also observed in the other strains analyzed (Figure 6B). Similarly, when the experiment was conducted with yeast-like cells grown in YPD, pH 7.8, there was a 29.8 ± 1.5-fold increase in gene expression, when compared to cells grown in YPD, pH 4.5, at 28°C (Figure 6B).

DISCUSSION

S. schenckii and the closely related species that are responsible of sporotrichosis are getting more attention nowadays because the versatility of the clinical manifestations of the disease, the outbreaks transmitted by felines, and the interest of searching for new therapeutic alternatives to treat the infection (Lopez-Romero et al., 2011; Mora-Montes et al., 2015). This has led us to the genome sequencing of these organisms (Teixeira et al., 2014; D’Alessandro et al., 2016; Huang et al., 2016), and the standardization of molecular tools for gene manipulation (Rodriguez-Caban et al., 2011; Zhang et al., 2011). Gene silencing, disruption, edition or over expression are usually accompanied by analysis of gene expression, which rely on data normalization using endogenous genes with stable and constitutive expression across different growth conditions. Previous works in S. schenckii have used the gene encoding for β-tubulin (Hu et al., 2015), ribosomal protein L34 (Teixeira et al., 2015), and 18S ribosomal RNA (de Jesús-Berríos and Rodríguez-del Valle, 2002; Hou et al., 2013, 2014; Zhang et al., 2013). However, the expression of these genes is assumed to be stable and constitutive. Here, we experimentally tested the expression of these and other genes used for data normalization during expression analysis in fungal cells. Despite the 18S ribosomal RNA is widely used, it has the disadvantage that lacks polyadenylation and therefore, cDNA synthesis has to be performed with a specific reverse primer, precluding the use of this cDNA to amplify the target gene, i.e., the cDNA of the gene of interest has to be synthesized with a specific primer, which adds an additional step to the methodology, with potentially negative effects during the quantification reaction. Furthermore, the use of cDNA synthesized with the oligo(dT) primer (20 mer) has the advantage that can be used for RT-qPCR reactions targeting any gene capable of polyadenylating transcripts; and reduce the effects related with the efficiency of the retro transcriptase, which can have different processivity depending on the primer used (Zhang and Byrne, 1999).

Even though we aimed to test the expression of the selected genes in the three morphologies of S. schenckii, we failed to have reproducible data with conidia. A possible explanation for this observation would be the high increment of RNases in this cell morphology, or alternatively, the presence of increased amounts of molecules that quench the fluorescence dye. Since conidia are regarded as dormant structures with minimal or null transcription (Leng et al., 2008), we did not seek to establish the expression of the selected genes in this morphology. Nonetheless, it remains to be demonstrated whether the gene encoding for the ribosomal protein L6 has an expression comparable to that showed in both hyphae and yeast-like cells.

The gene encoding for the ribosomal protein L6 demonstrated to have stable and constitutive expression in both yeast-like cells and hyphae, and the medium composition had no influence in the gene expression. Moreover, this expression was constant during the interaction with host cells in both in vivo and ex vivo conditions, strengthening the hypothesis that can be used as an internal control for data normalization during analysis of gene expression. Most importantly, the expression of this gene did not show significant variations when fungal strains with different virulence were used in the in vivo and ex vivo interactions, suggesting that our observation about the stable and constitutive expression can be associated to the species rather than the strain used in this study. As a proof of concept, we demonstrated a strong correlation between the gene expression, calculated using the gene encoding for the ribosomal protein L6 as internal control, and the enzyme activity of both α-mannosidase and α-glucosidases. Despite there is more than one gene encoding for endoplasmic reticulum (ER) α-mannosidase-like proteins (Lopes-Bezerra et al., 2015), the mannosyl-oligosaccharide α-1,2-mannosidase is the main enzyme activity sensed with the substrate 4-methylumbellyferyl-α-D-mannopyranoside (Mora-Montes et al., 2004), thus it is likely to associate the enzyme activity quantified with the expression levels of this gene. Similarly, it has been demonstrated that 4-methylumbellyferyl-α-D-glucopyranoside is metabolized by ER glycosidases, in particular by mannosyl-oligosaccharide glucosidase and α-glucosidase II (Mora-Montes et al., 2009; Frade-Perez et al., 2010; Robledo-Ortiz et al., 2012), and the presence of castanospermine bias the system to quantify the enzyme activity associated to α-glucosidase II (Mora-Montes et al., 2009; Robledo-Ortiz et al., 2012; Lopes-Bezerra et al., 2015). Thus, the total quantification of the enzyme activity and the use of castanospermine allowed to confirm the correlation between gene expression and enzyme activity. The modulation of the expression of these genes has not been reported for fungal cells; thus, to our knowledge, this study reports for first time that ER α-glycosidases suffer gene regulation depending on the nutrients available in the media. BHI, the richest medium tested was associated with the highest expression and enzyme activity of ER α-glycosidases. The nutrient availability rather that cell morphology is likely to account for this observation, since cells grown in BHI and YPD, pH 7.8, displayed yeast-like morphology, but different levels in gene expression and enzyme activity of these glycosidases. Moreover, it has been reported in Candida albicans that the carbon source available for assimilation strongly influences the elaboration of cell wall components, including N-linked mannans (Ene et al., 2012a,b; Hall, 2015). It remains to be established whether other genes involved in the synthesis of N-linked mannans undergo gene regulation in rich media, such as that reported here for ER α-glycosidases.

The increased expression of the gene encoding for β-fructofuranosidase supports the cell growth in sucrose, although this gene upregulation in S. schenckii was not as high as that reported in S. cerevisiae, which can be up to 200-fold increase in presence of this carbon source (Lutfiyya and Johnston, 1996). As a possible explanation for this, the stability of the enzyme could be different in these organisms, having a half-life longer in S. schenckii, and thus, this species does not require a strong gene upregulation like that found in S. cerevisiae. Alternatively, it could be possible that functional paralogs would be present in S. schenckii and sugar metabolism depends on a gene family encoding proteins with β-fructofuranosidase activity. Once again, further experiments are required to provide a proper explanation for this apparent modest expression of the gene encoding for β-fructofuranosidase.

Finally, it is noteworthy to mention that the gene encoding for the ribosomal protein L6 could have changes in the expression levels in conditions not tested in this work, or in other species of the Sporothrix genus; therefore, the expression stability has to be evaluated before used as control in other experimental conditions or species. Though, this gene is currently being used by our group to quantify gene expression in S. brasiliensis, with results comparable to those reported here for S. schenckii sensu stricto (our unpublished data).

CONCLUSION

We reported here that the gene encoding for the ribosomal protein L6 has stable and constitutive expression in different cell morphologies, growth conditions and during in vivo and ex vivo interaction with host cells. Therefore, it can be used as an internal control for data normalization during analysis of gene expression in S. schenckii.

AUTHOR CONTRIBUTIONS

ET-E, PP-N, and HM-M conceived the study; ET-E, JM-A, DC-G, and NH performed the experiments; ET-E, AF-M, PP-N, and HM-M analyzed the data; HM-M drafted the paper; ET-E, JM-A, DC-G, NH, AF-M, PP-N, and HM-M approved the final version of the manuscript.

FUNDING

This work was supported by Consejo Nacional de Ciencia y Tecnología (ref. CB2011/166860; PDCPN2014-247109, and FC 2015-02-834), Universidad de Guanajuato (ref. 0087/13; ref. 1025/2016; Convocatoria Institucional para Fortalecer la Excelencia Académica 2015; CIFOREA 89/2016), Programa de Mejoramiento de Profesorado (ref. UGTO-PTC-261), and Red Temática Glicociencia en Salud (CONACYT-México).

ACKNOWLEDGMENTS

We thank Prof. Leila M. Lópes-Bezerra from University of Rio de Janeiro State (UERJ), Brazil, for the donation of the strains used in this work; and Sandra E. González-Hernández (Universidad de Guanajuato, Mexico) for technical support.

REFERENCES

Artico, S., Nardeli, S. M., Brilhante, O., Grossi-de-Sa, M. F., and Alves-Ferreira, M. (2010). Identification and evaluation of new reference genes in Gossypium hirsutum for accurate normalization of real-time quantitative RT-PCR data. BMC Plant Biol. 10:49. doi: 10.1186/1471-2229-10-49

Barros, M. B., de Almeida Paes, R., and Schubach, A. O. (2011). Sporothrix schenckii and sporotrichosis. Clin. Microbiol. Rev. 24, 633–654. doi: 10.1128/CMR.00007-11

Bohle, K., Jungebloud, A., Göcke, Y., Dalpiaz, A., Cordes, C., Horn, H., et al. (2007). Selection of reference genes for normalisation of specific gene quantification data of Aspergillus niger. J. Biotechnol. 132, 353–358. doi: 10.1016/j.jbiotec.2007.08.005

Bustin, S. A., Benes, V., Garson, J. A., Hellemans, J., Huggett, J., Kubista, M., et al. (2009). The MIQE guidelines: minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 55, 611–622. doi: 10.1373/clinchem.2008.112797

Castro, R. A., Kubitschek-Barreira, P. H., Teixeira, P. A. C., Sanches, G. F., Teixeira, M. M., Quintella, L. P., et al. (2013). Differences in cell morphometry, cell wall topography and Gp70 expression correlate with the virulence of Sporothrix brasiliensis clinical isolates. PLoS ONE 8:e75656. doi: 10.1371/journal.pone.0075656

Chakrabarti, A., Bonifaz, A., Gutierrez-Galhardo, M. C., Mochizuki, T., and Li, S. (2015). Global epidemiology of sporotrichosis. Med. Mycol. 53, 3–14. doi: 10.1093/mmy/myu062

Clavijo-Giraldo, D. M., Matinez-Alvarez, J. A., Lopes-Bezerra, L. M., Ponce-Noyola, P., Franco, B., Almeida, R. S., et al. (2016). Analysis of Sporothrix schenckii sensu stricto and Sporothrix brasiliensis virulence in Galleria mellonella. J. Microbiol. Methods 122, 73–77. doi: 10.1016/j.mimet.2016.01.014

Cusick, K. D., Fitzgerald, L. A., Pirlo, R. K., Cockrell, A. L., Petersen, E. R., and Biffinger, J. C. (2014). Selection and evaluation of reference genes for expression studies with quantitative PCR in the model fungus Neurospora crassa under different environmental conditions in continuous culture. PLoS ONE 9:e112706. doi: 10.1371/journal.pone.0112706

D’Alessandro, E., Giosa, D., Huang, L., Zhang, J., Gao, W., Brankovics, B., et al. (2016). Draft genome sequence of the dimorphic fungus Sporothrix pallida, a nonpathogenic species belonging to Sporothrix, a genus containing agents of human and feline sporotrichosis. Genome Announc. 4:e00184-16. doi: 10.1128/genomeA.00184-16

Davé, A., Jeenes, D. J., Mackenzie, D. A., and Archer, D. B. (2006). HacA-independent induction of chaperone-encoding gene bipA in Aspergillus niger strains overproducing membrane proteins. Appl. Environ. Microbiol. 72, 953–955. doi: 10.1128/AEM.72.1.953-955.2006

de Jesús-Berríos, M., and Rodríguez-del Valle, N. (2002). Expression of a Pho85 cyclin-dependent kinase is repressed during the dimorphic transition in Sporothrix schenckii. Fungal Genet. Biol. 37, 39–48. doi: 10.1016/S1087-1845(02)00031-2

Deindl, E., Boengler, K., van Royen, N., and Schaper, W. (2002). Differential expression of GAPDH and beta3-actin in growing collateral arteries. Mol. Cell. Biochem. 236, 139–146. doi: 10.1023/A:1016166127465

Ene, I. V., Adya, A. K., Wehmeier, S., Brand, A. C., MacCallum, D. M., Gow, N. A., et al. (2012a). Host carbon sources modulate cell wall architecture, drug resistance and virulence in a fungal pathogen. Cell. Microbiol. 14, 1319–1335. doi: 10.1111/j.1462-5822.2012.01813.x

Ene, I. V., Heilmann, C. J., Sorgo, A. G., Walker, L. A., de Koster, C. G., Munro, C. A., et al. (2012b). Carbon source-induced reprogramming of the cell wall proteome and secretome modulates the adherence and drug resistance of the fungal pathogen Candida albicans. Proteomics 12, 3164–3179. doi: 10.1002/pmic.201200228

Fang, W., and Bidochka, M. J. (2006). Expression of genes involved in germination, conidiogenesis and pathogenesis in Metarhizium anisopliae using quantitative real-time RT-PCR. Mycol. Res. 110, 1165–1171. doi: 10.1016/j.mycres.2006.04.014

Fernandes, G. F., dos Santos, P. O., Rodrigues, A. M., Sasaki, A. A., Burger, E., and de Camargo, Z. P. (2013). Characterization of virulence profile, protein secretion and immunogenicity of different Sporothrix schenckii sensu stricto isolates compared with S. globosa and S. brasiliensis species. Virulence 4, 241–249. doi: 10.4161/viru.23112

Frade-Perez, M. D., Hernandez-Cervantes, A., Flores-Carreon, A., and Mora-Montes, H. M. (2010). Biochemical characterization of Candida albicans alpha-glucosidase I heterologously expressed in Escherichia coli. Antonie Van Leeuwenhoek 98, 291–298. doi: 10.1007/s10482-010-9437-1

Glare, E. M., Divjak, M., Bailey, M. J., and Walters, E. H. (2002). beta-Actin and GAPDH housekeeping gene expression in asthmatic airways is variable and not suitable for normalising mRNA levels. Thorax 57, 765–770. doi: 10.1136/thorax.57.9.765

Hall, R. A. (2015). Dressed to impress: impact of environmental adaptation on the Candida albicans cell wall. Mol. Microbiol. 97, 7–17. doi: 10.1111/mmi.13020

Hamalainen, H. K., Tubman, J. C., Vikman, S., Kyrola, T., Ylikoski, E., Warrington, J. A., et al. (2001). Identification and validation of endogenous reference genes for expression profiling of T helper cell differentiation by quantitative real-time RT-PCR. Anal. Biochem. 299, 63–70. doi: 10.1006/abio.2001.5369

Henras, A. K., Plisson-Chastang, C., O’Donohue, M.-F., Chakraborty, A., and Gleizes, P.-E. (2015). An overview of pre-ribosomal RNA processing in eukaryotes. Wiley Interdiscip. Rev. RNA 6, 225–242. doi: 10.1002/wrna.1269

Hou, B., Liu, X., Zheng, F., Xu, X., and Zhang, Z. (2014). Molecular cloning, modeling and differential expression of a gene encoding a silent information regulator-like protein from Sporothrix schenckii. Int. J. Mol. Med. 33, 1415–1422. doi: 10.3892/ijmm.2014.1719

Hou, B., Zhang, Z., Zheng, F., and Liu, X. (2013). Molecular cloning, characterization and differential expression of DRK1 in Sporothrix schenckii. Int. J. Mol. Med. 31, 99–104. doi: 10.3892/ijmm.2012.1193

Hu, Q.-B., He, Y., and Zhou, X. (2015). Construction and analysis of the cDNA subtraction library of yeast and mycelial phases of Sporothrix globosa isolated in China: identification of differentially expressed genes. J. Zhejiang Univ. Sci. B 16, 991–997. doi: 10.1631/jzus.B1500151

Huang, L., Gao, W., Giosa, D., Criseo, G., Zhang, J., He, T., et al. (2016). Whole-genome sequencing and in silico analysis of two strains of Sporothrix globosa. Genome Biol. Evol. 8, 3292–3296. doi: 10.1093/gbe/evw230

Leng, W., Liu, T., Li, R., Yang, J., Wei, C., Zhang, W., et al. (2008). Proteomic profile of dormant Trichophyton rubrum conidia. BMC Genomics 9:303. doi: 10.1186/1471-2164-9-303

Li, Q. Q., Skinner, J., and Bennett, J. E. (2012). Evaluation of reference genes for real-time quantitative PCR studies in Candida glabrata following azole treatment. BMC Mol. Biol. 13:22. doi: 10.1186/1471-2199-13-22

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods 25, 402–408. doi: 10.1006/meth.2001.1262

Logemann, J., Schell, J., and Willmitzer, L. (1987). Improved method for the isolation of RNA from plant tissues. Anal. Biochem. 163, 16–20. doi: 10.1016/0003-2697(87)90086-8

Lopes-Bezerra, L. M., Lozoya-Perez, N. E., Lopez-Ramirez, L. A., Martinez-Alvarez, J. A., Teixeira, M. M., Felipe, M. S., et al. (2015). Functional characterization of Sporothrix schenckii glycosidases involved in the N-linked glycosylation pathway. Med. Mycol. 53, 60–68. doi: 10.1093/mmy/myu057

Lopes-Bezerra, L. M., Schubach, A., and Costa, R. O. (2006). Sporothrix schenckii and sporotrichosis. An. Acad. Bras. Cienc. 78, 293–308. doi: 10.1590/S0001-37652006000200009

Lopez-Romero, E., Reyes-Montes Mdel, R., Perez-Torres, A., Ruiz-Baca, E., Villagomez-Castro, J. C., Mora-Montes, H. M., et al. (2011). Sporothrix schenckii complex and sporotrichosis, an emerging health problem. Future Microbiol. 6, 85–102. doi: 10.2217/fmb.10.157

Lutfiyya, L. L., and Johnston, M. (1996). Two zinc-finger-containing repressors are responsible for glucose repression of SUC2 expression. Mol. Cell. Biol. 16, 4790–4797. doi: 10.1128/MCB.16.9.4790

Martinez-Alvarez, J. A., Perez-Garcia, L. A., Mellado-Mojica, E., Lopez, M. G., Martinez-Duncker, I., Lopes-Bezerra, L. M., et al. (2017). Sporothrix schenckii sensu stricto and Sporothrix brasiliensis are differentially recognized by human peripheral blood mononuclear cells. Front. Microbiol. 8:843. doi: 10.3389/fmicb.2017.00843

Mora-Montes, H. M., Dantas Ada, S., Trujillo-Esquivel, E., de Souza Baptista, A. R., and Lopes-Bezerra, L. M. (2015). Current progress in the biology of members of the Sporothrix schenckii complex following the genomic era. FEMS Yeast Res. 15:fov065. doi: 10.1093/femsyr/fov065

Mora-Montes, H. M., Lopez-Romero, E., Zinker, S., Ponce-Noyola, P., and Flores-Carreon, A. (2004). Hydrolysis of Man9GlcNAc2 and Man8GlcNAc2 oligosaccharides by a purified alpha-mannosidase from Candida albicans. Glycobiology 14, 593–598. doi: 10.1093/glycob/cwh091

Mora-Montes, H. M., Ponce-Noyola, P., Villagomez-Castro, J. C., Gow, N. A., Flores-Carreon, A., and Lopez-Romero, E. (2009). Protein glycosylation in Candida. Future Microbiol. 4, 1167–1183. doi: 10.2217/fmb.09.88

Mora-Montes, H. M., Robledo-Ortiz, C. I., Gonzalez-Sanchez, L. C., Lopez-Esparza, A., Lopez-Romero, E., and Flores-Carreon, A. (2010). Purification and biochemical characterisation of endoplasmic reticulum alpha1,2-mannosidase from Sporothrix schenckii. Mem. Inst. Oswaldo Cruz 105, 79–85. doi: 10.1590/S0074-02762010000100012

Moss, T., Langlois, F., Gagnon-Kugler, T., and Stefanovsky, V. (2007). A housekeeper with power of attorney: the rRNA genes in ribosome biogenesis. Cell. Mol. Life Sci. 64, 29–49. doi: 10.1007/s00018-006-6278-1

Nailis, H., Coenye, T., Van Nieuwerburgh, F., Deforce, D., and Nelis, H. J. (2006). Development and evaluation of different normalization strategies for gene expression studies in Candida albicans biofilms by real-time PCR. BMC Mol. Biol. 7:25. doi: 10.1186/1471-2199-7-25

Nowrousian, M., Duffield, G. E., Loros, J. J., and Dunlap, J. C. (2003). The frequency gene is required for temperature-dependent regulation of many clock-controlled genes in Neurospora crassa. Genetics 164, 923–933.

Panepinto, J. C., Oliver, B. G., Amlung, T. W., Askew, D. S., and Rhodes, J. C. (2002). Expression of the Aspergillus fumigatus rheb homologue, rhbA, is induced by nitrogen starvation. Fungal Genet. Biol. 36, 207–214. doi: 10.1016/S1087-1845(02)00022-1

Pathan, E. K., Ghormade, V., and Deshpande, M. V. (2017). Selection of reference genes for quantitative real-time RT-PCR assays in different morphological forms of dimorphic zygomycetous fungus Benjaminiella poitrasii. PLoS ONE 12:e0179454. doi: 10.1371/journal.pone.0179454

Robledo-Ortiz, C. I., Flores-Carreon, A., Hernandez-Cervantes, A., Alvarez-Vargas, A., Lee, K. K., Diaz-Jimenez, D. F., et al. (2012). Isolation and functional characterization of Sporothrix schenckii ROT2, the encoding gene for the endoplasmic reticulum glucosidase II. Fungal Biol. 116, 910–918. doi: 10.1016/j.funbio.2012.06.002

Rodrigues, A. M., de Hoog, G. S., and de Camargo, Z. P. (2016). Sporothrix species causing outbreaks in animals and humans driven by animal-animal transmission. PLoS Pathog. 12:e1005638. doi: 10.1371/journal.ppat.1005638

Rodrigues, A. M., de Melo Teixeira, M., de Hoog, G. S., Schubach, T. M. P., Pereira, S. A., Fernandes, G. F., et al. (2013). Phylogenetic analysis reveals a high prevalence of Sporothrix brasiliensis in feline sporotrichosis outbreaks. PLoS Negl. Trop. Dis. 7:e2281. doi: 10.1371/journal.pntd.0002281

Rodriguez-Caban, J., Gonzalez-Velazquez, W., Perez-Sanchez, L., Gonzalez-Mendez, R., and Valle, N. (2011). Calcium/calmodulin kinase1 and its relation to thermotolerance and HSP90 in Sporothrix schenckii: an RNAi and yeast two-hybrid study. BMC Microbiol. 11:162. doi: 10.1186/1471-2180-11-162

Romero-Martinez, R., Wheeler, M., Guerrero-Plata, A., Rico, G., and Torres-Guerrero, H. (2000). Biosynthesis and functions of melanin in Sporothrix schenckii. Infect. Immun. 68, 3696–3703. doi: 10.1128/IAI.68.6.3696-3703.2000

Selvey, S., Thompson, E. W., Matthaei, K., Lea, R. A., Irving, M. G., and Griffiths, L. R. (2001). Beta-actin–an unsuitable internal control for RT-PCR. Mol. Cell. Probes 15, 307–311. doi: 10.1006/mcpr.2001.0376

Son, M., Lee, K.-M., Yu, J., Kang, M., Park, J. M., Kwon, S.-J., et al. (2013). The HEX1 gene of Fusarium graminearum is required for fungal asexual reproduction and pathogenesis and for efficient viral RNA accumulation of Fusarium graminearum virus 1. J. Virol. 87, 10356–10367. doi: 10.1128/JVI.01026-13

Tavanti, A., Gow, N. A., Senesi, S., Maiden, M. C., and Odds, F. C. (2003). Optimization and validation of multilocus sequence typing for Candida albicans. J. Clin. Microbiol. 41, 3765–3776. doi: 10.1128/JCM.41.8.3765-3776.2003

Teixeira, M. D. M., Rodrigues, A. M., Tsui, C. K. M., de Almeida, L. G. P., Van Diepeningen, A. D., van den Ende, B. G., et al. (2015). Asexual propagation of a virulent clone complex in a human and feline outbreak of sporotrichosis. Eukaryot. Cell 14, 158–169. doi: 10.1128/EC.00153-14

Teixeira, M. M., de Almeida, L. G., Kubitschek-Barreira, P., Alves, F. L., Kioshima, E. S., Abadio, A. K., et al. (2014). Comparative genomics of the major fungal agents of human and animal Sporotrichosis: Sporothrix schenckii and Sporothrix brasiliensis. BMC Genomics 15:943. doi: 10.1186/1471-2164-15-943

Teste, M.-A., Duquenne, M., François, J. M., and Parrou, J.-L. (2009). Validation of reference genes for quantitative expression analysis by real-time RT-PCR in Saccharomyces cerevisiae. BMC Mol. Biol. 10:99. doi: 10.1186/1471-2199-10-99

Torres-Guerrero, H., and Arenas-Lopez, G. (1998). UV irradiation induced high frequency of colonial variants with altered morphology in Sporothrix schenckii. Med. Mycol. 36, 81–87. doi: 10.1080/02681219880000141

Trujillo-Esquivel, E., Franco, B., Flores-Martinez, A., Ponce-Noyola, P., and Mora-Montes, H. M. (2016). Purification of single-stranded cDNA based on RNA degradation treatment and adsorption chromatography. Nucleosides Nucleotides Nucleic Acids 35, 404–409. doi: 10.1080/15257770.2016.1184277

Vandesompele, J., De Preter, K., Pattyn, F., Poppe, B., Van Roy, N., De Paepe, A., et al. (2002). Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 3, RESEARCH0034. doi: 10.1186/gb-2002-3-7-research0034

Velculescu, V. E., Madden, S. L., Zhang, L., Lash, A. E., Yu, J., Rago, C., et al. (1999). Analysis of human transcriptomes. Nat. Genet. 23, 387–388. doi: 10.1038/70487

Yan, H.-Z., and Liou, R.-F. (2006). Selection of internal control genes for real-time quantitative RT-PCR assays in the oomycete plant pathogen Phytophthora parasitica. Fungal Genet. Biol. 43, 430–438. doi: 10.1016/j.fgb.2006.01.010

Zhang, J., and Byrne, C. D. (1999). Differential priming of RNA templates during cDNA synthesis markedly affects both accuracy and reproducibility of quantitative competitive reverse-transcriptase PCR. Biochem. J. 337, 231–241. doi: 10.1042/bj3370231

Zhang, Y., Li, G., He, D., Yu, B., Yokoyama, K., and Wang, L. (2011). Efficient insertional mutagenesis system for the dimorphic pathogenic fungus Sporothrix schenckii using Agrobacterium tumefaciens. J. Microbiol. Methods 84, 418–422. doi: 10.1016/j.mimet.2011.01.017

Zhang, Z., Hou, B., Zheng, F., Yu, X., and Liu, X. (2013). Molecular cloning, characterization and differential expression of a Sporothrix schenckii STE20-like protein kinase SsSte20. Int. J. Mol. Med. 31, 1343–1348. doi: 10.3892/ijmm.2013.1352

Zhong, H., and Simons, J. W. (1999). Direct comparison of GAPDH, beta-actin, cyclophilin, and 28S rRNA as internal standards for quantifying RNA levels under hypoxia. Biochem. Biophys. Res. Commun. 259, 523–526. doi: 10.1006/bbrc.1999.0815

Zhu, J., He, F., Song, S., Wang, J., and Yu, J. (2008). How many human genes can be defined as housekeeping with current expression data? BMC Genomics 9:172. doi: 10.1186/1471-2164-9-172

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer AR and handling Editor declared their shared affiliation.

Copyright © 2017 Trujillo-Esquivel, Martínez-Álvarez, Clavijo-Giraldo, Hernández, Flores-Martínez, Ponce-Noyola and Mora-Montes. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fmicb-08-01676-g002.jpg
| Vogel
OPDB
O BHI

@ Yeast-like cells
O Hyphae

30

25

15

Ctvalue

10

Ribosomal Glyceraldehyde Elongation
proteinL6 3-phosphate factor1A
dehydrogenase





OPS/images/fmicb-08-01676-g001.jpg
40

mHyphae
OYeast-like cells
30
[}
=
S 20
o
10
0
Q & A \J
\\ng R S \e\o \° .Vg’\ '\"0 ‘33} ‘\\
N \Q‘o @ N S‘OQ ° 9"0
o e qt;'“‘o be,"‘ ¥ N4
. o2 \OQ 4 <
Q.\‘o < ‘\'b O\_O
ogQ K0
N ,00
R R
& B
) N
60 O
» &
& &
oY o





OPS/images/fmicb-08-01676-g004.jpg
o

-
(3]

Ctvalue

-
o

[3,]

o

(3]

Ctvalue

-
o

m1099-18
0Ss39
o0Ss47
@SS-B02

YPD,pH 7.8

hours post-interaction

m1099-18
0Ss39
08Ss47
@SS-B02

YPD,pH 7.8 1 6 24

hours post-interaction





OPS/images/fmicb-08-01676-t002.jpg
Encoding gene for

Elongation factor 1A (XM_016731693)*

Ticd, a transcription initiator on Pol il promoters (XP_016585977)*
Ribosomal protein L6 (XP_016584434)*

Histone H2A (XP_016582554)*

B-Actin (XP_016586421)*

B-Tubulin (XP_016589606)*

Glyceraldehyde 3-phosphate dehydrogenase (XP_016586602)*
Upstream activating factor 30 (XP_016588691)*

Transcription initation factor TFIID subunit 10 (XP_016584681)*
B-Fructofuranosidase (XP_016588935)"
Mannosyl-oligosaccharide glucosidase (XP_016592619)*
a-Glucosidase Il (XM_016735056)*

Mannosyl-oligosaccharide a-1,2-mannosidase (XM_016732698)*
Hybrid histidine kinase DRK1 (JX416706)*

Amplification efficiency (%)

94.3
97.3
98.8
93.2
95.3
925
96.3
98.7
956.3
98.4
97.3
93.4
96.0
g72

*The accession code at the NCBI database (https://www.ncbi.nim.nih.gov) is provided between brackets.

Correlation coefficient (r2)

0.9863
0.9936
0.9902
0.9773
0.9873
0.9764
0.9843
0.9932
0.9902
0.9923
0.9963
0.9832
0.9897
0.9956





OPS/images/fmicb-08-01676-g003.jpg
Ct value

25

YPD, pH 7.8

Days post-inoculation

=1099-18
0Ss39
0Ss47
@8S-B02





OPS/images/cover.jpg
' frontiers
in Microbiology

The Sporothrix schenckii
Gene Encoding for the Ribosomal
Protein L6 Has Constitutive and
Stable Expression and Works as
an Endogenous Control in Gene
Expression Analysis





OPS/images/fmicb-08-01676-g006.jpg
>

o}

Fold change

Fold change

(8]
o

&

W
o

N
o

-
o

o

8 8 &

-
o

1099-18 Ss39 Ss47

1099-18 Ss39 Ss47
mBHI OYPD, pH 7.8

$8-B02

S$S-B02





OPS/images/fmicb-08-01676-g005.jpg
o
I






OPS/images/fmicb-08-01676-t001.jpg
Encoding gene for

18S ribosomal RNA (XR_001677158)*

Elongation factor 1A (XM_016731693)*

Tfe1, a transcription initiator on Pol Il promoters (XP_016585977)*

Ribosomal protein L6 (XP_016584434)*

Histone H2A (XP_016582554)*

B-Actin (XP_016586421)*

B-Tubulin (XP_016589605)*

Glyceraldehyde 3-phosphate dehydrogenase (XP_016586602)*

Upstream activating factor 30 (XP_016588691)*

Transcription initiation factor TFIID subunit 10 (XP_016584681)*

B-Fructofuranosidase (XP_016588935)*

Mannosyl-oligosaccharide glucosidase (XP_016592619)*

a-Glucosidase Il (XM_016735056)*

Mannosyl-oligosaccharide a-1,2-mannosidase (XM_016732698)*

Hybrid histidine kinase DRK1 (JX416706)*

Sequence of the primer pair

5'-CAGTACAAGATTCCCTCCTG-3' and
&'-CCCTTCTTCTTGGACACAC-3'
5'-AAGACTCACATCAACGTCG-3 and
&'-ACTTCCACAGAGCAATATCG-3"
5'-CACTACAGTCACGACATCC-3' and
5'-AACATAGGCAAGACAGAAGG-3'
5'-ATTGCGACATCAGAGAAGG-3 and
5'-TCGACCTTCTTGATGTTGG-3'
5'-TTCCAAGAACTCGCAGAC-3' and
5'-TCAATTCCTCATCGTTCCG
5'-GGTATCATGATCGGTATGGG-3' and
5'-CTGGGTCATCTTCTCACG-3'
5'-ACTCGTCGTACTTTGTTGAG-3' and
&'-ACTCCATCTCGTCCATACC-3'
5'-ATCAAGGCCGCTATTAAGG-3' and
5'-CTATCGACCTTGGCTACG-3'
5'-TTCCAAAAGCCCTTCAACC-3' and
5'-GATATAGGTGGTTGCTGAGC-3'
5'-GATCATGCTACTGGTGGTG-8' and
5'-CCTTGGTCATGTAGTAGTTGG-3'
5'-GTCTTCTGTCACCAACACCT-3' and
5'-ACATTGTCTGGATCGTAACC-3'
5'-ATCGGCTAC 'ACGGC-3' and
5'-AACCAGCTCTTGACAATGTC-3'
5'-CTCTGGACATTTCTTTCGTG-3' and
&'-CCTTCTCCTTGGTGATGTC-3'
5'-GCGTCAACATTGGAAAGTC-3' and
5'-GTATTCGTAGTAGGAGTCGC-3'
5'-TCAATGCACAGC’ GGAG-3' and
5'-GTGTTCATGCGGACCTTCTT-3'

“The accession code at the NCBI database (https:/www.ncbi.nim.nih.gov) is provided between brackets.
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