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SUBG6 Subtilisin is Involved During the Initial
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The growing incidence of dermatophytoses and the emergence of strains resistant to available antifungal
agents raise the need for a better understanding of the virulence mechanisms of dermatophytes to identify new
therapeutic targets. The proteases of the subtilisin family have previously been highlighted as potential viru-
lence factors for dermatophytes, in particular the protease SUB6, which was first discovered to be an allergen
capable of inducing immediate and delayed hypersensitivity skin reactions. Moreover, SUB6 expression and
SUB6 protein production were detected during experimental and natural skin infections with several derma-
tophyte species. In this study, we specifically investigated the importance of SUB6 during Trichophyton ben-
hamiae and T. mentagrophytes dermatophytosis in a reconstructed human epidermis model by comparing
parental strains with genetically engineered ones deleted (ASUB6) or complemented for the SUB6-encoding
gene. Thereby, a role for SUB6 has been identified in the initial steps of adhesion to the host epidermal sur-
face. However, the ASUB6 strains were able to finally invade the reconstructed human epidermis, suggesting

that SUBG6 is a robust fungal marker of infection but not an essential virulence factor.
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INTRODUCTION

Dermatophytoses are the most common mycoses worldwide,
with a prevalence of 20—25% (Havlickova et al, 2008; Zhan
and Liu, 2017). The incidence is much more elevated in
some geographical areas, such as in India, where an epidemic-
like scenario of dermatophytosis is occurring (Verma et al,
2021). Of concern is the current emergence of strains resis-
tant to usual antifungal drugs (Gupta et al, 2024; Monod et al,
2023; Sacheli and Hayette, 2021), particularly related to the
limited antifungal therapeutic targets identified to date.
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Dermatophytoses therefore represent a burden for public
health, and there is a current need for a better understanding of
their pathogenesis, especially to identify new targets for the
development of innovative treatments.

Subtilisin proteases belong to a family comprising 12
members, named SUB1—12, and were highlighted as po-
tential virulence factors of dermatophytes (Graser et al, 2018;
Monod, 2008; Satala et al, 2023; Vermout et al, 2008).
Although members of the subtilisin family are generally
involved in the degradation of infected keratinized struc-
tures, some may exert specific roles. For instance, a role for
SUB3 in the adhesion of Microsporum canis spores to the
host epidermis was demonstrated using in vitro and ex vivo
models (Bagut et al, 2012; Baldo et al, 2010, 2008). How-
ever, important variations in fungal expression profiles
analyzed during in vivo infection or during growth in vitro
on synthetic agar, especially regarding expression of
subtilisin-encoding genes, suggest that dermatophytes can
evolve under 2 distinct phenotypes: a saprophytic one and
an infectious one (Staib et al, 2010; Tran et al, 2016). In
particular, although SUB3 and SUB4 genes appear highly
expressed by Trichophyton benhamiae during in vitro growth
on keratin-enriched agar, there is little or no expression while
this species is infecting its natural host guinea pigs in vivo
(Staib et al, 2010; Tran et al, 2016).

Of particular interest, whereas the T. rubrum SUB6 protease
was initially reported as a major allergen capable of inducing
immediate and delayed hypersensitivity skin reactions in
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humans (Woodfolketal, 1998), the SUB6 gene appeared as the
second most highly expressed gene by T. benhamiae during
infection in guinea pigs (Staib et al, 2010; Tran et al, 2016). In
addition, the SUB6 protease was detected in humans with T.
rubrum onychomycosis (Méhul et al, 2016) and in T. verru-
cosum bovine ringworm (Lindenhahn et al, 2021). Those ob-
servations altogether suggest that SUB®6 is a relevant marker of
dermatophytosis that could simultaneously play important
roles in the infectious process during dermatophytosis.

In this study, the role played by SUB6 during infection was
investigated through models of T. benhamiae and T. men-
tagrophytes dermatophytosis in reconstructed human
epidermis (RHE). This model efficiently recapitulates the
infection mechanisms deployed by T. benhamiae during
infection of its natural hosts, including a strong expression of
SUB6 (Faway et al, 2025). Infection of RHE by SUB6
gene—deleted strains of T. benhamiae and T. menta-
grophytes was analyzed and revealed the involvement of
SUB6 during the initial steps of adhesion but no further
impairment of host tissue invasion by deleted strains. Results
suggest that SUB6 is a robust fungal marker of infection, the
presence of this protease being associated with the infectious
phenotype of dermatophytes, but is not an essential virulence
factor required for the development of infection.

RESULTS
SUB6-deleted strains of T. benhamiae quickly invade the
human epidermis despite weaker initial adhesion
The T. benhamiae KU70—lacking mutant (Tb-AKU70),
derived from the wild-type (WT) IHEM 20161 strain (ie, Th-
WT), was used as the recipient strain to generate a SUB6-
deleted strain (Tb-ASUB6) and a SUB6-complemented strain
(Tb-SUBG6c), as described in the Materials and Methods sec-
tion (Table 1). Each strain of T. benhamiae was tested for RHE
infection following a procedure developed by Faway et al
(2019, 2017). As previously observed with the Th-WT strain
(Faway et al, 2025), the invasion of the epidermis by the Tb-
AKUZ0, Tb-ASUB6, and Th-SUB6c strains progressed over
time, reaching full thickness after 4 days of infection, with no
difference between strains, suggesting that SUBG6 is dispens-
able for the invasion to occur (Figure 1a). To mimic in vivo
lesions restricted to the cornified layer, T. benhamiae infec-
tion in RHE was always analyzed on day 3 after infection,
when hyphae remain localized superficially in the epidermis.
Histological analysis of infected RHE recovered on day 3
after infection showed a deeper invasion for the Tb-ASUB6
strain than for the other T. benhamiae strains, which was
confirmed by measuring the extent of invasion (Figure 1a and

b). In parallel, transepithelial electrical resistance (TEER)
measurements through infected RHE revealed that the Tb-
ASUBG6 strain more rapidly altered the epidermal barrier
integrity than any other strain (Figure 1c). Surprisingly, the Th-
ASUB6 strain was also characterized by a slower initial
adhesion to the epidermal surface, measured during the first
2 hours after inoculation (Figure 1d). Notably, after 4 hours of
contact, the adhesion of the Tb-ASUB6 strain reached a level
identical to that observed with all other strains (Figure 1d).

Deletion of SUB6 also impairs the initial adhesion in T.
mentagrophytes

The T. mentagrophytes KU80—lacking mutant (Tm-AKU80),
derived from the WT TIMM 2789 (Tm-WT) strain, was used
as the recipient strain to generate an SUB6-deleted strain
(Tm-ASUB6) and an SUB6-complemented strain (Tm-
SUBG6c), as described in the Materials and Methods section
(Table 2). After RHE infection with WT and mutant strains of
T. mentagrophytes, the fungal invasion progressed similarly
over time and remained in the cornified layer within the first
4 days after infection (Figure 2a), allowing analysis of T.
mentagrophytes infection in RHE on day 4 after infection and
suggesting that SUB6 is not critical for invasion (Figure 2a
and b). TEER measurements through infected RHE showed
that the integrity of the epidermal barrier was altered as early
as on day 2 after infection and more significantly during
infection with the Tm-ASUB6 strain than with others
(Figure 2c). Interestingly and consistent with what was
observed with T. benhamiae, reduced adhesion to the
epidermal surface was observed 30 minutes after RHE inoc-
ulation with the Tm-ASUB6 strain (Figure 2d).

Early and late infection time points refer to adhesion and
invasion steps
On the basis of adhesion and invasion kinetics, 2 time points
were determined to study the mechanisms of infection: one
for “early infection” and one for “late infection.” In practice,
the early infection time point corresponds to the duration of
contact between spores and RHE from which the adhesion of
the WT strain reaches at least 25%, which is 30 minutes for
both T. benhamiae and T. mentagrophytes (Figures 1d and
2d). The late infection time point is when the invasion by the
WT strain is sufficiently developed but still restricted to the
superficial layers of the epidermis, which happens on day 3
after infection for T. benhamiae and on day 4 after infection
for T. mentagrophytes (Figures 1a and 2a).

It is important to note that RHE represents a suitable
model to induce the infectious phenotype in T. benhamiae
because 3 fungal genes previously suggested as markers of

Table 1. Strains of Trichophyton benhamiae Used in this Study

Name of the Strain Abbreviation

Identification Number

Genotype

WT strain Tb-WT

Recipient strain Tb-AKU70
SUB6-deleted strain Th-ASUB6
SUB6-complemented strain Tb-SUB6c

ATbeKu70-5-1 (TIMM40015; IFM 66349)'
AAbSUB6-14-5
AbSUB6C-23-3

IHEM 20161 —
KU?70-lacking mutant
KU70-lacking and SUB6-lacking mutant

KU70-lacking and SUB6-lacking mutant,
reintroduction of the SUB6 gene

Abbreviation: WT, wild-type.
'Yamada et al (2021).
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Figure 1. Development of the infection with the deleted strains of Trichophyton benhamiae on RHE. (a) RHE was infected with the WT (Tb-WT), recipient (Th-
AKU?70), deleted for SUB6 (Tb-ASUBS6), and complemented for SUB6 (Th-SUB6c) strains of T. benhamiae and recovered daily during the 4 days after infection
(1d to 4d) for histological processing and Periodic-acid Schiff staining with a-amylase pretreatment and hemalun counterstaining (bar = 50 um). (b) The area
occupied by fungal elements on day 3 after infection (3d) was quantified on histological slides (n = 3, mean + SD; 1-way ANOVA; *P < .05 showing statistical
differences between the Th-ASUBG6 strain and the other strains). (c) TEER was measured daily during infection to assess the epidermal barrier integrity. TEER
values are expressed as a percentage of the values measured before infection (0 days; n = 3, mean =+ SD; 2-way repeated-measures ANOVA; *P < .05, **P <
.01, and ***P < .001 indicate statistical differences for each strain compared with 0 days; *P < .05 indicates statistical differences between the Th-ASUB6 strain
and the other strains at each time point). (d) The adhesion percentage of T. benhamiae to epidermis was determined after different contact durations, from 0.5 to
4h (n =3, mean £ SD; 2-way ANOVA; *P < .05, **P < .01, and ***P < .001 indicate statistical differences for each strain compared with 0.5 h; *P < .05 and
#p < .01 indicate statistical differences between the Tb-ASUB6 strain and the other strains at each time point). h, hour; RHE, reconstructed human epidermis;
TEER, transepithelial electrical resistance; WT, wild-type.

dermatophytosis infection, namely naphthalene reductase
(ARP2), a deuterolysin (DEUT), and thaumatin (THAU),
were overexpressed during RHE infection (Faway et al,
2025; Tran et al, 2016). In this study, similar data are re-
ported on day 4 after infection during T. mentagrophytes
infection in RHE, demonstrating that RHE is again a suitable
model to analyze the infectious phenotype of T. menta-
grophytes (Figure 2e and f).

Similar inflammatory responses are induced in RHE during
infection by the deleted and parental strains of T. benhamiae
and T. mentagrophytes

The establishment of an inflammatory response by the host
during RHE infection with the mutant strains of T. benha-
miae and T. mentagrophytes was assessed by measuring the
mRNA expression of the proinflammatory cytokines IL183
and TNFa and the antimicrobial peptide BD2 (B-defensin-2)
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Table 2. Strains of Trichophyton mentagrophytes Used in this Study

Name of the Strain Abbreviation Identification Number Genotype

WT strain Tm-WT TIMM 2789' —

Recipient strain Tm-AKU80 1062Av1401° KU80-lacking mutant
SUB6-deleted strain Tm-ASUB6 Av1101-6-7-4 KU80-lacking and SUB6-lacking mutant
SUB6-complemented strain Tm-SUB6c Av1101-6C-1-9 KU80-lacking and SUB6-lacking mutant,

reintroduction of the SUB6 gene

Abbreviation: WT, wild-type.
"Uchida et al (2003).
2Yamada et al (2014).

by RT-gPCR after total RNA extraction (Figure 3). All these
inflammatory markers were similarly overexpressed at the
late infection time point, regardless of the mutant strain
used for T. benhamiae and T. mentagrophytes. It should be
noted that no overexpression of proinflammatory markers
can be detected during early infection (Faway et al, 2025),
likely because contact between fungal elements and sub-
corneal living keratinocytes is required to induce keratino-
cyte responses (Faway et al, 2019).

SUB9 is overexpressed in the absence of SUB6

Fungal subtilisin mRNA expression was assessed by RT-qPCR
during RHE early and late infection with T. benhamiae and T.
mentagrophytes. For both species, few differences in fungal
gene expression were observed between the recipient and
the WT strains (P = .044 for SUBT relative mRNA expression
measured at late infection between Th-AKU70 and Tb-WT
and P = .024 for SUBT1 relative mRNA expression
measured at early infection between Tm-AKU80 and Tm-
WT) (Figure 4), suggesting that the deletion of the KU70 or
KUS80 gene or the process of genetic manipulation only
slightly affects the fungal phenotype of T. benhamiae or T.
mentagrophytes. To account for this small effect of genetic
manipulation, the fungal subtilisin mMRNA expression levels
in the ASUB6 and SUBG6c strains were compared with those
in corresponding recipient strains.

For T. benhamiae, a rather different expression profile was
observed between early and late infection time points, sug-
gesting that distinct mechanisms are involved in T. benha-
miae adhesion and invasion (Figure 5a and b). Indeed,
although the SUB6 and SUBT0 genes were already overex-
pressed by T. benhamiae during early infection, over-
expression of the SUBT gene was only observed during late
infection. Overall, all mutant strains of T. benhamiae showed
the same expression profile, except for the SUB9 gene, which
was only overexpressed by the Tb-ASUB6 strain during late
infection (P = .016 and P = .002 in comparison with Th-
AKU70 strain and Tb-SUB6c strain, respectively). As ex-
pected, no expression of the SUB6 gene could be detected in
the Tb-ASUBS strain.

For T. mentagrophytes, little expression of subtilisin genes
was measured during early infection, regardless of the strain
used (Figure 5c). However, it is important to note that for
SUB6 and SUBT10 genes, the basal expression in T. menta-
grophytes spores, collected after growth in potato dextrose
agar, is quite high compared with that in T. benhamiae
spores, suggesting an elevated basal expression for these 2

JID Innovations (2025), Volume 5

genes in T. mentagrophytes spores (Figure 6). During late
infection, T. mentagrophytes overexpressed several subtilisin
genes: SUB1, SUB3, SUB4, SUB5, SUB6, SUBS, SUB9, and
SUBTO0 (Figure 5d). Interestingly, as already observed for T.
benhamiae, SUB9 appeared to be more highly expressed by
the Tm-ASUB6 strain than by the others, although this dif-
ference was not statistically significant (P = .091 and P =
.068 in comparison with Tm-AKU80 strain and Tm-SUB6c
strain, respectively).

DISCUSSION

Despite the growing global incidence of dermatophytoses, a
very limited number of studies have investigated the fungal
virulence mechanisms underlying the initiation and devel-
opment of such superficial infections. Members of the sub-
tilisin protease family have long been evoked as potential
virulence factors for dermatophytes (Graser et al, 2018;
Monod, 2008; Satala et al, 2023; Vermout et al, 2008).
Interestingly, SUB6 was found to be the most overexpressed
secreted protease-encoding gene by T. benhamiae during the
experimental infection in guinea pigs, its natural host (Staib
et al, 2010; Tran et al, 2016), suggesting that SUB6 may
play an active role in the development of infection. Deleted
and complemented strains of dermatophytes have already
been successfully used to unravel the role of a specific gene
in the pathogenic phenotype of dermatophytes (Ishii et al,
2023). This study successfully generated ASUB6 and SUB6c
strains of T. benhamiae and T. mentagrophytes from the
parental strains AKU70 and AKUS80, respectively. Then,
through infection on RHE using these genetically engineered
strains, we specifically investigated the role of SUB6 during
T. benhamiae and T. mentagrophytes infections.

Because transcriptomic studies have shown that T. ben-
hamiae expresses a different set of genes when growing on
synthetic agar or during in vivo infection (Staib et al, 2010;
Tran et al, 2016), it seems crucial to use an adequate model
for dermatophytosis. As previously shown for T. rubrum and
T. benhamiae (Faway et al, 2025), in this study, we demon-
strate overexpression of 3 fungal genes previously identified
as infection markers (ie, ARP2, DEUT, and THAU) during
RHE infection by T. mentagrophytes, confirming that the
dermatophytosis model on RHE recapitulates the infectious
phenotype of dermatophytes. Despite some intrinsic limita-
tions (Faway et al, 2021b), the RHE model therefore appears
as a valuable tool to study the pathogenesis of dermatophy-
tosis. Especially, the RHE model enables the analysis of the
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Figure 2. Development of the infection with the deleted strains of Trichophyton mentagrophytes on RHE. (@) RHE was infected with the WT (Tm-WT), recipient
(Tm-AKU80), deleted for SUB6 (Tm-ASUB6), and complemented for SUB6 (Tm-SUB6c) strains of T. mentagrophytes and recovered daily during the 4 days after
infection (1d to 4d) for histological processing and Periodic-acid Schiff staining with a-amylase pretreatment and hemalun counterstaining (bar = 50 pm). (b)
The area occupied by fungal elements on day 4 after infection (4d) was quantified on histological slides (n = 3, mean + SD; 1-way ANOVA; P > .05). (c) TEER
was measured daily during infection to assess the epidermal barrier integrity. TEER values are expressed as a percentage of the values measured before infection
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Figure 3. Host inflammatory responses during dermatophyte infection on RHE. Relative mRNA expression of host proinflammatory cytokines (/L7 and TNFa)
and antimicrobial peptides (BD2) was assessed by RT-qPCR after total RNA extraction from RHE infected with WT, recipient (AKUZ0 or AKU80), deleted for
SUB6 (ASUB6), and complemented for SUB6 (SUB6¢) strains of (a) Trichophyton benhamiae (denoted as Tb) and (b) T. mentagrophytes (denoted as Tm) and
collected (@) 3 (3d) or (b) 4 (4d) days after infection. The mRNA expression level is calculated relative to the expression level measured in uninfected control
RHE (n = 3, mean + SD; 2-way ANOVA; *P < .05, **P < .01, and ***P < .001 indicate statistically significant differences for each strain compared with

expression in control; no statistically significant difference was observed between strains). Complete names and accession numbers of studied genes are listed in

Supplementary Table S3. BD2, B-defensin-2; RHE, reconstructed human epidermis; WT, wild-type.

early fungal stages of infection, namely adhesion and
germination (Faway et al, 2021b, 2017; Tirtiaux et al, 2025).

Interestingly, as previously shown for T. benhamiae during
infection in RHE and mouse model and for T. rubrum during
RHE infection (Faway et al, 2025), a strong expression of
SUB6 is also detected during T. mentagrophytes infection on
RHE. Together with previous studies that successfully detec-
ted the protease SUB6 in guinea pig skin explants infected
ex vivo with T. benhamiae (Baumbach et al, 2020) as well as
in T. rubrum human onychomycosis (Méhul et al, 2016) and
in T. verrucosum bovine ringworm (Lindenhahn et al, 2021),
our observations suggest that the presence of this protease is
associated with dermatophyte infection, regardless of the role
SUB6 may or may not play in the infectious process. This
reinforces the idea that SUB6 may be a robust marker of
dermatophytosis, irrespective of the fungal species involved,
and therefore represents an interesting diagnostic target. New
diagnostic strategies based on the detection of SUB6 protease
or encoding RNA may emerge for both human and veterinary
medicine. These strategies should be faster than culture-
based diagnosis and, in contrast to current DNA-based mo-
lecular diagnosis (Aho-Laukkanen et al, 2024), enable
discrimination between infectious and dormant dermato-
phytes sometimes present in healthy carriers (llkit and

<

Demirhindi, 2008). The ASUB6 strains of T. benhamiae and
T. mentagrophytes adhered less efficiently to the epidermal
surface of RHE after 30 minutes and 2 hours of contact than
the reference strains (AKU70/80 and SUB6c), suggesting a
role for SUBG in the initial steps of adhesion. The fact that the
same observation was made in 2 different Trichophyton
species suggests that the involvement of SUB6 in adhesion
may be conserved among dermatophyte species. Such a hy-
pothesis is supported by the detection of SUB6 protease
during natural infection with T. rubrum and T. verrucosum
(Lindenhahn et al, 2021; Méhul et al, 2016). Although
another subtilisin, SUB3, has previously been identified as
involved in the adhesion of M. canis spores (Baguf et al,
2012; Baldo et al, 2010, 2008), the exact mechanism
through which subtilisin proteases could participate in
adhesion is not yet identified. It is neither clear whether the
subtilisin proteases could be direct ligands for binding host
structures or whether they proteolytically model other sur-
face molecules on fungal or host cells. The involvement of a
fungal protease in adhesion has already been demonstrated
in Aspergillus fumigatus, whose alkaline protease 1 (Alp1/
Asp f 13/oryzin) has been identified as a fibrinogen-binding
protein, participating in the interactions of this fungus with
the human extracellular matrix (Upadhyay et al, 2012).

<

(0 days; n = 3, mean + SD; 2-way repeated-measures ANOVA; **P < .01 and ***P < .001 indicate statistically significant differences for each strain compared
with 0 days; P < .05 indicates statistical differences between the Tm-ASUB6 strain and the other strains at each time point). (d) The adhesion percentage of T.
mentagrophytes to epidermis was determined after different contact durations, from 0.5 to 4 h (n = 3, mean + SD; 2-way ANOVA; *P < .05, **P < .01, and ***P
< .001 indicate statistically significant differences for each strain compared with 0.5 h; *P < .05 indicates statistically significant differences between the Tm-
ASUBS6 strain and the other strains at each time point). (e, f) Relative mRNA expression of fungal marker genes was assessed by RT-qPCR during (e) early
infection and (f) late infection. The mRNA expression level is calculated relative to the expression level measured in (e) nonactivated spores or (f) mycelium as
control (n = 3, mean + SD; 2-way ANOVA; *P < .05 and ***P < .001 indicate differences compared with control for each strain; no statistically significant
difference was observed between strains). Complete names and accession numbers of studied genes are listed in Supplementary Table S5. h, hour; RHE,
reconstructed human epidermis; TEER, transepithelial electrical resistance; WT, wild-type.
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expression of fungal subtilisins was assessed by RT-qPCR during RHE (a, ¢) early and (b, d) late infection with the WT and recipient (AKU70 and AKU8O0) strains
of (a, b) T. benhamiae (denoted as Tb) and (c, d) T. mentagrophytes (denoted as Tm). The mRNA expression level is calculated relative to the expression level
measured in (a, ¢) nonactivated spores or (b, d) mycelium as control (n = 3, mean + SD; 2-way ANOVA; *P < .05, **P < .01, and ***P < .001 indicate

statistically significant differences compared with control for each strain; *P < .05 indicates statistically significant differences between WT and recipient strains
for each gene; Cq > 45). Complete names and accession numbers of studied genes are listed in Supplementary Tables S4 and S5. h, hour; ND, nondetected;

RHE, reconstructed human epidermis; WT, wild-type.

Furthermore, it could be hypothesized that the proteolytic
activity of SUB6 may induce damage and cell death in host
keratinocytes, thereby releasing intracellular motifs and
impairing host defenses, which could finally facilitate
adhesion and invasion.

Despite a potential role for SUB6 in the adhesion step,
both T. benhamiae and T. mentagrophytes ASUB6 strains
were ultimately able to adhere to the host epidermis and
invade the cornified layer of RHE. The T. benhamiae ASUB6
strain appeared even more invasive than the reference strains,
with a deeper level of invasion and some quicker alteration of
the epidermal barrier integrity. A trend toward an accelerated
impact on the epidermal barrier integrity was also observed
for T. mentagrophytes ASUBG6 strain during RHE infection.
These observations contrast with the findings of a previous
study that had reported reduced virulence for a SUB6-deleted
strain generated from T. mentagrophytes ATCC 28185 during
experimental infection in guinea pigs (Shi et al, 2016).
Because this ATCC 28185 strain has since then been reclas-
sified as the anthropophilic species T. interdigitale (Suh et al,
2018), differences between the 2 studies may be due to the
existence of distinct pathogenic mechanisms deployed by

zoophilic (ie, T. benhamiae and T. mentagrophytes) and
anthropophilic dermatophytes, as previously suggested
(Faway et al, 2025). The invasion of RHE by the ASUB6
strains of T. benhamiae and T. mentagrophytes strains sug-
gests that SUBG6 is definitely dispensable for adhesion and
invasion to occur, most likely due to some compensatory
mechanisms that appear in the absence of SUB6. Compen-
satory mechanisms between dermatophyte proteases have
been previously reported during the infection in guinea pigs
with the SUB6-deleted strain of T. interdigitale ATCC 28185,
which overexpressed SUB3 and MEP4, a metalloprotease-
encoding gene, in comparison with the WT strain (Shi et al,
2016). During RHE infection, SUB9 appeared to be signifi-
cantly overexpressed by the ASUB6 strain of T. benhamiae,
and a similar trend was observed for T. mentagrophytes.
Interestingly, although not statistically significant, a tendency
toward higher expression of SUB9 by the 4SUB6 strain of T.
benhamiae was also observed during experimental infection
in a mouse model (Poirier et al, 2025). In this mouse model,
no difference was observed in clinical scores, tissular fungal
invasion, or host inflammation induced by infection with
reference and 4SUB6 strains of T. benhamiae. However, the
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Figure 5. Fungal subtilisin expression by Trichophyton benhamiae and T. mentagrophytes during infection on RHE. Relative mRNA expression of fungal
subtilisins was assessed by RT-qPCR during RHE (a, ¢) early infection and (b, d) late infection with recipient (AKU70 or AKU80), deleted for SUB6 (ASUB6), and
complemented for SUB6 (SUB6c) strains of (a, b) T. benhamiae (denoted as Tb) and (c, d) T. mentagrophytes (denoted as Tm). The mRNA expression level is
calculated relative to the expression level measured in (a, ¢) nonactivated spores or (b, d) mycelium as control (n = 3, mean + SD; 2-way ANOVA; *P < .05, **P
< .01, and ***P < .001 indicate statistically significant differences compared with control for each strain; *P < .05 and ***P < .001 indicate statistically
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Figure 6. Basal expression of fungal subtilisins in spores and mycelium of Trichophyton benhamiae and T. mentagrophytes. Relative mRNA expression of
fungal subtilisins was assessed by RT-qPCR after total RNA extraction from (a) a pellet of spores (collected after culture on potato dextrose agar) or (b) mycelium
(recovered after 24 h of growth in Sabouraud glucose broth) of T. benhamiae (denoted as Tb) and T. mentagrophytes (denoted as Tm) WT strains. The relative
expression level of each subtilisin for T. mentagrophytes is calculated relative to the expression for T. benhamiae (n = 3, mean + SD; 1-way ANOVA; *P < .05,
**P < .01, and ***P < .001 indicate statistically significant differences between T. benhamiae and T. mentagrophytes for each gene). Complete names and
accession numbers of studied genes are listed in Supplementary Tables S4 and S5. h, hour; WT, wild-type.

mouse model does not allow the analysis of the early stages
of infection, thus missing a potential effect on the adhesion
step. Together, observations in RHE and mouse models sug-
gest that SUB9 expression might be involved in the
compensatory mechanisms employed by dermatophytes
lacking SUB6. The generation of strains deleted for SUB9 as
well as of multiple deleted strains for SUB6 and SUB9 and
the subsequent infection in RHE and mouse models will
allow to better characterize the respective roles of both these
proteases. On the other hand, besides the subtilisin family,
the involvement of other genes cannot be excluded. An RNA-
sequencing analysis will therefore be performed to identify
genes that are overexpressed during infection in the absence
of SUB6. Furthermore, these compensatory mechanisms,
probably involving the upregulation of other proteases such
as SUBY, may be responsible for the greater invasiveness of
the ASUB6 strains of T. benhamiae observed during RHE
infection. Accordingly, the SUB6-deleted strain of T. inter-
digitale ATCC 28185 showed a higher proteolytic activity
than the WT strain (Shi et al, 2016).

In conclusion, by comparing the development of infection
in RHE between reference and ASUB6 strains of T. benha-
miae and T. mentagrophytes, we identified a role for SUB6 in
the initial adhesion of dermatophyte spores to the host

<

epidermis. However, owing to potential compensatory
mechanisms, SUB6 alone is not an indispensable actor in the
establishment of infection and therefore not a sufficient target
to develop therapeutic approaches. Nevertheless, because
SUBG6 expression is associated with dermatophyte infection,
regardless of its possible role in the infectious process, SUB6
is a robust fungal marker of dermatophytosis that might be an
interesting target for clinical diagnosis.

MATERIALS AND METHODS

Dermatophyte strains and genetic manipulation

All T. benhamiae and T. mentagrophytes strains, listed in Tables 1
and 2, were maintained on Sabouraud glucose agar (SGA) (BD
Bioscience). The T. benhamiae KU70—lacking mutant (Th-AKU70),
which was produced from the WT strain IHEM 20161 (Figure 7), and
the T. mentagrophytes dominant selectable marker (hygromycin B
phosphotransferase gene)—free KU80-lacking mutant 1062Av1401
(Tm-AKUB80) (Yamada et al, 2014), derived from TmKu80A49
(Yamada et al, 2009), were used as the recipient strains for genetic
manipulation. Microconidium formation was induced at 28 °C using
1/10 SGA, supplemented with 500 pg/ml cycloheximide (Wako
Chemical) and 50 pg/ml chloramphenicol (Wako Chemical). Agro-
bacterium tumefaciens EHA105 was maintained as previously

-
significant differences between the ASUB6 strain and the other strains for each gene; Cq > 45). Complete names and accession numbers of studied genes are
listed in Supplementary Tables S4 and S5. ND, nondetected; RHE, reconstructed human epidermis.
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Figure 7. Production of a Trichophyton benhamiae mutant strain lacking the KU70 gene (Tb-AKUZ0). (a) Schematic representation of the binary KU70-
targeting vector pAg1-AbKu70/T2. The nptll cassette is composed of Aspergillus nidulans trpC promoter (PtrpC), E. coli neomycin phosphotransferase gene
(nptll), and A. fumigatus cgrA terminator (TcgrA). Border sequences are the specific regions that delineate the DNA to be transferred during A.
tumefaciens—mediated transformation. Restriction enzyme sites: A, Apal; B, BamHI; K, Kpnl; P, Pstl; and Sp, Spel. (b) Disruption of the KU70 gene was achieved
by transformation of the WT strain (Tb-WT) with the PcFLP/FRT module from the pAg1-AbKu70/T2 vector. The PcFLP/FRT module was then excised by site-
specific recombination between the flanking FRT sequences through conditional expression of the Pcflp gene after transformation. (c) Verification of the
deletion in the KU70 locus by Southern blotting analysis. Aliquots of approximately 10 pg of genomic DNA from each strain were digested with Pstl and
separated by electrophoresis on 0.8% (w/v) agarose gel. Lane 1, Tb-WT (parent strain); lane 2, Tb-AKU70. A fragment of about 520 bp of the KU70 locus was
amplified by PCR with a pair of the primers P15 and P16 (Supplementary Table S1) and used as a hybridization probe. DNA standard fragment sizes are shown

on the left. UTR, untranslated region; WT, wild-type.

described (Yamada et al, 2009). E. coli DH5a. (Nippon Gene) was
used for molecular cloning.

Total dna extraction.  Total DNA was extracted according to the
method of Girardin and Latge (1994). The growing mycelia of each
dermatophyte strain were collected after incubation on SGA for 3—4
days at 28 °C, frozen in liquid nitrogen, and ground twice with a
Multi-Beads shocker (Yasui Kikai) at 2000 r.p.m. for 10 seconds.

Construction of gene replacement vectors for targeted gene
disruption.  The T. benhamiae SUB6—targeting vector was con-
structed from the binary vector pAgl-AbKu70/T2 (Figure 7). The
2.00 kb of the 5’- and 3’ untranslated regions (UTRs) of the SUB6
gene from T. benhamiae (ARB_05307) were amplified from total
DNA of the Tb-AKU70 strain by PCR with the P1—P4 and P5—P6
primer pairs, respectively (Supplementary Table ST). Each fragment
was double digested with the Spel/Apal and the BamHI/Kpnl en-
zymes, respectively, and inserted into the corresponding sites within
pAg1-AbKu70/T2 to generate pAgl1-AbSUB6/T (Figure 8 and
Table 3). For complementation of SUB6 gene in the T. benhamiae
ASUBG strain, an approximately 3.0 kb fragment containing the 5’
UTR and the coding region of the SUB6 gene was amplified from
total DNA of the Tb-AKU70 strain by PCR using the P7—P10 primers
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(Supplementary Table S1). The resulting fragment was digested with
Spel/Apal and inserted into the Spel/Apal site of pAg1-AbSUB6/T to
generate pAg1-AbSUB6/C (Figure 8 and Table 3).

The T. mentagrophytes SUB6—targeting vector pMRV-AvSUB6/T
was constructed from pMRV-TmKu80/T2 (Figure 9 and Table 4).
Approximately 2.4 kb of the 5" and 3" UTRs of the SUB6 gene from
T. mentagrophytes (AHY02992.1) were amplified from total DNA of
Tm-WT strain by PCR using the following primer pairs: P17—P22
and P23—P24 (Supplementary Table S2). Each fragment was double
digested with the Spel/Apal and the BamHI/Kpnl enzymes, respec-
tively, and inserted into the corresponding sites within pMRV-
TmKu80/T2 to generate pMRV-AvSUBG/T (Figure 9 and Table 4). For
complementation of SUB6 gene in the Tm-ASUB6 strain (Yamada
et al, 2014), an approximately 3.08 kb fragment containing the 5’
UTR and the coding region of SUB6 gene was amplified from total
DNA of the Tm-AKUS80 strain by PCR with the following primer pair:
P25—P28 (Supplementary Table S2). The resulting fragment was
double digested with Spel/Apal. The 3’ UTR fragment of SUB6 gene
was excised from pMRV-AvSUB6/T with BamHI/Kpnl. These 2
fragments were inserted into the corresponding sites of pAgl-
AbKu70/T2, respectively, to generate pAg1-AvSUB6/C (Figure 9 and
Table 4).
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Figure 8. Disruption of the SUB6 gene and subsequent reintroduction by a gene replacement strategy in the Trichophyton benhamiae AKU70 strain. (a)
Schematic representation of the binary SUB6-targeting vector pAg1-AbSUB6/T and the binary SUB6-complementation vector pAg1-AbSUB6/C. Border
sequences are the specific regions that delineate the DNA to be transferred during A. tumefaciens—mediated transformation. Restriction enzyme sites: A, Apal;
B, BamHI; K, Kpnl; Sp, Spel; and X, Xhol. (b) Disruption of the SUB6 gene was achieved by transformation of the recipient strain Tb-AKU70 with the PcFLP/FRT
module from the pAg1-AbSUBG6/T vector. The PcFLP/FRT module was then excised by site-specific recombination between the flanking FRT sequences through
conditional expression of the Pcflp gene after transformation. (c) Reintroduction of the SUB6 gene by transformation of the strain Tb-ASUB6 with the PcFLP/FRT
module from the pAg1-AbSUB6/C vector. The PcFLP/FRT module was then excised by site-specific recombination between the flanking FRT sequences through
conditional expression of the Pcflp gene after transformation. (d) Verification of the deletion and subsequent reintroduction in the SUB6 locus by Southern
blotting analysis. Aliquots of approximately 10 ug of genomic DNA from each strain were digested with Pstl and separated by electrophoresis on 0.8% (w/v)
agarose gel. Lane 1, Tb-AKU70 (parent strain); lane 2, Tb-ASUB6 (SUB6-deleted strain); and lane 3, Th-SUB6¢ (SUB6-complemented strain). A fragment of
about 540 bp of the SUB6 locus was amplified by PCR with primers P15 and P16 (Supplementary Table S2) and used as a hybridization probe. DNA standard
fragment sizes are shown on the left.

Table 3. Plasmids Used for Generation of Trichophyton benhamiae—Mutant Strains

Plasmid Description

pAgl’ A streamlined version of the binary vector pBIN19 containing sequences necessary for replication in E.
coli and A. tumefaciens (oriV, trfA), E coli neomycin phosphotransferase (nptll), and the T-DNA region. A
multiple cloning site was placed within the T-DNA region.
pAg1-AbKu70/T2’ AbKu70a fragment (the 5’-UTR of KU70 gene; 2.49kb), 5’-FLP recombination target (FRT), PtrpC
(X02390), nptll, TcgrA (AFUA_8G02750), Pctr4 (TERG_01401), Penicillium chrysogenum—optimized
Pcflp, Ttrp1 (M74901), 3'-FRT sequence, AbKu70b fragment (the 3’-UTR of KU70 gene; 2.19 kb)

pAg1-AbSUB6/T SUB6a fragment (the 5'-UTR of SUB6 gene; 2.0 kb), 5’-FRT sequence, PtrpC, nptll, TcgrA, Pctr4, Pcfip,
Ttrp1, 3’-FRT sequence, SUB6b fragment (the 3’-UTR of SUB6 gene; 2.02 kb)
pAg1-AbSUB6/C SUB6c fragment (the 5'-UTR and the coding region of SUB6 gene; 2.95 kb), 5-FRT sequence, PtrpC,

nptll, TcgrA, Pctr4, Pcflp, Ttrp1, 3'-FRT sequence, SUB6b fragment (the 3’-UTR of SUB6 gene; 2.02 kb)

Abbreviations: T-DNA, transferable DNA; UTR, untranslated region.
1Zhang et al (2003).
2Yamada et al (2017).
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Figure 9. Disruption of the SUB6 gene and subsequent reintroduction by a gene replacement strategy in the Trichophyton mentagrophytes AKU80 strain. (a)
Schematic representation of the SUB6-targeting vector pMRV-AvSUBG6/T and the binary SUB6-complementation vector pAg1-AvSUB6/C. Border sequences in
pAg1-AvSUBG/C are the specific regions that delineate the DNA to be transferred during A. tumefaciens—mediated transformation. Restriction enzyme sites: A,
Apal; B, BamHI; K, Kpnl; and Sp, Spel. (b) Disruption of the SUB6 gene was achieved by transformation of the recipient strain Tm-AKU80 with the AvFLP/FRT
module from the pMRV-AvSUBG6/T vector. The AVFLP/FRT module was then excised by site-specific recombination between the flanking FRT sequences through
conditional expression of the Avflp gene after transformation. (c) Reintroduction of the SUB6 gene by transformation of the strain Tm-ASUB6 with the PcFLP/
FRT module from the pAg1-AvSUB6/C vector. The PcFLP/FRT module was then excised by site-specific recombination between the flanking FRT sequences
through conditional expression of the Pcflp gene after transformation. (d) Verification of the deletion and subsequent reintroduction in the SUB6 locus by
Southern blotting analysis. Aliquots of approximately 5 pg of genomic DNA from each strain were digested with BamHI and separated by electrophoresis on
0.8% (w/v) agarose gel. Lane 1, Tm-AKUS8O0 (parent strain); lane 2, Tm-ASUB6 (SUB6-deleted strain); and lane 3, Tm-SUB6c (SUB6-complemented strain). A
fragment of about 520 bp of the SUB6 locus was amplified by PCR with primers P22 and P27 (Supplementary Table S2) and used as a hybridization probe. DNA
standard fragment sizes are shown on the left.

All PCR reactions were performed using PrimeSTAR HS and Pri-
meSTAR GXL DNA polymerases or Extag DNA polymerase (Takara
Bio). If necessary, the internal Apal, BamHI, Kpnl, and Spel sites
contained in the amplified fragments were inactivated by overlap
extension PCR using appropriate primer pairs. The nucleotide se-
quences of all the primers used are listed in Supplementary Tables S1
and S2. If necessary, the amplified fragments were gel purified with a
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QIAEX Il gel extraction kit (Qiagen), subcloned into Hincll-digested
pUC118, and sequenced.

Fungal genetic transformation.  Genetic transformation of each
T. benhamiae strain was performed according to the previously
described A. tumefaciens—mediated transformation method
(Yamada et al, 2017). After cocultivation, nylon membranes were
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Table 4. Plasmids Used for Generation of Trichophyton mentagrophytes—Mutant Strains

Plasmid

Description

PMRV-TmKu80/T2'

TmKu80 gene fragment (AB427108) (position —66 to 1444, 1.51 kb), 5’-FRT sequence, PtrpC, nptll,

TcgrA, Pctr4, T. mentagrophytes—optimized flp gene (Avflp), Ttrp1, 3’-FRT sequence, TmKu80 gene

PMRV-AvSUB6/T'

fragment (positions 1533—3054, 1.52 kb)

SUBG6a fragment (the 5’-UTR of SUB6 gene, 2.36 kb), 5'-FRT sequence, PtrpC, nptll, TcgrA, Pctr4, avfip,

Ttrp1, SUB6b fragment (the 3'-UTR of SUB6 gene, 2.45 kb)

pAg1-AvSUB6/C

SUBG6c fragment (the 5-UTR and the coding region of SUB6 gene, 3.08 kb), 5’-FRT sequence, PtrpC,

nptll, TcgrA, Pctr4, Pcflp, Ttrp1, 3’-FRT sequence, SUB6b fragment

Abbreviation: UTR, untranslated region.
TYamada et al (2014).

transferred onto SGA containing 250 ug/ml G418 (Wako) and 10 pM
copper(ll) sulphate pentahydrate and overlaid with 10 ml of the same
solution. After 48 hours, the plates were further overlaid with 10 ml
of SGA containing 350 pg/ml G418 and 10 pM copper(ll) sulphate
pentahydrate and incubated for 4—5 days. Colonies regenerating on
the selective media were considered as putative G418-resistant
clones and were transferred onto MOPS-buffered RPMI 1640A
agar medium supplemented with 500 pg/ml cycloheximide, 50 pg/
ml chloramphenicol, 200 pg/ml cefotaxime sodium (Sanofi-Aventis),
and 20 uM bathocuproine disulfonate (Dojindo Laboratories) and
passaged several times. The T. rubrum ctr4 promoter (Pctr4) is a
conditional promoter that is repressed in the presence of copper.
Chelation of copper by bathocuproine sulfate activates the Pctr4,
leading to the induction of the Pcflp gene expression. Expression of
PcFLP recombinase leads to excision of the selectable marker
through PcFLP-mediated site-specific recombination between the
flanking FRT sequences.

Genetic transformation of the T. mentagrophytes AKU80 strain for
SUBG6 gene deletion was performed by the protoplast/polyethylene
glycol—mediated method as previously described (Yamada et al,
2014). Colonies regenerating on the selective medium (SGA con-
taining 250 pg/ml G418 and 10 uM copper(ll) sulphate pentahy-
drate) were picked up as putative G418-resistant clones, transferred
onto RPMI1640A medium, and passaged multiple times to activate
the Pctr4, leading to the induction of the Avflp gene expression and
subsequent excision of the selectable marker through AvFLP-
mediated site-specific recombination between the flanking FRT se-
quences. Complementation of the SUB6 gene in the ASUB6 strain
was performed by the A. tumefaciens—mediated transformation
method as described earlier.

Screening of the desired transformants.  The desired trans-
formants were finally screened by PCR, Southern blot analysis, and
nucleotide sequencing. Aliquots of 50—100 ng of the total DNA
were used as templates in the PCR reactions. For Southern blot
analysis, aliquots of approximately 5—10 pg of the total DNA were
digested with an appropriate restriction enzyme, separated by
electrophoresis on 0.8% (w/v) agarose gels, and transferred to
Hybond-N+ membranes (Cytiva). Southern hybridization was per-
formed using the ECL Direct Nucleic Acid Labelling and Detection
System (Cytiva), according to the manufacturer’s instructions.

Production of fungal suspension for RHE infection

All strains of T. benhamiae and T. mentagrophytes (Tables 1 and 2)
were grown on SGA at 30 °C, and then the spore suspensions were
prepared following a recently published method by Faway et al
(2021a). Briefly, after growth on SGA, dermatophyte sporulation
was induced by incubation on potato dextrose agar at 30 °C and

under 12% carbon dioxide. The fungal material was harvested and
filtered through Miracloth layers (Millipore), and the unicellular
spores were finally suspended in PBS. The resulting spore suspen-
sions are composed of microconidia and enriched in arthroconidia,
whose percentage reaches up to 21 and 9% for T. benhamiae IHEM
20161 and T. mentagrophytes TIMM 2789, respectively (Faway et al,
2021a). For simplicity, microconidia and arthroconidia are collec-
tively referred to as “spores” throughout this paper. The total con-
centration of spores in the resulting suspension was determined by
counting colony-forming units after 3 days of incubation on SGA at
30 °C.

Infection model on RHE

RHE was prepared from normal human keratinocytes (Human
Epidermal Keratinocytes, adult; Thermo Fisher Scientific) on 0.6 cm?
polycarbonate filter inserts (Merck), following a previously pub-
lished procedure (De Vuyst et al, 2014).

RHE was infected by topical application of spore suspension as
previously described by Faway et al (2017). The fungal load in the
inoculum was adjusted to 30 colony-forming units for T. benhamiae
and 150 colony-forming units for T. mentagrophytes, as previously
determined to induce fungal invasion of the epidermis limited to the
cornified layer on day 3 or 4 after infection, respectively (Faway et al,
2025) (Figures 1 and 2). Four hours after inoculation, PBS washes
were performed to remove nonadherent spores and re-expose RHE
to air. Infected RHE was then maintained in culture until day 3 or 4
after infection and finally harvested for histological analysis and total
RNA extraction (late infection).

The integrity of the epidermal barrier was monitored during
infection by measuring the TEER across the RHE using a Millicell
ERS-2 Voltohmmeter (Millipore). These measurements are expressed
as a percentage of the TEER values measured across the RHE before
infection.

To assess spore adhesion to the epidermal surface, nonadherent
spores recovered during PBS washes, performed after 30 minutes, 1
hour, 2 hours, or 4 hours of contact were counted on SGA to
determine the percentage of remaining adherent spores, as previ-
ously done (Faway et al, 2017).

To study fungal gene expression during early infection, an inoc-
ulum of 1.10® colony-forming units was applied topically onto RHE.
After 30 minutes of contact, allowing for reactivation of the spores
upon contact with the epidermal tissue, activated spores were
collected by washing with PBS and centrifuged for RNA extraction
from the spore pellet.

Histological analysis
Infected RHE was fixed in a 4% formaldehyde solution and histo-
logically processed as previously described (Faway et al, 2017).
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Periodic-acid Schiff staining with o-amylase pretreatment and
hemalun counterstaining was performed to highlight fungal ele-
ments. When observing the slides under the microscope (Olympus),
the area stained by periodic-acid Schiff could be quantified, giving a
value for the extent of the invasion.

RNA extraction and RT-qPCR

Total RNA was extracted from infected RHE and reverse transcribed
into cDNA according to a previously optimized procedure (Faway
et al, 2025). After qPCR using Takyon NO ROX SYBR Master Mix
(Eurogentec) and specific primers listed in Supplementary
Tables S3—5, the relative expression of human and fungal genes
was calculated using the 2229 method, using human RPLPO and
fungal BTUB as reference genes. Because the fungal expression
profile differs according to phenotype (spores or hyphae), adequate
control samples must be used to analyze gene expression levels in
dermatophytes during early and late infection in RHE. As previously
done (Faway et al, 2025), RNA extracted from a pellet of spores and
from fungal mycelium, recovered after 24 hours of growth in Sab-
ouraud glucose broth, was used as relativization control for early
and late infection, respectively.

Statistical analyses

For each experiment in RHE, 3 independent experimental replicates
were performed using freshly prepared RHE and spore suspensions.
For RNA expression measurements, 2 technical replicates were
performed for each experimental replicate; practically, for each
experimental replicate, 2 RHEs were identically treated and pro-
cessed before RNA was extracted from both and pooled before being
subjected to RT-qPCR.

All statistical analyses were performed with SigmaPlot, version
11.0 (Systat Software). Shapiro—Wilk normality test followed by 1-
way or 2-way ANOVA was carried out, and a P < .05 was consid-
ered statistically significant. Two-way repeated-measures ANOVA
was used for statistical analysis of the TEER experiments, which
allowed monitoring of the same RHE over time.
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