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Abstract

:

Dermatophytes are a group of filamentous fungi infecting skin, hair, and nails that raise great diagnostic difficulties. qRT-PCR is a reliable technique for quantifying gene expression with increasingly frequent use in mycological diagnostics. Knowledge of genes and molecular markers with potential to be used in the identification of dermatophytes is of great importance for the development of this branch of diagnostics. In this article, the suitability of six candidate reference genes (TUBB, ACTB, ADPRF, RPL2, SDHA, and EEF1A1) was investigated for gene expression analysis in the dermatophyte Trichophyton verrucosum, which was cultured in various mycological media that are commonly used in a diagnostic laboratory, i.e., Sabouraud, potato dextrose, and keratin-supplemented MM-Cove. The different culture conditions are extremely important factors for the growth and physiology of dermatophytes. Gene expression stability was evaluated using geNorm, NormFinder, BestKeeper, and RefFinder algorithms. Regarding the stability of expression, SDHA was the most stable housekeeping gene; hence, this gene is recommended for future qRT-PCR studies on T. verrucosum strains. These results allow us to conclude that the SDHA gene can be an additional good candidate as an identification target in the qRT-PCR technique.
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1. Introduction


Dermatophytes are a group of pathogenic fungi that can invade keratinized structures, leading to infection of skin, hair, and nails [1]. Currently, dermatophytes encompass more than 50 species belonging to the genera Trichophyton, Microsporum, Epidermophyton, Arthroderma, Nannizzia, Lophophyton, and Paraphyton [1,2]. The optimal conditions for dermatophyte growth are a warm and humid climate; hence, they are frequently noted in tropical and subtropical regions [3,4,5]. Therefore, dermatomycoses are more prevalent in many African and Mediterranean countries, as well as in other countries with warm climates worldwide, than in countries with colder climates [5,6]. However, an increasing number of dermatomycoses, including cases that are difficult to treat, are being documented in the scientific literature due to the renaissance of these diseases in developed countries [7,8,9,10]. In recent years, one such dermatophyte species with an increasing prevalence of superficial infections in humans is Trichophyton verrucosum [9,11,12,13]. In Europe, this increase is thought to correlate with the substantial number of cattle-rearing farms. In turn, traditional outdoor rearing with freely wandering and gathering animals may explain the acquisition and transmission of this dermatophyte species [11,12,14]. Moreover, T. verrucosum dermatomycosis in humans can be regarded as an occupational disease [11].



The phenomenon of the increasing number of dermatomycoses can be partially connected with difficulties in diagnosis and proper determination of the etiological factors of infection [10,13]. Currently, several methods of detecting dermatophytes are available [15,16,17,18]. One of the methods in clinical use is based on direct microscopic examination of dermatological specimens obtained from clinical lesions in dimethyl sulfoxide (DMSO) with 10% KOH, which is a rapid diagnostic tool [11,13]. However, because of its low contrast, inexperienced laboratory technicians may overlook positive diagnoses [15]. In vitro culture methods combined with microscopic examinations are rather specific diagnostic techniques; however, they are time consuming and may take up to 8 weeks to yield results [19]. Furthermore, there is a noticeable trend of developing methods based on the use of PCR as a reliable tool, which provides significantly improved efficiency in comparison with conventional mycological techniques [15,17,20,21]. The benefits of PCR methods employed for routine analysis of dermatological samples have to be balanced with the relative importance of acquisition of a result in a short amount of time, the cost of performing the analysis, the necessary equipment, and especially the time spent conducting laboratory manipulations [17,19,22,23].



The qRT-PCR techniques are progressively and frequently used for mycological diagnostic purposes [24,25]. However, they largely depend on the stability of internal reference genes used for identification of dermatophytes [26]. Therefore, sequences with the expression stability of candidate identification genes were designed for only a few molecular markers [17]. In the methods developed so far, primers specific for detection of only one dermatophyte species or for several different dermatophytes, i.e., pan-dermatophyte primers, are used [15,17]. The ITS and 28S rDNA sequences and genes encoding topoisomerase II and chitin synthase are usually used as targets [15]. The choice of other proper reference sequences that are useful in dermatophyte identification remains one of the current challenges in increasing the credibility of qRT-PCR techniques in routine diagnostics.



The aim of this study was to assess the transcription level of six housekeeping genes, which were taken into consideration to be used as identification marker sequences. The TUBB (encoding β-tubulin), ACTB (encoding β-actin), SDHA (encoding succinate dehydrogenase complex flavoprotein subunit A), ADPRF (encoding ADP ribosylation factor), RPL2 (encoding ribosomal protein L2), and EEF1A1 (encoding translation elongation factor-1α) genes were the subject of our interest. The suitability of the selected molecular markers in the molecular identification of T. verrucosum was evaluated. For comparison, selected clinical and reference strains of T. verrucosum were grown on the most commonly used mycological medium, i.e., Sabouraud glucose medium or potato dextrose medium, and under keratin-rich conditions typical for the natural host.




2. Materials and Methods


2.1. Dermatophyte Strains and Growth Conditions


In this study, 14 T. verrucosum clinical isolates were obtained from symptomatic infections in cattle (GenBank accession numbers of ITS sequences: MG251673, MG251681, MG251677, MG251671, MG251669), sheep (MG251685, MG251690, MG251691), llamas (MK369717, MK369716), and humans (MG251681, MG251688, MG251693, MK369715); one reference strain, T. verrucosum CBS365.53, was also used. All strains were identified with conventional phenotypic and molecular methods and have been described in detail in earlier publications [11,13]. Inoculum suspensions of each strain were prepared from 21-day-old cultures grown at 37 °C in potato dextrose medium (PDA, Oxoid, Wesel, Germany). Colonies of the tested strains were covered with sterile 0.85% NaCl with 0.025% Tween 80 added to prevent aggregation of conidia, and the suspension was prepared gently by scraping the colony surface with a sterile swab wetted in saline. Finally, the mixture of conidia and hyphae was transferred to a new tube, shaken for 20 s, and kept for sedimentation of heavy hyphal fragments for 15–20 min. The upper homogeneous suspensions were collected. Inoculum suspensions were adjusted spectrophotometrically to optical densities [OD] of approximately 107 cells/mL at 550 nm. Two independent growth systems were used. In the first, the cultures were grown in a standard liquid Sabouraud glucose medium (BioMaxima, Lublin, Poland) and potato dextrose broth (Oxoid, Wesel, Germany). The second system was based on the use of liquid minimal medium (MM-Cove) [27] supplemented with keratin from cow’s hair. The keratin was obtained via the method described previously [28]. Briefly, cattle hairs were cut into ca. 1-mm fragments and defatted for 30 min at room temperature with a chloroform and methanol mixture (1:1 v:v). The material was washed in water with grey soap overnight at 42 °C, followed by a few rinses with distilled water, filtration through a sterile nitrocellulose filter, and drying at room temperature. The prepared keratin-rich substrate (as described above) was added separately and directly to a liquid minimal medium at a final concentration of 1%. The conidia were incubated separately in both a minimal and a Sabouraud liquid medium for 48 and 72 h at 37 °C with agitation.




2.2. RNA Extraction and cDNA Synthesis


Total RNA was extracted from T. verrucosum cells of clinical and reference strains using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). The quantity and purity of the RNA was preliminary assessed spectrophotometrically on the basis of A260/A280 and A260/A230 ratios measured by NanoDrop 2000 (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Then, the RNA evaluation was performed visually during electrophoresis in a 1% denaturing agarose gel. The RNA (2 μg) was reverse-transcribed into cDNA to a final volume of 40 μL using RevertAid Transcriptase (Thermo Fisher Scientific, Waltham, MA, USA). Commercial kits were used in accordance with the manufacturer’s instructions.




2.3. qRT-PCR Analysis


The reference genes (TUBB, ACTB, ADPRF, RPL2, SDHA, and EEF1A1) and primers were selected and designed based on the sequences obtained from the GenBank database and previous literature reports (Table 1). In addition, the Primer3 Plus software was used to design primers (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi, assessed on 12 March 2021). Each primer pair underwent experimental evaluation and was accepted if all of the following conditions were fulfilled: (1) the product PCR was specific, (2) PCR using genomic DNA as a template gave no product, and (3) the efficiency of RT-PCR was between 90 and 110%. qRT-PCR was performed in the RotorGene Q System (Qiagen, Hilden, Germany). The reaction mixture consisted of 10 μL of SsoAdvanced Universal SYBR®® Green Supermix (2x concentrated, BioRad, Hercules, CA, USA), 1 μL of each primer (500 nM), 5 μL of diluted cDNA (1:40), and 4 μL of nuclease-free water. Amplification reactions were performed accordingly: Initial denaturation (96 °C for 60 s) followed by 40 cycles comprising the following steps: denaturation at 95 °C for 30 s, annealing at 61 °C for 30 s, and elongation at 72 °C for 20 s. A dissociation step cycle (72 °C for 15 s, and then 0.5 °C for 15 s until 95 °C) was added for melting curve analysis. All qRT-PCR experiments were performed in triplicate. The amplification efficiency (E) and correlation coefficient (R2) were calculated using the Rotor-Gene Q Series Software Version 2.3.1. (Qiagen, Hilden, Germany) using the standard curve method with 4-fold serial dilutions.




2.4. Data Analysis


The expression stability of the analyzed genes was evaluated in experimental conditions in four algorithms: geNorm module, NormFinder, BestKeeper, and RefFinder. The principles for comparison of the qRT-PCR parameters were as follows: (1) The geNorm module algorithm to compute the expression stability values for all genes uses Ct values. The genes were ranked according to M-value, i.e., the expression stability specified as the average pairwise variation of a particular gene with all other tested genes. The gene with the lower M-value is more stable expressed, while those with the higher M-value have less stable expression [29]. (2) The NormFinder is Visual Basic application software in which intra- and inter-group variations are taken into account and a stability value (SV) is calculated. Genes with lower SV-values present low inter- and intra-group variations, i.e., their stability is considered higher [30]. (3) The BestKeeper algorithm assess stability by calculation of standard deviation SD (±Ct) and correlation coefficients of variance CV (% Ct) for genes in all growth conditions. All stably expressed genes are combined into an r-index (coefficient of correlation) using the geometric mean of the Ct value of each gene [31]. (4) The RefFinder tool (http://leonxie.esy.es/RefFinder/ assessed on 12 March 2021) was used to combine the results and rank the genes according to the principle that the lowest rank indicates as the most stably expressed gene.



The validation of the analyzed genes was conducted using a comparison of the expression profile of the GAPDH gene (encoding glyceraldehyde 3-phosphate dehydrogenase) and one of the most stable genes from the six tested and selected by GeNorm, NormFinder, BestKeeper, and RefFinder in clinical isolates cultivated in keratin-supplemented MM-Cove minimal medium, Sabouraud medium, and potato dextrose agar. Three different candidate reference gene variants were tested: variant I—two least stable reference genes; variant II—three most stable reference genes; variant III—all candidate reference genes. The so-called relative expression was calculated using the 2−ΔΔCt method [32].



All results were subjected to statistical analysis in R program ver. 4.0.3 (The R Foundation for Statistical Computing; Vienna, Austria). The statistical significance between the expression and conditions was analyzed with one-way ANOVA.





3. Results


The cDNA was obtained using total RNA isolated in three independent repetitions from cells of T. verrucosum strains incubated in Sabouraud, potato dextrose, and MM-Cove medium. The genes exhibited Ct values ranging from 15.0 to 19.8 (Table 1).



Moreover, slight variation in the Ct values was observed under the experimental conditions in various microbiological media between isolates obtained from humans, animals, and a reference strain (Figure 1).



However, these differences were not statistically significant. The calculated efficiencies for the TUBB, ACTB, ADPRF, RPL2, SDHA, and EEF1A1 genes were between 96% and 100%. The efficiency curves for these genes were found to have linear correlation coefficients (R2) in the range of 0.995–0.997. The melt peak analysis demonstrated a single homogenous peak for all primer sets (Figure 2).



The GeNorm module ranks the analyzed genes based on stability value (M-value). The most stable expression profile was revealed for the SDHA gene, which presented a mean of the M-value equal to 0.455. On the other hand, EEF1A1 was the least stable gene (mean of the M-value = 0.746) (Table 2). The stability analysis carried out with the geNorm module showed that all analyzed genes yielded more stable expression profiles when keratin was the sole carbon and nitrogen source during T. verrucosum incubation, although without tangible statistical significance of differences in gene expression. Similarly, the NormFinder analysis showed that the EEF1A1 gene had the lowest stability value (mean of SV = 0.36). It also demonstrated that, when the samples were subjected to different culture conditions, statistically significant higher expression stability was determined in the keratin-supplemented MM-Cove medium. Moreover, the NormFinder showed that SDHA was the most stable gene during T. verrucosum cultivation in both Sabouraud and MM-Cove medium. The Excel-based BestKeeper algorithm using pairwise correlation and regression analysis assessed the inter-gene relations and revealed that all three genes exhibited an optimal standard deviation value [0.5 < SD[± Ct] ≤ 1.00] (Table 2). In addition, the lowest variation was observed for the TUBB gene (CV = 8.18). Moreover, the TUBB gene had the lowest correlation r-index (r = 0.78) compared to the other genes. Finally, RefFinder, a web-based tool that integrates geNorm, NormFinder, and BestKeeper, showed that the SDHA gene was a statistically significant top stable gene in all experimental conditions.



Furthermore, in this study, the TUBB, ACTB, ADPRF, RPL2, SDHA, and EEF1A1 gene expression profiles in the case of clinical isolates of T. verrucosum (obtained from various hosts) were compared with those obtained for reference strain T. verrucosum CBS365.53, which was used for evaluation of the growth conditions. Slight variations in the Ct values were observed in the expression of all analyzed genes, although it was not significantly different in the tested conditions (Figure 2). These results confirmed the expression stability of the tested genes in strains associated with different hosts, suggesting that these genes are sufficient for effective normalization of qRT-PCR analysis.



The validation of the tested genes for the qRT-PCR method was analyzed in comparison to the expression profile of the GAPDH gene. The validation analysis was performed using three different reference gene variants selected by GeNorm, NormFinder, BestKeeper, and RefFinder in all T. verrucosum strains. The best result indicating an increase in GAPDH transcript was obtained when dermatophytes were grown in MM-Cove medium supplemented with keratin in relation to Sabouraud and potato dextrose media for the three tested variants. A comparable result indicating a simultaneous increase in GAPDH transcript and reference gens in three tested variants was obtained when dermatophytes were cultured in MM-Cove medium supplemented with keratin in relation to Sabouraud and potato dextrose media. The best result was revealed for T. verrucosum when grown in MM medium with keratin and genes tested in variant II (Figure 3).




4. Discussion


In the last several decades, an epidemiological renaissance of zoophilic dermatomycoses caused by a variety of factors has been noted. Therefore, the beginning of the era of molecular diagnostics in the field of medical mycology promised the quick and accurate identification of these fungi from clinical specimens [17,33]. Dermatologists and veterinarians agree that accurate species identification is the most important element of diagnostics, which prompts an appropriate choice of medical treatment [10,34].



An increasingly frequent method of species identification, also in mycology, is the quantification reverse transcription PCR technique (qRT-PCR) [23,26,35]. However, its need for adequate selection of reference genes is a limitation, which is associated with a strong dependence on the stability of the transcription level of these genes when in incubation conditions [26]. In many studies, normalized genes are regarded as those with stable expression in previously defined conditions; thus, they are appropriate to quantify the gene expression level of specific targets [15,26,36,37,38]. In agreement with our results, these studies reveal that no single gene is stably expressed in all microorganisms and in various growth conditions. Therefore, the expression stability of genes for identification purposes needs to be verified. In this study, we analyzed the expression stability of three genes (TUBB, SDHA, and EEF1A1) after the growth of T. verrucosum in Sabouraud and MM-Cove media. The former medium is used most commonly in mycological laboratories worldwide; the latter, used as minimal medium supplemented with bovine keratin, resembles the natural environment for keratinophilic dermatophytes. The gene expression stability was evaluated using geNorm, NormFinder, BestKeeper, and RefFinder algorithms.



Furthermore, these three genes selected for the analysis have already been studied, although very poorly, as identification targets for other fungal and dermatophytic species [26,39,40,41]. However, to our knowledge, this is the first identification and validation of the TUBB, SDHA, and EEF1A1 genes as identification targets of T. verrucosum clinical isolates. The SDHA gene codes for a subunit of succinate dehydrogenase and is important in cellular respiration. In turn, the EEF1A1 gene is responsible for encoding an isoform of the alpha subunit of the elongation factor-1 complex, which takes part in the enzymatic delivery of aminoacyl tRNAs to the ribosome. Finally, the TUBB gene is responsible for encoding one of the microtubule polymers, i.e., a major component of the eukaryotic cytoskeleton [42,43].



The succinate dehydrogenase complex flavoprotein subunit A (SDHA) gene was classified in our study as the most stably expressed gene, regardless of the dermatophyte growth conditions tested in this study. The lack of dependence of gene expression on the cultivation medium is important for at least two reasons, i.e., simplicity of the procedure and reliability of results. Currently, these features of identification techniques are recognized as the main benefits in the implementation of methods for routine use [15,17,33]. Similarly, Ciesielska et al. [26] reported that the SDHA gene was also a suitable reference gene for M. canis identification among a larger set consisting of nine candidates. Additionally, this gene was revealed as a suitable target for expression analyses in bovine tuberculosis [44], human glioma [45], horse cells under athletic stress [46], neutrophils, and untreated total blood leukocytes [47]. On the other hand, some reports showed that SDHA gene expression stability was low in yeast-like fungi, i.e., Candida glabrata [48] or different tissues of yak fetuses [49]. Therefore, although the SDHA gene is classified as a housekeeping gene, its transcription level may vary between different organisms, cell types or developmental stages, and growth conditions [50]. The other analyzed genes, TUBB and EEF1A1, showed statistically significantly lower expression stability assessed with the RefFinder algorithm for the T. verrucosum clinical isolates. Similar results were obtained for M. canis, which may suggest that the expression of these genes is so unstable that they are not suitable as identification targets in qRT-PCR for dermatophytes [26].



Interestingly, regardless of the host from which the clinical strain was isolated, the level of gene expression in cells incubated in minimal bovine keratin-supplemented medium and in Sabouraud medium remained at a similar level, with only slightly greater stability of gene expression in the former. Moreover, phenotypic analysis of the growth of clinical isolates of T. verrucosum in minimal medium with the addition of keratin of various animal species and human keratin showed significant differences in the growth of mycelium mass [28,51]. Probably, this variation is associated with the expression of metalloprotease genes responsible for keratinolytic activity and has no effect on the expression profile of SDHA and the other tested genes [52,53]. Finally, the reliability of the selected gene based on analysis of relative quantification of the GAPDH gene, which was induced at a relatively stable level, was validated. In this experiment, a similar expression level was demonstrated regardless of the growth conditions. Since GAPDH, together with 18S, is most commonly used in qRT-PCR analysis as well as in the case of dermatophytes [39,54], it can be concluded that the SDHA gene can be an additional good candidate as an identification target in this technique.




5. Conclusions


Our results have clearly proven that normalization of the expression stability of genes as potential candidates for identification targets in the qRT-PCR method can take into account the current standards of dermatophyte culture in the mycological laboratory. The incubation in Sabouraud medium makes it possible to perform multidirectional identification based on the assessment of dermatophyte morphology and direct use of the colony for molecular analysis without losing the reliability of the results obtained. These results may allow more profound analysis of T. verrucosum gene expression in various culture conditions routinely used in diagnostic laboratories while ensuring improved accuracy and reliability of new developed identification techniques.







Author Contributions


Conceptualization, S.G.; methodology, D.Ł.; software, D.Ł.; validation, S.G., A.N. and D.Ł.; formal analysis, S.G.; investigation, D.Ł. and S.G.; writing—original draft preparation, S.G.; writing—review and editing, D.Ł., A.T. and M.D. All authors have read and agreed to the published version of the manuscript.




Funding


Mariusz Dyląg has been supported by the Kosciuszko Foundation. The American Centre of Polish Culture.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data are available from corresponding authors.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Gnat, S.; Nowakiewicz, A.; Zięba, P. Taxonomy of Dermatophytes—The Classification Systems May Change But the Identification Problems Remain the Same. Postępy Mikrobiol. Adv. Microbiol. 2019, 58, 49–58. [Google Scholar] [CrossRef]

	



de Hoog, G.S.; Dukik, K.; Monod, M.; Packeu, A.; Stubbe, D.; Hendrickx, M.; Kupsch, C.; Stielow, J.B.; Freeke, J.; Göker, M.; et al. Toward a Novel Multilocus Phylogenetic Taxonomy for the Dermatophytes. Mycopathologia 2017, 182, 5–31. [Google Scholar] [CrossRef]

	



Havlickova, B.; Czaika, V.A.; Friedrich, M. Epidemiological Trends in Skin Mycoses Worldwide. Mycoses 2008, 51, 2–15. [Google Scholar] [CrossRef] [PubMed]

	



Del Boz, J.; Crespo, V.; Rivas-Ruiz, F.; De Troya, M. A 30-Year Survey of Paediatric Tinea Capitis in Southern Spain. J. Eur. Acad. Dermatol. Venereol. 2011, 25, 170–174. [Google Scholar] [CrossRef] [PubMed]

	



Bitew, A. Dermatophytosis: Prevalence of Dermatophytes and Non-Dermatophyte Fungi from Patients Attending Arsho Advanced Medical Laboratory, Addis Ababa, Ethiopia. Dermatol. Res. Pract. 2018, 2018, 8164757. [Google Scholar] [CrossRef] [PubMed]

	



Ozkutuk, A.; Ergon, C.; Yulug, N. Species Distribution and Antifungal Susceptibilities of Dermatophytes during a One Year Period at a University Hospital in Turkey. Mycoses 2007, 50, 125–129. [Google Scholar] [CrossRef] [PubMed]

	



Bishnoi, A.; Vinay, K.; Dogra, S. Emergence of Recalcitrant Dermatophytosis in India. Lancet Infect. Dis. 2018, 18, 250–251. [Google Scholar] [CrossRef]

	



Singh, A.; Masih, A.; Khurana, A.; Singh, P.K.; Gupta, M.; Hagen, F.; Meis, J.F.; Chowdhary, A. High Terbinafine Resistance in Trichophyton interdigitale Isolates in Delhi, India Harbouring Mutations in the Squalene Epoxidase Gene. Mycoses 2018, 61, 477–484. [Google Scholar] [CrossRef]

	



Łagowski, D.; Gnat, S.; Nowakiewicz, A.; Osińska, M. Comparison of in Vitro Activities of 11 Antifungal Agents against Trichophyton verrucosum Isolates Associated with a Variety Hosts and Geographical Origin. Mycoses 2020, 63, 294–301. [Google Scholar] [CrossRef]

	



Gnat, S.; Łagowski, D.; Nowakiewicz, A.; Dyląg, M. Tinea Corporis Caused by Trichophyton equinum Transmitted from Asymptomatic Dogs to Two Siblings. Braz. J. Microbiol. 2020, 51, 1433–1438. [Google Scholar] [CrossRef]

	



Gnat, S.; Łagowski, D.; Nowakiewicz, A.; Trościańczyk, A.; Zięba, P. Infection of Trichophyton verrucosum in Cattle Breeders, Poland: A 40-Year Retrospective Study on the Genomic Variability of Strains. Mycoses 2018, 61, 681–690. [Google Scholar] [CrossRef] [PubMed]

	



Courtellemont, L.; Chevrier, S.; Degeilh, B.; Belaz, S.; Gangneux, J.P.; Robert-Gangneux, F. Epidemiology of Trichophyton verrucosum Infection in Rennes University Hospital, France: A 12-Year Retrospective Study. Med. Mycol. 2017, 55, 720–724. [Google Scholar] [CrossRef] [PubMed]

	



Łagowski, D.; Gnat, S.; Nowakiewicz, A.; Osińska, M.; Trościańczyk, A.; Zięba, P. In Search of the Source of Dermatophytosis: Epidemiological Analysis of Trichophyton verrucosum Infection in Llamas and the Breeder (Case Report). Zoonoses Public Health 2019, 66, 982–989. [Google Scholar] [CrossRef]

	



Bassiri Jahromi, S.; Khaksar, A.A. Aetiological Agents of Tinea Capitis in Tehran (Iran). Mycoses 2006, 49, 65–67. [Google Scholar] [CrossRef] [PubMed]

	



Gnat, S.; Łagowski, D.; Nowakiewicz, A.; Dyląg, M. Molekularne Metody Diagnostyki Dermatomykoz—Przegląd Dostępnych Technik Oraz Ocena Ich Zalet i Wad w Implementacji Do Rutynowego Stosowania. Adv. Microbiol. 2019, 58, 483–494. [Google Scholar] [CrossRef]

	



Verrier, J.; Krähenbühl, L.; Bontems, O.; Fratti, M.; Salamin, K.; Monod, M. Dermatophyte Identification in Skin and Hair Samples Using a Simple and Reliable Nested Polymerase Chain Reaction Assay. Br. J. Dermatol. 2013, 168, 295–301. [Google Scholar] [CrossRef]

	



Verrier, J.; Monod, M. Diagnosis of Dermatophytosis Using Molecular Biology. Mycopathologia 2017, 182, 193–202. [Google Scholar] [CrossRef]

	



Rudramurthy, S.; Shaw, D. Overview and Update on the Laboratory Diagnosis of Dermatophytosis. Clin. Dermatol. Rev. 2017, 1, 3. [Google Scholar] [CrossRef]

	



Kawai, M. Diagnosis of dermatophytoses: Conventional methods and recent molecular biological methods. Nihon Ishinkin Gakkai Zasshi 2003, 44, 261–264. [Google Scholar] [CrossRef]

	



Bouchara, J.P.; Mignon, B.; Chaturvedi, V. Dermatophytes and Dermatophytoses: A Thematic Overview of State of the Art, and the Directions for Future Research and Developments. Mycopathologia 2017, 182, 1–4. [Google Scholar] [CrossRef]

	



Graser, Y.; Monod, M.; Bouchara, J.-P.; Dukik, K.; Nenoff, P.; Kargl, A.; Kupsch, C.; Zhan, P.; Packeu, A.; Chaturvedi, V.; et al. New Insights in Dermatophyte Research. Med. Mycol. 2018, 56, S2–S9. [Google Scholar] [CrossRef]

	



Monod, M.; Feuermann, M.; Salamin, K.; Fratti, M.; Makino, M.; Alshahni, M.M.; Makimura, K.; Yamada, T. Trichophyton rubrum Azole Resistance Mediated by a New ABC Transporter, TruMDR3. Antimicrob. Agents Chemother. 2019, 63, e00863-19. [Google Scholar] [CrossRef]

	



Kobylak, N.; Bykowska, B.; Nowicki, R.; Brillowska-Dabrowska, A. Real-Time PCR Approach in Dermatophyte Detection and Trichophyton rubrum Identification. Acta Biochim. Pol. 2015, 62, 119–122. [Google Scholar] [CrossRef] [PubMed]

	



Ohst, T.; Kupsch, C.; Graser, Y.; Gräser, Y. Detection of Common Dermatophytes in Clinical Specimens Using a Simple Quantitative Real-Time TaqMan Polymerase Chain Reaction Assay. Br. J. Dermatol. 2016, 174, 602–609. [Google Scholar] [CrossRef] [PubMed]

	



Alexander, C.L.; Shankland, G.S.; Carman, W.; Williams, C. Introduction of a Dermatophyte Polymerase Chain Reaction Assay to the Diagnostic Mycology Service in Scotland. Br. J. Dermatol. 2011, 164, 966–972. [Google Scholar] [CrossRef] [PubMed]

	



Ciesielska, A.; Staczek, P. Selection and Validation of Reference Genes for QRT-PCR Analysis of Gene Expression in Microsporum canis Growing under Different Adhesion-Inducing Conditions. Sci. Rep. 2018, 8, 1197. [Google Scholar] [CrossRef] [PubMed]

	



Cove, D.J. The Induction and Repression of Nitrate Reductase in the Fungus Aspergillus nidulans. Biochim. Biophys. Acta 1966, 113, 51–56. [Google Scholar] [CrossRef]

	



Gnat, S.; Łagowski, D.; Nowakiewicz, A.; Zięba, P. The Host Range of Dermatophytes, It Is at All Possible? Phenotypic Evaluation of the Keratinolytic Activity of Trichophyton verrucosum Clinical Isolates. Mycoses 2019, 62, 274–283. [Google Scholar] [CrossRef] [PubMed]

	



Vandesompele, J.J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate Normalization of Real-Time Quantitative RT-PCR Data by Geometric Averaging of Multiple Internal Control Genes. Genome Biol. 2002, 3, research0034.1. [Google Scholar] [CrossRef]

	



Andersen, C.L.; Jensen, J.L.; Ørntoft, T.F. Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets. Cancer Res. 2004, 64, 5245–5250. [Google Scholar] [CrossRef]

	



Pfaffl, M.W. Quantification strategies in real-time PCR. In A-Z of Quantitative PCR; Bustin, S.A., Ed.; International University Line: La Jolla, CA, USA, 2004; Volume 5, pp. 87–112. ISBN 9780963681782. [Google Scholar]

	



Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [Google Scholar] [CrossRef] [PubMed]

	



Gnat, S.; Łagowski, D.; Nowakiewicz, A. Major Challenges and Perspectives in the Diagnostics and Treatment of Dermatophyte Infections. J. Appl. Microbiol. 2020, 129, 212–232. [Google Scholar] [CrossRef]

	



Rezaei-Matehkolaei, A.; Makimura, K.; De Hoog, G.S.; Shidfar, M.R.; Satoh, K.; Najafzadeh, M.J.; Mirhendi, H. Discrimination of Trichophyton tonsurans and Trichophyton equinum by PCR-RFLP and by β-Tubulin and Translation Elongation Factor 1-α Sequencing. Med. Mycol. 2012, 50, 760–764. [Google Scholar] [CrossRef]

	



Sherman, S.; Goshen, M.; Treigerman, O.; Ben-Zion, K.; Carp, M.J.; Maisler, N.; Ehrenreich, I.B.; Kimchi, A.; Lifshitz, S.; Smollan, G.; et al. Evaluation of Multiplex Real-Time PCR for Identifying Dermatophytes in Clinical Samples—A Multicentre Study. Mycoses 2018, 61, 119–126. [Google Scholar] [CrossRef]

	



Emam, S.M.; Abd El-salam, O.H. Real-Time PCR: A Rapid and Sensitive Method for Diagnosis of Dermatophyte Induced Onychomycosis, a Comparative Study. Alex. J. Med. 2016, 52, 83–90. [Google Scholar] [CrossRef]

	



Kupsch, C.; Ohst, T.; Pankewitz, F.; Nenoff, P.; Uhrlaß, S.; Winter, I.; Gräser, Y. The Agony of Choice in Dermatophyte Diagnostics—Performance of Different Molecular Tests and Culture in the Detection of Trichophyton rubrum and Trichophyton interdigitale. Clin. Microbiol. Infect. 2016, 22, 735.e11–735.e17. [Google Scholar] [CrossRef]

	



Jacobson, L.S.; Giacinti, J.A.; Robertson, J. Medical Conditions and Outcomes in 371 Hoarded Cats from 14 Sources: A Retrospective Study (2011–2014). J. Feline Med. Surg. 2020, 22, 484–491. [Google Scholar] [CrossRef]

	



Jacob, T.R.; Peres, N.T.A.; Persinoti, G.F.; Silva, L.G.; Mazucato, M.; Rossi, A.; Martinez-Rossi, N.M. Rpb2 Is a Reliable Reference Gene for Quantitative Gene Expression Analysis in the Dermatophyte Trichophyton rubrum. Med. Mycol. 2012, 50, 368–377. [Google Scholar] [CrossRef]

	



Nailis, H.; Coenye, T.; Van Nieuwerburgh, F.; Deforce, D.; Nelis, H.J. Development and Evaluation of Different Normalization Strategies for Gene Expression Studies in Candida albicans Biofilms by Real-Time PCR. BMC Mol. Biol. 2006, 7, 25. [Google Scholar] [CrossRef] [PubMed]

	



Bohle, K.; Jungebloud, A.; Göcke, Y.; Dalpiaz, A.; Cordes, C.; Horn, H.; Hempel, D.C.C. Selection of Reference Genes for Normalisation of Specific Gene Quantification Data of Aspergillus niger. J. Biotechnol. 2007, 132, 353–358. [Google Scholar] [CrossRef] [PubMed]

	



Vera, M.; Pani, B.; Griffiths, L.A.; Muchardt, C.; Abbott, C.M.; Singer, R.H.; Nudler, E. The Translation Elongation Factor EEF1A1 Couples Transcription to Translation during Heat Shock Response. eLife 2014, 3, e03164. [Google Scholar] [CrossRef]

	



Findeisen, P.; Mühlhausen, S.; Dempewolf, S.; Hertzog, J.; Zietlow, A.; Carlomagno, T.; Kollmar, M. Six Subgroups and Extensive Recent Duplications Characterize the Evolution of the Eukaryotic Tubulin Protein Family. Genome Biol. Evol. 2014, 6, 2274–2288. [Google Scholar] [CrossRef]

	



Lim, A.; Bolin, S. Evaluation of Reference Genes for Differential Gene Expression Study of Bovine Tuberculosis. Adv. Zool. Bot. 2017, 5, 17–24. [Google Scholar] [CrossRef]

	



Kreth, S.; Heyn, J.; Grau, S.; Kretzschmar, H.A.; Egensperger, R.; Kreth, F.W. Identification of Valid Endogenous Control Genes for Determining Gene Expression in Human Glioma. Neuro. Oncol. 2010, 12, 570–579. [Google Scholar] [CrossRef] [PubMed]

	



Cappelli, K.; Felicetti, M.; Capomaccio, S.; Spinsanti, G.; Silvestrelli, M.; Supplizi, A.V. Exercise Induced Stress in Horses: Selection of the Most Stable Reference Genes for Quantitative RT-PCR Normalization. BMC Mol. Biol. 2008, 9, 49. [Google Scholar] [CrossRef] [PubMed]

	



Ledderose, C.; Heyn, J.; Limbeck, E.; Kreth, S. Selection of Reliable Reference Genes for Quantitative Real-Time PCR in Human T Cells and Neutrophils. BMC Res. Notes 2011, 4, 427. [Google Scholar] [CrossRef]

	



Li, Q.Q.; Skinner, J.; Bennett, J.E. Evaluation of Reference Genes for Real-Time Quantitative PCR Studies in Candida glabrata Following Azole Treatment. BMC Mol. Biol. 2012, 13, 22. [Google Scholar] [CrossRef] [PubMed]

	



Li, M.; Wu, X.; Guo, X.; Bao, P.; Ding, X.; Chu, M.; Liang, C.; Yan, P. Identification of Optimal Reference Genes for Examination of Gene Expression in Different Tissues of Fetal Yaks. Czech J. Anim. Sci. 2017, 62, 426–434. [Google Scholar] [CrossRef]

	



Kozera, B.; Rapacz, M. Reference Genes in Real-Time PCR. J. Appl. Genet. 2013, 54, 391–406. [Google Scholar] [CrossRef]

	



Sharma, A.; Chandra, S.; Sharma, M. Difference in Keratinase Activity of Dermatophytes at Different Environmental Conditions Is an Attribute of Adaptation to Parasitism. Mycoses 2012, 55, 410–415. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, Y.; Chi, W.; Shi, Y.; Chen, S.; Lin, D.; Jin, Y. Metalloprotease Genes of Trichophyton mentagrophytes Are Important for Pathogenicity. Med. Mycol. 2014, 52, 36–45. [Google Scholar] [CrossRef] [PubMed]

	



Peres, N.T.; Sanches, P.R.; Falco, J.P.; Silveira, H.C.; Paião, F.G.; Maranhão, F.C.; Gras, D.E.; Segato, F.; Cazzaniga, R.A.; Mazucato, M.; et al. Transcriptional Profiling Reveals the Expression of Novel Genes in Response to Various Stimuli in the Human Dermatophyte Trichophyton rubrum. BMC Microbiol. 2010, 10, 39. [Google Scholar] [CrossRef] [PubMed]

	



de Jonge, H.J.M.; Fehrmann, R.S.N.; de Bont, E.S.J.M.; Hofstra, R.M.W.; Gerbens, F.; Kamps, W.A.; de Vries, E.G.E.; van der Zee, A.G.J.; te Meerman, G.J.; ter Elst, A. Evidence Based Selection of Housekeeping Genes. PLoS ONE 2007, 2, e898. [Google Scholar] [CrossRef]








[image: Pathogens 10 01361 g001 550] 





Figure 1. Stability of TUBB, ACTB, ADPRF, RPL2, SDHA, and EEF1A1 reference genes’ expression, evaluated in three groups of Trichophyton verrucosum strains cultured on Sabouraud medium, potato dextrose medium, and MM-Cove medium supplemented with keratin. Levels of gene expression are shown as geometric mean of Ct values and are not significantly different across analyzed culture conditions. Error bars indicate standard deviation. 
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Figure 2. Melting curves of Trichophyton verrucosum genes. Gene designations: (A): TUBB, (B): ACTB, (C): EEF1A1, (D): RPL2, (E): SDHA, (F): ADPRF. 
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Figure 3. Relative quantification of GAPDH gene expression in Trichophyton verrucosum strains in Sabouraud glucose, potato dextrose, and MM-Cove supplemented with keratin media using different reference gene variants: I—two least stable reference genes EEF1A1 and ACTB; II—three most stable reference genes SDHA, TUBB, and RPL2; III—all candidate reference genes. Error bars indicate standard deviation. Gene expression was studied using the 2−ΔΔCt method. 
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Table 1. Characterization of genes tested with qRT-PCR in clinical isolates of Trichophyton verrucosum.
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	Gene
	Name
	Primers (5′-3′)
	Length of Product (bp)
	Tm (°C)
	Ct Range





	TUBB
	β-tubulin
	AAGAGTTCCCAGACCGTT

TGTTGTACAAGGCCTCAT
	161
	59.5
	15.9–18.4



	ACTB
	β-actin
	TCCTGAGGCTCTCTTCC

GTAGTACCGCCGGACAT
	144
	60.0
	16.3–18.8



	ADPRF
	ADP ribosylation factor
	TTCTCATGGTCGGTCTC

CGTTGAATCCGATGGTG
	101
	58.5
	16.1–19.8



	RPL2
	ribosomal protein L2
	GATCTATATTCACGGCTC

ATGATGTTCTTCACGACA
	111
	60.5
	16.4–19.3



	SDHA
	succinate dehydrogenase complex flavoprotein subunit A
	TCTAGGAAACATGCACAT

TTCGATAACACTCTGAGT
	130
	60.5
	16.0–18.9



	EEF1A1
	elongation factor 1-α
	CCTAAGTTCGTCAAGTCT

CTTCTCGACAGCCTTGAT
	161
	60.0
	16.2–19.1



	GAPDH
	glyceraldehyde-3-phosphate dehydrogenase
	AACGGCTTCGGTCGTATTG

TATTCGGCGTATTTGGTCTCA
	110
	59.5
	15.8–18.7
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Table 2. Expression stability of Trichophyton verrucosum genes determined by geNorm, NormFinder, BestKeeper, and RefFinder in the experimental conditions.
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Gene

	
Condition

	
geNorm

	
NormFinder

	
BestKeeper

	
RefFinder




	
M-Value

	
SV-Value

	
r-Index

	
CV (%Ct)

	
Ranking Value






	
TUBB

	
Sabouraud

	
0.593

	
0.561

	
0.256

	
0.231

	
0.832

	
0.78

	
8.18

	
6.732

	
6.329




	
MM+keratin

	
0.489

	
0.203

	
0.721

	
6.021




	
potato dextrose

	
0.603

	
0.234

	
0.787

	
6.234




	
SDHA

	
Sabouraud

	
0.497

	
0.455

	
0.098

	
0.092

	
0.886

	
0.887

	
8.57

	
2.120

	
2.083




	
MM+keratin

	
0.413

	
0.087

	
0.854

	
2.013




	
potato dextrose

	
0.455

	
0.091

	
0.921

	
2.115




	
EEF1A1

	
Sabouraud

	
0.765

	
0.746

	
0.403

	
0.36

	
0.907

	
0.906

	
8.47

	
7.234

	
7.112




	
MM+keratin

	
0.712

	
0.299

	
0.890

	
6.983




	
potato dextrose

	
0.761

	
0.378

	
0.921

	
7.120




	
ACTB

	
Sabouraud

	
0.595

	
0.581

	
0.377

	
0.349

	
0.968

	
0.934

	
8.54

	
6.321

	
6.128




	
MM+keratin

	
0.546

	
0.304

	
0.879

	
5.954




	
potato dextrose

	
0.601

	
0.367

	
0.954

	
6.110




	
ADPRF

	
Sabouraud

	
0.598

	
0.57

	
0.254

	
0.217

	
0.921

	
0.906

	
8.65

	
7.012

	
6.714




	
MM+keratin

	
0.499

	
0.176

	
0.854

	
6.121




	
potato dextrose

	
0.612

	
0.221

	
0.943

	
7.010




	
RPL2

	
Sabouraud

	
0.621

	
0.57

	
0.205

	
0.178

	
0.896

	
0.867

	
8.97

	
6.755

	
6.476




	
MM+keratin

	
0.564

	
0.146

	
0.812

	
5.999




	
potato dextrose

	
0.605

	
0.185

	
0.901

	
6.675
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