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A B S T R A C T   

The APSES family, comprising of the transcriptional regulators Asm1p, Phd1p, Sok2p, Efg1p, and StuA, is found 
exclusively in fungi and has been reported to control several cellular processes in these organisms. However, its 
function in dermatophytes has not yet been completely understood. Here, we generated two null mutant strains 
by deleting the stuA gene in the dermatophyte Trichophyton rubrum, the most common clinical isolate obtained 
from human skin and nail mycoses. The functional characterization of the knocked-out strains revealed the 
involvement of stuA in germination, morphogenesis of conidia and hyphae, pigmentation, stress responses, and 
virulence. Although the mutant strains could grow under several nutritional conditions, growth on the keratin 
medium, human nails, and skin was impaired. The co-culture of stuA mutants with human keratinocytes revealed 
enhanced development. Moreover, a stuA mutant grown on the keratin substrate showed a marked decrease in 
the transcript numbers of the hydrophobin encoding gene (hypA), suggesting the involvement of stuA in the 
molecular mechanisms underlying mechanosensing during the fungi-host interaction. In addition, bioinformatics 
analyses revealed the potential involvement of StuA in different biological processes such as oxidation-reduction, 
phosphorylation, proteolysis, transcription/translation regulation, and carbohydrate metabolism. Cumulatively, 
the present study suggested that StuA is a crosstalk mediator of many pathways and is an integral component of 
the infection process, implying that it could be a potential target for antifungal therapy.   

1. Introduction 

Successful fungal pathogenesis depends on the adaptive processes 
that allow the fungus to install itself and survive in the host (Hogan 
et al., 1996; Martinez-Rossi et al., 2012, 2017). Dermatophytes infect 
keratinized tissues, such as hair, nails, and skin, and secrete enzymes 
that degrade these substrates providing the nutrients. Keratin is an 
insoluble protein rich in cysteine, and the ability of the fungus to 
degrade this substrate, mediated by keratinases, contributes to its sur-
vival and pathogenicity (Viani et al., 2001; Vermout et al., 2008). 

Studies using ex vivo infection models have shown that the degra-
dation of keratin by dermatophytes relies on the secretion of sulfite, 
which helps in the cleavage of keratin-stabilizing cystine bonds (Grumbt 
et al., 2013). Molecular studies using different infection models in the 
zoophilic and anthropophilic dermatophytes Arthroderma benhamiae 

and Trichophyton rubrum, respectively, have generated insights into the 
molecular mechanisms underlying dermatophyte-host interactions 
(Staib et al., 2010; Mehul et al., 2016; Peres et al., 2016; Tran et al., 
2016). Of the several keratin-degrading dermatophytes, T. rubrum has 
been reported to be one of the most prevalent causative agents of human 
dermatophytosis, and responsible for the majority of clinical cases of 
superficial mycoses of skin and nail. 

Transcription factors participate in many cellular processes, 
including virulence and pathogenicity. The APSES family of transcrip-
tional regulators belongs to the basic-helix-loop-helix (bHLH) class of 
transcription factors and is ubiquitous in several fungi (Zhao et al., 
2015). APSES is an acronym of Asm1p, Phd1p, Sok2p, Efg1p, and StuA 
proteins that carry a conserved DNA binding domain, the APSES 
domain, earlier described in the fungi Neurospora crassa (Asm1p), 
Saccharomyces cerevisiae (Phd1p and Sok2p), Candida albicans (Efg1p), 
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and Aspergillus nidulans (StuAp) (Gimeno and Fink, 1994; Aramayo et al., 
1996; Dutton et al., 1997; Stoldt et al., 1997b). The APSES transcription 
factors participate in controlling several processes, such as cell differ-
entiation, spore germination, mycelial growth, sporulation, virulence, 
pathogenicity, dimorphic growth, sexual reproduction, primary and 
secondary metabolism, and fungal development, in different fungi (Zhao 
et al., 2015). 

However, the role of APSES regulators may vary among different 
species. The APSES regulator Asm1 is involved in conidial germination, 
aerial hyphae growth, and sexual and asexual development in N. crassa, 
and is thus required for protoperithecia formation (Aramayo et al., 
1996). In C. albicans, the APSES protein Efg1p is involved in several 
morphogenetic processes, such as yeast-to-hypha transition, chla-
mydospore formation, cell shape determination during white-opaque 
switching, and biofilm formation (Stoldt et al., 1997a; Sonneborn 
et al., 1999; Srikantha et al., 2000; Ramage et al., 2002). In A. nidulans, 
the APSES protein StuAp regulates sexual and asexual reproduction 
important for conidiophore formation and other morphogenetic pro-
cesses. StuAp also binds to the StuAp response elements, with the 
consensus 5′-(A/T)CGCG(T/A)N(A/C)-3′ at the promoter regions of 
target genes (Dutton et al., 1997; Wu and Miller, 1997). In Stagonospora 
nodorum, StuA regulates the central carbon metabolism, and the deletion 
of stuA has been shown to affect glycolysis, TCA cycle, and amino acid 
synthesis (IpCho et al., 2010). Moreover, StuA deletion impairs the 
virulence of phytopathogens Glomerella cingulata, Magnaporthe grisea, 
S. nodorum, and Fusarium graminearum (Tong et al., 2007; Nishimura 
et al., 2009; IpCho et al., 2010; Lysoe et al., 2011). StuA is also involved 
in the generation of normal turgor pressure within the appressorium of 
G. cingulata necessary for the formation of the penetration peg (Tong 
et al., 2007). Although StuA is not required for the process of infection in 
human pathogens, A. fumigatus and H. capsulatum (Sheppard et al., 
2005; Longo et al., 2018), it is required for the development of mycelial 
traps for nematode capture and the production of extracellular enzymes 
necessary for the degradation of nematode cuticle, allowing fungal 
penetration and infection in the nematophagous fungus Arthrobotrys 
oligospora (Xie et al., 2019). Furthermore, StuA is involved in keratin 
degradation and sexual reproduction in the dermatophyte Arthroderma 
benhamiae (Krober et al., 2017). In this study, we evaluated the role of 
the stuA gene in development, interaction with host molecules and tis-
sues, tolerance to adverse environmental conditions, and virulence of 
T. rubrum. The role of the gene was confirmed by developing two stuA 
mutant strains. 

2. Materials and methods 

2.1. T. rubrum strains and culture conditions 

T. rubrum strain CBS118892 (CBS-KNAW Fungal Biodiversity Centre) 
was used as the wild-type (WT) strain in this work to generate ΔstuA(1) 
and ΔstuA(2) mutants. The strains were grown at 28 ◦C in malt extract 
agar [MEA: 2% glucose (w/v), 2% malt extract (w/v), 0.1 % peptone (w/ 
v), pH 5.7], Sabouraud [SAB: 2% glucose (w/v), 1% peptone (w/v), pH 
5.7], minimal medium (MM) (Cove, 1966) pH 5.0, potato dextrose agar 
[PDA: 0.4 % potato extract (w/v), 2% dextrose (w/v), pH 5.7], or keratin 
medium [0.25 % keratin powder (w/v) - MP Biomedicals, pH 5.5]. Solid 
media contained 2% agar (w/v). Conidia suspensions were obtained by 
harvesting 21-days-old cultures grown on MEA, and conidia concen-
trations were estimated by counting in the Neubauer chamber, as pre-
viously described (Jacob et al., 2015). 

2.2. Human keratinocytes and culture conditions 

The HaCat keratinocyte cell line was cultured in RPMI medium 
(Sigma-Aldrich), supplemented with 10 % (v/v) fetal bovine serum 
(FBS) (Cult lab, Brazil), at 37 ◦C in a humidified atmosphere with 5% 
CO2, as previously described (Komoto et al., 2015) 

2.3. In silico analyses 

The stuA gene with the accession number TERG_00714 (htt 
ps://www.ncbi.nlm.nih.gov/gene/10374520) was retrieved from the 
genome database of T. rubrum CBS118892. The annotated protein 
(accession number XP_003238727.1) was used in BLASTP (https://blast. 
ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins) analyses to search for 
orthologs. 

The accession numbers of selected T. rubrum stuA orthologs were as 
follows: N. crassa (AAB06995.1), M. grisea (Q4R1B9.1), A. nidulans 
(CBF70741.1) A. fumigatus (Q4 × 228.1), Microsporum gypseum 
(EFQ97814.1), T. interdigitale (EZF28392), T. tonsurans (EGD94730.1), 
T. equinum (EGE03647.1), and A. benhamiae (XP_003013983). Func-
tional protein domains were analyzed with InterProScan sequence 
search (http://www.ebi.ac.uk/interpro/search/sequence-search) and 
ScanProsite (http://prosite.expasy.org/scanprosite/) tools. Sequences 
were aligned with Clustal Omega multiple sequence alignment tool (htt 
ps://www.ebi.ac.uk/Tools/msa/clustalo/) and shaded by the BoxShade 
server (http://www.ch.embnet.org/software/BOX_form.html). 

2.4. stuA transcription profile 

Approximately 106 WT conidia were inoculated in 100-ml keratin 
broth, which was incubated at 28 ◦C under shaking at 100 rpm for 48 h, 
72 h, and 96 h. Mycelia were collected by filtration, and total RNA was 
extracted using the Illustra RNAspin Isolation Kit (GE Healthcare Life 
Sciences). RNA was treated with DNase I Amplification Grade (Thermo 
Fisher Scientific) and used for cDNA synthesis with a High Capacity 
cDNA Synthesis kit (Thermo Fisher Scientific). qPCR reactions were 
conducted using SYBR green PCR master mix (Thermo Fisher Scientific) 
and StepOnePlus Real-time PCR System (Thermo Fisher Scientific), as 
previously described (Jacob et al., 2015). For these reactions, 100 ng of 
cDNA, 600 nM of hypA primers, and 600 nM of stuA primers (S1 and S2) 
were used. Data were normalized using the rpb2 gene as the reference, as 
previously described (Jacob et al., 2012). Relative expression was 
calculated using the 2− ΔΔCT method (Livak and Schmittgen, 2001). All 
primers used in this study are listed in Supplementary Table S1. 

2.5. stuA gene deletion 

Double-joint PCR (Yu et al., 2004) and split-marker (Catlett et al., 
2003) approaches were used in this work to generate the 
gene-replacement constructs. Briefly, stuA 5ʹ and 3ʹ flanking regions (1.7 
kb and 1.9 kb, respectively) were amplified with primers P1 and P2 and 
with P3 and P4, respectively. A 2.6-kb fragment containing the 
hygromycin B phosphotransferase (hph) gene, under the control of the 
promoter and terminator of the A. nidulans trpC gene, was amplified by 
PCR from pCSN43 plasmid (Fungal Genetics Stock Center), with primers 
M13_F and M13_R. Primers P2 and P3 have tails complementary to the 
primers M13_F and M13_R, respectively. Next, stuA 5ʹ and 3ʹ flanking 
fragments and hph cassette were mixed and fused by double-joint PCR 
(Yu et al., 2004), and the product was then used as the template to 
amplify split-marker fragments (Catlett et al., 2003) with primers P5 and 
H1 and with H2 and P6, generating fragments of 2.8 kb and 3.8 kb with 
an overlapping region of approximately 400 bp. All PCR reactions were 
performed using Platinum Taq DNA Polymerase High Fidelity (Thermo 
Fisher Scientific) and purified using the Wizard SV Gel and PCR 
Clean-up System (Promega). Split-marker fragments were 
co-transformed into T. rubrum WT protoplasts. 

To obtain protoplasts, we inoculated approximately 109 WT conidia 
into 100 ml SAB broth and incubated it at 28 ◦C under shaking (100 rpm) 
for 48 h. The resulting mycelia were transferred to 25 ml of lytic solution 
(1.1 M KCl, 0.1 M citric acid, 4 mg/ml lysing enzymes from Trichoderma 
harzianum [Sigma-Aldrich], 4 mg/ml lysozyme, 4 mg/ml bovine serum 
albumin, pH 5.8), and incubated at 30 ◦C and 100 rpm for approximately 
4− 5 h. Protoplasts were filtered through glass wool, washed twice with 
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25 ml of the STC buffer (1.2 M sorbitol, 50 mM Tris, 10 mM CaCl2, pH 
7.5), collected by centrifugation (2000 × g, 10 min), and then resus-
pended in 1 ml of STC buffer. For protoplast transformation, split- 
marker fragments (10 μg in 100 μl of STC buffer) were added to 100 
μl of protoplast suspension and incubated at 25 ◦C for 20 min, followed 
by the addition of 1 ml polyethylene glycol solution [25 % PEG 6000 (w/ 
v) in STC buffer] and incubation at 25 ◦C for 20 min. No DNA was added 
to the negative controls. Transformants were selected on solid SAB 
supplemented with 1.2 M sorbitol and 450-g ml− 1 hygromycin B after 
incubation at 28 ◦C for 15 days. 

2.6. Identification of stuA null mutants 

To identify stuA null mutants, the transformants grown in hygrom-
ycin B were screened using PCR and Southern blot analyses. Briefly, 
genomic DNA was isolated by grinding fresh mycelia in the presence of 
extraction solution [5 mM EDTA, 1% SDS (w/v), pH 8.0], followed by 
incubation at 68 ◦C for 10 min and centrifugation at 11,000 × g for 5 
min. The supernatant was collected, and 200 mM potassium acetate was 
added, followed by incubation on ice for 1 h and centrifugation (5 min, 
11,000 × g). The supernatant was subjected to phenol/chloroform 
extraction, followed by precipitation with ethanol, two steps of washing 
with 70 % ethanol, and drying. The precipitate was resuspended in a 
buffer comprising 1 mM EDTA and 10 mM Tris− HCl (pH 7.5) as well as 
RNase A (50 μg ml− 1), followed by incubation at 65 ◦C for 10 min. 
Isolated DNA was used in molecular analyses. 

For mutant screening by PCR, genomic DNA from WT and trans-
formants was tested for both the amplification of a 143-bp internal re-
gion of stuA gene with primers S1 and S2 and amplification with primers 
P1 and P4, with the generation of distinct sizes for WT and stuA mutants 
(5.6 kb and 6.3 kb, respectively). Southern blot hybridizations were then 
used for verifying potential stuA mutants. Genomic DNA from WT and 
selected transformants were cleaved with EcoRI and BamHI and probed 
using a 0.7-kb fragment of stuA 3′ flanking region to detect an expected 
fragment of 6.1 kb for the WT or 2.8 kb for stuA mutants. Genomic DNAs 
were also cleaved with BglII and BclI and probed with the hph cassette to 
detect an expected fragment of 6.2 kb in stuA mutants and no fragment 
in WT. The DIG-High Prime DNA Labeling and Detection Starter Kit II 
(Roche) was used for labeling and detection. So, the deletion of the stuA 
gene and integration of the hph gene was confirmed by PCR and 
Southern blot analysis. 

2.7. Growth, morphology, hydrophobicity, and germination tests 

To evaluate colony growth and morphology, mycelia plugs of 
approximately 2 mm in diameter from WT, ΔstuA(1), and ΔstuA(2) 
strains were inoculated onto the center of MEA, SAB, PDA, MM, or 
keratin media (150 × 15 mm Petri dishes), and incubated at 28 ◦C for 21 
days. Front and reverse sides of the colonies were photographed, and the 
colony radial extension was evaluated by measuring colony diameter. 

For side view of the colonies, a rectangular block (height × length ×
width, 1 × 2 × 1 cm) of either MEA or SAB solid media was placed 
between 2 microscope slides. Then a mycelial plug was inoculated on 
the center of one of the most massive lateral faces of the block. The 
“sandwich” was incubated at 28 ◦C for 5 days in a humid chamber kept 
in a closed Petri dish and was photographed against the light to visualize 
aerial and vegetative hyphae. 

Mycelia hydrophobicity was tested, as previously described (Hed-
dergott et al., 2012), by dropping 50 μl of either water or 0.005 % 
bromophenol blue solution (w/v) onto 21 day-old mycelia from WT, 
ΔstuA(1), and ΔstuA(2) strains grown on MEA or SAB solid media. 

Microscopic aspects of hyphae and conidia were assessed by slide 
culture (Harris, 1986). Cubes (1 cm3) of MEA media on water agar plates 
were inoculated with mycelia plugs on all lateral faces, overlaid by 
coverslips, and incubated at 28 ◦C for 14 days. The coverslips were then 
used in lactophenol cotton blue slide mounting followed by light 

microscopy imaging. 
To analyze germination, we inoculated 6-well plates containing 10 

ml SAB broth per well with approximately 105 conidia, followed by 
incubation at 28 ◦C. After 3 h and 20 h, the plates were assessed using 
light microscopy imaging. 

2.8. Ex vivo infection of human nail and skin 

Human fingernail fragments were obtained from healthy donors, 
autoclaved, and placed on water agar plates, as previously described 
(Grumbt et al., 2013). Then they were inoculated with the conidia from 
WT, ΔstuA(1), or ΔstuA(2) strains (3 × 105 conidia per fragment). After 
30 days of incubation at 28 ◦C, nails were photographed and analyzed by 
scanning electron microscopy. 

Human skin fragments were obtained from healthy donors who un-
derwent plastic surgery at the Clinics Hospital of Ribeirão Preto Medical 
School, University of São Paulo, and used for infection experiments, as 
previously described (Peres et al., 2016). Briefly, after removing the 
adipose tissue, small skin fragments (1 cm2) on a thin layer of Skin Graft 
Fluid (Duek et al., 2004) were inoculated with conidia from WT, ΔstuA 
(1), or ΔstuA(2) strains (104 conidia per fragment) and incubated at 28 
◦C in closed Petri dishes in a humid chamber. After 96 h, skin fragments 
were analyzed by scanning electron microscopy. 

All procedures were conducted in agreement with the Ribeirão Preto 
Medical School Ethics Committee approval (protocol number 8330/ 
2009). 

2.9. Co-culture of T. rubrum and human keratinocytes 

HaCat human keratinocytes were co-cultured with T. rubrum conidia, 
as previously described (Bitencourt et al., 2020). Briefly, keratinocytes 
were seeded in a 25-cm2 tissue culture flask at a density of 2.5 × 105 cells 
ml− 1 and grown in RPMI supplemented with 5% FBS (v/v) for 24 h at 37 
◦C in a humidified atmosphere with 5% CO2. Next, conidia from WT, 
ΔstuA(1), and ΔstuA(2) strains, previously suspended in RPMI supple-
mented with 5% FBS (v/v), were added to the keratinocytes cultures 
(106 conidia ml− 1) and incubated at 37 ◦C with 5% CO2 for 24 h. The 
resulting co-cultures were evaluated by light microscopy after May--
Grünwald-Giemsa staining. 

2.10. Keratinolytic activity 

Approximately 5 × 105 conidia from WT, ΔstuA(1), and ΔstuA(2) 
strains were inoculated into 50 ml keratin broth and incubated at 28 ◦C 
under shaking at 100 rpm for 96 h. The pH of the culture media was 
measured before and after cultivation. Mycelia were collected by 
filtration to measure the dry weight, and crude culture supernatants 
were immediately used in enzymatic assays. For each reaction, 20 mg of 
keratin powder (MP Biomedicals) suspended in 4 ml of 28 mM Tris− HCl 
buffer (pH 8.0) was used as the substrate for 1 ml of culture supernatant. 
The enzymatic reactions were conducted at 45 ◦C for 30 min and 160 
rpm. Keratinolytic activities (units per gram of mycelia dry weight) were 
determined as previously described (Ferreira-Nozawa et al., 2006). 

2.11. Microscopy 

Light microscopy imaging was performed using a Leica DMI3000B 
inverted microscope. For scanning electron microscopy, samples were 
fixed with 3% glutaraldehyde in 0.1 % phosphate buffer (v/v) (pH 7.2) 
at 4 ◦C for 2 h, rinsed with 0.1 % phosphate buffer (pH 7.2), and post- 
fixed with 1% osmium tetroxide for 2 h, followed by dehydration 
using a graded ethanol series. Samples were then sputter-coated with 
gold and viewed under a Jeol JSM-6610 LV scanning electron micro-
scope at an acceleration voltage of 25 kV. 
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2.12. Heat-shock and UV light exposure 

Conidia suspensions from WT, ΔstuA(1), and ΔstuA(2) strains were 
submitted to heat-shock and UV light exposure. For heat-shock tests, 
tubes containing 1 ml of conidia suspension (105 conidia ml− 1) were 
incubated in a water bath at 42 ◦C for 30 and 60 min, with shaking and 
plated on solid SAB. After incubation at 28 ◦C for 5 days, colony-forming 
units (CFUs) were counted. For UV light exposure, 5 ml of conidia sus-
pension (105 conidia ml− 1) in opened plastic Petri dishes were irradiated 
with UV germicidal light (G1578 UV lamp) at 16 cm distance for 15 s 
with constant shaking and were plated on solid SAB. After incubation at 
28 ◦C in the dark for 5 days, CFUs were counted. As controls, CFUs from 
untreated conidia were counted. Relative survival was the percentage of 
CFUs from treated conidia relative to the CFUs from untreated conidia. 

2.13. Statistical analyses of experimental data 

Results were presented as mean values from independent experi-
ments ± standard deviations. Statistically significant differences were 
determined by one-way analysis of variance followed by Bonferroni’s 
multiple comparison tests, using the GraphPad Prism 5 Software. 

3. Results 

3.1. Identification of stuA gene in T. rubrum 

The ortholog of the stuA gene was identified from the genome 
database of T. rubrum CBS 118892 (https://www.ncbi.nlm.nih.gov/gen 
e/?term=TERG_00714). The annotated protein (accession number 
XP_003238727) identified by InterProScan and ScanProsite domain 
search tools is 620 amino acid residues long containing a conserved 
APSES domain (IPR003163) and the residues 135–241. BLASTP 
searches for StuA orthologs, and multiple sequence alignments of 
selected orthologs revealed that StuA from T. rubrum shared medium 
percent identities with MSTU1 from M. grisea (45 %), Asm-1 from 
N. crassa (45 %), StuA from A. fumigatus (50 %), and StuA from 
A. nidulans (50 %), presenting a high percent of identities with StuA 
orthologs among the dermatophytes. The region comprising the APSES 
domain was highly conserved among all sequences analyzed (results not 
shown). 

3.2. stuA was upregulated during the growth of T. rubrum in keratin 

We analyzed the gene expression profile of stuA during the growth of 
T. rubrum in keratin broth, containing water and keratin powder as the 
sole source of nutrients. Transcriptional analyses by real-time PCR (qRT- 
PCR) revealed that stuA was upregulated in serial time-points during the 
growth of T. rubrum in keratin (Fig. 1). 

3.3. Generation of stuA null mutants in T. rubrum 

Next, to investigate the functions of the stuA gene in T. rubrum and its 
potential involvement in its virulence, we generated the mutant strains 
by deleting the stuA gene, followed by a targeted replacement with the 
selectable marker hygromycin B phosphotransferase (hph) gene. The 
gene-targeting constructs were generated following the double-joint 
PCR (Yu et al., 2004) and split marker (Catlett et al., 2003) methodol-
ogies with successive PCR rounds (Fig. 2A and B). The constructs were 
introduced into WT protoplasts, and hygromycin-resistant trans-
formants from independent transformations were obtained and 
screened. We performed diagnostic PCR and initially identified two 
putative stuA mutants, not amplifying a 143-bp fragment, corresponding 
to an internal region of stuA (Fig. 2C). A second PCR with primers 
flanking the stuA locus amplified a 6.3-kb fragment, in contrast to the 5.6 
kb product from the WT, containing the stuA gene, confirming the 
replacement of stuA by the hph cassette in the putative mutants (Fig. 2D). 

Further, Southern hybridization detected DNA fragments of 
different-sizes, either 6.1 kb in the WT or 2.8 kb in the absence of stuA, 
and confirmed the generation of ΔstuA(1) and ΔstuA(2) mutant strains 
(Fig. 2E). Moreover, the Southern hybridization probed with the hph 
cassette confirmed the absence of ectopic integrations of the 
gene-targeting constructs in ΔstuA(1) and ΔstuA(2) strains (results not 
shown). 

3.4. Deletion of stuA altered colony growth, morphology, and 
pigmentation of T. rubrum 

We initially compared the growth of the WT, ΔstuA(1), and ΔstuA(2) 
strains on various nutritional media. All strains were cultured on solid 
MEA, SAB, PDA, and MM (Fig. 3). ΔstuA(1) and ΔstuA(2) were able to 
grow on all conditions tested. However, the mutant strains presented 
phenotypic changes compared with the WT strain. The WT strain pro-
duced fluffy cotton-like colonies, and the characteristic T. rubrum red- 
brownish pigmentation was evident on the reverse side of the colonies 
cultured on MEA, SAB, or PDA plates. Unlike the WT strain, the ΔstuA 
(1), and ΔstuA(2) mutant strains produced flatter colonies with the 
wrinkled appearance and creamy-white pigmentation on the reverse 
side of the plates (Fig. 3A). The mutant strains did not produce the red- 
brownish pigmentation even after prolonged incubation in tested con-
ditions (not shown). Compared with the WT strain, the mutant strains 
also displayed delayed radial growth rates (Fig. 3B) and conidia sus-
pensions with altered pigmentation (Fig. 3C). 

3.5. StuA is involved in aerial growth and hyphae hydrophobicity in 
T. rubrum 

Because ΔstuA(1) and ΔstuA(2) mutants produced flatter colonies, 
we investigated whether deleting stuA affected both aerial and invasive 
hyphae growth. WT colonies cultured on MEA and SAB, presented long 
and thin aerial hyphae, whereas ΔstuA(1) and ΔstuA(2) colonies 
cultured on both media presented shorter aerial hyphae, prominently 
after growth on MEA. However, all strains exhibited similar invasive 
growth in the conditions tested (Fig. 4A). Owing to the weak aerial 
growth, we evaluated whether stuA deletion altered the hyphal hydro-
phobicity. After dropping water on WT, ΔstuA(1), and ΔstuA(2) col-
onies, ΔstuA(1) and ΔstuA(2) cultured on MEA displayed a readily 

Fig. 1. Transcription profile of stuA during the growth of the T. rubrum in 
keratin. Conidia were inoculated in keratin broth, and mycelia were collected 
in a time-course experiment after 48 h, 72 h, and 96 h of growth at 28 ◦C. Total 
RNA was isolated for qRT-PCR analyses. Relative gene expression was calcu-
lated using the sample collected at 48 h as the reference sample. Values are the 
average from three independent experiments, with the respective standard 
deviations. Statistically significant differences were determined by one-way 
analysis of variance followed by Bonferroni’s multiple comparison tests and 
are indicated by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001). 
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wettable phenotype, and water droplets were immediately soaked into 
their mycelia but not into WT mycelia (Fig. 4B). This indicated that 
ΔstuA(1) and ΔstuA(2) hyphae were more hydrophilic than WT hyphae. 
When colonies grown on SAB were tested, water droplets remained onto 
the mycelia of all strains (Fig. 4B). However, the droplets presented 
increased in surface contact on ΔstuA(1) and ΔstuA(2) mycelia than on 
the WT mycelia (Fig. 4C), indicating a reduced hydrophobicity of the 
stuA mutants hyphae. Furthermore, the analysis of hypA modulation 
showed a significant decrease in its transcript levels for mutant strain 
ΔstuA(2) after growing in keratin medium compared to WT strain 
(Fig. 5). 

3.6. StuA is implicated in morphogenesis and germination in T. rubrum 

We evaluated the effects of stuA deletion on microscopic aspects of 
hyphae and conidia. Compared with the longer, thinner hyphae, and 
smaller conidia produced by the WT strain cultured on MEA, the stuA 
mutant strains resulted in an altered phenotype with hypertrophic 
characteristics. Unlike the WT strain, the ΔstuA(1), and ΔstuA(2) mutant 
strains displayed thicker and shorter hyphae and conidia with increased 
size. In addition, the mutant strains produced hyphae containing 
abnormal swollen thick-walled regions, resembling chlamydoconidia 
(Fig. 6A). Moreover, when ΔstuA(1) and ΔstuA(2) conidia were inocu-
lated in SAB broth, they germinated faster than the WT conidia (Fig. 6B). 
This feature was also observed when conidia were inoculated on solid 
medium (not shown). 

3.7. Deletion of stuA increased conidia susceptibility to heat-shock and 
UV light exposure 

Next, we evaluated the effect of the phenotypic changes presented by 
stuA mutant conidia on their survival rate subjected to environmental 
stresses. The results showed that as compared with WT conidia, ΔstuA(1) 

and ΔstuA(2) conidia presented increased susceptibility to heat shock 
and UV light. After the exposure to those stresses, conidia from the 
mutant strains displayed a more noticeable reduction in viability than 
those from the WT strain (Fig. 7). 

3.8. StuA is involved in keratin degradation 

We investigated the possible role of StuA in T. rubrum virulence by 
evaluating the ability of stuA mutants to grow on keratinized substrates. 
Initially, the strains were inoculated on keratin media, containing 
distilled water and keratin as the sole source of nutrients. Compared 
with the WT strain, ΔstuA(1) and ΔstuA(2) strains displayed impaired 
growth and could not form colonies on solid keratin medium (Fig. 8A). 
The inoculum of either conidia or mycelia provided identical results (not 
shown). However, after inoculation into liquid keratin media, all strains 
(WT, ΔstuA(1), and ΔstuA(2) mutants) could grow. All strains alkalin-
ized the culture media equally (Fig. 8B) and produced equivalent bio-
masses (Fig. 8C). We used the crude culture supernatants to quantify 
keratin degradation by secreted proteases. Compared with the WT 
strain, ΔstuA(1) and ΔstuA(2) strains presented a reduction in kerati-
nolytic activities (Fig. 8D). 

3.9. Deletion of stuA altered the growth of T. rubrum on human models of 
infection 

To evaluate whether StuA is important for the growth of T. rubrum in 
host microenvironments, we used established human models of nail and 
skin infections in vitro (Grumbt et al., 2013; Peres et al., 2016). Conidia 
from WT, ΔstuA(1), and ΔstuA(2) strains were inoculated on ex vivo 
human nail fragments, and the fungal growth was evaluated. We 
observed a significant increase in conidia size in both the mutant strains, 
compared to the conidia size in WT strain (Fig. 9A). The WT strain was 
able to grow and colonize nail fragments completely, unlike the ΔstuA 

Fig. 2. Generation of stuA null mutants in 
T. rubrum. Schematic representation of the 
construction of ΔstuA strains (A and B) and 
molecular analyses (C to E). stuA DNA flanking 
regions were amplified by PCR with primers P1 
and P2 and with P3 and P4. Primers P2 and P3 
have tails complementary to the hph cassette 
sequence, used as a selectable marker. The 
flanking fragments and hph cassette were mixed 
and fused by PCR (A). In the following PCR 
round, the fused product was the template to 
amplify split-marker fragments with primers P5 
and H1 and with H2 and P6. The resulting 
fragments with an overlapping region were co- 
transformed into T. rubrum wild-type (WT) 
protoplasts. A triple homologous recombination 
event resulted in the generation of the ΔstuA 
mutant strains (B). stuA Replacement by hph 
cassette was analyzed by PCR with primers S1 
and S2 (C) and with primers P1 and P4 (D) as 
well as by Southern blot of the digested 
genomic DNA with EcoRI (E) and BamHI (B) 
probed with stuA fragment (E). DNA molecular 
size standards (M) and DNA fragment sizes are 
indicated.   
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(1) and ΔstuA(2) strains, which presented impaired growth (Fig. 9B, 
upper panels), even after prolonged incubation (not shown). Scanning 
electron microscopy of nail fragments revealed that adhesion and 
germination capabilities were not compromised in ΔstuA(1) and ΔstuA 
(2) strains (Fig. 9B, lower panels). When conidia were inoculated on ex 
vivo human skin fragments, ΔstuA(1) and ΔstuA(2) strains displayed 
reduced growth on that substrate compared with the WT strain (Fig. 9C, 
upper panels), but adhesion, germination, and skin invasion were not 
impaired (Fig. 9C, middle and lower panels). As keratinocytes are the 
predominant cell type of the epidermis and are responsible for the 
barrier function of the skin, we also evaluated the conidia germination 
during the interaction with human keratinocytes in vitro. Conidia were 
co-cultured with keratinocytes; after 24 h of interaction, the ΔstuA(1) 
and ΔstuA(2) strains displayed a more vigorous development compared 
with the WT strain (Fig. 10). Tests conducted with the same strains in the 

RPMI medium ruled out the culture medium itself as causing this effect 
(results not shown). 

4. Discussion 

Here, we generated two null mutant strains by the deletion of stuA 
gene in the dermatophyte T. rubrum to investigate the role of the APSES 
transcription factor StuA. The APSES family of transcription factors is 
unique to fungi and acts as a key regulator of fungal development (Zhao 
et al., 2015). 

The deletion of stuA in T. rubrum resulted in a dramatic change in the 
morphology of hyphae and conidia, and flat whitish colonies with 
decreased radial growth were observed. Delayed colony radial growth 
has been previously reported in ΔstuA mutants of Fusarium graminearum 
and A. benhamiae (Lysoe et al., 2011; Krober et al., 2017). Turgor 

Fig. 3. Colony growth, morphology, and pigmentation of T. rubrum. Mycelial plugs from wild-type (WT) or ΔstuA(1) and ΔstuA(2) mutant strains were 
inoculated on the center of malt extract (MEA), Sabouraud (SAB), potato dextrose (PDA), or minimal (MM) solid media and incubated at 28 ◦C. Fungal growth was 
monitored for 21 days. Front and reverse side of the plates were photographed (A), colony radial extension was measured (B), and conidia suspensions were obtained 
from mycelia grown on MEA (C). All results are representative of three independent experiments. Statistically significant differences were determined by one-way 
analysis of variance followed by Bonferroni’s multiple comparison tests and are indicated (p•

< 0.1; *p < 0.05; **p < 0.01; ***p < 0.001). 
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pressure is the physical force that drives the expansion of the cell wall of 
growing hypha (Bartnicki-Garcia et al., 2000), and StuA is involved in 
the maintenance of normal turgor pressure within the appressorium of 
G. cingulate (Tong et al., 2007). Thus, the turgor pressure of cells in the 
stuA mutants of T. rubrum may be altered. 

Here, we assessed various characteristics of T. rubrum ΔstuA strains, 
such as hypertrophy, hyphae thickness, conidia size, as well as the 
presence of chlamydoconidia. Some fungi produce these structures in 
response to stresses, including the alterations in osmolarity, tempera-
ture, and presence of antifungals (de Oliveira Pereira et al., 2013). Thus, 
we hypothesized that chlamydoconidia were produced to protect 
T. rubrum from the metabolic stress caused by the stuA mutation. 

T. rubrum ΔstuA mutant strains have also shown a decrease in aerial 
hyphae growth, as previously described for other fungi (Tong et al., 
2007; Lysoe et al., 2011; Krober et al., 2017; Longo et al., 2018; Xie 
et al., 2019) while displaying an increase in hyphal formation in broth 
media. These traits correlate to a boost in hydrophilic potential repre-
senting their correlation to the differences in the expression levels of 
hydrophobins, which was confirmed by analysis of the hypA gene. 
However, the different expression levels of hydrophobins might be 
responsible for other phenomena observed in this work. 

The hydrophobins are small and amphiphilic proteins containing 
eight cysteine residues in a conserved pattern and are restricted to 

Fig. 4. Aerial and vegetative hyphae and hyphal hydrophobicity of T. rubrum. Mycelial plugs from wild-type (WT), ΔstuA(1), and ΔstuA(2) strains were 
inoculated on malt extract (MEA) or Sabouraud (SAB) solid media. After 5 days at 28 ◦C, side views of colonies were assessed to analyze aerial and invasive hyphae 
growth (A). After 21 days at 28 ◦C, hyphal hydrophobicity was tested by placing drops of water (B) or water colored with bromophenol blue (C) onto mycelia. 

Fig. 5. Transcriptional levels of the hypA gene from T. rubrum. Relative 
expression was evaluated by qPCR using minimal medium (MM) as a reference 
sample. Mycelia from both strains wild type and ΔstuA(2) were inoculated in 
MM and keratin medium (keratin) for 24 h. Significantly different values are 
shown by asterisks, and were determined using analysis of variance followed by 
Tukey’s ad hoc test (**P < 0.01; ***P < 0.001). 
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filamentous fungi (Bayry et al., 2012). These proteins are involved in 
conidia germination, morphogenetic processes, cell wall architecture, 
fungal attachment to solid supports, and virulence (Wessels, 1997; 
Whiteford and Spanu, 2001; Fuchs et al., 2004; Quarantin et al., 2019). 
The hydrophobic coat in the outer layers of conidia and hyphae cell wall 
plays an essential role in conidia protection against wetting, desiccation, 
and favors conidia dispersal (Wosten, 2001; Klimes and Dobinson, 

2006). Here, we hypothesize that swollen conidia and rapid germination 
of the mutant strains of T. rubrum ΔstuA are related to an imbalance in 
osmoregulation leading to disturbances in metabolism and cell wall 
construction. The intracellular contents of compatible solutes can also 
influence the speed of conidia germination (Hallsworth and Magan, 
1995). Moreover, fungi can respond to stress by the following mecha-
nisms: reinforcing the cell wall, changing the plasma membrane 

Fig. 6. Microscopic aspects of hyphae, conidia, and germination of T. rubrum. Wild-type (WT), ΔstuA(1) and ΔstuA(2) strains were grown on malt extract agar 
(MEA) slide culture for 15 days at 28 ◦C, stained with lactophenol cotton blue, and visualized by light microscopy. Black and white arrows indicate conidia and 
abnormal swollen regions, respectively (A), WT, ΔstuA(1), and ΔstuA(2) conidia were inoculated into Sabouraud broth, and germination was evaluated by light 
microscopy after 3 h and 20 h of incubation (B). 
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composition, increasing the carbon flux and generation of energy, 
among others (Hallsworth, 2018) 

Noteworthy, other studies have correlated the cell wall structure/ 
integrity to the signaling pathways such as MAP cell wall integrity 
pathway and high-osmolarity glycerol (Hog1) pathway with hydro-
phobin and with StuA (Fuchs and Mylonakis, 2009; Moonjely et al., 
2018; Cairns et al., 2019). Thus, the cell wall structure/integrity may be 
related to the metabolism of triacylglycerols, which dictates the fluidity 
of the plasma membrane, and consequently modulates the cell signaling 
including the synthesis of high-osmolarity solutes. 

Moreover, it has also been shown that the StuA of A. nidulans controls 
the hydrophobin gene induction in response to sugarcane bagasse 
(Brown et al., 2016). Besides, the association of the hydrophobin with 
mechanosensing as a response to phytopathogen infection has also been 

shown in Lotus japonicus (Moscatiello et al., 2018). We assessed differ-
ences in the pattern of infection in mutant strains under different 
experimental conditions such as growth on nail fragments, skin, and 
co-culture with keratinocytes. We strongly believe that these differences 
might also be affected by the mechanosensing response of these mutant 
strains. Changes in the conidia and hyphae cell wall coating by hydro-
phobin are related to the production of aggregate formations and in-
fluence the contact surface (Winandy et al., 2018). Besides, the previous 
findings on a possible change in the central carbon metabolism in ΔstuA 
mutant strains and an attempt to shift the energy metabolism to alter-
native routes (IpCho et al., 2010) may support our data. 

To further characterize the role of StuA mutants of T. rubrum, we 
assessed several virulence traits of StuA, such as keratinolytic enzyme 
secretion, pigmentation, thermal tolerance, and ex vivo interaction with 

Fig. 7. Susceptibility of T. rubrum to heat- 
shock and UV light exposure. Conidia from 
wild-type (WT), ΔstuA(1), and ΔstuA(2) strains 
were subjected to heat shock at 42 ◦C for 30 
min and 60 min (A) or to UV light exposure for 
15 s (B). Relative survival was the percentage of 
colony-forming units (CFUs) after each treat-
ment compared with CFUs before the treat-
ment. Values are the average from three 
biological replicates from independent experi-
ments with the respective standard deviations. 
Statistically significant differences were deter-
mined by one-way analysis of variance followed 
by Bonferroni’s multiple comparison test and 
are indicated by asterisks (*p < 0.05; **p <
0.01; ***p < 0.001).   

Fig. 8. Growth of T. rubrum in keratin and quantification of keratinolytic activity. Wild-type (WT), ΔstuA(1), and ΔstuA(2) strains were cultivated in both solid 
and liquid keratin media. For growth on solid medium, mycelial plugs were inoculated on the center of keratin-agar plates, followed by incubation at 28 ◦C for 21 
days (A). For growth in the liquid medium, conidia were inoculated in keratin broth and cultured at 28 ◦C. After 96 h, each culture was filtered to collect mycelia and 
culture supernatant. The pH of the culture supernatants was measured (B), mycelial dry weight (C), and the keratinolytic activities of the crude culture supernatants 
were quantified (D). Values are the average from three biological replicates from independent experiments, with the respective standard deviations. Statistically 
significant differences were determined by one-way analysis of variance followed by Bonferroni’s multiple comparison tests and are indicated (p•

< 0.1; *p < 0.05). 
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Fig. 9. Growth of T. rubrum on 
human nails and skin. Scanning 
electron microscopy (SEM) photomi-
crographs of wild-type (WT), ΔstuA 
(1), and ΔstuA(2) conidia used to 
inoculate human nails and skin ex vivo 
(A). Human nail and skin fragments 
inoculated with conidia were incu-
bated at 28 ◦C. Nail fragments were 
photographed after 30 days of incu-
bation (B, upper panels) and 
analyzed by SEM (B, lower panels), 
and skin fragments were analyzed by 
SEM after 96 h of incubation (C). 
Controls are nail and skin fragments 
not inoculated with conidia.   
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human skin and nails, as representative of the host microenvironment. 
We observed that T. rubrum ΔstuA mutants lack the characteristic 

pigmentation present in the WT strain. It has been previously reported 
that T. rubrum produces xanthomegnin, a mycotoxin, responsible for the 
characteristic red-brownish color on the reverse side of the colony plates 
(Wirth, 1965). T. rubrum also produces melanin or melanin-like pig-
ments in vitro and during skin infections (Youngchim et al., 2011). 

Pigmentation has been correlated to stress tolerance upon exposure 
to UV and higher temperatures (Kawamura et al., 1999; Paolo et al., 
2006; Gao et al., 2020), as well as hydrophobin expression (Moonjely 
et al., 2018). Melanin creates an environment in the cell that favors the 
accumulation of solutes by generating a high turgor pressure and 
creating a barrier to glycerol influx/efflux (Foster et al., 2017). 
Melanin-deficient mutants of M. oryzae do not generate cellular turgor 
pressure in appressoria and are non-pathogenic (Chumley and Valent, 
1990), suggesting a relationship between melanin, accumulation of 
compatible solutes, and virulence. Thus, our results indicate that StuA 
participates directly or indirectly in these cellular events in T. rubrum. 

Moreover, previous studies have shown that the resistance of ascospores 
to heat in Neosartorya fischeri (Aspergillus fischeri) is correlated with 
intracellular viscosity and the level of compatible solutes (Wyatt et al., 
2015). 

The secretion of hydrolytic and keratinolytic enzymes contributes to 
the establishment and survival of the dermatophyte in the host (Monod 
et al., 2002; Tainwala and Sharma, 2011; Tran et al., 2016; Baumbach 
et al., 2020). These enzymes are differentially regulated based on the 
microenvironment and keratin sources available (Staib et al., 2010; 
Bitencourt et al., 2016; Peres et al., 2016; Tran et al., 2016; Petrucelli 
et al., 2018). Moreover, a correlation between the keratinolytic activity 
and disease severity has been previously proposed (Viani et al., 2001). 
Furthermore, the growth of T. rubrum in keratin shows dynamic meta-
bolic modulation involving the metabolism of carbon and nitrogen and 
increased levels of urea secreted in the culture supernatants that also 
contribute to keratin degradation (Martins et al., 2020). 

Here, we showed that in T. rubrum the deletion mutants ofstuA pre-
sented an impairment when grown on skin or nail, and showed a 

Fig. 10. Co-culture of T. rubrum with human keratinocytes. Conidia from wild-type (WT), ΔstuA(1), or ΔstuA(2) strains were co-cultured with HaCat human 
keratinocytes at 37 ◦C for 24 h. After May-Grünwald-Giemsa staining, co-cultures were analyzed by light microscopy imaging. Controls are keratinocytes cultured in 
the absence of conidia. 
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significant reduction in keratinolytic activity. We speculated that StuA 
may play a role in keratin degradation and virulence via the regulation 
of the secretory mechanism. The involvement of StuA in the control of 
proteolytic activity and virulence was recently reported in the nem-
atophagous A. oligospora (Xie et al., 2019). Moreover, the stuA mutant of 
A. benhamiae was unable to grow on human hair or nails, suggesting the 
participation of StuA in the virulence of this dermatophyte (Krober et al., 
2017). 

The study of the role of a transcription factor such as StuA with 
pleiotropic functions highlights the conundrums behind transcription 
factors in fungal pathobiology. Moreover, the in-silico analysis con-
ducted to predict potential StuA target genes showed a total of 1,548 
genes (about 17 % of total genome of T. rubrum) with at least one 
binding site for this transcription factor (Supplementary Fig. S1). These 
data strengthened the points covered by our study and showed the 
involvement of StuA in main representative classes related to oxidation- 
reduction, phosphorylation, proteolysis, transcription/translation 
regulation, and carbohydrate metabolism, among others. 

5. Conclusion 

Collectively our data showed the StuA from T. rubrum as a crucial 
molecular target to be exploited in anti-dermatophytes therapies. Herein 
we showed the involvement of StuA in many cellular processes, which 
strengthen the possibility of this transcription factor as a crosstalk 
mediator regulating different paths to confer adaptive responses and 
favor fungal-host interaction. Notwithstanding, a depth knowledge 
about this transcription factor could be achieved using high throughput 
approaches. 
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