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Abstract
Background: Terbinafine, an allylamine antifungal, is crucial for treating dermatophy-
tosis by inhibiting squalene epoxidase (SQLE) in the ergosterol biosynthetic pathway. 
However, resistance is emerging, particularly in India and Southeast Asia, but reports 
of resistance spread worldwide. Despite this, comprehensive studies on terbinafine 
resistance in Trichophyton are still limited.
Objectives: This research aimed to determine the prevalence of terbinafine resistance 
in the Czech Republic, with a focus on Trichophyton rubrum and Trichophyton menta-
grophytes, and investigate the underlying molecular mechanisms.
Patients/Methods: A total of 514 clinical strains of T. rubrum and 240 T. mentagro-
phytes collected from four Czech clinical institutions were screened for terbinafine 
resistance. Molecular investigations included DNA sequencing, specifically the ITS 
rDNA region and SQLE gene, as well as antifungal susceptibility testing following 
EUCAST guidelines.
Results: While no resistance was observed in T. rubrum, 2.5% of T. mentagrophytes 
strains exhibited resistance, marked by the F397L mutation in SQLE. Notably, resist-
ance surged from 1.2% in 2019 to 9.3% in 2020 but reverted to 0% in 2021. All re-
sistant strains were identified as T. mentagrophytes var. indotineae. Resistant strains 
exhibited high MICs for terbinafine (≥4 mg L−1) but low MICs to the other seven anti-
fungals tested except for fluconazole.
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1  |  INTRODUC TION

Dermatophytoses are treated with different classes of antifun-
gals, with terbinafine being a first-choice treatment. Terbinafine 
is an antifungal from the class of allylamines that targets the cell 
membrane. It specifically inhibits the enzyme squalene epoxidase 
(SQLE), which disrupts the synthesis of squalene epoxide, a pre-
cursor of ergosterol. Ergosterol is the main sterol found in fungal 
plasmatic membranes and plays a role in maintaining membrane 
fluidity and permeability.1 By disrupting the ergosterol biosyn-
thetic pathway, terbinafine depletes ergosterol and causes the 
accumulation of squalene, leading to increased cell membrane 
permeability and cell death.2

The increase in the incidence of resistance, particularly in 
Trichophyton mentagrophytes and T. rubrum species, is currently re-
ported especially from India and South-East Asia. The problem with 
dermatomycoses treatment in this region began as early as 2010 
and has significantly worsened in subsequent years.3 Resistant iso-
lates often have reduced affinity for terbinafine due to point muta-
tions in the SQLE gene resulting in the substitution of one or more 
amino acids, altering the conformation of the substrate binding site 
and significantly reducing the affinity of the drug for the enzyme.4,5 
This results in a resistant phenotype of the strains and the min-
imum inhibitory concentration (MIC) of the antifungal increases. 
In South-East Asia, inappropriate combinations of antibiotics, an-
tifungals and corticosteroid creams are commonly used to treat 
dermatophytoses. Patients often self-treat with these combination 
products because they are readily available without a prescription 
and at a relatively low cost.6 Other forms of inadequate treatment 
include failure to complete the entire treatment cycle, low dosage, 
and non-adherence to dose spacing. These factors contribute to 
treatment failure and the persistence of the causative agent, which 
leads to the selection of less susceptible strains.7

The prevalence of terbinafine resistance in India based on vari-
ous studies ranges from 0% to 76%, and it is influenced by factors 
such as the number of strains tested, the patient group studied, 
and geographical variation.8,9 Terbinafine resistance in the genus 
Trichophyton is not only restricted to South-East Asia region but is 
increasingly reported worldwide. One possible reason for the high 
incidence of resistance may be the spread of resistant strains by trav-
ellers from India, Bangladesh, Pakistan, Saudi Arabia or Thailand,10 
however, a large proportion of infections is reported in residents, 

suggesting community spread.11 Individual case reports or series of 
cases of resistant T. rubrum or T. mentagrophytes have been docu-
mented in various European and non-European countries, including 
Belgium,12 Canada,13 Denmark,14 France,10 Germany,11 Greece,8 
Iran,15,16 Italy,17 Japan,18,19 Poland,20 Russia,21 Turkey,22 and the 
USA.23,24 However, only a few studies have investigated the preva-
lence of terbinafine resistance in a significant number of T. rubrum or 
T. mentagrophytes strains over time. Specifically, studies conducted in 
Switzerland investigated samples from patients with suspected der-
matophyte infections in a single dermatology department between 
2013 and 2016, and between 2013 and 2021, respectively. These 
studies found an overall prevalence of 0.92%–0.97% for T. rubrum 
and 0.24%–0.57% for T. mentagrophytes during the mentioned peri-
ods.25,26 A prospective multicenter study was conducted in France, 
involving seven diagnostic laboratories in the Paris area, between 
January and September 2021. The study found a prevalence of 
resistance of 0.23% for T. rubrum and 0.69% for T. mentagrophytes 
among patients with superficial mycosis.27 A study conducted in 
Greece from 2010 to 2019 examined all dermatophytes collected in 
a single laboratory. It found that none of the tested T. rubrum iso-
lates were resistant. However, 25% of the T. mentagrophytes isolates 
showed resistance. Specifically, of the 36 T. mentagrophytes isolates 
tested, none of the 12 T. mentagrophytes var. interdigitale or 15 T. 
mentagrophytes var. mentagrophytes were resistant, while all 9 T. 
mentagrophytes var. indotineae isolates showed resistance to terbi-
nafine.8 Another study focused on toenail samples from patients 
with suspected tinea unguium across the USA. This study reported 
a prevalence of resistance of 3.6% for T. rubrum and 4.3% for T. men-
tagrophytes.28 Similarly, another study conducted between 2021 and 
2022, which investigated all dermatophyte isolates received by a 
single reference laboratory from institutions across North America 
reported a high rate of resistance of 18% for T. rubrum (21 resistant 
isolates out of 117) and 56% for T. mentagrophytes (23 resistant iso-
lates out of 41: 1/15 T. mentagrophytes var. mentagrophytes, 1/5 T. 
mentagrophytes var. interdigitale and 21/21 T. mentagrophytes var. in-
dotineae) (pers. comm. with N. Wiederhold).29 These high resistance 
rates may overestimate the real prevalence of terbinafine resistance 
because specialised clinical laboratories often receive strains with 
suspected resistance.30 The prevalence of terbinafine resistance in 
the Czech Republic has not been studied yet.

The objective of our study was to evaluate the prevalence of 
terbinafine resistance in the Czech Republic in T. rubrum and T. 

Conclusions: This study highlights the emergence of terbinafine-resistant T. menta-
grophytes strains in the Czech Republic, with the F397L mutation being pivotal. Due 
to the relatively low resistance level, the current guidelines for dermatomycosis treat-
ment in the Czech Republic remain effective, but ongoing surveillance is essential for 
timely adaptations if resistance patterns change.

K E Y W O R D S
allylamines, anthropophilic dermatophytes, antifungal resistance, dermatomycosis, squalene 
epoxidase, zoophilic dermatophytes
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mentagrophytes, the species most commonly associated with resis-
tance. Additionally, we sought to determine the molecular mech-
anism underlying this resistance. Given the growing global trend 
of resistance, our research is significant in documenting its initial 
stages and gaining insight into its future dynamics.

2  |  MATERIAL S AND METHODS

2.1  |  Clinical isolates

Clinical isolates of T. mentagrophytes were collected prospectively 
from 2018 to 2021 and T. rubrum isolates were collected from 2020 
to 2021 from four Czech clinical institutes: Dermatovenerology 
Clinic of the General University Hospital and the First Faculty of 
Medicine, Charles University, Prague; Public Health Institute in Ústí 
nad Labem, Prague; Public Health Institute in Ostrava, Ostrava; and 
Hospital České Budějovice, České Budějovice. The isolates were ob-
tained from patients with various types of dermatomycoses, primar-
ily tinea unguium, tinea pedis and tinea corporis (including the tinea 
faciei and tinea cruris subtypes). All the samples were submitted for 
initial diagnosis without a history of antifungal therapy.

The isolates were initially identified by clinicians or laboratory 
personnel based on the macromorphology of colonies and micro-
morphological characters as either T. rubrum or T. mentagrophytes/T. 
interdigitale. The identification of all T. mentagrophytes/T. interdigitale 
isolates was confirmed through DNA sequencing of the ITS rDNA 
region (see below). Molecular identification of T. rubrum isolates was 
conducted solely for morphologically atypical strains, while strains 
with typical morphology were considered to be T. rubrum (character-
ised by relatively slow growing, fluffy to cottony colonies, that are 
initially white but may turn cream or rose with age, with a reverse 
colour of wine-red, brown, olive, or yellow; microconidia are usually 
clavate or pyriform, and macroconidia are usually absent).31,32 This 
identification approach to T. rubrum is based on our previous work 
where the same institutions identified morphologically typical T. ru-
brum strains by morphology and atypical strains by molecular meth-
ods. When molecular methods were used to confirm morphological 
identification, the error rate was <1%.33

The authors confirm that the ethical policies of the journal, as 
noted on the journal's author guidelines page, have been adhered 
to. No ethical approval was required as the research in this article 
related to microorganisms.

2.2  |  Molecular studies

The DNA was isolated from colonies growing on malt extract agar 
(MEA; malt extract from Oxoid, Basingstoke, UK) incubated for 
10 days at 25°C. A commercial kit ZR Fungal/Bacterial DNA Kit™ 
(ZYMO RESEARCH, Irvine, California, USA) was used and the in-
structions from manual were followed. The quality of the DNA 
was verified using the NanoDrop Spectrophotometer. The ITS 

and partial LSU rDNA region was amplified using forward primer 
ITS1 (TCCGTAGGTGAACCTGCGG) and reverse primer NL4 
(GGTCCGTGTTTCAAGACGG). The PCR protocol by Hubka et al. 
was followed.34 PCR amplicons were purified using EXOSAP PP-
218 L (Jena Bioscience, Jena, Germany) and sequenced using both 
terminal primers by Sanger sequencing Bioanalyzer 2100 (Agilent, 
Santa Clara, USA) at BIOCEV, Czech Republic. The sequences 
were inspected and assembled using Bioedit v. 7.2.5 (https://​
bioed​it.​softw​are.​infor​mer.​com/7.​2/​). Identification was achieved 
by comparing the obtained ITS sequences with sequences origi-
nating from ex-type strains of the respective taxa (T. rubrum: 
CBS 392.58, GenBank: MH857821.1; Trichopyton mentagrophytes 
var. interdigitale: CBS 428.63, OM283536; T. mentagrophytes var. 
mentagrophytes: IHEM 4268, OM283542; T. mentagrophytes var. 
indotineae: CCF 6597 = NUBS 19006, OM283543). A similarity 
of more than 99% was considered sufficient for correct identi-
fication of T. rubrum. Identification of strains with lower similar-
ity (occurring only in T. mentagrophytes complex) was achieved 
by phylogenetic analysis that included different ITS genotypes 
of T. mentagrophytes.35 The taxonomical recommendations pro-
posed by Švarcová et al. 36 regarding the T. mentagrophytes com-
plex were followed. The inclusive definition of T. mentagrophytes, 
which includes T. interdigitale and T. indotineae were adopted. 
When referring to specific subpopulations, the variety rank, T. 
mentagrophytes var. mentagrophytes, T. mentagrophytes var. inter-
digitale and T. mentagrophytes var. indotineae, was used.

The ITS sequences of the T. mentagrophytes complex obtained 
in this study were utilised to create the phylogenetic tree. The 
dataset was supplemented with additional sequences representing 
various ITS genotypes.35,37 The alignment was performed using the 
MAFFT7 program38 and the FFT-NS-2 strategy. The maximum like-
lihood (ML) method was employed to construct the phylogenetic 
tree in IQ-TREE v. 2.1.2.39 Node supports were determined through 
ultrafast bootstrapping (BS) with 100,000 iterations. The tree was 
rooted with Trichophyton quinckeanum.

The SQLE gene was sequenced in the resistant isolates (including 
all remaining isolates classified as T. mentagrophytes var. indotineae) to 
identify potential mutations responsible for resistance. Amplification 
was performed using SQLE-fw1 and SQLE-rv1 primers and sequenc-
ing using SQLE-fw1, SQLE-fw2, SQLE-fw3, SQLE-rv1, SQLE-rv2 and 
SQLE-rv3 primers.40 The following PCR thermal cycle profile was used: 
95°C–1 min; 35 cycles of 92°C–20 s, 55°C–30 s, 72°C–60 s; and a final 
extension 72°C–10 min. PCR amplicons were purified and sequenced 
as described above. The resulting amino acid sequences of SQLE were 
compared with those of susceptible strain (WT) of T. mentagrophytes 
TIMM2789 (GenBank accession number: KU242352).

2.3  |  Antifungal susceptibility testing

A total of 514 isolates identified as T. rubrum and 240 isolates iden-
tified as T. mentagrophytes were screened for resistance to terbin-
afine. The testing was conducted using a screening plate with 24 
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wells (Nunc 24-well multidishes, Thermo Fisher Scientific, Waltham, 
USA) which was designed to test 12 strains. In the experiment, the 
antifungal terbinafine (TERB) was added to the agar medium in 12 
wells at a concentration of 0.125 μg mL−1. The remaining 12 wells 
were filled with agar medium without the antifungal drug and served 
as a control.

Agar medium with 0.125 μg mL−1 of terbinafine (Merck, Sigma 
Aldrich, St. Luis, USA) was prepared as follows: one litre of the 
medium contained 900 mL of distilled water, 10.4 g of RPMI 1640 
(Merck, Sigma Aldrich, St. Luis, USA), 18 g of glucose, 20 g of 
Bacto agar (Merck, Sigma Aldrich, St. Luis, USA), 34.53 g of MOPS 
(Merck, Sigma Aldrich, St. Louis, USA), 0.8 mL of chloramphenicol 
(final concentration 0.04 mgL−1) and 5 mL of cycloheximide (final 
concentration 0.5 mgL−1) (all Sigma Aldrich, St. Louis, USA). The pH 
was adjusted to 7.0 with 10 M NaOH, and then distilled water was 
added to reach a final volume of 990 mL. The solution was auto-
claved at 121°C for 15 min and then poured into two Erlenmeyer 
flasks (500 mL each). The agar was cooled down to 45°C. Five milli-
litres of the antifungal working solution with terbinafine (100-fold 
final concentration) was added to one of the Erlenmeyer flasks. 
The remaining antifungal-free flask was used as the growth con-
trol. Agar was aliquoted from each flask into the respective wells 
of the multi-dish plate (1 mL per well). The plates were stored at 
4°C for up to 3 months.

A suspension of conidia was prepared by covering the colonies 
with 5 mL of sterile distilled water supplemented with 0.1% Tween 
20 (Thermo Fisher Scientific, Waltham, USA). The colonies were dis-
rupted using a stick with a cotton swab, creating a dense suspension 
of conidia and distilled water. This mixture was added to distilled 
water and mixed until an even turbidity was achieved. To adjust 
the density of the suspension to 0.5 McFarland (concentration of 
2–5 × 106 conidia mL−1), distilled water was added and the result-
ing density was checked using the densitometer DEN-1B (BIOSAN, 
Riga, Latvia). The screening plate was inoculated with 25 μL of the 
suspension (each isolate was inoculated on one well with medium 
containing terbinafine and one control medium without terbinafine). 
The screening plate was incubated at 25°C for 7 days and then the 
growth of colonies was evaluated visually. If any growth was de-
tected, the strain was considered terbinafine-resistant and subse-
quently, an exact MIC was determined (see below). Aspergillus flavus 
(ATCC 204304) was used as a quality control (QC) strain.

All terbinafine-resistant strains identified in this study were de-
posited into the Culture Collection of Fungi (CCF) in Prague, Czech 
Republic (Charles University, Faculty of Science, Department of 
Botany).

2.4  |  MIC determination (EUCAST)

The broth microdilution method was performed in accordance with 
the EUCAST document E.Def 11.0.41 The antifungals and their re-
spective concentration ranges (mg L−1) were as follows: fluconazole 
(FLU; 0.06–64), terbinafine (TERB; 0.004–4), itraconazole (ITR; 

0.008–8), ketoconazole (KET; 0.008–8), clotrimazole (CLO; 0.008–
8), amorolfine (AMO; 0.008–8), ciclopirox olamine (CIC; 0.008–8) 
and efinaconazole (EFI; 0.008–8).

The isolates were incubated at 25°C on Sabouraud dextrose 
agar (Trios, Prague, Czech Republic). Inoculum suspensions were 
prepared from colonies that were 1–3 weeks old to achieve suffi-
cient sporulation. The suspensions were prepared in sterile dis-
tilled water supplemented with 0.1% Tween 20 and filtered using 
sterile nylon filters with a pore size of 11 um (Merck, Prague, Czech 
Republic). To adjust the density of the suspension to 0.5 McFarland 
(concentration of 2–5 × 106 conidia mL−1), distilled water was added 
and the resulting density was checked using the densitometer 
DEN-1B (BIOSAN, Riga, Latvia). The suspension was then diluted 
1:10 with sterile distilled water to obtain a final working inoculum 
of 2–5 × 105 cfu mL−1. Inoculum suspension was supplemented with 
chloramphenicol (Sigma Aldrich, St. Luis, USA; final concentration 
50 mg L−1) and cycloheximide (Sigma Aldrich, St. Louis, USA; final 
concentration 300 mg L−1). The microplates were incubated at 25°C 
in ambient air for 5–7 days. The endpoints (MICs) were read spectro-
photometrically as 50% inhibition. Aspergillus flavus (ATCC 204304) 
was used as a QC strain.

3  |  RESULTS

3.1  |  Examined clinical isolates

In this study, a total of 514 strains of T. rubrum and 240 strains of 
T. mentagrophytes were collected from four institutions and exam-
ined for terbinafine resistance. Trichophyton rubrum isolates were 
collected in 2020 (n = 171) and 2021 (n = 343), while T. mentagro-
phytes isolates were collected from 2018 to 2021 (2018, n = 32; 
2019, n = 84; 2020, n = 54; 2021, n = 70). The most common type of 
dermatophytosis among patients with T. rubrum infection was tinea 
unguium, followed by tinea pedis and tinea corporis. The median age 
of the patients was 48 years (Table 1). Isolates of T. mentagrophytes 
were predominantly collected from patients with tinea unguium, fol-
lowed by tinea corporis and tinea pedis. The median age of the pa-
tients was 47 years (Table 1). Based on molecular identification using 
ITS marker, seven strains were classified as T. mentagrophytes var. 
indotinae (ITS genotype VIII), 162 as T. mentagrophytes var. interdigi-
tale (including mixed genotype II*) and 71 as T. mentagrophytes var. 
mentagrophytes (Figure S1).

3.2  |  Screening for terbinafine resistance and 
antifungal susceptibility testing

Antifungal resistance to terbinafine was tested in all strains of T. ru-
brum and T. mentagrophytes using a screening method. Among the 
T. rubrum strains, no resistance was found. However, six resistant 
strains were revealed among the T. mentagrophytes strains, resulting 
in an overall resistance rate of 2.5% between 2018 and 2021. These 

 14390507, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

yc.13708 by C
ochrane C

zech R
epublic, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  5 of 9KOLARCZYKOVÁ et al.

resistant strains were collected in 2019 (n = 1) and 2020 (n = 5), with 
no resistant strains detected in 2018 and 2021. The resistance level 
in 2018 was 0%, 1.2% in 2019 (1/84), 9.3% in 2020 (5/54) and 0% in 
2021 (0/70). In addition to these six resistant strains, all belonging to 
T. mentagrophytes var. indotineae, one additional strain of T. menta-
grophytes var. indotineae (CCF 7006) was revealed (which tested neg-
ative in the screening but was detected using phylogenetic analysis 
based on the ITS region - Figure S1).

All T. mentagrophytes var. indotineae strains were tested using 
the EUCAST method to determine the MIC for several antifungal 
drugs (Table 2). For all resistant isolates, the MIC for terbinafine was 
>4 mg L−1, while in isolate CCF 7006, the MIC was 0.008 mg L−1. The 
MICs of azole antifungals (itraconazole, ketoconazole, amorolfine 
and efinaconazole), ciclopirox olamine and clotrimazole were low in 
all tested isolates, while for fluconazole, the MICs ranged between 
8 and >64 (Table 2).

3.3  |  SQLE sequencing and analysis of mutations

Six out of seven T. mentagrophytes var. indotineae isolates had a 
missense mutation F397L. No mutations in the SQLE gene were 
found in the terbinafine-susceptible strain CCF 7006. The infor-
mation regarding patients with resistant strains is summarised in 
Table  2. The SQLE and ITS sequences of T. mentagrophytes var. 
indotineae strains identified in this study were deposited into the 
GenBank database. The corresponding accession numbers can be 
found in Table 2.

4  |  DISCUSSION

Terbinafine-resistant T. rubrum and T. mentagrophytes are increas-
ingly reported worldwide.7 However, the prevalence of terbinafine 
resistance in a large and unbiased dataset of strains (which includes 

all cases, not just the suspected resistant ones) has only been re-
ported from several countries, including India,9 Switzerland,25,26 
Greece,8 France,27 and the USA.28 There is still lack of data from 
many countries, including the Czech Republic. Although the occur-
rence of a single T. mentagrophytes strain with the ITS genotype VIII 
(T. mentagrophytes var. indotineae) has been reported from the Czech 
Republic already in 2016, this isolate showed low MICs to terbin-
afine.36 Further studies dealing with dermatophyte antifungal sus-
ceptibilities in the Czech Republic were restricted to Trichophyton 
benhamiae complex and T. quinckeanum and no terbinafine resist-
ance was detected.42,43

In this study, we screened 514 T. rubrum isolates collected be-
tween 2020 and 2021, as well as 240 T. mentagrophytes isolates 
obtained between 2018 and 2021 for terbinafine resistance. 
Figure  1 provides a comprehensive summary of the methodolo-
gies used to detect resistance, as well as the underlying molecular 
mechanisms. We found only six resistant T. mentagrophytes iso-
lates and no resistant T. rubrum isolates. Molecular identification 
using ITS rDNA revealed that all of these resistant isolates, along 
with one susceptible isolate, belonged to the T. mentagrophytes 
var. indotineae (Figure S1).36,44 All six resistant T. mentagrophytes 
var. indotineae strains showed missense mutation F397L, while 
the remaining susceptible strain showed no mutation in the SQLE 
gene (Table 2). The mutation F397L belongs to the most common 
mutations reported worldwide and is responsible for the high 
level of resistance to terbinafine.8,9,26,28,45 All T. mentagrophytes 
var. indotineae strains identified in this study showed low mini-
mum inhibitory concentrations (MICs) to antifungals amorolfine, 
ciclopirox olamine and azole antifungals except for fluconazole 
(Table 2), to which most dermatophytes are naturally resistant.46 
Dermatophytes are usually susceptible to azole antifungals, which 
makes azoles a suitable alternative for treating of dermatomyco-
ses if terbinafine treatment fails.47

According to our study, the prevalence of terbinafine re-
sistance in the Czech Republic is 0% in T. rubrum and 2.5% in T. 

TA B L E  1 Clinical-epidemiological data associated with patients infected by Trichophyton rubrum and Trichophyton mentagrophytes.

Species Descriptive categories All strains

Clinical manifestation

Tinea unguium Tinea pedis Tinea corporis

T. rubrum Number of strains 514 316 129 69

Males: n (%) 341 (66.3%) 204 (64.6%) 82 (63.6%) 55 (79.7%)

Females: n (%) 173 (33.7%) 112 (35.4%) 47 (36.4%) 14 (20.3%)

Age range-all (median) 2–96 (48) 2–96 (47) 7–86 (48) 18–83 (52)

Age range males (median) 2–86 (50) 2–86 (50) 17–80 (47.5) 18–83 (52)

Age range females (median) 4–96 (45) 4–96 (44) 7–86 (48) 18–77 (46)

T. mentagrophytes Number of strains 240 96 66 78

Males: n (%) 115 (47.9%) 53 (55.2%) 34 (51.5%) 28 (35.9%)

Females: n (%) 125 (52.1%) 43 (44.8%) 32 (48.5%) 50 (64.1%)

Age range-all (median) 1–84 (47) 21–84 (59) 5–81 (46) 1–76 (27)

Age range males (median) 3–84 (50) 21–84 (57) 8–81 (43.5) 3–70 (27)

Age range females (median) 1–80 (46) 21–80 (63) 5–75 (46) 1–76 (25.5)
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mentagrophytes. These rates have increased from 0% in 2018 to 
1.2% in 2019 and further to 9.3% in 2020. The absence of resis-
tance in T. rubrum is in agreement with study from Greece and 
contrasts with studies from Denmark, France, Switzerland and 
the USA where resistance rates ranging from 0.23% to 3.6% have 
been found.8,14,25,27,28 In T. mentagrophytes, the level of resistance 
detected (2.5%) is higher than the levels detected in Switzerland 
(0.24%–0.57%) and France (0.65%),25,26 but lower than the levels 
in the USA (4.3%), Greece (25%) and India (up to 76%).8,9,11,28 The 
predominant clinical manifestation of infections with terbinafine-
resistant T. mentagrophytes in Czechia was tinea unguium (3/6), as 
well as in patients from Switzerland.25 This is in contrast to the pre-
dominant clinical manifestation reported for T. mentagrophytes var. 
indotineae, which is tinea corporis, tinea cruris and tinea faciei.11

The origin of resistant strains detected in our study can be only 
partly attributed to travel and migration. One resistant strain was 
found in a patient of Indian nationality, and one isolate originated from 
a patient whose partner was recently living in Vietnam. Remaining 
four resistant isolates were found in patients with Czech nationality 
or long-term residence where travel to areas with a high level of re-
sistance was not reported in case history. Interestingly, five of the six 
resistant T. mentagrophytes strains were isolated in the short window 
of a few months (January 2020 to April 2020) preceding the strict 
lockdowns in the Czech Republic during COVID-19 pandemic. We can 
hypothesize that the reduction in contacts during lockdowns and the 
inability to travel may have had an impact on preventing the initial 
community spread of these strains, as no resistant isolates were de-
tected during the period May 2020 to December 2021.

Although similar resistance screening did not continue in 2022, 
we continued to identify T. mentagrophytes strains prospectively col-
lected from several clinical institutes using ITS region sequencing. 
Among 92 strains received in 2022, we detected only two strains of 
T. mentagrophytes var. indotineae. Antifungal susceptibility testing and 
mutation analysis showed that only one of these strains was resistant 
to terbinafine (mutations F397L and A448T; isolate CCF 6704; ITS se-
quence GenBank: OR863418; SQLE sequence GenBank: OR862941; 
isolated from patient with Indian nationality) while the second strain 
was susceptible to terbinafine (mutation A448T; isolate CCF 6705; 
ITS sequence GenBank: OR863419; SQLE sequence GenBank: 
OR862942; patient with Czech nationality). These data show that the 
only resistant isolate detected so far after the pandemic can probably 
be attributed to migration, and that these isolates are different in their 
combination of mutations from pre-pandemic isolates.

Despite the current low levels of resistance, it is crucial to con-
tinue monitoring the situation, conducting routine screening of clin-
ical isolates, and remaining vigilant due to the increasing trend of 
resistance in neighbouring countries and the potential for increased 
population migration. At present, the established guidelines for the 
treatment of dermatomycosis in the Czech Republic, specifically the 
use of terbinafine, do not require immediate revision due to the low 
level of resistance. However, ongoing monitoring and surveillance 
are necessary to address any potential future increase in resistant 
isolates of the genus Trichophyton.TA
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GenBank database (Table 2). The strains are available in the CCF col-
lection of fungi upon request (Prague, Czech Republic).

ORCID
Vit Hubka   https://orcid.org/0000-0003-4583-6496 

R E FE R E N C E S
	 1.	 Zhang Y, Rao R. Beyond ergosterol: linking pH to antifungal mecha-

nisms. Virulence. 2010;1(6):551-554.
	 2.	 Ryder N. Terbinafine: mode of action and properties of the squalene 

epoxidase inhibition. Br J Dermatol. 1992;126(s39):2-7.
	 3.	 Dogra S, Uprety S. The menace of chronic and recurrent dermato-

phytosis in India: is the problem deeper than we perceive? Indian 
Dermatol Online J. 2016;7(2):73-76.

	 4.	 Osborne CS, Leitner I, Favre B, Ryder NS. Amino acid substi-
tution in Trichophyton rubrum squalene epoxidase associated 
with resistance to terbinafine. Antimicrob Agents Chemother. 
2005;49(7):2840-2844.

	 5.	 Singh A, Masih A, Khurana A, et  al. High terbinafine resis-
tance in Trichophyton interdigitale isolates in Delhi, India har-
bouring mutations in the squalene epoxidase gene. Mycoses. 
2018;61(7):477-484.

	 6.	 Verma SB, Vasani R. Male genital dermatophytosis–clinical features 
and the effects of the misuse of topical steroids and steroid combina-
tions–an alarming problem in India. Mycoses. 2016;59(10):606-614.

	 7.	 Shen JJ, Arendrup MC, Verma S, Saunte DML. The emerging terbin-
afine-resistant Trichophyton epidemic: what is the role of antifungal 
susceptibility testing? Dermatology. 2021;238(1):60–79.

	 8.	 Siopi M, Efstathiou I, Theodoropoulos K, Pournaras S, Meletiadis 
J. Molecular epidemiology and antifungal susceptibility of 
Trichophyton isolates in Greece: emergence of terbinafine-resistant 
Trichophyton mentagrophytes type VIII locally and globally. J Fungi 
(Basel). 2021;7(6):419.

	 9.	 Ebert A, Monod M, Salamin K, et al. Alarming India-wide phenome-
non of antifungal resistance in dermatophytes: a multicentre study. 
Mycoses. 2020;63(7):717-728.

	10.	 Jabet A, Brun S, Normand A-C, et  al. Extensive dermatophytosis 
caused by terbinafine-resistant Trichophyton indotineae, France. 
Emerg Infect Dis. 2022;28(1):229-233.

	11.	 Nenoff P, Verma SB, Ebert A, et al. Spread of terbinafine-resistant 
Trichophyton mentagrophytes type VIII (India) in Germany–“the tip 
of the iceberg?”. J Fungi (Basel). 2020;6(4):207.

	12.	 Sacheli R, Harag S, Dehavay F, et al. Belgian national survey on tinea 
capitis: epidemiological considerations and highlight of terbinafine-
resistant T. mentagrophytes with a mutation on SQLE gene. J Fungi 
(Basel). 2020;6(4):195.

	13.	 Posso-De Los Rios CJ, Tadros E, Summerbell RC, Scott JA. 
Terbinafine resistant Trichophyton indotineae isolated in patients 
with superficial dermatophyte infection in Canadian patients. J 
Cutan Med Surg. 2022;26(4):371-376.

	14.	 Saunte DM, Hare RK, Jørgensen KM, et  al. Emerging terbinafine 
resistance in Trichophyton: clinical characteristics, squalene epoxi-
dase gene mutations, and a reliable EUCAST method for detection. 
Antimicrob Agents Chemother. 2019;63(10):e01126-19.

	15.	 Salehi Z, Shams-Ghahfarokhi M, Razzaghi-Abyaneh M. Antifungal 
drug susceptibility profile of clinically important dermatophytes 
and determination of point mutations in terbinafine-resistant iso-
lates. Eur J Clin Microbiol Infect Dis. 2018;37:1841-1846.

	16.	 Taghipour S, Shamsizadeh F, Pchelin IM, et al. Emergence of terbi-
nafine resistant Trichophyton mentagrophytes in Iran, harboring mu-
tations in the squalene epoxidase (SQLE) gene. Infect Drug Resist. 
2020;13:845-850.

	17.	 Bortoluzzi P, Prigitano A, Sechi A, et al. Report of terbinafine re-
sistant Trichophyton spp. in Italy: clinical presentations, molecular 
identification, antifungal susceptibility testing and mutations in the 
squalene epoxidase gene. Mycoses. 2023;66(8):680-687.

	18.	 Kimura U, Hiruma M, Kano R, et  al. Caution and warning: arrival 
of terbinafine-resistant Trichophyton interdigitale of the Indian 
genotype, isolated from extensive dermatophytosis, in Japan. J 
Dermatol. 2020;47(5):e192-e193.

	19.	 Hiruma J, Noguchi H, Hase M, et  al. Epidemiological study of 
terbinafine-resistant dermatophytes isolated from Japanese pa-
tients. J Dermatol. 2021;48(4):564-567.

	20.	 Łagowski D, Gnat S, Nowakiewicz A, Osińska M, Dyląg M. Intrinsic 
resistance to terbinafine among human and animal isolates of 
Trichophyton mentagrophytes related to amino acid substitution in 
the squalene epoxidase. Infection. 2020;48:889-897.

	21.	 Manoyan M, Sokolov V, Gursheva A, Gabuzyan N, Panin A. 
Sensitivity of isolated dermatophyte strains to antifungal drugs in 
the Russian Federation. J Fungi (Basel). 2019;5(4):95.

	22.	 Durdu M, Kandemir H, Karakoyun AS, Ilkit M, Tang C, de Hoog 
S. First terbinafine-resistant Trichophyton indotineae isolates with 
Phe397Leu and/or Thr414His mutations in Turkey. Mycopathologia. 
2023;188:295-304.

	23.	 Gu D, Hatch M, Ghannoum M, Elewski BE. Treatment-resistant 
dermatophytosis: a representative case highlighting an emerging 
public health threat. JAAD Case Rep. 2020;6(11):1153-1155.

	24.	 Mukherjee PK, Leidich SD, Isham N, Leitner I, Ryder NS, 
Ghannoum MA. Clinical Trichophyton rubrum strain exhibiting 
primary resistance to terbinafine. Antimicrob Agents Chemother. 
2003;47(1):82-86.

	25.	 Yamada T, Maeda M, Alshahni MM, et  al. Terbinafine resistance 
of Trichophyton clinical isolates caused by specific point mutations 
in the squalene epoxidase gene. Antimicrob Agents Chemother. 
2017;61(7):e00115-e00117.

	26.	 Blanchard G, Amarov B, Fratti M, et al. Reliable and rapid identifica-
tion of terbinafine resistance in dermatophytic nail and skin infec-
tions. J Eur Acad Dermatol Venereol. 2023;37:2080-2089.

	27.	 Moreno-Sabater A, Normand A-C, Bidaud A-L, et al. Terbinafine re-
sistance in dermatophytes: a French multicenter prospective study. 
J Fungi (Basel). 2022;8(3):220.

	28.	 Gupta AK, Cooper EA, Wang T, et  al. Detection of squalene ep-
oxidase mutations in US onychomycosis patients: implications for 
management. J Invest Dermatol. 2023;143:2332-2334.

	29.	 Cañete-Gibas CF, Mele J, Patterson HP, et al. Terbinafine-resistant 
dermatophytes and the presence of Trichophyton indotineae in 
North America. J Clin Microbiol. 2023;61(8):e00562-23.

	30.	 Lockhart SR, Smith DJ, Gold JA. Trichophyton indotineae and other 
terbinafine-resistant dermatophytes in North America. J Clin 
Microbiol. 2023;61(12):e00903-e00923.

	31.	 de Hoog GS, Gené J, Ahmed S, Al-Hatmi AMS, Figueras MJ, 
Vitale RG. Atlas of Clinical Fungi. 4th ed. Westerdijk Institute; 
2020:1493-1532.

	32.	 Gräser Y, Kuijpers A, Presber W, De Hoog G. Molecular tax-
onomy of the Trichophyton rubrum complex. J Clin Microbiol. 
2000;38(9):3329-3336.

	33.	 Hubka V, Větrovský T, Dobiášová S, et al. Molecular epidemiology 
of dermatophytoses in the Czech Republic—two-year-study results. 
Čes Slov Dermatol. 2014;89:167.

	34.	 Hubka V, Nováková A, Jurjević Ž, et  al. Polyphasic data sup-
port the splitting of Aspergillus candidus into two species; pro-
posal of Aspergillus dobrogensis sp. nov. Int J Syst Evol Microbiol. 
2018;68(4):995-1011.

	35.	 Uhrlaß S, Verma SB, Gräser Y, et  al. Trichophyton indotineae–an 
emerging pathogen causing recalcitrant dermatophytoses in India 
and worldwide–a multidimensional perspective. J Fungi (Basel). 
2022;8(7):757.

 14390507, 2024, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

yc.13708 by C
ochrane C

zech R
epublic, W

iley O
nline L

ibrary on [27/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-4583-6496
https://orcid.org/0000-0003-4583-6496


    |  9 of 9KOLARCZYKOVÁ et al.

	36.	 Švarcová M, Větrovský T, Kolařík M, Hubka V. Defining the re-
lationship between phylogeny, clinical manifestation, and phe-
notype for Trichophyton mentagrophytes/interdigitale complex; a 
literature review and taxonomic recommendations. Med Mycol. 
2023;61(5):myad042.

	37.	 Klinger M, Theiler M, Bosshard P. Epidemiological and clinical as-
pects of Trichophyton mentagrophytes/Trichophyton interdigitale in-
fections in the Zurich area: a retrospective study using genotyping. 
J Eur Acad Dermatol Venereol. 2021;35(4):1017-1025.

	38.	 Katoh K, Rozewicki J, Yamada KD. MAFFT online service: multiple 
sequence alignment, interactive sequence choice and visualization. 
Brief Bioinform. 2019;20(4):1160-1166.

	39.	 Nguyen L-T, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: a 
fast and effective stochastic algorithm for estimating maximum-
likelihood phylogenies. Mol Biol Evol. 2015;32(1):268-274.

	40.	 Kong X, Tang C, Singh A, et  al. Antifungal susceptibility and mu-
tations in the squalene epoxidase gene in dermatophytes of the 
Trichophyton mentagrophytes species complex. Antimicrob Agents 
Chemother. 2021;65(8):e00056-21.

	41.	 Arendrup MC, Kahlmeter G, Guinea J, Meletiadis J. How to: perform 
antifungal susceptibility testing of microconidia-forming dermato-
phytes following the new reference EUCAST method E. Def 11.0, 
exemplified by Trichophyton. Clin Microbiol Infect. 2021;27(1):55-60.

	42.	 Shamsizadeh F, Ansari S, Zarei Mahmoudabadi A, et al. In vitro an-
tifungal susceptibility patterns of Trichophyton benhamiae complex 
isolates from diverse origin. Mycoses. 2021;64(11):1378-1386.

	43.	 Lysková P, Dobiáš R, Čmoková A, et al. An outbreak of Trichophyton 
quinckeanum zoonotic infections in the Czech Republic transmitted 
from cats and dogs. J Fungi (Basel). 2021;7(9):684.

	44.	 Kano R, Kimura U, Kakurai M, et al. Trichophyton indotineae sp. nov.: 
a new highly terbinafine-resistant anthropophilic dermatophyte 
species. Mycopathologia. 2020;185:947-958.

	45.	 Astvad KMT, Hare RK, Jørgensen KM, Saunte DML, Thomsen 
PK, Arendrup MC. Increasing terbinafine resistance in Danish 
Trichophyton isolates 2019–2020. J Fungi (Basel). 2022;8(2):150.

	46.	 Zonios DI, Bennett JE. Update on azole antifungals. Semin Respir 
Crit Care Med. 2008;29(2):198-210.

	47.	 Gupta AK, Talukder M, Venkataraman M. Review of the alterna-
tive therapies for onychomycosis and superficial fungal infections: 
posaconazole, fosravuconazole, voriconazole, oteseconazole. Int J 
Dermatol. 2022;61(12):1431-1441.

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
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