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Preface

The study of dermatophytes and dermatophytoses is continually evolving. This
edited volume provides an up-to-date snapshot of the basic and translational research
and contemporary approaches in use in the dermatology clinics and diagnostic
laboratories. Both clinical researchers and physicians will find valuable information
about the molecular, genetic, and epidemiological aspects. The diagnosis and treat-
ment of dermatophytoses are discussed in detail, which is increasingly challenging
due to resistance to current antifungal drugs. The spectrum of pathogens causing
dermatophytoses has expanded in recent years. The reasons for this include the direct
migration from Africa and Asia to Europe and North America. In addition, the
increased travel and trade due to globalization have brought old and new
dermatophytes to new geographic locations. Molecular methods for direct detection
of fungi or fungal DNA are increasingly part of diagnosing dermatophytoses along-
side conventional techniques. Similarly, many dermatophyte species require exact
identification by DNA sequencing or mass spectrometry.

The future of dermatophytosis treatment will probably involve innovative treat-
ment regimens and novel pharmaceuticals to fight the acquired mutations in fungal
pathogens. The increase in mixed infections and geographic distribution also poses
barriers to successful treatment, demonstrating the necessity for more effective
diagnostic methods. Similar concerns exist about the increase in the incidence of
chronic recurrent and treatment-recalcitrant dermatophytoses. As a result of the
“globalization of people and fungi,” the first isolates of terbinafine-resistant derma-
tophyte are now known from India, the Middle East, Iran, Germany, Finland, and the
USA. In vitro resistance testing of dermatophytes, including mutation analysis of
squalene epoxidase, has experienced an unexpected boom in the last few years. It is
likely to become a mainstay of clinical management of dermatophytoses.

The Part I “Current Taxonomy of Dermatophytes” is a formal introduction to
fungal pathogens classified as “dermatophytes.” The focus is on a current under-
standing of their evolution with human and animal hosts, changing epidemiology,
recommended identification methods, and a list of valid species in genera
Trichophyton, Epidermophyton, Nannizzia, Microsporum, Paraphyton,
Lophophyton, and Arthroderma.

The Part II “Clinical Aspects” includes five contributions. “Dermatophytes and
Dermatophytic Infections Worldwide” is a sweeping overview of dermatophytes and
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dermatophytic infections worldwide. Many maps are provided to highlight geo-
graphic distribution and to postulate future trends. “Onychomycosis in the Twenty-
First Century: An Update on Epidemiology and Diagnosis” focuses on the global
prevalence of fungal nail infections (onychomycosis), epidemiological factors, and
contemporary laboratory diagnosis methods. “Invasive Dermatophytoses: Clinical
Presentations, Diagnosis, and Treatment” introduces invasive or deep
dermatophytoses, relatively rare but serious conditions, which afflict humans with
underlying immune dysfunctions. An excellent overview is presented about the
combined medical and surgical management of deep dermatophytoses. “Unusual
Dermatophytosis Presentations and New Emerging Dermatophytes Species”
describes newly emerging species of dermatophytes and unusual presentations of
dermatophytosis. Chapter “Non-dermatophyte Dermatoses Mimicking
Dermatophytoses in Animals” includes dermatopytoses in animals, dermatoses
that mimic dermatophytoses, and the fungal species involved. The scope is inclusive
of pets, domestic animals, and wildlife with an enhanced focus on differential
diagnosis.

The Part III focuses on the pathogenesis of dermatophytosis. The three
contributions, “Experimental Models of Dermatophytosis”, “Transcriptome of
Host–Dermatophyte Interactions Using Infection Models” and “Genetic Predictors
of Susceptibility to Dermatophytosis” highlight contemporary experimental
approaches to study pathogenic potential, host responses, and antifungal efficacy.
“Experimental Models of Dermatophytosis” provides a comprehensive overview of
in vitro, in vivo, and ex vivo models to study dermatophytoses and evaluation of new
antifungal agents. The complexity of infectious propagules, pathogen recognition,
immune responses, histopathology, and antifungal effects are explained with exqui-
site illustrations. “Transcriptome of Host–Dermatophyte Interactions Using Infec-
tion Models” introduces experimental approaches to understand host-pathogen
interplay in dermatophytoses. Novel gene expression studies in experimental animal
models are applied to gain insights into pathogenic factors and host defense
mechanisms in dermatophytoses. “Genetic Predictors of Susceptibility to
Dermatophytosis” covers genetic factors that predispose humans to infections with
dermatophytes. A critical analysis of existing data is presented to summarize puta-
tive underlying host mechanisms that determine susceptibility to dermatophytosis.

The Part IV highlights epidemiology of dermatophytes and dermatophytosis.
“The Trichophyton rubrum Complex” focuses on the Trichophyton rubrum com-
plex, which includes agents of nail, skin, and hair infections. An elaborate polypha-
sic scheme with morphological, physiological, and DNA methods is highlighted as
“gold standard” for T. rubrum complex. “Microsporum ferrugineum: The Renais-
sance of a Forgotten Dermatophyte” details unusual findings of Microsporum
ferrugineum in Germany, an anthropophilic dermatophyte not seen in the country
for nearly 50 years. Clinical workup, enhanced laboratory diagnostic tools, and
treatment approaches are detailed. “Trichophyton mentagrophytes ITS Genotype
VII from Thailand” highlights emerging European cases of T. mentagrophytes
ITS-genotype VII, which causes inflammatory and abscessing dermatophytoses.
The unusual geographic emergence is linked with human-to-human transmission.
“Trends in Epidemiology of Dermatophytes in Iran” is a comprehensive review of
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epidemiology of dermatophytes in Iran in the last 70 years. It details changes in
species spectrum, antifungal treatment, emergence of resistance, and improved
laboratory diagnosis. “Onychomycosis in Adults: A Clinical Perspective from
Mexico” summarizes onychomycosis with emphasis on South America and Latin
America. “Tinea capitis in School Children: Current Status” is about Tinea capitis
with emphasis on epidemiology, clinical presentations and complications, treatment,
and community management.

Part V “Laboratory and Molecular Diagnosis of Dermatophytosis” includes three
contributions. “The Potential of Molecular Diagnostics in Routine Dermatology”
widens the traditional mycological examination of clinical specimens to molecular
diagnostics. In-house PCR and hybridization tests are compared to commercial kits,
and challenges and strategies for their implementation. “Laboratory Diagnosis of
Dermatophytosis” summarizes the traditional mycological examination of clinical
specimens to confirm dermatophytoses. “MALDI-TOF-Based Identification of
Dermatophytes” focuses on the application of mass spectrometry for the identifica-
tion of dermatophytes. It presents a useful comparison of the commercial systems,
their databases, and relative performances.

Parts VI and VII describe antifungal resistance of dermatophytes and treatment of
dermatophytoses. “Antifungal Susceptibility Testing of Dermatophytes” deals with
antifungal susceptibility testing of dermatophytes. The description includes broth
microdilution and other testing formats, endpoint reading, clinical breakpoints, and
the diagnosis of terbinafine resistance. “Terbinafine and Itraconazole Resistance in
Dermatophytes” widens the perspective on antifungal susceptibility testing with a
focus on terbinafine and itraconazole resistance. “New Antifungal Agents and New
Formulations Against Dermatophytes” introduces new antifungal drugs and new
formulations of existing drugs for the treatment of onychomycosis. The value of
clinical management, combined with patient education, is emphasized. “Are Natural
Products an Alternative Therapy for Dermatophytosis?” involves the potential of
natural products used in traditional methods for dermatophytoses treatment. As
scientific evidence accumulates for their efficacy, it is expected that these plant-
based products and their derivatives would be valuable sources of new drugs to treat
dermatophytoses.

Angers, France Jean-Philippe Bouchara
Rötha, Sachsen, Germany Pietro Nenoff
London, ON, Canada Aditya K. Gupta
Albany, NY, USA Vishnu Chaturvedi
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Introduction to Dermatophytes

Sybren de Hoog, Chao Tang, Xue Kong, Hazal Kandemir, and
Yanping Jiang

Abstract

Dermatophytes (family Arthrodermataceae) are a group of fungi in the order
Onygenales which have evolved relatively recently, almost exclusively with
mammal hosts. The ecological subdivision in geophilic, zoophilic, and
anthropophilic species broadly reflects their course of evolution. Homo sapiens
is phylogenetically the most recent host. Evolution in anthropophilic
dermatophytes by definition has proceeded for less than a million years and is
still ongoing. Species have not yet diverged much in diagnostic markers and are,
therefore, difficult to distinguish. Dermatophytes are classically identified by a
combination of clinical features, colony characteristics, and microscopy. While
this is effective in dermatological routine with large numbers of strains with
limited diversity from a single host, Homo sapiens, this approach is inadequate to
grasp is the large diversity of Arthrodermataceae from other sources. Recent
precise multilocus studies combined with physiological and ecological data have
been able to resolve some of the groups that were distinguished in classical
dermatomycology but were problematic with the molecular approach. With the
recent emergence of dermatophyte antifungal drug resistance and increased
virulence, it is recommended to perform molecular identification and antifungal
susceptibility testing routinely in cases of chronic, recurrent, and/or recalcitrant
and atypical presentations.
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Dermatophytes (family Arthrodermataceae) are a group of fungi in the order
Onygenales which have evolved relatively recently, almost exclusively with mam-
mal hosts. The ecological subdivision in geophilic, zoophilic, and anthropophilic
species broadly reflects their course of evolution. Geophilic species are found in soil
around burrows of terrestrial mammals. Most species, particularly of the large genus
Arthroderma, are sexually active, producing gymnothecial fruitbodies after mating
[1–4]. Conidia of geophilic and zoophilic species are often large, multi-celled and
have thick, rough walls; additional microconidia are found distributed in many
species of the Arthrodermataceae. In the course of evolution, carriage by the host
became more important, many species residing asymptomatically in the fur of the
mammal (or rarely bird) and traveling back to the environment to complete the
sexual part of their life cycle. Having a double life-cycle, the zoophiles have been
characterized as environmental pathogens [5].

Homo sapiens is phylogenetically the most recent host. After initial eradication of
classical agents associated with poor hygienic conditions, new pathogens are
emerging, such as the ones associated with pets [6]. Globally, the prevalence of
dermatophytosis is rising, and it is estimated that over 20–25% of the global
populations are affected [7]. Infections are more prevalent in tropical and subtropical
countries like India, where temperature and humidity are high most of the year [8].

Humans are exceptional among mammals in lacking a fur, which more rapidly
leads to infection rather than colonization. This makes the anthropophilic species
fundamentally different from both other ecological categories. Transmission is now
between hosts, the intermittent environmental phase being limited to small cells
known as arthroconidia which serve directly as infectious propagules; they were
referred to as zoophilic pathogens [5]. The invading thallus can be regarded as the
main form of presentation of the fungus. In some species, conidia are absent or
produced only reluctantly, and none of the anthropophilic Trichophyton species is
known to have a sexual phase. A similar loss of conidiation is noted in zoophilic
Microsporum species, where clonal offshoots on humans, known as
Microsporum audouinii and Microsporum ferrugineum, show a lack of sporulation.
Mating being absent, theMAT location genes can be unequally distributed in human-
dependent species, which is a further factor in their loss. For example, strains of
Trichophyton rubrum are all of the – (MAT1–1) type [9], with only a few isolates,
referred to as Trichophyton megninii being + (MAT1–2) [10, 11], but as yet strains of
the opposite mating type have not been observed to mate successfully.

Evolution in anthropophilic dermatophytes by definition has proceeded for less
than a million years and is still ongoing. Species have not yet diverged much in
diagnostic markers and are therefore difficult to distinguish. The process starts with
small differences in ecologically relevant parameters by which lineages drift away
from each other. In addition, geographic isolation may play a role. Differentiation is
enhanced by the lack of sexuality, whereby mutations acquired in local epidemics
are maintained. Su et al. [12] noted three lineages in the Trichophyton rubrum
complex, which on average are associated with different clinical pictures and/or
have geographic differences. Trichophyton violaceum and Trichophyton soudanense,
the latter being prevalent in arid parts of Africa, are more frequently involved in Tinea
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capitis than T. rubrum, which generally causes mild skin infections. The slight,
gradational differences between these groups indicate a recent evolutionary process,
which has sympatric elements (i.e., in the same area but specializing on different
habitats) and is partly allopatric, i.e., taking place in different parts of the world. The
absence of sexuality enhances rapid genetic drift.

There is a remarkable diversity of strictly anthropophilic species in the genus
Trichophyton, comprising the T. rubrum group (with T. violaceum and
T. soudanense), Trichophyton interdigitale (with the recent emerging species
T. indotineae in India), Trichophyton concentricum, Trichophyton tonsurans, and
Trichophyton schoenleinii. None of the other mammals is known to have given rise
to such repeated specialization. Several of the human-associated fungi have a closely
similar counterpart on mammal, mostly domesticated hosts which are the probable
origins of the anthropophilic lineages: T. schoenleinii via Trichophyton sarkisovii
from camels [13], T. interdigitale via Trichophyton mentagrophytes from rabbits
[14], T. tonsurans via Trichophyton equinum from horses [15]. In all these cases the
human colonizing agents are only doubtfully distinct from their zoophilic ancestors.
Kandemir et al. [15] described the process of evolution whereby the two mating
types drift apart, with the human lineage differing in being autotrophic for nicotinic
acid, which is naturally available on horse skin. Also in Trichophyton benhamiae, a
zoophilic species primarily found on guinea pigs, a diversification process of the two
mating types can be observed, with differential infective potential on humans
[16, 17].

The majority of the prevalently zoophilic species can remain asymptomatic in the
fur of the host: in addition to T. benhamiae [18], Trichophyton erinacei occurs on
hedgehogs [19], Trichophyton quinckeanum on mice [20], Trichophyton bullosum
on horse [21], Trichophyton verrucosum on cattle [22], Arthroderma redellii on bats
[23], Arthroderma eboreum on badgers [24], Microsporum canis on cats and dogs
[25]. Occasional human infection by such species is often highly inflammatory (e.g.,
[26, 27]). The furs of these animals provide entirely different habitats in which the
species may specialize, or eventually be transmitted to hosts with similar fur types,
but most zoophilic species have insufficiently been studied to explain the mechanism
of host jumps. Geophilic members of the family Arthrodermataceae are found in the
vicinity of sources of keratin, for example, around burrows of terrestrial animals
such as rodents or badgers. A wide diversity of species exists. Most of these are
known to have sexual forms with ornamented gymnothecia that contain deliquescent
asci with one-celled ascospores. The main genus is Arthroderma, currently
containing 21 recognized species [28]. Species are much wider apart from each
other than the anthropophilic Trichophyton species, and mostly are easily recogniz-
able by molecular and phenotypic parameters. Phylogenetic distances are consider-
able to the ancestral genera Ctenomyces and Guarromyces. Within the family,
several clusters of species show strong phylogenetic support which coincides with
morphological parameters, which led de Hoog et al. [28] to propose a novel generic
classification for the Arthrodermataceae. This system comprises the genera
Trichophyton (anthropophilic or zoophilic mostly on mammals living in close
vicinity of humans; with microconidia; macroconidia, if produced, smooth- and
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thin-walled), Epidermophyton (anthropophilic, with smooth-walled macroconidia
only), Nannizzia (ecologically undefined, mostly abundant sporulation with elon-
gate, rather thick-walled and slightly ornamented macroconidia), Microsporum
(on pet animals, if sporulating, producing large, thick-walled, ornamented
macroconidia), Lophophyton (originally described from fowl, but also reported
from diverse mammals; very large, fusiform, thick-walled, multi-celled
macroconidia), Paraphyton (ecologically undefined, morphologically similar to
Lophophyton but forming a separate cluster in ribosomal phylogeny), and
Arthroderma (soil-inhabiting species, mostly easily sporulating with short fusiform,
thick-walled macroconidia, and sexually active). For an overview of accepted
species, refer to de Hoog et al. [29] (Fig. 1).

Dermatophytes are classically identified by a combination of clinical features,
colony characteristics, and microscopy. While this is effective in dermatological
routine with large numbers of strains with limited diversity from a single host, Homo
sapiens, this approach is inadequate to grasp in the large diversity of
Arthrodermataceae from other sources. Also occasional infections by rare species
are unlikely to be recognized in most laboratories. In addition, while fresh cultures
may show optimal characteristics, subcultures tend to lose sporulation, or, con-
versely, non-sporulating species like T. verrucosum may produce microconidia
over time. Molecular methods have therefore become indispensable for confident
identification, and to produce reliable results with geophilic and the majority of
zoophilic species. However, the recent evolution of anthropophilic dermatophytes is
reflected in limited molecular variation between species. Gräser et al. [30, 31]
applied the rDNA Internal Transcribed Spacer (ITS) region and were able to resolve
a large number of species. The main structure of their phylogenetic tree and separa-
tion of species have been confirmed by the use of other generic regions such as beta-
tubulin [32, 33], translation elongation factor 1-alpha [34], and high-mobility group
mating type [35]. Most of the derived anthropophilic species remain, however,
difficult to distinguish with any of these markers. This became clear with the
identification of outbreaks of virulent, multi-resistant genotypes [36]. Particularly
in India, the prevalence of severe dermatophytosis is emerging rapidly and has
become a challenge for dermatologists [37]. Corticosteroids and oral antifungal
agents, which are frequently applied over the counter, may have been instrumental
in this epidemic [38–40]. The creams which are applied without medical prescription
suppress inflammation and improve the symptoms of Tinea initially, but irrational
use of drug combinations enhance acquired resistance [38]. The current epidemic
causes significant distress to the patients socially, emotionally, and financially
[37]. The agents of the main Indian elevation [41] were variously identified as
T. interdigitale [42] or T. mentagrophytes [43]. This goes beyond simple naming,
since T. interdigitale is known to be an anthropophilic species while
T. mentagrophytes is classically treated as a zoophilic species; the identification as
either one of these species thus implies a different cause of the outbreak. The use of
the recently proposed separate name, T. indotineae, even though based on fragmen-
tary data [44], may therefore be advisable.
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Fig. 1 Maximum likelihood tree (RAxML v8.2.12) of rDNA ITS sequences of the family
Arthrodermataceae, using GTRCAT as model, with 1000 bootstrap replications. Guarromyces
ceretanicus was selected as outgroup
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Recent, precise multilocus studies combined with physiological and ecological
data have been able to resolve some of the groups that were distinguished in classical
dermatomycology but were problematic with the molecular approach, as mentioned
above [12, 15]. For taxonomic entangling species in the middle of their evolutionary
process, a combination of molecular, phenotypic, and clinical data is required. As a
consequence of this dynamic course of adaptation, we also have to accept the fact
that taxonomic borderlines may not be sharp, and that numerous intermediate
genotypes may be encountered. As diagnostic parameters with a high degree of
predictivity, ITS sequencing as yet is recommended. In some cases, e.g., in the
T. rubrum group, this broadly matches with clinical, classical, and cultural features
that have been applied to distinguish species.

Members of the T. rubrum, T. interdigitale/mentagrophytes, T. tonsurans, and
M. canis complexes have become the major species of urban populations globally
[6]. During recent years, a sufficient choice of antifungal drugs was available on the
market to control dermatophytes which generally respond well to topical antifungal
treatment. Therapy failure is particularly common with onychomycosis and skin
lesions with folliculitis, where prolonged systemic therapy is required [45]. Standard
guidelines for antifungal susceptibility are available from Clinical Laboratory
Standards Institute (CLSI), European Committee on Antimicrobial Susceptibility
Testing (EUCAST), and British Society of Antimicrobial Chemotherapy (BSAC)
[46]. A large study from Iran using the CLSI method in 1502 direct microscopy and
culture-proven cases showed that terbinafine was the most potent antifungal against
all isolates, with an MIC range of 0.002–0.25μg/mL, followed by itraconazole
(0.004–0.5μg/mL), griseofulvin (0.125–8μg/mL), and fluconazole (4–128μg/
mL) [47].

A significant increase in the number of dermatophytosis has been noted in recent
years in India. Numerous cases with chronic recalcitrant disease, atypical
presentations, frequent relapses, and treatment failures have been reported [40, 48,
49], sometimes in epidemic proportions [39]. As explanation of this phenomenon,
two hypotheses have been put forward: this may have been caused by zoonotic
emergence of dermatophytes from pets or pest animals, or by irrational use of
corticosteroid-containing antifungal combinations sold over the counter, which has
enhanced acquired multi-resistance to common antifungals [40, 46]. Emergence of
resistance is also known in other geographical locations, such as Denmark,
Switzerland, and China [50–53], Belgium [54], Germany [55], Japan [51], Iran
[56], Finland [57], Switzerland [58] and Bahrain [59], which concerned Leu393,
Phe397, Phe415, and His440 substitutions in SQLE (squalene epoxidase) of
T. interdigitale, T. mentagrophytes, and T. rubrum clinical isolates [51]. Earlier
studies from North India showed the occurrence of non-responders to griseofulvin
therapy among Tinea capitis patients [60]. Trichophyton rubrum is known to
develop resistance to azoles, amorolfine, and terbinafine after prolonged exposure
to sub-inhibitory concentrations of these drugs leading to treatment failures and
consequently contributing to persistence and chronicity of the infections. Azole
resistance in dermatophytes has been reported as high as 19% worldwide
[46, 61]. After the recent emergence of dermatophyte antifungal drug resistance
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and increased virulence, it is recommended to perform molecular identification and
antifungal susceptibility testing routinely in cases of chronic, recurrent, and/or
recalcitrant and atypical presentations.

References

1. Stockdale PM, Mackenzie DWR, Austwick PKC. Arthroderma simii sp. nov., the perfect state
of Trichophyton simii (Pinoy) comb. nov. Sabouraudia. 1965;4:112–23.

2. Currah RS, Abbott SP, Sigler L. Arthroderma silverae sp. nov. and Chrysosporium
vallenarense, keratinophilic fungi from arctic and montane habitats. Mycol Res.
1996;100:195–8.

3. Choi JS, Gräser Y, Walther G, Peano A, Symoens F, de Hoog GS. Microsporum mirabile and
its teleomorph Arthroderma mirabile, a new dermatophyte species in theM. cookei clade. Med
Mycol. 2012;50:161–9.

4. Symoens F, Jousson O, Packeu A, Fratti M, Staib P, Mignon B, et al. The dermatophyte species
Arthroderma benhamiae: intraspecies variability and mating behavior. J Med Microbiol.
2013;62:377–85.

5. de Hoog GS, Ahmed SA, Danesi P, Guillot J, Gräser Y. Distribution of pathogens and outbreak
fungi in the fungal kingdom. In: Seyedmousavi S, de Hoog GS, Guillot J, Verweij PE, editors.
Emerging and epizootic fungal infections in animals. Berlin: Springer; 2018. p. 3–16.

6. Zhan P, Liu W. The changing face of dermatophytic infections worldwide. Mycopathologia.
2017;182:77–86.

7. Havlickova B, Czaika VA, Friedrich M. Epidemiological trends in skin mycoses worldwide.
Mycoses. 2008;51:2–15.

8. Lakshmanan A, Ganeshkumar P, Mohan SR, Hemamalini M, Madhavan R. Epidemiological
and clinical pattern of dermatomycoses in rural India. Indian J Med Microbiol. 2015;33:134–6.

9. Li W, Metin B, White TC, Heitman J. Organization and evolutionary trajectory of the mating
type (MAT) locus in dermatophyte and dimorphic fungal pathogens. Eukaryot Cell.
2010;9:46–58.

10. Gräser Y, de Hoog S, Summerbell RC. Dermatophytes: recognizing species of clonal fungi.
Med Mycol. 2006;44:199–209.

11. Metin B, Heitman J. She loves me, she loves me not: on the dualistic asexual/sexual nature of
dermatophyte fungi. Mycopathologia. 2020;185:87–101.

12. Su H, Packeu A, Ahmed SA, Al-Hatmi AMS, Blechert O, Ilkit M, et al. Species distinction in
the Trichophyton rubrum complex. J Clin Microbiol. 2019;57:e00352–19.

13. Probst S, de Hoog GS, Gräser Y. Development of DNA markers to explore host shifts in
dermatophytes. Stud Mycol. 2002;47:57–74.

14. Van Rooij P, Detandt M, Nolard N. Trichophyton mentagrophytes of rabbit origin causing
family incidence of kerion: an environmental study. Mycoses. 2006;49:426–30.

15. Kandemir H, Dukik K, Hagen F, Ilkit M, de Hoog GS. A polyphasic approach for the
differentiation Trichophyton tonsurans and T. equinum. Mycopathologia. 2019;185:113–22.

16. Symoens F, Jousson O, Packeu A, Fratti M, Staib P, Mignon B, et al. The dermatophyte species
Arthroderma benhamiae: intraspecies variability and mating behavior. J Med Microbiol.
2011;62:377–85.

17. Hiruma J, Kano R, Harada K, Monod M, Hiruma M, Hasegawa A, et al. Occurrence of
Arthroderma benhamiae genotype in Japan. Mycopathologia. 2015;179:219–23.

18. Bartosch T, Frank A, Günther C, Uhrlaß S, Heydel T, Nenoff P, et al. Trichophyton benhamiae
and T. mentagrophytes target Guinea pigs in a mixed small animal stock. Med Mycol Case Rep.
2019;23:37–42.

19. Abarca ML, Castellá G, Martorell J, Cabañes FJ. Trichophyton erinacei in pet hedgehogs in
Spain: occurrence and revision of its taxonomic status. Med Mycol. 2017;55:164–72.

Introduction to Dermatophytes 9



20. Beguin H, Pyck N, Hendrickx M, Planard C, Stubbe D, Detandt M. The taxonomic status of
Trichophyton quinckeanum and T. interdigitale revisited: a multigene phylogenetic approach.
Med Mycol. 2012;50:871–82.

21. Lyskova P, Hubka V, Petricakova A, Dobias R, Cmokova A, Kolarik M. Equine
dermatophytosis due to Trichophyton bullosum, a poorly known zoophilic dermatophyte
masquerading as T. verrucosum. Mycopathologia. 2015;180:407–19.

22. Ming PX, Ti YLX, Bulmer GS. Outbreak of Trichophyton verrucosum in China transmitted
from cows to humans. Mycopathologia. 2006;161:225–8.

23. Lorch JM, Minnis AM, Meteyer CU, Redell JA, White JP, Kaarakka HM, et al. The fungus
Trichophyton redellii sp. nov. causes skin infections that resemble white-nose syndrome of
hibernating bats. J Wildl Dis. 2015;51:36–47.

24. Campbell CK, Borman AM, Linton CJ, Bridge PD, Johnson EM. Arthroderma olidum, sp. nov.
a new addition to the Trichophyton terrestre complex. Med Mycol. 2006;44:451–9.

25. Cafarchia C, Romito D, Capelli G, Guillot J, Otranto D. Isolation of Microsporum canis from
the hair coat of pet dogs and cats belonging to owners diagnosed with M. canis tinea corporis.
Vet Dermatol. 2006;17:327–31.

26. Degreef H. Clinical forms of dermatophytosis (ringworm infection). Mycopathologia.
2008;166:257–65.

27. Braun SA, Jahn K, Westermann A, Bruch-Gerharz D, Reifenberger J. Tinea barbae profunda by
Arthroderma benhamiae. A diagnostic challenge. Hautarzt. 2013;64:720–2.

28. de Hoog GS, Dukik K, Monod M, Packeu A, Stubbe D, Hendrickx M, et al. Towards a novel
multilocus phylogenetic taxonomy for the dermatophytes. Mycopathologia. 2017;182:5–31.

29. de Hoog GS, Guarro J, Gené J, Ahmed SA, Al-Hatmi AMS, Figueras MJ, et al. Atlas of clinical
fungi. 4th ed. Utrecht/Reus: Westerdijk Institute; 2019.

30. Gräser Y, Kuijpers AFA, Presber W, de Hoog GS. Molecular taxonomy of Trichophyton
mentagrophytes and T. tonsurans. Med Mycol. 1999;37:315–30.

31. Gräser Y, Kuijpers AFA, Presber W, de Hoog GS. Molecular taxonomy of the Trichophyton
rubrum complex. J Clin Microbiol. 2000;38:3329–36.

32. Rezaei-Matehkolaei A, Mirhendi H, Makimura K, de Hoog GS, Satoh K, Najafzadeh MJ, et al.
Nucleotide sequence analysis of beta tubulin gene in a wide range of dermatophytes. Med
Mycol. 2014;52:674–88.

33. Pchelin IM, Zlatogursky VV, Rudneva MV, Chilina GA, Rezaei-Matehkolaei A, Lavnikevich
DM, et al. Reconstruction of phylogenetic relationships in dermatomycete genus Trichophyton
Malmsten, 1848 based on ribosomal internal transcribed spacer region, partial 28S rRNA and
beta-tubulin genes sequences. Mycoses. 2016;59:566–75.

34. Mirhendi H, Makimura K, de Hoog GS, Rezaei-Matehkolaei A, Najafzadeh MJ, Umeda Y,
et al. Translation elongation factor 1-α gene as a potential taxonomic and identification marker
in dermatophytes. Med Mycol. 2015;53:21524.

35. Kosanke S, Hamann L, Kupsch C, Moreno Garcia S, Chopra A, Gräser Y. Unequal distribution
of the mating type (MAT) locus idiomorphs in dermatophyte species. Fungal Genet Biol.
2018;118:45–53.

36. Luchsinger I, Bosshard PP, Kasper RS, Reinhardt D, Lautenschlager S. Tinea genitalis: a new
entity of sexually transmitted infection? Case series and review of the literature. Sex Transm
Infect. 2015;91:493–6.

37. Pathania S, Rudramurthy SM, Narang T, Saikia UN, Dogra S. A prospective study of the
epidemiological and clinical patterns of recurrent dermatophytosis at a tertiary care hospital in
India. Indian J Dermatol Venereol Leprol. 2018;84:678–84.

38. Bishnoi A, Vinay K, Dogra S. Emergence of recalcitrant dermatophytosis in India. Lancet Infect
Dis. 2018;18:250–1.

39. Singh A, Masih A, Khurana A, Singh PK, Gupta M, Hagen F, et al. High terbinafine resistance
in Trichophyton interdigitale isolates in Delhi, India harbouring mutations in the squalene
epoxidase gene. Mycoses. 2018;61:477–84.

10 S. de Hoog et al.



40. Singh A, Masih A, Monroy-Nieto J, Singh PK, Bowers J, Travis J, et al. A unique multidrug-
resistant clonal Trichophyton population distinct from Trichophyton mentagrophytes/
Trichophyton interdigitale complex causing an ongoing alarming dermatophytosis outbreak
in India: genomic insights and resistance profile. Fungal Genet Biol. 2019;133:103266.

41. Nenoff P, Verma SB, Vasani R, Burmester A, Hipler UC, Wittig F, et al. The current Indian
epidemic of superficial dermatophytosis due to Trichophyton mentagrophytes—a molecular
study. Mycoses. 2019;62:336–56.

42. Chowdhary A, Singh A, Singh PK, Khurana A, Meis JF. Perspectives on misidentification of
Trichophyton interdigitale/Trichophyton mentagrophytes using internal transcribed spacer
region sequencing: urgent need to update the sequence database. Mycoses. 2019;62:11–5.

43. Nenoff P, Verma SB, Uhrlaß S, Burmester A, Gräser Y. A clarion call for preventing taxonom-
ical errors of dermatophytes using the example of the novel Trichophyton mentagrophytes
genotype VIII uniformly isolated in the Indian epidemic of superficial dermatophytosis. Myco-
ses. 2019;62:6–10.

44. Kano R, Kimura U, Kakurai M, Hiruma J, Kamata H, Suga Y, Harada K. Trichophyton
indotineae sp. nov.: a new highly terbinafine-resistant anthropophilic dermatophyte species.
Mycopathologia. 2020;185:947–58.

45. Thatai P, Sapra B. Critical review on retrospective and prospective changes in antifungal
susceptibility testing for dermatophytes. Mycoses. 2016;59:615–27.

46. Dogra S, Shaw D, Rudramurthy SM. Antifungal drug susceptibility testing of dermatophytes:
laboratory findings to clinical implications. Indian Dermatol Online J. 2019;10:225–33.

47. Ansari S, Hedayati MT, Zomorodian K, Pakshir K, Badali H, Rafieie A, et al. Molecular
characterization and in vitro antifungal susceptibility of 316 clinical isolates of dermatophytes
in Iran. Mycopathologia. 2016;2181:89–95.

48. Sahoo AK, Mahajan R. Management of tinea corporis, tinea cruris, and tinea pedis: a compre-
hensive review. Indian Dermatol Online J. 2016;7:77–86.

49. Poojary S, Miskeen A, Bagadia J, Jaiswal S, Uppuluri P. A study of in vitro antifungal
susceptibility patterns of dermatophytic fungi at a tertiary care center in Western India. Indian
J Dermatol. 2019;64:277–84.

50. Saunte DML, Hare RK, Jørgensen KM, Jørgensen R, Deleuran M, Zachariae CO, et al.
Emerging terbinafine resistance in Trichophyton: clinical characteristics, squalene epoxidase
gene mutations, and a reliable EUCAST method for detection. Antimicrob Agents Chemother.
2019;63:e01126–19.

51. Yamada T, Maeda M, Alshahni MM, Tanaka R, Yaguchi T, Bontems O, et al. Terbinafine
resistance of Trichophyton clinical isolates caused by specific point mutations in the squalene
epoxidase gene. Antimicrob Agents Chemother. 2017;61:e00115–7.

52. Kano R, Hsiao YH, Han HS, Chen C, Hasegawa A, Kamata H. Resistance mechanism in a
terbinafine-resistant strain of Microsporum canis. Mycopathologia. 2018;183:623–7.

53. Taghipour S, Pchelin IM, Zarei Mahmoudabadi A, Ansari S, Katiraee F, Rafiei A, et al.
Trichophyton mentagrophytes and T. interdigitale genotypes are associated with particular
geographic areas and clinical manifestations. Mycoses. 2019;62:1084–91.

54. 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 2020;6:E195.

55. 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 2020;6:E207.

56. Taghipour S, Shamsizadeh F, Pchelin I et al. Emergence of terbinafine resistant Trichophyton
mentagrophytes in Iran, harboring mutations in the squalene epoxidase (SQLE) gene. Infect
Drug Resist. 2020;13:845–50.

57. Järv, H, Uhrlaß, S, Simkin, et al. Terbinafine resistant Trichophyton mentagrophytes genotype
VIII, Indian type, isolated in Finland. J Fungi. 2019;95:P39.

Introduction to Dermatophytes 11



58. Hsieh A, Quenan S, Riat A et al. A new mutation in the SQLE gene of Trichophyton
mentagrophytes associated to terbinafine resistance in a couple with disseminated tinea
corporis. J Mycol Med 2019;29:352–5.

59. Süß A, Uhrlaß S, Ludes A et al. Ausgeprðgte Tinea corporis durch ein Terbinafin-resistentes
Trichophyton-mentagrophytes-Isolat vom indischen Genotyp bei einem Sðugling aus Bahrain
in Deutschland. Hautarzt 2019;70:888–96.

60. Singal A, Rawat S, Bhattacharya SN, Mohanty S, Baruah MC. Clinico-mycological profile of
tinea capitis in North India and response to griseofulvin. J Dermatol. 2001;28:22–6.

61. Ghannoum M. Azole resistance in dermatophytes: prevalence and mechanism of action. J Am
Podiatr Med Assoc. 2016;106:79–86.

12 S. de Hoog et al.



Part II

Clinical Aspects



Dermatophytes and Dermatophytic
Infections Worldwide

Ping Zhan, Guanzhao Liang, and Weida Liu

Abstract

Dermatophytoses are a common public health problem with high prevalence. The
etiological agents of dermatophytoses, termed dermatophytes, change with geog-
raphy and socioeconomic status. Trichophyton rubrum is the predominant species
for skin and nail infections followed by Trichophyton mentagrophytes/
Trichophyton interdigitale complex. However, we notice a T. rubrum to
T. mentagrophytes shift in some parts of Iran, India, and Australia. The causative
agents of Tinea capitis changed most greatly with obvious geography co-relation
and time, with Microsporum canis, Trichophyton tonsurans, and Trichophyton
violaceum present as the predominant dermatophytes in different regions. In this
chapter, we provide a brief introduction of dermatophytes history and review their
present epidemiology worldwide by continents and related diseases. The aim is to
get a comprehensive understanding of prevailing geographic distribution of these
pathogens, and prospect the trends of future changes in their occurrence and
prevalence.
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1 Introduction

Dermatophytes are a highly specialized group of filamentous fungi, which are highly
adapted to keratinized tissues of humans and animals. Dermatophytes are true fungal
pathogens, usually colonizing and invading immunocompetent individuals. Their
distribution and evolution are distinctly influenced by geography and socioeconomic
status, e.g., host age, housing and sanitary conditions, population density, water
supply, health service availability, and the use of antifungal agents [1–6].

Dermatophytosis remains a very important public health problem globally, espe-
cially in developing countries. Till today, it has been recognized that
dermatophytosis are the most common fungal infections worldwide, affecting
20–25% of the world population [6]. Due to the development of new antifungal
drugs and improved socioeconomic status, the prevalence of dermatophytosis
decreased prominently in most areas and the spectrum of dermatophytes changed
greatly. We found an anthropophilic to zoophilic shift within Tinea capitis during
the past 60 years in mainland China [1]. Also, India has a Trichophyton rubrum to
Trichophyton mentagrophytes shift for superficial fungal infections [7, 8].

In this chapter, we give a brief introduction of dermatophytes history and review
their present epidemiology worldwide. The aim is to get a comprehensive under-
standing of these organisms and prospect the trends of their changes in future.

2 Natural and Taxonomy History of Dermatophytes

The first report of dermatophytosis was recorded in Romans’ word around 30 AD
and described as suppurative infections on scalp, again suggesting these organisms
have lived with human beings for a long history [9]. From that faraway era and down
through the Middle Ages, these kind of dermatophytosis were described as Tinea
(Tinea refers to a cloth moth that destroys garment with circular holes) and ringworm
[10]. Although doctors have been aware of superficial fungal infections for centuries,
the causal agents and treatment of these infections remained unknown until the
mid-1800s [9].

Trichophyton schoenleinii was firstly discovered in the crust of Tinea favosa
around the 1830s and this episode was usually regarded as the start of medical
mycology [9, 10]. In 1837, Robert Remark, a Polish-German physician, noted
hyphae in the crusts of favus and named the etiological agent as Achorion
schoenleinii (T. schoenleinii) in honor of Johann Lucas Schoenlein in whose labora-
tory he was working that time [10]. In 1841, David Gruby described several different
types of dermatophytosis in his publication, including Tinea favosa, and the
ectothrix and endothrix trichophytosis and microsporiosis, and reported the con-
tagiousness of Tinea favosa [10].

Paul Grawitz and Emile Duclaux independently isolated the pure culture of
dermatophytes in 1886 [10]. Henceforth, Microsporum audouinii,
T. mentagrophytes, Trichophyton tonsurans, and Epidermophyton floccosum were
successively either reported on the basis of the appearance of clinical materials or
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described under the microscope [2, 10, 11]. Around the 1900s, Raymond Sabouraud
improved a newly developed isolation medium for fungal culture (Sabouraud Dex-
trose Agar, SDA), identification and preservation of dermatophytes, and established
the taxonomic criteria for these fungi. He integrated the mycological and clinical
aspects into a comprehensive concept, and classified the dermatophytes into four
genera, Achorion, Microsporum, Trichophyton, and Epidermophyton. Emmons
deleted the genus Achorion in 1934 and the other three genera were reserved till
today [9].

Earlier, the genera and species of dermatophytes were described on the basis of
morphology in pure culture, clinical reaction of the host, and the species of animals
involved. This complicated nomenclature afterward led to confusion. In 1935,
Dodge introduced 118 species of dermatophytes in his book Medical Mycology
which reflected the complicated dermatophyte differentiation around the first half of
the twentieth century [2, 9].

Two major contributors to dermatophyte classification were Chester W. Emmons
and Libero Ajello, whose work influenced the training of numerous medical
mycologists, and organized a more logical and usable dermatophytes classification
system [10, 12]. After the 1950s, the dermatophytes were classified on the basis of
spore morphology, physiological characteristics, and the sexual reproduction. How-
ever, there are still problems due to high diversity of filamentous fungi, which lead to
one fungus being assigned multiple names. Since the 1980s, the application of
molecular methods made the taxonomy of dermatophytes more rational and
simplified [13]. International co-workers contributed greatly to the nomenclature
working. In 2011, the Amsterdam Declaration on Fungal Nomenclature promoted
the “One Fungus One Name” concept, which was adopted quickly worldwide as a
comprehensive naming system, although this new system still keeps some
limits [14].

3 Dermatophyte Evolution in the Past Century

The spectrum of dermatophytes has changed in the past 60 years due in parts to
improved diagnosis, treatment, and better public health awareness [2, 4]. Before the
1950s, Tinea pedis and onychomycosis were uncommon, and T. mentagrophytes/
Trichophyton interdigitale were the main agents for Tinea corporis. Meanwhile,
Tinea capitis was a severe public problem threatening school-age children [4, 15–
17]. The anthropophilic agents M. audouinii, Microsporum ferrugineum, and
T. schoenleinii were the predominant agents of Tinea capitis in British islands,
Northern and Western Europe, and America [2, 5, 15–18]. Few original reports
could be reviewed before the 1950s for Africa, Asia, and Middle East. Before the
1960s, the anthropophilic dermatophytes E. floccosum, M. ferrugineum,
Trichophyton violaceum, and T. schoenleinii were frequent in these areas as the
main causes of scalp ringworm, yet their respective frequency varied by regions
[1, 3, 15].
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Molecular analysis showed that T. rubrum-T. violaceum complex possibly
originated from West Africa, moving to east Asia at some timepoint. Finally, these
fungi were brought to Europe and North America in the later part of the nineteenth
century and become widespread around the whole world with globalization
[19, 20]. Interestingly, in its original homeland west Africa, T. rubrum does not
cause Tinea pedis due to no footwear worn by the local people [21]. After the Second
World War, T. rubrum increased quickly worldwide, replacing the
T. mentagrophytes as the first important pathogen for superficial fungal infections
in most areas [2]. Based on the above information, we would propose possible
evolution pathway for dermatophytes, which might survive within human environ-
ment for thousands of years and become pathogenic with human civilization.
Among them, T. rubrum is the typical example which obtained specific virulence
and became adapt for human body after the nineteenth century. Inevitably, the
spectrum of dermatophytes is not static due to more frequent global immigration,
convenient tourism, and changing socioeconomic status.

The first broad-spectrum antifungal drug for dermatophytosis was griseofulvin,
discovered in 1939 from Penicillium, and successfully applied for treating experi-
mental ringworm in guinea pigs by Gentles in 1958 [9, 11, 22]. The epidemiology of
dermatophytosis changed greatly after the Second World War, perhaps because of
the widespread use of oral griseofulvin especially for pandemic favus, and improve-
ment in hygiene due to rising living standards. Tinea capitis declined significantly in
many areas while Tinea pedis and onychomycosis increased globally thereafter [1, 2,
18]. Trichophyton rubrum became the most common cause of superficial fungal
diseases worldwide more recently, except for infections on scalp [2, 4, 15]. Since the
1950s, the frequency ofM. audouinii and T. schoenleinii in British Island and North
and Western Europe declined along with an increased frequency of Microsporum
canis and T. mentagrophytes as the most important agents isolated from scalp [3, 5,
15, 17]. In North and South America, T. tonsurans took the place ofM. audouinii as
the most common agent for Tinea capitis followed byM. canis [16, 23]. Etiology of
dermatophytosis in Australia was much similar to that of America except that
M. audouinii was rarely reported in Australia [23, 24]. It is thought that its spread
was prevented by M. canis [2, 23, 24].

Chinese nationwide campaign of “eliminating Tinea capitis” exhibits a typical
example of the change in occurrence and distribution. Sixty years ago, most
provinces in China were hyper-endemic for favus, with T. schoenleinii as the
predominant pathogen [1, 2]. In the middle of the 1960s, a nationwide campaign
was sponsored by the government aiming to eliminate favus. Griseofulvin and
topical antifungal agents were prescribed for free for all involved patients, as well
as health interventions. Favus largely disappeared across the country, and the
prevalence of Tinea capitis decreased to 7.2 per 100,000 in the year 2000. With
such a sharp decline of T. schoenleinii, infections due to T. mentagrophytes and
T. violaceum occurred more frequently afterward. According to Wu et al. [25], in
1986 T. mentagrophytes and T. violaceum accounted for 52.3% and 17.4% of all
cases of Tinea capitis, respectively, but from 1986 to 2006, M. canis gradually
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increased and it has now become the predominant organism in areas with high
economic growth. Among the superficial fungal infections, Candida species showed
a notable increase, while T. rubrum and T. mentagrophytes were the most common
dermatophytes for non-scalp infections [25].

4 General Epidemiology of Dermatophyte Worldwide Today

Population mobility, the advent of new antifungal agents, popularization of leather
shoes and sneakers, and improvement of human hygiene are all responsible for a
major shift in the dermatophyte spectrum noticeable since the Second World War.

New antifungal drugs were great advancement for the treatment of
dermatophytosis, but their use also led to evolution in the etiological agents. External
formulations of antifungals such as nystatin, miconazole, clotrimazole, and
econazole were introduced successively since 1944 [9], and ketoconazole became
available in 1981, as the first azole derivative with systemic antifungal action. The
three other most important systemic antifungal drugs, itraconazole, fluconazole, and
terbinafine available in the early 1990s, became the most preferred drugs for
treatment of dermatophytosis [9, 26, 27].

In the last 20 years, the spectrum of dermatophytes appears to change at a slower
speed. Trichophyton rubrum remains as the predominant species for Tinea on skin
and nails. Trichophyton mentagrophytes ranks the second, and even the main
etiologic agent in some regions including southwestern Iran, Croatia, and Australia
[2, 24, 28, 29]. Some anthropophilic species are quite rare beyond Africa, e.g.,
Trichophyton soudanense, M. audouinii, and M. ferrugineum, which can be
imported into other countries, and lead to small outbreaks traced to migration from
Africa. Today, E. floccosum and T. schoenleinii are mainly reported from Asia and
Africa, the former even becoming the common dermatophytes in Iran [28, 30, 31].

5 Dermatophytes and Their Distribution by Continents

In the newly proposed taxonomy, there are more than 50 species of dermatophytes
distributed into nine genera [32]. Considering the new taxonomy yet to be used in
clinical practice, in this chapter, we apply the traditional classification system with
three genus, Trichophyton, Microsporum, and Epidermophyton, for the review of
literature but use the proposed new taxonomy name in the manuscript. Table 1 lists
the most common clinical dermatophytes causing human disease. Within
T. mentagrophytes complex, there are still many problems to differentiate the most
common species, T. mentagrophytes and T. interdigitale, in clinical laboratories
[33]; therefore, we summarize these sibling species as T. mentagrophytes in this
review.
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Concerning their natural habitat and host preference, dermatophytes can be
divided into anthropophilic (on human), zoophilic (on animal), and geophilic
(in soil) species. Generally, anthropophilic dermatophytes are geographically limited
except for T. rubrum, which is most frequently isolated in developing countries and
usually associated with low socioeconomic status, while zoophilic and geophilic
species, which are related to pet feeding and farming work, increase dramatically
nowadays, and show a global distribution [2]. Microsporum canis and
T. mentagrophytes are the major pathogenic species belonging to this category
[2]. However, there is an increase in anthropophilic infections, which used to be
rare in Europe and America until recently; this increase is most likely related to
tourism and migration [2, 34].

Generally, the pathogenic agents of skin and nail infections are less diverse than
those responsible for scalp infections worldwide, which show high regional
variations [2, 3, 35, 36]. Many reports about superficial fungal infections originate
from Europe while very few published data are available for North America and are
especially rare for Australia (see Tables 2, 3, 4 and 5). However, we can speculate
that superficial fungal diseases are more prevalent in Africa and Asia due to the
ecological diversity and population density in tropical/subtropical areas and low
socioeconomic status in these areas. Therefore, we discuss the global distribution of
dermatophytes by continents and cite reports with relatively big data after the year
2000.

Table 1 Dermatophytes and their clinical infections

Species Host preference
Major
distribution Major infection type

E. floccosum Anthropophilic Africa and Asia Skin infections

M. audouinii Anthropophilic Africa, sporadic
in other areas

Scalp infections

M. canis Zoophilic Worldwide Scalp infections

M. ferrugineum Anthropophilic Africa and Asia Scalp infections

N. gypsea Geophilic Worldwide Scalp infections

T. mentagrophytes Anthropophilic/
zoophilic

Worldwide All kinds of infections

T. rubrum Anthropophilic Worldwide Skin and nail infections

T. schoenleinii Anthropophilic Africa, sporadic
in Asia

Scalp infections

T. soudanense Anthropophilic Africa Scalp infections

T. tonsurans Anthropophilic America,
Europe, UK

Scalp infections, small outbreaks
and asymptomatic carriers

T. verrucosum Zoophilic Worldwide Skin and scalp infections

T. violaceum Anthropophilic Africa, Europe
and Asia

Scalp infections and
asymptomatic carriers

E Epidermophyton, M Microsporum, N Nannizzia, T Trichophyton
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5.1 Dermatophytes in Europe

Tinea pedis and onychomycosis are the most common dermatophytosis in Europe
with noticeable increase since the Second World War [5]. Trichophyton rubrum is
the main causative agent in Tinea unguium, Tinea cruris, Tinea corporis, Tinea
pedis, and Tinea manuum, followed by T. mentagrophytes (Fig. 1) [2, 5, 9, 19].

Microsporum canis remains the principal agent for Tinea capitis in most
European countries, i.e., Central Europe, Southern Europe, and Mediterranean
regions, including Austria, Spain, Italy, Greece, Hungary, Germany, and Poland
[2, 15]. Trichophyton tonsurans is the most common agent in the United Kingdom

Table 2 Major surveys on dermatophytoses in Europe

Areas Period Disease (cases) Predominant speciesa Ref

Croatia, Split 1996–2002 Skin infections (465)
Scalp infections (268)

Tr 30%, Tm 28%, Mc 25%
Mc 74%, Tm 7%, Tt 5%

[113]

Croatia, Zagreb 1999–2008 Skin and nail
infections (9304)
Scalp infections
(1767)

Tr 12%, Tm 68%, Mc 17%
Mc 92%, Tm 6%

[29]

Denmark 2003 Skin and nail
infections (5329)
Scalp infections (185)

Tr 80%, Tm 15%, Mc 2%
Mc 57%, Tv 35%, Ma 3%

[114]

France,
Grenoble

2001–2011 Skin and nail
infections (1285)
Scalp infections (63)

Tr 82%, Tm 3%, Mc 1%
Tt 24%, Tm 10%, Tv 1%,
Tve 1%

[115]

Greece, Crete 2010–2015 All infections (294) Mc 36%, Tr 35%, Tm 23% [116]

Southwestern
Greece

2000–2008 Skin and nail
infections (261)
Scalp infections (28)

Tr 47%, Mc 43%, Tm 10%
Mc 75%, Tr 14%, Tm 11%

[117]

Italy, Rome 2002–2004 All infections (252) Mc 28%, Tm 22%, Tr 18%
Ma 10%, Tt 6%

[118]

Poland, Krakow 1995–2010 Skin and nail
infections (1559)
Scalp infections (39)

Tr 55%, Tm 38%, Ef 2%,
Mc 2%
Tr 39%, Tm 26%, Mc
15%, Ng 11%

[119]

Sweden,
Stockholm

2005–2009 Skin and nail
infections (8182)
Scalp infections (680)

Tr 90%, Tm 8%, Tv 1%
Tv 64%, Tso 18%, Ma
8%, Tt 6%

[120]

Switzerland,
Lausanne

1993–2000 Skin and nail
infections (3806)
Scalp infections (387)

Tr 68%, Tm 26%, Mc 3%
Mc 26%, Tv 16%, Tm
14%

[121]

Southwest UKb 2005 All infections (1056) Tr 70%, Tm 22%, Tt 5% [122]

Ef E. floccosum, Ma M. audouinii, Mc M. canis, Ng N. gypsea, Tm T. mentagrophytes/T.
interdigitale, Tr T. rubrum, Tso T. soudanense, Tt T. tonsurans, Tv T. violaceum, Tve T. verrucosum
aIn this column, the numbers indicate the species percentage among all positive dermatophyte
isolates (excluding non-dermatophyte infections); only the most common species were listed
bOnly the data of 2005 were retrieved and the disease could not be differentiated as no data were
available in this report
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[3, 37]. Interestingly, some tourist hotspots, such as Paris and Milan, witnessed a
rapid rise in the incidence of imported anthropophilic infections [34, 38]. Factually,
an increased frequency of Tinea capitis due to T. tonsurans, T. violaceum, and
M. audouinii is observed in Europe with African immigrants together with a
decreased frequency of zoophilic M. canis [17, 18, 34, 38, 39]. For example,
T. violaceum–related Tinea capitis was rarely reported before 2000 in Switzerland
[40]. However, this dermatophyte shows persistent increased occurrence
[40, 41]. Additionally, the reappearance of M. audouinii was reported from
Switzerland, Belgium, and Germany [2, 41, 42]. Trichophyton violaceum and
T. soudanense increased to be the predominant agent of Tinea capitis in some Italian
cities [34, 43].

Fig. 1 Dermatophyte distribution in Europe isolated from skin and nail infections since 2000. Only
major surveys with detailed and large data of dermatophyte spectrum were retrieved. The relative
frequencies refer to the percentages among all dermatophyte isolates, excluding
non-dermatophytes. Ef E. floccosum, Ma M. audouinii, Mc M. canis, Ng N. gypsea, Tm
T. mentagrophytes/T. interdigitale, Tr T. rubrum, Tt T. tonsurans, Tv T. violaceum
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5.2 Dermatophytes in Asia

Dermatophytosis remain a severe public health problem with high prevalence in
Asian countries, as most of these regions have high population density, less ideal
hygienic environment, and warm, rainy climate that supports dermatophytes survival
and proliferation [1, 44].

Trichophyton rubrum is the principal agent for glabrous and nail infection in
Asia (Fig. 2), with a percentage ranging from 23% to 83% (Table 3). In a report by
Wu et al. [25] covering a period of 30 years with more than 30,000 cases in China,
T. rubrum showed a little decrease from 75% of the dermatophytes in 1986 to 57% in
2006, while T. mentagrophytes slightly increased from 18% to 24%. Meanwhile,
Candida albicans showed significant increase and peaked around 2006 (26.9%). In
Cai’s report from South China with 475 cases of skin and nail infections, T. rubrum
and T. mentagrophytes complex took a percentage of 81% and 15%, respectively
[45].

Dermatophytes distribution in Iran shows quite a different pattern than China. In
Tehran and Khuzestan, T. mentagrophytes complex and E. floccosum replace

Fig. 2 Dermatophyte distribution in Asia isolated from skin and nail infections since 2000. Only
major surveys with detailed and large data of dermatophyte spectrum were retrieved. The relative
frequencies refer to the percentages among all dermatophyte isolates, excluding
non-dermatophytes. Ef E. floccosum, Mc M. canis, Ng N. gypsea, Tm T. mentagrophytes/T.
interdigitale, Tr T. rubrum, Ts T. schoenleinii, Tt T. tonsurans, Tve T. verrucosum

Dermatophytes and Dermatophytic Infections Worldwide 23



T. rubrum as the most important agents for non-scalp dermatophytoses [28, 31,
46]. Another characteristic of dermatophytosis in Iran is that it retains many cases
caused by E. floccosum which has almost disappeared in Asia, taking a percentage of
16–40% for glabrous skin infections. In a big survey from Khuzestan, the top two
species were T. mentagrophytes (58.6%) and E. floccosum (35.4%) [28]. In a report
from Tehran for the period of 2000–2005 with 225 cases of scalp dermatophytoses,
T. tonsurans accounted for 37%, followed by T. violaceum 32%, T. schoenleinii
12%, andM. canis 12% [31]. But in another report from Khuzestan, southwest Iran,
with 120 cases of Tinea capitis from 2013 to 2014, T. mentagrophytes was the most
common species (83%) [28]. Interestingly, Saudi Arabia, neighboring Iran, has
T. mentagrophytes as the most common agent for Tinea capitis coincidently
[47]. The prevalence of T. mentagrophytes in India is similar to that reported in

Table 3 Major surveys on dermatophytoses in Asia

Area Period Disease (cases) Predominant species Ref

Mainland
Chinaa

2006 All infections
(13,209)

Tr 75%, Tm 18%, Mc 8% [26]

South China,
Guangzhou

2004–2014 Skin and nail
infections (479)
Scalp infections
(109)

Tr 81%, Tm 15%, Mc 3%
Mc 54%, Tm 20%, Tv 18%

[45]

South India 2012 All infections (150) Tr 59%, Tm 25%, Ng 8%, Tt
5%

[48]

Iran, Khuzestan 2013–2014 Skin and nail
infections (911)
Scalp infections
(120)

Tm 59%, Ef 35%, Mc 3%
Tm 83%, Tv 2%, Mc 13%

[28]

Iran, Tehran 2000–2005 Skin and nail
infections (4321)
Scalp infections
(225)

Tr 27%, Tm 21%, Ef 34%, Tt
10%, Tve 7%
Tv 32%, Tt 37%, Mc 12%,
Ts 12%

[31]

Iran, Tehran 2008–2010 Skin and nail
infections (762)
Scalp infections
(15)

Tm 41%, Tr 35%, Ef 16%
Mc 33%, Tt 20%, Tm 20%,
Ts 13%

[46]

Japan 2016 Skin and nail
infections (1253)
Scalp infection (15)

Tr 71%, Tm 25%, Mc 2%
Mc 47%, Tr 33%, Tt 20%

[123]

Saudi Arabia 2003–2005 Skin and nail
infections (45)
Scalp infections
(26)

Mc 35%, Tr 23%, Tt 12%, Ts
12%
Tm 58%, Mc 29%, Tr 7%

[47]

Thailand 2001 Nail infectionsb

Footb
Tr 77%, Tm 20%, Ef 3%
Tr 41%, Tm 47%, Ef 12%

[124]

Ef E. floccosum, Mc M. canis, Ng N. gypsea, Tm T. mentagrophytes/T. interdigitale, Tr T. rubrum,
Ts T. schoenleinii, Tt T. tonsurans, Tv T. violaceum, Tve T. verrucosum
aOnly the data of 2006 was retrieved
bN means no extract data
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Iran, and a switch from T. rubrum to T. mentagrophytes has been observed around
2018 [7, 8, 48]. In a multicenter study covering West, North, East, and South India,
92.62% dermatophytes were identified as T. mentagrophytes [7, 8]. The sequences
revealed a solely occurring T. mentagrophytes “Indian ITS genotype” that might be
disseminated due to the widespread abuse of topical clobetasol and other steroid
molecules mixed with antifungal and antibacterial agents [7].

The scalp infection shows diversity in Asia with great geography correlation.
Microsporum canis remains as the leading agent of scalp infections in most areas,
while some anthropophilic dermatophytes are endemic. Trichophyton violaceum,
M. ferrugineum, and T. schoenleinii are more prevalent in South Xinjiang province,
West China [1]. Two other provinces of Central China, Jiangxi and Anhui, have
T. violaceum as the predominant agent [1, 36]. There is an increasing trend of
T. violaceum after 2000 in South China and T. tonsurans is rare in China today
[1, 36, 44].

5.3 Dermatophytes in North and South America

The epidemiology of dermatophytes in America is similar to that seen in Europe,
except that T. tonsurans is more common in Europe (Fig. 3).

There is limited data from North America describing dermatophytes spectrum
after 2000. In an epidemiologic surveillance from 1999 to 2002 including 15,381
superficial specimens, dermatophytes remained the most commonly isolated fungal
organisms. Trichophyton rubrum was the most prevalent pathogen (32–82.9%) for
superficial fungal infections, and increased incidence of this species was observed
for glabrous skin infections (onychomycosis, Tinea corporis and Tinea cruris, Tinea
manuum, and Tinea pedis) [49].

At the beginning of the past century, M. audouinii and M. canis were the most
common cause of Tinea capitis in the United States [4, 50]. The introduction of
griseofulvin for treatment of Tinea capitis in the 1950s, together with a vigilant
school surveillance program, led to a marked decline of superficial fungal infections
in the United States [9]. Currently, T. tonsurans is the primary etiological agent of
Tinea capitis instead ofM. audouinii andM. canis [4, 35, 50]. In nationwide surveys,
T. tonsurans was found to be most prevalent in the United States [51–53]. However,
some rare species such as M. audouinii, T. violaceum and T. soudanense were also
noticed in recent years due to migration from Africa [52].

The spectrum of dermatophytes in South America is similar, with a few
exceptions. In Brazil and Venezuela, T. rubrum, T. mentagrophytes and
T. tonsurans were the major pathogens [54–58]. For instance, in Mato Grosso
(central-west Brazil), T. rubrum (33.3%), T. mentagrophytes (15.2%), and
T. verrucosum (11.1%) together with T. tonsurans (13.1%) were found as the
major causative species for Tinea in military [58].
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Fig. 3 Dermatophyte distribution in America isolated from skin and nail infections since 2000.
Only major surveys with detailed and large data of dermatophyte spectrum were retrieved. The
relative frequencies refer to the percentages among all dermatophyte isolates, excluding
non-dermatophytes. Ef E. floccosum, Ma M. audouinii, Mc M. canis, Ng N. gypsea, Tm
T. mentagrophytes/T. interdigitale, Tr T. rubrum, Tt T. tonsurans, Tve T. verrucosum
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5.4 Dermatophytes in Africa

There are limited data of dermatophytes and dermatophytosis from Africa. Most
extensive epidemiological data came from children surveys in Africa [59].

Tinea capitis has a high prevalence throughout African continent, infecting about
10–70% children of school-age children [59–63]. For adults, Tinea corporis seems
to be the most common clinical type of dermatophytosis in Africa [59, 60]. In a study
from Libya, Tinea corporis accounted for 45.9% of the superficial mycoses, and
85% of the cases occurred in children under 15 years of age [64].

Anthrophilic dermatophytes are predominant for Tinea capitis in Africa and
T. violaceum, T. soudanense and M. audouinii are the most frequently isolated
pathogens [59]. However, the distribution of the etiologic agents showed a high
diversity. In most countries of west Africa such as Mali, Senegal, Ivory Coast,
Gabon, and Nigeria, T. soudanense and M. audouinii are the main cause for Tinea
capitis, while T. violaceum is the prevalent species in the remaining areas, followed
by M. canis (North and East Africa) and M. audouinii (Central Africa) [59, 60,
65]. However, in Libya, T. schoenleinii is the most common agent, followed by
T. violaceum and M. audouinii.

An extensive study for Tinea corporis in Dar-es-Salam, Tanzania, reported
T. rubrum (27%), T. mentagrophytes (23%), M. canis (19%), and T. violaceum
(18%) in a survey of nearly 500 infections [66]. In Morocco, among 4940 cases of

Table 4 Major surveys on dermatophytoses in America

Area Period Disease (cases) Predominant species Ref

North America

Dominican
Republic

2010 Scalp infections (118) Tt 61%, Ma 24%, Mc 12% [125]

Mexico 1996–2006 Skin and nail
infections (1789)
Scalp infections (83)

Tr 83%, Tm 6%, Tt 5%,
Mc 4%
Tt 70%, Mc 30%

[126]

USAa 2002 Tinea pedis (15,381)
Scalp infections (775)

Tr 83%, Tm 10%
Tt 96%

[49]

South America

Brazil, Mato
Grosso

2009 All infections (99) Tr 33%, Tt 13%, Tve 11%,
Ng 8%

[54]

Northeast
Brazil

2013–2014 Skin and nail
infections (46)
Scalp infections (13)

Tr 46%, Tt 20%, Mc 6.5%
Ng 6.5%
Tt 46%, Mc 38%, Tr 15%

[55]

Brazil, São
Paulo

2005–2011 All infections (2626) Tr 96% Tm 2%, Ng 1% [56]

Venezuela,
Caracas

2001–2014 All infections (1098) Tr 70%, Tm 15%, Mc
9.4%, Ef 4%

[57]

Ef E. floccosum, Ma M. audouinii, Mc M. canis, Ng N. gypsea, Tm T. mentagrophytes/T.
interdigitale, Tr T. rubrum, Tt T. tonsurans, Tve T. verrucosum
aFor this report, we only use the data of the year 2002 and Tinea pedis for skin infections as there are
no precise data for other clinical forms of dermatophytosis in this report
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onychomycosis, T. rubrum was the overwhelming agent (84%) [67], while in Sfax,
Tunisia, T. rubrum took a percentage of 87% among etiological agents of glabrous
skin infections, followed by T. mentagrophytes (8%) (Fig. 4) [65].

Fig. 4 Dermatophyte distribution in Africa isolated from skin and nail infections since 2000. Only
major surveys with detailed and large data of dermatophyte spectrum were retrieved. The relative
frequencies refer to the percentages among all dermatophyte isolates, excluding
non-dermatophytes. Ef E. floccosum, Ma M. audouinii, Mc M. canis, Mf M. ferrugineum, Tm
T. mentagrophytes/T. interdigitale, Tr T. rubrum, Ts T. schoenleinii, Tso T. soudanense, Tt
T. tonsurans, Tv T. violaceum
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6 Dermatophytoses and Related Diseases

Dermatophytosis are clinically classified according to the infectious sites as Tinea
pedis (foot), Tinea manuum (palm), Tinea corporis (body), Tinea unguium (nail),
Tinea barbae (moustache areas of the face), Tinea capitis (scalp), and invasive
dermatophytoses. Considering the similar fungal spectrum of Tinea pedis, Tinea
manuum, Tinea barbae, Tinea corporis, and Tinea unguium, we can simplify all
these diseases into three classes [2]. The first class comprises all infections on
glabrous skin and nails, with T. rubrum and T. mentagrophytes as the predominant
pathogens, and the second class is the hair infection, withM. canis, T. tonsurans and
T. violaceum as the major pathogens, but with variations according to geographic
locations and studied populations [2]. The last group invades beyond the epidermis,
which is termed as invasive dermatophytoses.

6.1 Tinea Capitis

Tinea capitis refers to the dermatophytoses of scalp hair follicles caused by species
within Microsporum and Trichophyton genera.

In the United States, a 3% prevalence rate is reported for the scalp infection
[68]. Yet the incidence of Tinea capitis is unknown in most countries, even though it
remains an important public health problem, especially in prepubescent children.

Table 5 Major surveys on dermatophytoses in Africa

Area Period Disease (cases) Predominant species Ref

Mali 2001 Scalp infections
(515)

Tso 66%, Ma 32%, Tr 2% [62]

Morocco,
Rabat

1982–2003 Nail infections
(4940)

Tr 84%, Tv 9%, Tm 7% [67]

Nigeria,
Ile-Ife

2011 Skin and nail
infections (17)
Scalp infections (96)

Ef 44%, Tr 50%, Tm 6%
Ma 46%, Tr 26%, Tm 18%, Ts
10%

[127]

Central
Nigeria

2004 Scalp infections
(245)

Tso 31%, Mf 8%, Ma 8%, Tm
7%, Tt 7%, Mc 7%

[128]

Senegal,
Dakar

2008–2013 Scalp infections
(566)

Tso 56%, Tr 18%, Ma 13%, Mc
6%

[57]

Central
Tunisia

1986–2007 Nail infections
(2887)

Tr 87%, Tv 8%, Tm 4% [129]

Tunisia,
Sfax

1998–2007 Skin and nail
infections (12,873)
Scalp infections
(1350)

Tr 87%, Tm 8%, Tv 3%
Tv 58%, Mc 30%, Tm 3%

[61]

Ef E. floccosum, Ma M. audouinii, Mc M. canis, Mf M. ferrugineum, Tm T. mentagrophytes/T.
interdigitale, Tr T. rubrum, Ts T. schoenleinii, Tso T. soudanense, Tt T. tonsurans, Tv T. violaceum
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The agents of Tinea capitis showed much geographical difference and time varia-
tion. Nowadays, M. canis is the leading agent of Tinea capitis in most parts of
Europe and Asia [2]. Trichophyton tonsurans presents as the predominant pathogen
of Tinea capitis in North/South America and the United Kingdom [15, 29, 30], while
T. violaceum, T. schoenleinii, M. ferrugineum, and M. audouinii were still epidemic
in Africa, eastern Europe, and Asia [15, 31–35].

Microsporum species invade the hair with an ectothrix pattern, in which
arthrospores are formed on the outside of the hair shaft. Invasion of the hair by
Trichophyton species usually presents as endothrix type, in which spores develop
into the hair. In T. schoenleinii infections, the pathogen invades the hair medulla, but
then regresses and leaves tunnels containing air within the hair shaft, named as the
favic pattern [4, 69]. Microsporum species rarely infect adults and Trichophyton
species infection can persist after puberty.

6.2 Dermatophytosis of Glabrous Skin and Nail

Most cases of Tinea unguium, Tinea cruris, Tinea corporis, Tinea pedis, and Tinea
manuum are caused by T. rubrum, which is the foremost dermatophyte all over the
world. Tinea pedis and Tinea unguium did not become common until the recent
century, as a result of changes of modern lifestyle, e.g., popular of leather shoes and
sneakers, the use of common bathing and sport facilities. Factually, this species is
relatively new to human beings compared to the other main dermatophytes. Micro-
satellite analysis suggested that it originated from Africa, followed by the emergence
of a new genotype in Asia with subsequent spread of this genotype over Europe and
the United States by population expansion and migration after the Second World
War [20, 21].

Species within T.mentagrophytes complex are the other important dermatophytes
for skin and nail infections. Even in Australia, parts of Iran, and India, these fungi
have already become the principal agents of dermatophytosis [2, 19, 24]. Other
species, including T. violaceum, T. tonsurans, E. floccosum, Nannizzia gypsea,
T. soudanense, M. audouinii,M. ferrugineum, and T. verrucosum, are also common
dermatophytes causing superficial infections [2].

6.3 Deep Dermatophyte Infections

Dermatophytes rarely cause infections beyond the epidermis, and their exact inci-
dence and frequency remain to be investigated. There are four different clinical
types: (1) Majocchi’s granuloma (MG), which is a dermatophytic infection
accompanied with perifollicular granulomatous inflammation; (2) deeper
dermatophytosis (deep dermal invasion due to dermatophytes, which spread not
only to the perifollicular but also to the interfollicular area); (3) disseminated
dermatophytosis (dermatophytic infection having extracutaneous spreading to
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other organs); and (4) mycetoma and pseudomycetoma (dermatophytes affecting the
scalp and presenting as tumor-like growth with or without sinus tracts) [70–91].

6.4 Majocchi’s Granuloma

Majocchi’s granuloma (MG) was named after an Italian dermatologist, Prof.
Domenico Majocchi (1849–1929), who first described a case of dermal granuloma
caused by T. tonsurans in 1883 [70]. Later on, the description of MG was expanded
to describe all dermatophytes, even extended to use for non-dermatophyte (Asper-
gillus species, Phoma species, Malbranchea species) perifollicular and subcutane-
ous infections. Currently, Durdu et al. [74] summarized the literature about
diagnostic methods and criteria, and reinforce this definition of MG, that is, exclu-
sively dermis infections due to dermatophytes. Thereafter, MG should only refer to
dermatophyte-related infections, whereas perifollicular granulomatous disorders by
non-dermatophyte species are suggested to be called “MG-like non-dermatophytic
infections”.

Fungal culture from dermis tissue and histopathology are the main diagnostic
methods for MG. The former establishes the etiological agent, and the later presents
perifollicular granulomatous inflammation as a confirmatory feature. Identification
of the causative agent may be done from cultures by morphology and molecular
methods.

Durdu et al. [74], Boral et al. [85], and Ilkit et al. [86] reviewed the literature
including total 115 cases of MG and MG-like non-dermatophytic infections, in
which dermatophytes are the dominant etiologic agents. Top three fungal pathogens
were T. rubrum (65.7%), T. mentagrophytes (10.2%), and T. tonsurans (7.4%),
followed by M. canis (3.7%), N. gypsea (2.8%), T. violaceum (1.9%),
T. interdigitale (1.9%), M. ferrugineum (0.9%), T. verrucosum (0.9%),
M. audouinii (0.9%), and E. floccosum (0.9%). The non-dermatophytic molds
infection took up 2.8% cases, with Phoma, Aspergillus and Malbranchea species
involved. By analyzing the epidemiology of MG, it was found that cases reported
kept rising over the recent 5 years.

Pre-existent dermatophytosis is the major risk factor of MG and chronic
dermatophytosis; for instance, Tinea unguium and Tinea corporis promote MG
occurrence [75–79]. Other behaviors promoting this kind of infection include
shaving the hairs, sexual contact, and specific occupation, which might damage
the skin barrier [76, 79, 80]. MG can also be acquired by contact with animals, for
example, Guinea pigs, indicating the clinicians should pay attention to the zoophilic
characteristics of dermatophytes, as pet associated fungal infections have been
increasing in the past decades [81–83].

The patient’s immune status is closely associated with the type of invasion. In
fact, among the mentioned diseases, only MG and pseudomycetoma have been
observed in immunocompetent individuals [84]. MG can be detected in both immu-
nocompromised (37.4%) and immunocompetent (62.6%) patients; however, almost
all patients with deeper and disseminated dermatophytosis tend to have
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immunocompromised status [74, 85, 86]. Immunosuppressed conditions have been
reported in patients with MG including malnutrition, lymphoma, leukemia,
Cushing’s syndrome, AIDS, long-term use of steroids, systemic chemotherapy,
and immunosuppressants [74, 85–89].

In immunocompetent patients, the facial region is the most commonly infected
area (37.5%), while the lower extremities (66.7%) are involved in
immunosuppressed patients [85]. Other involved sites include groin and gluteal
region (4.1%), trunk (4.1%), ear (2.7%), vulva (1.3%), and scrotum (1.3%)
[82, 86, 90, 91]. Various types of lesions appear; however, the most common lesion
in patients with MG is nodules (63.5%), followed by plaques (43.5%), papules
(24.3%), ulcers (3.5%), and abscess (2.6%). About one third (29.6%) of patients
have pustules on these lesions. The number of reported MG cases has increased
significantly in the recent 9 years (n¼ 40), compared to that between 1883 and 2011
(n ¼ 79). Furthermore, the frequency of facial infection was also obviously higher
(36.4%) than that formerly reported (6.3%) [92].

6.5 Severe Dermatophytosis

We recognize three types of deep dermatophytic infections as severe invasive
dermatophytosis. Different from MG, these invasive dermatophytoses feature the
extension of the infection beyond the perifollicular area. The lesions appear as
infiltrated papules, nodules, plaques, abscess, and necrosis, associated with itching,
pain, discharge, and disfigurement. The pathogenic dermatophytes invade the der-
mis, interfollicular area, and even spread to lymph nodes, or organs either by
contiguity (e.g., bone) or by hematogenous dissemination (e.g., central nervous
system) [93–95].

Invasive dermatophytoses have been reported in immunocompromised patients
with defective cellular immunity, most of which have identifiable innate or acquired
immunodeficiency [93, 96]. The underlying risk factors responsible for invasive
dermatophytosis include:

1. Solid organ transplantation (SOT). From the year 1987, about 32 cases of
non-MG invasive dermatophytosis in SOT recipients have been published, and
T. rubrum is the species most frequently involved. Rouzaud et al. [96] reported
12 cases of severe dermatophytosis in SOT recipients and found Trichophyton
rubrum in 92% (11/12) patients, among which three had extensive infections.

2. HIV infection. Ten cases of invasive dermatophytosis in HIV-infected patients
have been reported between 1999 and 2016. Trichophyton rubrum, M. canis,
N. gypsea, T. mentagrophytes, T. tonsurans, and Lophophyton gallinae (formerly
Microsporum gallinae) were the etiological agents [93, 97–104].

3. Genetic immune disorder. CARD9 deficiency predisposes to severe infections,
including invasive dermatophytosis [105]. Twenty-three patients with deep
dermatophytosis were reported to have CARD9 deficiency [89, 105–108]. The
patients came from China, the United States, Tunisia, Algeria, Morocco, Egypt,
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and Brazil. Clinical lesions started in childhood with recurrent and persistent
superficial lesions. The isolated species were mainly T. violaceum, T. rubrum,
and M. ferrugineum. Extensive dermatophytosis can occur in patients with
chronic mucocutaneous candidiasis associated with STAT1 mutations [109],
and in patients presenting as prurigo-induced pseudoperforation caused by
T. interdigitale associated with STAT3 mutations [110]. Some patients have an
underlying disorder of keratinization such as the KID (keratitis, ichthyosis,
deafness) syndrome [111, 112]. Although some cases were reported without
mycological identification or apparent risk factors, we can propose that underly-
ing immunodeficiency might be persistent.

4. Secondary immunodeficiencies. Systemic corticosteroid treatment, immunosup-
pressive drugs (i.e., azathioprine, cyclosporine, cyclophosphamide, methotrexate,
infliximab, and tacrolimus), hematological malignancy, autoimmune hepatitis,
Cushing disease, congenital adrenal hyperplasia, atopy, and diabetes mellitus are
reported as underlying risk factors for invasive dermatophytosis. In these patients,
T. rubrum remains the predominant species; Microsporum canis,
T. mentagrophytes, T. violaceum, T. verrucosum, and E. floccosum were some-
times involved, and T. violaceum is more frequently isolated from Africa [93, 96].

7 Summary and Conclusions

We systematically reviewed the evolution and epidemiological status of
dermatophytosis worldwide with three axes: by time, by continents, and by related
diseases. The aim is to better understand the dermatophytic epidemiological profile
and its trends. In the past century, dermatophytes have experienced great evolution
and their spectrum has remarkedly changed over the world with differences
depending on the geographic area and socioeconomic development [2, 5]. The
distribution and pattern of dermatophytosis will keep being dynamic in future.
Nowadays T. rubrum is the predominant species for skin and nail infections,
followed by T. mentagrophytes/T. interdigitale complex [2, 5]. Other species—
M. canis, T. tonsurans, T. violaceum, E. floccosum, M. audouninii, etc.—are popular
depending on geographic locations and populations [2, 5]. We notice a shift in the
major pathogenic species from T. rubrum to T. mentagrophytes in some countries,
especially in India, Iran, and Australia [6–8, 24].

Microsporum canis is the leading agent of Tinea capitis in most parts of Europe
and Asia; however, T. tonsurans is the predominant species in North and South
Americas and the United Kingdom. Anthropophilic T. soudanense, M. audouinii,
and T. violaceum are highly epidemic in Africa with high diversity and imported
infections due to these dermatophyte species were continuously reported in North
America and Europe. Additionally, in some areas of Asia, including Iran, and south
and western China, T. violaceum and T. schoenleinii related Tinea capitis are
frequently diagnosed.

Due to the use of immunosuppressive therapy, SOT, HIV infection, etc., severe
cases of dermatophytoses are increasingly reported. Although usually strictly

Dermatophytes and Dermatophytic Infections Worldwide 33



superficial and limited, dermatophytosis have been playing a negative role in
reducing the quality of life worldwide. Most severe, disseminated, chronic, and
recalcitrant dermatophytic infections can lead to a poor outcome, even death.
Considering the imbalance of regional medical conditions, we speculate that preva-
lence of these infections may be underestimated and wide epidemiological
investigations are still needed.
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Abstract

Onychomycosis, a fungal infection of the nail, is the most common nail disease
with a global prevalence of 5.5%. Caused by dermatophytes in the majority of
countries in which it is studied, new evidence suggests that mixed infections and
non-dermatophyte mold infections occur more often than previously thought,
especially in warmer climates. Onychomycosis presents as a variety of symptoms
depending on the pathogen and mode of invasion into the nail unit, both factors
which also affect disease severity and optimal treatment. The risk of disease
increases with age, as well as due to poor hygiene, genetic predisposition,
history of Tinea pedis, diabetes, psoriasis, peripheral vascular disease, obesity,
and immunosuppression. There are numerous techniques to diagnose
onychomycosis, with direct microscopy and fungal culture as the gold standard.
Other techniques such as histology and PCR are gaining favor due to faster and
more accurate results. Mixed infections (dermatophytes with non-dermatophytes)
require multiple confirmatory sampling and techniques to diagnose, as these fungi
are commensals and contaminants. Proper and timely diagnosis of
onychomycosis is required, as reinfection is common and more severe cases are
less likely to respond to treatment.
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1 Introduction

Onychomycosis is a fungal infection of the nail caused predominantly by
dermatophytes, and less frequently by yeasts and non-dermatophyte molds (NDMs).
The disease causes nail discoloration and thickening, with the most severe cases
resulting in permanent disfiguration of the nail. Onychomycosis sufferers often feel
shame and embarrassment over their condition, leading them to hide their feet and
hands from both family and physicians, and shy away from certain activities in
public. The disease is extremely difficult to treat, and often spreads between
members of the same household and in public places such as pools and showers.
Recognition of the clinical signs of the various types of onychomycosis and proper
diagnosis of the infecting organism lead to earlier detection, appropriate treatment
regimen choice, and better treatment outcomes.

2 Nail Anatomy

The anatomy and function of the nail directly influence its susceptibility to fungal
infection. As useful tools that increase touch sensitivity and protect the fingertips,
fingernails are frequently exposed to our external environment, increasing the
chance of coming into contact with pathogenic fungi. Fingernails, along with fingers
and hands, are often exposed to cleaners and soaps that kill competing bacteria,
allowing fungal pathogens to colonize. Toenails are usually covered by socks and
shoes in temperate climates, but in moist environments like sweaty socks and public
showers, the anatomical barriers of the nail can be compromised, allowing both
infectious and commensal fungi to invade the nail. In warmer climates, walking
barefoot increases susceptibility to fungal infection.

To combat frequent exposure to physical damage and pathogens, the structure of
the nail unit serves to protect the delicate tissues at the distal end of fingers and toes,
while providing a barrier to environmental pathogens. The nail unit consists of
4 main components, namely: the nail plate, which is the hard, protective surface of
the nail; the nail matrix, from which the nail plate grows; and the hyponychium and
surrounding nail folds, which serve as barriers to intrusion from external organisms.
The anatomy of the nail is depicted in Fig. 1 [1–4].
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2.1 Nail Matrix

The nail matrix is the root of the nail unit and foundation of the nail plate. The distal
end of the nail matrix opens into a crescent-shaped structure known as the lunula.
The proximal nail folds cover the underlying nail matrix. The nail matrix is
acanthotic; i.e., it has a thick epithelium due to thick stratum basal and stratum
spinosum layers. However, the epithelium lacks a stratum granulosum layer. The
nail matrix epithelium transitions into the thin nail bed at the distal edge of the
lunula.

The nail matrix consists of melanocytes, keratinocytes, Langerhans cells, and
Merkel cells. The keratinocytes undergo differentiation to become hard onychocytes
and comprise the cells of the nail plate. As the basal cells differentiate, they flatten,
lose their organelles, and become hard and keratinous in structure. The lunula is
known as the keratogenous zone where the basal cells begin their differentiation
process. However, unlike in the rest of the nail plate, at the lunula they retain their
nuclei and form eosinophilic cytoplasm [1–4].

2.2 Nail Bed

The nail bed is the underlying component of the nail plate. It provides structural
support to the nail unit. It forms the portion from the distal end of lunula to the distal
end of the attached nail plate, i.e., the hyponychium. The nail bed epithelium is thin
compared to that of the nail matrix and similar in structure, with an absence of the

Fig. 1 Dorsal and lateral view of human nail anatomy
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stratum granulosum layer. The nail bed is attached to the nail unit by longitudinal
epidermal ridges found in the underside of the nail plate. The contribution of
cornified cells to the hard nail plate from the basal cells of the nail bed epithelium
is low compared to the nail matrix [1–4].

2.3 Nail Plate

The nail plate is an important aspect of the nail unit; it is the nail itself. The nail plate
consists of about 196 rows of hard, cornified onychocytes which are devoid of
nuclei, organelles, and keratohyalin granules [3]. It extends from the proximal nail
fold to the hyponychium covering the nail matrix and the nail bed. It has longitudinal
epidermal ridges that interdigitate with those of the nail bed, firmly attaching the
ventral side of the plate to the nail bed. The superficial surface of the nail plate
presents as a shiny, smooth layer due to overlapping cells without nuclei. The basal
cells of the matrix undergo fragmentation of nuclei and lysis to form mature
onychocytes of the nail plate [1–4].

2.4 Hyponychium

The hyponychium consists of the tissue found between the distal end of the nail bed
and the distal nail groove beneath the free distal end of the nail plate. The epithelium
of the hyponychium is different from that of the matrix and nail bed, with an
additional stratum granulosum layer of which forms a thick cornified layer of cells
that act as a physical barrier. Dermatophytes that cause distal and lateral subungual
onychomycosis invade the hyponychium primarily before progressing into the nail
bed and the nail plate [1–4].

2.5 Onychodermal Band

The onychodermal band is the small band between the nail bed epithelium and the
hyponychium. The thickness of the band is between 0.5 and 1.5 mm. It has a
different vascular supply than the rest of the nail unit, and works with the
hyponychium to act as a barrier at the distal end of the nail [1–4].

2.6 Nail Folds

The nail unit is surrounded by the two lateral and single proximal nail folds or
grooves of the skin. Similar to the hyponychium, the epithelium of the proximal and
the lateral nail folds has an additional granulosum layer, and protects the nail bed and
matrix [1–4].
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2.7 Cuticle

The stratum corneum layer of the proximal nail fold epithelium forms the cuticle, a
thin, colorless stretch of tissue attached to the nail plate, which acts as a physical
barrier in the proximal end of the nail plate similar to the onychodermal band in the
distal end. The dermatophytes causing proximal subungual onychomycosis primar-
ily invade the cuticle [1–4].

2.8 Eponychium

The eponychium is the space between the cuticle and the proximal end of the nail
plate [1–3].

3 Clinical Presentation of Onychomycosis

The general clinical features of onychomycosis include nail plate discoloration
(yellow, brown, white, or black), subungual hyperkeratosis, onycholysis (lifting of
the nail plate off the nail bed), and, rarely, paronychia. Zaias [5] proposed a
classification of onychomycosis in 1972 based on the site of invasion in the nail
and etiological agents. According to this classification, there are four types of
onychomycosis: distal subungual onychomycosis (infection occurs primarily at the
hyponychium and distal nail end), white superficial onychomycosis (superficial
surface of the nail plate), proximal subungual onychomycosis (occurs primarily at
proximal nail fold and eponychium), and Candida onychomycosis (entire nail plate
and seen predominantly in fingernails) [5]. Baran [6, 7] modified this classification
by accounting for the site and pattern of nail plate involvement and histopathology.
The new, modern classification of onychomycosis has five types: Distal and lateral
subungual onychomycosis (DLSO), superficial onychomycosis (SWO/SBO), proxi-
mal subungual onychomycosis (PSO), endonyx onychomycosis (EO), and total
dystrophic onychomycosis (TDO) [6, 7].

3.1 Distal and Lateral Subungual Onychomycosis (DLSO)

Distal and lateral subungual onychomycosis (DLSO) is the most common clinical
presentation found in patients with onychomycosis and 75% of DLSO cases are
toenail infections [8]. DLSO could be a primary or secondary infection affecting
onycholytic nails. The fungal pathogen disrupts the space between the hyponychium
and the nail bed, invading through the distal end of the nail plate (see Fig. 2a). The
infection spreads proximally along the nail bed causing subungual hyperkeratosis,
eventually leading to onycholysis. DLSO is the most common presentation of a
dermatophyte infection. Advanced infection involves the entire nail plate and nail
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bed along with the surrounding skin, leading to paronychia (infection of the skin
around the nails) [6, 9].

Trichophyton rubrum is the primary dermatophyte that causes typical DLSO. An
infection caused by the non-dermatophyte mold Neoscytalidium dimidiatum (for-
merly Scytalidium dimidiatum) involves the surrounding nail folds along with the
nail unit. Secondary DLSO following primary onycholysis or nail trauma in the
fingers is usually caused by Candida or Pseudomonas, as these organisms do not
have keratinolytic properties and invade nails that are already traumatized.
Co-occurrence of Tinea pedis infection is often observed with DLSO [6, 9, 10].

3.2 Superficial Onychomycosis

Superficial White Onychomycosis (SWO). Superficial white onychomycosis (SWO)
is a common superficial infection that affects either the dorsal surface or the
undersurface of the nail plate and does not involve the nail bed. It is mostly caused
by dermatophytes such as Trichophyton mentagrophytes or Trichophyton
interdigitale. Infection by non-dermatophyte molds such as Aspergillus or Fusarium
spp. invades deeply into the nail plate. The infection manifests as white flaky
colonies on the nail plate (see Fig. 2b). It is not as prevalent as DLSO and
onycholysis is not as common with SWO as with other clinical types. Although
common overall, the co-occurrence of Tinea pedis and SWO is low compared to
other clinical types of onychomycosis. SWO is commonly observed in toenails and
rarely seen in fingernails. It may affect individuals who are immunosuppressed, such
as patients with AIDS [6, 7, 9, 11]. SWO may involve the dorsal aspect of the fourth
toenail especially when the third toe overlies the fourth toe. In this setting the
organism is generally T. mentagrophytes.

Superficial Black Onychomycosis (SBO). Some non-dermatophyte molds such as
N. dimidiatum or dermatophytes such as T. rubrum produce black colonies when
they invade the nail plate. However, T. rubrum is also known to cause SWO in
children [6, 7, 9, 11].

Fig. 2 Clinical types of onychomycosis. (a) Distal and lateral subungual onychomycosis (DLSO);
(b) Superficial white onychomycosis (SWO); (c) Proximal subungual onychomycosis (PSO)
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3.3 Proximal Subungual Onychomycosis (PSO)

Proximal subungual onychomycosis (PSO) is a rare manifestation and caused mostly
by dermatophytes such as T. rubrum, followed by Candida albicans and
non-dermatophyte molds. It is often associated with immunosuppressed individuals.
The primary site of infection is the proximal nail fold, where it affects the nail matrix
(see Fig. 2c). The infection spreads distally and may eventually corrode the entire
nail plate. Infection by NDMs such as Scopulariopsis brevicaulis and Fusarium spp.
manifests as white discoloration of the nail plate starting from the underside of the
proximal nail plate along with periungual inflammation and purulent discharge. PSO
can also be caused by a primary dermatophyte infection or by a secondary infection
by C. albicans accompanying paronychia [6, 7, 11, 12].

3.4 Endonyx Onychomycosis (EO)

Endonyx onychomycosis is caused by the same dermatophytes that give rise to
endothrix scalp infection such as Trichophyton soudanense and Trichophyton
violaceum. The nail plate is infected with fungal hyphae. Pitts and splits are observed
in the distal end of the nail plate and a milky white discoloration of the nail plate is
observed, which are distinct characteristic features of this clinical type. EO is limited
to the superficial surface and sometimes deeper layers of the nail plate without
involvement of the nail bed or nail matrix. Hyperkeratosis of the nail bed and
onycholysis are not generally observed in patients with EO [6, 7].

3.5 Total Dystrophic Onychomycosis (TDO)

Total dystrophic onychomycosis (TDO) is an advanced clinical representation of
onychomycosis. Chronic disease cases may involve all 20 toenails. The entire nail
plate crumbles and the nail bed hardens due to extreme dermatophyte infection.
Secondary infections by C. albicans such as mucocutaneous candidiasis and by
other NDMs often occur in nails with TDO [6, 10]. Recently, a 32-year-old woman
was diagnosed with TDO who also had nail psoriasis. It was the first onychomycosis
case reported to be caused by antifungal-resistant Aspergillus clavatus [13].

4 Epidemiology and Risk Factors

Onychomycosis is the most common nail disease in the world (50%), with a global
prevalence of ~5.5% [14–20]. It is typically more common in the elderly population
and prevalence increases with age: about 20.7%–40% of adults over the age of 60 are
infected [20–23]. In contrast, prevalence is much lower in younger patients at 1.1%,
as demonstrated by a retrospective study of children aged 12–18 years [19]. Various
factors can increase susceptibility to onychomycosis infections such as poor
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hygiene, socioeconomic status, age, and numerous health conditions like diabetes,
peripheral vascular disease, obesity, and immunosuppression [20, 24–26].

4.1 Epidemiology

Global occurrence. There is a geographical variation in the prevalence of
onychomycosis based on several factors such as climate and rate of migration. For
example, in North America, onychomycosis rates range from 8.7% to 13.8%
[21, 27]. In these countries, onychomycosis is predominantly caused by
dermatophytes, which cause 60%–90% of infections [15, 28, 29]; yeasts and
NDMs cause 19% and 20%, respectively [27, 30]. The range of infection rates in
Europe is broader, reported between 0.5% and 24% [15, 31–34]. In southern Europe,
18%–52% of infections are caused by dermatophytes and 24%–64% by yeasts
[31, 34]. The wide ranges in the epidemiology data are due to sampling bias in
population- and hospital-based studies. The mean prevalence of onychomycosis in
North America and Europe is 4.3% based on population studies and 8.9% based on
hospital/clinical studies [35]. In India, the prevalence ranges from 0.5% to 5%
[36]. Studies from other parts of Asia, Latin, and South America report higher
onychomycosis rates, particularly for those caused by NDMs and yeasts
[15, 35]. The prevalence of onychomycosis in different geographical regions is
depicted in Fig. 3 [20, 36, 37].

Rise of NDMs in different parts of the globe. Dermatophytes and yeasts account
for similar rates of infection in the Middle Eastern and Asian countries (40%–48%
and 43%–46% respectively), whereas NDMs account for 8%–11% of infection.
Infections in Africa are mostly caused by yeasts [28, 38–40]. The high rates of
onychomycosis infection in North America may be due to the movement of
dermatophytes from other parts of the world caused by immigration and travel
from other locations [28]. Dermatophyte infections are the most common, but

14%

11.90%

34.90%

16.90%

34.40%

5%

24.11% USA and Canada
Brazil
England
Greece
Serbia
India
Japan

Fig. 3 Onychomycosis prevalence in different geographical regions
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NDM infections are rising in frequency. Mixed infections are also becoming more
common, representing about 3%–11% of infections [41, 42]. Earlier, NDMs had
been ignored as nail contaminants if a dermatophyte was present, especially because
their role in the presence of a dermatophyte was, and still remains, poorly understood
[20, 43, 44]. NDM infections are also more difficult to diagnose because they are
common nail and laboratory contaminants. As such, their treatment has not been
studied sufficiently to garner effective strategies for disease management, especially
in recurring cases [12].

4.1.1 Special Populations
Elderly. The elderly population is at risk of developing onychomycosis and the
prevalence increases with age (~40% in patients >60 years of age) due to poor
peripheral circulation, slower-growing nails, longer exposure to nail pathogens,
several co-morbidities, poor compliance to medicines and treatments, etc.
[20]. The global prevalence of onychomycosis in the elderly ranges from 20.7% to
28.1% based on several clinical and population studies [45–49]. According to a
systematic review, the prevalence of dermatophyte onychomycosis in the elderly
population is 10.28%. They also have a higher risk of contracting yeast
onychomycosis nail infections (6.07%). The incidence of nail trauma or onycholysis
is higher in people above 60 years of age, which in turn provides an ideal invasion
portal for yeasts, especially C. albicans [46–49].

Diabetic patients. Patients with diabetes mellitus are prone to develop
onychomycosis due to concomitant medications, compromised immune system,
impaired wound healing, and foot ulcers [20]. About 15%–25% patients with
diabetes develop a foot ulcer in their lifetime [50]. Sultana et al. [51] recently showed
that the prevalence of dermatophyte onychomycosis in the diabetic population is
high (35.18%–44.44%) compared to non-diabetic population (3%–6.06%) in
Bangladesh. Similarly, Akkus et al. [52] showed that 34.9% of patients with diabetes
mellitus have onychomycosis in Turkey. A two-center study by Gupta et al. [53]
showed the prevalence of onychomycosis in type I diabetes patients visiting clinics
in London, Ontario, Canada, and Boston, MA, USA, to be 13% compared to 9.10%
in normal individuals without diabetes. The most common causative organisms of
onychomycosis in diabetic patients are dermatophytes (8.75%), especially
T. rubrum, followed by yeasts (3.97%), specifically C. albicans, and NDMs
(1.68%) [46]. There is evidence that diabetes may increase treatment duration for
onychomycosis [54].

Psoriatic patients. Common nail changes associated with psoriasis include
onycholysis, paronychia, and subungual hyperkeratosis and are observed in 20%–

78% of psoriatic patients [55]. Up to 47% of psoriatic patients also suffer from
onychomycosis [56]. A 15-year retrospective study by Gallos et al. [57] on the
prevalence of onychomycosis in psoriatic and non-psoriatic populations
demonstrated that the occurrence of onychomycosis in the psoriatic population is
49.08% compared to 51.30% in the non-psoriatic population; i.e., there is no
significant difference in the occurrence of onychomycosis in both the groups. A
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study by Romaszkiewicz et al. [58] showed similar results (23.53% vs. 22.37%,
psoriatic and non-psoriatic populations, respectively).

In a hospital-based study in Israel, the prevalence of toenail onychomycosis in the
psoriatic group was higher compared to the non-psoriatic control group
(47.6% vs. 28.4%) in a span of 2 years [59]. There is higher prevalence of
onychomycosis in psoriatic patients in Israel (47.6%) compared to North America,
where it is only 13% [59, 60]. There is uncertainty on the relationship between
psoriasis and onychomycosis and the nature of the causative organism(s). Some
studies show high prevalence of onychomycosis in psoriatic patients while others
report that there is no significant difference in the occurrence of onychomycosis
between psoriatic and non-psoriatic populations. There could be a sampling bias in
these studies or under reporting of incidences in psoriatic or non-psoriatic
populations.

Immunosuppressed individuals. Patients with suppressed or compromised immu-
nity are at greater risk of developing cutaneous fungal infections, both superficial
and systemic. The factors that contribute to their vulnerability include low CD4+ T
cell count, poor cellular immune response, nail trauma, and history of Tinea pedis or
onychomycosis. The global prevalence of onychomycosis in HIV-positive or auto-
immune disease patients is 10%–44% [61, 62]. Onychomycosis in these populations
is observed in tropical countries such as Thailand (10.2%) and more frequently in
temperate regions such as Canada and southern Brazil (24% in Canada and 20% in
Brazil) [62, 63].

Children. Tinea capitis (fungal infection of scalp) is the most commonly
observed superficial dermatomycosis in children, with 90% of the cases involving
Trichophyton tonsurans, superseding Microsporum spp., in the United States
[64, 65]. Onychomycosis accounts for 20% of all superficial fungal infections of
the skin, hair, and nail found in children; the prevalence of pediatric onychomycosis
ranges from 0.35% to 5.5% [20, 66]. The worldwide prevalence of onychomycosis
in children below 16 years of age is low compared to adults (0.5%–3%) [11, 67]. The
prevalence of onychomycosis in children between 12 and 18 years of age was 1.1%
in a retrospective study of 36,634 children in San Diego [68]. It ranges from 0% in
the United States, Wales, and Finland to 2.6% in Guatemala [29, 69, 70]. The most
common pathogens are dermatophytes, especially T. rubrum [46, 70]. There are
several factors which contribute to the low occurrence in pediatric population
compared to adults, such as faster nail plate growth, faster response to treatment,
faster elimination of the fungal pathogen, low exposure to fungi and nail trauma, and
good compliance (due to help from parents or caregivers) [70].

Romero et al. [71] studied the prevalence of onychomycosis in
immunosuppressed children receiving chemotherapy and found it to be 1.3%. It is
similar to other studies in pediatric populations despite the fact that immunosuppres-
sion is a risk factor for the development of onychomycosis [72–74]. The epidemio-
logical data vary across different studies, but an overall increase in prevalence of
onychomycosis in children is observed globally. Recently, children less than 2 years
of age and infants are being diagnosed with onychomycosis. There was a case
reported in 2007 by Bonifaz et al. [75] of an infant less than 11 weeks old being
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diagnosed with dermatophyte onychomycosis. A recent case of onychomycosis in
the fingernails of a 28-day-old infant was reported by Subramanya et al. [76] in
Nepal. The causative organism was found to be C. albicans and the infant was
treated with oral fluconazole and topical amorolfine 5% nail lacquer once weekly for
3 months and was completely cured with normal growth of the nail plate [76].

Renal conditions. Patients with kidney transplants and those undergoing hemodi-
alysis are at risk of developing superficial fungal infections. The duration of dialysis
and co-morbidity of diabetes mellitus are the two important risk factors associated
with renal transplant patients in developing onychomycosis [77]. Absence of a
lunula is a characteristic commonly observed in patients with chronic renal failure.
The worldwide prevalence of onychomycosis in hemodialysis, renal transplant, and
chronic renal failure patients ranges from 5% to 39% and the majority of these
infections are caused by dermatophytes, especially T. rubrum, and less commonly
by yeasts and NDMs [46, 77–82].

4.2 Risk Factors

Risk factors that contribute to onychomycosis include age, genetic predisposition,
employment, sports, recreational activities, immune-suppressed state and other
medical conditions, nail trauma, and a history of Tinea pedis or athlete’s foot
[83, 84]. The presence and transmission of the disease is common in related family
members and those sharing a household, especially dermatophyte toenail and foot
infections [87, 88]. The risk of contracting onychomycosis may be autosomal-
dominantly inherited with incomplete penetrance, as the human leukocyte antigen
DR8 is more common in people with onychomycosis than unaffected populations
[85, 86].

Age. The most common risk factor that contributes to onychomycosis is aging
and is seen frequently in the elderly population. Onychomycosis occurs at 20.7%–

28.1% and up to 40% in people aged 60 years and above [20, 26, 68]. As previously
mentioned, there are several reasons for the increased occurrence in the elderly, such
as low immune response, slow nail growth rate, co-morbidities such as diabetes or
vascular diseases, nail trauma, and longer duration of infection, etc. [47].

Genetic predisposition. Genetic polymorphisms observed in human leukocyte
antigen, i.e. HLA–DR8, predispose individuals to onychomycosis. It is seen in
higher frequency in onychomycosis patients compared to normal individuals. Regu-
latory T cells (Tregs) are also found to be upregulated in patients with
onychomycosis. This results in poor cellular immune response and decreases the
capability to eliminate an infection [20, 90, 91]. Mutations in adaptor protein
CARD9 and Dectin-1 receptor can potentially lead to mucocutaneous infections
by C. albicans by inhibiting the production of IL-6 and -17, which trigger the
adaptive immune response [91].

Tinea pedis. Tinea pedis is a fungal infection of the skin between the toes (Tinea
pedis interdigitalis) and the bottom of the foot (Tinea pedis plantaris). More than
half (~59%) of onychomycosis patients have co-existing Tinea pedis infection
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[20, 92]. The factors that contribute to combined manifestation include infected
footwear, diseases such as diabetes, poor vascular supply to the extremity, repeated
trauma to the nails, and occupational lifestyle such as swimming [93]. The
co-occurrence of onychomycosis and Tinea pedis is clinically significant and
might lead to secondary bacterial infections, such as cellulitis [92]. Managing
onychomycosis by simultaneously treating Tinea pedis infection might reduce
relapse and re-infection rates [54].

5 Diagnosing Onychomycosis

5.1 Clinical Observation

The common clinical features typically include discoloration, thickening of the nail,
and onycholysis [94]. It can also affect the adjacent skin, causing tenderness,
redness, and swelling around the site of infection. Leaving it untreated causes the
infection to progress and become more difficult to treat. This can cause discomfort
and negatively impact the quality of life of patients, as they may be embarrassed
about the appearance of their nails in social settings. It is important to identify the
extent of nail unit involvement and the identity and viability of the fungal pathogen.

Clinical presentation can also determine site of sample collection for diagnosis—
for example, with DLSO, samples would be collected from the most proximal area of
involvement between the nail bed and overlying ventral aspect of the nail plate. PSO
requires nail plate debridement to retrieve underlying nail debris at the most distal
area of involvement, and SWO/SBO requires scrapings from the dorsal nail
plate [29].

Common diagnostic techniques include potassium hydroxide (KOH) micros-
copy, fungal culture, histopathology, and PCR. Although a combination of
techniques can be used, KOH-microscopy with culture is considered the gold
standard [95, 96].

5.2 KOH Microscopy

Microscopy is largely used to confirm the presence and identification of fungal
pathogens. 5%–40% KOH is used to dissolve large keratinocytes and flatten the
nail segment, reducing reflection from cell borders. Then, light microscopy can be
used to determine the presence of fungal elements such as hyphae. It is a rapid
procedure performed in-office, but lacks sensitivity and will not determine fungal
viability [6, 97]. Additionally, KOH can result in trapped air bubbles or fat droplets
that lead to false-positive results as they resemble fungal structures [98]. The
sensitivity of KOH is lower than histology and culture, but can be increased if
combined with one or the other, from 48% to 89% or 74% if combined with PAS
staining or culture, respectively [99]. It is recommended that microscopy be used
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with repeated isolations and identifications along with several subsequent cultures
when culture and microscopy yield contradictory results (i.e., microscopy is positive
and the culture is negative) [100]. Sodium sulfide (Na2S) and sodium hydroxide
(NaOH) are other commonly used clearing agents. Chlorazol Black is another stain
used directly on debris collected from infected nails [6]. Parker Quink, also known as
Parker’s blue-black ink, is used in equal volume with KOH to identify NDM
infections by highlighting NDM spores and mycelia [6].

5.3 Fluorescent Staining

Alternatively, Calcofluor White is a fluorescent stain used in equal volume with
KOH for fungal identification [6]. It is a sensitive stain that can be used for detecting
dermatophytes, yeasts, and NDMs [101]. During fluorescent microscope
examinations, Calcofluor White is absorbed by fungal cell wall polysaccharides
and enhances the visibility of fungal elements [102]. A negative stain does not
necessarily mean the fungus is not present—it may have not absorbed enough dye to
show fluorescence or a limited amount of hyphae was present in the sample
[102]. This can also depend on the location of the nail sample, for example, in
DLSO infections there can be fewer viable hyphae in distal areas of the nail, while
higher concentrations are found in proximal portions of the nail bed [102, 103]. In
studies, fluorescent staining produces more false-negative results when compared to
other diagnostic techniques like KOH or culture [102, 104]. Regardless, microscopy
and culture are helpful diagnostic tools—if direct microscopy is not used in diagno-
sis, approximately 53% of fungal infections would be missed, and if cultures were
not used, 15% of infections would be missed [105]. In the United States, KOH is the
most frequently used primary test because third-party payers require it, or medical
professions were taught to use it and believe it is a good option for diagnosing
onychomycosis [106].

5.4 Mycological Culture

Fungal culture is a gold standard diagnostic technique for laboratory testing because
it can identify both the causative organism and its viability. It augments the diagnosis
of onychomycosis following a visual confirmation of presence of fungi through
direct microscopy. To prepare the nail sample for culture, the infected nail is cleaned
with soap and water, then wiped with 70% alcohol, and clipped. The subungual
debris is scraped off into a receptacle and cultured on Sabouraud dextrose agar
(SDA) [6, 97]. SDA is a non-specific growth medium for dermatophytes, yeasts, and
NDMs. Some of the dermatophytes and yeasts are slow-growing and could be
superseded by the growth of NDMs. Therefore, the nail scrapings and debris are
cultured in two separate SDA mediums, with and without cycloheximide. Cyclo-
heximide encourages dermatophyte growth and kills NDMs, while agar without
cycloheximide encourages NDM growth [6]. Both media contain chloramphenicol
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which inhibits concomitant bacterial growth. The cultures are maintained at
25–37 �C. Fungal colonies are identified based on their morphology, color, and
other biochemical characteristics [6, 97]. The growth process may take up to 3 weeks
or longer and tends to produce up to 40% false-negative rates [97]. Additionally, the
fungal culture technique is not equipped to discern the fungal pathogen from a
common laboratory or nail contaminant. However, its low cost and familiarity
make it a favorable and gold standard diagnostic method.

5.5 Histopathology

Hematoxylin-eosin (H&E), Periodic acid-Schiff (PAS), and Grocott’s methenamine
stain (GMS) are used to visualize fungal elements and enhance hyphae by staining
the fungal cell wall [6]. The nail scrapings or subungual debris are placed directly on
paraffin and these scrapings are amplified in quality by chitin softening agents
[6]. Immunofluorescence and Mayer’s Mucicarmine staining could also be used.
Histopathology alone cannot identify the causative organism or its viability, so it
should be used along with fungal culture to improve the accuracy of clinical findings.
PAS produces results within 24 h and can be more sensitive than KOH and fungal
culture [98]. GMS may be superior to PAS, as one study demonstrated the former
was able to visualize infective organisms in onychomycotic nails that were otherwise
found negative by PAS [107].

5.6 Molecular Biology

Molecular biology is becoming more frequently used as a tool for the diagnosis of
onychomycosis. PCR identifies fungal pathogens using specific dermatophyte
primers. The target is a gene fragment of the fungal small ribosomal subunit 18s
rRNA, an internal transcribed spacer region of ribosomal DNA, or the chitin
synthase 1 (CHS1) gene [12, 20, 108, 109]. PCR can provide results within 48 h,
but can have high false-positive rates due to the potential identification of a
contaminant [97].

Real-time or quantitative PCR (qPCR) is a quantitative, sensitive technique
which provides information on the fungal viability along with species identification.
It amplifies the fungal DNA fragment and is detected by a fluorescent signal
[97, 109]. qPCR takes longer than standard PCR, requires expensive laboratory
equipment and trained personnel, and is not often used in a clinical setting. However,
it is more sensitive than KOH microscopy and fungal culture, and can detect
T. rubrum in samples that were initially reported negative by KOH and culture
[110]. Commercial PCR kits for detecting fungi are being developed and show
promising results [20].
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5.7 Non-routine Techniques

Flow cytometry. Flow cytometry is a molecular biology technique which relies on
granulosity, cell size, proteins, and DNA markers, and generates distinct profiles of
fungi to identify the pathogen. The fungal mass is collected from the infected nail
unit after treating with Tween 40. It is then sorted by a dual flow cytometer according
to its size based on staining fungal DNA with propidium iodide (PI) and fungal
protein with fluorescein isothiocyanate (FITC), which aids in distinguishing fungi.
However, this technique requires large sample sizes to identify the causative organ-
ism and is expensive due to its specialized equipment and requirement of trained
personnel [97, 111, 112].

Immunohistochemistry. Immunohistochemistry is a technique similar to histology
since it uses cross sections of the nail sample. It is an upgraded technique where
antibodies specific to the fungal pathogen are used to detect the causative organism.
The labelled antibodies bind to the specific fungus and are detected by immunofluo-
rescence, horse-radish peroxidase enzyme, or avidin-biotin complex. This diagnostic
method is highly specific and eliminates false-positive contaminants. Accurate
diagnosis could be achieved by combining immunohistochemistry along with
other techniques such as imaging to estimate the viability of the pathogen [112, 113].

Confocal microscopy. Confocal microscopy is a non-invasive technique used in
the real-time diagnosis of onychomycosis. The light source is an 830 nm laser which
is operated in reflectance mode. It produces horizontal cross sections of
500 � 500μm in different depths from the nail plate to the nail bed. There are
2 commercial reflectance confocal microscopy (RCM) devices which are used to
clinically diagnose patients with onychomycosis. It is an uncommon diagnostic tool
and is limited to small cohort studies. The presence or absence of hyphae or other
fungal elements is detected using the images produced from the nail sectioning. It is
diagnosed positive if fungal hyphae are seen in three consecutive images. The
sensitivity of this technique is 52%–60% [114]. It is an accurate method of detection,
but cannot be used in routine clinical diagnosis because of several limitations, such
as being unable to identify the causative organism, requiring highly-trained person-
nel, having a limited depth of view (200–300μm), and expense [68, 114, 115].

Optical coherence tomography. Optical coherence tomography (OCT) is another
non-invasive, real-time imaging technique used for medical diagnosis. OCT images
1–2 mm beneath the tissue in vivo and is able to effectively image the nail plate, bed,
and matrix. The OCT scans are analyzed to evaluate the morphological features of
the nail and to detect fungal elements under the nail plate. Disturbed architecture is
observed in patients with onychomycosis and fungal hyphae are visible. The
surrounding, normal skin will produce homogenous bands [68, 116]. Abuzahra
et al. [116] showed that OCT could be a novel diagnostic tool in detecting fungal
pathogens in nail and the results were comparable to histopathology staining in
10 patients with onychomycosis. It provides reliable results, even in the case of
previously tested nails with negative KOH microscopy or fungal culture. The
sensitivity of this technique is up to 94%. Major limitations include poor resolution,
high false-negative results, and the highly expensive device [68, 117, 118].
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Dermoscopy. Dermoscopy is a non-invasive imaging technique used in the
diagnosis of onychomycosis. It has an advantage over fungal culture due to its
rapid, practical assessment of the nail plate, nail bed, and surrounding skin folds.
It can distinguish between onycholytic nails with and without onychomycosis: a
jagged appearance of the proximal edge with longitudinal spikes in the onycholytic
area suggests fungal infection, compared to the linear appearance without longitudi-
nal spikes in fungus-free onycholytic nails. Dermoscopy or videodermoscopic
images aid in distinguishing onychomycosis from nail melanoma by visualizing
nail pigmentation caused by the invading fungal pathogen. Absence of melanin and
pigmentation are distinguishable characteristics of onychomycosis. This simple,
rapid, practical method is proposed as the first line of diagnosis in onychomycosis
replacing mycological examination [119–121].

5.8 Diagnosis of NDM Onychomycosis

As there is a rise in global NDM onychomycosis and mixed infections, accurate
diagnosis is required. The diagnosis of NDMs is difficult and more challenging than
dermatophyte onychomycosis. Originally, the Walshe and English (1976) criteria for
diagnosing NDM onychomycosis were predominantly followed [122]; NDM is a
true pathogen only when it is grown in actidione and actidione-free medium without
the presence of a dermatophyte and visually confirmed by the presence of fungal
elements in direct microscopy. Specifically, 5 out of 20 nail inocula should consis-
tently grow an NDM to eliminate the uncertainty of the NDM as a common
contaminant [122].

A recent study by Gupta et al. [123] empirically demonstrated that 5/20 positive
inocula are not enough to confidently diagnose an NDM pathogen. The study used
successive isolation procedures to verify NDM infections in untreated patients who
were repeatedly followed up. They found that 4 colonies of 15 seeded nail fragments
were predictive of NDM onychomycosis 23.2% of the time (concurrent to Walshe
and English 5/20 inocula criteria), and 5 out of 15 inoculum predicted NDM
onychomycosis 29.1% of the time. However, the diagnosis rate drastically increased
to 89.7% when 15 of 15 colonies were counted [123]. If an NDM species is
consistently isolated from a series of samples, the likelihood that the organism is a
pathogen rather than a contaminant increases [12, 123].

Gupta et al. [12] established the next set of standards in NDM diagnosis.
Accordingly, there are 6 main criteria in NDM diagnosis: direct microscopy confir-
mation of fungal elements using KOH, mycological culture, repeated isolation in
culture, absence of dermatophyte growth in culture, inoculum counting, and histo-
pathology. Three of 6 criteria are recommended as a standard for diagnosing NDM
infection. The most frequently used criteria include mycological culture, repeated
isolation, inoculum counting, and direct microscopy [12].

Shemer et al. [124] defined new criteria for diagnosing NDM onychomycosis.
According to the authors, if NDM is observed in the first culture of a nail sample
taken from a suspected patient, three nail samples should be retrieved from the
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patient in the subsequent visit and grown in culture. If all the 3 samples produced the
same NDM, it is confirmed as the causative organism [124].

5.9 The “Gold Standard”—Not Anymore?

Direct microscopy confirmed with fungal culture is the gold standard diagnostic
technique for onychomycosis. However, due to the high false-negative rates, this
standard is currently being questioned. The false-negative rate of KOH microscopy
is 5%–15% and that of fungal culture is ~40% or higher [29, 97, 125, 126]. Other
techniques such as PAS staining and PCR are being used more frequently and are
more sensitive than KOH microscopy and culture [127–129]. Both histology and
PCR are rapid techniques compared to fungal culture which takes 7 days to 3 weeks
to produce results. PCR and qPCR are effective tools in diagnosis as they provide
information on fungal viability and the causative organism. It is suggested to use a
combination of techniques to accurately and rapidly determine the pathogen. For
example, if the KOH microscopy is positive, then one or more of the following
procedures should be considered: culture, PCR, or histology (PAS staining). Gupta
et al. [130] showed that it is cost-effective to obtain an accurate diagnosis before
commencing therapy.

6 Measure of Disease Severity

There are three main definitions of cure for onychomycosis, based on the goals of
stakeholders involved. Clinical cure is often sought out by patients because it is
defined as 100% clear nail, and most patients are concerned with the cosmetic
appearance of the nail. Mycological cure is defined by negative KOH microscopy
and negative fungal culture. Complete cure is defined as clinical cure plus mycolog-
ical cure [6]. Some clinical studies vary in their definitions of these terms; for
example, mycological cure could be defined as only negative KOH microscopy, or
clinical cure as < 5% nail involvement, although the use of these alternative
definitions are discouraged. Complete cure (100% clear nail plus negative fungal
culture and KOH microscopy) is the goal of physicians and regulatory bodies since
they require both the elimination of the fungal pathogen and normal growth of
healthy nail. However, in some cases of severe nail dystrophy such as TDO, the
nails might never look normal even after achieving mycological cure [131].

Due to its effect on treatment outcome, disease severity should be evaluated in
order to choose an appropriate treatment regimen. This is a subjective evaluation that
may differ between disease studies, even among individual physicians. For example,
the distinction between mild and moderate infection is not clear. Generally, mild
onychomycosis is less than or equal to 20% nail plate involvement, moderate disease
is 20–50% or 60% nail plate involvement, and severe disease is greater than 50% or
60% of nail plate involvement [20, 132, 133]. However, the infected area might not
accurately predict disease severity, as very thick nails with minimal infected area
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could still have a poor prognosis [134]. Several researchers have embarked on
the development of a grading system for evaluating nail involvement. Initially, the
Scoring Clinical Index for Onychomycosis (SCIO) was developed to present the
disease severity as a score based on clinical form, depth of nail unit involvement, and
thickness of subungual hyperkeratosis [135, 136].

More recently, the Onychomycosis Severity Index (OSI) was created as a repro-
ducible and objective numeric grading system based on involvement of the nail unit
and the matrix proximity to infection. The scale separates the nail involvement into
mild, moderate, and severe categories. This is useful for clinical trials, choosing a
treatment regimen, and predicting treatment response [97, 134]. In addition, the OSI
has demonstrated high statistical reliability in both nail experts and non-experts.
When dermatologists observed live and photographed nails, results were consistent,
proving it to be a simple scale to learn. In terms of scoring, nails with OSI scores of
� 5 are considered mild infections that are more likely to respond well to conven-
tional therapies. Severe scores such as 16 through 35 may not respond well to
treatment [134].

7 Conclusion

Onychomycosis is difficult to treat because its common risk factors (increased age,
compromised immune system, frequent use of harsh cleansers, etc.) also negatively
impact cure and reinfection rates. Wearing protective clothing such as sandals
around pools and gloves around chemicals can help prevent onychomycosis. Under-
standing the epidemiology of the disease and its various causative organisms, along
with using more efficient diagnostic tools, promotes early and accurate diagnosis,
which can lead to more effective treatment, the specifics of which can be found in a
later chapter.
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Invasive Dermatophytoses: Clinical
Presentations, Diagnosis, and Treatment
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Abstract

If not adequately treated, superficial dermatophytic infections may invade the
dermis and subcutaneous tissue, resulting in invasive dermatophytoses. Invasive
dermatophytic infections are broadly classified into Majocchi’s granuloma, deep
dermatophytosis, disseminated dermatophytosis, and mycetoma and
pseudomycetoma. Most pseudomycetomas and mycetomas develop in immuno-
competent individuals, while deep dermatophytosis and disseminated
dermatophytosis usually develop in immunosuppressed individuals. Genetic
tests for CARD9 and STAT3 mutations should be performed in patients with
recurrent deep dermatophytosis. Majocchi’s granuloma can occasionally be clin-
ically indistinguishable from deep and disseminated dermatophytosis. Mycetoma
should be considered if tumefactive tumoral lesions and sinuses are observed. In
addition to histopathology, laboratory and imaging methods are used to differen-
tiate different types of invasive dermatophytoses. Systemic antifungals constitute
the first-line treatment of Majocchi’s granuloma, deep dermatophytosis, and
disseminated dermatophytosis. However, surgery is the preferred treatment
approach for pseudomycetoma and mycetoma.
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1 Introduction

Superficial dermatophytic infections are the most common cutaneous fungal
infections of humans worldwide [1]. It is estimated that over one billion people are
acutely or chronically infected by ubiquitous dermatophytes [2]. Dermatophytes
infect humans worldwide regardless of factors such as age, sex, ethnicity, and
immune conditions [3]. The Leading International Fungal Education (LIFE) portal
is an ongoing effort to characterize the epidemiological and ecological
characteristics and the estimated fungal burden in each country, even for
dermatophytoses [2]. In addition, advances in molecular diagnostic tools and der-
matophyte virulence models have improved the current understanding of dermato-
phyte pathogenesis [4, 5]. However, more research is still required to characterize the
mechanisms of infection in the human host and how dermatophytes cause an
invasive disease [6].

Recent taxonomy of dermatophytes revealed the existence of at least seven
different genera (Arthroderma, Epidermophyton, Lophophyton, Microsporum,
Nannizzia, Paraphyton, and Trichophyton). These fungi have keratinophilic and
keratinolytic properties and usually dwell and proliferate in the scalp, glabrous skin
(the stratum corneum), and nails, which are keratin-rich structures [7]. If superficial
dermatophytic infections are not adequately treated, they may invade the dermis and
subcutaneous tissue and even spread to other tissues, resulting in invasive
dermatophytoses [1]. However, the epidemiological characteristics of invasive
dermatophytic infections are poorly understood.

Different types of invasive dermatophytic infections are recognized. Perifollicular
dermatophyte invasion and perifollicular granulomatous inflammation were first
described by Domenico Majocchi (1849–1929), who reported a case of dermal
granuloma caused by the anthropophilic species Trichophyton tonsurans. Histopath-
ological analysis indicated perifollicular granulomatous inflammation. This locally
invasive dermatophytic infection was first described by him as “granuloma
tricofitico” in 1883 [8]. Thereafter, perifollicular granulomatous infections caused
by dermatophytes have been referred to as “Majocchi’s granuloma” (MG) in the
honor of Dr. Majocchi [9]. Later, based on dermatopathological examinations, it was
discovered that dermatophytic infections are not limited to the perifollicular region
but may also cause mycetoma and pseudomycetoma. In addition to these specific
invasive dermatophytic infections, dermatophytes may also cause nonspecific der-
mal invasion, referred to as deep dermatophytosis. When a dermatophyte infection is
not limited to the skin and spreads to other organs, it is called disseminated
dermatophytosis. Therefore, it is important to distinguish these invasive
dermatophytic infections in terms of disease prognosis and treatment approaches [1].

In this chapter, we explore and present the current state of knowledge on the rare
and lesser-known clinical presentations of invasive dermatophytic infections, includ-
ing etiological agents, pathogenesis, clinical findings, diagnostic methods, and
treatment, other than the most common cutaneous dermatophyte infections.
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2 Etiological Agents

Numerous dermatophytes cause MG. Trichophyton rubrum is the most frequently
isolated fungal agent of MG in both immunocompetent and immunosuppressed
individuals worldwide. Trichophyton interdigitale, T. tonsurans, Trichophyton
violaceum, Microsporum canis, Microsporum ferrugineum, Nannizzia gypsea, and
Epidermophyton floccosum are also reported (Table 1) [10]. Non-dermatophytic
fungi, such as those belonging to the genera Phoma, Aspergillus, and Malbranchea,
have been erroneously reported as other etiological agents of MG [11–13]. More
importantly, such non-dermatophytic cases should be referred to as
non-dermatophytic MG-like infections [1].

The most common agent of deep dermatophytosis (73.7%) is T. rubrum. In some
cases, two agents are detected together [14]. The most common cause of
disseminated dermatophytosis is T. violaceum. Furthermore, the most common site
of involvement of mycetoma and pseudomycetoma is the scalp, and hence, the most
common etiological agents are M. ferrugineum and M. canis [15, 16].

3 Pathogenesis

The keratin-rich stratum corneum, scalp, and nails provide the most suitable envi-
ronment for dermatophytes [3]. Consequently, dermatophytes usually cause only
superficial skin infections. When several predisposing conditions such as trauma and
congenital or acquired immunodeficiencies occur, dermatophytes invade the dermis
[9]. In this section, we provide information on the mechanisms of dermis invasion by
dermatophytes.

Table 1 Dermatophytes detected in different invasive dermatophytic infections

Majocchi’s
granuloma

Deep
dermatophytosis

Disseminated
dermatophytosis

Mycetoma—
pseudomycetoma

E. floccosum
M. canis
M. ferrugineum
N. gypsea
T. interdigitale
T. rubruma

T. tonsurans
T. violaceum

M. audouinii
M. ferrugineum
T.
mentagrophytes
T. rubruma

T. schoenleinii
T. violaceum

T. rubrum
T. verrucosum
T. violaceuma

M. audouinii
M. canisa

M. ferrugineuma

N. gypsea
T. mentagrophytes
T. rubrum
T. schoenleinii
T. soudanense
T. tonsurans
T. verrucosum

aThe most common etiological agent(s)
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3.1 Trauma

Trauma is especially important for MG, pseudomycetoma, and mycetoma but not for
deep and disseminated dermatophytoses. Although immunological factors play a
role in each type of invasive dermatophytosis, they are quite important in the
development of deep dermatophytosis and disseminated dermatophytosis [1].

The skin acts as a barrier to prevent microbial invasion. The effectiveness of the
physical barrier varies depending on keratin production, the epidermal turnover rate,
hydration level, amount of unsaturated transferrin in the sweat and serum, lipid
composition of the stratum corneum, CO2 levels, and the presence or absence of hair
[17–20]. Skin scratching, depilation, and penetrating trauma disrupt the physical
skin barrier, allowing the dermatophytes to easily enter the dermis [17, 21, 22]. Fur-
thermore, dermatophyte cell morphology can change from a hypha to a spherical
shape; the viability of dermal hyphae is higher than that of epidermal hyphae
[23]. However, the dermal environment is more alkaline than the epidermis, and
the dermatophyte-preferred substrate keratin is not present in the dermis [22]. Nev-
ertheless, in addition to allowing dermatophyte entry into the dermis, trauma also
allows the entry of keratin and necrotic material entry into the dermis, providing
substrates for fungal growth. In addition, inflammatory response to dermatophyte
invasion of the dermis increases the amount of dermal acidic mucopolysaccharides,
thus reducing the pH of the dermis. All these changes provide a suitable dwelling
environment for dermatophytes in the dermis [21, 22].

3.2 Congenital Immunodeficiencies

Dermatophytes stimulate both innate and adaptive immunity, leading to the release
of certain antimicrobial peptides (AMPs) and cytokines, as well as dermal infiltration
by neutrophils, macrophages, and lymphocytes. Numerous genes that predispose a
host to fungal infections have been identified. By contrast, there are few known
genetic defects that allow deep dermatophytosis [24].

The most important receptors for dermatophyte recognition are the C-type lectin
receptors dectin-1 and dectin-2. They are pattern-recognition receptors expressed by
neutrophils, dendritic cells, and monocytes. Dectin-1 recognizes β-glucan, and
dectin-2 shows affinity for α-mannans (Fig. 1). Both receptors activate spleen
tyrosine kinase (the Sky pathway). While the phosphorylation of Sky by dectin-1
leads to the activation of Ras protein-specific guanine nucleotide-releasing factor
(Ras-GRF1) by phosphorylation, the phosphorylation of Sky by dectin-2 activates
protein kinase C-delta (PKC-δ) [25]. The activation of both Ras-GRF1 and PKCγ
leads to the stimulation of the transcription factor recruitment domain-containing
protein 9 (CARD9) and increases the activity of NF-κB and AP-1, resulting in the
release of AMPs, including human β-defensins, cathelicidin LL-37, ribonuclease-7,
psoriasin, and dermcidin, and of various proinflammatory cytokines (TNF-α, IL-1β,
IL-8, and IL-16). Keratinocytes also release some of these AMPs to prevent fungal
invasion [18]. CARD9 mutation facilitates fungal invasion by reducing Th17 cell
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activity [26]. The mutation causes hyperimmunoglobulin E syndrome,
hypereosinophilia, pneumonia, skeletal anomalies, and eczema and predisposes the
host to fungal infections [25]. The most common fungal infection associated with
CARD9 mutation is candidiasis (40.3%). Other fungal infections in humans harbor-
ing this mutation are deep dermatophytosis (37.3%), phaeohyphomycosis (16.4%),
invasive aspergillosis (3.0%), mucormycosis (1.5%), and protothecosis
(1.5%). Treatment-resistant fungal infections develop in individuals with this muta-
tion. Prophylactic antifungal treatment should be administered for months or a year
after the eradication of fungi. Individuals harboring this mutation may die if appro-
priate treatment is not administered in a timely manner [27].

Fig. 1 Pathogenesis of invasive dermatophytosis. Dermatophytes are recognized by the mamma-
lian cell dectin-1 and dectin-2 receptors. When these receptors are stimulated, transcription factor
recruitment domain-containing protein 9 (CARD9) is activated via the spleen tyrosine kinase (Sky)
pathway. Activation of NF-κB and AP-1 results in the release of some cytokines and antimicrobial
peptides (AMPs). CARD9 mutation predisposes to deep fungal infections. IL-6 and IL-23 activate
Th17 lymphocytes by acting on another transcription factor, signal transducer, and activator of
transcription 3 (STAT3), to induce transcription of retinoic-acid-receptor-related orphan nuclear
receptor gamma (RORγt). Mutations causing loss of STAT3 function result in reduced Th17
differentiation and predispose to bacterial and fungal infections. Cytokines secreted by Th17 cells
cause neutrophil chemotaxis and AMP release by keratinocytes
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One important transcription factor in fungal immunology is the signal transducer
and activator of transcription 3 (STAT3). This transcription factor is activated by
IL-6, IL-21, and IL-23 receptors, and it induces the transcription of the retinoic acid
receptor-related orphan nuclear receptor gamma t (RORγt). Mutations that cause the
loss of STAT3 function reduce Th17 differentiation, promoting the development of
bacterial and fungal infections. Although the most common fungal infection in
individuals harboring the STAT3 mutation is candidiasis, deep dermatophytic infec-
tion has also been reported [26].

Although the Th1 response was considered the only response relevant to derma-
tophyte infection in the past, Th17 cells are currently recognized as important for
anti-dermatophyte immunity. IL-17 secreted by Th17 cells stimulates neutrophil
chemotaxis and the release of AMPs by keratinocytes. On the other hand, INF-γ
produced by Th1 cells activates macrophages [28].

The immune response, in addition to trauma, plays a role in the development of
mycetoma and pseudomycetoma. Neutrophil and macrophage infiltration initially
develops as a response against dermatophytes, and it is followed by a Th2 response.
Consequently, the local concentration of cytokines, such as IL-4 and IL-10,
increases. Chitotriosidase gene polymorphisms that lead to decreased chitotriosidase
activity also lead to reduced phagocytic activity of macrophages and neutrophils and
the development of susceptibility to eumycetoma [29].

3.3 Acquired Immunodeficiencies

According to the most recent literature (published in the years 2011–2017), most
MG patients (62%) are immunocompetent. Meanwhile, immunosuppressive
treatments lead to MG susceptibility, especially in organ transplant patients
[10]. Moreover, chemotherapy results in MG lesions that may recur after chemo-
therapy [30]. Another potential risk factor is steroid use. The use of systemic steroids
has been reported in 27% of cases with MG [10]. MG may present as an exfoliative
erythroderma in individuals with AIDS [31], and Tinea incognito and MG develop if
a topical steroid treatment is mistakenly prescribed. In fact, topical steroid use is
documented in 25% of reported cases of MG [32].

The majority (93%) of deep and disseminated dermatophytoses develop in
immunosuppressed individuals. The most common reason is drug use for solid
organ transplantation [33]. The use of systemic steroids to treat autoimmune disease
or asthma also leads to deep dermatophytosis [34, 35]. Another cause of iatrogenic
immunosuppression is the use of chemotherapy for various malignancies [36]. In
addition, extensive deep dermatophytosis lesions have been reported in
HIV-positive patients with cirrhosis associated with HBV and HCV [37]. Immuno-
suppression may develop not only because of iatrogenic factors but also as a result of
genetic predisposition. Only a few cases of deep dermatophytosis without immuno-
suppression have been reported. However, genetic testing was not performed in
these cases [38–40].
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By contrast with deep dermatophytosis, most dermatophytic pseudomycetomas
and mycetomas (85%) develop in immunocompetent individuals. Generally,
localized lesions are observed in immunocompetent individuals, whereas wide-
spread lesions may develop in immunosuppressed individuals. Tirado-González
et al. [41] reported two cases of pseudomycetoma in immunosuppressed patients,
one of whom showed diffuse hyperkeratotic plaques on the face, scalp, and neck.
One of the two patients had IgM deficiency and lymphopenia (low serum CD3, CD4,
and CD8 levels), while the other patient had diabetes mellitus, asthma, and systemic
corticosteroid use. This indicates that immunosuppressive susceptibility should be
investigated if widespread pseudomycetoma lesions are detected.

4 Clinical Findings

The clinical presentations of invasive dermatophytosis vary according to clinical
type (Table 2). The most common type of invasive dermatophytosis is MG. Other
forms include deep dermatophytosis, disseminated dermatophytosis, and mycetoma
and pseudomycetoma. The clinical findings of mycetoma differ from those of other
invasive dermatophytoses in that tumefactive tumoral lesions and sinuses are clinical
indicators of mycetoma. However, nodular lesions are observed not only in MG but
also in deep dermatophytosis and pseudomycetoma. Localizations of lesions also
vary between the clinical types. While MG most frequently affects the lower
extremities, pseudomycetomas and dermatophytic mycetomas are most commonly
located on the scalp. Most people with deep dermatophytosis and disseminated
dermatophytosis are immunosuppressed. We present the clinical findings in detail
below.

4.1 Majocchi’s Granuloma

Although MG can occur at any age (range: 3–87 years), the median age is 42 years.
Men are affected more often than women (3:2). Unlike deep dermatophytosis, MG

Table 2 Type of lesion observed in invasive dermatophytic infections

Majocchi’s
granuloma

Deep
dermatophytosis

Disseminated
dermatophytosis

Pseudomycetoma and
mycetoma

Papule + + + �
Nodule + + + +

Plaque + + + +

Ulcer + + + +

Pustule + + � �
Abscess + + � +

Tumoral � + � +

+, positive; �, negative
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occurs in both immunosuppressed patients and healthy individuals [9, 10]. MG
usually occurs in the presence of chronic dermatophytoses, such as Tinea unguium
and Tinea corporis [42]. Other sources of dermatophytes are sexual contact or
contact with animals [10]. The use of immunosuppressive treatment results in MG
susceptibility, especially in organ transplant patients. The most common
localizations of the lesions in adults are the lower extremities (37.5%). Other
localizations are the upper extremities (27.7%), face and neck (15.2%), trunk
(8%), genital region (7.1%), and the scalp (4.5%). The lower extremities are affected
more frequently in the elderly (40.1%) than in children (22.2%), while head and neck
involvement is more common in childhood (86%) than at other lifestages [9, 10].

Unlike superficial dermatophytoses, the clinical presentation of MG varies from
papular lesion to abscess. Discrete or grouped papules and nodules occur either on
the active border of erythematous plaques or by themselves (Fig. 2). Plaque,
pustular, or papular lesions are observed in 15% of patients, while cellulitis-like
erythematous patches or ulcerative lesions rarely develop [9]. Since the lesions can
be asymptomatic, they can be pruritic or perceived as slight tenderness following the
application of pressure. Painful lesions usually mimic bacterial infections, leading to
the prescription of unnecessary antibiotic treatments. Painless chronic nodular
lesions can also mimic other chronic infections, such as atypical mycobacterial
infections, cutaneous leishmaniasis, and other deep fungal infections. If MG lesions
occur on the face, they can be confused with granulomatous rosacea and granuloma

Fig. 2 Erythematous papulonodular lesions on the wrist (a) and erythematous plaque on the
forearm (b) in two different Majocchi’s granuloma patients receiving immunosuppressive therapy
after renal transplantation
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faciale. Painful nodules on the leg imitate erythema nodosum, thrombophlebitis, and
erythema induratum of Bazin [43]. Nodular lesions of MG share similarities with
some tumoral diseases, such as lymphoma and Kaposi’s sarcoma, especially in
immunosuppressed patients [44, 45]. Keloid-like nodular lesions have also been
reported [46]. If secondary bacterial infection does not develop, MG lesions do not
suppurate. Lesions can be in the form of annular plaques and may mimic granuloma
annulare, sarcoidosis, and annular elastolytic giant cell granuloma [21]. The lesions
may also present as painful swelling of the vulva [47].

4.2 Deep Dermatophytosis

Deep dermatophytosis usually develop in adulthood (range: 18–91 years). They are
twice as common in men as in women. Most cases (92.7%) of deep dermatophytosis
occur in immunosuppressed patients. The most common localization of the lesions
in adult patients is the lower extremities (36.6%). Other localizations are the upper
extremities (4.9%), face and neck (9.8%), trunk (17.1%), genital region (14.6%), and
scalp (17.1%). The most common findings are erythematous papules or nodules.
Other findings include ulcers, erythematous plaques, and necrotic lesions. Although
most lesions are asymptomatic, they may be pruritic or tender. The size of the
ulcerated lesions varies. Although ulcerative lesions covered with a thick crust are
usually 1–2 cm in size, giant ulcers with a diameter of 15 cm have also been reported
[42, 48]. Because most patients are immunosuppressed, red or violaceous
papulonodular lesions may be confused with Kaposi’s sarcoma, pyogenic granu-
loma, bacillary angiomatosis, lymphoma, vasculitis, and other infections
[49, 50]. Some papulonodular lesions show umbilical features and mimic crypto-
coccosis and molluscum contagiosum [51, 52]. Papules and nodules may mimic
acute perforating collagenosis, both clinically and histopathologically [53]. Similar
to MG, deep dermatophytosis lesions clinically cause cellulite-like plaques. There-
fore, it is important to consider deep dermatophytosis in the differential diagnosis of
cellulitis-like lesions, especially in immunosuppressed patients. Otherwise, unnec-
essary antibiotic use may cause a progression of the lesion [35]. Deep
dermatophytosis lesions may mimic both MG and superficial dermatophytosis.
Deep dermatophytosis has also been reported in Tinea corporis-like circinate and
pustular plaques in an HIV-positive patient [37]. In immunosuppressed patients,
lesions usually progress rapidly, and hundreds of nodular lesions may develop
within a few days [54].

Deep dermatophytosis can cause abscesses and cystic lesions [55]. Forty-six
cases of dermatophytic abscesses have been reported in the literature until 2016
[56]. Most abscess lesions develop in immunosuppressed patients (83%). Single or
multiple (83%) abscess lesions have been reported on the lower extremities (54%),
trunk (33%), upper extremities (33%), and head and face (22%) [57–59]. The size of
abscesses also varies; while cystic lesions are usually a few centimeters in size, cysts
up to 15 cm in size may develop [60].
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4.3 Disseminated Dermatophytosis

In immunosuppressed patients, dermatophytes spread not only on the skin but also to
other organs. Dermatophytes can spread via the lymphatic and hematogenous routes.
Lymph node, liver, spleen, and bone involvement may be observed, together with
plaques, infiltrative or ulcerative nodules, or papules. While more than half of the
patients with CARD9 mutation develop lymph node involvement, in 15%, the
infection spreads to other organs (the bones, central nervous system, and digestive
tract) [61, 62]. The involvement of other organs shows sepsis-like findings. Clinical
findings vary according to the organ involved [63]. The mortality rate is high
(23.5%) in patients with CARD9 mutation [61].

4.4 Mycetoma and Pseudomycetoma

Mycetomas are a distinct form of invasive dermatophytoses, clinically characterized
by tumefactive tumoral lesions and sinuses. Dermatophytes enter the dermis after
trauma and form dermatophytic clusters referred to as grains. Africa is the most
commonly reported location for eumycetoma, the mycetoma caused by fungal
pathogens [64]. The median age of patients with mycetoma caused by
dermatophytes is 20 years (range: 8–36 years). Importantly, the most common
localization of eumycetoma is the foot, while eumycetoma caused by dermatophytes
is most commonly localized to the scalp [65]. Patients with scalp involvement have a
previous history of Tinea capitis [66]. Mycetoma begins as subcutaneous nodules,
which are deeply located and drain pus to the dermis and epidermis, leading to sinus
formation. The clusters (grains) formed by the fungus are located in draining sinuses.
Grain color varies depending on the causative agent.Microsporum audouinii usually
causes white or yellow grain structures, although black grain structures have been
reported in few cases [67]. Microsporum ferrugineum, Trichophyton
mentagrophytes, T. rubrum, Trichophyton soudanense, Trichophyton schoenleinii,
and T. tonsurans lead to black grain formation [68–70]. In the chronic period, wood-
like hard tumoral lesions develop. Secondary bacterial infection develops in approx-
imately half of all cases [71].

Pseudomycetoma and mycetoma lesions differ in the following ways:
(1) pseudomycetoma lesions are smaller than those of mycetoma, and they do not
contain sinus structures; and (2) a history of trauma usually precedes
pseudomycetoma [16]. Single or multiple nodular or tumoral lesions may develop
in pseudomycetoma. Hyperkeratotic or verrucous lesions caused by
pseudomycetoma have been reported [15, 41]. Pseudomycetoma lesions are most
commonly located on the scalp, as in mycetomas caused by dermatophytes
[72]. Involvement of the lower extremities may also be observed in
pseudomycetoma [15].
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5 Diagnosis

In addition to histopathology, some laboratory and imaging methods can be used to
differentiate the different types of invasive dermatophytosis (Table 3).

5.1 KOH Examination

Diagnosis of invasive dermatophytoses requires confirmation that the causative
agent is a dermatophyte. Direct microscopic examination after clearing with KOH
is the most commonly used method for the diagnosis of dermatophytic infection in
the dermatology clinic. It allows the rapid and inexpensive detection of fungal
elements such as hyphae and arthrospores. However, the positivity of KOH exami-
nation in invasive dermatophytic infections is not as high as that in superficial
dermatophytic infections because of the deep localization of dermatophytes. KOH
testing yields negative results in approximately one quarter of MG cases [9]. There-
fore, negative KOH testing does not necessarily exclude the possibility of a derma-
tophyte infection. For the detection of dermatophytes, fungal culture and other
molecular methods should also be used. Furthermore, KOH examination cannot be
used to distinguish between the types of invasive dermatophytic infections [1].

5.2 Cytology

Cytological samples can be obtained by an imprint method or by fine-needle
aspiration. The specimens are stained with hematoxylin–eosin (HE), May–
Grünwald–Giemsa, Papanicolaou, or periodic acid–Schiff (PAS) stains. This inex-
pensive and rapid diagnostic method can reveal the presence of dermatophytes as
well as dermal invasion. Dermal scraping or fine-needle aspiration cytology can
reveal the Splendore–Hoeppli phenomenon, characterized by radially distributed
eosinophilic material around the microorganism, and grain formation, indicative of
mycetoma. Although cytological examination may reveal granuloma formation, it
cannot be used to determine whether granulomatous infiltration is perifollicular or
not. Furthermore, cytology can be used not only for skin samples but also for the
diagnosis of extracutaneous organ involvement. Thus, cytology helps in
differentiating disseminated dermatophytosis from other invasive
dermatophytoses [73].

5.3 Fungal Culture

Fungal culture helps to detect dermatophytes and to determine their antifungal
susceptibility. Sabouraud glucose agar containing chloramphenicol and cyclohexi-
mide is the most convenient and inexpensive medium for culturing dermatophytes.
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However, fungal culture cannot be used to distinguish superficial dermatophytic
infection from invasive dermatophytic infection [1].

5.4 Histopathology

The gold standard method for the differentiation of invasive dermatophytosis is
histopathological examination. Although HE staining performs well for determining
the type of inflammation, it may be inadequate for the detection of hyphae and
spores. To improve the detection rate of fungal elements, PAS and Grocott-Gomori’s
methenamine silver (GMS) staining should also be performed. In addition,
HE-stained preparations can be examined under an immunofluorescence micro-
scope, as fungi are autofluorescent [74]. In the case of a doubtful diagnosis,
especially in immunosuppressed patients, it is important to identify the fungal
species using conventional or molecular-based techniques, such as polymerase
chain reaction or matrix-assisted laser desorption ionization time-of-flight mass
spectrometry [65]. These molecular diagnostic methods provide a more rapid and
reliable identification compared to conventional methods [7, 39, 75, 76].

5.4.1 Majocchi’s Granuloma
Unlike deep dermatophytosis, acanthosis occurs in most individuals with MG, to
varying degrees. Histopathological examination of MG reveals perifollicular granu-
lomatous inflammation [21]. Perifollicular inflammation is also observed in kerion
celsi. In kerion lesions, however, the cellular infiltrate spreads to the interfollicular
areas and is rich in neutrophils. Unlike kerion, MG lesions show chronic inflamma-
tion with lymphocytes, macrophages, epithelioid cells, and scattered multinucleated
giant cells [10]. Capillary proliferation, vascular dilation, and erythrocyte extravasa-
tion are detected in most patients. Although intradermal edema and fibrosis are
usually observed, their intensity varies considerably. Mucicarmine stain can be
used to detect dermal mucin deposition. Fibrinoid accumulation within the vessel
is rarely detected [21]. If there is a history of trauma, disruption of the follicle and
intradermal keratin structures can also be detected [77].

Depending on the immunity of the individual, some differences might be
observed in MG histopathology. Epidermal acanthosis and granulomatous reactions
are less prominent, while tissue necrosis is more prominent, in immunosuppressed
individuals than in immunocompetent individuals. The amount of dermal hyphae
and arthrospores increases with increasing immunosuppression [21].

Unlike superficial dermatophytoses, the appearance of hyphae and arthrospores in
these individuals differs. Arthrospores within the multinuclear giant cells are thicker
(up to 6μm in diameter) than intrafollicular arthrospores (up to 2μm in diameter).
Single or multiple budding may be observed. Both the thickness and shape of the
hyphae vary. In some cases, hyphae and spores are seen clustered as in
mycetoma [77].
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5.4.2 Deep Dermatophytosis
Histopathological examination of deep dermatophytosis reveals less extensive epi-
dermal changes than those observed during superficial dermatophytosis. Acanthosis
and pseudoepitheliomatous hyperplasia are observed in one third of patients with
deep dermatophytosis [42]. Other epidermal changes are epidermal necrosis,
thickening and elongation of the rete ridges, parakeratosis, and spongiosis
[36]. The main histopathological findings of deep dermatophytosis involve the
dermal region [10]. The type and severity of dermal infiltration vary, and acute or
chronic dermal infiltrates are not limited to the perifollicular area. In such patients,
inflammatory cell infiltration is apparent in the dermal region, as well as the
subcutaneous tissue [42]. Granuloma formation and multinuclear giant cells are
observed in more than half of the patients with deep dermatophytosis [62]. Dermal
infiltration sometimes contains numerous eosinophils and plasma cells [42]. Vascular
thrombosis and extensive hemorrhage throughout the reticular dermis are also
reported [36]. Furthermore, the dermal infiltrate can be surrounded by fibrotic
collagen [39]. Acquired reactive perforating collagenosis-like degenerated collagen
structures excreted from the epidermis have been reported for a diabetic patient with
STAT3 mutation [53]. Hyphae and arthrospores should be detected for histopath-
ological diagnosis of deep dermatophytosis. If fungal structures are not detected by
HE staining, other confirmatory tests, such as PAS and GMS staining, can be
performed [34].

5.4.3 Disseminated Dermatophytosis
Histopathological findings of disseminated dermatophytosis are similar to those of
deep dermatophytosis. Acute or chronic inflammatory infiltrate and dermal hyphae
and arthrospores are observed. Unlike deep dermatophytosis, this inflammatory
reaction is observed in the lymph nodes and other organs, besides the skin.
Tuberculosis-like caseating granuloma has also been reported [62].

5.4.4 Dermatophytic Mycetoma and Pseudomycetoma
In addition to dermatophytes, more than 30 fungal species cause eumycetoma.
Colored granules are large enough to be detected macroscopically (0.5–2.0 mm in
diameter). These granules contain septate hyphae (4–5μm thick) and spores.
Eumycetomas can be distinguished from actinomycetomas by Gram staining.
While filamentous bacteria that cause actinomycosis are stained positive,
eumycetomas appear gram negative. Granulomatous inflammation other than grains
is nonspecific. While lymphoid cells, plasma cells, histiocytes, and fibroblasts are
observed early in the infection, fibroblast density increases late in the infection.
Positively stained pigment structures are detected by Fontana–Masson staining [78].

The Splendore–Hoeppli phenomenon, i.e., localization of eosinophilic material
radially around the hyphae and spores, is a characteristic histopathological finding of
pseudomycetoma. The eosinophilic material is thought to consist of an antigen–
antibody complex, major basic protein, and the remainder of inflammatory cells
[79]. The inflammatory reaction involves eosinophils, histiocytes, and numerous
foreign body-type and Langhans-type giant cells. The Splendore–Hoeppli
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phenomenon is observed not only in dermatophyte infections but also in other fungal
infections (sporotrichosis, zygomycosis, Malassezia folliculitis, candidiasis, asper-
gillosis, and blastomycosis), certain bacterial infections (botryomycosis,
nocardiosis, and actinomycosis), and some parasitic diseases (strongyloidiasis,
schistosomiasis, and cutaneous larva migrans). To distinguish between these
diseases, the causative agent should be identified [80]. Furthermore, if the causative
agent cannot be isolated, this finding can be confused with other types of eosino-
philic material, such as flame figures, actinomycotic granules, asteroid bodies,
tophaceous lesions, and keratin granuloma [79].

5.5 Radiological Methods

Radiological methods are mainly used for the diagnosis of eumycetoma.
Eumycetomas cause a few large (� 10 mm in diameter) cavities in the bone, while
actinomycoses cause a number of small cavities. These cavities are seen as a central
hyperechoic area (dot) surrounded by hypoechoic tissue (circle) in ultrasonographic
examination. The sensitivity and specificity of magnetic resonance imaging for the
early diagnosis of mycetoma are higher than those of computed tomography. The
diagnostic radiological finding for mycetoma is a “dot-in-circle” sign. Magnetic
resonance imaging is important for early diagnosis and for the evaluation of the
response to treatment [29].

5.6 Reflectance Confocal Microscopy

Reflectance confocal microscopy is a noninvasive, painless diagnostic method, in
which thin-section images of the skin are acquired without biopsy. Although the
diagnostic value of reflectance confocal microscopy for superficial dermatophyte
infections has been established, no data on the diagnostic value in invasive derma-
tophyte infections are available [81]. However, reflectance confocal microscopy
cannot be used to distinguish dermatophytes from other fungi causing infections.
For this distinction, mycological cultures should be performed when fungal
structures are detected. Furthermore, the high cost of this noninvasive diagnostic
method limits its routine practice [82].

6 Treatment

Before determining the most appropriate treatment for invasive dermatophytosis, it
is necessary to determine the disease type. This is particularly important in
immunosuppressed patients. While the main treatment for MG, deep
dermatophytosis, and disseminated dermatophytosis consists of systemic
antifungals, surgical treatment is the first choice for mycetoma and
pseudomycetoma.
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6.1 Majocchi’s Granuloma

Since MG was described, different therapeutic approaches have been used for
treatment. The original treatments were oral potassium iodide, local X-radiation,
and topical 2-dimethylamino-6-(β-diethylaminoethoxy)-benzothiazole (Asterol®).
The approach has changed with the discovery of antifungal drugs, which can be
used for topical and systemic applications. Topical treatments suffice for the treat-
ment of superficial dermatophytosis. Systemic therapy has also been often used to
treat MG, and it initially involved griseofulvin (250–500 mg/day) and ketoconazole
(200 mg/day) [83–86]. However, new antifungals have been developed after certain
toxic effects of these antifungal drugs were observed. Terbinafine (250 mg/day) has
been used for treating approximately half of the MG cases reported in the last
30 years. Oral itraconazole (100–200 mg/day) has been the therapy of choice in
approximately a quarter of reported cases [9]. Patients who failed to improve upon
systemic itraconazole or griseofulvin administration and whose status improved with
terbinafine treatment have been reported [12, 87, 88]. On the other hand, a patient
with MG resistant to systemic terbinafine and itraconazole treatment was reported;
this patient was treated with voriconazole (200 mg, twice daily) [89]. Antifungal
therapy should be continued until the lesions are completely resolved. Depending on
the severity of the disease, the duration of MG treatment varies from 1 to 6 months
[39, 90].

Another factor to consider when choosing antifungals is drug interactions. Drug
interactions are particularly important for patients receiving immunosuppressive
therapy. Itraconazole interacts with cyclosporine, dexamethasone, fluticasone, meth-
ylprednisolone, rapamycin (sirolimus), and tacrolimus. Especially in elderly
patients, azole antifungals also interact with a number of drugs used for treating
heart disease and hypertension [91]. Terbinafine is more advantageous in terms of
drug interactions than azole antifungals [92]. Nevertheless, postinflammatory pig-
mentation, atrophic scarring, and alopecia may develop despite appropriate antifun-
gal treatments [45, 87, 93].

Surgical treatment is suggested for solitary or discrete lesions [94]. Moreover,
cryotherapy can be used as an adjuvant therapeutic method if MG does not respond
to antifungal treatments [95].

6.2 Deep and Disseminated Dermatophytoses

Systemic antifungal treatment should be used for deep dermatophytosis, e.g.,
triazoles (fluconazole, itraconazole, voriconazole, and posaconazole) and terbinafine
[33, 42]. The response to antifungal treatment depends on the immunity of the
patient and the immunosuppressive drug used by the patient. Rouzaud et al. [33]
reported eight cases of deep dermatophytosis in solid organ transplant patients and
reviewed the appropriate literature. Approximately half of the patients who receive
solid organ transplants and develop deep dermatophytosis respond completely to the
treatment. When the dose of the immunosuppressive drug is reduced to control
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fungal infection, graft rejection develops in a quarter of patients. In addition,
concomitant complications accompanying immunosuppression may result in death
(17%). A patient who did not improve with amphotericin B but responded well to
fluconazole was also reported [36]. Generally, treatment should continue until
complete recovery. In patients with CARD9 deficiency, recurrence may be observed
when the treatment is discontinued. Therefore, maintenance therapy is
recommended to prevent these recurrences (oral fluconazole, 100–200 mg/day)
[96]. Complete recovery can only be achieved with allogeneic bone marrow trans-
plantation in patients with CARD9 deficiency [97].

6.3 Mycetoma and Pseudomycetoma

Surgical excision is the best treatment option for mycetoma and pseudomycetoma
with solitary lesions. If multiple lesions are present, long-term (6 months to 1 year)
antifungal therapy is required [41]. Itraconazole (200–400 mg/day), terbinafine
(250–500 mg/day), or griseofulvin is generally preferred for long-term antifungal
therapy. Antifungal treatment alone results in a reduction in lesion size, but a
complete response is usually not observed [71]. Recovery with liposomal
amphotericin B was also reported, but recurrence occurred within 6 months
[67]. Antifungal therapy should be continued until 3 months after clinical and
radiological improvement is achieved. For clinical improvement, swelling, pain,
and movement limitation should be reduced; purulent discharge should be stopped;
and sinus tracts should be closed. For radiological improvement, osteomyelitis
findings should regress. This period usually lasts at least 1 year, but some patients
may require 2 years of treatment. After the discontinuation of the therapy, patients
should be followed for at least 2 years [98].

If no response to antifungal therapy is apparent, surgical treatment is
recommended. Recurrence may occur (20–90%) after amputation. Therefore,
itraconazole treatment should be continued after surgery. Both clinical and radiolog-
ical findings should be evaluated to assess treatment response in patients with
mycetoma [71].

7 Conclusions

Currently, four different clinical types of invasive dermatophytoses are recognized.
It is very important to distinguish these different types in terms of response to
treatment and prognosis. Histopathological examination is the gold standard method
for differentiating invasive dermatophytoses, and fungal culture or molecular
methods should be used to identify the causative species. Notably, MG,
pseudomycetoma, and mycetoma may also develop in immunocompetent
individuals. Furthermore, deep dermatophytosis and disseminated dermatophytosis
often accompany immunosuppression scenarios. Genetic susceptibility should be
investigated if a recurrent deep dermatophytosis infection is apparent. Systemic
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antifungal drugs are the best treatment choice for deep dermatophytosis and MG,
while surgical treatment is the best option for mycetoma and pseudomycetoma. The
risk of death in patients with disseminated dermatophytosis despite treatment should
also be considered.
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Unusual Dermatophytosis Presentations
and New Emerging Dermatophytes Species

Marie-Pierre Hayette and Rosalie Sacheli

Abstract

Dermatophytes are causing superficial mycosis in animals and humans.
Depending on the geophilic, zoophilic or anthropophilic origin of the fungus
but also on the immunological status of the patient, symptomatology can widely
differ. Nevertheless, each species is currently associated with typical clinical
manifestations, even if atypical localizations and/or clinical pictures are some-
times also reported. Diagnostic tools applied to species identification have been
changing since the last two decades with the more frequent use of molecular
methods currently considered nowadays as reference methods for species identi-
fication. It becomes obvious that the algorithm used for the distinction of closely
related species needs to combine phenotypic and genomic methods. All these
different points are discussed and the most recent novel species causing or
involved in human dermatophytosis are reported.

Keywords

Dermatophytes · Unusual dermatophytosis · New species

1 Introduction

Dermatophytes are keratinophilic fungi, which cause superficial infections of the
nails, skin, and hair. They belong to the Arthrodermataceae family that is divided
into nine genera that are Trichophyton, Epidermophyton, Nannizzia, Lophophyton,
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Paraphyton,Microsporum, Arthroderma, Guarromyces, and Ctenomyces following
the recent nomenclature revision by De Hoog et al. [1].

Dermatophytosis varies with several factors such as the climate, the geographic
area, the contact with animals, and the age of the patient. The dermatophyte species
encountered can also change over the time, with some species becoming less or more
common like Trichophyton rubrum, which emerged after the second world war, or
the zoophilic Trichophyton benhamiae, which is now frequently isolated in Western
countries from children infected by Guinea pigs [2–5]. In Europe, the most frequent
etiological agent for onychomycosis is T. rubrum, followed by Trichophyton
interdigitale. For Tinea capitis, anthropophilic species are predominating in many
countries, mostly due to populations of immigrant origin. Indeed, anthropophilic
species are mostly isolated in prepubescent children from African immigrant
families living in big European or American cities [6]. Trichophyton tonsurans is
currently the most important etiological agent of Tinea capitis in the USA and
UK. Its frequency increases in France, while in other European countries or some
cities Microsporum audouinii (Belgium) and Trichophyton soudanense (Paris,
France) are still predominant [7, 8]. Meanwhile, Tinea capitis due to zoophilic
species result from close contact with infected pets among which cats are mostly
involved causing Microsporum canis infections that are sometimes difficult to cure
[9]. For skin infections, anthropophilic and zoophilic strains may be in cause and
particularly T. rubrum, the Trichophyton mentagrophytes series, Epidermophyton
floccosum, or M. canis [2, 3, 10]. In some rare cases, geophilic species may also be
the etiologic agents [11]. Most dermatophyte species have become adapted to human
or animals. Although they can infect other hosts, each dermatophyte tends to be
associated with a particular host or group of hosts and is not maintained at long term
in other ones. Regarding the identification, dermatophytes are mainly identified by
microscopy performed on Sabouraud agar medium, which can be combined with
molecular biology methods such as pan-dermatophytes PCR or sequencing of the
internal transcribed spacer (ITS) 1 and 2 regions of ribosomal DNA [12–14]. How-
ever, if more and more laboratories include PCR assays for dermatophyte identifica-
tion to decrease the dependence to skilled technicians and the turnaround time to
results, it is critical to refer to reference laboratories because in some cases, new or
atypical species are involved. The most frequent dermatophytes isolated in
dermatomycosis still belong to the three genera Epidermophyton, Trichophyton,
and Microsporum. However, some geophilic and some rare zoophilic species caus-
ing human disease are distributed into the genera Arthroderma, Paraphyton,
Lophophyton, and Nannizzia.

In this review, we focused our attention on new dermatophyte species, which
have been recently described as a cause of dermatomycosis in humans, on dermato-
phyte species infrequently implicated in dermatomycosis, and on unusual clinical
manifestations caused by known dermatophytes.
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2 New Species of Dermatophytes

2.1 Geophilic Dermatophytes Isolated from Human Infection

Only a few new dermatophyte species causing human infections or isolated from
human body parts have been described in the last 20 years thanks to molecular
biology techniques and mating experiments. All these new species are related or
belong to geophilic dermatophytes, which are more susceptible to genetic variation
than zoophilic or anthropophilic ones. Six new species recently described and related
to clinical cases are presented under the names used in the last taxonomy revision
and listed in Table 1 as: Arthroderma chiloniense [15], Nannizzia perplicata [16],
Nannizzia aenigmaticum [17], Arthroderma onychocola [18], Paraphyton mirabile
[19], and Arthroderma eboreum [20, 21].

2.1.1 Arthroderma chiloniense
Arthroderma chiloniense was isolated in Germany from a 68-year-old female
presenting with scaly skin lesions [15]. Skin samples were collected; however, no
fungal element was ever detected by microscopic examination. Fungal culture led to
the isolation of a presumptive dermatophyte. Subsequent detailed investigations
with conventional morphological and physiological methods and a phylogenetic
analysis of combined sequences of LSU (D1/D2 domains) and ITS regions of rDNA
led to the description of a new geophilic species named Arthroderma chiloniense
sp. nov., EMBL accession no. LT992885. This species lacks specific microscopic
features and can be confused with T. rubrum or T. interdigitale except the disposi-
tion of microconidia on hyphae, which were more similar to Chrysosporium conidia.
Because no fungal element could be seen and no further isolation of the fungus was
achieved, the strain was, however, supposed to be a transient colonizer and the
lesions due to autoimmune disorder. This highlights the importance of the direct
microscopy in the definition of infection.

2.1.2 Nannizzia perplicata
A novel dermatophyte species was recently isolated from skin scales of a female
patient in UK presenting with itching rash of the wrist and arm [16]. Her principal
risk factor was long-term corticosteroid use for underlying Lupus autoimmune
syndrome explaining probably the inflammatory lesion. Skin scales revealed posi-
tive hyphae and grew a dermatophyte that could be reisolated 5 months later despite
oral and systemic 3 months terbinafine treatment. In vitro resistance to terbinafine
was demonstrated by a high minimum inhibitory concentration (MIC) of 16μg/mL
explaining the treatment failure. The treatment was shifted to itraconazole 400 mg
per day plus clotrimazole cream for 2 weeks. The isolate was referred to the UK
National Reference Mycology Laboratory due to atypical morphology and for MIC
determination. Culture on Sabouraud agar revealed white to pale buff colonies with a
radially folded inner zone harboring a cerebriform center and nonpigmented reverse.
Microscopy was consistent with species of the geophilic Trichophyton terrestre
complex. The use of multilocus phylogenetic analysis using 6 loci allowed the
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identification of a novel species within the Nannizzia gypsea (formerlyMicrosporum
gypseum) complex and close to Nannizzia nana (formerly Microsporum nanum).
This novel species surprisingly matched at 99% with a previously called
“Microsporum sp.” isolated from a leg lesion in Czech Republic, attesting the
presence of the dermatophyte outside UK and confirming the pathogenic or oppor-
tunistic character of this geophilic species. This patient worked regularly with
compost and potted plants, which can explain the source of this soil-related geophilic
species.

2.1.3 Nannizzia aenigmaticum
This species (formerly Microsporum aenigmaticum) was recently isolated from a
scaling lesion of the wrist of a 46-year-old Czech woman. The lesion was large
(40 mm diameter), erythematous, well delineated with scaling at the periphery but
was nonitchy. Direct microscopy showed hyphae compatible with a dermatophyte,
and a culture on Sabouraud Dextrose agar (SDA) with and without cycloheximide
yielded a colony, which was first identified as T. tonsurans/Trichophyton equinum
[17]. The patient presented several risk factors for a dermatophyte infection: she was
hunting, took care from horses, owned a dog breeding station, and worked frequently
in her garden. She often visited swimming pools and saunas. Topical treatment based
on clotrimazole 1% was successful. The isolate was sent to the reference laboratory
in Prague for further characterization where molecular studies based on ITS rDNA
and β-tubulin encoding gene analysis were used for species identification. Phyloge-
netic analysis led to the positioning of the isolate among the N. gypsea clade
[17]. The morphological characteristics are as follows: (1) a slower development
than other members of N. gypsea clade, (2) growth at 37 �C, and (3) the reverse of
the colonies was yellow to orange with the time. The species produced numerous
chlamydospores and aggregates of hyphae and racket filaments. Molecular data
clearly distinguished this species from knownMicrosporum species. Again, sending
the strain to a Reference laboratory allowed the identification of a novel dermato-
phyte species, which was further renamed as N. aenigmaticum. The most frequently
isolated geophilic species causing human infection are members of the N. gypsea
clade, with N. gypsea and Nannizzia fulva (formerlyMicrosporum fulvum) being the
most frequent. However, these species are sometimes difficult to distinguish by
simple microscopy and physiological characteristics. Therefore, the use of DNA
sequencing techniques, and perhaps also in the next future matrix-assisted laser
desorption ionization–time of flight (MALDI-TOF) mass spectrometry (MS), is
recommended for a reliable identification to the species level [17–19].

2.1.4 Arthroderma onychocola (Formerly Trichophyton onychocola)
Arthroderma onychocola is a presumed geophilic dermatophyte first isolated in 2011
from a toenail in a Czech patient with a history of T. rubrum infection [18]. Another
similar case was observed in Denmark (strain isolated in 2013) in a Kurdish descent
presenting onychomycosis of the great toenail and having a past history (2004) of
T. rubrum infection at the same site. Both strains could be successfully mated, and
the sexual stage showed all the characteristics of Arthroderma teleomorph
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[18]. Arthroderma onychocola is classified into the basal clades of the phylogenic
tree of dermatophytes, which includes almost only geophilic species. Colonies
growing on SGA are white yellowish to white greenish yellow, plane, floccose,
and raised at the center, crateriform, with a light orange to red-brown color at the
reverse. On SGA, this species shows numerous microconidia, which are clavate to
piriform, smooth-walled, and born singly on short lateral branches or at the end of
hyphae or sessile on the hyphae. No macroconidia are observed. Numerous spiral
hyphae are often present. Thick-walled chlamydospores (mostly in chain) are
observed only on Malt Agar Extract (MAE) medium. Optimal temperature is
between 18 �C and 25 �C, and no growth is observed above 34 �C [22]. However,
because geophilic species are rarely pathogens, one should be cautious when
reporting a geophilic dermatophyte as causal agent of dermatomycosis. In the first
case involving the Czech patient, it was not possible to confirm the causal role of the
fungus. Indeed, due to the noncompliance of the patient who did not come back for
control, the fungus was isolated only once and direct microscopic examination of the
unique sample obtained from this patient was negative. In the second case, however,
the isolate was probably the causal agent of relapsing onychomycosis because the
culture yielded only this species and direct examination revealed hyphae and spores.
It would have been, however, interesting to use a pan-dermatophyte PCR assay to
exclude a potential coinfection with the previous T. rubrum isolated in the past
[3, 23]. A misidentification of the first so-called T. rubrum cannot be excluded.
Macroscopical and microscopical features of this species are described in Fig. 1a, b.

2.1.5 Paraphyton mirabile (Formerly Microsporum mirabile)
This species was first isolated from a toenail in The Netherlands but the clinical case
was not published. It has also been isolated from asymptomatic animals like a
domestic dog in Germany and from an alpine chamois in Italy [24]. The phenotypic
characteristics include production of large, thick-walled, multicelled conidia, resem-
bling those of Paraphyton cookei except the strains are highly pleomorphic. Because
the isolates had been deposited in reference centers, comparison of morphology,
physiology, mating tests, and analysis of ITS and partial β-tubulin (BT2) gene
sequences led to the recognition of a novel species that was classified among the
geophilic P. cookei clade [19]. So far, no other clinical case has been reported. The
pathogenicity of this novel species is therefore not confirmed and reports of other
well-documented clinical cases are needed before conclusion. Macroscopical and
microscopical features of this species are described in Fig. 1c, d.

2.1.6 Arthroderma eboreum
Arthroderma eboreum was firstly isolated in an African patient living in Germany
for the last 14 years and going back occasionally to Ivory coast, his homeland. The
patient was HIV positive and was suffering from scaly and itchy moccasin-type
Tinea pedis that lasted since about 10 years. Scales taken from his foot grew rapidly
on Sabouraud-gentamicin agar (SGA). The morphological features of the colony
were similar on different culture media, and these are described as follows: an
off-white spreading colony with a granular to powdery surface and a radiating
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Fig. 1 Macroscopic (a, c, and e) and microscopic (b, d, and f) features of some new species of
dermatophytes. Arthroderma onychocola IHEM 26867 on Sabouraud chloramphenicol agar, 28 �C,
21 days (a and b). (a) Surface of the colonies is white and slightly powdery; red-brown pigment is
visible. (b) Numerous clavate to tear-shaped microconidia are observed; rare macroconidia are also
visible such as in the middle of the photograph (magnification 20 � 40). Paraphyton mirabile
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feathery margin resembling T. terrestre. No pigment was observed. Microconidia
(one celled and clavate) and macroconidia (cylindrical or club-shaped and up to
9 cells) were abundant. Hook-shaped and spirals were also abundant.
Cleistothecium-like structures and chlamydospores appeared in old cultures. No
growth was obtained at 37 �C. A 10-week course associating oral terbinafine
(250 mg/day) and topical ciclopirox olamine was successful. The detailed descrip-
tion of this novel species has been performed by Brash et al. [20]. The name
“eboreum” was chosen because it means “ivory” in Latin, which was a reminiscence
of the homeland of this patient and of the color of the colony. The species was
renamed as Arthroderma eboreum by De Hoog et al. [1]. The species was isolated
only once probably because the association of positive direct examination and
culture (Trichophyton sp. was reported) was enough for the clinician for starting
treatment. The use of a pan-fungal dermatophyte PCR could have excluded the
presence of a “more typical” causal agent for Tinea pedis. However, because of the
immunosuppression of this patient, a more opportunistic species like a geophilic one
could also cause infection. Interestingly, 1 year after the paper was published,
Campbell et al. [21] from the Reference Center for Mycosis in Bristol
(UK) described former Arthroderma olidum as being the teleomorph of
A. eboreum. This fungus had been isolated from the soil of badger and rabbit
burrows in England. Molecular methods based on the comparison of ITS1 sequences
could not distinguish the two fungal isolates. More recently, A. eboreum has been
isolated from the skin of a patient presenting with eczema-like erythematous skin
macules on the arm and inguinal region with a 2-week evolution [25]. The patient
reported traveling in Greece where he was woodworking at the moment of clinical
manifestations. Cultures from skin scrapings yielded a fungus with A. eboreum
features, which was confirmed by ITS sequencing. However, direct microscopy
was negative and the fungus was isolated only once. Therefore, the infection was
not confirmed. Treatment including topical clotrimazole and prednisolone acetate
(0.5%) was rapidly successful, highlighting the low pathogenicity of this fungus. It is
regrettable than only one isolation could be made hampering the involvement of the
fungus as causative agent. One can stress out the importance of performing genomic
analysis of the isolate when microscopy is not characteristic enough for species
identification. Also, the analysis of sequencing results must be performed by high-
skilled molecular scientists or technicians to avoid approximated species identifica-
tion when the matching between the studied isolate and the reference sequences is
not satisfactory. Macroscopical and microscopical features of this species are
described in Fig. 1e, f.

Fig. 1 (continued) IHEM 24407 on Sabouraud chloramphenicol agar, 28 �C, 21 days (c and d). (c)
Surface of the colonies is white and curved; reverse is slightly pigmented in red. (d) Lactophenol
blue staining shows abundant pear shaped and clavate microconidia. Arthroderma eboreum IHEM
21959 on Sabouraud chloramphenicol agar, 28 �C, 21 days (e and f). (e) Surface of the colonies is
white and slightly powdery; reverse is nonpigmented. (f) Lactophenol blue staining shows numer-
ous clavate microconidia (magnification 20 � 40)
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2.2 Novel Geophilic Dermatophyte Species Isolated
in the Human Environment

New species have been identified through screening studies of the soil in the vicinity
of human activities but not as human pathogens. Three new Ctenomyces species
have been isolated from soil in China in places with high human activity: C. albus
sp. nov., C. obovatus sp. nov., and C. peltricolor sp. nov. [26]. To remind, the main
diagnostic criteria of Ctenomyces are verrucose conidia, which are thick-walled,
lightly pigmented, commonly with ampulliform swellings, and mostly longer than
8 μm. Similarly, one new species of the genus Nannizzia, N. graeserae, has been
isolated in India from a barbershop in Buldhana district after systematic culture
screening of the soil [27]. This species yields a unique morphology of its
macroconidia, which are rough-walled and clavate to cylindrical. Identification
was performed by sequence analysis of ITS and 28S rDNA regions. Systematic
screening of soil is not a current use, but it can lead to the discovery of new species
potentially pathogenic for humans of animals.

3 Rarely Identified Dermatophytes Causing Infection
in Humans

Some publications attest of the recent involvement of geophilic or zoophilic
dermatophytes never seen previously in human infections. It generally concerns
species, which are rarely isolated from soil or animals. However, it is important to
recognize them in order to screen properly the environment of the patient and
prevent reinfection.

3.1 Rare Cases of Dermatophytosis Caused by Zoophilic Species

In 2012, Sitterle et al. [28] described the first case of human infection due to the
zoophilic species, Trichophyton bullosum. It concerned an infection in a 21-year-old
male who had a skin lesion on his forearm. Clinical examination revealed the
presence of one erythemato-squamous lesion with undefined border. The lesion
was pruritic but noninflammatory. The transmission was probably due to contact
with infected donkeys in a rural area in France. The patient was treated by topical
(ketoconazole 2% cream) and systemic therapy (griseofulvin 1 g/day) during
2 months, and complete remission was obtained. Direct examination of skin
scrapings showed septate hyphae. A dermatophyte was isolated in culture and
thereafter characterized by ITS (ITS1 and ITS2) sequencing. It was closely related
to an African strain of T. benhamiae (formerly Arthroderma benhamiae) and
grouped in a zoophilic cluster with Trichophyton verrucosum, Trichophyton
erinacei, and T. benhamiae. Further studies are needed to know if this species can
be another anamorph of T. benhamiae. The colonies were slow growing, glabrous,
and cream-yellow, and reverse was nonpigmented. Microscopy revealed the

Unusual Dermatophytosis Presentations and New Emerging Dermatophytes Species 95



presence of thick hyphae irregularly fragmented with chlamydospores in chains
resembling to those of T. verrucosum strains. This species was described for the
first time by Lebasque in 1933 and reported as a zoophilic dermatophyte isolated
from cutaneous lesions in horses in Tunisia, Syria, and Sudan. More recently, it has
been isolated from a horse infection in Czech Republic, and this case represents the
first report in Europe [29]. However, the origin of the infection was unknown.
Trichophyton bullosum is very rarely isolated in horses and is probably
underreported because microscopy looks like T. verrucosum. However, it can be
easily confirmed by molecular sequencing, and contrary to T. verrucosum, it does
not cause inflammatory lesions. To note, the name “bullosum” comes from the
morphological aspect of the culture that appears like an air bubble in a viscous
liquid [28]. Since it can cause infections in humans, it would be of interest to follow
the incidence of infections due to T. bullosum in domestic horses.

Lophophyton gallinae (formerly Microsporum gallinae) is another rarely
described zoophilic species causing infections in humans. In 2011, Miyasato et al.
[30] described the first case of Tinea corporis in Japan. A 96-year-old healthy man
was infected. The patient had a long working history as a breeder of fighting cocks.
Lesions consisted of two erythematous macules, which appeared after the man was
being bitten by a cock. Lophophyton gallinae was identified as the infectious agent
based on the morphology and ITS sequencing. Macroscopical and microscopical
features of this species are described in Fig. 2a, b.

Trichophyton erinacei (formerly T. mentagrophytes var. erinacei) is frequently
found in hedgehogs, and some cases of transmission to humans have been described
[31]. Indeed, in some countries, hedgehogs became popular as household pets. This
is the case in Korea where a case of Tinea manuum caused by this species has been
described. This concerned a 15-year-old girl with a pruritic scaly erythematous patch

Fig. 2 Macroscopic (a) and microscopic (b) features of Lophophyton gallinae. Lophophyton
gallinae IHEM 13565 cultivated on Sabouraud chloramphenicol agar, 28 �C, 21 days. (a) Surface
of the colonies is white and fluffy, and reverse is pigmented in red. (b) Lactophenol blue staining
shows elongated septate macroconidia (2–8 cells) (magnification 20 � 40)
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and pustules on her left hand. She kept a hedgehog at home. A fungus was recovered
and morphologic aspects suggested T. erinacei. ITS sequencing confirmed the
similarity with T. erinacei DNA [32]. Another similar case of Tinea manuum caused
by this dermatophyte was described in Japan [33]. In 2011, a case of unusual Tinea
faciei was described again in Korea and 1 year later in Chile [34, 35].

Another closely related species of T. erinacei has been published in 2010 by
Contet-Audonneau [31, 36, 37] who proposed the name of T. mentagrophytes var.
porcellae because it is mostly transmitted by Guinea pigs and present in breeding
farms [36]. It causes erythematous and inflammatory lesions of the exposed part of
the body in young adults and children. This species has been renamed as
T. benhamiae. It harbors a yellow and a white phenotype and is increasingly isolated
in Europe since 2008 mainly in children. However, the first human case report has
been described in Japan by Nakamura et al. [38]. The yellow phenotype, which can
be confused withM. canis, is downy with a pleated mycelium, a lemon-orange color
and poor sporulation. The white phenotype is powdery to floccose with a yellow
orange to brown reverse and rapidly sporulates, harboring numerous spherical to
clavate microconidia, sparse macroconidia, and rare spirals. It can be confused with
T. mentagrophytes and is more rarely isolated than the yellow phenotype. A 9 years
French retrospective study reports this species as the third most frequent zoophilic
species isolated from 2008 to 2013, [39] while it is the second most frequent
zoophilic dermatophyte afterM. canis isolated in Japan and the first one in Germany
in a study performed from 2010 to 2013 [4, 40]. Because this species is now present
all over the world, easy and cheap diagnostic methods such as the short subculture on
CandiSelect™ 4 medium (Bio-Rad, France) allows the differentiation withM. canis
[39]. However, more sophisticated methods such as MALDI-TOF/MS or dermato-
phyte PCR can also be successfully applied [12, 41].

In 1997, a case of Tinea corporis due to a zoophilic strain of N. nana has been
described in Madras, India [42]. A 16-year-old boy working in a poultry farm
presented pustular scaly circinate lesions on the back, leg, and chest. Histopath-
ological section of a biopsy reported the presence of arthroconidia in the stratum
corneum. In culture, a white granular colony with a yellow pigment grew. Even rare,
this kind of infection in human has been reported in several countries such as Poland
[43], the USA [44], the Netherlands [45], China [46], and Africa [47]. It concerned
cases of Tinea barbae, Tinea corporis, and Tinea capitis. More recently, one case of
onychomycosis due to N. nana has been described in a retrospective study
conducted in Guatemala [48]. This concerned a 35-year-old woman with no
predisposing risk factor. She presented a total dystrophic onychomycosis. In 2019,
a Mexican team described two cases of siblings infected by this zoophilic species.
The authors described the clinical presentation in a previously healthy 8 year-old
boy, living in a pig-farm area. He presented a 1-month history of a tumoral lesion
localized on the scalp with hair loss, scales, multiple pustules, and abscesses that
drained seropurulent material and pseudoalopecic areas with few short hairs. All
these symptoms were accompanied by intense pain. KOH direct examination
showed ectothrix type infection. In culture, beige-colored colonies with a brown
pigment on the reverse side were observed. By microscopy, multiple small
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egg-shaped macroconidia of 12–15 μm with 1–3 septa and few sessile microconidia,
corresponding to N. nana,were observed. The 6-year-old sister of the boy developed
an extended Tinea corporis due to the same fungus. She presented disseminated
dermatophytosis on the left cheek, trunk, and upper limbs, with low to moderate
pruritus; several 2–3 cm erythematous, scaly, and round plaques with raised borders
and scarce crusts were observed. Both cases received treatment with griseofulvin for
40 days for the boy associated with oral prednisolone and 20 days for the girl
associated with 2% cream. There was clinical and mycological cure in both
cases [49].

3.2 Rare Cases of Dermatophytosis Due to Geophilic
Dermatophytes

Nannizzia gypsea, Nannizzia incurvata, and N. fulva represent the most frequent
geophilic dermatophytes causing human dermatophytosis. However, N. incurvata
and N. fulva are rarely reported, which is probably due to misidentification with
N. gypsea sensu stricto because of very similar morphology. A recent publication
reports not more than 30 clinical cases due to N. incurvata published until now
[50]. Generalization of the use of MALDI-TOF/MS or ITS sequencing (particularly
ITS1 in this case) will probably reassess the role of this group of geophilic
dermatophytes in human dermatophytosis as it was the case for an isolate causing
Tinea corporis isolated from a young man in Iran. Culture of skin scrapings grew a
dermatophyte, which was identified as N. gypsea according to its morphological
aspects. PCR amplification of ITS1–5.8S rDNA-ITS2 region and subsequent
ITS-RFLP and sequencing identified N. fulva as the true causative agent [51].

Microsporum racemosum is a rare geophilic dermatophyte, which was isolated
the first time by Borelli in 1965 from the hair of a wild rat in South America
[52]. Rare cases of human infection due to this species have been described. The
first case of dermatophytosis concerned a 14-year-old girl in Venezuela who devel-
oped one typical lesion of Tinea corporis on her right forearm. She had been
probably contaminated by rats which were inhabitants of the closet where her clothes
were stored [53]. In 1976, a doubtful case was reported in the USA. It concerned a
79-year-old man who had numerous excoriations of the forehead, scalp, and nape of
the neck [54]. However, the patient did not respond to antifungal treatment and the
fungus grew only once. It was considered to be transient carriage probably due to
large gardening activities. Another case was reported from the USA in 1978 in a
51-year-old patient. He had a circinate maculopapular lesion on the dorsum of the
right hand, which was vesicular with an erythematous border, pruritic and developed
rapidly to 5 cm in diameter. The patient denied any trauma and contact with soil,
nursery material, or potted plants [55]. In 1999, the first case of human infection due
to M. racemosum was reported from Europe. It concerned a 60-year-old Spanish
female who developed onychomycosis. Identification of the isolate was confirmed
by ITS1/ITS2 and 5.8S rDNA sequencing [56].
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4 Unusual Clinical Presentations of Dermatophytosis

Each species of dermatophyte has its specific clinical manifestations, which are
characteristic. However, sometimes the picture is different, making the recognition
of the species more difficult and doubtful. That is why in these cases, microscopy
should be combined with reference methods before to conclude. Examples of
unusual manifestations are described and summarized in Table 2.

4.1 Unusual Presentations Due to Geophilic Dermatophytes

Nannizzia gypsea currently causes Tinea corporis on exposed parts of the body.
Lesions are generally pruritic and inflammatory. However, this species can lead to
unusual clinical manifestations in humans. In 2001, Luque et al. [57] described an
atypical Tinea corporis caused by N. gypsea in a 39-year-old male in Argentina. The
man developed a seborrheic dermatitis with erythematous vesicular and granuloma-
tous skin lesions with clear lightly infiltrated edges on his lower legs. The skin
surrounding the lesions was scaly and pruritic. In 2006, an 18-year-old healthy
female presented with skin lesion on her abdomen. Lesion showed concentric
annular erythematous rings with a fine scaly border. Scales were cultured, and
cinnamon brown colonies identified as N. gypsea grew after 5 days [58]. In 2017,
a rare case of dermatophyte infection of the glabrous skin caused by N. gypsea has
been described in an immunocompetent woman. A 22-year-old Malagasy female
who reported close contact with cats, presented a single round lesion with a
peripheral, active, squamous, and pruriginous inflammatory bead. Morphological
species identification was confirmed by sequencing the ITS region [59]. Many other
unusual clinical presentations caused by N. gypsea have been described such as
circumscribed scleroderma, crusty circular plaques, white paint-like dots, psoriasis-
like lesions, or dystrophic onychomycoses [60–64]. Also, presentations can be
different if the patient has an immunodeficiency like in the case presented by
Polili et al. [65]. This case concerned a 37-year-old male with HIV and HCV
infections. He presented annular erythematous scaly plaques with inflammatory
advancing borders located on the upper lip, nose, and side of the neck. A few months
after a successful treatment with itraconazole, a relapse of skin lesions occurred
concomitantly with a central nervous system lesion causing seizures. Microscopy
from new skin scrapings was positive, and culture grew again N. gypsea. However,
the brain lesion was not biopsied and the fungal etiology could not be confirmed.
Intravenous cotrimoxazole, 70 mg/kg daily, associated with liposomal
amphotericin B, 3 mg/kg daily, was started; at the ninth week of therapy, when
3 mg/kg liposomal amphotericin B was still administered 3 times weekly for
maintenance, lower limb edemas ensued, the cutaneous lesions had cleared, and
his cerebral lesion was still detectable on a control CT scan, although much reduced
in size [65].
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4.2 Unusual Presentations Due to Zoophilic Dermatophytes

In some cases, zoophilic strains may also cause atypical infections, as it has been
described in 2006 forM. canis causing Tinea favosa [66]. This case described in the
USA concerned an 8-year-old Caucasian female with a history of itchy scaling of the
scalp and hair loss. The girl had a dog sleeping with her. No history of immunosup-
pression was known. The fungal isolate was identified only by microscopy. In
general, the anthropophilic Trichophyton schoenleinii is responsible for this kind
of clinical manifestation with permanent alopecia. Some cases have also been
reported with Trichophyton quinckeanum (formerly T. mentagrophytes var.
quinckeanum) and Trichophyton violaceum [67, 68]. Because of the absence of
molecular assay, a misidentification, however, is not excluded.

Nannizzia praecox (formerly Microsporum praecox) is another zoophilic derma-
tophyte mostly transmitted by horses to human. Infections due to N. praecox are
particularly rare in human as only 29 cases have been reported around the world until
1944. In 2010, Alanio et al. [50] described a rare case of dermatophytosis in a French
28-year-old horse rider. The observed lesion was located on the right external
malleolus. Microscopic examination of skin scrapings revealed the presence of a
dermatophyte species and molecular sequencing confirmed the identification as
N. praecox [69].

In 2007, Sanchez-Castellanos et al. [51] described a case of Tinea incognito due
to the zoophilic strain T. mentagrophytes. A 2-year-old girl presented a 3 months
history of pruritic facial eruption that had begun as perinasal erythematous papules
and then extended with numerous papules and nodules forming erythematous and
scaly plaques localized on the face. Fungal culture from scales yielded granular and
powdery colonies with a yellow brown pigment. Microscopic examination identified
the fungus as T. mentagrophytes [70].

In Italy, another case of rosacea-like Tinea incognito due to the zoophilic
T. mentagrophytes was described by Calcaterra et al. [52] in 2013. This concerned
a 47-year-old woman with a 3 months history of erythematous papules with rare
pustules on the face. There was a progressive exacerbation of the eruption by the
application of topical corticosteroids. The absence of classical features of ringworm
made the initial diagnostic difficult. The patient had no remarkable history before
this episode. Culture on Mycosel agar let grow powdery and granular colonies with a
yellowish color at the reverse [71].

Tinea imbricata is an uncommon described dermatophytosis caused by the
anthropophilic dermatophyte Trichophyton concentricum. It is characterized by
widespread, annular, concentric, squamous lesions. Tinea imbricata is endemic in
three geographical areas: Southwest Pacific, Southeast Asia, and Central and South
America. However, this clinical picture is exceptionally rare in travelers returning
from endemic areas. In 2015, a case of Tinea pseudo-imbricata caused by
T. mentagrophytes has been described in India. Tinea pseudo-imbricata is
characterized by concentric scaly rings mimicking Tinea imbricata but is caused
by other species than T. concentricum. The case reported concerned an 18-month-
old baby. The diagnosis of Tinea pseudo-imbricata was made on the basis of the
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morphology of the lesions and confirmed by the isolation of T. mentagrophytes in
culture [72].

In 2015, a (zoophilic) strain of T. mentagrophytes has been responsible for Tinea
blepharo-ciliaris associated with Tinea barbae in Romania. This clinical manifesta-
tion in eyes is rare by dermatophytes. The infection was present in an adult male of
24 years old living in a rural environment, with no history of trauma, immunosup-
pression, or corticosteroid treatment. First diagnosis was conjunctivitis, the edema
extended up to the right eye with purulent hemorrhagic secretions and hair loss on
the eyelid. The man presented also a lesion on the cheek with a decreased hair
presence. Ecto-endothrix hair invasion was seen after KOH clearing on hairs of the
cheek and of the eyelid. Trichophyton mentagrophytes was identified as the etiolog-
ical agent by culture and ITS1 sequencing. Sequence analysis showed, however,
100% similarity with T. interdigitale, Arthroderma vanbreuseghemii, and zoophilic
strain of T. mentagrophytes, which is not surprising as the ITS sequencing cannot
differentiate between these closely related species [73].

In 2018, an eyelid Tinea with blepharitis due to M. canis has been described by
Calles Monar and Juarez Martin [74]. The case is presented in a 3-year-old girl with
an erythematous edematous plaque associated with blepharitis and chalazion in the
right upper eyelid. The culture of the eyelid scrape showed M. canis as the etiologi-
cal agent.

In 2016, a rare case of Tinea corporis in a 9-month-old female with extensive
erythematous lesions on the trunk has been described in Iran. The girl was living in a
farm. Morphological features of the isolate resulted in the identification of
T. interdigitale. For further identification, the ITS1 and 2 regions of rDNA were
sequenced and the presumed T. interdigitale isolate was finally identified as
Trichophyton simii. It is an exotic zoophilic dermatophyte that is supposed to be
restricted to the Indian subcontinent, where it causes dermatophytosis lesions on
animals such as monkeys, cattle, poultry, Guinea baboons, dogs, and cats [75, 76].

A new genotype of the zoophilic species T. mentagrophytes was recently
described by Luchsinger et al. [77] in Switzerland. This strain was responsible for
several cases of sexually transmitted infections. It was isolated from seven patients
who had visited Southeast Asia. These patients reported on having had sexual
intercourse 1–2 weeks earlier during their trip in Asia. Clinical presentation was
quite similar in all patients: sharply demarcated erythematous scaly plaques on
pubis, labia majora, or proximal penile shaft, and in one patient, additional involve-
ment of the scrotum. Two female patients showed additional plaques on the gluteal
region and one of them on the neck. Kupsch et al. [78] in 2019 described numerous
cases caused by this new genotype developing as an epidemic outbreak. A total of
43 patients, mostly suffering from highly inflammatory, painful, and persistent
infection of the pubogenital region, were observed between January 2016 and July
2017 in Berlin. Fungal culture and sequencing of the Ef1-alpha locus were applied; a
phylogenetic analysis was then done based on these sequences. In 37 cases, a new
genotype of T. mentagrophytes (referred as T. mentagrophytes VII or “Thailand
genotype”) was isolated as the etiological agent and sequencing revealed identical
sequences for all tested isolates. Of these patients, only two reported animal contacts
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with rabbits and cats, and four had a history of travel in Thailand or Southeast Asia
shortly before the symptoms appeared; none of the others reported a recent stay
abroad. Regular intimate shaving was documented in 16 of the patients. Eight
patients reported visiting a fitness club regularly. Even if no contact with sex workers
has been reported in this study, the hypothesis of a direct human-to-human infection
via sexual contact is supported by the fact that the sexual partners of some patients
were also infected in five cases. This attests of the interhuman transmission (possibly
sexually transmitted by contact) of this new strain circulating known in Germany
and probably also in other European countries. Mycologists should be aware of the
existence of this genotype.

Wendrock Shiga et al. [79] reported in 2017 a case of Tinea barbae profunda
caused by the new variant of T. mentagrophytes described above (type VII). The
pathology followed a journey to Thailand. A businessman was affected by a
fulminant abscessing infection of the upper lip and beard area. Fungal mycelium
was observed in the tissue biopsy. Trichophyton mentagrophytes was grown in
culture, and ITS sequencing was done. The patient had contact with Thaï female
sex workers who must be considered as the source of infection taking into account
previously similar cases.

In 2019, Nenoff et al. [80] described a human infection due to the recently
characterized zoophilic T. mentagrophytes genotype VIII in a young baby. This
genotype is responsible for the current Indian epidemic caused by a terbinafine-
resistant strain. The described infection concerned a 6-month-old female infant from
Bahrain visiting Germany with her family who consulted for extended
dermatophytosis of the back, buttocks, chest, and groins. Mycological examination
performed in Germany identified the “Indian type” zoophilic dermatophyte
T. mentagrophytes. The newly described genotype VIII within this species was
identified by sequencing of the ITS region of rDNA. This strain was also
characterized to be resistant to terbinafine. A significant percentage of these Indian
T. mentagrophytes strains are resistant to terbinafine in vitro because of point
mutations in the squalene epoxidase (SQLE) gene. Authors discuss the risk of
dissemination to other countries due to globalization [81]. As it is the case with
the example above with the young baby, the strain initially from India could have
circulate in Arabia and then in Europe with travels. Nenoff and his team [82]
comment in a recent paper that the predominant organism responsible for the
“epidemic” in India is the zoophilic T. mentagrophytes genotype VIII and not the
anthropophilic T. interdigitale as described by Chowdhary et al. [83] in recent
studies about the epidemic Indian strain. Chowdhary et al. [83] answered to that
affirmation suggesting perspectives on misidentification of T. interdigitale/T.
mentagrophytes using ITS sequencing as these two species are molecularly much
closer to each other than was anticipated on the basis of clinical and phenotypic data.
The author suggests that description of the distinct Indian genotype VIII of
T. mentagrophytes, recognized by ITS sequencing, needs to be evaluated using
neotype T. mentagrophytes (IHEM 4268NT), which was omitted by Nenoff et al.
[82] in their phylogenetic analysis. Additionally, they suggest the use a multilocus
phylogeny approach to describe a new genotype. Finally, polyphasic studies
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including clinical, molecular, ecological, and life cycle data are needed to establish
the validity of T. mentagrophytes genotype VIII with certitude [83].

4.3 Unusual Clinical Presentation Due to Anthropophilic
Dermatophytes

In 2013, Carlsen and Menné [84] described a surprising case of Tinea pedis due to
T. tonsurans. This anthropophilic species is generally associated with Tinea capitis
or Tinea corporis in judokas. Typically, dermatophytes causing Tinea pedis in
Europe are T. rubrum, T. interdigitale, and E. floccosum. The case of Tinea pedis
due to T. tonsurans was described in a Danish Caucasian man of 46 years old.
Hyperkeratosis, erythema, and scaling were observed bilaterally on the feet. No
sports activity or travel history was noted for this patient. Mycological examination
of feet scrapings was performed, and arthroconidia were visualized. Trichophyton
tonsurans was identified based on morphological features.

In 2013, a case of kerion celsi caused by M. audouinii has been described in
Portugal. Kerion celsi occurs generally in individuals infected by zoophilic
dermatophytes. The case concerned a 3-year-old Caucasian girl with unremarkable
past medical history. Direct microscopic examination revealed Microsporum endo-
ectothrix parasitism of some hairs. Positive culture was identified asM. audouinii by
conventional and molecular methods [85]. In 2015, an unusual strain ofM. audouinii
causing Tinea corporis in Europe has been described. This concerned a boy who
lived in Germany and most likely acquired his infection during a trip on a farm in
Poland. The strain showed features of M. canis (abundance of rough-walled
macroconidia, growth on rice, and positive hair perforation), as well as of
M. audouinii (white thallus and long macroconidia with central constriction). ITS
sequencing showed 99.9% similarity with a M. audouinii reference strain. This case
shows that some strains of M. audouinii can present atypical morphological and
physiological features [86]. A similar case of Tinea corporis was previously
described by the same team in a young German woman who stayed in Ghana. In
that case, the strain showed morphological aspects concordant withM. audouinii but
a positive hair perforation test made its identification with conventional methods
equivocal. A genetic analysis finally defined the strain as M. audouinii [87].

A case of Tinea incognito caused by T. rubrummimicking syphilid was described
in 2014 by Tan et al. [88]. A 56-year-old man under chemotherapy presented with a
2-week history of erythema on the left palm, soles, glans penis, and the foreskin with
no itching and pain. Initially, syphilid was suspected. However, both toluidine red
unheated serum test and Treponema pallidum particle agglutination assay were
negative. Microscopy showed hyphae in all sites, and skin culture revealed
T. rubrum infection.
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4.4 Deep Infections Caused by Dermatophytes

Deep dermatophytosis is very uncommon and is mostly encountered in
immunosuppressed patients [89]. In 2018, Wollina et al. [90] described a deep facial
mycosis due to T. verrucosum. This concerned an 80-year-old male patient with
severe sycosis barbae. He was treated with systemic antibiotics without any
improvement. His medical history was positive for diabetes mellitus treated by
oral antidiabetics and insulin, chronic obstructive pulmonary disease, arterial hyper-
tension, and absolute arrhythmia. Surprisingly, no animal contact or activity as a
farmer was reported for this man. Sequencing of the ITS2 region of rDNA revealed a
100% accordance with T. verrucosum.

Deep infections caused by T. rubrum are rarely reported especially in immuno-
competent people. In 2017, Su et al. [91] described a case of deep infection caused
by T. rubrum in a 45-year-old man with no significant immunodeficiency. This
patient had a history of onychomycosis on the toenails without any regular treatment
for 6 years. He had erythema, papule, and nodules on the submandibular area, neck,
and chest for almost 1 year. Direct microscopic examination of pyogenic fluid was
positive, and the fungal cultures showed the macroscopic and microscopic features
of T. rubrum. After DNA sequencing, the strain was confirmed as T. rubrum.

A case of an unusual presentation of T. rubrum infection causing multiple fungal
abscesses in the lower extremities of an immunocompromised patient has been
described by Dai et al. [92] in 2019. A 66-year-old male who received immunosup-
pressive drugs for 7 years developed numerous subcutaneous nodules in the lower
extremities. The purulent fluid obtained from the cyst was positive for T. rubrum.

A deep dermatophytosis caused byMicrosporum ferrugineum has been described
recently in a girl presenting mutations in CARD9. A 27-year-old female developed a
boil-like lesion on her head more than 10 years ago, without any other trauma. Later,
the lesion became a large mass. Physical examination revealed an elevated mass
(10 � 15 cm in diameter) with a clear border on her head with purulent exudation.
Skin biopsy revealed intense inflammatory cell infiltration with irregular septate
hyphae in multinuclear giant cells. From tissue culture,M. ferrugineum was isolated,
with a white and downy colony, and identification was further confirmed by ITS
sequencing. CARD9 mutations in this patient have been evaluated. Sanger sequenc-
ing of the CARD9 coding exons indicated two compound heterozygous mutations in
exons 6 and 8 [93]. Autosomal recessive CARD9 deficiency has been already shown
to be associated with deep dermatophytosis. Indeed, patients with autosomal reces-
sive CARD9 mutations are predisposed to recurrent mucocutaneous and invasive
fungal infections with Candida spp., dermatophytes and phaeohyphomycetes
[94, 95].

In 2018, Simpson et al. [96] reported the first case of an invasive dermatophyte
infection associated with abrupt onset of a prurigo-induced pseudoperforation of the
skin and a loss-of-function mutation in signal transducer and activator of transcrip-
tion 3 (STAT3). This mutation is able to induce inherited susceptibility to fungal
infections in seemingly ‘immunocompetent’ individuals. STAT3 mutation has been
shown to be associated with oral fungal infections [97]. A 45-year-old man of Indian
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origin presented a 10-week history of an enlarging right-sided groin mass and a
widespread itchy eruption. Fungal hyphae were observed on direct examination.
Fungal cultures did not permit to identify any organism, and panfungal PCR was
performed permitting the identification of T. interdigitale [96].

4.5 Unusual Dermatophyte Species Causing Onychomycosis

In 2014, a retrospective study in Guatemala showed that N. gypsea could be
responsible for onychomycoses. Nannizzia gypsea caused in 6 cases a disto-lateral
subungual onychomycosis and in one case a total dystrophic onychomycosis. None
of the patients had Tinea affecting other parts of their body such as Tinea corporis or
Tinea capitis [48].

In 1998, a fingernail onychomycosis caused by T. equinum has been described in
Finland. This concerned a 70-years-old farmer breeding horses. Lesions described
were a progressive scaling of the skin of his left thumb and forefinger. The distal part
of the thumbnail had simultaneously turned yellow. Direct examination and fungal
culture showed hyphae and oval microconidia, suggesting T. equinum infection.
Later samples were taken from the horse, and culture gave a similar isolate of
T. equinum [98].

In 2011, a case of toenail onychomycosis due to T. violaceum was described in
Italy. This dermatophyte species is typically responsible for Tinea capitis with
endothrix parasitism and sometimes Tinea corporis. Onychomycoses due to this
species are rarely reported. This concerned a 41-year-old man coming from Egypt
who presented a disto-lateral subungual onychomycosis and hyperkeratosis of the
first toenail. No remarkable clinical history was recorded for the patient. Mycologi-
cal examination of the nail showed mycelial elements. Colonies with a wrinkled
surface, red-brown color, and diffusible brown pigment grew. Microscopic exami-
nation showed distorted hyphae with reflexive branchings, characteristics of
T. violaceum [99].

In 2013, a case of recurrent onychomadesis due to T. tonsurans in a 9-month-old
baby was described in India. The boy had redness, discoloration, and thickening of
the fingernails on the right hand since 2 weeks of age. He had a history of repeated
episodes of shedding and regrowth of the affected nail. Skin lesions appeared on the
right hand and forearm. There was no evidence of sepsis or immunosuppression of
the infant. Observation of skin scrapings and nails revealed multiple hyphae sugges-
tive of a dermatophytosis. Fungal cultures revealed T. tonsurans as the etiological
agent. This was the first report of onychomycosis due to T. tonsurans in a young
baby [100].

Trichophyton schoenleinii is an anthropophilic dermatophyte species that may be
responsible for Tinea capitis (favus) but is less implicated in onychomycosis. In
2012, a case of onychomycosis due to T. schoenleinii was described in Poland. The
patient who was a 49-year-old carpenter and brick-layer, presented dystrophic
lesions in toenails, lasting for many years, and less severe lesions in fingernails.
The mycological examination revealed characteristic brain-shaped colonies
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penetrating the medium and an image typical for T. schoenleinii in
microscopy [101].

5 Conclusion

This review of the literature shows that dermatophytes can cause a lot of clinical
manifestations that can highly differ from those usually described for specific
species. Dermatophyte transmission from animal or soil to human is frequently
described. Therefore, dermatologists should make a complete anamnesis of the
patient and information about contacts with pets/soil at home or at work in order
to contribute to the identification of the right dermatophyte species. It is also crucial
to promote a correct identification of the etiological agent by using molecular
biology methods as reference methods based on ITS sequencing and in some
doubtful cases, on multilocus phylogenic analysis. The latter techniques are usually
performed by high-skilled reference laboratories, which should be regularly
solicited. Indeed, because of the societal changes, mycologists should play a role
of sentinels for detecting new trends in the epidemiology of dermatophytosis. To
conclude, despite the preponderant role of sequencing methods, the awareness of a
skilled mycologist plays a major role and can make the difference in alerting the
scientific community about new circulating variants or atypical species.
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Non-dermatophyte Dermatoses Mimicking
Dermatophytoses in Animals

Didier Pin

Abstract

Dermatophytoses in animals are fungal diseases of the skin caused by dermato-
phyte fungi of the genus Arthroderma, Lophophyton, Microsporum, Nannizzia,
and Paraphyton or Trichophyton. The infection is generally follicular causing one
or many circular areas of alopecia with variable erythema, scaling and crusting,
the so-called ringworm. Thus, the primary differential diagnoses are follicular
infections, such as bacterial folliculitis and demodicosis. Although dermatophyte
folliculitis is the most common lesion of dermatophytoses in animals, other
presentations may be observed according to the host species and the dermato-
phyte involved: dermatophyte folliculitis or ringworm, scaling and crusting in
dermatophytosis due to Nannizzia persicolor (formerlyMicrosporum persicolor),
nodule in the case of kerion or mycetoma, matted hairs, seborrheic dermatosis, or
miliary dermatitis in cats, generalized exfoliative dermatoses in dogs, cats, and
horses, superficial nonfollicular pustules, papules and macules in the Devon Rex
cat, pruritic dermatophytoses in dogs, cats, and horses, and onychomycosis in
dogs, cats, and horses. Since manifestations of dermatophytosis are highly vari-
able, particularly in the cat, dermatophytosis should be considered in the case of
any annular, papular, nodular, or pustular dermatoses, alopecic or not, sometimes
pruritic, and nodular dermatoses as well. Dermatophytoses affect other species
such as cattle, sheep, goats, pigs, rodents, rabbits, hedgehog, nonhuman primates,
bats, camelids, marine mammals, and birds and must also be differentiated from
non-dermatophyte dermatoses mimicking dermatophytoses in these animals.
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1 Introduction

Dermatophytoses in animals are fungal diseases of the skin caused by dermatophyte
fungi of the genus Arthroderma, Lophophyton, Microsporum, Nannizzia, and
Paraphyton or Trichophyton, which use keratin as a source of nutrients.
Arthrospores cannot penetrate intact skin, but minor skin trauma or damage from
moisture can be adequate to allow infection to develop. Once infection is
established, dermatophytes proliferate in keratinous tissues and invade dead parts
of hair, skin, and nails. The incubation period is approximately 1–3 weeks.

2 Typical and Rare Presentations of Dermatophytoses

Although they are highly variable, clinical signs are explained by the keratinous
tropism of dermatophytes. Dermatophytes invade and proliferate into keratinous
tissues, e.g., the horny layer or stratum corneum of the epidermis, hair shafts, or
claws, and do not generally penetrate the living tissues. Although dermatophyte
folliculitis or ringworm is the most common lesion of dermatophytoses in animals,
other presentations may be observed according to the host species and the dermato-
phyte involved [1].

2.1 Dermatophyte Folliculitis or Ringworm

In a large number of cases, dermatophytes invade hair shafts and the stratum
corneum of the epidermis and produce the classical lesion called ringworm or
dermatophyte folliculitis. Ringworm or dermatophyte folliculitis is characterized
by a regular and circular, well-delimited area of peripherally expanding alopecia.
Discrete erythema and scales are often associated as well as some crusts due to a
moderate exudation. Less commonly, follicular papules and pustules may be present.
Sometimes, hair regrowth is observed in the center of the lesion. Ringworm may be
single or multifocal.

2.2 Scaling and Crusting in Dermatophytosis Due to Nannizzia
persicolor (Formerly Microsporum persicolor)

As N. persicolor invades only the stratum corneum, it produces scaling and crusting
but no alopecia, at least at the beginning of the infection. Hunting dogs and dogs
known to frequently encounter small rodents are predisposed. In half of the cases,
pruritus is present [2]. Lesions classically consist of erythema and papules, with a
mild to severe associated scaling, and alopecia after a certain time of evolution. They
may be very localized or generalized, and in the latter case, they are initially located
on the face (on the bridge of the nose, chin, pinnae, and periocular region) before
generalization.
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2.3 Nodule in the Case of Kerion or Mycetoma

Generally, the inflammation is moderate, nonexudative, without pus. However, in
some cases of infection caused by Nannizzia gypsea (formerly Microsporum
gypseum) or Trichophyton mentagrophytes, but also, more rarely, Microsporum
canis, the inflammation is severe and exudative, with pus, and induces a nodular
lesion called kerion.

Exceptionally, some dermatophytes, particularly M. canis, have been associated
with a nodular dermatosis, called mycetoma, particularly in Persian cats. Mycetoma
is characterized by one or more cutaneous or subcutaneous nodules that are often
ulcerated and discharging and caused by the development of a granulomatous
dermatitis or panniculitis containing granules, which are formed of branching
hyphae or pseudohyphae of the fungus [3, 4].

2.4 Matted Hairs or Seborrheic Dermatosis in Cats

In some cases of dermatophytosis in the cat, alopecia is absent and matted hairs or
seborrheic dermatosis with mild hypotrichosis is the main clinical feature [5].

2.5 Miliary Dermatitis in Cats

Miliary dermatitis, which is a common and often pruritic, papulopustular, and
papulocrustous skin syndrome in cats due to a variety of causes, may be due to
M. canis infection in some cases [6].

2.6 Generalized Exfoliative Dermatoses in Dogs, Cats, and Horses

After a chronic evolution or if a predisposing factor exists, such as young or old age,
breed predisposition in the Persian cat or Yorkshire terrier dog or concomitant
glucocorticoid treatment in the cat, dog, or horse, the alopecia could generalize in
some individuals. The complete absence of hairs is then associated with an erythem-
atous, lichenified, hyperpigmented, and scaly skin. In such cases, a marked lymph
node involvement may occur [7, 8].

2.7 Superficial Nonfollicular Pustules in Dogs and Horses

An acantholytic dermatophytosis, associated with T. mentagrophytes, N. persicolor,
or Trichophyton equinum infection, characterized by nonfollicular pustules, epider-
mal collarettes, scales, and crusts, has been described in the dog and horse [9, 10].
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2.8 Papules and Macules in the Devon Rex Cat

In Devon Rex cats, dermatophytosis can be characterized by multiple hyperpig-
mented, sometimes crusted, papules, and macules [11].

2.9 Pruritic Dermatophytoses in Dogs, Cats, and Horses

Dermatophytoses classically are not pruritic, except in the cat in which
dermatophytosis is frequently associated with sometimes severe pruritus [12], as
are some cases in the dog or in the horse [7, 13].

As mentioned above, dermatophytosis due to N. persicolor may be pruritic.

2.10 Onychomycosis Due to Dermatophytes in Dogs, Cats,
and Horses

Conversely to humans, dermatophyte onychomycosis is rare in animals and it has
been described rarely in the dog [14] and exceptionally in the cat [15–18] and the
horse [19, 20]. In dogs and cats, one or a few digits are usually affected. The claw is
somewhat opaque and mottled irregularly with whitish macules [15, 16]. In horses
suffering from onychomycosis, the horn defects range from brittle hooves with sand
cracks to horn fissures and large crumbling areas around the nail holes [20].

Because the infection is very often follicular in animals, the most common
clinical signs are hair loss, erythema in white skin areas, scaling, and crusting.
Rare lesions are macules, crusted papules, pustules, epidermal collarettes, scales or
nodule, and onychodystrophy as well, sometimes associated with pruritus. Thus,
dermatophytoses are very pleomorphic diseases and it is true to say “if it looks like
ringworm, it is probably not ringworm” (Danny Scott). One should add, “if it does
not look like ringworm, it could be” (Didier-Noël Carlotti).

In addition to these well-known presentations of dermatophytoses in dogs, cats,
and horses, dermatophytoses are observed in numerous other species, such as the
cattle, sheep, goats, the pig, the rodents, rabbit, and hedgehog, the nonhuman
primates, the Chiroptera or bats, the camelids, the marine mammals, and the
birds with varied presentations that must be differentiated from no less varied
non-dermatophyte dermatoses mimicking dermatophytoses more or less specific to
these species).

3 Non-dermatophyte Dermatoses Mimicking
Dermatophytoses in Animals

Although numerous other dermatoses mimic the classical ringworm lesion,
dermatophytosis is often missed because of the protean nature of the clinical signs.
In most studies, the incidence of dermatophytosis is low, e.g., accounting for only

118 D. Pin



0.26–5.6% of all cases examined of canine or feline skin diseases [6]. Nevertheless,
due to its highly contagious tendency, dermatophytosis should be considered in the
differential diagnosis of any annular, papular, or pustular eruption.

3.1 In the Dog

The prevalence of dermatophytoses is lower in the dog than in the cat. The four
species the most frequently encountered in dogs are M. canis (40–80% of cases),
N. gypsea (up to 25% of cases), rarely N. persicolor, and T. mentagrophytes (also
called formerly Arthroderma vanbreuseghemii) (5–35% of cases). More rarely,
other dermatophytes can be identified in dogs such as Trichophyton erinacei and
Trichophyton verrucosum.

Since manifestations of dermatophytosis are highly variable in the dog, e.g.,
dermatophyte folliculitis or ringworm, scaling and crusting of the face, kerion or
mycetoma, generalized exfoliative dermatosis, superficial nonfollicular pustules,
pruritic dermatosis, and onychomycosis, dermatophytosis should be considered in
the case of any annular, papular, nodular, or pustular dermatoses, alopecic or not,
and of nodular dermatoses as well. The main differential diagnoses, bacterial and
demodectic folliculitis, and the other non-dermatophyte dermatoses mimicking
dermatophytoses are listed in Table 1.

3.2 In the Cat

Microsporum canis is responsible for more than 95% of the cases of
dermatophytosis in the cat. Other agents, much rarer, are N. gypsea, N. persicolor,
and T. mentagrophytes (A. vanbreuseghemii). Long-haired cats, particularly Persian
cats, are strongly predisposed to develop M. canis infection, especially in catteries
(probably due to a genetic predisposition). On the contrary, short hair European cats
more commonly develop T. mentagrophytes infection [21].

Feline dermatophytosis has a plethora of clinical presentations ranging from
classic focal or multifocal alopecia with broken hairs, scaling and minimal inflam-
mation to more inflammatory lesions as miliary dermatitis, matted hairs, or sebor-
rheic dermatitis, exfoliative generalized dermatitis, tail seborrhea, mycetoma,
pruritic dermatitis, onychomycosis, and a recently described presentation in the
Devon Rex cat, characterized by erythematous crusted papules and macules. So,
the differential diagnosis is wide and includes all skin diseases listed in Table 2.

These presentations may be associated with pruritus or not. Table 3 lists the
non-dermatophyte dermatoses mimicking dermatophytoses in the cat and indicates
their relative frequency and if pruritus is associated.
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3.3 In the Horse

Since Trichophyton equinum is the most common agent of dermatophytosis in
horses throughout the world, other less frequently encountered dermatophytes are
T. mentagrophytes, T. verrucosum, Microsporum equinum, and N. gypsea
[8]. Dermatophytosis is common in horses, but, as in other host species, it is
overdiagnosed when diagnosis relies exclusively on clinical signs.

Because the infection is generally follicular in horses, the most common clinical
sign is one or many circular areas of alopecia with variable erythema, scaling, and
crusting and the primary differential diagnoses are follicular infections, such as
bacterial folliculitis, demodicosis, and eosinophilic folliculitis (Table 4). In horses,
demodicosis is much rarer than dermatophytosis and bacterial folliculitis. The
differential diagnosis also includes other skin diseases listed in Table 4.

Table 1 Non-dermatophyte dermatoses mimicking dermatophytoses in the dog and their clinical
presentations

Group of dermatoses Dermatoses and their clinical presentations

Folliculitis Bacterial and demodectic folliculitis are the main differentials. In the
dog, bacterial folliculitis is much more common than demodicosis
and dermatophytosis. Furthermore, follicular papules or pustules,
epidermal collarettes, and a moth-eaten appearance of the hair coat
are often associated with bacterial folliculitis, while comedones and a
sharp delimitation of edges of alopecic areas are associated with
demodicosis

Nodular skin diseases Bacterial, mycobacterial, parasitic, and fungal nodules, foreign-body
granuloma, sterile granulomas or pyogranulomas, and neoplasms
such as histiocytoma, mastocytoma, fibroma, or plasmacytoma

Autoimmune
dermatoses

Affecting the face as pemphigus foliaceus of mucocutaneous lupus
erythematosus. Pemphigus foliaceus is characterized by nonfollicular
pustules, crusts, and alopecia. Pemphigus foliaceus and discoid lupus
erythematosus frequently produce facial scaly, papulopustular, or
crusty lesions often affecting the planum nasale unlike
dermatophytosis
Characterized by alopecic circular areas of alopecia as alopecia
areata and pseudopelade. In alopecia areata and pseudopelade, the
alopecic skin appears otherwise normal

Generalized exfoliative
dermatoses

Endocrinopathies, leishmaniasis, exfoliative lupus erythematosus,
granulomatous sebaceous adenitis, and skin lymphoma

Pruritic dermatoses Ectoparasitoses, pyodermas, Malassezia dermatitis, and allergies

Claw disorders Bacterial infections, neoplasms, candidiasis, blastomycosis,
geotrichosis, cryptococcosis, symmetric lupoid onychodystrophy,
pemphigus foliaceus, pemphigus vulgaris, bullous pemphigoid, and
epidermolysis bullosa
In general, onychomycosis is characterized by an asymmetric
paronychia or onychodystrophy of one digit or multiple digits of one
paw [6]
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As initially, papules with tufted erected hairs in annular areas or more rarely, an
urticarial-like eruption may be observed in dermatophytosis, other causes of urticaria
or urticarial-like eruption must be ruled out (Table 4).

In some horses infected with T. equinum, the development of the dermatophyte is
accompanied by an acantholysis of the epidermis and follicular wall [10]. Fungal
filaments are found on the surface of the skin and in the wall of the follicles but
generally not in hairs. This presentation must be differentiated from pemphigus
foliaceus.

In horses, dermatophytoses can be pruritic, particularly in the case of
T. mentagrophytes infection, in which multiple small bumps in “grain of millet”
appear with tufted hairs, which rapidly turn into scabs and multiple hair loss areas of

Table 2 Non-dermatophyte dermatoses mimicking dermatophytoses in the cat and their clinical
presentations

Clinical presentation Diseases

Focal or multifocal alopecia Demodicosis, bacterial folliculitis, alopecia areata,
or pseudopelade [62]. Inversely to the dog,
dermatophytosis in cats is more common than
demodicosis and bacterial folliculitis

Miliary dermatitis Ectoparasitoses (cheyletiellosis, trombiculiasis,
pediculosis, and flea infestation), bacterial
folliculitis, allergic dermatoses (flea allergy
dermatitis and nonflea-induced hypersensitivity
dermatitis) [63], and pemphigus foliaceus

Matted hairs or seborrheic dermatitis Malassezia spp. overgrowth or dermatitis [64, 65],
demodicosis, Lynxacarus radovskyi infestation [66],
hyperthyroidism and other endocrinopathies, defect
of grooming habits due to obesity or psychogenic
trouble, dietary deficiencies, Proisotoma spp.
springtails infestation [67], and sebaceous gland
dysplasia [68]

Exfoliative generalized dermatitis Thymoma-associated exfoliative dermatitis,
nonthymoma-associated exfoliative dermatitis [69],
epitheliotropic T-cell lymphoma, systemic lupus
erythematosus or chronic cutaneous lupus
erythematosus [70], pseudopelade, sebaceous
adenitis, and drug reaction

Tail seborrhea Tail gland hyperplasia [71], flea allergy dermatitis,
Malassezia spp. dermatitis or overgrowth, and
demodicosis

Nodules Non-dermatophytic fungal mycetomas, other
infectious or foreign-body granulomas, sterile
panniculitis, and various neoplasms

Onychitis or paronychia Bacterial paronychia, pemphigus foliaceus,
squamous cell carcinoma, and lupus erythematosus
[6, 18]

Erythematous crusted papules and
macules in Devon Rex and Sphynx cats

Feline urticaria pigmentosa [11]
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a few millimeters in diameter with pityriasiform scales [13]. Thus, other causes of
pruritus must be ruled out in horses.

Rarely, dermatophytoses in horses could generalize and therefore must be
differentiated from other causes of generalized, more or less scaly, dermatoses
(Table 4).

3.4 In Cattle, Sheep, and Goats

In cattle, as well as in goats and sheep, the most frequently encountered dermato-
phyte is T. verrucosum, with T. mentagrophytes, T. equinum, N. gypsea, Nannizzia
nana (formerly Microsporum nanum), and M. canis less commonly isolated.
Dermatophytosis is common in cattle, but infrequent in goats and sheep.

In cattle, lesions are typically circular areas of alopecia of 10–50 mm in diameter,
either covered with thin farinaceous desquamations or with thick crusty lamellar
scales difficult to pull out of the skin. Rarely, they are characterized by severe

Table 3 Pruritic and nonpruritic non-dermatophyte dermatoses mimicking dermatophytoses in the
cat and their estimated frequencies

Pruritus Diseases Frequency

Presence Hypersensitivity disorders
Parasitic skin diseases
Malassezia dermatitis
Bacterial skin diseases
Generalized form of pemphigus foliaceus
Mucinotic mural folliculitis
FeLV-associated dermatosis

Very
frequent
Frequent
Frequent
Frequent
Rare
Very rare
Very rare

Absence Acne
Physiological preauricular alopecia
Bacterial folliculitis
Localized form of pemphigus foliaceus
Seborrhea due to obesity or old age
Tail seborrhea
Demodicosis
Systemic lupus erythematosus
Feline urticaria pigmentosa
Cutaneous lupus erythematosus
Alopecia areata and pseudopelade
Nonthymoma-associated exfoliative dermatosis
Thymoma-associated exfoliative dermatosis
Epitheliotropic cutaneous lymphoma
Sebaceous gland dysplasia
Paraneoplastic alopecia
Endocrinopathies (hyperthyroidism, hypothyroidism, naturally
occurring and iatrogenic hypercortisolism, and diabetes mellitus)

Very
frequent
Frequent
Frequent
Frequent
Frequent
Rare
Rare
Rare
Rare
Very rare
Very rare
Very rare
Very rare
Very rare
Very rare
Very rare
Rare to very
rare
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suppuration and ulceration. They particularly occur on the head, neck, and pelvis but
can spread all over the body. Pruritus is variable [22].

In goats, lesions vary from circular to diffuse areas of alopecia, scaling, erythema,
and yellowish crusts and are most commonly seen on the face, pinnae, neck, and
limbs. Pruritus is rare [22].

Table 4 Non-dermatophyte dermatoses mimicking dermatophytoses in the horse and their clinical
presentations

Clinical presentation Differential diagnosis

One or many circular areas of alopecia with
variable erythema, scaling, and crusting

Bacterial folliculitis, demodicosis, and
eosinophilic folliculitis as well as dermatophilosis
(Fig. 1), pemphigus foliaceus, and alopecia
areata. In horses, demodicosis is much rarer than
dermatophytosis and bacterial folliculitis

Urticaria or urticarial-like eruption Insect allergies, vasculitis, infectious and sterile
folliculitis, pemphigus foliaceus, lymphoma, and
amyloidosis

Pustules due to acantholysis Pemphigus foliaceus

Pruritic dermatoses Culicoides hypersensitivity [72], various fly bites-
induced dermatoses, sarcoptic mange, psoroptic
mange, trombiculiasis, Dermanyssus gallinae
infestation, pediculosis [73], bacterial pyoderma
[74], and pemphigus foliaceus [75]

Generalized alopecia Pemphigus foliaceus, systemic or chronic
cutaneous lupus erythematosus, alopecia areata,
effluvium, sarcoidosis, cutaneous lymphoma, and
multisystemic eosinophilic epitheliotropic disease

Onychomycosis Cases due to Scopulariopsis brevicaulis [20] and
from other causes of coronary band and hoof
disorders [8]

Nodules: kerion and dermatophytic
mycetoma

Other infectious or sterile granulomas,
panniculitis, and various neoplasms

Fig. 1 Numerous circular
crusted lesions of the back in
the case of dermatophilosis in
a horse (Dermatologie,
VetAgro Sup, Marcy l’Etoile,
France)
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In sheep, lesions are characterized by circular areas of alopecia and thick grayish
crusts and are most commonly seen on the face, neck, thorax, and back [22].

The main differential diagnosis includes staphylococcal folliculitis (Fig. 2),
dermatophilosis, zinc-responsive dermatosis, and ectoparasitoses such as chorioptic
mange, psoroptic mange, sarcoptic mange, and demodicosis. Alopecia areata must
be ruled out in cattle, as well as pemphigus foliaceus in cattle [23] and goats [24, 25].

3.5 In the Pig

In swine, N. nana is the most common cause of dermatophytosis, with
T. mentagrophytes, T. verrucosum, and M. canis being less often encountered.

Lesions start by small well-circumscribed macules, papules, and annular areas of
red to brown discoloration of the skin and superficial dry and brown crusts. They
spread out and sometimes converge forming large flat plaques with irregular borders
[22, 26]. They could be located on any part of the animal’s body but are especially
common on the jowls, behind the ears, and on the trunk. Alopecia and pruritus
are rare.

The main differential diagnosis includes staphylococcal skin disease also known
as greasy pig disease (Fig. 3), staphylococcal folliculitis, and dermatophilosis, as
well as pityriasis rosea or porcine juvenile pustular psoriasiform dermatitis,
psoriasiform parakeratosis, zinc deficiency, early-stage swinepox, alopecia areata,
and, if pruritus is present, sarcoptic mange and fly bites [26].

3.6 In Rodents, Rabbit, and Hedgehog

The most encountered dermatophyte in domestic and wild rodents and in rabbits is
T. mentagrophytes. Microsporum canis is also frequent in rabbit pets and farms.
Other encountered dermatophytes are N. gypsea and Paraphyton cookei (formerly
Microsporum cookei) [27].

Fig. 2 Round area of hair
loss and tufted erected hairs in
the case of staphylococcal
folliculitis in a cow
(Dermatologie, VetAgro Sup,
Marcy l’Etoile, France)
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In guinea pigs, typical lesions are circumscribed areas of alopecia with erythema,
a marked scaling and crusting. They are commonly located on the muzzle, around
the eyes, and on the forehead or ears and could affect, in severe cases, the back and
limbs. Dermatophytosis may be pruritic or not and may affect the nails with severe
onychogryphosis and onychodystrophy [21, 27]. In this species, the differential
diagnosis mainly includes demodicosis and, in the case of associated pruritus,
Trixacarus caviae, Chirodiscoides caviae, and lice infestations.

Dermatophytosis is rare in rats and mice, and the condition is usually not pruritic
limiting the differential diagnosis to poorly pruritic ectoparasite infestations and
seborrheic dermatoses observed in older rats [6].

In rabbits, dermatophytosis is common. Lesions are characterized by patchy
alopecia, broken hairs, erythema, and yellow or silvery crusts, initially located on
the bridge of the nose, eyelids, and pinnae. Owing to pruritus, lesions can be spread
to the feet and other areas of the body. The differential diagnosis includes sarcoptic
mange, psoroptic mange, cheyletiellosis (Fig. 4), flea infestation, other causes of
pododermatitis or moist dermatitis, syphilis, and sebaceous adenitis.

3.7 In Nonhuman Primates

Dermatophytosis is rarely reported in nonhuman primates [28]. Microsporum canis
and Trichophyton rubrum have been isolated from lesions on great apes
characterized by well-circumscribed alopecic circular or ring-shaped areas,
generalized scaliness, and patchy hair loss to generalized alopecia
[29]. Dermatophytosis due to T. mentagrophytes has been diagnosed in a Coquerel’s
sifaka (Propithecus coquereli) and in Capuchin monkeys (Cebus nigrivitatus)
characterized by crusting and alopecia of the skin of the face and neck or
generalized, associated with mild pruritus [30, 31]. A case of dermatophytosis due
toM. canis in a rhesus monkey (Macaca mulatta) has been reported [32], and a case

Fig. 3 Numerous circular
alopecic crusted lesions of the
face in the case of superficial
extensive pyoderma in a pig
(Dermatologie, VetAgro Sup,
Marcy l’Etoile, France)
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due to Trichophyton spp. has been identified in a group of L’Hoest’s monkeys
(Cercopithecus lhoesti) [33]. Pruritus is not usually a clinical feature of dermato-
phyte infection in primates.

The differential diagnosis includes all causes of acquired alopecia, scaling, and
crusting associated or not with pruritus such as ectoparasitoses (particularly scabies
and demodicosis), Strongyloides stercoralis or Pelodera strongyloides dermatitis in
OldWorld monkeys and great apes (gibbons, chimpanzees, gorillas, and orangutans)
[34], Psorergates pitheci dermatitis [35], Dunnalges lambrechti, or Rosalialges
cruciformis infections [36], bacterial infections, nutritional deficiencies, or hormonal
imbalances (hypothyroidism and hyperadrenocorticism), color-linked follicular
dysplasias, autoimmune diseases (alopecia areata, pseudopelade, and sebaceous
adenitis), and hypersensitivities [33, 37].

3.8 In Chiroptera (Bats)

Dermatophytes have been observed in hibernating bats [38, 39], but have not been
linked to disease probably because they cause nonlethal infections and have gone
undetected. Recently, Arthroderma redellii (formerly Trichophyton redellii) infec-
tion has been diagnosed in hibernating bats [40]. This dermatophytic dermatosis is
characterized by white fungal growth on the ears, legs, wings, tail, or uropatagium.
The muzzle often lacks clinical signs of infection. Ten years ago, the white-nose
syndrome, a deadly disease caused by the fungus Pseudogymnoascus destructans,
has been described, [41, 42] which is characterized by very similar lesions as those
of A. redellii infection, but associates lesions on the muzzle in addition to other areas
of unfurred skin.

Fig. 4 Areas of scaling,
crusting, and alopecia of the
back in the case of
cheyletiellosis in a rabbit
(Dermatologie, VetAgro Sup,
Marcy l’Etoile, France)
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Other non-dermatophyte dermatoses mimicking dermatophytoses in bats are
idiopathic alopecia syndrome [43], parasitic diseases caused by mites belonging to
the families Macronyssidae, Myobiidae, and Spinturnicidae, found on the skin, and
other less common ectoparasites, bat flies, fleas, and bat bugs [29]. Many ectopara-
sitic infections in bats are self-limiting.

3.9 In Camelids

The camelids include the South American Camelids, with two genuses, Llama and
Vicugna, and the Old World Camels, with one genus Camelus. Dermatophytosis is
rare and tends to be self-limiting in South American Camelids but common in Old
World Camels and caused by T. mentagrophytes, T. verrucosum, Trichophyton
schoenleinii, Trichophyton sarkisovii, Trichophyton dankaliense, N. gypsea, and
M. canis. Lesions most commonly occur on short-haired areas (head, face, distal
legs, and perineum) and vary from annular areas of alopecia and scaling to thick
grayish crusts. In general, dermatophytosis is not pruritic in camelids. The differen-
tial diagnosis includes cutaneous bacterial infections such as bacterial folliculitis or
dermatophilosis, demodicosis, sterile eosinophilic folliculitis, and zinc-responsive
dermatitis [44, 45].

3.10 In Marine Mammals

Marine mammals include Cetacea (Order Cetacea), with whales (Suborder
Mysticeti), and porpoises and dolphins (Suborder Odontoceti), Pinnipeds (Order
Carnivora, Suborder Caniformia), with Otariidae (eared seals), Phocidae (earless
seals), Odobenidae (walruses), and sirenians (Order Sirenia), with manatees
(Trichechidae), and dugongs (Dugongidae).

Dermatophytosis in Cetacea is rare and due to some Microsporum or
Trichophyton species. The most frequent lesions are nodules as in a captive Atlantic
bottlenose dolphin with nodules on the trunk [46]. Differential diagnosis includes
dermatitis due to Fusarium infection, which is characterized by raised, firm, ery-
thematous, cutaneous nodules, most prominent on the head, trunk, and caudal
portions of the body [47], and lacaziosis (formerly lobomycosis), a chronic granulo-
matous skin disease affecting bottlenose dolphins, caused by the yeast-like organism
Lacazia loboi (formerly Loboa loboi). The lesions are generally limited to the skin
and present as a chronic proliferative and ulcerated dermatitis and cellulitis
[48]. Amazingly, as humans are the only other species known to be infected by
this organism, this disease is potentially zoonotic [49]. Differential diagnosis also
includes viral skin diseases such as mucosal and cutaneous papillomas or
fibropapillomas due to papillomavirus infection, or ring or pinhole to black, and
punctiform or stippled lesions on any part of the body due to poxvirus, herpesvirus,
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or calicivirus infections. Localized or diffuse bacterial granulomatous dermatitis or
panniculitis due to Erysipelothrix rhusopathiae, Nocardia asteroides, Nocardia
brasiliensis, or Mycobacterium marinum must also be excluded.

Dermatophytosis in pinnipeds is due to some Trichophyton species, notably
T. mentagrophytes, Epidermophyton floccosum, M. canis, or N. gypsea, and is
characterized by oval areas of inflammation of varying sizes, depilation or pustular
dermatitis, alopecia, depigmentation, hyperemia, and hyperkeratosis, or nodules on
the face and nose, the flippers, the tail, and the axillary region. Non-dermatophyte
dermatomycoses mimicking dermatophytoses in pinnipeds are: (1) fusariosis in
California sea lions, gray seals, and harbor seals characterized by firm, raised
papules found mainly on the face, trunk, and flippers; (2) dermatitis caused by
Candida albicans characterized by alopecia and scaling, less often ulcers, at muco-
cutaneous junctions, around nail beds, and in the axillae or the interdigital folds; and
(3) dermatitis caused byMalassezia pachydermatis characterized by multiple wheals
(2–3 mm in diameter) on both flanks and the chest without any pruritus. Nonmycotic
dermatoses mimicking dermatophytoses must be included in the differential diagno-
sis such as vesicular stomatitis and dermatitis of the glabrous skin of the flippers or
dermatitis caused by calicivirus, poxvirus, and herpesvirus infections, demodicosis
characterized by follicular pustules around the genitalia and flippers, pustular follic-
ulitis caused by Staphylococcus sp. or Corynebacterium sp. infection mainly devel-
oped on skin after trauma or abrasions and alopecia secondary to pruritus caused by
lice (Anoplura sp.) [29, 50–59].

Only two cases of skin disease have been reported in Manatees (order Sirenia).
One was a captive Manatee, which developed erosions on the skin of the nose, face,
flippers, and tail and skin scrapings of the lesions revealed E. floccosum [60]. The
second was papillomatosis affecting a group of captive Manatees with lesions typical
of cutaneous papillomatosis due to a specific papillomavirus [61].

3.11 In Birds

Dermatophytosis is rare in birds and caused by Lophophyton gallinae (formerly
Trichophyton gallinae). The infection, which is observed in chicken, turkey, duck,
quail, and canary, is also called favus. It is characterized by white scaly or crusty
lesions on the comb and on the skin of the head and neck and loss of feathers. Feather
loss is due to the colonization of the keratinized shaft of the feathers [27].

The differential diagnosis includes poxvirus infection for the lesions on the comb,
lice (Fig. 5), Dermanyssus gallinae, or Neocnemidocoptes laevis var. gallinae
infestations, and choline deficiency for the feather loss.

128 D. Pin



4 Conclusion

In all species, non-dermatophyte dermatoses mimicking dermatophytoses are
numerous. It is then necessary that the clinician realizes a thorough and step-by-
step diagnostic approach including history, clinical signs, and complementary
examinations such as direct examination of plucked hairs, Wood’s lamp examination
of lesions, fungal culture or PCR, and histopathological examination of skin
biopsies.
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Experimental Models of Dermatophytosis
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Abstract

Dermatophytosis is a superficial fungal infection of the keratinized structures of
the host. Since the last decade, this mycosis became an important health concern
due to an increasing prevalence and to the limited number and efficacy of
available treatments. Several experimental models have then been developed in
order to improve knowledge about this infection and to design new therapeutic
strategies. This chapter presents the variety of dermatophytosis experimental
models and their contribution in the understanding of mechanisms used by
dermatophytes to adhere and to invade the host tissue. Their support to study
the establishment of effective antifungal defenses by the host is also summarized.
The usefulness of these models for testing the efficacy of antifungal compounds is
finally discussed.
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Abbreviations

AMP Antimicrobial peptides
CFU Colony-forming unit
GM-CSF Granulocyte-macrophage colony-stimulating factor
IFNγ Interferon-gamma
IL Interleukin
Lap Leucine aminopeptidase
Mep Metalloprotease
NET Neutrophil extracellular trap
PAS Periodic acid-Schiff
PMN Polymorphonuclear neutrophils
RFE Reconstructed feline epidermis
RHE Reconstructed human epidermis
Sub Subtilisin protease
TGF Transforming growth factor
TLR Toll-like receptors
TNFα Tumor necrosis factor alpha

1 Introduction

Dermatophytosis is the most common fungal disease in the world with a current
prevalence estimated between 20% and 25% of the general population [1–4], but
reaching more than 50% among some populations at risk such as diabetic patients or
sport practitioners [5, 6]. This infection is caused by specific filamentous and
keratinolytic fungi named dermatophytes. Several species are identified and classi-
fied into three groups according to their natural host or environment [7]:

• Geophilic species, for example Nannizzia gypsea and Nannizzia fulva (previously
known as Microsporum gypseum and Microsporum fulvum, respectively), gener-
ally feed on keratinized wastes found in the environment and frequently remain
nonpathogenic.

• Zoophilic species preferentially infect specific animal hosts but can also infect
other animal species including humans. For example, the preferred hosts for
Microsporum canis and Trichophyton benhamiae (previously known as
Arthroderma benhamiae) are, respectively, cats and rodents.

• Anthropophilic species, as for example Trichophyton rubrum and Trichophyton
interdigitale, exclusively infect humans.

Among all dermatophyte species able to cause infections in humans, T. rubrum is
responsible for a vast majority of dermatophytosis in humans: indeed, depending on
the geographical areas, between 50% and 90% of cases are due to T. rubrum [2, 8].
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In immunocompetent patients, dermatophytosis affects the keratinized structures
of the host, namely hairs, nails, and epidermis, resulting in superficial lesions with
erythema, dryness, and desquamation as clinical symptoms [9, 10]. The severity of
lesions partly depends on the species involved, zoophilic and geophilic
dermatophytes usually inducing more severe inflammatory responses in human
hosts in comparison with anthropophilic species that are well adapted to humans
as a consequence of more efficient mechanisms for immunoevasion [11–13]. Any-
way, lesions resulting from dermatophytosis cause pain and discomfort and their
anesthetic appearance is clearly responsible for individual shame and low self-
esteem in concerned patients, along with reduced social interactions and quality of
life [14–16].

Despite their overwhelming prevalence, dermatophytosis has been yet poorly
studied. Thus, many questions regarding the mechanisms deployed by
dermatophytes to invade host tissues remain to be addressed. Similarly, other
questions concerning the establishment of an adequate immune response in infected
host require further investigation. Moreover, while antifungal agents currently
available are effective against dermatophytes, these drugs have several limitations
such as extended duration of the treatment, associated toxicity, especially encoun-
tered when oral administration is needed, and finally emergence of resistant
strains [17].

During the last decades, several in vivo, in vitro, and ex vivo experimental models
of dermatophytosis have been developed in order to answer outstanding questions.
This chapter aims to describe various models useful for studying dermatophytosis,
with a special focus on skin equivalent models, to depict their current contribution in
the understanding of the multiple steps involved in host infection by dermatophytes,
as well as to present their potential use in performing efficacy testing of antifungal
compounds.

2 Experimental Models of Dermatophytosis

The increase in dermatophytosis prevalence observed since the last decade has
gradually raised the interest of the scientific community for the study of this
infection. This has led to the development and diversification of experimental
models of dermatophytosis over the last few years.

2.1 Aleurioconidia or Arthroconidia as Infective Elements
Initiating Dermatophytosis

Spores are quiescent fungal unicellular particles characterized by high mechanical
resistance and low metabolic activity. They represent the initial stage of fungal
development, able to reactivate, germinate, and produce new mycelium when
environmental conditions are favorable [18]. Spores are physiologically produced
by fungi to ensure survival in adverse conditions, as well as dispersion in the
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environment of individuals which can adhere to host tissue before starting a new
infectious process. Dermatophytes are able to produce two kinds of spores:
aleurioconidia arising terminally or laterally from the hyphae (microconidia
corresponding to one-celled aleurioconidia and macroconidia to several successive
cells detaching together at the end of hyphae), and arthroconidia resulting from
fragmentation of hyphae. Transmission and scanning electron microscopy analysis
performed on aleurioconidia and arthroconidia adhering over corneocytes in suspen-
sion revealed that the cell wall of arthroconidia is thicker than that of aleurioconidia,
and that germination of arthroconidia occurs faster after adhesion [19]. Moreover,
arthroconidia appear more resistant to certain antifungal drugs (e.g., fluconazole,
griseofulvin, itraconazole) than microconidia [20]. In addition to these intrinsic
differences, aleurioconidia, although they are extensively produced by
dermatophytes cultured in vitro, have never been observed in vivo on lesions
[21]. Conversely, arthroconidia are efficiently produced in vivo by dermatophytes.

In order to create adequate models for dermatophytosis, the use of arthroconidia
as infective elements seems therefore more appropriate. In practice, arthroconidia
can be produced in vitro following the procedure described by Tabart et al.
[22]. Practically, after approximately 2-week growth on nutrient-rich agar, the fungal
mass is recovered by scrapping, and cultured for additional 2–3 weeks in conducive
conditions that combine a nutrient-poor culture medium and a 12% CO2 atmosphere.
Unicellular elements, corresponding to arthroconidia, are finally isolated after agita-
tion and filtration of the fungal material. However, aleurioconidia are used in most
studies (e.g., [12, 23–26]), because of the ease and speed of their production in vitro:
only 2-week culture on nutrient-rich agar before agitation and filtration steps. To
date, only a few studies have been performed using arthroconidia (e.g., [19, 27–31]).

2.2 In Vitro, Ex Vivo, and In Vivo Models of Dermatophytosis

In the past, simple models of dermatophytosis were developed to describe the early
steps of the infection, for instance, dermatophytes adhering to human corneocytes,
either isolated after skin scrapping or in suspension, or invading sheets of cornified
layer collected by the tape-stripping method [19, 30, 31]. More recently, models
using nail or hair fragments infected by dermatophytes allowed the investigation of
the mechanisms used by these fungi to degrade keratin [23] or permitted to charac-
terize the expression of virulence factors by dermatophytes [24]. Although such
models are suitable to monitor dermatophyte adhesion, growth, and, to a lesser
extent, invasion, the absence of living keratinocytes impedes any study about the
host tissue responses. Complementarily, in vitro models of keratinocytes [12, 26, 32,
33], polymorphonuclear neutrophils (PMN) [28], or macrophages [34] cultured in
the presence of dermatophytes were designed to overcome those limitations. In vitro
models allow the evaluation of expression and release of cytokines and antimicrobial
peptides (AMP), together with the expression of toll-like receptors (TLR) or of
co-stimulatory molecules by those cell types. However, even keratinocytes cultured
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as monolayers cannot be used to accurately model the epidermal adhesion and
invasion processes followed by dermatophytes since they lack keratinized material.

Indeed, an ideal model to study dermatophytosis should allow simultaneous
analysis of the infection steps (i.e., adhesion, germination, and tissue invasion)
used by dermatophytes on one hand, and analysis of the host responses that trigger
the recruitment and activation of the antifungal immune defenses on the other. In
addition, such a relevant model might provide an appropriate tool to perform efficacy
and toxicity assays of antifungal compounds. Ex vivo models of skin explants and
in vivo animal models easily fulfill these requirements and appear therefore as
promising solutions. To date, skin explants from several animal species (e.g., cats,
Guinea pigs, mice) as well as from human beings have already been used to study
adhesion and invasion by dermatophytes [35–39] or to characterize their expression
of potential virulence factors [24]. Nonetheless, the use of skin explants, especially
from humans, is quite restricted by limited availability, poor standardization of
samples (for instance, regarding hairiness or body area), and large variability
between the donors.

Animal models, mainly based on Guinea pigs or mice experimentally infected by
dermatophytes, have been used to study steps of infection (e.g., [35, 40, 41]) or to
analyze the establishment of host immune responses (e.g., [25, 29, 42]). Several
animal models used to study dermatophytosis have been recently reviewed in details
by Cambier et al. [43]. Nevertheless, an accurate model of dermatophytosis should
mimic infection by a specific dermatophyte on tissue from an adapted host. Thereby,
studying the infection of animal tissue by typical anthropophilic dermatophytes is
particularly irrelevant. Indeed, there is no report of natural infection of nonhuman
epidermal tissue by anthropophilic species and experimental trials devoted to infect
animal tissue by the same species remain complicated because anthropophilic
dermatophytes are poorly adapted to adhere and invade nonhuman tissues. Since
the anthropophilic T. rubrum species is the most common dermatophyte involved in
human infections [2, 8], the availability of an accurate model of infection for this
dermatophyte species is required. Despite the technical limitations mentioned,
models of T. rubrum dermatophytosis using mouse [44, 45], Guinea pig [46–48],
or rat [49, 50] have nonetheless been designed. Interestingly, repeated applications
of spores, previous abrasive treatments, or injection of corticosteroids prior to and
after the infection are clearly required in order to obtain significant lesions. Anyway,
even if they are of a considerable interest to gain knowledge about activation of the
immune system in the host organism in response to dermatophyte infection, one
must keep in mind that critical differences between nonhuman and human epidermis
might influence data interpretation. Furthermore, the animal models have obvious
ethical concerns. Therefore, there is a strong case for the development of alternative
models.
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2.3 Skin Equivalents to Create Dermatophytosis Models

Human skin equivalents obtained in culture, including reconstructed epidermis alone
or epidermis reconstructed on a dermal equivalent generally made of collagen lattice
with fibroblasts, are currently the closest in vitro models that mimic cutaneous
human tissues. In such models, human keratinocytes cultured at the air–liquid
interface, in an environment containing appropriate growth factors and elevated
Ca++ concentration, undergo a complete program of differentiation that creates a
stratified reconstructed tissue covered by a keratinized layer, quite similar to the
human epidermis [51]. Infection models developed on skin equivalents allow studies
of interactions between host tissue and pathogens, i.e., analysis of the infection
process, identification of responses triggered in keratinocytes, and characterization
of potential alterations induced in the tissue function. Notably, studies about cutane-
ous infections by the yeast Candida albicans [52], Staphylococcus aureus bacteria
[53], or helminths [54] have already proven the usefulness of skin equivalents to
investigate the mechanisms underlying infection.

Several reports already described infection of skin equivalents by dermatophytes.
In 1995, a model involving infection by Trichophyton mentagrophytes arthroconidia
of reconstructed human epidermis (RHE) has demonstrated for the first time the
ability of dermatophytes to adhere onto reconstructed tissues and to invade their cell
layers [55]. Later on, a model of infection byM. canis arthroconidia on reconstructed
feline epidermis (RFE) was created to allow investigation of the adhesion
mechanisms used by this dermatophyte on its natural preferred host [22]. More
recently, two models of dermatophytosis based on commercially reconstructed skin
tissue EpiDerm (MatTek) [26] or EpiSkin® [56] were reported. The first model was
explored to evaluate the release of cytokines by keratinocytes during the infection
process by several dermatophyte species, including the anthropophilic T. rubrum.
Characterization of the signaling pathways simultaneously involved was also
undertaken [26]. By mean of morphological analysis, the second model of
dermatophytosis on EpiSkin® illustrated the different steps of the infection process
by T. rubrum [56]. Although both models brought interesting insight and informa-
tion about dermatophytosis and its pathogenesis, they used aleurioconidia as infec-
tive elements. Since aleurioconidia are only produced by dermatophytes cultured
in vitro and have never been observed in vivo [21], those models cannot be
considered fully representative of the in vivo conditions of infection.

Our team designed a model of dermatophytosis using RHE grown on polycar-
bonate filter and then infected by T. rubrum arthroconidia [27]. Practically, infection
of RHE is initiated by topical application of T. rubrum arthroconidia suspended in
phosphate-buffered saline to reach a final density of 1700 arthroconidia per cm2.
After 4 h of exposure, washes are performed in order to eliminate non-adherent
arthroconidia from the apical surface of RHE and to expose them again to the air–
liquid interface. Infected RHE are then cultured during four additional days. Mor-
phological analysis of infected RHE revealed that arthroconidia were able to rapidly
adhere to the surface of corneocytes and to produce hyphae that progressively
invaded the cornified layer (Fig. 1a). When infected RHE were maintained in culture
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for longer periods, hyphae progressed deeper between layers of the epidermis until
entire invasion of the RHE, resulting in its total disorganization. This excessive
invasion is for sure not representative of in vivo lesions since the progression of
fungal elements is usually restricted to the cornified layer in naturally infected
normal human skin [10]. This difference can likely be explained by the absence of
immune cells in RHE-based models. Therefore, culture of infected RHE is system-
atically interrupted at latest 4 days after exposure to arthroconidia in order to keep
the model representative of in vivo lesions. In addition, using the protocol developed
for RHE infection, we demonstrated that infection by T. rubrum arthroconidia
happens similarly on human skin explant (Fig. 1b). This model based on infection
of RHE was explored to describe the progressive steps of infection [27], as well as to
identify the cellular responses of host keratinocytes and the alterations of the barrier
in the infected RHE [57, 58].

The aforementioned models of dermatophytosis on skin equivalent have proven
their usefulness in the evaluation of infectious processes and of human keratinocytes
responses, as well as in the identification of signaling pathways triggered during
these responses. In addition, such models are valuable to test efficacy of antifungal
compounds [27, 55, 59].

2.4 Complementary Models for the Study of Experimental
Dermatophytosis

Every model described earlier allows advances in the study of dermatophytosis, but
each of them is also more appropriate for the evaluation of certain aspects of the
problem (Table 1). Thus, choosing a model depends essentially on the question
addressed.

Adhesion is the initial step of infection during which fungal cells adhere to host
substrate (i.e., keratinized structures). Ex vivo models of corneocytes in suspension
and cornified layer sheets, or nail and hair fragments remain easy and adequate for
the study of adhesion processes without any particular interference. Adhesion can
also be studied using skin explants, skin equivalents, or animal models, but activa-
tion of host living cells (e.g., through production of AMP or recruitment of other
immune components) and desquamation may influence the adhesion process. Inva-
sion of the host tissue and consequences onto the epidermal barrier function can be
evaluated in a similar manner using skin explants, skin equivalents, or animal
models.

About the understanding of host tissue responses, through investigation of
expression and release of cytokines, AMP, or other factors, in vitro, ex vivo, and
in vivo models provide different and complementary information. In vitro models of
cells cultured in suspension, as monolayers or inside RHE, allow monitoring the
activation of specific cell types (e.g., keratinocytes, PMN, macrophages) indepen-
dently of the others. Conversely, evaluation of the tissue reaction as a whole,
including the activation of keratinocytes and of immune cells, either innate or
adaptive, requires the use of in vivo animal models. For their part, ex vivo models
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using skin explants can be used to study the local responses given by either
keratinocytes or cells of the innate immunity located in the epidermis and dermis
of the explant.

Finally, testing efficacy of antifungal compounds is performed using ex vivo
model of skin explant, in vitro model of skin equivalent, or in vivo animal model.
Indeed, these three models cover the analysis of complete infection processes by
dermatophytes and allow to evaluate the efficacy of antifungal compounds, whatever
their mode of action. To a lesser extent, ex vivo models using corneocytes in
suspension, cornified layer sheets, or nail and hair fragments, can be used to monitor
the efficacy of compounds targeting the adhesion processes deployed by
dermatophytes.

3 Experimental Models to Study Infectious Processes During
Dermatophytosis

Dermatophytes infect host tissues through three successive steps: adhesion, germi-
nation, and invasion (Fig. 2a). In reaction to tissue invasion by dermatophytes, host
cells become activated, most likely in order to initiate antifungal defenses and
counteract the infection. Mechanisms involved during the infectious process as
well as cellular responses triggered in host tissue can be both investigated by mean
of experimental models of dermatophytosis, as mentioned above and depicted in
details hereunder.

Table 1 Use of different experimental models to study specific aspects of the pathogenesis of
dermatophytosis

Adhesion

Invasion and
effect on the
epidermal
barrier

Activation
of the
immune
system

Activation
of
individual
cell type

Antifungal
efficacy

Ex vivo models

Corneocytes,
cornified layer
sheets, nail and hair
fragments

+ �

Skin explant + + � � +

In vitro models

Culture of
keratinocytes, PMN,
or macrophages

+

Skin equivalents
reconstructed in
culture

+ + + +

In vivo models

Animal models + + + +
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3.1 Adhesion to the Host Tissue

Adhesion is the first step of tissue infection by dermatophytes and involves close
contact between arthroconidia and the surface of the host epidermis. Notably,
analysis by electron microscopy have revealed that arthroconidia or microconidia
from T. mentagrophytes and T. interdigitale, inoculated on human skin explants,
produce fibrils that connect them to the epidermal surface [30, 38, 39].

3.1.1 Adhesion Is an Early Process in the Infection Development
Several studies performed on different experimental models of dermatophytosis
have characterized the adhesion kinetics of dermatophytes to the host tissue. By
light microscopy, Zurita and Hay [19] observed arthroconidia from three different
Trichophyton species (i.e., T. rubrum, T. interdigitale, and T. quinckeanum) adher-
ing to corneocytes in suspension. Their observations revealed that adhesion occurs
as soon as after 2 h of contact, reaching a maximum after 4 h. Moreover, those
authors report increased adhesion of T. interdigitale and T. rubrum to corneocytes
from plantar skin, whereas the adhesion to corneocytes isolated from forearm skin is
weaker, suggesting that the strength of dermatophyte adhesion varies upon body
location. Accordingly, arthroconidia from T. interdigitale or T. mentagrophytes
adhere to cornified layer sheets as soon as 1 h after tissue exposure and their
adhesion increasingly occurred during the first 6 h of contact [30]. Other studies
using microscopy further showed that adhesion of T. mentagrophytes on ex vivo
models based on human nail fragments [60] or on human skin explants [38] started,
respectively, 6 or 12 h after infection. Finally, adhesion of M. canis arthroconidia to
the surface of RFE can be observed under a fluorescent light microscope after
labeling arthroconidia with Calcofluor White. In this case, adhesion was shown
starting within 2 h and increased up to 6 h after infection [61].

More recently, adhesion assays based on colony-forming units (CFU) counting
have been developed. In one method, arthroconidia adhering to skin explants from
human or other animal species were recovered by scrapping and were seeded over
Sabouraud agar for a few days at 27 �C in order to assess the number of CFU which
were adherent [35, 36]. This kind of assay demonstrated strong adhesion ofM. canis
arthroconidia over skin explants after 4 h of exposure. On the other hand, a second
method developed using an in vitro model of dermatophytosis on RHE, rather
assessed the number of non-adherent arthroconidia in a defined number laid over
the epidermal tissue [27]. Practically, non-adherent arthroconidia were recovered by
several washes of the tissue surface before being seeded over Sabouraud agar and
counting of CFU as above. Knowing the initial number of arthroconidia entering in
contact with the RHE, the number of adherent arthroconidia was determined by
simple calculation. By using this method, it was shown that arthroconidia of
T. rubrum start to adhere to RHE as soon as 1 h after infection and that T. rubrum
adhesion increases for the first 24 h of exposure.

Altogether, these data suggest that adhesion is an early process in infection
development and that it increases over time.
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3.1.2 Surface Molecules and Secreted Proteases Are Required
for Adhesion

Currently, the precise mechanisms used by dermatophytes to adhere to the host
tissues are still incompletely understood. However, pieces of information have been
obtained by the mean of experimental models of dermatophytosis. Interestingly,
adhesion seems to rely on complex processes that simultaneously involve molecules
expressed at the surface of arthroconidia and secreted proteases (reviewed by Baldo
et al. [62]).

In such context, the study of interactions between T. mentagrophytes or
T. rubrum with mutant Chinese ovary epithelial cells expressing various terminal
carbohydrates on their cell surface revealed that mannose and galactose-binding
proteins are present on the surface of microconidia [63, 64]. Accordingly, Bitencourt
et al. [65] observed that T. rubrum aleurioconidia express a gene encoding an
adhesin-like protein when they are cocultured with human keratinocytes. As other
fungal adhesins [66–68], this adhesin-like protein contains a central domain with a
tandem repeat sequence whose length and number of repeats likely influence
adhesion ability of the different dermatophyte species or strains.

In addition, dermatophytes express a huge number of proteases, including subtil-
isin proteases (Sub), metalloproteases (Mep), and leucine aminopeptidases (Lap),
which seem all implied in adhesion and invasion processes [62, 69]. Since the
proteases Sub1, Sub3, Sub4, Lap1, Lap2, and Mep4 are highly expressed by
dermatophytes when they are cultured in a protein-rich medium [40, 41, 65, 70,
71], they were long ago considered as virulence factors. Recent studies though have
shown that proteases expressed by dermatophytes differ during in vivo infection: for
instance, Sub6 is the main protease expressed by T. benhamiae during experimental
infection on Guinea pig [40, 41], and by T. rubrum inside onychomycosis lesions
naturally induced in humans [72]. Besides, even if Sub3 is not the main protease
expressed in vivo, Sub3 was detected by immunohistochemistry in the skin of
Guinea pig experimentally infected with M. canis [73]. Such a difference between
in vitro and in vivo studies underlines the importance of suitable experimental
models.

Proteases of the subtilisin family, especially Sub3, have been shown to have a
major role in dermatophyte adhesion. Indeed, adhesion of M. canis arthroconidia to
RFE surface is reduced by the chymostatin inhibitor which targets serine-proteases
including subtilisins, and by specific antibody against Sub3, although in a lesser
extent [61]. In addition, the adhesion of a M. canis strain invalidated for Sub3 by
RNA silencing [74] to cutaneous explants from humans or other animals is
decreased by comparison with a control strain of M. canis expressing Sub3
[35, 36]. Using an experimental model of dermatophytosis on RHE [27], we
confirmed the involvement of subtilisin proteases in the adhesion of T. rubrum to
the epidermal surface (Fig. 3). First, the inhibiting activity of chymostatin on that of
Sub3 was verified, either in the absence and in the presence of the RHE, thanks to an
assay based on an artificial substrate for this protease (N-succinyl-Ala-Ala-Pro-Phe-
P-nitroanilide Sigma cat. no. S7388) (Fig. 3a). In addition, the viability of RHE was
controlled when exposed to chymostatin (Fig. 3b). Infection of RHE was then
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Fig. 3 Serine proteases are involved in the adhesion process of arthroconidia to host epidermis. (a)
Residual activity of recombinant subtilisin-3 (Sub3) serine proteases from Trichophyton rubrum or
Microsporum canis alone (white), in the presence of 100 μM chymostatin either under optimal
conditions (horizontal hatchings), or after 4 h incubation at 37 �C (diagonal hatchings) or after 4 h
incubation in topical application on reconstructed human epidermis (RHE) at 37 �C (vertical
hatchings) (n ¼ 3 � SD; ***p < 0.001 in comparison to the activity of Sub3 alone; ANOVA1).
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performed by topical exposure to T. rubrum arthroconidia, in the presence or not of
chymostatin (100 μM), followed by washes of their surface in order to eliminate
non-adherent arthroconidia after 1, 2, or 4 h of infection. Non-adherent arthroconidia
recovered by washing were numbered as described above after seeding on
Sabouraud agar, taking into account the effect of chymostatin on the growth of
arthroconidia (Fig. 3c), in order to calculate the percentage of adherent arthroconidia
(Fig. 3d). Adhesion is slightly reduced by the presence of chymostatin, especially
when contact duration was as short as 1 h. This decrease in adhesion resulted, 4 days
after infection, in a decrease in the number of fungi detected on the epidermal
surface, as assessed by PCR quantification of the copy number of T. rubrum
ribosomal DNA 18S (Fig. 3e) and by histological analysis after periodic acid-
Schiff (PAS)-staining of infected RHE (Fig. 3f). Therefore, proteases of the subtili-
sin family appear clearly involved in the adhesion of dermatophytes to the host
tissue, even if mechanisms promoting adhesion are still unclear.

3.2 Germination and Invasion of the Host Tissue

After adherence to host tissue, arthroconidia initiate germination. Once arthroconidia
adhere to the host tissue, they are able to perceive that this environment is favorable
for their growth and they initiate the germination step during which they may swell
before producing germ tubes that will elongate to become hyphae [75]. Germination
is initiated when arthroconidia produce a germ tube with a length at least equivalent
to the one of the initial arthroconidia. In ex vivo models based on corneocytes in
suspension [19] or on sheets of cornified layer [31], the germination of arthroconidia,
respectively, from T. interdigitale and T. mentagrophytes, was observed after 4 h of
incubation. Simultaneously though, aleurioconidia of T. interdigitale adherent to
suspended corneocytes do not exhibit germination yet [19]. In accordance with a
delayed germination of aleurioconidia, T. mentagrophytes microconidia inoculated
on human skin explant seemed to start germination after 24 h [38], while germina-
tion of T. rubrum conidia was observed later, 2 days after infection on human skin

Fig. 3 (continued) (b) Survival rate of RHE after 4 h incubation in the presence of chymostatin
(gray) compared with control untreated RHE (black) (n ¼ 3 � SD; nsp � 0.05; t Student). (c)
Growth of arthroconidia on Sabouraud agar in untreated conditions (black) or in the presence of
chymostatin (gray) (n ¼ 4 � SD; **p < 0.01; t Student). (d) Adhesion of arthroconidia to RHE in
the presence (gray) or not (black) of chymostatin expressed as percent of the number of
arthroconidia initially applied on the epidermal surface, depending on contact duration with RHE
(n ¼ 3 � SD; *p < 0.05, nsp � 0.05; t Student). (e) Quantification of 18S rDNA gene copy number
of T. rubrum by qPCR after total DNA extraction from infected RHE performed 4 days after
infection by arthroconidia in the presence (gray) or not (black) of chymostatin, depending on the
duration of contact with RHE (n ¼ 3 � SD; **p < 0.01, ***p < 0.001, nsp � 0.05; t Student). (f)
Periodic acid-Schiff (PAS) staining with α-amylase pretreatment and hemalun counterstaining of
histological sections prepared from RHE 4 days after their infection by T. rubrum arthroconidia,
after 1, 2, or 4 h of exposure in the presence or not of chymostatin. Scale bars ¼ 50 μm
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equivalent [56]. By scanning electron microscopy performed on infected RHE
(Fig. 2b), one can observe T. rubrum arthroconidia adhering to the tissue surface
as early as after 1 h of contact. Later on, arthroconidia that become slightly swollen
and germinate can be seen after 4 h. Elongating septate hyphae formed from
germinated arthroconidia are observed after 6 h and become able to penetrate the
host tissue during the invasion step.

During invasion, hyphae progress through the host tissue while continuing to
elongate. Initial microscopic observations suggested that dermatophytes invade the
host tissue by progressing through intercellular spaces without causing extensive
damages to the cells. Indeed, 72 h after infection, T. mentagrophytes arthroconidia
were observed invading sheets of cornified layer [31] or nail fragments [60] by
progressing into intercellular spaces. In accordance, 3 days after infection, hyphae
from T. mentagrophytes were found penetrating human skin explants between cells
of the cornified layer and separating them [38]. In the dermatophytosis model on
RHE developed by our team [27], we also observed using transmission electron
microscopy analysis of infected tissues that hyphae are present in intercellular spaces
between corneocytes 4 days after exposure to T. rubrum arthroconidia (Fig. 2c).
These results suggest that dermatophytes are able to degrade intercellular junctions
(e.g., corneodesmosomes or tight junctions) and/or the extracellular lipid matrix. In
addition, these observations also suggest that hyphal elongation is orientated
according to the physical and topographical features of the substrate in order to
facilitate its invasion, a phenomenon known as “thigmotropism” [76]. This ability of
dermatophytes to orientate their growth was also described by Perera et al. [77] who
observed the growth of Epidermophyton floccosum, M. canis, and
T. mentagrophytes on artificial membranes.

In addition to the above-described properties, dermatophytes secrete several
proteases that exhibit specificity toward hard keratin substrates [69], rendering
these fungi able to invade host tissue directly through corneocytes. Accordingly,
scanning electron microscopy revealed penetration of corneocytes by
T. mentagrophytes hyphae, resulting in damage to the corneocyte surface 21 h
after the infection of cornified layer sheets [31]. Moreover, Jensen et al. [78]
observed hyphae inside the corneocytes on human skin biopsy from Tinea corporis
lesion. By infecting nail or hair fragments with various mutants of T. benhamiae, the
critical role of the enzyme cysteine dioxygenase Cdo1 and of the sulfite efflux pump
SSu1 in the degradation of keratinized structures by dermatophytes could be
demonstrated [23]. Actually, thanks to Cdo1 and Ssu1, sulfite are produced by
dermatophytes from environmental cysteine and secreted. As a reducing agent,
sulfite can then cleave keratin-stabilizing cysteine bonds, rendering keratin more
accessible for its degradation by proteases. Growth of strains deficient for one of the
two (Cdo1 or Ssu1) proteins was indeed impaired on hair or nail fragments. Besides,
Sub3, which seems involved in adhesion processes, is not required for invasion of
the host tissue by dermatophytes. Indeed, arthroconidia from a M. canis strain
invalidated for Sub3 produced hyphae able to invade the epidermis of experimen-
tally infected Guinea pigs when the adhesion deficiency is artificially compensated
by poloxamer 407, increasing the remanence of arthroconidia at the infection
site [35].

Experimental Models of Dermatophytosis 149



It therefore appears that dermatophytes invade the host tissue by progressing
simultaneously between and through corneocytes. Anyway, invasion of the cornified
layer leads to alterations of the epidermal barrier, as observed on skin biopsy
collected from Tinea corporis lesions [78]. Alterations of the epidermal barrier in
response to dermatophyte infection of the in vitro RHE model were characterized by
measurement of transepithelial electrical resistance, by assessing the outside-in
permeability, together with the inside-out permeability [58]. While the two former
assays confirmed loss of integrity in the epidermal barrier 4 days after the infection
of RHE, the latter assay indicated that this loss can be partly due to the disorganiza-
tion of tight junctions.

Finally, it is important to note that the infection by dermatophytes in vivo remains
superficially localized in the keratinized structures (i.e., cornified layer of the
epidermis, nails, and hairs), their progression into living tissues being probably
blocked by the host immune system [7, 10]. However, in dermatophytosis models
based on skin equivalent [27, 56] or on skin explant [38], the invasion reaches deeper
epidermal layers in a few days, leading to the disorganization of the host tissue. This
can be explained by the total absence of immune cells in skin equivalents, whereas
cells from the innate immunity are sometimes present in skin explants, even if
adaptive immunity is nonetheless missing. Those observations highlight the impor-
tance to monitor the development of infection in experimental models in order to
perform assays and measurements when invasion is similar to that observed in vivo
during natural infection.

3.3 Host Responses Against Dermatophytosis

Host responses against infecting dermatophytes include both activation of local cells
and recruitment and activation of immune cells. Additionally, some dermatophytes
also deploy several mechanisms to evade or silence host immune response.

3.3.1 Recruitment of the Immune System Through Activation
of Local Cells

Experimental animal models are necessary to study the entire recruitment and
activation of the host immune system in response to dermatophytosis. Firstly,
Green et al. [79] demonstrated the requirement of cell-mediated immunity to fight
against dermatophytosis by observing that nude mice experimentally infected by
T. mentagrophytes were unable to heal. In accordance, Calderon and Hay [80]
showed that transfer of T cells from mice acutely infected by T. quinckeanum into
naive mice resulted in their protection against infection by this fungus. Conversely,
serum transfer did not confer any protection. Later, secretion of interferon-gamma
(IFNγ) and recruitment of macrophages were detected in the skin of wild-type mice
experimentally infected by T. rubrum, whereas IFNγ or interleukin (IL)-12 knockout
mice presented higher fungal burdens and lower macrophage recruitment than wild-
type animals [45]. Those observations suggested that the Th1 immune response,
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implying IFN-γ production and macrophages activation, was the effective response
allowing to control and resolve infection by dermatophytes [81, 82].

However, emerging data tend to show that the Th17 immune response could also
be required for the control of dermatophyte infection [25, 29]. Indeed, using mouse
models based on T. quinckeanum [83], T. mentagrophytes [84], or T. benhamiae
[42], it was shown that PMN were recruited in large numbers to the infection site.
Secretion of cytokines involved in the Th17 response (i.e., IL-6, IL-17A, IL-23, and
transforming growth factor (TGF)-β) was also reported during experimental infec-
tion by T. mentagrophytes and T. benhamiae on mouse models [42, 84]. The
involvement of the Th17 immune response in dermatophytosis clearance was finally
clearly demonstrated in a recent study comparingM. canis infection on wild-type or
IL-17RA or IL-17A/F-deficient mice: while it remains superficially localized in the
cornified layer of wild-type mice,M. canis extensively colonizes the epidermis when
the Th17 pathway is dysfunctional [25].

Interestingly, the recent report by Heinen et al. [29] reconciled all data since they
observed that T cells isolated from the skin-draining lymph nodes of mice experi-
mentally infected by T. benhamiae exhibit both Th1 and Th17 differentiation as
assessed through cytokines production (IL-17A, IL-22, IFNγ) and transcription
factors mRNA expression (retinoic acid receptor-related orphan receptor γt and
T-box transcription factor). In addition, they showed that fungal clearance and
clinical recovery are lower in IFNγ and IL-17A double-deficient mice than in
IFNγ or IL-17A single-deficient mice, suggesting complementary roles of Th1 and
Th17 immune responses.

On another hand, some studies performed on simpler models, such as cells
cultured either in suspension or in monolayers, as well as skin equivalents
reconstructed in culture, allowed to monitor the specific activation of various cell
types in response to dermatophytosis. Keratinocytes are the first cells to encounter
dermatophytes and to react to their presence by production of cytokines and AMP.
Indeed, human keratinocytes cultured as monolayers, in the presence of different
dermatophyte species, exhibit release of several pro-inflammatory cytokines such as
IL-1α, IL-1β, IL-8, and tumor necrosis factor alpha (TNFα), growth factors like
granulocyte-macrophage colony-stimulating factor (GM-CSF), and AMP including
β-defensins-2 and -3 and protein S100A7 [12, 13, 26, 32, 33]. Similarly, mRNA
expression and release of pro-inflammatory cytokines and AMP by keratinocytes
embedded in skin equivalents are observed in such models exposed to infection by
dermatophytes [26, 58]. Responses triggered in keratinocytes appear dependent on
the dermatophyte species selected for epidermal infection, the release of cytokines
being generally higher in the presence of zoophilic species, such as T. benhamiae or
T. mentagrophytes, than in the presence of anthropophilic dermatophytes, i.e.,
T. rubrum or Trichophyton tonsurans [12, 13]. This reflects the high or low
inflammatory levels observed in cutaneous lesions induced in vivo by the different
species of dermatophytes and pledges again for the right model selection when
studying specific dermatophytosis. Besides, the mRNA expression of TLR-2, -4,
and -6 by keratinocytes cultured as monolayers was modulated during stimulation by
T. rubrum [85].
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By analysis of PMN maintained in culture, the release of IL-1β, IL-8, and TNFα
and the production of neutrophil extracellular traps (NET) by this cell type were
observed when PMN are incubated in the presence of T. benhamiae or M. canis
[26, 86]. Overexpression of TLR-2 and -4 mRNA was further characterized in PMN
exposed to M. canis [87]. In addition, release of TNFα and IL-1β by macrophages
challenged by T. rubrum was measured on a simple culture model [34, 88]. Finally,
IL-6, IL-8, IL-12, and TNFα were produced by dendritic cells upon contact with
T. benhamiae or M. canis ([86]; Tabart, unpublished data).

Considering all these data, the antifungal response by the host tissue during
epidermal dermatophytosis has been summarized in Fig. 4. Initially, keratinocytes
detect the presence of dermatophytes through the recognition of specific fungal
motifs by TLR, mainly TLR-2, -4, and -6. Activated keratinocytes start producing
various pro-inflammatory cytokines, including IL-1α, IL-1β, IL-8, and TNFα, which
become upon release responsible for the recruitment of PMN and macrophages.
Simultaneously, dendritic cells also detect dermatophytes via TLR or dectin
receptors and subsequently participate to inflammation by their own secretion of
pro-inflammatory cytokines. Thereafter, dendritic cells mature to become antigen-
presenting cells and migrate into the lymph nodes in order to induce the differentia-
tion of Th1 and Th17 cells, respectively, through the production of IL-12 or IL-6.
Activated T cells then migrate to the infection site and secrete specialized cytokines:
IFNγ by Th1 cells, IL-17 and IL-22 by Th17 cells. IFNγ stimulates macrophages
which then become able to produce pro-inflammatory cytokines and to phagocyte
small fungal elements. In the same time, the production by keratinocytes of PAM,
responsible for direct antimicrobial effects, and GM-CSF is induced by IL-17 and
IL-22. Finally, PMN are activated by GM-CSF and participate to the clearance of
dermatophytes by phagocytosis, production of NET, and secretion of
pro-inflammatory cytokines.

3.3.2 Modulation of Host Immune Response by Dermatophytes
Certain dermatophytes might dispose of mechanisms to evade or silence the immune
response, causing chronic and low inflammatory lesions. Particularly, the
anthropophilic T. rubrum species exhibits inhibition of macrophage functions and
an induced secretion of anti-inflammatory proteins by macrophages and
keratinocytes. Indeed, exposure of cultured macrophages to T. rubrum resulted in
down-modulation of the major histocompatibility complex class II, in reduction of
expression of co-stimulatory molecules, and in a upregulated release of IL-10
[34]. Moreover, T. rubrum further induced expression and release by keratinocytes
of the anti-inflammatory protein encoded by TNFα-stimulated gene 6 [58]. Alto-
gether, properties of T. rubrumwhich favor its adaptation to human host may explain
why this species induces lower inflammatory lesions than zoophilic or geophilic
dermatophytes.
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4 Experimental Models to Evaluate Efficacy of Antifungal
Compounds

Although skin lesions produced during dermatophytosis may heal spontaneously
within a few months, treatment is necessary in most cases. Several antifungal agents
effective against dermatophytes are currently available. The most frequently used
molecules are azole derivatives or terbinafine, both acting by inhibition of ergosterol
synthesis, an essential compound for the organization of normal membrane in fungal
cells [89]. Antifungal molecules are used for topical application or systemic admin-
istration, depending on the extension, severity, and accessibility of the lesion
[17, 90]. For instance, local administration is chosen to treat simple lesions of
Tinea corporis or Tinea pedis, while systemic administration is often required for
nail or hair lesions, as well as for severe or recalcitrant cutaneous lesions.

Despite the current availability of effective antifungal agents, the management of
dermatophytosis must face several problems [17]. Firstly, the treatment of
dermatophytosis may become long-lasting and thus expensive, leading too often to
reduced compliance in patients who generally stop taking medication as soon as the
clinical symptoms improve. Premature interruption of antifungal treatment
contributes to the occurrence of an increasing number of cases of relapses and
reinfections. Secondly, the systemic administration of some antifungal molecules
is unfortunately accompanied by side effects on the central nervous system (e.g.,
headache, dizziness, concentration difficulties), on the gastrointestinal system (e.g.,
nausea, diarrhea, abdominal pain), and on the skin (e.g., erythema, rash, pruritus). In
addition, toxicity for liver of systemic administration must be seriously considered
[91]. Finally, treatments for dermatophytosis must cope with the emergence of drug
resistance [92–94].

In view of problems linked to the existing treatments, but also because of an
increasing incidence of dermatophytosis, the development of new antifungal
compounds effective against dermatophytes becomes a real priority.

As explained above in this chapter, experimental models are essential to improve
the current understanding of dermatophytosis pathogenesis, and are thus in good
position to help in identifying new potential targets for antifungal strategies. In
addition, experimental models allow an easy evaluation of the efficacy of antifungal
compounds. Notably, animal models were considerably developed in the past for
this purpose; for instance, terbinafine and itraconazole were both demonstrated
efficient by the analysis of Guinea pigs experimentally infected by
T. mentagrophytes orM. canis aleurioconidia [95, 96]. Since most antifungal agents
are developed for human treatment, mainly targeting T. rubrum species, animal
models of T. rubrum infection were also developed based on mouse [44] or Guinea
pigs [46, 48], despite the difficulties in infecting animal with an anthropophilic
dermatophyte (see Sect. 2.2).

Because the use of animal models is increasingly challenged, limited and even
banned for ethical and political reasons, alternative methods are now considered.
Thereby, ex vivo models of dermatophytes adhering to cornified layer sheet [97] or
to corneocytes in suspension [19] were used to monitor the impact of photodynamic
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therapy or of antifungal molecules (i.e., ketoconazole, itraconazole, and griseoful-
vin) on adherence between dermatophytes and host cells. Furthermore, skin equiva-
lent models were proved to provide valid methods to evaluate antifungal efficacy by
using reference antifungal compounds such as terbinafine [55] or miconazole
[27, 59]. Using a model of dermatophytosis on RHE, our group lately identified
PD169316, a well-known specific inhibitor of the human p38 mitogen-activated
protein kinase, as a potential antifungal agent effective against dermatophytes
[58]. Indeed, PD169316 exhibits some direct effect on growth of fungi and thereby
interferes with the infection of RHE by T. rubrum arthroconidia. Finally, a model of
infection based on silkworm was recently developed by injection of
T. mentagrophytes aleurioconidia in this invertebrate, in order to evaluate antifungal
agents against dermatophytosis [98].

Therefore, each model appears as useful experimental device to identify and
evaluate the efficacy of new antifungal molecules while, except for sheets of
cornified layer, assessing potential toxicity for the treated tissue. In addition, one
must keep in mind that arthroconidia are the infective elements produced in vivo by
dermatophytes [21] and are more resistant than microconidia to some antifungal
compounds [20]. In consequence, experimental models using arthroconidia as infec-
tive elements (e.g., [27, 55, 59]) must be considered as more appropriate to perform
efficacy assay of antifungal molecules.

5 Conclusion

This chapter summarized experimental models for the investigations of both the
infection process deployed by dermatophytes and the development of the host
immune response. A better understanding of the pathogenesis of dermatophytosis
will allow the identification of potential therapeutic targets and the subsequent
development of new antifungal compounds. Since each type of model, whether
ex vivo, in vitro, or animal model, holds characteristics bringing intrinsic advantages
and limitations that make each of them more or less appropriate for precise
investigations, the choice of one or another model must always consider the purpose
of the study. For example, while simple in vitro models of keratinocytes cultured as
monolayers remain useful to study particular responses of this host cell type exposed
to dermatophytes, they are certainly less appropriate to investigate the recruitment of
host immune cells and the activation of immunity. Conversely, animal models are
suitable to evaluate the entire host immune responses, but do not allow in-depth
focus on the activation of individual cells. In conclusion, a complete understanding
of dermatophytosis will still depend upon the deployment of complementary exper-
imental models.
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1 Introduction

Dermatophytes are pathogenic fungi that cause infections in animals and particularly
in humans. They comprise a group of filamentous fungi that are able to invade
keratinized tissues such as skin, hair, and nails [1], causing superficial infections
called dermatophytoses [2].

Dermatophyte fungi comprise 52 species that degrade keratin and are divided into
nine genera: Trichophyton, Microsporum, Epidermophyton, Arthroderma,
Lophophyton, Nannizzia, Ctenomyces, Guarromyces, and Paraphyton [3]. Among
the fungi that cause dermatophytoses in humans, the filamentous fungus
Trichophyton rubrum is the main causative agent of infections of the skin, nails,
and body [4]. Dermatophytoses are transmitted through direct contact with an
infected human or animal, or indirectly by fomites. Clinical characterization of the
disease depends on the fungal species and anatomical site involved. These fungal
infections receive the name Tinea followed by the site involved, for example, Tinea
corporis for body infections and Tinea unguium for nail infections [5, 6].

According to the World Health Organization, dermatophytes affect about 25% of
the world population and 30–70% of adults are asymptomatic carriers of these
diseases [7]. Dermatophytes generally cause superficial infections. However, there
have been an increasing number of reports of dermatophytes that invade deep layers
such as the dermis and hypodermis and that can spread to the lymph nodes, brain,
and bloodstream, causing deep infections [8]. Some conditions predispose to the
establishment of this infection in the patient, including an immunosuppressive state,
obesity, diabetes, and advanced age. Other factors associated with this disease are
environmental factors and genetic predisposition. Environmental factors often influ-
ence the susceptibility to infection; for example, humidity and temperature favor
fungal growth. Regarding genetic factors, mutations in specific genes can modify
gene expression or alter the conformational structure of proteins responsible for the
host’s innate and adaptive immunity [9].

Invasive fungal infections are characterized by high rates of morbidity and
mortality in patients with a weakened immune system. In this respect, cases of
deep infections caused by dermatophytes have been reported in the literature, for
example, in a patient with hepatitis C, liver cirrhosis, and subcutaneous nodules
[10]. A patient with deep dermatophytosis caused by T. rubrum developed
complications caused by pre-existing pathologies and died [11]. Other examples
include patients infected with human immunodeficiency virus (HIV) [12], transplant
recipients and patients undergoing chemotherapy [13], and patients with a history of
diabetes mellitus [14]. A patient without significant immunodeficiency with a history
of onychomycosis of the toe nails exhibited erythema, papules, and nodules in the
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submandibular area, neck, and chest [15]. Fungal abscesses were reported in a
patient using immunosuppressive drugs [16]. A patient without immunodeficiency
but with a history of hypertension and angina showed red patches with secretion
[17]. All of these cases were diagnosed as deep infection caused by T. rubrum. A
case of dermatophytosis caused by Trichophyton interdigitale was reported in a man
with a 2-year history of fungal infection who lost his vision and had onychomycosis
in the fingernails of the left hand [18].

In an attempt to improve diagnostic techniques and the treatments for deep
infections, sequencing of the patient genome revealed a correlation between the
presence of severe dermatophytoses and deficiency of caspase recruitment domain-
containing signaling protein (CARD9). This protein is responsible for activating and
recruiting T cells of the immune system [19, 20]. In a case study, a healthy individual
was admitted to the hospital with skin lesions and localized dermatitis on the neck
and face. A skin biopsy showed septate and pigmented hyphae but the fungal species
was not characterized. In view of the absence of a history of immunosuppression,
DNA was extracted from the patient and CARD9 deficiency was detected. Despite
antifungal therapy and surgical procedures, the patient died after 38 days of hospi-
talization [21]. In another case of deep infection, the patient had an erythematous
plaque in the left groin and a 6-year history of superficial ulcers. A biopsy showed
the presence of septate hyphae and the lesions were found to be caused by T. rubrum.
Improvement of the lesions was observed after 4 months of antifungal treatment.
CARD9 deficiency was also detected in this patient [22].

2 Molecular Approaches to Dermatophytes: Advances
and Limitations

In the 1990s, the genome sequencing of several species was started, including the
human genome, which enabled great and rapid progress in science, and was widely
used [23]. Indeed, molecular studies of dermatophytes were facilitated by the
sequencing and publication of the genome of 24 species of this fungal class
(http://www.broadinstitute.org/annotation/genome/dermatophyte_comparative/
MultiHome.html), permitting the discovery of new therapeutic targets for the possi-
ble development of more effective antifungal agents [24].

Several techniques are used for the study of gene and protein expression, such as
northern blotting, reverse transcription-quantitative PCR (RT-qPCR), and western
blotting [25]. However, most of these techniques permit to analyze only a small
number of previously selected genes and proteins. Thus, large-scale expression
techniques are gaining space in scientific research as they provide global expression
profiles of genes in a given sample. These techniques started with the development
of the SAGE (serial analysis of gene expression) method and array techniques
[26]. cDNA microarrays led to the first large-scale transcriptome studies. This
technique consists of immobilizing specific DNA probes of genes of interest on a
matrix and hybridizing them to their corresponding fluorescence-labeled cDNA. The
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fluorescence intensity of each labeled cDNA reveals the abundance of the transcript
in the genome. Despite its efficacy, the microarray technique has some limitations,
including cross-reactions of the probes between the pathogen and host and the need
to separately analyze the RNA of either organism. In addition, the knowledge of
transcriptomes is restricted to the identification of mRNAs, tRNAs, and rRNAs [27].

The RNA-seq technique is nowadays used for the analysis of differential gene
expression [28]. The use of transcriptome technologies based on large-scale
sequencing has led to great advances in the understanding of biological processes
in different organisms [29]. Differential gene expression is important in different
areas, such as the study of novel antifungal drugs and antibiotics that can modulate
the expression of genes important for the infection process of a fungus or bacterium
[30], or genes involved in multidrug resistance pathways [30–32].

Considering that host–fungi interaction does not happen in an isolated manner,
another interesting technique is dual gene expression assays (dual RNA-seq), in
which both the pathogen and the infected host are analyzed to obtain a better
understanding of the infection process, observing pathways and genes that are
modulated during this process [33]. With the emergence of this new sequencing
technology, dual RNA-seq finds wide application in the study of interactions of
parasitism, commensalism, and mutualism between various species [33] and has
been used to better understand the interaction that occurs between dermatophytes
and the host [34, 35].

Furthermore, the new molecular approaches revealed novel target genes using
genetic analysis methods. Some genes potentially involved in the virulence and
response to drugs of dermatophytes were studied in mutants and/or strains with
silenced genes. These genes include the gene encoding malate synthase ACUE and
KU70 in Arthroderma benhamiae, now called Trichophyton benhamiae [36], the
gene encoding the ABC transporter TruMDR2 in T. rubrum [37], the gene for the
transcription factor pacC in T. rubrum [38], the KU80, areA, and Trim4 genes in
T. mentagrophytes [39, 40], the areA and sub3 genes inMicrosporum canis [41, 42]
and, more recently, the genes encoding the StuA/SteA, and HacA transcription
factors in T. benhamiae and T. rubrum, respectively [43, 44].

Another important aspect in the study of dermatophytes is to clarify the functions
of microRNAs in cellular processes. MicroRNAs are small non-coding RNAs
(containing 20–30 nucleotides) that control the expression of genes, normally
inhibiting protein translation. This mechanism of action has been associated with
the immune response to a variety of pathogens, especially modulating the intensity
of the inflammatory response [45].

The microRNA database (mirBASE) contains more than 2.8 million sequences of
different species and this number has been increasing exponentially. Studies have
demonstrated that more than 60% of genes contain at least one microRNA-binding
site and that these small molecules are part of the organism in animals, plants, fungi,
and viruses [46].

The existence of microRNA-like RNAs (milRNAs) in fungi was reported in
Neurospora crassa, Sclerotinia sclerotiorum, Cryptococcus neoformans, Fusarium
oxysporum, Metarhizium anisopliae, Trichoderma reesei, Aspergillus fumigatus,
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Aspergillus flavus, and Penicillium marneffei [47–54]. Knowledge of these small
regulatory RNAs and how they participate in the regulation of gene expression in
fungi is still lacking. Wang et al. [55] performed a first integrated analysis of
milRNAs and mRNAs between conidial and mycelial stages to investigate the
roles of microRNAs in regulating the expression of target genes in T. rubrum. A
total of 158 conserved milRNAs and 12 novel milRNAs were identified in that
study, corresponding to 5470 target genes that are involved in various essential
biological pathways. MicroRNA studies may inspire further research on the regu-
latory mechanism of milRNAs in T. rubrum as well as other dermatophytes [55].

3 Molecular Studies and Development of Models That Mimic
Superficial Infection

The new molecular approaches have resulted in several discoveries regarding micro-
bial pathogenesis in different research areas. However, in contrast to other fungi of
clinical interest such as Candida albicans, A. fumigatus, or C. neoformans, these
methods have been poorly exploited for genetic analyses in dermatophytes. Conse-
quently, little is known about the pathogenicity of dermatophytes at the molecular
level [56].

The study of the pathogenicity of dermatophytes is usually complex, involving
several still unknown fungal mechanisms. It is important to note that the adaptation
and response of dermatophytes are associated with the type of host of the infecting
species, producing variable clinical signs ranging from a chronic to a more inflam-
matory dermatophytosis. Thus, the study of the pathogenicity of dermatophytes does
not only involve pathogenic attributes of the fungus but also the host’s immune
response mechanisms [56].

Despite the high global prevalence of dermatophytoses, knowledge of the molec-
ular mechanisms underlying the host–pathogen interaction is still scarce, possibly
because of technical difficulties of the models that mimic this interaction and the lack
of genetic tools for the study of these organisms [57]. The animal model most used
for the study of dermatophytoses is the Guinea pig; however, this model is more
suitable for studying zoophilic dermatophytes and is not effective for investigation
of the host–pathogen relationship of anthropophilic dermatophyte species [57].

Different models have been developed to overcome this problem and provide a
better understanding of dermatophytoses. Commercially available human epithelial
tissues may represent an alternative for studying the early stages of infection such as
adherence and invasion [57]. Other methods such as fungal growth in culture media
containing protein substrates that mimic infection and coculture of the pathogen with
human keratinocyte lines are excellent tools for the analysis of gene expression,
providing a better understanding of how this interaction occurs at the molecular level
[34, 58–60].

Our research group has associated large-scale gene expression techniques with
models that mimic superficial infection. We compared the protease expression
profile using the T. rubrummicroarray grown in a culture medium containing keratin
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[61] with the Dual RNAseq of T. rubrum cocultured in HaCat keratinocytes
[34]. The microarray transcripts showed the modulation of 142 transcripts in the
presence of keratin. Regarding protease activity, the growth of T. rubrum conidia on
keratin induced six protease genes. The results of dual RNA-seq showed the
modulation of 70 genes and induction of two protease genes (Table 1).

4 Transcriptome Analysis for the Study of the Host–Fungus
Relationship: Use of Culture Medium Containing Protein
Substrates

In view of the need for in-depth assessment of the pathophysiological features of
infections caused by dermatophytes and for expanding our knowledge of these
microorganisms at the molecular level, techniques have been applied to trace their
transcriptional profile under conditions related to pathogenicity. Based on these data,
potential gene candidates for virulence factors were identified and new insights into
the mechanisms underlying cellular adaptation and the success of fungal infection
were obtained [24, 56].

Given the importance of keratin for the parasitic life of dermatophytes, most
studies investigating virulence factors analyzed the response of dermatophytes
during their growth on keratin as the main nutrient source [61–63]. In parallel,
other studies used different molecules found in the host such as elastin, lipids [64],
and collagen [61, 65, 66]. The in vitro growth of dermatophytes on keratin sources is
associated with the secretion of different keratinases, many of them characterized in
the last decades [67]. Different from other fungal species, dermatophytes secrete
multiple endoprotease members of the S8 (subtilisin, SUB) and M36 (fungalysins,
MEP) families [68–70]. In fact, proteases are key factors for the degradation of
keratin and pathogenicity of these microorganisms. Comparative analysis of the
genome of dermatophytes and other fungi identified proteases as one of the four gene
classes most enriched in the genome of this group of fungi, highlighting their role in
the success of infection process and niche preference of these microorganisms [71].

Table 1 Protease expres-
sion profile using the
T. rubrum microarray
grown in a culture medium
containing keratin with the
Dual RNAseq of T. rubrum
cocultured in HaCat
keratinocytes

Gene product name Log2 fold change

Culture medium containing keratin

Subtilisin-like protein (Sub1) 13.73

Subtilisin-like protein (Sub6) 12.45

Leucine aminopeptidase 2 10.74

Subtilisin-like protein (Sub3) 9.66

Leucine aminopeptidase 2 6.62

Metalloproteinase (Mep3) 5.81

Keratinocytes

Dipeptidyl peptidase V 2.16

Leucine aminopeptidase 2 1.29
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The first studies assessing the response of dermatophytes during the interaction
with host molecules investigated the individual role of secreted proteases using
different infection models. Analyses conducted during the growth of dermatophytes
such as T. rubrum and T. benhamiae on keratin and soy medium confirmed the
induction of the SUB and MEP genes, as well as genes encoding exoproteases such
as leucine aminopeptidases (LAP) and dipeptidyl peptidases (DPP) [62, 72]. In
addition to proteases, these studies also showed the induction of genes encoding
heat shock proteins, transporters, metabolic enzymes, transcription factors, and
hypothetical proteins with unknown functions, as well as of a gene encoding an
enzyme of the glyoxylate cycle. In a recent study from our group that assessed the
transcription profile of T. rubrum grown on keratin or elastin using an oligonucleo-
tide microarray approach covering about 70% of the genome of this fungus, we
demonstrated the modulation of 15 protease-coding genes, with expressive induction
of the mep4 and lap1 genes. In addition, genes encoding heat shock proteins such as
Hsp 70 like-protein, Hsp 88-like protein, and Hsp 90 like-protein were modulated
[58]. The function of heat shock proteins in the establishment of dermatophyte
infections and in the regulation of protease secretion has been documented [73, 74].

The metabolic profile of T. rubrum was also evaluated by RNA-seq analysis
during the growth of the fungus on keratin compared to glucose. That study showed
important repression of essential genes involved in nitrogen metabolism
accompanied by the induction of a urea transporter. In addition, the activation of
alternative pathways for energy production, such as the glyoxylate cycle and of lipid
metabolism, was demonstrated [75]. Using the same approach, another study com-
pared the modulation of genes involved in cell wall synthesis during the growth of
T. rubrum on keratin versus glucose. The data obtained showed that the presence of
keratin promotes the consistent induction of genes encoding cell wall-associated
proteins such as glycosyl hydrolases, glucanases and an alpha-1,2-
mannosyltransferase, as well as a gene encoding a hydrophobin [76].

Assays assessing the growth of T. rubrum on keratin or elastin/collagen sources
that simulate superficial and deep infection, respectively, demonstrated similar
induction of gene products on the two protein sources [65, 66]. In addition,
transcriptome data of T. rubrum grown on elastin showed that proteases and lipases
are equally important during the growth of the dermatophyte [58]. Within this
context, it is worth mentioning that skin is rich in lipids and that the T. benhamiae
and T. verrucosum genomes contain 16 lipase genes [58, 77].

Analysis of the transcriptional profile of T. rubrum conidia grown on keratin or
elastin substrates also demonstrated a quiescent status associated with the mainte-
nance of conidial dormancy, which is an important adaptive mechanism in the early
stages of infection. That study revealed the modulation of genes related to the
survival and germination of conidia, including genes involved in the cellular respi-
ration chain, signal transduction, and lipid metabolism. In addition, one protein was
characterized as a putative adhesin of dermatophytes, which is potentially involved
in the host–fungus interaction [61]. The gene coding for this adhesin was induced in
culture medium containing keratin and in the presence of antifungal agents, espe-
cially fluconazole, indicating an adaptive response to the stress caused by this drug
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[78]. Previous proteome data of T. rubrum conidia revealed that the maintenance of
dormancy is a complex and elaborate process that involves mechanisms associated
with reorganization of the cell wall, maintenance of energy metabolism, and the
response to different environmental stresses. Taken together, these data contribute to
the understanding of the cellular and molecular features of these conidia and indicate
new paths to the development of therapeutic strategies [79].

Besides the addition of host molecules in liquid medium, ex vivo infection
models using human nail fragments have been proposed to evaluate the expression
of genes that are important for the establishment and maintenance of dermatophyte
infections and to compare profiles of gene expression obtained during the growth on
different keratin substrates [63, 80]. These studies have shown that the modulation of
genes is substrate- and time-dependent and that differences in the physiochemical
characteristics of the substrates as well as nutrient availability in each protein source
influence metabolic responses and gene activation [63]. Finally, infection models
provide indications of potential candidates for virulence factors and drug
targets [81].

5 Transcriptome Analysis of Dermatophytes in Superficial
Infection Models: Importance of Keratinocytes
for the Immune Response to Dermatophytes

The human skin is an important organ for the immune system, especially because of
the production of soluble factors such as cytokines, chemokines, and antimicrobial
peptides by infiltrated leukocytes, keratinocytes, and fibroblasts [82], once again
highlighting the importance of these cells as key players in the defense reactions
against dermatophytes.

During the infection process in dermatophytoses, keratinocytes are the first cells
to come in contact with the fungus. Thus, in addition to their function as structural
cells of the epidermis, keratinocytes also participate directly in the defense against
these fungal infections and activate other cells of the immune system [83]. Despite
these defense mechanisms, dermatophytes selectively reach the epithelial layer using
keratin as a nutrient source. Thus, the infection is generally restricted to the stratum
corneum [82]. Considering the important role of keratinocytes in the immune
defense, molecular studies identifying the genes and pathways that are modulated
when dermatophytes interact with human keratinocytes during the infection process
are interesting to gain a better understanding of how this host–fungus interaction
occurs. In addition, such studies will allow the identification of new target genes for
the development of more selective antifungal agents.

Petrucelli et al. [34] were the first to evaluate the transcriptional profile in
cocultures of the dermatophyte T. rubrum and a human keratinocyte cell line
(HaCat) using the dual RNAseq technique. The authors highlighted the importance
of the modulation of genes involved in metabolic flexibility and nutrient assimilation
by the fungus during the infection process, including genes involved in the
glyoxylate cycle, a carboxylic acid transporter gene, and the ERG6 gene. In addition,
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the authors demonstrated the induction of genes encoding keratinolytic proteases
(LAP2 and DPP V), which are important virulence factors for this dermatophyte.
With respect to keratinocytes, genes involved in the repair of the epithelial barrier,
genes increasing cell migration, and genes encoding compounds with antimicrobial
activity were found to be modulated [34].

The importance of keratinolytic proteases during dermatophyte–keratinocyte
interactions has also been explored through comparative and functional genomic
analysis of the dermatophytes T. benhamiae and Trichophyton verrucosum, which
cause highly inflammatory infections in humans. These authors cocultured
T. benhamiae conidia with human keratinocytes and demonstrated the modulation
of the genes that encode carboxypeptidase S1 and DPP V to be important for
infection [77].

The identification of these proteases is fundamental for the study of the infection
process of dermatophytes. After adherence to the host tissue, dermatophytes need to
sense and adapt to the pH of the host and obtain nutrients for their survival. The latter
are obtained through the secretion of proteolytic enzymes that cleave
macromolecules, which are assimilated by the fungus as an energy source. The
secretion of these enzymes, particularly keratinolytic enzymes, is considered an
important virulence factor of these fungi [24].

The large-scale transcriptional sequencing also was used to evaluate alterations in
the gene modulation of HaCat keratinocytes when infected with T. rubrum
(anthropophilic species) and Nannizzia gypsea (geophilic species, formerly called
Microsporum gypseum). A total of 686 differentially expressed human genes were
identified when HaCat cells were infected with T. rubrum and N. gypsea. Of these,
only 51 genes were common to the two species, 568 were specifically expressed in
cells infected with the geophilic dermatophyte, and 67 were specifically expressed in
cells infected with the anthropophilic dermatophyte. The data reported in that study
indicate that different dermatophyte species elicit a different cell response in
keratinocytes, a fact that would explain the differences in the clinical manifestations
of infections caused by anthropophilic and geophilic dermatophytes [35].

The different responses of keratinocytes to the type of infecting dermatophyte
species are important factors during the host–dermatophyte interaction since
anthropophilic species usually cause chronic infections accompanied by low-grade
inflammation, while infections caused by zoophilic and geophilic species are acute
and highly inflammatory [84]. Within this context, the expression of genes encoding
several proinflammatory cytokines and chemokines (IL-1β, IL-1A, TNF, IL-6, IL-8,
IL-23A, and CXCL1), peptides with antimicrobial activity (HBD2, HBD3, S100A7,
and RNASE7), and the pattern recognition receptor TLR2 was observed when
keratinocytes were incubated with the zoophilic dermatophyte T. benhamiae [82],
again demonstrating the importance of these cells as key players in the defense
reactions against dermatophytes.

Table 2 shows an overview of the main interleukins released during the infection
process caused by T. rubrum and other dermatophytes, using different models that
mimic the infection.
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Table 2 Overview of the main anti-inflammatory and pro-inflammatory interleukins released
during infections caused by dermatophytes

IL Dermatophyte Infection model Function Reference

Anti-inflammatory activity

TGF-
β

T. benhamiae Animal infection
model (mice)

It promotes the
development of Th17
cells and activates the
transcription factors
RORγt and STAT3

[100]

IL-4 T. benhamiae Superficial infection in
human keratinocyte
cell line

It acts in the
differentiation of naive
Th cells into Th2 cells

[103]

IL-
10

T. rubrum Resident and peritoneal
macrophage cell lines

It acts in the inhibition of
macrophages and
dendritic cells and in the
control of cell-mediated
immunity

[92]

IL-
13

T. benhamiae Superficial infection in
human keratinocyte
cell line

Central mediator of
physiological changes
induced by allergic
inflammation in tissues

[103]

Pro-inflammatory activity

INF-
γ

T. rubrum Animal infection
model (mice)

It assists in the
recruitment of
macrophages and
neutrophils, and is
associated with
decreased fungal load

[93]

TNF-
α

T. rubrum Resident and peritoneal
macrophage cells line

It acts in the activation
and differentiation of
macrophages

[92]

IL-
1β

T. rubrum Murine bone marrow
macrophages

It acts in the control of
fungal proliferation.
When associated with
ROS, it acts directly on
the inflammatory
process

[104]

IL6 T. rubrum Neutrophils and
macrophages collected
from patients
diagnosed with
generalized chronic
dermatophytosis

It acts to protect against
infection by activating
the immune system

[105]

IL-8 T. tonsurans Superficial infection in
human keratinocyte
cell line

It acts as a potent
neutrophil chemotactic

[103]

IL-
12

T. mentagrophytes Animal infection
model (Guinea pig)

T cells: Th1
differentiation.
NK cells and T cells:
IFN-γ synthesis,

[106]

(continued)
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Considering that each dermatophyte species elicits a different cellular response
and since models mimicking the interaction between these dermatophyte species and
their respective hosts are still scarce, keratinocyte models are promising by increas-
ing the molecular understanding of the infection process. The conclusions drawn
from these cell models of host–fungus interaction are still limited since they do not
consider the interference of the cells studied with professional immune cells, only
providing results regarding the reactions of the cell types evaluated. Nevertheless,
we believe that these results contribute to elucidating the immune response
mechanisms of keratinocytes to dermatophytes [82].

In addition to infection models using monolayer keratinocyte cultures, another
strategy has emerged for the study of dermatophyte adherence and invasion: the
in vitro use of human epidermis reconstructed from normal cultured keratinocytes
for basic and preclinical studies. However, like monolayer cells, this model also has
limitation such as the absence of immune system cells, impairing the investigation of
the immune response in dermatophytosis [85].

The development of sequencing associated to superficial infection model has
resulted in a better understanding of the host pathways involved in the combat of the
pathogen, besides evidence of new targets using antifungal [86]. One example is the
study conducted by Petrucelli et al. [87], which identified 277 differentially
expressed genes in cocultures of the dermatophyte T. rubrum with the HaCat
keratinocyte cell line in the presence of terbinafine. Approximately 28% of these
genes have not yet been studied in T. rubrum but were investigated in other
dermatophytes. That study may therefore contribute to elucidating the functions of
these genes in this species and the mechanisms underlying the responses to antifun-
gal agents. In addition, the modulation of different genes that are important for the

Table 2 (continued)

IL Dermatophyte Infection model Function Reference

increased cytotoxic
activity

IL-
16

T. tonsurans Superficial infection in
human keratinocyte
cells line

It acts as a
chemoattractant for
CD4 + T cells

[103]

IL-
17

T. rubrum Superficial infection in
human keratinocyte
cell line

It stimulates the
differentiation of Th17
cells

[107]

IL-
18

T. tonsurans and
T. benhamiae

Superficial infection in
human keratinocyte
cell line

It acts mainly on NK
cells and T cells, causing
the synthesis of INF-γ

[103]

IL-
23

T. mentagrophytes Mouse model of
inflammation induced
by trichophytin

It acts mainly on NK
cells maintaining IL-17
producing T cells.
It is produced by
macrophages and
dendritic cells

[108]
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biosynthesis and transport of ergosterol, such as ERG1, ERG5, ERG11, CYP51, and
CYP61, was observed [87].

6 New Possibilities for Studying Deep Infections

Models of immortalized cells, generally human (THP1) [88] or murine macrophages
(J774) [89, 90], can be used to simulate deep infections caused by dermatophytes.
Another possibility are models using primary cell lines (extracted from the patient’s
blood) [91] and some studies have used mice as an in vivo infection model
[92, 93]. These models can be used to carry out assays that investigate the
interactions between the pathogen and its host in order to facilitate the understanding
of the infection process in deep dermatophytoses. However, such studies are scarce
in the literature and are slow to emerge as demonstrated by the increasing number of
cases of deep infection and lack of adequate treatment.

Upon entering the human organism, pathogens through their receptors activate
specific pathways in response to this situation, generating an infectious process.
Generally the interleukins studied, which are responsible for the immune response,
are pro-inflammatory interleukins, such as IL-6 [94], IL-17 [95, 96], TNF-α [97, 98],
and IL-1β [99]. High levels of TGF-β and IL-22 were also found in the immune
response against dermatophytes [100].

In an attempt to clarify how dermatophytes circumvent the immune system,
survive inside phagocytic cells and, consequently, cause deep infections, studies in
the field of fungal immunology increased with aiming at the identification of the
immunological mechanism behind the fungal infection process. In this context, the
glyoxylate cycle is a determining factor for the survival of microorganisms in niches
with limited nutrient availability. Based on data mainly obtained for Candida
albicans, the activation of this cycle permits the synthesis of glucose from lipids
and other alternative carbon sources [101, 102]. These pathways can also be active in
infections caused by T. rubrum, since Cantelli et al. [59] and Komoto et al. [60]
verified the induction of genes encoding enzymes involved in the glyoxylate cycle
after the coculture of the dermatophyte T. rubrum with HaCat keratinocytes.

7 Future Perspectives

Large-scale approaches have contributed to clarifying the host–fungus relationship
and response to antifungal agents using microarrays, RNAseq, and dualRNAseq.
Future perspectives include improving superficial infection models and focusing on
the development of more appropriate models to study deep infections because of the
increasing number of fungal infections in immunodepressed patients. In this sense, a
schematic representation that illustrates the main achievements about the dermato-
phyte infection process and new roads for investigation is shown in Fig. 1. Addi-
tionally, metabolomic and proteomic studies should be performed. Research on
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fungal and human microRNAs related to the response to infection and antifungal
therapy also has a great potential to be explored.
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Fig. 1 A summary of the main achievements about the dermatophyte infection process using
different models of infection (keratinocytes strain line, human nail fragments, medium
supplemented with proteic sources). The concomitant use of models of infection and approaches
to assess gene modulation led to identification of crucial dermatophyte virulence factors such as the
genes encoding some heat shock proteins (Hsps), proteases, lipases, enzymes from alternative
metabolism, adhesins, and transcription factors. Herein, virulence factors highlighted in red color
are related to virulence factors validated by functional genomics. Also, the interleukins profiles
were mainly obtained from models of infection that used cell lines such as keratinocytes and
macrophages. New roads for investigation are represented by the question mark related to use of
macrophages to assess more aspects for deep infections caused by dermatophytes
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Genetic Predictors of Susceptibility
to Dermatophytosis

Susan M. Abdel-Rahman

1 Introduction

Dermatophyte species infect humans of every age, race, gender, and socioeconomic
status on every continent that man inhabits. Yet, despite their widespread nature, not
everyone exposed to these pathogens will suffer infection (Fig. 1). For those that do,
infections can present totally devoid of clinical manifestations, with symptoms that
are mild and indolent, or with acutely inflammatory lesions. When treated, infections
may completely resolve, partially respond, or persist recalcitrantly for years on the
infected host. An intuitive rationale for these disparities is that something innate to
the host determines the nature of their relationship with these ubiquitous organisms.
Consequently, investigators have spent over seven decades exploring pedigrees and
polymorphisms to discover whether genetics influence the receptivity of the host to
the pathogen, the nature and severity of infection, or the likelihood of response to
treatment. In this chapter, we review the existing data that examine a link between
genetics and infection with consideration for the putative underlying mechanisms
that support these findings.

2 Observations in Support of an Association

Dermatophytoses are as commonplace as the family of pathogens that cause them
[1–7]. However, active infections are not guaranteed to result following exposure to
infectious fungal elements. The binding of fungal elements to keratinized host
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tissues is not a passive process [8–14], and the adhesion of spores does not, in and of
itself, prompt germination and the subsequent cascade of events that lead to active
infection [10, 11, 15]. In fact, dermatophytes can be recovered from human skin
structures in the absence of clinical disease indicators and can persist on their hosts
for months to years without causing symptomatic infection [16–19]. Moreover, the
prevalence of asymptomatic infection can exceed that of symptomatic diseases by an
order of magnitude [20, 21]. Though chronic carriers appear to be at higher risk for
infection, binding of the organism, while necessary, is not sufficient for
infection [22].

These findings prompt one to consider why it is that some individuals fail to
acquire the pathogen, even in high-risk settings, some acquire the pathogen but
remain free of symptoms, and others develop active infections. One explanation
could be that the natural course of dermatophyte infections does not lend itself to the
cross-sectional sampling strategies favored by most epidemiologic studies. Conse-
quently, such studies, by the nature of their design, may simply fail to identify
individuals who will eventually progress to develop active disease. However, there
exists compelling evidence that supports the findings above. Using molecular
fingerprinting strategies, a longitudinal study following preschool-aged children
every month for 2 years was clearly able to discriminate children who never acquired
the dermatophyte, from those that intermittently acquired and lost different genetic
strains of the pathogen, and those that acquired and sustained infection with the same
genetic strain over the entire observation period [21].

Another explanation for the findings may be that the symptoms of infection are
mistakenly attributed to other conditions such as eczema, atopic dermatitis, or
seborrheic dermatitis [22, 23]. Finally, it may be that different genetic strains with
different capacities for infection are resident within the population being evaluated.

Fig. 1 Varying clinical presentations seen with dermatophyte infections, in relative proportion, as
observed in the general population
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Within singular host communities, studies have observed marked genotypic and
phenotypic diversity among dermatophyte strains where the secreted proteins
responsible for disrupting surface structures, liberating nutrients, and modulating
host response span orders of magnitude [15, 24–32]. However, these studies also
report identical genetic strains causing different infection patterns in related sibling
pairs who share not only the same home but the same school environment [21]. Col-
lectively, these studies lend support to the assertion that, in some fashion, the
constitution of the host influences the nature and extent of the relationship that is
established with the dermatophytes they encounter.

3 In Search of Evidence

Some of the earliest investigations in which a genetic basis for susceptibility to
dermatophyte infections was inferred arise from studies examining infection rates
between family members who were genetically related and those having married into
the family [33–36]. The problem with these associative studies is that they are
confounded by the nature of contact that occurs in a shared environment which
has been shown to influence infection rates in populations with no familial relation-
ship [37–43]. As such, these early studies were largely dismissed by investigators
arguing that their observations are not practically relevant [34, 44].

The introduction of pedigree analyses into these studies did little to advance
evidence of a genetic basis for susceptibility to dermatophyte infections. Autosomal
dominant, autosomal recessive, and no discernible pattern of inheritance for suscep-
tibility to dermatophyte infections have all found their way into the medical literature
curbing the value of these studies [45–49]. A notable limitation of these pedigree
studies is the assumption that susceptibility is a monogenic trait independent of
non-inherited factors.

More recently, the search for a link between genetics and infection was broadened
by the way of a genome-wide association study in a cohort of children for whom the
frequency of dermatophyte infection was characterized with repeated mycologic
sampling over the course of several years [50]. This study identified that over 65% of
the variability observed in infection rates could be accounted for by sequence
variations in 21 genes (Table 1). These included genes involved in leukocyte
recruitment, activation, and migration (SEMA6A, ROBO1, SLIT3, cd99L2,
CSMD1, GAB2), extracellular matrix formation, integrity and remodeling (FBLN5,
FBN2, MFAP4, SMOC2, PCDH7, MMP3, ADAM 12), epidermal development,
maintenance, and wound repair (FGF1, MAPK8, IGF1R), and skin homeostasis,
and host–pathogen interaction (LASS4, GALP, KAL1, FibCD1) (Fig. 2) [51–
94]. While these genes appear to discriminate the likelihood of chronic dermato-
phyte infections in the specific pediatric subgroup studied [50], confirming a causal
relationship will require replication in an independent cohort of children.
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Table 1 Genes identified for their association with cutaneous fungal infections

Gene locus investigated Putative mechanistic role Ref.a

ADAM12 A disintegrin and
metalloprotease 12

• Involved with remodeling of the ECM under
normal and pathological conditions

[51, 52]

AIRE Autoimmune
regulator

• Regulates expression of autoantigens and
negative selection of autoreactive T-cells

apoE Apolipoprotein E • Proposed to modulate microbial growth by
interfering with pathogen-mediated cytokine
signaling

CARD9 Caspase recruitment
domain family,
member 9

• Mediates cross talk between pattern
recognition cells and downstream signaling;
selected alleles associated with hyperkeratotic
skin conditions

[53]

cd99L2 CD99-like 2 • Extravasation of neutrophils and monocytes
into inflamed tissue including skin

[54, 55]

CLEC7A C-type lectin domain
family 7 member A

• Recognition of fungal cell wall β-glucans

CsmDI Cub and sushi
multiple domains-1

• Complement activation; recently identified as
candidate gene associated with psoriasis

[56, 57]

DOCK8 Dedicator of
cytokinesis 8

• Involved with intracellular signaling;
associated with immunodeficiency and Hyper-
IgE recurrent infection syndrome

FBLN5 Fibulin5 • Essential component of the ECM and elastin
fiber network under normal homeostatic
conditions and during periods of remodeling
and wound healing; mutations in FBLN5
disrupt the elastic properties of the skin

[58–60]

FBN2 Fibrillin-2 • Essential components of the ECM and elastin
fiber network; expression markedly
upregulated in sclerotic skin diseases

[61–63]

FGF1 Fibroblast growth
factor 1

• Epidermal development, maintenance, and
wound repair

FibCD1 Fibrinogen C domain
containing 1

• Binds chitin from invading fungi and
parasites; highly expressed in the
gastrointestinal tract

[64, 65]

GAB2 Grb2-associated
binder 2

• Participates in the activation of T- and B-cells
via cytokine- and growth factor-mediated
signaling; involved in mast cell signaling and
function in response to pathogenic stimuli

[66, 67]

GALP Galanin-like peptide • A neuropeptide expressed in dermal
microvasculature; members of this gene family
regulate cutaneous blood flow and
demonstrate the ability to inhibit the budding
and growth of Candida albicans

[68–70]

HLA Human leukocyte
antigens

• Involved in immune regulation; various
alleles identified protecting against or
predisposing to dermatophytosis

ICAM-1 Intercellular adhesion
molecule 1

• Plays a role in the trans-endothelial migration
of leukocytes

(continued)
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Table 1 (continued)

Gene locus investigated Putative mechanistic role Ref.a

IGF1R Insulin-like growth
factor 1 receptor

• Responds to IGF1 secreted from dermal
fibroblasts; dermatologic changes stimulated
by Propionibacterium acnes appear to be
mediated through the IGF/IGF1R system

[71–73]

IL-17F Interleukin 17 F • Stimulates the production of several
cytokines including IL-6, IL-8, CSF2/GM-
CSF

IL-17RA Interleukin
17 receptor A

• Binds the pro-inflammatory IL-17A inducing
the maturation of neutrophils

KAL1 Kallmann syndrome 1 • Innervates itch perception; differentially
regulated in atopic dermatitis; ortholog of a
canine antimicrobial peptide that is active on
skin

[74, 75]

Lass4 Longevity assurance
gene 4

• Involved in the formation of
n-acetylsphinganine from sphinganine;
maintains the water permeability and barrier
function of the skin; the substrate on which
LASS4 acts (sphinganine) is capable of
inhibiting mycelial development and growth
for a number of cutaneous pathogens including
T. tonsurans

[76–79]

MAPK8 Mitogen-activated
protein kinase

• Involved in TLR signaling in the skin;
implicated in the pathogenesis of psoriasis

[80]

MATN2 Matrilin-2 • Thought to be involved in the formation of
filamentous networks in the ECM

MFAP4 Microfibril-associated
protein 4

• Essential components of the ECM and elastin
fiber network under normal homeostatic
conditions and during periods of remodeling
and wound healing

[81]

MMP3 Matrix
metalloproteinase 3

• Involved with remodeling of the ECM [82–84]

MPN2 Marapsin-2 • Serine endopeptidase; possible role in
epidermal development, maintenance, and
wound repair

PCDH7 BH-protocadherin • Involved with cell–cell recognition;
upregulated during keratinocyte differentiation

[85, 86]

PTPN22 Protein tyrosine
phosphatase
nonreceptor 22

• Regulation of T-cell and B-cell antigen
receptor signaling

ROBOI Roundabout receptor
1

• Functions cooperatively with SLIT to
influence the directional migration of
monocytes and lymphocytes

[87–89]

SEMA6A Semaphorin 6A • Guides the migration of antigen-presenting
Langerhans cells out of the skin

[90, 91]

SMOC2 Secreted modular
calcium-binding
protein-2

• Involved with melanocyte function; GWAS
studies have identified an association between
SMOC2 and vitiligo which is associated with

[92–94]

(continued)
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Table 1 (continued)

Gene locus investigated Putative mechanistic role Ref.a

lower hydration and altered permeability in the
stratum corneum

SLIT3 Slit homolog 3 • Functions cooperatively with ROBO to
influence the directional migration of
monocytes and lymphocytes

[87–89]

STAT1/3 Signal transducer and
activator of
transcription

• Nuclear transcription factors that are
activated in response to interferons, cytokines,
and other growth factors

TLR3 Toll-like receptor 3 • Microbial recognition and activation of
innate immunity

TribI Tribbles homolog 1 • Binding to signaling proteins of the MAPK
pathway; mediates proliferation, apoptosis,
and differentiation in cells

ECM extracellular matrix, TLR Toll-like receptor, GWAS genome-wide association studies, MAPK
mitogen-activated protein kinase
aAdditional references are provided for some genes to supplement the text

Fig. 2 Putative role of various genes in the skins’ defense against dermatophytes (image of skin
architecture reproduced with permission # Alexander Pokusay/stock.adobe.com)
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4 Observations in Support of Causation

Among the first molecular determinants explored for their relationship with suscep-
tibility to dermatophyte infections were the human leukocyte antigens (HLA) which
play a key role in immune regulation. Though early serological testing revealed no
association between class I or class II HLA antigens and the presence of infection
[95], a more densely populated, controlled investigation suggested that HLA A26
and A33 were observed at higher frequencies in patients with chronic infection
[96]. Using polymerase chain reaction, subsequent investigations were able to offer
evidence that specific HLA haplotypes or alleles might confer susceptibility to (e.g.,
DQB1*06, DR8), or protection against (e.g., DR53, DR4, B14, DR6), dermatophyte
infections [97–100]. Unfortunately, most of these studies were largely underpow-
ered to detect differences between cases and controls (after controlling for multiple
comparisons) even when focused on genetically homogenous populations (e.g.,
Ashkenazi Jews). Nevertheless, the assertion of a link between inherited immune
dysregulation and dermatophyte infections persisted with empiric observations that
patients with atopic conditions (e.g., atopic dermatitis, asthma, allergy) experienced
higher rates of infection [101–104].

It is only in recent decades that specific gene defects, many of which interfere
with innate or adaptive immune responses, have been linked with susceptibility to
superficial fungal infections (Table 1). However, the largest fund of knowledge does
not come from studies of dermatophytoses but of chronic mucocutaneous candidia-
sis (CMC). Since there are so few studies centered solely on the dermatophytes, the
remainder of this chapter references findings from CMC as they may offer insight
into host defense pathways responsible for controlling cutaneous fungal disease.

Several inherited immunodeficiencies feature cutaneous fungal infections, though
dermatophytes are infrequently represented among these. However, widespread
dermatophyte infection has been observed in the presence of severe combined
immunodeficiency (SCID) accompanied by lymphopenia,
hypogammaglobulinemia, and reduced complement C3 and C4 [105]. CMC is a
hallmark feature of polyglandular autoimmune syndrome type 1 otherwise known as
autoimmune polyendocrinopathy with candidiasis and ectodermal dystrophy
(APECED). Mutations in the autoimmune regulator gene (AIRE) cause this rare
autosomal-recessive disease where autoantibodies contribute to markedly reduced
levels of IL-17 and IL-22 [106–108]. CMC has also been associated with a mutation
in protein tyrosine phosphatase nonreceptor 22 (PTPN22) which shares many
features with APECED [109].

Superficial fungal infections accompany sequence variations that produce global
impairments in T cell function. Mutations in a guanine nucleotide exchange factor
involved with intracellular signaling (Dedicator Of Cytokinesis 8, DOCK8) have
been associated with susceptibility to mucocutaneous fungal infections stemming
from defects in CD4+ T helper 17 (TH17) cell differentiation [110–112]. CMC has
also been linked to mutations that disrupt cytokine production and response. These
include an autosomal dominant inherited missense mutation in the IL-17F which
impairs production of this inflammatory cytokine, and an autosomal recessive
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nonsense mutation in the interleukin 17 receptor A (IL-17RA) gene which results in a
failure to express the cytokine receptor and a complete lack of response to IL-17
[113]. In this report, the IL-17F mutation was identified in two healthy familial
relations suggesting incomplete clinical penetrance [113]. Evaluations in double-
knockout mice confirm the importance of IL-17 and other TH17 derived cytokines in
conferring protection against dermatophytes [114].

Mutations in the Signal Transducer and Activator of Transcription (STAT) genes
which encode nuclear transcription factors activated in response to interferons,
cytokines, and growth factors also predispose cutaneous fungal infections. Both
CMC and concurrent, severe dermatophytoses have been reported in patients with a
STAT1 missense mutation that diminishes TH cell-mediated immunity via inhibition
of IL-12 and IL-23 signaling [115, 116]. A separate STAT1 gain-of-function muta-
tion, which impairs TH17 response, has also been associated with CMC and exten-
sive Tinea pedis [117, 118]. Additional STAT3 mutations, including STAT3
mosaicism, have been linked with CMC [119, 120]. Notably, changes in the
cutaneous microbiome accompany STAT1 and STAT3 mutations which offers a
secondary mechanism by which the immune response to cutaneous fungal pathogens
may be perturbed [121].

When considering the innate immune system, genes involved with pathogen
recognition (e.g., toll-like receptors and c-type lectin receptors) have been implicated
in the pathogenesis of cutaneous fungal infections. Mutations in toll-like receptors
(TLRs), arguably the most recognizable pathogen recognition receptors, are widely
linked with the risk of disseminated infections. However, only TLR3, more precisely
the sequence variation L412F which confers blunted cytokine release in response to
stimulation with TLR ligands, has been associated with CMC [122, 123]. In contrast,
a premature stop codon in C-Type Lectin Domain Family 7 Member A (CLEC7A,
Dectin-1) has been linked with both recurrent candidal and dermatophyte infections
[124]. The corresponding failure to recognize fungal β-glucans appears to impair the
cytokine-mediated response of mononuclear cells [125–127]. The related CLEC6A
(Dectin-2) appears to function in a similar role against Candida species; however, a
clinical link between sequence variations in CLEC6A and susceptibility to dermato-
phyte infections has not been established.

Also playing a role in cutaneous fungal infections are genes involved in the cross
talk between pathogen recognition receptors and downstream transcription factors
which drive the expression of cytokines and co-stimulatory molecules that promote
proliferation and differentiation of TH cells, specifically TH1 and TH17 cells. For
example, reports of missense and nonsense mutations in Caspase Recruitment
Domain Family Member 9 (CARD9) have been associated with dermatophyte
infections which are chronic and spread beyond the superficial keratinized tissues
[128–130].

There are also genetic associations where the mechanism is less well understood.
In patients with dermatophytosis, 2 of 6 apolipoprotein E (apoE) genotypes appear to
be present at frequencies higher (ε23) or lower (ε33) than observed in uninfected
controls [131]. Finally, there are associations with cutaneous fungal infections that,
while likely genetic in nature, have only been described at the cellular or protein
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level including lower circulating Intercellular Adhesion Molecule 1 (ICAM-1) levels
[132]; increased CD4+CD25+ T regulatory cell numbers [133]; higher numbers of
activated T lymphocytes (CD3+HLA-DR+) [134]; and higher total IgE and derma-
tophyte specific IgG4 [135–137].

We would be remiss not to highlight that far more immunomodulatory proteins
than mentioned in this chapter have been implicated in the pathogenesis of dermato-
phyte infections [138, 139]. However, the naturally occurring sequence variations
identified to date which both alter their expression/activity and influence susceptibil-
ity to infection are largely restricted to those referenced above.

5 Conclusions

Most of the causally associated sequence variations associated with the risk of
cutaneous fungal infections are sufficiently rare that they are of limited relevance
in explaining the overwhelmingly large fraction of the population who acquire
infection with no clinical indication of immune dysregulation. The heterogeneous
nature of our human population with their comparably diverse integumentary
barriers [140–146] argue that predisposition to, or protection from, infection is likely
the cumulative result of minor changes in multiple genes or gene pathways working
in concert with environmental risk factors. Additional genome-wide studies
conducted in large, well-phenotyped populations may identify genes that mediate
infection risk and, by extension, the gene targets against which therapies can be
directed to disrupt host–pathogen interactions. Until such time as these studies are
published, a definitive understanding of the genes involved remains elusive.
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Epidemiology of Dermatophytes
and Dermatophytosis



The Trichophyton rubrum Complex

Ann Packeu, Dirk Stubbe, and Marijke Hendrickx

Abstract

The most important species of the Trichophyton rubrum complex are T. rubrum,
causing mainly skin and nail infections, and Trichophyton violaceum, and
Trichophyton soudanense, which are mostly associated with Tinea capitis.
Despite their close similarity, recent polyphasic studies confirm their position
as valid and independent species with distinct clinical outcomes and geographical
distributions. Combining clinical manifestations with results obtained from phys-
iological and morphological tests can be useful for mycologists in the identifica-
tion of these closely related species. However, sequencing of the internal
transcribed spacer (ITS) regions of ribosomal DNA remains the gold standard
for correct identification of isolates belonging to this species complex.
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1 Taxonomical Developments in the Trichophyton rubrum
Complex

Trichophyton rubrum (Castell.) Sabour 1911 and Trichophyton violaceum Sabour.
ex E. Bodin 1902 are the two core species of what is now considered the T. rubrum
complex. Trichophyton violaceum was described in 1902 by Raymond Sabouraud
who isolated this species from a patient returning from Sudan [1]. Unlike other
Trichophyton species known at the time, he noticed that the cultures were slow
growing and developing a violet to aubergine color, hence the species epithet
violaceum. It was the Italian doctor Aldo Castellani, while working in Ceylon
(currently Sri Lanka), who was the first to describe Epidermophyton rubrum in
1910 which was isolated from two cases of Tinea cruris [2]. The main distinguishing
character for this new dermatophyte species was the development of red pigmenta-
tion on Sabouraud culture medium. The following year, in 1911, Raymond
Sabouraud transferred the species to the genus Trichophyton. Between 1910 and
1950, numerous new species names of dermatophytes were introduced, many of
which were later considered superfluous. In 1958, the Botanical Code for Nomen-
clature demanded the designation of a type specimen when describing a new species.
This most likely had a stabilizing effect on the dermatophyte taxonomy, which
nonetheless, remained complicated. In a 1995 review of dermatophytes, Weitzman
and Summerbell [3] gave a synopsis of the accepted dermatophyte species which
included T. rubrum, T. violaceum, Trichophyton soudanense Joyeux 1912,
Trichophyton gourvilii Catanei 1933, Trichophyton yaoundei G. Cochet and
Doby-Dub 1957 (nom. inv.), Trichophyton megninii R. Blanch 1895, Trichophyton
raubitschekii J. Kane, Salkin, Weitzman and Smitka 1981, and Trichophyton kanei
Summerb 1987, although they mentioned that some mycologists considered the
latter two species as synonyms of T. rubrum. In 2000, Gräser et al. [4] published
the first molecular phylogenetic analysis of the T. rubrum complex. They
incorporated the type specimens of Trichophyton fischeri J. Kane 1977,
Trichophyton fluviomuniense Pereiro 1968, T. kanei, Trichophyton kuryangei
Vanbreus. and S.A. Rosenthal 1961, T. raubitschekii, Trichophyton rodhainii
Vanbreus 1949, Trichophyton cerebriforme Sabour 1910, and T. violaceum var.
indicum Acton and McGuire 1929. A neotype was assigned to T. rubrum (CBS
392.58) and T. violaceum (CBS 374.92). They also included strains considered as
authentic strains of the species T. yaoundei and Trichophyton pervesii Catanei 1937,
and strains identified as Trichophyton circonvolutum Sabour 1910, Trichophyton
glabrum Sabour 1910, T. gourvilii, T. megninii, Trichophyton pedis M. Ota 1922,
T. rubrum var. nigricans Frágner 1966, and T. soudanense. In their conclusion, they
proposed a drastic reduction in names, keeping only T. rubrum and T. violaceum.
This sudden simplification did not appear to be completely accepted by the medical
community. Especially T. soudanense continued to be considered as a relevant
species in clinical surveys and case studies [5–8]. In 2008, Gräser et al. [9] proposed
an updated taxonomy for the dermatophytes, in which they listed—next to
T. violaceum and T. rubrum—also a T. rubrum “African population” (instead of
T. soudanense). They also mentioned the distinct characteristics of strains identified
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as T. megninii, but still regarded this species name as a synonym of T. rubrum based
on their phylogenetic results. The latest phylogenetic revision of the
Arthrodermataceae, in 2017, by de Hoog et al. [10], took into account the “one
fungus one name” principle, and is currently the reference for the taxonomy of
dermatophytes. Although they accepted T. soudanense as a species (assigning a
neotype IHEM 19751), they remark that it might be indistinguishable from
T. violaceum and that species borderlines should further be investigated. In two
recent publications, Su et al. [11] and Packeu et al. [12], both in 2019, zoomed in on
the T. rubrum complex and performed extensive polyphasic analyses, incorporating
many strains of African origin. Their results corroborated the status of T. soudanense
as a species in its own right. A historical overview of accepted taxa connected to the
T. rubrum complex is given in Table 1 [3, 4, 9–17]. It shows that also T. megninii,
T. gourvilii, and T. yaoundei (nom. inv.) have been accepted as species for a long
time. Following Packeu et al. [12], T. gourvilii should be considered a synonym of
T. soudanense, and strains identified as T. yaoundei are in fact white variants of
T. violaceum. On the other hand, T. megninii and T. kuryangei appear to be distinct
entities, though this conclusion was based only on a few strains and merits additional
research. As these two species are rather rare and geographically restricted
(T. megninii: Portugal and Sardinia; T. kuryangei: central Africa), we will discuss

Table 1 Historical overview of accepted species related to the T. rubrum complex

Sabouraud [13]
Ota and
Langeron [14] Emmons [15] Ajello [16]

Matsumoto and
Ajello [17]

T. circonvolutum Sabouraudites
ruber

T. megninii T. gourvilii T. gourvilii

T. glabrum S. violaceus T. rubrum T. megninii T. megninii

T. rosaceum T. circonvolutum T. violaceum T. rubrum T. rubrum

T. vinosum T. megninii T. soudanense T. soudanense

T. violaceum T. pedis T. violaceum T. violaceum

T. yaoundei
(nom. inv.)

T. yaoundei
(nom. inv.)

Weitzman and
Summerbell [3]

Gräser et al. [4] Gräser et al.
[9]

de Hoog et al.
[10]

Su et al. [11]
Packeu et al.
[12]

T. gourvilii T. rubrum T. rubrum T. rubrum T. rubrum

T. kanei T. violaceum T. rubrum
“Afr. pop.”

T. soudanense T. soudanense

T. megninii T. violaceum T. violaceum T. violaceum

T. raubitschekii (T. kuryangei)

T. rubrum (T. megninii)

T. soudanense

T. violaceum

T. yaoundei (nom.
inv.)

Nom. inv. invalid name, Afr. pop. African population
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in this chapter only the three main species of the T. rubrum complex, being
T. rubrum, T. violaceum, and T. soudanense.

2 The Big Three of the Complex

Since the 1950s, T. rubrum is widely reported and the most prevalent species
involved in chronic skin and nail infections. Important risk factors are a family
history of Tinea pedis, onychomycosis and advanced age [18]. Its universal predom-
inance can be explained by a shift in lifestyle of the population, such as the use of
modern occlusive footwear, causing humidity, and leading to maceration, thus
promoting the emergence of Tinea pedis and toenail onychomycosis [19, 20], and
the common use of sport facilities, pools, or showers [21]. Moreover, the develop-
ment of new antifungal drugs such as griseofulvin in 1958, leading to the disappear-
ance of both Microsporum audouinii and Trichophyton schoenleinii from central
Europe, can also be linked to the rise of T. rubrum infections [22]. On the contrary,
T. violaceum and T. soudanense which are predominant in arid climate zones of
western China, Africa, and the Middle East, mostly cause Tinea capitis with clinical
appearance varying from asymptomatic carriage to kerion, favus, scalp penetration,
and black dot infections [23–26]. Both species share the same prevalent sites of
isolation, i.e., scalp and hair (penetrating the hair shaft—endothrix) (Fig. 1), but
show different geographical distributions. While T. violaceum is reported as a major
causal agent of Tinea capitis in the Middle East and in East African countries,
T. soudanense is predominantly observed in West African countries such as Mali

Fig. 1 Endothrix colonization of the hair
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and Senegal. The appearance of these two species in outbreaks of Tinea capitis in
several European countries is linked to human migration [23]. Clarification of the
taxonomy of this group is crucial for correct identifications in routine analyses and to
allow detailed epidemiological studies.

3 How to Recognize the Three Main Taxa?

3.1 Molecular Characterization

Nomenclature of the members of the T. rubrum complex has a long history.
Synonymy of different species, based on a molecular phylogeny, was first proposed
in 2000 by Gräser et al. [4] who reclassified all members as T. rubrum and
T. violaceum. Trichophyton soudanense was considered a synonym of
T. violaceum. However, results from Ohst et al. [27] in 2004 obtained via
microsatellite-typing grouped isolates of T. soudanense with T. rubrum rather than
with T. violaceum. A 2008 study of Gräser et al. [28] listed isolates of T. soudanense
this time as part of an “African population” of T. rubrum. Meanwhile, the name
T. soudanense remained to be used all over the world in routine clinical analysis.
Tinea capitis reports from New Zealand [29], USA [7], Mali [30], and Italy [31], all
(morphologically) identified and reported both T. soudanense and T. violaceum as
the causal agents. This illustrates their distinctive phenotypes and the wide accep-
tance of both species concepts in the medical community.

Despite their close genetic similarity, two recent polyphasic studies confirm the
position of T. rubrum, T. soudanense, and T. violaceum as valid and independent
species [11, 12] as proposed in 2017 by de Hoog et al. [10]. In order to delineate
these taxonomic entities, the combination of molecular, phenotypic, and physiologi-
cal characterization was needed.

Mainly sequencing of the internal transcribed spacer (ITS) regions of ribosomal
DNA (rDNA) revealed the taxonomy of these three closely related species. Several
studies already confirmed that the ITS regions provide sufficient phylogenetic
resolution to support the different lineages within the genus Trichophyton. Adding
the β-tubulin sequence data does not provide any additional support [10, 12, 32–
34]. Indeed, studies performed by Su et al. [11] and Packeu et al. [12] using ITS
alignments showed the existence of three species in the T. rubrum complex which
are interpreted as T. rubrum, T. soudanense, and T. violaceum. In certain strains
identified as T. soudanense, Packeu et al. [12] have discovered a deletion of 37 base
pairs in the otherwise conserved region of ITS1 without resulting in a separate
position in the multilocus sequence analysis. Currently other molecular methods,
such as amplified fragment length polymorphism (AFLP), and Matrix-Assisted
Laser Desorption/Ionization Time-Of-Flight Mass Spectrometry (MALDI-TOF
MS) do not have enough discriminatory power to accurately distinguish isolates of
these three different species [35].

An alternative and interesting hypothesis was suggested in 2018 by Zhan et al.
[32]. In this study, it was proposed that T. violaceum could be a phenotypically
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different strain of T. rubrum, showing epigenetic changes when growing on either
the scalp or naked skin. Whole-genome sequencing was applied on a clinical strain
of both species and draft sequences were compared regarding proteases and
adhesins, which are key virulence factors for dermatophytes. The genome size of
T. violaceum (23.4 Mb) appeared to be larger than that of T. rubrum (22.3 Mb). Gene
families of secreted proteases appeared to be conserved throughout the members of
the Arthrodermataceae family. However, the clinical difference of both species
might partially be explained by the differences in the production of adhesins
which determine host tissue adherence. While both species have 17 putative
adhesins in common, four are specific for T. rubrum and eight for T. violaceum.
Performing multilocus phylogeny and genome comparison underlined once again
the close affinity between both dermatophyte species. Nevertheless, further explora-
tion of the genomes, has proven useful to uncover and understand the exact
biological relationships between the species of the Trichophyton rubrum species
complex.

3.2 Phenotypical Characterization

Over a large period of time, diverse morphological studies on the members of the
complex have been performed. Striking is the slower growth of the colonies of
T. soudanense and T. violaceum in comparison with isolates of T. rubrum. This latter
species displays colonies which are fluffy to cottony, white, sometimes becoming
pink when aging and with a wine-red to olive reverse (Fig. 2a). In contrast, strains
identified as T. soudanense are usually slightly wrinkled, and predominantly yellow
to orange with yellow-orange to brownish reverse producing star-like colonies with
irregular margins, while others can be more cottony with more regular, smooth
margins (Fig. 2b). Strains of the T. violaceum group are white/purple, white/beige, or
pink, with a purple to brown reverse (Fig. 2c). Microscopically, no microconidia are
observed in isolates of T. violaceum (Fig. 3c), while these are generally present in
T. rubrum and T. soudanense (Fig. 3a, b). The microconidia from the latter species
are clavate to piriform and reflexive branching is mostly observed (Fig. 3b).

Physiological tests revealed that all members of the complex were positive for
hydrolysis of urea at 24 �C [11]. Only isolates belonging to T. soudanense and
T. violaceum were able to hydrolyze Bromocresol Purple-Milk solids-Glucose Agar
(BCP) when incubated at 37 �C, and this property was usually associated with the
presence of asymmetrical chlamydospores [9, 12]. Based on the results obtained via
the lipolysis of Tween 80, T. violaceum has a higher lipolytic ability than the other
two species [11]. Since Tween 80 is derived from polyethoxylated sorbitan and oleic
acid, it can be used as an indicator of the production of lipolytic enzymes [36]. The
reduced lipolytic ability of T. rubrum can be linked to the fact that it infects glabrous
skin resulting in the direct degradation of the epidermis of the skin in contrast to
T. violaceum which enters the more lipid-rich central hair shaft [37]. As proposed by
Su et al. [11], the limited hydrolytic capacity of T. soudanense may be associated
with a dryer hair-type prevalent in Africa, explaining the different patterns between
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Fig. 2 Colony characteristics of Trichophyton rubrum (a), Trichophyton soudanense (b), and
Trichophyton violaceum (c). Trichophyton rubrum (a) displays colonies which are fluffy to cottony,
white, sometimes becoming pink when aging and with a wine-red to olive reverse. Colonies of
Trichophyton soudanense (b) are slightly wrinkled and predominantly yellow to orange with
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both species involved in Tinea capitis. In the same study, the hair perforation test
was performed and all analyzed strains were consistently negative. These findings
indicate that these fungi are not capable to degrade the keratinous hair cuticle in vitro
[11, 38, 39].

Clinical manifestations, morphological examination, and the results of physio-
logical tests can be combined to identify these three closely related species. How-
ever, for routine diagnostics sequencing of the ITS regions remains the gold
standard, and is sufficient to discriminate between these three species of the
complex.

4 Antifungal Treatment and Resistance

The antifungal agents (oral and topical) that are predominantly used for the treatment
of dermatophytosis are the azoles and allylamines, both targeting the ergosterol
biosynthesis pathway. The latter class of antifungals, with terbinafine being the
most commonly used agent, are considered to be the first-line drug against dermato-
phyte infections. This drug inhibits the squalene epoxidase (SQLE) and leads to an
accumulation of squalene and a depletion in the ergosterol content of the plasma
membrane, and finally results in fungal growth inhibition [40, 41]. The other group
of widely used drugs, the azoles such as fluconazole, itraconazole, and voriconazole,
act downstream of the SQLE reaction by inhibition of lanosterol 14-α-demethylase
thus resulting in an accumulation of sterol precursors [42]. Despite the long-term and
extensive use of these antifungals, resistance remained low [43–47]. However,
recent studies have demonstrated the emergence of a worldwide reduced sensitivity
to these specific drugs [48–54].

Several studies [50, 51, 55, 56] demonstrated terbinafine resistance in clinical
T. rubrum isolates, with the first report published in 2003 by Mukherjee et al.
[54]. The molecular mechanism of resistance of these isolates to terbinafine could
be attributed to point mutations in the SQLE target gene leading to single amino acid
substitutions at 1 of 4 positions (Leu393, Phe397, Phe415, and His440) of the SQLE
protein [51]. So far it is not clear how terbinafine resistance was acquired in these
isolates. In order to provide more insight in this acquired resistance, molecular
analysis of sequential isolates from the same patients should be performed. More-
over, resistance of T. rubrum isolates to azole compounds was recently reported for
the first time by Monod et al. [48] and it was demonstrated to be mediated by an
increased expression of genes encoding some efflux pumps.

Antifungal resistance has not yet been reported for isolates of T. violaceum and
T. soudanense. However, there are an increasing number of cases of resistance in
dermatophytes reported worldwide. Currently, an epidemic of recalcitrant

Fig. 2 (continued) yellow-orange to brownish reverse producing star-like colonies with irregular
margins. Other strains can be more cottony with more regular, smooth margins. Isolates of
Trichophyton violaceum are white/purple, white/beige, or pink, with a purple to brown reverse
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Fig. 3 Microscopic morphological characteristics of Trichophyton rubrum (1a—IHEM 2200,
2a—IHEM 13801, 3a—IHEM 13767), Trichophyton soudanense IHEM 22465 (b), and
Trichophyton violaceum (c). Microscopically, clavate to piriform microconidia are observed
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T. mentagrophytes infections is ongoing in India and caused by one specific “Indian
genotype” [57]. Because T. rubrum is globally the most prevalent dermatophyte at
the moment, it is worthwhile to monitor epidemiological developments also in the
T. rubrum species complex, and to continue to scan for putative-resistant genotypes.
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Microsporum ferrugineum: The Renaissance
of a Forgotten Dermatophyte
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Abstract

In Germany, the anthropophilic dermatophyte Microsporum ferrugineum has
been rarely isolated for the last 50 years. Currently, started in 2016,
M. ferrugineum strains were occasionally identified although this dermatophyte
is difficult to differentiate from Microsporum audouinii or Microsporum canis.
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Furthermore, a small outbreak of infections was observed in Germany. From July
2016 until April 2019, 19 patients withM. ferrugineum infections were diagnosed
all over Germany. This included 15 both culture and molecular confirmed cases,
and four cases exclusively diagnosed based on sequencing of fungal DNA.
Cultural analysis revealed slowly growing colonies with white thallus and periph-
eral yellow-brownish submerged hyphae bundles. The reverse side of the
furrowed colonies showed cream color to yellow staining. Microscopically, big
spherical and oval double-walled intercalary-localized chlamydospores, typical
“bamboo” hyphae, and acute-angled branched hyphae were observed. Fungal
culture material from all isolates was identified by polymerase chain reaction
(PCR), Sanger sequencing of the internal transcribed spacer (ITS) region, and/or
the translation elongation factor (TEF)-1α gene. Results were referred to the M.
ferrugineum CBS 497.48 strain (Centraalbureau voor Schimmelcultures CBS,
Utrecht, The Netherlands, www.westerdijkinstitute.nl). Patients were children
and adolescents under 18 years, mainly males. Suggested source of infection
was martial sports, e.g., wrestling, judo, and boxing. Surprisingly, a significant
part of affected patients were Germans of Russian descent. A migrant 3-year-old
boy from Afghanistan suffering from Tinea capitis was also among the patients.
Another strain was isolated from a 10-year-old wrestler with suspected Tinea
corporis. There was no migration background or contact to foreigners, the boy
did not stay abroad. The mycological challenge is the cultural identification ofM.
ferrugineum due to the morphological similarity not only to M. canis, but also to
M. audouinii, and Trichophyton verrucosum. Phylogenetic analysis of ITS region
of ribosomal DNA and the TEF-1α gene was performed using MEGAX, the
statistical maximum likelihood method, and the Tamura-Nei substitution model.
Bootstrapping was performed with 1000 replicates. The alignment of the ITS
sequences (partial 18.S, ITS1, 5.8S, ITS2, partial 28.S) with known sequences
deposited at the Genbank database available at the National Center for Biotech-
nology Information (NCBI), Bethesda, Maryland, U.S., clearly identified the
M. ferrugineum strains after cultural analysis. The phylogenetic analysis of the
dermatophytes—the dendrogram of fungal strains—demonstrated the genetic
differences between M. ferrugineum strains and M. audouinii or M. canis. The
three species could be clearly distinguished from each other. In particular,
sequencing of the TEF-1α gene allowed a better differentiation between M.
ferrugineum and M. audouinii or M. canis than sequencing of the ITS 2 region.

Meanwhile, the M. ferrugineum strain 208361/2016 is deposited at the
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, German
Collection of Microorganisms and Cell cultures) in Braunschweig, Germany
(DSM no. 103785). The DNA sequences of the M. ferrugineum strains were
deposited as MF173061—ITS—and as MF173060—TEF-1α gene sequence—at
the Genbank database. In Germany, the isolation of M. ferrugineum was not
described during the last decades. Nowadays, an infection with this forgotten
dermatophyte needs to be considered, in particular for migrants and asylum
seekers. The species identification of M. ferrugineum represents a challenge for
the dermatologist. If there are morphological and microscopic features suspicious
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for this rare Microsporum species, molecular identification of the causative
pathogen is essential. For oral therapy of Tinea capitis due to M. ferrugineum,
griseofulvin should be applied, alternatively itraconazole or fluconazole.

1 Introduction

Microsporum ferrugineum was initially described by Ota in 1921 as a dermatophyte
causing Tinea capitis in Japan and surrounding areas [1]. Once classified, it belonged
to the genus Trichophyton; however, after the observation of typical rough-walled
macroconidia, the fungus was finally classified in the genus Microsporum [2]. In
Germany and Europe, the anthropophilic dermatophyte M. ferrugineum has been
rarely isolated for the last 50 years. However, it was first isolated in Germany in 1970
by Garske and Nuber [3]. The famous German mycologist Luise Krempl-Lamprecht
from Munich published the next case in 1982 [4]. Currently, started in 2016,
M. ferrugineum strains were occasionally identified although this dermatophyte is
difficult to differentiate from Microsporum audouinii and Microsporum canis.
Furthermore, a small outbreak of infections was observed in Germany.

2 Methods

2.1 Patients

Based both from routine diagnostics of the laboratory Mölbis, Germany, and from
cultures sent for fungal species identification, 19 patients (all out-patients) with
dermatomycoses and Tinea capitis due to M. ferrugineum have been diagnosed all
over Germany in the last 3 years (Table 1). From these 19 patients, we were able to
detect altogether 25 isolates (mainly cultures, but also DNA samples) of M.
ferrugineum.

The majority of the patients was of male (n¼ 16) gender, there was one girl, only,
among the patients. For the remaining patients, the gender was not told. The age
range was from three to 13 years. The kids suffered predominantly from Tinea
capitis (n ¼ 13). Three children had Tinea corporis, two Tinea faciei. At least,
altogether six children were of Russian German origin, but living for years in
Germany. Two kids were migrants, one of them originating from Afghanistan.

2.2 Conventional Cultural Diagnostics

In mycological routine diagnostics, scrapings from centrifugal lesions of the free
skin and hair roots from lesions of the capillitium were cultured on Sabouraud 4%
dextrose agar (Sifin, Berlin, Germany), and, additionally, on cycloheximide
(Actidione®)-containing Sabouraud dextrose agar (Becton Dickinson, Heidelberg,

Microsporum ferrugineum: The Renaissance of a Forgotten Dermatophyte 213



Ta
b
le

1
M
ic
ro
sp
or
um

fe
rr
ug

in
eu
m
st
ra
in
s
id
en
tifi

ed
or

de
te
ct
ed

fr
om

sk
in

sw
ab
s/
sk
in

sc
ra
pi
ng

s
in

th
e
la
b
M
öl
bi
s,
G
er
m
an
y,

fr
om

Ju
ly

20
16

un
til

A
pr
il
20

19

N
o.

L
ab

no
.M

öl
bi
s

G
en
de
r

A
ge

in ye
ar
s

G
eo
gr
ap
hi
c

re
gi
on

in
G
er
m
an
y

M
at
er
ia
la
nd

di
ag
no

st
ic

in
ve
st
ig
at
io
n

K
in
d
of

T
in
ea

P
at
ie
nt
’s
hi
st
or
y

D
at
e

Id
en
tifi

ca
tio

n
by se
qu

en
ci
ng

1
20

83
61

/1
6

M
al
e

3
G
öt
tin

ge
n,

L
ow

er
S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d
P
C
R

T
in
ea

ca
pi
tis

M
ig
ra
nt

(R
ef
ug

ee
)

Ju
ne

20
16

IT
S
,T

E
F
-1
α

20
96

65
/1
6

M
al
e

3
G
öt
tin

ge
n,

L
ow

er
S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
an
d

ha
ir
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d

P
C
R

T
in
ea

ca
pi
tis

Ju
ne

20
16

2
21

01
68

/1
6

M
al
e

10
S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d
P
C
R

T
in
ea

co
rp
or
is

W
re
st
le
r

Ju
ly

20
16

IT
S
,T

E
F
-1
α

3
20

55
48

/1
7

M
al
e

8
Z
w
ic
ka
u,

S
ax
on

y
F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

co
rp
or
is

A
pr
il
20

17
IT
S
,T

E
F
-1
α

4
21

57
35

/1
7

M
al
e

4
Z
w
ic
ka
u,

S
ax
on

y
F
un

ga
lc
ul
tu
re

an
d

P
C
R

M
ar
tia
l
ar
ts

B
ro
th
er

of
pa
tie
nt

3
O
ct
ob

er
20

17
IT
S
,T

E
F
-1
α

21
68

00
/1
7

M
al
e

4
Z
w
ic
ka
u,

S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
an
d

P
C
R

T
in
ea

ca
pi
tis

O
ct
ob

er
20

17

5
21

66
60

/1
7

M
al
e

13
P
ul
sn
itz
,S

ax
on

y
F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

co
rp
or
is

(s
id
e
of

tr
un

k)

F
oo

tb
al
l
w
ith

A
ra
bi
c

ch
ild

re
n

O
ct
ob

er
20

17
IT
S
,T

E
F
-1
α

6
21

98
89

/1
7

M
al
e

4
S
ch
ne
ck
en
gr
ün

,
S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d
P
C
R

T
in
ea

co
rp
or
is

(t
ru
nk

)

D
ec
em

be
r

20
17

IT
S
,T

E
F
-1
α

7
20

10
48

/1
8

M
al
e

10
S
ch
or
nd

or
f,

B
ad
en
-

W
ur
tte
m
be
rg

S
ki
n
sw

ab
an
d
P
C
R

M
ar
tia
l
ar
ts
,b

ox
fi
gh

t
F
ro
m

U
kr
ai
ne

Ja
nu

ar
y

20
18

20
25

57
/1
8

M
al
e

10
S
ch
or
nd

or
f,

B
ad
en
-

W
ur
tte
m
be
rg

S
ki
n
sc
ra
pi
ng

s
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d
P
C
R

T
in
ea

fa
ci
ei

(f
or
eh
ea
d)

F
eb
ru
ar
y

20
18

IT
S
,T

E
F
-1
α

214 S. Uhrlaß et al.



8
20

78
88

/1
8

M
al
e

9
S
ch
or
nd

or
f,

B
ad
en
-

W
ur
tte
m
be
rg

S
ki
n
sw

ab
an
d
P
C
R

B
ro
th
er

of
pa
tie
nt

7
(2
02

55
7/
20

18
)

M
ay

20
18

9
20

59
57

/1
8

M
al
e

T
üb

in
ge
n,

B
ad
en
-

W
ur
tte
m
be
rg

P
ro
f.
M
ar
tin

S
ch
al
le
r

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

Ju
do

ka
ha
vi
ng

de
ve
lo
pe
d
in
fe
ct
io
n

af
te
r
vi
si
tin

g
hi
s

ho
m
el
an
d
in

A
fr
ic
a

M
ar
ch
/

A
pr
il
20

18
IT
S
,T

E
F
-1
α

10
20

59
58

/1
8

M
al
e

T
üb

in
ge
n,

B
ad
en
-

W
ur
tte
m
be
rg

P
ro
f.
M
ar
tin

S
ch
al
le
r

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

Ju
do

ka
?

M
ar
ch
/

A
pr
il
20

18
IT
S
,T

E
F
-1
α

11
20

77
36

/1
8

M
al
e

10
G
re
if
sw

al
d,

M
ec
kl
en
bu

rg
-

W
es
te
rn

P
om

er
an
ia

L
ab
or
at
or
y

R
os
to
ck

F
un

ga
lc
ul
tu
re

an
d

P
C
R

M
ay

20
18

IT
S
,T

E
F
-1
α

12
20

82
87

/1
8

M
al
e

10
B
ay
re
ut
h,

B
av
ar
ia

L
ab

D
r.
D
os
tm

an
n

L
ei
pz
ig

S
ki
n
sc
ra
pi
ng

s
w
ith

fu
ng

al
cu
ltu

re
gr
ow

th
an
d
P
C
R

T
in
ea

ca
pi
tis

M
ig
ra
nt

M
ay

20
18

T
E
F
-1
α

13
21

08
07

/1
8

F
em

al
e

6
Z
el
la
-M

eh
lis
,

T
hu

ri
ng

ia
S
ki
n
sc
ra
pi
ng

s
an
d

P
C
R

T
in
ea

fa
ci
ei

(f
or
eh
ea
d)

S
is
te
r
of

pa
tie
nt

14
R
us
si
an

G
er
m
an
,

m
ar
tia
l
ar
ts

Ju
ne

20
18

T
E
F
-1
α

21
39

06
/1
8

F
em

al
e

6
Z
el
la
-M

eh
lis

T
hu

ri
ng

ia
D
an
dr
uf
f
an
d
P
C
R

T
in
ea

ca
pi
tis

A
ug

us
t

20
18

T
E
F
-1
α

(c
on

tin
ue
d)

Microsporum ferrugineum: The Renaissance of a Forgotten Dermatophyte 215



Ta
b
le

1
(c
on

tin
ue
d)

N
o.

L
ab

no
.M

öl
bi
s

G
en
de
r

A
ge

in ye
ar
s

G
eo
gr
ap
hi
c

re
gi
on

in
G
er
m
an
y

M
at
er
ia
l
an
d

di
ag
no

st
ic

in
ve
st
ig
at
io
n

K
in
d
of

T
in
ea

P
at
ie
nt
’s
hi
st
or
y

D
at
e

Id
en
tifi

ca
tio

n
by se
qu

en
ci
ng

14
21

08
08

/1
8

M
al
e

10
Z
el
la
-M

eh
lis
,

T
hu

ri
ng

ia
D
an
dr
uf
f
an
d
P
C
R

T
in
ea

ca
pi
tis

B
ro
th
er

of
pa
tie
nt

13
R
us
si
an

G
er
m
an
,

m
ar
tia
l
ar
ts

Ju
ne

20
18

T
E
F
-1
α

21
64

87
/1
8

M
al
e

10
Z
el
la
-M

eh
lis
,

T
hu

ri
ng

ia
S
ki
n
sc
ra
pi
ng

s
fr
om

da
nd

ru
ff
,c
on

tr
ol

in
ve
st
ig
at
io
n,

an
d

P
C
R

T
in
ea

ca
pi
tis

S
ep
te
m
be
r

20
18

15
21

61
24

/1
8

M
al
e

11
O
el
sn
itz
,

S
ax
on

y
S
ki
n
sc
ra
pi
ng

s
an
d

P
C
R

T
in
ea

ca
pi
tis

W
re
st
le
r

S
ep
te
m
be
r

20
18

T
E
F
-1
α

16
20

21
08

/1
9

M
al
e

F
re
ib
ur
g,

B
ad
en
-

W
ur
tte
m
be
rg

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

W
re
st
le
r

F
eb
ru
ar
y

20
19

IT
S
,T

E
F
-1
α

17
60

01
52

/1
9

F
re
ib
ur
g,

B
ad
en
-

W
ur
tte
m
be
rg

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

C
ap
ill
iti
um

/
ha
ir
ro
ot
s

W
re
st
le
r

R
us
si
an

G
er
m
an

M
ar
ch

20
19

IT
S
,T

E
F
-1
α

18
60

01
78

/1
9

M
al
e

F
re
ib
ur
g,

B
ad
en
-

W
ur
tte
m
be
rg

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

W
re
st
le
r,
br
ot
he
r
of

pa
tie
nt

17
(6
00

15
2/
19

)
R
us
si
an

G
er
m
an

A
pr
il
20

19
IT
S
,T

E
F
-1
α

19
60

01
79

/1
9

F
re
ib
ur
g,

B
ad
en
-

W
ur
tte
m
be
rg

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

W
re
st
le
r

C
hi
ld
,R

us
si
an

G
er
m
an

20
18

A
pr
il
20

19
IT
S
,T

E
F
-1
α

60
01

80
/1
9

F
re
ib
ur
g,

B
ad
en
-

W
ur
tte
m
be
rg

F
un

ga
lc
ul
tu
re

an
d

P
C
R

T
in
ea

ca
pi
tis

W
re
st
le
r

C
hi
ld
,R

us
si
an

G
er
m
an

U
nd

er
or
al
te
rb
in
afi
ne

tr
ea
tm

en
t

A
pr
il
20

19
IT
S
,T

E
F
-1
α

A
ll
st
ra
in
s
w
er
e
id
en
tifi

ed
by

se
qu

en
ci
ng

th
e
IT
S
re
gi
on

s
an
d/
or

T
E
F
-1
α
ge
ne

an
d
co
m
pa
ri
so
n
w
ith

se
qu

en
ce
s
de
po

si
te
d
at
th
e
N
C
B
I
da
ta
ba
se

IT
S
in
te
rn
al
tr
an
sc
ri
be
d
sp
ac
er
,T

E
F
-1
α
ge
ne

tr
an
sl
at
io
n
el
on

ga
tio

n
fa
ct
or
-1
α
ge
ne

216 S. Uhrlaß et al.



Germany). In case of fast-growing flat fungal colonies with a white or beige and
partly yellowish color and a submerse periphery in the agar that are typical for M.
ferrugineum, the fungi were further analyzed. Microscopic Lactophenol Cotton Blue
preparations were performed from these colonies. Identification was confirmed by
DNA sequencing.

2.3 Molecular Biological Diagnostics

For confirmation of the suspected dermatophyte species, Sanger sequencing of the
ribosomal DNA (rDNA), mainly the regions ITS 1, 5.8S rRNA, ITS 2, and the
translation elongation factor (TEF)-1α gene were performed for all strains to identify
dermatophytes at a species level after extracting DNA from fungal cultures [5–7]. This
required PCR amplification of a �900 bp DNA fragment using universal primers that
bind to flanking pan-fungal sequence regions. The following primers were used for
sequencing of the ITS region of the rDNA:V9G50-TTACGTCCCTGCCCTTTGTA-30

and LSU266 50-GCATTCCCAAACAACTCGACTC-30.
The length of the analyzed region in the TEF-1α gene varied from 709 to

769 nucleotides among the various dermatophyte species. Primers EF-DermF
EF1a-F 50CACATTAACTTGGTCGTTATCG 30 and EF-DermR
50CATCCTTGGAGATACCAGC30 were used for sequencing [5].

3 Results

3.1 Clinical Characterization of Patients Affected by
Dermatophytosis

From July 2016 until April 2019, in total 19 patients withM. ferrugineum infections
were diagnosed all over Germany. This included 15 both culture and molecular
confirmed cases, and four cases exclusively diagnosed based on sequencing of
fungal DNA.

Patients were children and adolescents under 18 years, mainly males (Table 1).
They were found in the following geographical regions of the country: Lower
Saxony (1 patient), Saxony (6), Baden-Wurttemberg (8), Thuringia (2),
Mecklenburg-Western Pomerania (1), and Bavaria (1).

3.2 Clinical Summary—Selected Case Reports

3.2.1 Patient 1
A 3-year-old Afghan boy (Patient no. 1, see Table 1) together with his family—
refugees and asylum seekers—immigrated to Germany. The first 2 months, the
family lived in a refugee’s camp. The boy developed gray-patch Tinea capitis.
From skin scrapings from the scalp grew fast, white to yellow in subculture, flat,
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central-folded colonies with submerged hyphae bundles at the periphery (isolate lab
no. 208361/2016 and 209665/16, Fig. 1a). The reverse side of the furrowed colonies
showed yellow staining (Fig. 1d). Microscopically, bamboo and racquet hyphae
were detected, from which acute-angled branched hyphae developed (Fig. 2a). Big
spherical and oval double-walled intercalary-localized chlamydospores were
observed as typical feature of both M. ferrugineum and M. audouinii.

3.2.2 Patient 2
Another strain was isolated from a 10-year-old wrestler (Patient no. 2, see Table 1)
with suspected Tinea corporis. There was no migration background or contact to
foreigners, the boy did not stay abroad.

3.2.3 Patient 3
An 8-year-old boy (Patient no. 3, see Table 1) from Saxony suffered from Tinea
corporis due to M. ferrugineum. Clinical information and patient’s history were not
available for this child. However, other boys from the same town in Saxony showed
dermatophytoses due toM. ferrugineum as well. At least, one of them, the brother of
the here described boy, was active in martial arts.

Fig. 1 Colony morphology ofMicrosporum ferrugineum on Sabouraud dextrose agar. (a) Subcul-
ture on agar plate with yellow, flat, central-folded colonies with submerged hyphae bundles at the
periphery. Isolate from a 3-year-old boy from Afghanistan (Patient no. 1, Table 1). (b) Slow
growing cerebral and verrucous colonies (subculture) with beige, peripheral submerged hyphae
bundles. Isolate from a male patient, practicing judo (Patient no. 10, Table 1). (c) Slowly, but flat
and radiating growing dermatophyte with partly white thallus and peripheral beige brownish
submerged hyphae bundles. Primary culture of an isolate of an 8-year-old boy (Patient
no. 3, Table 1). (d) The reverse side of the furrowed colonies showed bright yellow staining.
Isolate from a 3-year-old boy from Afghanistan (Patient no. 1, Table 1). (e) The reverse side of the
furrowed colonies showed dark yellow to brown staining. Isolate from a male patient with Tinea
capitis developed after visiting his homeland in Africa (Patient no. 9, Table 1)
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3.3 Mycological Characterization

3.3.1 Cultural Features of Microsporum ferrugineum
The mycological challenge is the cultural identification ofM. ferrugineum due to the
morphological similarity not only to M. canis, but also to M. audouinii, and
Trichophyton verrucosum. Cultural analysis of the here presented isolates revealed
both fast (Fig. 1a), but also slow (Fig. 1b) growing colonies with a white to grayish
and beige thallus and peripheral yellow-brownish submerged hyphae bundles. The
reverse side of the furrowed colonies showed cream to yellow staining (Fig. 1e). The
isolates showed different growth on various dermatophyte agar, i.e., several strains
grew on agar no. 1–7, one strain on all agars and one isolate on all except agar
no. 6. Morphological-based differentiation of all isolates revealed Microsporum
species, e.g., M. audouinii or M. ferrugineum.

3.3.2 Microarchitecture of Microsporum ferrugineum
Microscopically, big spherical and oval double-walled intercalary-localized round
and oval chlamydospores (Fig. 2b), together with typical “bamboo” hyphae were
observed. The strains showed also racquet hyphae, which are typically intrinsic for
M. audouinii. While fungi developed acute-angled branched hyphae, neither
microconidia, nor macroconidia were found in all analyzed strains.

3.3.3 Molecular Identification of Microsporum ferrugineum
The sequence of each strain was aligned to sequences of reference strains from the
databases. Based on the principle of similarity search (BLASTn search), individual
strains were identified down to the species level by using the validated Online
Dermatophyte Database of the Westerdijk Fungal Biodiversity Institute (formerly

Fig. 2 Microscopic features of Microsporum ferrugineum on Sabouraud dextrose agar. (a) Bam-
boo, but also racquet hyphae appeared together with big spherical oval double-walled intercalary-
localized chlamydospores (Lactophenol Cotton Blue staining). (b) Microscopic picture of big
spherical oval double-walled chlamydospores (Lactophenol Cotton Blue staining)
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Centraalbureau voor Schimmelcultures CBS, Utrecht, The Netherlands, “www.
westerdijkinstitute.nl”). The reference strain used for identification of the
dermatophytes was M. ferrugineum CBS 497.48. The comparison of the obtained
ITS 2 sequences with sequences deposited at the Genbank database available at the
National Center for Biotechnology Information (NCBI), Bethesda, Maryland, U.S.,
confirmed the species identification.

3.3.4 Phylogenetic Tree of Microsporum ferrugineum and Other
Microsporum Species

The phylogenetic analysis of the dermatophytes—the dendrogram of fungal
strains—based on ITS region of rDNA and TEF-1α gene sequences allows genetic
differentiation between M. ferrugineum and the closely related M. canis and M.
audouinii (Fig. 3a, b and Table 2). The three species could be clearly distinguished
from each other. In particular, sequencing of the TEF-1α gene allowed a better
differentiation of M. ferrugineum and M. audouinii or M. canis than sequencing of
the ITS 2 region.

3.4 Deposition of the Isolates in Gene Databases and Strain
Collections

Both ITS region and TEF-1α gene sequences of some strains were deposited at the
Genbank database, the ISHAM-ITS-Database and at the “Fungal MLST Database”.
The DNA sequences of strain 208361/2016 (Patient no. 1, see Table 1) were
deposited as MF173061—ITS region—and as MF173060—TEF-1α gene—at the
Genbank database. In addition, this strain was deposited at the “Deutsche Sammlung
von Mikroorganismen und Zellkulturen” (DSMZ, German Collection of
Microorganisms and Cell cultures) in Braunschweig, Germany, with the DSM
no. 103785.

4 Discussion

4.1 Clinical Symptoms and Predisposing Factors

The anthropophilic dermatophyte M. ferrugineum causes an ectothrix infection of
hair roots at the scalp and an inflammatory erythematosquamous Tinea corporis.
Recently, a deep dermatophytosis caused by M. ferrugineum was reported in a
patient from China [8]. As a mutation of the Caspase recruitment domain protein
9 (CARD9) which is responsible for immunodeficiency predisposes individuals to
suffer from severe dermatophytosis caused by fungi of the genus Trichophyton, this
mutation might also serve as a predisposing factor for this infection [8]. Kosanke
et al. [9] identified the Mating Type (MAT) locus idiomorphs of M. ferrugineum as
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ITS rDNA

Microsporum ferrugineum

Microsporum canis

Microsporum audouinii

Nannizzia persicolor

TEF1 - α

Microsporum ferrugineum

Microsporum canis

Microsporum audouinii

Nannizzia persicolor

Fig. 3 The phylogenetic analysis of the dermatophytes—the dendrogram of fungal strains—based
on ITS region of rDNA and of the TEF-1α gene. Statistical Method: Evolutionary analysis by
Maximum Likelihood method. The evolutionary history was inferred by using the Maximum
Likelihood method and Tamura-Nei model [63]. The tree with the highest log likelihood
(�907.70) is shown. The percentage of trees in which the associated taxa clustered together are
shown next to the branches. Initial tree(s) for the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances estimated using the
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MAT1-2 for the first time. The authors from the Charité in Berlin, Germany, were
able to show that MAT locus idiomorphs were randomly distributed in the majority
of the analyzed species and the ability to mate with a partner of the opposite sex was
limited to a few zoophilic species, hence barring M. ferrugineum.

4.2 Epidemiology of Microsporum ferrugineum

In 1921, M. ferrugineum was first isolated in the Manchuria, Northeast China by
Masao Ota ([Ōta Masao 太田 正雄], *August first, 1885 in Izu [Shizuoka]; {
October 15th, 1945). Ota was Professor of Dermatology at the Tokyo Imperial
University [10]. One year later, in 1922, Ota [1] described this anthropophilic
dermatophyte as a new species. Based on the current epidemiology of dermatophytes
[11], some species, i.e., Trichophyton violaceum, T. verrucosum, but also M.
ferrugineum are considered as endemic in some parts of Africa, Asia, and Europe
[12]. Nevertheless, M. ferrugineum occurs worldwide [13]. A slow-growing type
with heaped, yellow colonies is mostly isolated in Asia, while a faster-growing type
with flat, white colonies is prevalent in the Balkan [14].

Microsporum ferrugineum was described in Botswana [15], China [16], Cuba
[17], France [18], Greece [19], Iran [20–22], Italy (only in the 1970s) [23], Myanmar
[24], Poland (after a journey to the tropics) [25], Korea, India [26], Netherlands [27],
Nigeria [28], Republic of Macedonia [29], Thailand [30], and Tunisia [31]. Recently,
M. ferrugineum was identified as causative agent in Tinea capitis in Ethiopia
[32]. Table 3 summarizes the known epidemiology of M. ferrugineum from the
beginning till now.

Microsporum ferrugineum was not isolated and described in Germany during the
last decades. Nowadays, an infection with this forgotten dermatophyte needs to be
considered, in particular for migrants and asylum seekers, but also for their native
German contact persons. For these patients, the highest number of M. ferrugineum
strains is here reported for a long time, meaning decades. In total, from 2016 to 2019

Fig. 3 (continued) Maximum Composite Likelihood (MCL) approach, and then selecting the
topology with superior log likelihood value. The tree is drawn to scale, with branch lengths
corresponding to the number of substitutions per site. This analysis involved 28 nucleotide
sequences. Codon positions included were 1st + 2nd + 3rd + Noncoding. There were a total of
1086 positions in the final dataset. Evolutionary analyses were conducted in MEGA X [64]. (a)
Phylogenetic tree of M. ferrugineum based on sequencing of the ITS region of ribosomal DNA. A
100% concordance was demonstrated among all 19 culture-isolated and by sequencing found and
confirmed M. ferrugineum strains. Within the phylogenetic tree, all M. ferrugineum strains from
Germany are forming their own clade which is clearly discriminated from M. canis and M.
audouinii. Rooted with Nannizzia persicolor. (b) Phylogenetic tree of M. ferrugineum based on
sequencing of the TEF-1α gene. A 100% concordance was demonstrated among all 19 culture-
isolated and by sequencing found and confirmed M. ferrugineum strains. Within the phylogenetic
tree, all M. ferrugineum strains from Germany are forming their own clade which is clearly
discriminated from M. canis and M. audouinii. Rooted with Nannizzia persicolor
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Table 2 Strains used to generate the phylogenetic tree

Species Strain
Sequencing region/
gene

Genbank accession
number

M. audouinii Lab Mölbis 200555/
17

ITS, TEF-1α

M. audouinii Lab Mölbis 205586/
18

ITS, TEF-1α

M. audouinii Lab Mölbis 204533/
19

ITS, TEF-1α

M. audouinii CBS 545.93 ITS NR_144883

M. audouinii CBS 404.61 ITS MF926387

M. audouinii CBS 280.63 TEF-1α KM678077

M. canis Lab Mölbis 211137/
17

ITS, TEF-1α

M. canis Lab Mölbis 201337/
18

ITS, TEF-1α

M. canis Lab Mölbis 200059/
19

ITS, TEF-1α

M. canis CBS 496.86 ITS MH861991

M. canis CBS 101514 ITS KT155672

M. canis CBS 130811 TEF-1α KM678052

M. canis NRBC 9182 TEF-1α JN662936

M. ferrugineum Lab Mölbis Table 1 ITS, TEF-1α

M. ferrugineum Lab Mölbis 208361/
16

ITS MF173061

M. ferrugineum Lab Mölbis 208361/
16

TEF-1α MF173060

M. ferrugineum CBS 497.48 ITS NR_155417

M. ferrugineum NRBC 5831 TEF-1α JN662934

M. ferrugineum NBRC 6081 TEF-1α KM678059

Nannizzia
persicolor

Lab Mölbis 112044/
16

ITS MN093385

Nannizzia
persicolor

Lab Mölbis 112044/
16

TEF-1α MN095515

Nannizzia
persicolor

CBS 141034 ITS MH378249

Nannizzia
persicolor

CBS 871.70 ITS MH859989

Nannizzia
persicolor

CBS 421.74 TEF-1α KM678091

Nannizzia
persicolor

CBS 422.74 TEF-1α KM678092

CBS Centraalbureau voor Schimmelcultures (now Westerdijk Institute), Utrecht, The Netherlands,
ITS internal transcribed spacer, TEF-1α gene translation elongation factor-1α gene
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in Germany, 25M. ferrugineum strains and DNA extracts from 19 different patients
were diagnosed at the species level by DNA sequencing. More than half of the
identified M. ferrugineum strains were sent as fungal cultures to our lab from other
microbiological labs, dermatological offices, and clinics in order to confirm the
suspected rare dermatophyte, which was finally done by DNA sequencing.

4.3 Source of Infections Caused by Microsporum ferrugineum

The suggested source of infection for some patients discussed in this study is martial
sports, e.g., wrestling, judo, and boxing. Mainly children and adolescents were
affected. For example, one strain was isolated from a 10-year-old wrestler showing
symptoms of Tinea corporis. Only this patient had no migration background or
contact to foreigners, the boy did not stay abroad. Since further children did
wrestling sports, M. ferrugineum might also cause Tinea gladiatorum capitis and
corporis in addition to Trichophyton tonsurans [33]. Surprisingly, a significant part
of affected patients were Germans of Russian descent living already for several years
in Germany. As a 3-year-old boy who migrated from Afghanistan suffered from
Tinea capitis, migration movements might further introduce M. ferrugineum to
Germany. Hence, a similar epidemiology could be expected in other European
countries.

4.4 Species Identification of Microsporum ferrugineum

In young patients with migration background, fungal isolates with morphological
features including a Microsporum-like thallus in combination with microscopically
observed chlamydospores indicate rare Microsporum species like M. audouinii and
M. ferrugineum. In the Atlas of Clinical Fungi [34], two colony forms are distin-
guished: A slow-growing type with heaped, yellow colonies, which is mostly
isolated in Asia, and a faster-growing type with flat, white colonies that is prevalent
in the Balkan. Already in 1930, Vanbreuseghem [35] reported on 136 strains of
Trichophyton (today Microsporum) ferrugineum (Ota 1921), Langeron and
Milochevitch, in the formerly Belgian Congo. He described a white variant of M.
ferrugineum. The variety of colony morphology complicates a correct species
differentiation.

Weitzman and Rosenthal described M. ferrugineum as follows: “M. ferrugineum
was found to be urease positive in urea broth (most isolates were negative on urea
agar); all produced light-colored colonies on Lowenstein-Jensen medium; spreading
colonies on lactose agar and failed to perforate hair in vitro or to produce reflexive
branching. Most isolates manifested poorer to no growth at 37 degrees C compared
to room temperature and all but one failed to decompose casein and tyrosine”
[36]. Microsporum ferrugineum is rarely forming macroconidia and, therefore,
cannot be easily identified. In a study from Turkey, the production of macroconidia
on nine common laboratory media was investigated [37]. In particular, Borelli’s
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lactrimel agar (BLA) apparently improved macroconidia production after 15 days
and was the most useful nutrient agar medium to induce these phenotypic characters
in daily practice.

Thus, the species identification needs to include molecular methods. PCR
diagnostics based on the topoisomerase II gene [38] are not able to distinguish
between M. canis, M. audouinii, and M. ferrugineum. Moreover, the differentiation
between M. canis and M. ferrugineum is not possible using real-time PCR systems
based on the ITS region of rDNA, although the two species can be defined from M.
audouinii [39].

Kobylak et al. [40] from Poland developed a diagnostic assay—both traditional
and real-time PCR—using specific primers based on differences in the β-tubulin
gene enabling detection ofM. canis- andM. audouinii/M. ferrugineum-DNA from a
pure culture. However, a recently developed microarray test (EUROArray
Dermatomycosis, Euroimmun, Lübeck, Germany), is able to correctly identify M.
ferrugineum both, directly from clinical material (skin scrapings) and from fungal
culture material [41]. In order to ensure a clear identification of M. ferrugineum,
DNA sequencing is required, as it was used for this German epidemiological study.

4.5 Therapy

For oral therapy of Tinea capitis due to M. ferrugineum, griseofulvin should be
given, alternatively itraconazole or fluconazole. Additional topical therapy is man-
datory, antidermatophyte effective antifungals, like amorolfine, azoles (clotrimazole,
bifonazole, miconazole, sertaconazole), ciclopirox olamine, or terbinafine, can
be used.

Acknowledgments We thank Esther Klonowski, biologist from Leipzig, for excellent support in
preparing and formatting the manuscript. The photographer Uwe Schossig, Leipzig, has provided
impressive photographs of the fungal cultures.
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Currently, in Germany, Switzerland, and Austria, a new and until now not known
entity of inflammatory and abscessing dermatophyte infection is observed. In
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particular, these deep infections of the skin and their appendages include Tinea
pubogenitalis, Tinea cruris, Tinea barbae, Tinea corporis, and Tinea capitis.
Some of the patients came back from a journey to Thailand or South East Asia
where transmission occurred. But, independently from a journey to abroad, the
dermatophyte might be transferred in Germany, too. In every case, this deep
infection is caused by the zoophilic dermatophyte Trichophyton mentagrophytes
of the newly described Internal Transcribed Spacer (ITS) genotype VII. From
24 patients with dermatomycoses, altogether 25 isolates of T. mentagrophytes
were isolated in the last 6 years. Among them were both male and female patients,
the age range was from 1 to 50 years. The infection was affecting the pubogenital
area, the capillitium, the face, or the trunk. Most of these infections were acquired
in Germany without a stay abroad. A total of 25 dermatophyte isolates—all
belonging to T. mentagrophytes—could be characterised. Species identification
was confirmed for all isolates by sequencing of the ITS region of rDNA genes.
Molecular relationship of the 24 isolates in comparison to already known
genotypes within this species was depicted in a phylogenetic tree. The sequences
obtained for these isolates are forming their own phylogenetic cluster,
corresponding to a new genotype, the ITS genotype VII (“Thai variant”). This
genotype is clearly set up from other clusters of T.mentagrophytes, e. g. zoophilic
strains isolated from animals and human dermatophytoses, and from T.
mentagrophytes genotype VIII “India”. This genotype, as the other zoophilic
T. mentagrophytes genotypes, can also be distinguished from the anthropophilic
Trichophyton interdigitale.

Besides a direct sexual transmission and non-sexual human-to-human conta-
gion, an indirect transmission due to sports or fitness training is suspected. As
major predisposing factor for Tinea pubogenital, intimate shaving has to be
considered. For treatment, oral antifungal agents should be used, first of all
terbinafine, alternatively itraconazole or fluconazole. In particular, Tinea genitalis
profunda may require oral terbinafine treatment for several months.

H.-J. Tietz
Mycoclinic Berlin, Berlin, Germany
e-mail: tietz@mycoclinic.de

R. Pfüller
Labor Dr. Eicke und Kollegen, EicLab GmbH, Abteilung Mikrobiologie, Berlin, Germany
e-mail: r.pfueller@mvz-weissensee.de

H. Dröge
Hautarztpraxis Helena und Henning Dröge, Berlin, Germany
e-mail: info@hautarzt-moabit.de

B. Malisiewicz
Klinik für Dermatologie, Venerologie und Allergologie, Universitätsklinikum, Goethe-Universität,
Frankfurt am Main, Germany
e-mail: Bartosz.Malisiewicz@kgu.de

G. Mutluer
Klinik für Dermatologie und Phlebologie, Katharinen-Hospital, Unna, Germany

232 P. Nenoff et al.

mailto:tietz@mycoclinic.de
mailto:r.pfueller@mvz-weissensee.de
mailto:info@hautarzt-moabit.de
mailto:Bartosz.Malisiewicz@kgu.de


The question arises if the isolates of T. mentagrophytes genotype VII recently
detected in Europe, especially in Germany, do possess higher virulence when
compared to other genotypes of T. mentagrophytes. Laboratory investigations on
pathogenicity and virulence factors of this dermatophyte should be initiated to
answer to this speculation.

1 Introduction

Currently, in Germany, Switzerland, and Austria, a new and until now not known
entity of inflammatory and abscessing dermatophyte infection is observed [1, 2]. In
particular, these deep infections of the skin and their appendages include Tinea
genitalis, Tinea cruris, Tinea barbae, Tinea corporis, and Tinea capitis [3]. Some of
the patients came back from a journey to Thailand or South East Asia where
transmission occurred. But, independently from a journey to abroad, the dermato-
phyte might be transferred in Germany, too [4]. In every case, this deep infection is
caused by Trichophyton mentagrophytes of the newly described Internal Transcribed
Spacer (ITS) genotype VII [5]. Here, we report on 24 patients with cutaneous
infections due to this fungus throughout Germany and Austria during the last
6 years.

2 Patients

Based both from routine diagnostics of the laboratory Mölbis, Germany, and from
cultures sent for fungal species identification, 24 patients with dermatomycoses due
to T.mentagrophytes of ITS genotype VII (“Thailand”) have been diagnosed all over
Germany (n ¼ 23) and Austria (n ¼ 1) in the last 6 years (Table 1). From these
patients, we were able to detect altogether 25 isolates of the T. mentagrophytes ITS
genotype VII.

About half of the patients were of male (n¼ 9) and female (n¼ 9) gender. For the
remaining patients, the gender was not told. The age range was from one (two
siblings were diagnosed with dermatophytoses) to 50 years. Frequently, patients
suffered from Tinea pubogenitalis (n ¼ 6). Three children of 1 (n ¼ 2) and 4 years
suffered from Tinea capitis or both Tinea capitis and Tinea corporis. Four foreigners
living in Germany, mostly from Syria, were among the patients. One German patient
was of Turkish origin, he was fallen ill with a Tinea pubogenitalis after a journey to
Turkey.

The mostly deep fungal skin infection affected the pubogenital area, the
capillitium, the face, or the trunk. The dermatophyte was predominantly acquired
in Germany, without a stay abroad.
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3 Description of Selected Cases of Dermatophytoses Due
to Trichophyton mentagrophytes Genotype VII

3.1 Case Report: Patient 6 with Tinea pubogenitalis profunda
After a Trip to Egypt

After a holiday trip to Egypt, a 28-year-old woman developed erythematosquamous,
pustular, and purulent abscessing lesions at the mons pubis, in the groins, and the
underbelly [2]. Because of the suspicion of a dermatomycosis, topical antifungal
treatment was started. Microbiological diagnostics revealed, in addition to Staphy-
lococcus aureus and group B-streptococci, a fast-growing fungus producing white-
yellowish pigmented, granular colonies. Morphological identification resulted in
Trichophyton mentagrophytes var. asteroides, a zoophilic dermatophyte. Treatment
of the kerion-like dermatomycosis of the pubogenital area with oral terbinafine was
started for 6 weeks with hesitant recovery. A short-time change to fluconazole, and
antibiotic treatment with sultamicillin did not bring any progress. Finally, full
recovery was achieved after a 4.5 months treatment with terbinafine 250 mg per
day orally. Brocq’s pseudopélade resulted as final condition. Precise species identi-
fication using sequencing of the ITS regions of ribosomal DNA (rDNA) genes
yielded for the dermatophyte isolate, a 100% agreement with sequences of zoophilic
T. mentagrophytes isolates deposited at the National Center for Biotechnology
Information (NCBI), Bethesda, MD. The DNA sequence of this isolate matches,
indeed, with T. mentagrophytes isolates currently found in Germany from patients
returning from Thailand and suffering from abscessing Tinea genitalis. An animal
source of infection was not identified. An indirect transmission was suggested,
probably in the wellness and fitness sector of the hotel in Egypt. As predisposing
factor shaving of the intimate area, which was maintained even during the entire
duration of treatment has to be considered.

3.2 Case Report: Patient 12 with Tinea pubogenitalis profunda
in a Syrian Refugee

A 29-year-old Syrian refugee, living for already 2 years in Germany, suffered from
severe and extensive pustular and abscessing pubogenital infection, which not
improved after treatment by oral cefuroxime. No fever or other systemic infection
signs occurred. He never travelled to Thailand or South East Asia. The patient
developed highly inflammatory deep red partly erosive papules, pustules, nodules,
and plaques on erythematous ground, both in the mons pubis area, and also in the
groins, scrotal, and at the underbelly (Fig. 1). Intercourse with his wife, only, was
declared. No unprotected sexual contacts were reported. Due to elevated inflamma-
tory signs in the blood serum (C-reactive protein), and to suspected bacterial skin
infection (erysipelas and intertrigo), antibiotics (cefuroxime 1.5 g, three times a day)
were applied intravenously. Paracetamol and ibuprofen were given due to pain and
strong inflammation of the infected area. Histologically, the haematoxylin-eosin
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staining revealed an inflammatory infiltrate of preferably neutrophil granulocytes,
lymphocytes, and histiocytes. The Periodic acid-Schiff (PAS) reaction revealed
fungal hyphae preferably in the deepest parts of the follicles, in particular in the
ruptured hair follicles. Oral terbinafine 250 mg daily was started. Topical antifungals
were added, first clotrimazole 2% + prednicarbate 0.25% cream, later treatment was
switched to ciclopirox olamine twice daily. Due to newly increased inflammatory
laboratory signs, intravenous cefuroxime (1.5 g, three times per day) was given again
for 10 days. For better skin tissue penetration, oral clindamycin (600 mg, three times
per day) was added. Terbinafine 250 mg orally was further given, both under
inpatient conditions, but also after the patient has leaved the hospital. A slow
improvement of the Tinea pubogenitalis profunda and the suspected bacterial
cutaneous infection was achieved.

3.3 Case Report: Patients 13, 14, and 16 with Tinea genitalis,
Tinea capitis, and Tinea corporis in a Family

A pregnant woman (36 weeks of pregnancy, mother of patients 14 and 16) devel-
oped centrifugal, erosive lesions of the abdominal skin. As scabies was suspected,
topical permethrin and methylprednisolone aceponate cream were administered. Due
to the microbiological detection of T. mentagrophytes, the topical therapy of the
Tinea corporis was switched to ciclopirox olamine cream. After childbirth, papular,
pustular, and nodular lesions have spread over the pubogenital region. The woman
stopped breastfeeding, and treatment with oral terbinafine 250 mg was started,
together with ciclopirox olamine cream. Complete healing of the Tinea
pubogenitalis and Tinea cruris was achieved. The T. mentagrophytes isolate was
later on identified as belonging to the cluster ITS genotype VII.

A 3-month-old male newborn (daughter of the mentioned woman) developed
white pustules on erythematous base, together with left occipital
erythematosquamous lesions. Topical application of ciclopirox olamine was started.
After cultural detection of T. mentagrophytes, oral terbinafine was given (as Off-

Fig. 1 Abscessing Tinea
cruris and Tinea genitalis
profunda in a 29-year-old
Syrian migrant in Germany
(Patient 12, see Table 1).
Causative agent was
Trichophyton
mentagrophytes. Sequencing
of the ITS revealed genotype
VII “Thai variant”. The
patient, however, never
visited Thailand. Way of
transmission was a
sexually one
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Label-use for treatment of Tinea capitis in Germany), 3 mg/kg body weight
(in gelatine capsules), once daily for 2 weeks, then once per week until healing of
the Tinea capitis (altogether for 2 months).

The 4-year-old girl, child of patient 13, showed erythematosquamous lesions at
the trunk, and hair loss areas, and dandruff at the capillitium. From skin scrapings, T.
mentagrophytes ITS genotype VII was detected. Topical ciclopirox olamine cream
and oral 125 mg terbinafine (Off-Label-use in Germany) daily for 3 months lead to
complete healing.

Later on, both T. mentagrophytes isolates from the kids were identified as
belonging to the cluster of ITS genotype VII.

The sexual partner of their mother (i.e. the biological father of both children) had
a history of skin lesions at the mons pubis and in the genital area, too. He was the
suspected source of infection of the whole family.

4 Conventional Mycological Diagnostics and Features
of Trichophyton mentagrophytes Genotype VII

4.1 Mycological Diagnostics

Trichophyton mentagrophytes isolates from patients with highly inflammatory deep
infections of the pubogenital area and Tinea cruris were investigated based on their
cultural features, but also by molecular methods. Besides conventional PCR-ELISA
[6], sequencing of the ITS region of the fungal rDNA for species and ITS genotype
identification was performed for all dermatophyte isolates [7, 8]. Mostly, fungal
cultures sent from all over the country were included in this survey. The patients
suffered mainly from inflammatory dermatophytoses of the genital area, sometimes
from other kinds of dermatophytoses, e.g. Tinea cruris, Tinea capitis, and Tinea
corporis.

4.2 Cultural Features of Trichophyton mentagrophytes ITS
Genotype VII

Cultural analysis of the here presented isolates revealed fast-growing fungi with
white colonies, typical for T. mentagrophytes (Fig. 2a). In 4–5 days grew flat,
radiating colonies with white to beige-stained granular, partly floccose surface
(Fig. 3a, c). The centre of the thallus shows sometimes slight yellow pigmentation.

On cycloheximide (Actidione®)-containing Sabouraud dextrose agar (Becton
Dickinson, Heidelberg, Germany), the reverse of the colonies was yellow to
brown coloured. On common Sabouraud 4% dextrose agar (Sifin, Berlin, Germany),
the reverse colony side often showed a strong brown-red to mahogany-coloured
pigmentation, characteristic for this species (Figs. 2b and 3b, d).
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Fig. 2 Trichophyton mentagrophytes ITS genotype VII “Thai variant”, isolated from a 30-year-old
male patient with Tinea barbae (Patient 11, see Table 1). (a) Subculture with white to yellowish flat,
granular, fast-growing colonies on Sabouraud 4% dextrose agar. (b) Reverse side of the colonies
showing with strong brownish red pigment

Fig. 3 Trichophyton mentagrophytes ITS genotype VII “Thai variant”. Isolate from a 24-year-old
male patient with Tinea genitalis profunda (Patient 22, see Table 1). (a) Typical flat white granular
colonies with a yellow centre on Sabouraud 4% dextrose agar. (b) Reverse side with typical
brownish red pigmentation. (c) Typical flat white granular colonies on cycloheximide-containing
Sabouraud agar (Mycosel®). (d) Brown-stained reverse side
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4.3 Microarchitecture of Trichophyton mentagrophytes ITS
Genotype VII

Microscopically, round and elongated microconidia, cigar-shaped macroconidia,
and spiral hyphae were detected (Fig. 4a–d). Due to these morphological
characteristics, the dermatophyte was identified as the zoophilic species T.
mentagrophytes. One investigator diagnosed the former asteroides variety of T.
mentagrophytes [9, 10]. Based on macroscopic morphology and microarchitecture,
the secure identification of the distinct genotype within the species T.
mentagrophytes was not possible [11].

Fig. 4 Microscopic features of Trichophyton mentagrophytes ITS genotype VII “Thai variant”.
Lactophenol Cotton Blue staining. (a) Clavate and thick-walled macroconidia. (b) Cigar-shaped
thick-walled macroconidia and round and sessile microconidia. (c) Spiral hyphae and microconidia.
(d) Chlamydospores
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5 Molecular Biological Characteristics of Trichophyton
mentagrophytes ITS VII

5.1 PCR-ELISA for Molecular Identification of Dermatophytes

DNA from either the skin scrapings or fungal isolates (for identification of submitted
fungal cultures) was extracted according to the manufacturer’s protocol using the
QIAamp® DNA Mini Kit (Qiagen, Hilden, Germany). Samples were analysed using
a validated and standardised in-house-developed enzyme linked immunoassay
(PCR-ELISA) to detect dermatophyte DNA [12]. Specific probes detecting the
following relevant dermatophytes were used: Trichophyton rubrum, T.
interdigitale/T. mentagrophytes, Microsporum canis, and Trichophyton benhamiae
(formerly referred to as Trichophyton anamorph of Arthroderma benhamiae).

All samples—DNA extracted either from skin scrapings or from fungal
cultures—were positive in the PCR-ELISA for T. interdigitale/T. mentagrophytes.
As the differentiation between T. interdigitale and the T. mentagrophytes complex
was not possible by PCR-ELISA, the ITS regions of rDNA genes and the translation
elongation factor (TEF)1-α gene were sequenced.

5.2 Sequencing of the ITS Regions of rDNA Genes

For confirmation of the suspected dermatophyte species, Sanger sequencing of the
ITS regions of rDNA genes (mainly the regions ITS 1, 5.8S rRNA, ITS 2) and TEF1-
α gene was performed for all isolates [13–15]. This required PCR amplification of a
�900 bp DNA fragment using universal primers that bind to flanking pan-fungal
sequence regions: V9G (50-TTACGTCCCTGCCCTTTGTA-30) and LS266 (5-
0-GCATTCCCAAACAACTCGACTC-30).

The length of the analysed region in the TEF1-α gene varied from 709 to
769 nucleotides among the various dermatophyte species. Primers EF1a-F (5-
0-CACATTAACTTGGTCGTTATCG-30) and EF1a-R (5-
0-CATCCTTGGAGATACCAGC-30) were used for sequencing [13].

5.3 Species Identification and Phylogenetic Analysis
of Trichophyton mentagrophytes Genotypes

Species identification was confirmed for the 25 isolates by sequencing of the ITS
regions of rDNA genes. Molecular relationship of these 25 isolates with other
genotypes within the species T. mentagrophytes, and with closely related
dermatophytes, was depicted in a phylogenetic tree/dendrogram of the sequences
(Fig. 5a). The 25 isolates belonged to the same cluster, called ITS genotype VII and
referred to as “Thailand variant” or “Thai variant”. The isolates of T.mentagrophytes
ITS genotype VII were forming their own phylogenetic cluster. This genotype was
clearly set up from other already known genotypes of T. mentagrophytes,
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ITS rDNA

Trichophyton mentagrophytes
ITS genotype VIII

Trichophyton interdigitale
ITS genotypes I and II

Trichophyton mentagrophytes
ITS genotype III*

Trichophyton mentagrophytes 
ITS genotype III

Trichophyton mentagrophytes
ITS genotype IV

Trichophyton mentagrophytes
ITS genotype VII (Thailand)

Trichophyton interdigitale ITS genotype II*

Trichophyton quinckeanum

Trichophyton mentagrophytes
ITS genotype V

Trichophyton mentagrophytes ITS Genotype VI

Trichophyton mentagrophytes ITS genotype IX

Fig. 5 Phylogenetic analysis of the dermatophyte isolates based on the ITS regions of rDNA and
the TEF1-α gene (Table 2). The evolutionary history was inferred by using the Maximum Likeli-
hood method and Tamura-Nei model [33]. The tree with the highest log likelihood (�907.70) is
shown. The percentages of trees in which the associated taxa clustered together are shown next to
the branches. Initial tree for the heuristic search was obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated using the Maximum
Composite Likelihood (MCL) approach, and then selecting the topology with superior log likeli-
hood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. This analysis involved 28 nucleotide sequences. Codon positions included were first + sec-
ond + third + Non-coding. There were a total of 1086 positions in the final dataset. Evolutionary
analyses were conducted in MEGA X [34]. (a) Phylogenetic tree of T. mentagrophytes based on
sequencing of the ITS regions of rDNA genes. By sequencing, a 100% concordance with the
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e.g. zoophilic strains isolated from human dermatophytoses and from animals,
including a snow leopard at a zoo garden, and from T. mentagrophytes ITS genotype

Trichophyton mentagrophytes
ITS genotype VII (Thailand)

ITS genotype III*
ITS genotype IX

Trichophyton mentagrophytes
ITS genotype IV

Trichophyton interdigitale
ITS genotypes I, II and II*

T. mentagrophytes
ITS genotype III

Trichophyton mentagrophytes
ITS genotype VIII

TEF1 -α

Trichophyton quinckeanum

Fig. 5 (continued) reference strain NBRC5809 (Accession number JN134101) was found for all
24 isolates. All these isolates were forming their own cluster, which is now called the ITS genotype
VII (Thai variant) of T. mentagrophytes. These isolates (T. mentagrophytes genotype VII or clade)
were clearly discriminated from already known T. mentagrophytes genotypes, e. g. II, V, VIII.
Rooted with Trichophyton quinckeanum. (b) Phylogenetic tree of T. mentagrophytes based on
sequencing of the TEF1-a gene. Within the phylogenetic tree, all T. mentagrophytes ITS genotype
VII strains from Germany were forming their own clade which is clearly discriminated from the
other, above-mentioned T. mentagrophytes genotypes. Rooted with T. quinckeanum
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VIII from India. The anthropophilic T. interdigitale can be distinguished clearly
from zoophilic T. mentagrophytes clusters.

Phylogenetic tree based on sequencing of the TEF1-α gene revealed a 100%
concordance of all 25 isolates belonging to genotype VII of T. mentagrophytes
(Fig. 5b). Within the phylogenetic tree, all T. mentagrophytes isolates from this
study were forming their own clade which was clearly differentiated from other T.
mentagrophytes genotypes, and from T. interdigitale.

The origin of all reference strains and clinical or animal isolates and their
sequences used here for comparison are presented in Table 2.

6 Discussion

6.1 Tinea genitalis

Tinea pubogenitalis or Tinea genitalis represents a rare type of dermatophytosis
which, however, is increasingly being diagnosed [16]. The mons pubis is affected,
but also the outer regions to the penis shaft and the labia together with the groins and
underbelly. Tinea pubogenitalis is a more superficial erythrosquamous scaling type.
However, an emergence of strong inflammatory dermatomycoses of the genital area
as Tinea genitalis profunda ranging to kerion Celsi is observed. Recently, 30 patients
(14–63 years of age, 11 men and 19 women) with Tinea pubogenitalis were reported
in an epidemiological survey from Austria and Germany [16]. Causative agents were
mainly zoophilic dermatophytes: M. canis, T. mentagrophytes, T. benhamiae, and
Trichophyton verrucosum. Rarely, anthropophilic fungi, as T. rubrum, and
Trichophyton tonsurans, were isolated from Tinea pubogenitalis. The authors of
this survey focussed on patient’s history, which should include questions concerning
contact to pets, physical activities (fitness), and travel. Genital shaving and concur-
rent Tinea pedis and onychomycosis were found as main predisposing factors.

6.2 Abscessing Tinea genitalis and Tinea barbae Due
to Trichophyton mentagrophytes in Germany as New Entity
of Mainly Sexually Transmitted Infection

In Germany, Austria, and Switzerland, an increasing number of male and female
patients presenting with abscessing and purulent Tinea pubogenitalis and Tinea
barbae due to zoophilic and anthropophilic dermatophytes can be observed
[16, 17]. Transmission occurs, however, not always via a zoophilic way from
animals, but rather by human-to-human transfer of the infectious agent. Some of
the patients report on a previous journey to South-East-Asia, where they had sexual
contacts.

First, in 2015, Luchsinger et al. [1] from Switzerland reported on Tinea genitalis
as a probably new entity of sexually transmitted infection due to T. interdigitale
(what is now T. mentagrophytes) after a journey to South-East-Asia. The authors
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Table 2 Reference strains and clinical isolates used to generate the phylogenetic tree based on
sequencing the ITS region of rDNA genes and the TEF1-α gene

Species Strain
Locus or
gene

GenBank
accession number

T. interdigitale CBS 647.73 R ITS rDNA KT155955

T. interdigitale CBS 475.93 R ITS rDNA MF926357

T. interdigitale CBS 428.63 R ITS rDNA NR_144900

T. interdigitale ITS
genotype II

200070_17_DSM_108621 ITS rDNA MK447596

TEF1-α MK460539

T. interdigitale ITS
genotype II

RCPF-1301 ITS rDNA KP308373

T. interdigitale ITS
genotype I

Isolate 2 ITS rDNA KC595991

T. interdigitale ITS
genotype I

208223_17_DSM_108620 ITS rDNA MK447595

TEF1-α MK460538

T. interdigitale CBS102.68 TEF1-α KM678062

T. interdigitale ITS
genotype II*

212063_17_DSM_108905 ITS rDNA MK630684

TEF1-α MK751367

T. interdigitale ITS
genotype II*

D15P152 ITS rDNA

T. mentagrophytes CBS 126.34 R ITS rDNA MF926356

T. mentagrophytes IHEM 4268 R ITS rDNA MK298631

T. mentagrophytes CBS 116916 TEF1-α KM678130

T. mentagrophytes ITS
genotype III

200002_16_DSM_103451 ITS rDNA KX866689

TEF1-α MK460540

T. mentagrophytes ITS
genotype III

217704_15_DSM_108630 ITS rDNA MK450325

TEF1-α MK460541

T. mentagrophytes ITS
genotype III

ATCC 60612 ITS rDNA KJ606099

T. mentagrophytes ITS
genotype III

RCPF 1207 ITS rDNA KT253559

T. mentagrophytes ITS
genotype III*

900120_17_DSM_108632 ITS rDNA MK447606

TEF1-α MK460544

T. mentagrophytes ITS
genotype III*

218893_16_DSM_108629 ITS rDNA MK447604

TEF1-α MK460543

T. mentagrophytes ITS
genotype III*

217907_15_DSM_108628 ITS rDNA MK447605

TEF1-α MK460542

T. mentagrophytes ITS
genotype IV

200617_17_DSM_108627 ITS rDNA MK447608

TEF1-α MK467446

T. mentagrophytes ITS
genotype IV

SJEK4836 ITS rDNA FM986773

T. mentagrophytes ITS
genotype IV

204543_17_DSM_108626 ITS rDNA MK447609

TEF1-α MK467445

T. mentagrophytes ITS
genotype IV

200602_17_DSM_108631 ITS rDNA MK447607

TEF1-α MK467447

(continued)
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Table 2 (continued)

Species Strain
Locus or
gene

GenBank
accession number

T. interdigitale
(mentagrophytes)

CBS 304.38 R ITS rDNA MF926360

T. mentagrophytes ITS
genotype V

ATCC 46950 ITS rDNA KJ606098

T. mentagrophytes ITS
genotype V

P-160 ITS rDNA

T. mentagrophytes ITS
genotype V

P-161 ITS rDNA

T. mentagrophytes ITS
genotype V

P-162 ITS rDNA

T. mentagrophytes ITS
genotype VI

D15P161 ITS rDNA MK722518

T. mentagrophytes ITS
genotype VII

NBRC5809 ITS rDNA JN134101

T. mentagrophytes ITS
genotype VII

200128_17_DSM_108623 ITS rDNA MK447611

TEF1-α MK460545

T. mentagrophytes ITS
genotype VII

210363_16_DSM_108625 ITS rDNA MK450323

TEF1-α MK467450

T. mentagrophytes ITS
genotype VII

218904_16_DSM_108622 ITS rDNA MK450322

TEF1-α MK467448

T. mentagrophytes ITS
genotype VII

215003_16_DSM_108624 ITS rDNA MK450324

TEF1-α MK467449

T. mentagrophytes ITS
genotype VII

600012 19 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

204511 19 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

901140 18 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

250002 18 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

205953 18 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

205874 18 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

219080 17 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

216656 17 ITS rDNA

T. mentagrophytes ITS
genotype VII

204547 17 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

204546 17 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

204545 17 ITS rDNA,
TEF1-α

(continued)
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Table 2 (continued)

Species Strain
Locus or
gene

GenBank
accession number

T. mentagrophytes ITS
genotype VII

204544 17 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

213178 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

213177 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

212014 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

211577 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

206727 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

206565 16 ITS rDNA,
TEF1-α

T. mentagrophytes ITS
genotype VII

216715 15 ITS rDNA

T. mentagrophytes ITS
genotype VII

205520 14 ITS rDNA

T. mentagrophytes ITS
genotype VIII

WM10.87 ITS rDNA HQ014707

T. mentagrophytes ITS
genotype VIII

Ahv-18 ITS rDNA KT192468

T. mentagrophytes ITS
genotype VIII

D15P135 ITS rDNA KY761968

T. mentagrophytes ITS
genotype VIII

05-297-2873 ITS rDNA EU200375

T. mentagrophytes ITS
genotype VIII

Isolate 490 ITS rDNA JN133999

T. mentagrophytes ITS
genotype VIII

216500 17 ITS rDNA MH791422

TEF1-α MH802493

T. mentagrophytes ITS
genotype VIII

211509 17 ITS rDNA MH791420

TEF1-α MH802491

T. mentagrophytes ITS
genotype VIII

200095 18 ITS rDNA MH791425

TEF1-α MH802496

T. mentagrophytes ITS
genotype VIII

1733 ITS rDNA MH791431

TEF1-α MH802502

T. mentagrophytes CBS 130940 TEF1-α KM678173

T. mentagrophytes ITS
genotype IX

214691_17_DSM_108357 ITS rDNA MK447613

TEF1-α MK467444

Trichophyton
quinckeanum

213746 14 ITS rDNA KU257460

Trichophyton
quinckeanum

210314 16 ITS rDNA,
TEF1-α

(continued)

250 P. Nenoff et al.



presented a case series of seven patients (two female and five male patients, age
range 18–55 years) with Tinea in the genital region emerging after sexual intercourse
in South-East-Asia. In six patients, T. interdigitale (today classified as T.
mentagrophytes) was detected. Three patients suffered from a severe inflammatory
reaction of the cutaneous-subcutaneous tissue and two of them were hospitalised due
to severe pain.

The first German report of an infection due to T. mentagrophytes genotype VII is
on a patient who came back from Thailand with a foudroyant abscessing and painful
Tinea barbae [3]. As a diagnosis of herpes and sycosis barbae was evoked, initially
oral acyclovir, followed by ciprofloxacin and ampicillin plus sulbactam, was given,
without any effect. Histologically, in Grocott–Gomori’s methenamine silver stain,
fungal mycelium was apparent. Terbinafine 250 mg was started together with
topically 1% ciclopirox olamine containing cream. Later, fungal culture grew a
dermatophyte which could be identified by sequencing of the ITS regions of
rDNA as T. mentagrophytes genotype VII (“Thai variant”). The dermatophyte was
transferred to the patient’s wife causing Tinea faciei. The index patient had contact
with Thai female sex workers who must be considered as a source of infection of the
dermatophytosis. There was, like in nearly all other patients with this infection, no
animal contact, neither in Thailand, nor in Germany.

The same genotype of T. mentagrophytes (ITS genotype VII) could be isolated in
an Australian returning from Southeast Asia, and this infection was transmitted via
sexual contact [18]. The infection was the first reported case of Majocchi’s granu-
loma (MG) in an Australian returned traveller. By DNA sequencing, the former ITS
type IV variant, a type reported as having a zoophilic origin, was identified. This
corresponds to the current ITS genotype VII of T. mentagrophytes [19, 20]. The
strain was subsequently transmitted via sexual contact to another intimate partner of
the patient. Both patients were successfully treated with systemic antifungals. The
first patient was treated with oral terbinafine 500 mg daily, from day +28 after

Table 2 (continued)

Species Strain
Locus or
gene

GenBank
accession number

Trichophyton
quinckeanum

216686 15 ITS rDNA KY680503

TEF1-α KY680502

Trichophyton
quinckeanum

ATCC 32457 ITS rDNA KJ606088

Trichophyton
quinckeanum

218251 16 ITS rDNA,
TEF1-α

GenBank accession number of the nucleotide sequences used in this study is available at the NCBI
(National Centre for Biotechnology Information, Bethesda, MD)
ITS internal transcribed spacer, rDNA ribosomal DNA, TEF1-α translation elongation factor 1-α,
CBS CentraalBureau voor Schimmelcultures (Westerdijk Fungal Biodiversity Institute, Utrecht,
The Netherlands), DSM Deutsche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, Germany, NCPF The National Collection of Pathogenic Fungi (Bristol, UK),
IHEM Institute of Hygiene and Epidemiology-Mycology section (Sciensano, Brussels, Belgium),
ATCC American Type Culture Collection (Manassas, VA)
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diagnosis until day +140, and then with terbinafine 250 mg daily together with
50 mg itraconazole until day +196. Pseudopelade with scarring and alopecia areata
resulted after therapy. The second patient got terbinafine 250 mg daily for 6 weeks.

7 Intra Species Classification of Trichophyton
mentagrophytes and Trichophyton interdigitale

Due to the new taxonomy of dermatophytes, the former T. mentagrophytes complex
is now separated in T. mentagrophytes (geophilic and zoophilic strains),
T. benhamiae (zoophilic species) and T. interdigitale (anthropophilic species)
[21]. Based on sequencing of the ITS regions of rDNA genes, currently at least ten
different genotypes are distinguished within the species T. mentagrophytes (eight
genotypes), and T. interdigitale (two genotypes) [19]. These genotypes correspond
significantly with distinct geographic regions (e.g. genotype VIII and India), an
animal source of infection, or a clinical picture (genotype VIII and Tinea cruris)
[22, 23]. The here isolated T. mentagrophytes isolates are belonging to ITS genotype
VII. Most of these isolates were recovered in Germany, in one case after travelling to
Southeast Asia, but predominately after transmission in Germany. A sexual pathway
of infection has to be considered in most patients with Tinea cruris and Tinea
genitalis [24, 25].

7.1 Dermatophytosis Due to Trichophyton mentagrophytes
Genotype VII in Germany

A first huge case series of abscessing dermatophytoses of the pubogenital area due to
T. mentagrophytes ITS genotype VII in Germany was recently published
[5]. Between January 2016 and July 2017, 43 patients attended the Skin Clinic of
the Charité, Berlin, Germany; all of them were suffering from mostly highly
inflammatory, painful, and persistent infections of the pubogenital region. Sequenc-
ing of fungal DNA revealed that 37 out of the 43 patients were suffering from an
infection due to the new genotype VII of T. mentagrophytes. Interestingly, all
patients were from Berlin or its region. Most of the patients had no history of travel.
Only four out of 18 patients with available history have been on vacation in Thailand
or in Southeast Asia a short time before the infection developed. Main predisposing
factor in 16 out of 18 patients was regular intimate shaving.

Mating type analysis which was performed in Berlin revealed the Mat1-2 locus
(HMG) in all strains, while the α-box was not present in any of the isolates. By
sequencing of the squalene epoxidase (SQLE) gene of the Berlin T. mentagrophytes
VII isolates, no one of the four described point mutations involved in treatment
failure of terbinafine could be detected [26, 27].

Nearly all patients were treated with oral terbinafine (250 mg daily), and either
ciclopirox olamine or miconazole-containing cream was used for topical treatment.
In a single case, fluconazole was first used, but it was changed to terbinafine. In two
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patients, due to treatment failure, terbinafine was switched to itraconazole. Duration
of oral antifungal treatment was 4–15 weeks, in average 7 weeks.

7.2 Dermatophytosis Due to Trichophyton mentagrophytes
Genotype VII Are Present Throughout Germany

Finally, a total of 25 dermatophyte strains—all belonging to T. mentagrophytes,
isolated from altogether 24 patients, could be characterised in the present survey.
Species identification was confirmed for all strains by sequencing of the ITS regions
of rDNA genes. Nucleotide sequences of this variant were deposited in the GenBank
database. Although abscessing Tinea genitalis was the most frequent clinical mani-
festation, other kinds of Tinea were diagnosed. These were Tinea cruris, Tinea
corporis, but also Tinea capitis. The latter mentioned dermatophytoses of the
capillitium affected exclusively children—a newborn child of 3 months, and two
1- and 4-year-old toddlers. Transmission in these children took place from the
likewise with the dermatophyte infected mother who was finally initially infected
by her intimate partner.

7.3 Transmission and Predisposing Factors

The infection chain of the mostly purulent dermatophytosis due to T.
mentagrophytes genotype VII from Southeast-Asia, e.g. Thailand, probably
reaching from sex worker to the finally affected European (and Australian) patients,
has to be considered. Besides a direct sexual transmission, an indirect infection due
to sports or fitness training is suspected. Currently, most infections caused by the
here presented T. mentagrophytes genotype that occurred in Germany, were proba-
bly transmitted in this country, without a history of travelling abroad, in particular
Southeast Asia. A sexual contact pathway, however, has to be considered. Likewise,
as major predisposing factor for Tinea pubogenitalis, intimate shaving has to be
considered [28].

7.4 Trichophyton mentagrophytes in Thailand

In Southeast Asia, in particular in Thailand, no abscessing pubogenital infections or
other kinds of Tinea due to T. mentagrophytes have been reported so far including in
sex workers. There are very few reports on T. mentagrophytes dermatophytoses in
Thailand, and most of them were published a long time ago [29, 30]. In a recent
study from the Dermatological Clinic of the Hospital for Tropical Medicine at
Mahidol University, Bangkok, only one case due to T. mentagrophytes was
identified among 27 patients diagnosed with dermatophytoses during a 1-year period
[31]. More frequently, M. canis was detected. In vitro susceptibility testing of the
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isolates revealed no resistance against terbinafine, itraconazole, fluconazole, griseo-
fulvin, and the topical antifungal ciclopirox olamine.

More recently, in a survey on superficial fungal infection of the feet at the Thai
naval rating cadets training in Naval rating school, Sattahip, Thailand, superficial
fungal infections were detected using microscopical preparation and fungal culture
in 57 out of 788 participants, giving a point prevalence of 7.2% [32]. Tinea pediswas
diagnosed in 54 participants with the leading causative organism being T.
mentagrophytes (52.8%). Species identification was done using conventional differ-
entiation methods, not by molecular means. At least a significant part of these T.
mentagrophytes strains might be considered as anthropophilic T. interdigitale
according to the current dermatophyte taxonomy and classification.

7.5 Treatment

For treatment of Tinea profunda due to T. mentagrophytes ITS genotype VII, oral
antifungal agents should be used, first of all terbinafine, alternatively itraconazole, or
in single cases only fluconazole. In particular, Tinea genitalis profunda requires oral
terbinafine treatment for at least 4 weeks, but sometimes a longer duration of
treatment may be needed, up to 4.5 months. Topical antifungal agents and antiseptics
should be used, too. In case of mixed fungal and bacterial infections, oral antibiotics
are necessary. In one patient, oral antifungal therapy was changed from terbinafine to
fluconazole due to side effects of terbinafine (hair loss).

7.6 Conclusion

Tinea pubogenitalis due to T.mentagrophytes genotype VII represents a new clinical
entity. Infection is acquired not via animal contact, but in every case by human-to-
human transmission, preferably following sexual contacts in Germany, rarely
abroad, e.g. Southeast Asia, but probably also in other countries, e.g. Egypt and
Turkey. The question arises if the zoophilic strains of T. mentagrophytes genotype
VII “Thai variant” recently emerging in Germany do possess a higher virulence
when compared to other genotypes of T. mentagrophytes. Laboratory investigations
on pathogenicity and virulence factors of this dermatophyte should be initiated to
answer this speculation.
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Abstract

The epidemiological trends of dermatophyte infections (dermatophytosis or
Tinea) in Iran from 1960 to 2018 are characterized here. A thorough search in
different literature databases was performed together with statistical analyses. Our
findings stress that mycological and clinical aspects of dermatophytosis in Iran
have notably been revolutionized over time. Tinea capitis has remained as the
dominant Tinea infection in preschool and school-age children throughout the
country though its occurrence has markedly subsided after 1980s. In adults, Tinea
pedis (22%), Tinea corporis (19.6%), and Tinea cruris (18.4%) were the domi-
nant forms of infection and currently a gradual increase in their incidence is of
note. Some clinical types more frequently occurred in some age categories and
were caused by some particular species. Tinea capitismore often affected patients
under 20 years old, while other Tinea infections were more frequent in middle-
aged and older adults. While Trichophyton schoenleinii and Trichophyton
violaceum species accounted for a significant part of dermatophytic infections
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in the past, Epidermophyton floccosum, Trichophyton rubrum, Trichophyton
tonsurans, and the Trichophyton mentagrophytes / Trichophyton interdigitale
species group are currently predominating in Iran. A more striking mycological
aspect of dermatophytosis, however, is the emergence of infection with less-
known zoophilic species, e.g. Trichophyton benhamiae, Trichophyton
eriotrephon, Trichophyton simii, and Microsporum ferrugineum, all of which
having been identified by ITS-rDNA sequencing. Terbinafine, itraconazole,
luliconazole, lanoconazole, and efinaconazole showed the best in vitro efficacy
against dermatophyte isolates from Iran.

1 Introduction

Dermatophytosis (also known as Tinea), which is a public health issue throughout
the world, is principally superficial mycosis caused by a group of filamentous fungi
known as “dermatophytes” [1, 2]. These fungi grow on the keratinized tissues of skin
(in various body sites), nail and hair of human and animals, and spread in an
eccentric pattern, leading to small to extended red circular lesions as rings and
therefore termed as “ringworm.” Depending on the anatomical site of involved
skin, the resulted infections are called Tinea corporis, Tinea cruris, Tinea pedis,
and Tinea manuum. Infections of the skin and hair shafts of the beard and scalp areas
are termed as Tinea barbae and Tinea capitis, respectively, while involvement of the
nails is known as Tinea unguium [2, 3]. Based on the newest taxonomy of
dermatophytes, this group contains more than 50 species distributed in seven genera:
Trichophyton, Microsporum, Epidermophyton, Lophophyton, Paraphyton,
Nannizzia, and Arthroderma [4]. Geographically, the distribution profiles of patho-
genic dermatophytes and relevant infections are known to change over time due to
immigration, tourism activities, socioeconomic and sanitary conditions [3, 5]. These
infections are not life-threatening and, perhaps for this reason, they were more
important in view of aesthetics in the past. But, during the last decade there have
been reports highlighting the emergence and remarkable increase in the number of
recalcitrant Tinea cases with therapeutic failure and repeated recurrences, hence the
treatment of dermatophytoses and in vitro antifungal susceptibility testing on the
causative fungi became of particular importance [6]. Such variation in the face of
Tinea infections led to a real apprehension among dermatologists. Accordingly,
regular and retrospective sequential surveys on dermatophytosis and relevant agents
as well as in vitro testing of anti-dermatophyte drugs can provide keystones for the
upcoming epidemiological investigations on these fungi, and appropriate decision
for clinical management of relevant infections.

The first documented report on the prevalence and the etiologic agents of Tinea
capitis in Iran returns to the work by Asgari et al. [7], during 1964–1966. But the first
and the only critical review on the epidemiological aspects of dermatophytosis in
Iran was conducted by Khosravi et al. [8] in 1994. In this study, a total of 12,150
cases of suspected dermatophytosis were investigated between 1986 and 1991 and
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the infection was confirmed by direct microscopy and culture in 9345 of the cases
(76.9%). Since that time, multiple regional studies focused on the epidemiology and
etiology of dermatophytosis in different parts of the country have been reported [8–
113]. Herein, we aimed to restructure the epidemiological trends of dermatophytoses
and antifungal susceptibility aspects of these infections by a comprehensive nation-
wide study during the time period of 1960 to 2018. An analysis of the frequency of
all Tinea infections in regards to the causative species, location, and time period is
reported.

2 Material and Methods

2.1 Data Collection Methods

A literature search was performed in the ISC, Google Scholar, Scopus, PubMed, and
Web of science (ISI) databases by using the following key search terms:
“Dermatophytosis,” “Tinea,” “Dermatophytes,” “Antifungal Susceptibility Testing”
(AFST), and “Iran.” The key words were corroborated by the Mesh dictionary, by
using the Boolean operator “AND” to link them. To recover the reports lost in our
quest, we also scrutinized the references listed in the selected publications. All
studies were checked out for information, e.g. place (province) and time of study
(as decade), age, and gender of patients if specified, type of dermatophyte infection
and the causative species. The extracted data were transferred to the IBM SPSS
Statistics program (version 22). The period of analysis was designated from 1960
to 2018.

2.2 Inclusion Criteria

The eligible criteria designated for inclusion of the studies in the review were as
follows: (1) publications in English or Persian (Farsi); (2) publications with enough
mycological evidences for diagnosis of dermatophytosis and identification of der-
matophyte agents including direct microscopy, culture, and morphological identifi-
cation or sequencing of the internal transcribed spacer (ITS) regions of ribosomal
DNA (rDNA). By contrast, a number of studies were excluded from the analysis due
to some reasons: (1) studies conducted exclusively on dermatomycoses other than
dermatophytosis or relying solely on dermatological findings; (2) studies in which
the AFST was not performed according to the Clinical Laboratory Standards Insti-
tute (CLSI) M38-A2 guidelines [114] or the European Committee on Antimicrobial
Susceptibility Testing (EUCAST) EDef 9.1 guidelines [115]; and (3) studies with
discrepant or inexplicable results. In 2017, a new taxonomy for dermatophytes was
proposed by De Hoog et al. [4] and we followed this taxonomy for dermatophytes
species in this review.
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2.3 Statistical Analysis

The differences in the distribution of some species between various infections and
time periods of occurrence were compared by using chi-square (χ2) test. Also, the
distribution of each Tinea infection between various age groups was calculated by
chi-square (χ2) test. Two sides p value was calculated and the level of statistical
significance was set at p < 0.05.

3 Results

The circumstance of data collection and entrance in this review was illustrated in
Fig. 1. Of the 135 publications identified in this search, 106 studies from
24 provinces met our inclusion criteria and entered into the analysis among which
a large part was performed in Tehran, the capital of Iran (33 studies), followed by
East Azerbaijan (n ¼ 11), Khuzestan (n ¼ 9), Mazandaran (n ¼ 9), and Isfahan
(n ¼ 8). In Fig. 2 the location of different provinces (cities) in the country and the
provinces of realization in the studies was illustrated. Thirty eight studies were
performed from 1960 to 1999 and 68 studies within 2000–2018. Altogether, of

135 studies in primary search

106 studies included in this review
Suspected cases in these studies: 162799

Proven cases in these studies: 37269 

25 studies with patients’ age
groups,

encompassing 17188 cases

103 studies with mentioned
infectious species

31485 isolates
corresponding to 24 species

95 studies including
29595 Tinea cases 

correlated
to causative species

93 studies containing
patients’ gender
(males, 21809;

females, 13235)

Fig. 1 The flow diagram explaining the steps involved in collection and processing of data in this
review
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162,799 suspected cases, 37,269 cases (22.9%) were confirmed for dermatophytosis
by direct microscopic examination with 10% KOH and/or culture. In Table 1 the
distribution of all dermatophytoses in Iran in regards to the time of occurrence was
illustrated. Most cases of dermatophytic infections (n ¼ 18,950; 50.8%) were
reported within 2000–2009. Tinea pedis (22%) was the dominant form of
dermatophytosis followed by Tinea capitis (20.3%), Tinea corporis (19.6%),
Tinea cruris (18.4%), Tinea unguium (12.3%), Tinea manuum (7%), and Tinea
barbae (0.4%). In 93 studies, the distribution of Tinea infections was correlated to
the gender: 21089 individuals were males and 13,234 were females (M/F
ratio ¼ 1.59).

The evolution and frequency of pathogenic dermatophytes species in Iran during
the last six decades are depicted in Table 2. A total of 31,485 isolates affiliated to
24 species were detected as causative agents of dermatophytoses in 103 reviewed
studies which were, in decreasing order, Epidermophyton floccosum (n ¼ 6098;
19.4%), Trichophyton rubrum (n ¼ 5272), Trichophyton mentagrophytes /
Trichophyton interdigitale species group (TMTISG) (n ¼ 4896), Trichophyton
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Fig. 2 The location of different provinces in Iran. The yellow highlighted locations corresponding
to provinces and cities with eligible studies included in this review
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Table 1 Distribution of dermatophytic infections in Iran according to the time of occurrence

Tinea
1960–
69

1970–
79

1980–
89 1990–99

2000–
2009

2010–
18 Total

Tinea pedis (N)a None 116 1502 147 5322 1113 8200

% within
Tineab

1.4 18.3 1.8 64.9 13.6 100

% within
period

70.3c 14.5c 5.4c 28.1c 22.3c 22.0d

Tinea capitis
(N)a

67 1 3965 1170 1848 508 7559

% within
Tineab

0.9 0 52.5 15.5 24.4 6.7 100

% within
period

100c 0.6c 38.2c 42.9c 9.8c 10.2c 20.3d

Tinea corporis
(N)a

None 2 2080 435 3584 1214 7315

% within
Tineab

0 28.4 5.9 49 16.6 100

% within
period

1.2c 20c 16c 18.9c 24.4c 19.6d

Tinea cruris (N)a None 27 1397 325 3937 1167 6853

% within
Tineab

0.4 20.4 4.7 57.4 17 100

% within
period

16.4c 13.5c 11.9c 20.8c 23.4c 18.4d

Tinea unguium
(N)a

None 19 516 475 3131 436 4577

% within
Tineab

0.4 11.3 10.4 68.4 9.5 100

% within
period

11.5c 5c 17.4c 16.5c 8.8c 12.3d

Tinea manuum
(N)a

None None 855 162 1062 536 2615

% within
Tineab

32.7 6.2 40.6 20.5 100

% within
period

8.2c 5.9c 5.6c 10.8c 7.0d

Tinea barbae
(N)a

None None 66 12 66 6 150

% within
Tineab

44 8 44 4 100

% within
period

0.6c 0.4c 0.3c 0.1c 0.4d

Total (N)a 67 165 10,381 2726 18,950 4980 37,269

% within
period

0.2c 0.4c 27.9c 7.3c 50.8c 13.4c 100d

The different clinical forms of dermatophytic infections are presented in decreasing order of
frequency on the whole study period (1960 to 2018)
aNumber of cases during the decade
bFrequency within all cases of that Tinea among the whole study period
cFrequency among all Tinea infections during the decade
dFrequency within all cases of dermatophytic infections on the whole study period
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verrucosum (n ¼ 3610), Trichophyton tonsurans (n ¼ 2871), T. interdigitale
(n ¼ 2459), Microsporum canis (n ¼ 2365), Trichophyton violaceum (n ¼ 1877),
Trichophyton schoenleinii (n ¼ 1532), Nannizzia gypsea (formerly Microsporum
gypseum; n ¼ 235), T. mentagrophytes (n ¼ 78), Trichophyton erinacei (n ¼ 64),
Trichophyton benhamiae (n ¼ 36), Lophophyton gallinae (formerly Trichophyton
gallinae), Trichophyton soudanense and Microsporum audouinii (15 cases each
one), Microsporum ferrugineum (n ¼ 12), Trichophyton concentricum (n ¼ 4),
Arthroderma uncinatum (formerly Trichophyton ajelloi), Trichophyton eriotrephon,
Trichophyton simii, Nannizzia fulva (formerly Microsporum fulvum), Nannizzia
nana (formerly Microsporum nanum), and Nannizzia persicolor (formerly
Microsporum persicolor), two cases each, and Nannizzia incurvata and Paraphyton
cookei (formerly Microsporum cookei), one case each. A total of 22 isolates were
reported as unknown species. Altogether, in 29,595 cases from 95 studies, the
species causing dermatophytosis were correlated to the type of Tinea infection
(Table 3). While TMTISG (n ¼ 2117), T. rubrum (n ¼ 1966), T. interdigitale
(n ¼ 876), and E. floccosum (n ¼ 799) were respectively determined as the
commonest species causing Tinea pedis, T. tonsurans (n ¼ 1429), T. verrucosum
(n ¼ 1332), TMTISG (n ¼ 845), M. canis (n ¼ 714), E. floccosum (n ¼ 710) and
T. rubrum (n ¼ 622) were the main species causing Tinea corporis. The species
causing other Tinea infections and their frequencies are presented in Table 3. A
statistically significant difference was found in distribution of some species includ-
ing T. rubrum, T. interdigitale, T. schoenleinii, T. violaceum, T. tonsurans,
T. benhamiae, T. verrucosum, M. canis, E. floccosum, and N. gypsea between
different clinical conditions and time periods ( p < 0.05). Concerning the correlation
of each Tinea infection with the patients’ age, only a total of 17,188 Tinea cases from
25 out of the 106 reviewed publications could be sorted into six age groups
(Table 4). Regarding AFST, only 10 publications were eligible for analysis.

4 Discussion

In this review, the epidemiological and mycological features of dermatophytosis in
Iran were investigated according to the reports from 1960s to 2018. All reviewed
studies were found to be descriptive (but not population based) investigations
focused on outpatients attending the mycological laboratories in university-hospital
clinics, or on skin, hair, and nail samples referred for direct examination and fungal
culture. Except Tinea capitis which more often arose in the 1980s, the detection rates
of Tinea infections were the highest in 2000–2009, likely because the vast majority
of reviewed studies (n ¼ 46) and then dermatophytic cases (n ¼ 18,950) was from
this period. It is known that dermatophytosis more often occurs in men [8]. Consis-
tent with this fact, in almost all reports from Iran, the rate of infection was greater in
males except for three studies from Guilan [57, 100] and Tehran [105] that found
dermatophytosis affecting predominantly females. With regard to the age of patients,
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Table 2 Spectrum of dermatophytes species causing human dermatophytosis in Iran during the
last six decades

Species
1960–
69

1970–
79

1980–
89

1990–
99

2000–
09

2010–
18 Total

E. floccosum (N)a None 14 1443 195 3309 1137 6098

% within speciesb 0.2 23.7 3.2 54.3 18.6 100

% within period 13.5c 14.2c 8.1c 23.8c 23.6c 19.4d

T. rubrum (N)a None 2 1340 211 2821 898 5272

% within speciesb < 0.1 25.4 4 53.5 17 100

% within period 1.9c 13.2c 8.8c 20.3c 18.7c 16.7d

TMTISG (N)a None 71 776 396 2458 1195 4896

% within speciesb 1.5 15.8 8.1 50.2 24.4 100

% within period 68.3c 7.6c 16.5c 17.7c 24.9c 15.6d

T. verrucosum (N)a None 1 1476 534 1361 238 3610

% within speciesb < 0.1 40.9 14.8 37.7 6.6 100

% within period 1c 14.5c 22.2c 9.8c 5c 11.5d

T. tonsurans (N)a 1 1 204 106 2206 353 2871

% within speciesb < 0.1 < 0.1 7.1 3.7 76.8 12.3 100

% within period 1.7c 1c 2c 4.4c 15.8c 7.3c 9.1d

T. interdigitale (N)a None None 1128 18 564 655 2365

% within speciesb 47.7 0.8 23.8 27.7 100

% within period 11.1c 0.7c 4.1c 13.6c 7.5d

M. canis (N)a None* None* 1702* 223* 348* 184* 2457

% within speciesb 69.3 9.1 14.2 7.5 100

% within period 16.7c 9.3c 2.5c 3.8c 7.8d

T. violaceum (N)a 48* 3* 943* 333* 496* 54* 1877

% within speciesb 2.6 0.2 50.2 17.7 26.4 2.9 100

% within period 81.4c 2.9c 9.3c 13.9c 3.6c 1.1c 6.0d

T. schoenleinii (N)a 1* 12* 997* 364* 130* 28* 1532

% within speciesb 0.1 0.8 65.1 23.8 8.5 1.8 100

% within period 1.7c 11.5c 9.8c 15.1c 0.9c 0.6c 4.9d

N. gypsea (N)a None None 91 19 102 23 235

% within speciesb 38.7 8.1 43.4 9.8 100

% within period 0.9c 0.8c 0.7c 0.5c 0.7d

T. mentagrophytes (N)a None None None None 78 None 78

% within speciesb 100 100

% within period 0.6c 0.2d

T. erinacei (N)a None None 60 None None 4 64

% within speciesb 93.8 6.3 100

% within period 0.6c 0.1c 0.2d

T. benhamiae (N)a None* None* None* None* None* 32* 36

% within speciesb 88.9 100

% within period 0.7c 0.1d

A. uncinatum (N)a None None 2 None None None 2

% within speciesb 100 100

(continued)
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Table 2 (continued)

Species
1960–
69

1970–
79

1980–
89

1990–
99

2000–
09

2010–
18 Total

% within period < 0.1c < 0.1d

L. gallinae (N)a None None 13 None None 2 15

% within speciesb 86.7 13.3 100

% within period 0.1c <
0.1c

< 0.1d

M. audouinii (N)a None None None 1 14 None 15

% within speciesb 6.7 93.3 100

% within period < 0.1c 0.1c < 0.1d

M. ferrugineum (N)a None None 9 None 3 None 12

% within speciesb 75 25 100

% within period 0.1c < 0.1c < 0.1d

N. fulva (N)a None None None None None 2 2

% within speciesb 100 100

% within period <
0.1c

< 0.1d

N. incurvata (N)a None None None None None 1 1

% within speciesb 100 100

% within period <
0.1c

< 0.1d

N. nana (N)a None None 2 None None None 2

% within speciesb 100 100

% within period < 0.1c < 0.1d

N. persicolor (N)a None None None None 1 1 2

% within speciesb 50 50 100

% within period < 0.1c <
0.1c

< 0.1d

P. cookei (N)a None None None None 1 None 1

% within speciesb 100 100

% within period < 0.1c < 0.1d

T. concentricum (N)a None None None None 4 None 4

% within speciesb 100 100

% within period < 0.1c < 0.1d

T. eriotrephon (N)a None None None None None 2 2

% within speciesb 100 100

% within period <
0.1c

< 0.1d

T. simii (N)a None None None None 1 1 2

% within speciesb 50 50 100

% within period < 0.1c <
0.1c

< 0.1d

T. soudanense (N)a 9 None 2 3 None 1 15

% within speciesb 60 13.3 20 6.7 100

(continued)
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in 25 reviewed publications with the same age ranges, some clinical presentations
were found to occur predominantly in some age categories and to be caused by some
particular species. As shown in Table 4, Tinea capitis more often affected patients
under 20 years old, whereas other infections affected more frequently middle-aged
and older adults. The species causing infection in Iranian people during the last
58 years, e.g. E. floccosum, T. rubrum, TMTISG, T. verrucosum, M. canis,
T. tonsurans, T. interdigitale, and T. violaceum, in fact are currently the main agents
of dermatophytoses worldwide though their distribution pattern differs inside the
country and also with other parts of the world. Herein, the evolution of human
dermatophytoses and of dermatophytes species pertaining to the time of occurrence
is discussed. To our knowledge, this review is the largest Iranian dataset on the
epidemiological aspects of human dermatophytosis.

4.1 Tinea pedis

Tinea pedis (also known as athlete foot) is the fungal infection of the soles of the feet
and interdigital spaces by a dermatophyte species that can lead to Tinea unguium in
50–60% of cases [116, 117]. The infection is also entitled with “pedal fungus
reservoir” due to its extension to other body sites causing Tinea manuum, Tinea
unguium, or even Tinea cruris [118]. Autoinoculation from Tinea pedis and
onychomycosis is responsible for Tinea corporis, Tinea faciei, and rarely for

Table 2 (continued)

Species
1960–
69

1970–
79

1980–
89

1990–
99

2000–
09

2010–
18 Total

% within period 15.3c < 0.1c 0.1c <
0.1c

< 0.1d

Unknown species (N)a None None None 4 18 None 22

% within speciesb 18.2 81.8 100

% within period 0.2c 0.1c 0.1d

Total (N) 59 104 10,188 2407 13,919 4808 31,485

% within the whole
study period

0.2c 0.3c 32.4c 7.6c 44.2c 15.3c 100d

Results are related to the 103 studies which reported frequency of each isolated species. Species
involved are presented in decreasing order of frequency on the whole study period (1960 to 2018). *
P value < 0.0001
A. Arthroderma, E. Epidermophyton, L. Lophophyton, M. Microsporum, N. Nannizzia, P.
Paraphyton, T. Trichophyton, TMTISG Trichophyton mentagrophytes/Trichophyton interdigitale
species group
aNumber of cases during the decade
bFrequency of this species among the whole study period
cFrequency among all dermatophyte isolates during the decade
dFrequency within all cases of dermatophytic infections on the whole study period
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Tinea capitis in the elderly. Besides, due to the long duration of treatment and the
potential for recurrence of infection, Tinea pedis is yet postulated as a matter of
concern for public health [119]. Because of health improvement in the mid-twentieth
century, expansion of immigration and change in the human lifestyle, such as use of
occlusive footwear, the incidence of Tinea pedis has increased. Unlike Tinea capitis
or Tinea unguium, we found no worthwhile survey with regular intervals and
specific focus on foot dermatophytosis as a distinct entity in Iran. However,
integrated with other Tinea conditions, the epidemiological aspects of Tinea pedis
were the matter of investigation in different geographical parts of Iran [27, 37]. In
this review, Tinea pedis accounted for 22% of all dermatophytoses with an incidence
peak in 2000–2009 (28% of all Tinea cases during this decade), and 64.9% of all
cases of Tinea pedis also occurred in 2000s. Study of dermatophytosis among some
military personnel in south of Iran was the first Iranian report addressing the
mycological features of Tinea pedis [120]. In that study dermatophytosis was
diagnosed in 145 out of 290 individuals who had lesions suggestive of
dermatophytosis, and among them Tinea pedis was the major clinical form
(n ¼ 116). Though somewhat old, that study resonated that clinical manifestations
of Tinea can vary depending on the occupation, and in certain occupational groups
where the individuals have to stand or wear the boat (shoes) for a long time,
dermatophytosis more often appears as Tinea pedis [120]. Tinea pedis was then
found with a frequency of 11.9% in Isfahan from 1983 to 1984, with
T. mentagrophytes as the main causative species [37]. In two later studies within
1983–1994, dermatophytosis of the feet accounted for 8.9% and 5% of all
dermatophytoses in Isfahan and Hamadan, respectively [27, 72]. During 1986 to
1991, frequency of Tinea pedis in Iran increased to 15.2% in the study by Khosravi
et al. [8], and it ranked the third among the different clinical presentations of
dermatophytosis. Generally, before the new century Tinea pedis was a less frequent
condition in Iran. At the beginning of the twenty-first century and parallel to
infrequency of Tinea capitis, a meaningful upward shift in the prevalence of Tinea
pedis occurred, especially in the north of the country. Similar to other Tinea
infections, most Tinea pedis cases were recorded within 2000–2009 (Table 1). In
Isfahan, the infection took a gradual rising trend after 2007 with an incidence peak in
2009 [31]. During 2000 to 2017, dermatophytic infection of the feet appeared as the
dominant Tinea presentation in Tehran [19, 21, 46, 79, 121], Mazandaran [75] and
Hamadan [55]. The frequency of infection increased from 20% [84] to 32.1% [75] in
Mazandaran (North of Iran) from 2003 to 2014, and it reached 43.4% in Tehran
during 2008–2010 [21] which is the highest incidence rate of Tinea pedis from Iran
till now. Similarly, in the next investigations during 2010–2014, the infection
remained as the most common presentation of dermatophytosis in this city [19, 79,
121]. In the only study performed in Qazvin, Tinea pedis was the third prevalent
manifestation of dermatophytosis [30]. A review by Seebacher et al. [5] showed that
Tinea pedis accompanied with toenail involvement accounts for more than 50% of
Tinea infections in central Europe.

As for the pathogenic agents, Emami et al. [120] found T. mentagrophytes as the
main species causing Tinea pedis in 1974. Likewise, T. mentagrophytes (51.7%) was
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the major causative species in Isfahan during 1983 to 1994 [37, 72], but at that time,
T. interdigitale was not recognized as a distinct species. So it is very likely that
majority of those T. mentagrophytes isolates actually were T. interdigitale. In the
nationwide study by Khosravi et al. [8], T. mentagrophytes var. interdigitale (now
called T. interdigitale) (40%), T. rubrum (32%) and E. floccosum (24%) were the
leading causes of Tinea pedis in Iran between 1986 and 1991. In Qazvin, during
2004–2006, Tinea pedis was mainly caused by E. floccosum, T. rubrum, and
T. mentagrophytes var. interdigitale [30]. In general, T. rubrum, T. interdigitale,
and E. floccosum are the predominant species causing Tinea pedis worldwide
[3, 5]. As concluded from Table 3, TMTISG, T. rubrum, T. interdigitale, and
E. floccosum were the dominant pathogens causing foot infection during the last
58 years in Iran, a statistically notable finding and congruent with the global pattern.
Recently, a thorough sequence-based study on the human clinical isolates morpho-
logically identified as TMTISG indicated that Tinea pedis is mainly caused by
T. interdigitale rather than T. mentagrophytes, and this finding was statistically
significant [122]. Likewise, many isolates from foot clinical materials that were
morphologically identified as T. mentagrophytes were, in fact, T. interdigitale in ITS
sequencing. Members of the genera Microsporum, Arthroderma, Nannizzia,
Lophophyton, and Paraphyton were less frequently reported as agents of Tinea
pedis in Iran. Given the increase in the rate of host factors such as elderly population
and predisposing diseases like diabetes, the growing incidence of foot infection is
predicted.

4.2 Tinea capitis, an Everlasting Condition in Iran

Tinea capitis (scalp ringworm) is an infection of the hair, scalp, and annexes
(eyebrows and eyelashes) caused by dermatophytes, mainly of the genera
Trichophyton, Microsporum, and Nannizzia [123]. The most important concerns
regarding dermatophytosis of the scalp are its high propensity for transmissibility
and the long duration of the treatment even with new antifungals [124]. About five
decades ago, Tinea capitis was known as “Tinea of elementary students” in Iran and
the spectrum of dermatophyte species causing Tinea capitis encompassed all eco-
logical categories of geophilic, zoophilic, and anthropophilic species [8, 37, 125]. In
this review, Tinea capitis was found as the second most frequent form of
dermatophytosis but nowadays scalp infection is clearly less common in Iran. As
shown in Table 1, Tinea capitis was more prevalent in the twentieth century but,
similar to the global trend, the incidence of scalp infection sharply decreased after
2010 through the country. This may be the result of improvement in child’s
standards and of greater availability of oral antifungals such as terbinafine and
itraconazole.

The oldest study regarding dermatophytosis in Iran, conducted by Asgari et al.
[113], was a preliminary screening on the prevalence and etiological agents of Tinea
capitis in 14 different cities of Iran during 1964 to 1966. In this study, three distinct
geographic foci were identified: in decreasing order of importance, the Caspian Sea
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coast with 25%, the central plateau of Iran with 7.9% and the Persian Gulf coast with
2.4%. In February to March 1970, 1891 children aged 6 to 24 years from Bandar
Abbas and Minab cities, South of Iran, were screened by Asgari et al. [7] to define
the prevalence of Tinea capitis. They found a prevalence of 3.3% with dominance of
endothrix-type Tinea capitis (95%), and neither ectothrix-type infection nor female
infection was detected. Failure to diagnose infection among females was attributed
to the fact that women and girls refused to be investigated for scalp infection due to
cultural issues. Besides, infection was more common in age group ranging from 5 to
14 years. As inferred from Table 1, ringworm of the scalp had an increasing trend in
prevalence between 1960 and 2000 with 52.5% of all Tinea capitis cases detected
during 1980s and the highest rate of scalp infection in the 1990s (42.9% of all Tinea
infections in this decade). Tinea capitis was reported as the most common type of
dermatophytosis in studies performed in Hamadan, Isfahan and East Azerbaijan
during 1971 to 2014 [27, 31, 37, 47, 48, 50, 72, 125] but also, with lower frequency,
from all parts of Iran. In the nationwide study conducted by Khosravi et al. [8]
between 1986 and 1991, Tinea capitis was also noted as the predominant type of
dermatophyte infection (35.6%).

The prevalence rate of scalp ringworm in this reviewed series changed from 72%
in a study in 1983 [37] to 0.8% 30 years later [21]. However, in spite of this
considerable decrease in incidence, Tinea capitis remains as a never-ending problem
in most parts of the country. In a recent study conducted in Mashhad Northern Iran,
Tinea capitis accounted for 32.5% of all dermatophytosis [65], and among them,
53% were endothrix infections caused by T. violaceum and 28% favus due to
T. schoenleinii. Regarding the age distribution, Tinea capitis is known to primarily,
but not exclusively, affect prepubertal children [3, 123]. Consistent with this fact, the
patients with scalp infection in Iran ranged from under one year old to more than
50 years old with majority of them in the age groups of 1–9 and 10–19 years.

Regarding the causal agents of Tinea capitis, they were not static over the time.
While M. canis and M. audouinii were the predominant species in Europe and
Mediterranean countries, T. tonsurans appeared in the Americas and is currently
the most frequent species causing scalp infection worldwide [124, 126]. As shown in
Table 3, spectrum of species causing scalp infection in Iran encompassed all seven
genera of dermatophytes. Infection mostly occurred by M. canis, followed by
T. violaceum, T. verrucosum, T. schoenleinii, and T. tonsurans. The earliest survey
on the causative agents of scalp infection in Iran was conducted by Asgari and Sateri
[7] in 1970. They found T. violaceum (80%), T. soudanense (15%), and T. tonsurans
and T. schoenleinii (1.6% each) as agents of Tinea capitis in Bandar Abbas. In
1980s, T. verrucosum, T. schoenleinii, and T. violaceumwere the dominant agents of
Tinea capitis in Isfahan [37]. Till 1990s, T. verrucosum remained as the dominant
agent of infection in Isfahan, but M. canis appeared as the second common species
during this period [72]. In Hamadan during 1991–1992 T. schoenleinii and
T. verrucosum were equally the most common agents of Tinea capitis [27] while
in the new century, T. tonsurans appeared as the dominant agent of infection in this
city and in Tehran as well [46, 55]. In the national study conducted by Khosravi et al.
[8], M. canis was found as the most prevalent agent of Tinea capitis, followed by
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T. verrucosum and T. violaceum. Along with T. verrucosum, T. schoenleinii was
endemic in the rural areas of Iran [8], but in the last decade, the rate of infection by
this species decreased progressively and it is now eradicated from most parts of the
country; the latest cases of T. schoenleinii infection were reported in 2017 by Salari
et al. [34]. Generally, overview of the infection pattern shows that over the last
decades, the dominant zoophilic species, e.g.M. canis and T. verrucosum, have been
replaced by anthropophilic species, especially T. tonsurans [19]. The recent
molecular-based studies from Northern and central cities, e.g. Sari, Rasht, and
Arak, underlined this changing in the clinical-etiological profile of Tinea capitis
with a gradual increase in the rate of endothrix-type Tinea capitis by T. tonsurans
[57, 75, 78, 127]. On the other hand, in two recent similar studies from Southwestern
cities like Ahvaz, Shiraz, and Yasuj, ectothrix-type scalp infections emerged with
T. interdigitale (currently T. mentagrophytes) as the main causative agent
[29, 109]. Until the last taxonomic changes from de Hoog et al. [4], all strains of
the TMTISG were gathered under the term T. interdigitale which did not discrimi-
nate the zoophilic and anthropophilic variants of the species. However, based on the
current taxonomy of dermatophytes, it is known that almost all of those Iranian
strains causing Tinea capitis were in fact zoophilic species of T. mentagrophytes.
Similar pictures were described from Tehran. The predominant species such as
T. violaceum and M. canis causing Tinea capitis in the late 1990s and early 2000s
[42, 46, 60] were gradually replaced by T. tonsurans and T. mentagrophytes [19, 79,
121]. Nannizzia gypsea was the most common geophilic species causing Tinea
capitis, so that 38% of all infections by this species were scalp infections
(Table 3). Generally, Tinea capitis was the most common dermatophytic condition
before twenty-first century in Iran, but its occurrence decreased considerably during
the last two decades. Additionally, the pattern of the causative species has progres-
sively changed with a substantial increase in the incidence of T. tonsurans and
T. mentagrophytes and a remarkable decline in the rate of infection by
T. schoenleinii after 2000s (Table 3).

4.3 Tinea corporis

Tinea corporis is a worldwide distributed infection that affects the skin of trunk,
arms, legs, and neck. In a recent review on human dermatophytosis, this type of
infection was found as the predominant Tinea in African adults [126]. It was stated
that Tinea corporis is the main clinical form of dermatophytosis in the Middle East
[3]. Consistent with this, 65.6% of all Tinea corporis cases were detected in the
twenty-first century (during 2000–2018). In this review, Tinea corporiswas the third
most common presentation of dermatophytic infections with the highest rate of
incidence in 2010s. As it can be inferred from Table 1, 24.4% of all dermatophytosis
cases between 2010 and 2018 were Tinea corporis. To our knowledge, the oldest
retrieved data regarding Tinea corporis also came from the work of Emami et al.
[120] in 1974. They found this type of dermatophytosis as the lowest frequent type
(1.4%) among affected military personnel. In five distinct surveys from center and
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west of the country between 1983 and 2018, cases of Tinea corporis constituted the
second most frequent type of dermatophytosis after scalp infection [27, 31, 37, 55,
72]. Likewise, in East Azerbaijan till early 1990s Tinea corporis ranked second
among all forms of dermatophytosis after Tinea capitis but during 1997–98, it
appeared as the main manifestation of dermatophytosis [128]. Similarly, Tinea
corporis ranked the first in frequency (31.4%) among all Tinea forms over the period
of 1999–2001 in Tehran [60]. The infection also appeared as the main Tinea
infection in Khorasan [65], Khuzestan [109], and Kermanshah [18] with prevalence
rates of 33%, 37.2, and 38.5%, respectively.

All dermatophytes from all ecological categories cause Tinea corporis, but the
main species varies geographically. In Africa, the most prevalent causative species
were found to be T. violaceum, T. rubrum, and M. canis [126]. In this review,
T. verrucosum and TMTISG were respectively the dominant species involved in
Tinea corporis in central provinces of Isfahan and Yazd during 1983–2015 [31, 37,
72, 104]. Likewise, in three different surveys from west of Iran between 1991 and
2015, T. verrucosum was reported as the species predominantly causing infection
[18, 27, 55]. In different surveys from Tehran, E. floccosum [42, 60, 79],
T. tonsurans [19, 46], T. interdigitale [21, 25], M. canis [129], and T. rubrum
[121] were involved as the dominant species causing infection. In Northern
provinces, the infection more often occurred by T. verrucosum [128],
T. mentagrophytes [65, 84], and T. rubrum [57]. In South part of the country,
TMTISG was found as the leading species [29, 82, 109]. Overall, as pointed out in
Table 3, T. tonsurans (22.1%), T. verrucosum (20.6%), TMTISG (13.1%), M. canis
(11.07%), and E. floccosum were the main species involved in Tinea corporis in Iran
( p < 0.05).

4.4 Tinea cruris

The dermatophytic infection of the skin in genitals, inner tights, and buttocks is
termed as Tinea cruris (also jock itch and Tinea inguinalis). The infection is globally
distributed with different prevalence rates ranging from 2.5 to 52% [130]. It seems
that the prevalence rate of Tinea cruris was low before the new century in most parts
of Iran. To our knowledge, the first Iranian study addressing the mycological
features of Tinea cruris was performed by Emami et al. [120]. They found Tinea
cruris as the second type of Tinea among military personnel in some regions in the
south of Iran. In Isfahan, during 1983 to 1984, a frequency of 7.3% was reported,
with E. floccosum as the only causative agent [37]. Afterward, during 1983 to 1993
the infection ranked fourth among all clinical forms of dermatophyte infections
(6.8%) [72]. In four investigations from North West of the country between 1985
and 1997, Tinea cruris rated 1.3–5.3% in term of frequency [48, 50, 110, 128]. In
other studies over the period of 2001–2011, Tinea cruris was reported as the most
prevalent Tinea with frequency up to 47% [30, 57, 58, 82, 84, 100]. As shown in
Table 1, the highest rate of groin infection (57.4%) was from 2000–2009. But it
should be stressed that such rate of infection was not solely the result of widespread
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occurrence of Tinea cruris during 2000s, but also due to a publication bias with
multitude of studies focused on dermatophytosis in this decade (46 out of
106 reviewed publications). Tinea cruris is well known to be more common in
adolescents and young adults [130]. Congruent with this, the highest rate of infection
in Iran was described in 20–39 years old individuals (Table 4).

From a mycological perspective, the most common species causing Tinea cruris
worldwide in 1970s were T. mentagrophytes and E. floccosum, but since the 1980s
they have been replaced by T. rubrum and now this species is responsible for the
majority of the cases [5, 130]. In Iran, however, E. floccosum has been settled as the
main pathogen causing groin infection from the past till now [8, 37, 72, 109]. As
shown in Table 3, 69.1% of all E. floccosum strains were isolated from groin
infection and 72.2% of all Tinea cruris cases were caused by this species, and this
finding was statistically significant ( p < 0.05). Historically, in 1974
T. mentagrophytes and E. floccosum were reported as the most common cause of
Tinea corporis among the personnel of military services in South of Iran [120]. Four-
teen years later, Sadri et al. [59] found E. floccosum as the most frequent species
causing Tinea cruris in patients referred to the Mycological Laboratory, Razi
Hospital, in Tehran during a 3-month period. Between 1983 and 2014
E. floccosum, with notable difference, exceeded other species such as TMTISG,
T. rubrum, and M. canis as the agent of groin infection in center, North East, and
South of the country [30, 31, 37, 58, 65, 72, 82, 109]. In two different surveys in
Hamadan, west of the country, T. verrucosum and E. floccosumwere the main agents
of jock itch between 1991 to 2016 with almost the same ratio [27, 55], whereas the
dominant species causing infection were E. floccosum and T. rubrum in the north of
Iran [57, 75, 84], and E. floccosum, T. rubrum and TMTISG in Tehran [19, 21, 25,
46, 60, 79]. Finally, when data regarding the age and gender of patients were
available, the infection more often occurred in adults and males. Generally, Tinea
cruris remains as a common Tinea infection in Iran with predominance of
E. floccosum as the etiological agent.

4.5 Tinea unguium

The term Tinea unguium (or dermatophyte onychomycosis) encompasses any fungal
infection of the finger and toe nails by dermatophytes [131, 132]. Tinea unguium
together with nail infections by yeasts and non-dermatophyte molds is responsible
for about half of all the nail abnormalities and it still remains as an unsolved and even
rising problem in many parts of the world [117, 131, 133]. In Australia, the incidence
of toenail dermatophytosis increased from 13.8% during 1961–64 to the striking rate
of 54.8% in 1995–96 [134]. Though not life-threatening, onychomycosis still
remains a serious global disease due to some negative social consequences
[132]. Meanwhile, unlike to skin infections by dermatophytes and due to factors
intrinsic to the nail, dermatophytosis of the nails is widely difficult to eradicate with
antifungal therapy [117]. Today, seven decades after introduction of griseofulvin,
Tinea unguium along with Tinea pedis and Tinea capitis remains a never-ending
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story in dermatology [5]. It is estimated that the global prevalence of Tinea unguium
will increase as predisposing conditions such as diabetes, senility, and smoking are
becoming more common [117]. Like in other parts of the world, Tinea unguium was
found to be common in Iran, with a prevalence rate varying from 1.5% [27] to 21.3%
[21]. The first report of Tinea unguium in Iran comes from the study of Ardehali [76]
in 1973 with frequency rate of 38%. In the 1980s and early 1990s, Tinea unguium
was the less common form of dermatophytosis in most parts of Iran. In Isfahan,
Hamadan, and East Azerbaijan frequency of the infection during 1983 to 1998
varied from 1.3 to 2.6% [27, 37, 48, 72, 128]. In the nationwide study by Khosravi
et al. [8] between 1986 and 1991, nail infection accounted for 2.6% of all
dermatophytoses and it was the lowest common among all dermatophytic infections.
Aghamirian and Ghiasian [28] investigated over a 4-year period (2004–2007) the
prevalence of onychomycosis in Qazvin in 308 suspected patients and found a rate of
40.2%, with 50% of these infections caused by dermatophytes. In the unique
investigation of dermatophytosis from Khorramabad, West of Iran (2007–2008),
nail infection ranked second among all Tinea infections (25.5%) [35]. As concluded
from Table 1, similar to Tinea cruris, Tinea unguium had a sinusoidal trend in
prevalence during the last six decades. But except the report by Ardehali [76], review
of the literature indicated that dermatophyte infection of the finger and toe nails was
uncommon or less prevalent before 2000s and majority of Tinea unguium cases
occurred during the period of 2000–2009 (Table 1). Compared to Tinea capitis
which gradually diminished over the time, and similar to Tinea pedis, frequency of
nails dermatophytosis has increased over the time, and with reference to the change
in the lifestyle and to growth in the number of populations at greater risk for
onychomycosis, such rising trend in the frequency was predictable. However,
compared to the period of 2000 to 2009, frequency of the infection has decreased
to 8.8% in 2009–2018 (Table 1). Although this may imply the improvement in social
awareness of fungal nail infection, such frequency is yet remarkable due to its
negative social outcomes.

The species most often isolated from Tinea unguium are T. rubrum,
T. interdigitale and E. floccosum, worldwide [117]. Consistent with the global
trend, T. rubrum and TMTISG constituted the major causative agents of Tinea
unguium in this review (Table 3) and this finding was statistically significant.
Surprisingly, in the oldest available report from Iran by Ardehali [76],
T. schoenleinii was incriminated as the leading agent (63.1%) of onychomycosis.
The other species in decreasing order were T. violaceum (15.8%), T. rubrum
(10.5%), T. tonsurans, and T. verrucosum (5.3% each). In 93.6% of the cases due
to T. schoenleinii and T. violaceum, an accompanying scalp infection was detected
and the patients were mostly the peasants who had nail infection in left hands.
Khosravi et al. [8] during 1980s showed that T. rubrum, with notable difference, was
the leading cause of nail infection compared to T. interdigitale and E. floccosum. In
another study by Khosravi and Mansouri [73], T. interdigitale, T. violaceum, and
T. rubrum were found to be the foremost cause of Tinea unguium in Tehran from
1996 to 1997. In Isfahan, from 1983 to 2014, the causative agents were found to be
TMTISG, E. floccosum and T. rubrum [31, 72, 107]. In Kerman, South of the
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country, Salari et al. [34] recently identified T. interdigitale as the main agent
(64.7%) of nail infection. As illustrated in Table 3, nearly half of the cases of
Tinea unguium in Iran were due to T. rubrum. Since 2000s, T. rubrum has remark-
ably overtaken the TMTISG as the agent of nail and foot mycoses, particularly in
Tehran and Northern half of the country, e.g. Khorasan and Mazandaran [21, 46, 65,
75]. In Tehran, during two independent studies from 2000 to 2011, T. rubrum was
isolated from 64–74% of all Tinea unguium cases [21, 46]. Similarly, in Qazvin, two
different investigations between 2004 and 2007 demonstrated the predominance of
T. rubrum followed by T. interdigitale and E. floccosum [28, 30]. Similar to the
scenario for Tinea pedis, the recent comprehensive sequence-based study by
Taghipour et al. [122], on the human clinical isolates of TMTISG revealed that
Tinea unguium is also more commonly caused by T. interdigitale rather than
T. mentagrophytes.

Recently, some mycological studies from Tehran, Isfahan, Kermanshah and
Ahvaz demonstrated a shift in the etiology of onychomycosis from dermatophytes
towards non-dermatophyte molds (NDMs) and yeasts [18, 80, 107, 135, 136]. The
frequency of nail infections due to yeasts such as Candida species and NDMs in
these investigations varied from 62 to 83.1%. It is known that Tinea unguium is a
gender- and age-related infection and its prevalence peaked in males and elderly
individuals. Furthermore, nail infection by dermatophytes is much more abundant in
toe nails than in finger nails [117, 133]. In agreement with these facts, in 18 studies
with retrievable data, we found that dermatophytic onychomycosis more often
occurred in toe nails (54.7%) and male patients (M/F ratio: 1.1), aged of 50 years
and above. Generally, the increase in life expectancy and in the number of diabetic
individuals has resulted in an increased frequency of particular infections such as
Tinea unguium and Tinea pedis [3].

4.6 Tinea manuum

Tinea manuum is the term applied for dermatophyte infection of the intertriginous
web spaces, palmar and dorsum surfaces of the hands which typically occurs in
adults. The infection may also be seen together with Tinea pedis and the so-called
‘two-feet-one-hand syndrome implies to the unilateral infection coexistent with
bilateral plantar Tinea pedis [137]. But, compared to Tinea pedis, only a few
investigations have been published regarding the clinical and mycological perspec-
tive of Tinea manuum. According to our dataset, the first study in Iran with
information on the clinico-mycological features of Tinea manuum was performed
by Chadeganipour et al. [72] in Isfahan between 1983 and 1993. In their study Tinea
manuum accounted for only 2.6% of dermatophytosis cases. Subsequently,
Omidynia et al. [27] during their survey of dermatophytosis in Hamadan between
1991 and 1992 found Tinea manuum as the third form of infection (10.4%) in term of
abundance. After that, Khosravi et al. [8], in their nationwide study during 1986 to
1994, reported the frequency of Tinea manuum as 9.7% and T. interdigitale as the
main causative species. In another surveillance, during 1991 to 1993 hand
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dermatophytosis accounted for 12% of all dermatophytosis in Tabriz, North West of
Iran [48]. In different reports, the frequency of Tinea manuum varied from 2.1% to
18.7% in Tehran [21, 25, 46, 79, 129, 138] or from 4% to 16.4% in Mazandaran
[75, 84], whereas it was of 17.5% in Mashhad [65]. But, the highest frequency of
Tinea manuum throughout the country (35.5%) was reported from Kerman by
Mosavi et al. [16] during 2007–2011. While the frequency of Tinea manuum in
Iran was found to be 7% in this review, in different reports from Australia, Poland,
China, and Syria, it ranged from 3.4 to 16% [134, 139–141]. On the whole, our data
support the conclusion that Tinea manuum occurs uncommonly worldwide. Regard-
ing its etiologic agents, Tinea manuum is known to be caused mainly by T. rubrum
throughout the world [134, 137, 142], but the causative agents may vary geographi-
cally. The survey of all eligible reports from Iran shows that especially before 2000,
T. verrucosum was the dominant species causing hand infection but after that
T. interdigitale, T. rubrum, TMTISG and T. tonsurans emerged as the main involved
species. But, given the marked reduction in the isolation rate of T. verrucosum after
2009 (Table 2), more occurrence of hand infection by human-adapted species like
T. rubrum and T. interdigitale is expectable.

4.7 Tinea barbae

Tinea barbae, also called sycosis, is a dermatophytic infection of the skin and hairs
of the beard and moustache in men [143–145]. Though rare, these disorders impose
major complications and healthcare burdens. Besides, given that the clinical appear-
ance of infection simulate to the folliculitis or pseudo-folliculitis barbae, misdiagno-
sis is highly usual [145]. Nevertheless, few investigations have rated the clinical and
mycological features of this infection. Congruent with this view, our review also
revealed that the infection has taken less attention in Iran, with only 12 studies
reporting a total of 150 cases. This rarity among our dataset made it statistically
difficult to take a comprehensive assessment on clinical and mycological aspects of
the infection. In our dataset, the frequency of the infection regularly declined after its
highest value (44%) in 1980–89, except the period of 2000–2009 where there was a
publication bias as for other Tinea presentations. During 2010 to 2018 only six
episodes of infection were detected. Notably, this finding was expected because such
trend was observed in some recent reports from Iran [21, 25, 109]. Overall,
dermatophytosis of the beard was formerly more common but after substantial
progresses in lifestyle and sanitary habits of men, especially application of single-
use razors, its occurrence took apparently a descending trend worldwide
[109, 145]. Overview of the few available literature indicated that most cases of
Tinea barbae cases were reported as small series and caused by zoophilic or
anthropophilic species [143–146]. Bonifaz et al. [144] diagnosed 9 cases of Tinea
barbae in Mexico over an 18-year retrospective study (1983–2001). Infection was
more common in the 60s of life and mainly resulted from T. rubrum and M. canis.
The most recent cross-sectional study on Tinea barbae was performed in a major
Tertiary Dermatology Department in Lisbon, Portugal by Duarte et al. [145]. Overall,

280 M. Gharaghani et al.



seven cases all of which caused by T. rubrum were detected over an 11-years period
(2008 to 2018), with a 46% decrease in the frequency of Tinea barbae compared to
similar survey performed in the past decade. A high rate of 43% misdiagnosis at the
first clinical inspection by a dermatologist was reported which accentuates the role of
mycological examinations for confirmation of the diagnosis. As to the etiology,
T. verrucosum, M. canis, and T. mentagrophytes are the dominant zoophilic agents,
while T. rubrum is the more common anthropophilic species [143–145]. The highest
frequency of beard infection in Iran (6.4%) backs to a study in Lorestan, Southwest
of Iran. Sepahvand et al. [35] in that scrutiny, found 11 cases of Tinea barbae among
which a dermatophyte strain was isolated from culture in 5 cases, i.e. T. violaceum in
4 cases and E. floccosum in the last one. In Isfahan, during 1983–1993, 6 cases of
beard infection by T. violaceum, M. canis, and T. verrucosum were detected
[72]. Likewise, 6 cases of infection due to T. verrucosum and TMTISG were found
over the period of 2004 to 2014 in Kerman [34]. Generally, in the few reported cases
among our series, the most common dermatophytes involved were the zoophilic
species T. verrucosum (64%), M. canis (18%), TMTISG (10.1%), followed by the
anthropophilic species T. violaceum and T. interdigitale (one 2.2% each).

4.8 Trends of Change of Infectious Species

Analysis of the literature reveals that the spectrum of dermatophyte species can be
altered throughout the time and may depend on the variation in clinical manifestation
of dermatophytosis in the respective regions [5]. This was reflected in this review of
dermatophytosis in Iran. As shown in Table 2, favus by T. schoenleiniiwas prevalent
for 3–4 decades before 2000s, but afterward its occurrence strikingly decreased and
it has almost disappeared today in Iran. This phenomenon may likely be due to the
effectivity of griseofulvin in pediatric Tinea capitis and improvement in the sanitary
condition of children during two recent decades. In some recent sequence-based
investigations from cities like Tehran, Ahvaz, Shiraz and Yasuj, T. interdigitale was
reported as the most common species causing Tinea infections [21, 25, 109, 147]. As
indicated before, in those papers from 2013–2016, all anthropophilic and zoophilic
strains of the current T. mentagrophytes/T. interdigitale complex were gathered
under the term T. interdigitale. Given the recent taxonomy proposed by De Hoog
et al. [4], differentiation of T. mentagrophytes and T. interdigitale can be accom-
plished by ITS sequencing. As stated by Taghipour et al. [122], due to the lack of
sequence-based investigations in the past and to the taxonomic instability across
dermatophytes species, the true estimation on the rate and spectrum of Tinea
infections by either T. mentagrophytes or T. interdigitale in Iran is difficult. In
limited number of studies with detailed morphological evaluation,
T. mentagrophytes var. interdigitale (currently an invalid name) had predominantly
been isolated from Tinea pedis and Tinea unguium while T. mentagrophytes var.
mentagrophytes was mainly reported from Tinea corporis and Tinea capitis
[8, 31]. The recent comprehensive survey on the GenBank entries accompanied
with practical assessment by Taghipour et al. [122] indicated that T. mentagrophytes
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and T. interdigitale are associated with particular clinical manifestations and a great
number of Iranian T. interdigitale strains, especially those isolated from infections
other than foot and nail, should be reclassified as T. mentagrophytes. By contrast,
majority of submitted T. mentagrophytes which had been isolated from Tinea
unguium and Tinea pedis were, in fact, T. interdigitale. Then, estimation of the
real incidence of foot and other infections by T. interdigitale and T. mentagrophytes
in previous studies (whether from Iran or abroad) when there were no available ITS
sequences connected to the isolates, is very difficult.

In terms of frequency of infectious species, E. floccosum was reported as the
dominant agent of dermatophytosis in some parts of the country from the past till
now [19, 30, 37, 57, 60, 79, 84] and now it is the most prevalent anthropophilic
species in the South and West regions of Iran [18, 82, 109]. As a whole, it has also
been found as the main species causing groin infection in Iran which was statistically
significant [25, 30, 31, 37, 57, 60, 82, 109] and currently it is the third agent of Tinea
pedis and Tinea unguium after T. interdigitale and T. rubrum [5]. Of note, the
species very rarely invade the hair but four episodes of scalp infection by
E. floccosum were found in our dataset. Surveillance of trend of infections by
E. floccosum in this review supports the conclusion of Seebacher et al. [5] that
contrary to some European countries like Germany, incidence of infection by this
anthropophilic species in many Islamic countries is increasing.

The anthropophilic dermatophyte T. rubrum accounted as the second taxon
causing dermatophytosis in Iran. Trichophyton rubrum, in general, is a complex
comprising three taxa including T. rubrum, T. violaceum, and T. soudanense that
despite their relative genetic similarity can be considered as separate species with
distinct geographical distributions and clinical preferences [148]. Trichophyton
rubrum has emerged since the twentieth century as a cause of chronic Tinea corporis
from the endemic areas in South Asia. In the middle of the twentieth century, it has
been the most incriminated species causing mainly Tinea pedis and Tinea unguium
in Europe and currently it is the main entity causing dermatophytosis worldwide
[149]. This species appeared in Iran in the late of the twentieth century, with a very
low frequency [37, 76, 150]. For example, in 1973 it accounted for only 10.6% of
Tinea unguium cases and its rarity was attributed to its non-indigenous nature
[76]. In 1987 and 1996 the frequency of this species among clinical isolates of
dermatophytosis in Hamadan and Isfahan was reported as zero and 1.75%, respec-
tively [27, 37]. Between 1986 and 1991, T. rubrum constituted only 4.25% of all
agents of dermatophytosis in Iran but it was the main anthropophilic species and the
dominant agent of Tinea unguium [8]. After 1990s, its occurrence steadily increased
and in many areas of the country it recently emerged as the main or the second most
prevalent agent of dermatophytosis [18, 19, 21, 30, 55, 57]. In Central and North
Europe, the high isolation rate of T. rubrum during last decades was noted to be
connected with the growing incidence of Tinea pedis [5]. Likewise, in surveys
conducted after 2000s, the increased frequency of T. rubrum in Iran was
accompanied with an increased incidence of Tinea pedis [21, 25, 30, 46, 79,
121]. As illustrated in Table 3, this species was more frequently isolated from
Tinea pedis and Tinea unguium. An update on dermatophytosis by Seebacher
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et al. [5] indicated that mycoses by T. rubrum, especially Tinea pedis and
onychomycosis, have increased in central Europe. Generally, consistent with the
universal trend, rising incidence of infections by T. rubrum is also predicted for Iran
and some host and pathogen factors can impute to this rise. These include: (1) the
higher capacity of some T. rubrum strains to spread [151]; (2) the expanded use of
private baths which are the main source for vertical transmission of the species
within families [152]; (3) use of occlusive shoes which develops humidity leading to
Tinea pedis/Tinea unguium; and (4) expansion of social communications leading to
greater tendency to the human-to-human than animal-to-human model of infection
transmission.

The anthropophilic species T. schoenleinii and T. violaceum were once the most
important agents of scalp and skin lesions in Iran [8, 37, 48, 50, 72], but in this
review these two species ranked the second (21%) and the third (14.6%) most
frequent agents of scalp infection after M. canis. From Table 3, it is figured out
that great majority of T. schoenleinii infections was as scalp infection. However, in
1970s, it was even the dominant agent of Tinea unguium in Iran [76] and in 1980s it
ranked the second most common agent of Tinea corporis in one study from Isfahan
[37]. In East Azerbaijan, between 1985 and 1991, T. schoenleinii was demonstrated
as the leading cause of dermatophytosis by Mohammadi [50] and Kazemi et al.
[48]. The species even was described as the most common cause of dermatophytosis
in Hamadan in the late 1990s [27]. In terms of timeframe, most cases of infection by
T. schoenleinii (88.9.1%) occurred between 1980 and 1999 (Table 2). But, currently
the elimination of T. schoenleinii and T. violaceum is a great variation in the
spectrum of pathogenic dermatophytes species in most areas of Iran. Whereas
some authors mentioned that Tinea capitis by T. schoenleinii (favus) is currently
limited to some endemic regions like China and Iran [153], apparently no or rare
episodes of infection by the species have been traced in the most recent surveys from
Iran [21, 34, 109]. Now, it seems that infection by T. schoenleinii is only common in
some African countries [5].

A similar story was revealed for T. violaceum in Iran. The highest rate of isolation
for the species was during 1980 to 1999, afterward it decreased markedly in the
current decade (Table 3). Trichophyton violaceum is a species with endemism
confined to some North and East African countries that was imported from these
regions to other parts of the world during the twentieth century. The taxon was
reported as the most prominent species involved in Tinea capitis and Tinea corporis
in most areas of Africa and currently it is a common cause of scalp infection in Africa
and West Asia [148]. Additionally, the theory that T. violaceum (along with
T. schoenleinii) has predilection to infect hair rather than skin [124] was confirmed
statistically in this review where 76.3% of infections by this species in Iran were as
Tinea capitis. The first documented report on human infection with this species in
Iran was by Asgari and Sateri [7] from Bandar Abbas. In 1970 they found
T. violaceum (80%) and T. soudanense (15%) as agents of endothrix Tinea capitis.
Between 1986 and 1991, T. violaceum was reported as the second agent of scalp
infection in Iran [8]. Currently, the disappearance of T. violaceum and
T. schoenleinii along with reemergence of T. tonsurans and decline in the isolation
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rate of M. canis represent the most important alteration in the spectrum of
dermatophytes causing Tinea capitis in Iran. There is no follow-up data regarding
the efficacy of antifungal agents for treatment of dermatophytosis in Iran but, based
on multicenter trial studies from Canada, Brazil and South Africa, one more likely
explanation for the observed decrease in the isolation rate of T. violaceum (and
T. schoenleinii) compared to the increase of T. tonsurans is the greater susceptibility
of this species to routinely used antifungals compared to T. tonsurans [154]. There
are also data supporting that scalp infection due to T. violaceum mostly occurs in
children, rather than adults [155], and then gradual decrease of infection by the
species in Iran can also be interpreted to as improvement in the sanitary standards for
children.

As revealed in Tables 2 and 3, the cattle ringworm fungus T. verrucosum was one
of the most common species causing dermatophytosis in Iran, especially Tinea
corporis and scalp infection [27, 37, 72]. But, with the advent of sequence-based
studies in the second decade of the twenty-first century in Iran, the validity of
culture-based reports on the isolation of this zoophilic species from the past onwards
was questioned [21, 25, 109]. At present, in Iran, it is known that part of the human
isolates which personate the morphological characteristics of T. verrucosum are
indeed a diverse range of dermatophyte species including T. mentagrophytes and
T. verrucosum [21, 25, 57, 109]. Since 2008 till now, only six sequence-based
proven cases of human T. verrucosum clinical isolates were detected in Khuzestan
(n ¼ 1) and Guilan (n ¼ 5) of which four isolates were deposited in the Westerdijk
Fungal Biodiversity Institute (CBS database, Utrecht, Netherlands) as T. verrucosum
CBS 130944 to CBS 130947. Then, the true frequency of human dermatophytosis
by T. verrucosum in Iran is much lower than those reported.

The human-adapted fungus T. tonsurans is a ubiquitous dermatophyte known as
very contagious and hardly treatable species which can create epidemics especially
among athletes in martial arts club [3, 156]. Infection with this taxon was uncommon
in the past through the country. Within 1986–1991, it constituted 1.3% of all Tinea
agents in Iran, and was exclusively isolated from Tinea capitis [8]. The considerable
emergence of T. tonsurans as agent of dermatophytosis in Iran dates back to the late
1980s. This period was, in fact, concurrent with the highest rate of T. schoenleinii,
T. violaceum, andM. canis isolation and with the sudden increase in the incidence of
Tinea capitis and Tinea corporis. As shown in Table 2, majority of the T. tonsurans
isolates (89.1%) were recovered after 2000. In addition, this species was predomi-
nantly isolated from cases of Tinea corporis (60%) and Tinea capitis (27.3%),
findings which were statistically significant and in agreement with the global
changes in the etiology of Tinea capitis towards by T. tonsurans [3]. In the last
two decades, new presentations of Tinea corporis or Tinea capitis called Tinea
corporis gladiatorum and Tinea capitis gladiatorum were described among
sportsmen with extensive bodily contact, especially judoists and wrestlers, through-
out the world [40, 69, 157–159]. Almost all studies pertaining to the mycological
aspects of Tinea gladiatorum unanimously reported T. tonsurans as its most com-
mon causative agent. In three reports from Tehran, Qazvin and Sari cities between
2004 and 2008, frequency of this species as agent of Tinea gladiatorum ranged from
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82.7 to 100% [40, 69, 157]. As a national sport, wrestling is very popular in Iran and
many young individuals are involved in it through the country. Given the expansion
of combat sports, especially wrestling, further incidence of both T. tonsurans and
Tinea corporis gladiatorum/Tinea capitis gladiatorum in Iran may be expected.

Regarding T. simii, only two cases caused by this less-known species were
reported from Yasuj and Ahvaz, among which only one was verified by
ITS-rDNA sequencing of the isolate [53, 62]. Trichophyton simii is a rare dermato-
phyte pathogen that causes infection in a broad variety of animals and human with
majorities of records regarding its isolation from India. Incidence of infection by this
fungus, even in endemic area of Indian subcontinent, is little known [160]. Like
other uncommon species, application of sequence-based procedures is needed to
define the incidence rate of dermatophytosis by this fungus in Iran.

The species that is being identified recently in Iran is T. benhamiae (formerly
Trichophyton species of Arthroderma benhamiae). It has been reported as an
emerging zoonotic dermatophyte in some parts of Europe, especially Germany and
Czech and has Guinea pig and some rodents as animal sources [161, 162]. Some
strains of the species share mycological features with T. mentagrophytes and gener-
ally the definitive species identification relies on ITS-sequencing [161]. The epide-
miological aspects of infection by this fungus in Iran is unknown. Until 2013,
T. benhamiae has not been detected as agent of dermatophytosis in Iran, not as a
result of infrequency, but because of misidentifications as other morphologically
similar species. In 2013, it was reported for the first time from two cases of Tinea
capitis and Tinea faciei in Tehran [21]. Since that time, the taxon has been isolated
from cases of Tinea corporis, Tinea capitis, Tinea manuum, Tinea pedis, and Tinea
unguium in Tehran, Ahvaz, Hamadan, Yasuj, and Shiraz [25, 29, 55, 109]. Among
T. benhamiae isolates with demographic data in this review, 50% were from Tinea
corporis and Tinea facieiwhich is consistent with the European trend of infection by
the species [161]. Currently, the only explicit confirmation for T. benhamiae identi-
fication and its differentiation from the closely related species, e.g. T. erinacei and
T. eriotrephon is ITS sequencing [161], thus the true incidence and epidemiologic
trend of infection by this species in Iran remain to be determined.

Another recognized species with low frequency in this review was T. erinacei, a
zoonotic species with hedgehogs as its primary and preferred host. The species
causes infection in hedgehogs to a high rate of 20–47%, but it is a very uncommon
pathogen for human [163, 164]. The first case of human dermatophytosis by
T. erinacei was described from New Zealand in 1960 [165]. Since less than
50 cases of human infection by this zoophilic species have been reported worldwide,
most of which go back to the twenty-first century and from Asian countries where
the hedgehog is popular as pet, e.g. Japan, Korea, Thailand, and Taiwan [164, 166–
168]. Surprisingly, Khosravi et al. [8] during their study of dermatophytosis in Iran
reported 60 cases of human infection by T. erinacei, all of which originated from
scalp infection. But, given the absence of molecular verification, validity of those
isolations is questionable. To date, the only confirmed case of human
dermatophytosis by T. erinacei comes from Rezaei-Matehkolaei et al. [21] in a
study on dermatophytosis in Tehran. One explanation for such infrequency of
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infection by the species can be attributed to this fact that hedgehog is clearly not
popular as pet in Iran. Similarly to T. benhamiae, the thorough identification of this
less-known species relies on sequence-based procedures but, at the time of this
review, in resource-limited countries such as Iran, the sequencing is relatively costly
and difficult to establish in regular clinical diagnostics. Then, the incidence rate of
human infection by T. erinacei should be considered with caution, but it is estimated
to be less than that of T. benhamiae.

Trichophyton eriotrephon, which was detected from two cases of
dermatophytosis in this review, is a pathogenic species closely related to
T. benhamiae, T. erinacei, and T. concentricum. Up to now, there are only two
published reports on the clinical isolation of the species worldwide, both of which
originated from human dermatophytosis. The first one was in 1925 by Papegaay
[169] from a case of Tinea corporis in Netherlands. Two other strains identified by
ITS sequencing were isolated in Tehran, Iran, during 2008–2010 from two patients
with Tinea capitis and Tinea faciei [21]. Recently, two additional ITS sequences
from unpublished clinical isolates from Shiraz, South of Iran, were deposited in the
GenBank under the accession numbers KP789415 and KP789416. The new isolates
were recovered from cases of Tinea manuum and Tinea pedis. Considering the very
low isolation rate of the species and that all the newly described isolates originated
from human dermatophytosis in Iran, the epidemiological particularities of the
infection by this mysterious species remain to be discovered. Additionally, similar
to T. benhamiae and T. erinacei, sequencing is mandatory for identification of this
species. Therefore, the actual abundance of the species within either Iranian or global
dermatophytes population might be greater than what has been discovered so far.

Dermatophytosis due to Microsporum species, until 1970s, was uncommon in
Iran [76]. Microsporum canis was reported as the main species causing Tinea
corporis in Iran in 1978 [150] and Tinea capitis in 1994 [8]. According to Seebacher
et al. [5], there was still in 2008 a predominance of M. canis among agents of Tinea
capitis in Mediterranean countries of Europe such as Spain. Based on the new update
on dermatophytosis by Coulibaly et al. [126], a number of reports highlighted the
reemergence of the species in some Eastern and Northern African countries, espe-
cially in Tinea capitis. Here, the fungus was also found to be the most common
species causing scalp infection in Iran, especially in 1980s. But, its isolation rate has
decreased in the new era, most likely because of the decreased occurrence of scalp
infection. As inferred from Tables 2 and 3, Tinea capitis and M. canis exhibited the
highest incidence rates during 1980–1989, but they decreased markedly after 2000.
Such synchronizations indicate a direct correlation between the presence ofM. canis
and Tinea capitis. Another attributable reason for the decline in M. canis isolation
rate is the increased use of griseofulvin for treatment of Tinea capitis after 1980s
since some recent investigations concluded that Microsporum species are more
susceptible than Trichophyton species to griseofulvin which was used for treatment
of Tinea capitis for many years [170]. Today, M. canis has been replaced by
T. tonsurans as etiological agent of most Tinea infections including Tinea capitis/
Tinea corporis. Microsporum ferrugineum, as one member of the former
Arthroderma otae complex, was found as agent of 12 cases of dermatophytosis in
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Iran (Table 2). It has limited endemicity in the Balkans, some parts of Middle East,
East Asia and Africa [2, 142]. The species is known for causing Tinea capitis but the
epidemiological aspects of the infection by this non-indigenous species in Iran are
unknown. In this review, 10 of 12 M. ferrugineum isolates were recovered from
scalp infections but except two cases from Tehran [21] which were identified by
ITS-rDNA sequencing, the identity of the other isolates is questionable. Conclusive
differentiation of this species from M. canis and M. audouinii requires sequence-
based strategies, e.g. ITS-RFLP or ITS sequencing [26]. Thus, given that in most
mycological centers in Iran, the dermatophyte isolates are identified by conventional
culture-based methods, the true incidence of this species remains incalculable.
Likewise, the accuracy of the 15 reported cases of infection by M. audouinii in
Iran could not be verified as this species is non-endemic of the country, and both
reports on isolation of this fungus were solely based on the macroscopic and
microscopic morphology of the colonies on cultures [23, 58].

In the present data set, Nannizzia gypsea was found as the dominant geophilic
species causing dermatophytosis in Iran. Generally, prevalence of human
dermatophytosis by N. gypsea compared to anthropophilic and zoophilic taxa is
very low. In different reports the incidence of infection by the species ranged from
0.04 to 7% in Europe, 0.6 to 0.87% in the USA, and 0.1 to 6.5% in some Asian
countries [171]. To the best of our knowledge, the highest rate (20.9%) was recently
reported in one study from Egypt [172]. In Iran, the species contributed in less than
1% [21, 25, 46] to 7.5% [42] of the causative agents of dermatophytosis. Nannizzia
gypsea is known to most frequently cause Tinea corporis but it was also responsible
for other clinical conditions, especially Tinea capitis [171–173]. Concordance with
this matter, 87.4% of all cases of dermatophytosis by N. gypsea in Iran had been
correlated to Tinea corporis and Tinea capitis (Table 3).

Nannizzia fulva and N. incurvata were reported in only two cases of human
dermatophytosis in Iran (1 case each), both of them after 2010 and identified by ITS
sequencing [32, 174]. The two taxa are geophilic species morphologically and
genetically very close to N. gypsea and very seldom engaged in human infections
[174–176]. Recently, some sequence-based reports underline that N. fulva and
N. incurvata can be overlooked due to misidentification with N. gypsea when
identification is solely based on the classical morphological parameters, and thus
the true prevalence of N. fulva and N. incurvata could have been underestimated
[32, 174, 176, 177]. There were also some reports from the past to now, regarding
the isolation of a few number of non-indigenous species, e.g. T. concentricum and
T. soudanense, and also less common species, e.g. A. uncinatum, L. gallinae,
N. nana, P. cookei, and N. persicolor, from cases of infections in Iran (Table 3).
Of note, all studies citing the isolation of the above mentioned species solely used
conventional morphological methods. Hence, it is a matter of discussion whether
infections by these species are indeed rare or their true incidence underestimated.
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4.9 Antifungal Susceptibility Studies on Dermatophytes

Compared to other fungal genera such as Candida, Aspergillus, andMalassezia, and
also to the epidemiological aspects of dermatophyte infections, the in vitro antifun-
gal susceptibility patterns of pathogenic dermatophyte species have less routinely
been covered, worldwide. Likewise, the area of AFST against dermatophytes has no
long history in Iran. We found limited number of studies relevant to this issue, most
of which were from the new era and after 2010, and also geographically distributed
to some limited provinces. The world’s oldest in vitro antifungal susceptibility assay
on dermatophytes was documented in 1971 by Shadomy [178]. He evaluated the
in vitro activity of clotrimazole against dermatophytes compared with nystatin,
griseofulvin, and pyrrolnitrin and found that nystatin and griseofulvin were less
active than clotrimazole against Trichophyton, Microsporum, and Epidermophyton
species; however pyrrolnitrin and clotrimazole demonstrated approximately similar
effects. After that, numerous studies have been focused on the in vitro / in vivo
assessment of different classes of antifungal agents for treatment of dermatophytosis,
but not in Iran. The first authentic study in Iran was carried out in 2004 by
Chadeganipour et al. [22] in Isfahan, center of Iran, by using only griseofulvin.
They found for all tested dermatophyte isolates a geometric mean of griseofulvin
minimum inhibitory concentration (MIC) between 0.43 and 0.95 μg/mL. On that
study, three strains (of M. canis, T. verrucosum and T. mentagrophytes) with high
MIC values for griseofulvin were considered as resistant. However, one of the most
comprehensive evaluation on drug susceptibility profile of dermatophytes was
conducted by Adimi et al. [179] in 2012. Using CLSI broth microdilution method
(M38-A), they analyzed the effects of 10 antifungal agents against a collection of
320 clinical isolates belonging to 15 different species of dermatophytes. Based on
the obtained results, itraconazole demonstrated the lowest MIC value while flucona-
zole had the highest MICs for most tested dermatophytes. Moreover, on that report
the most common pathogenic species in Iran, e.g. T. rubrum, TMTISG, E. floccosum,
T. tonsurans andM. canis showed acceptable susceptibility to the principal drugs of
choice for dermatophytosis, itraconazole and terbinafine. Also, the only data avail-
able so far regarding the AFST of the extremely rare species worldwide
T. eriotrephon were provided on that study and all antifungals showed very low
MICs against the two clinical isolates studied. Similarly, Afshari et al. [147] in Arak
city found the lowest and the highest MIC values against tested dermatophytes for
itraconazole and fluconazole, respectively. In 2016, the efficacy of six antifungals
against a large collection of 316 clinical isolates representative of TMTISG,
T. rubrum, M. canis, E. floccosum, T. tonsurans, and T. benhamiae from Ahvaz,
Shiraz, and Yasuj was evaluated by Ansari et al. [29]. They found that terbinafine
was the most effective antifungal agent against all examined species followed by
itraconazole, griseofulvin, and fluconazole. By contrast, in another study from
Mazandaran, Baghi et al. [180] evaluated the antifungal susceptibilities of 100 clini-
cal dermatophyte isolates belonging to TMTISG, T. rubrum, T. tonsurans,
E. floccosum, and M. canis species towards 12 antifungal agents. They found that
luliconazole, anidulafungin, and caspofungin presented the most potent in vitro
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activities while fluconazole had the highest MIC values. The activity of the novel
triazole, efinaconazole, compared with luliconazole, terbinafine, lanoconazole,
itraconazole, and fluconazole against a collection of 120 T. interdigitale and
T. rubrum clinical isolates was the matter of an in vitro assessment by Rezaei-
Matehkolaei et al. [109]. Based on the geometric mean (GM) of the obtained MICs
they concluded that efinaconazole (GM ¼ 0.007 μg/mL), lanoconazole
(GM ¼ 0.002 μg/mL), and luliconazole (GM ¼ 0.0005 μg/mL) are promising
candidates for the treatment of onychomycosis due to T. interdigitale and
T. rubrum. The in vitro activity of luliconazole against mentioned species was
similar to that reported by Baghi et al. [180].

In 2018, Salehi et al. [181] for the first time in Iran searched for terbinafine
resistance among clinical dermatophyte isolates. Out of 97 tested isolates belonging
to four species, 5 isolates showed reduced susceptibility to terbinafine (MICs
> 32 μg/mL), among which only two isolates of T. rubrum and T. tonsurans
demonstrated Leu393Phe substitution in the squalene epoxidase protein. In the
most recent study, Taghipour et al. [122] evaluated the in vitro terbinafine resistance
in 140 isolates of TMTISG. They reported five terbinafine resistant isolates, all of
which belonged to T. mentagrophytes genotype VIII (MICs � 32 μg/mL). Allahdadi
et al. [127] determined the antifungal susceptibility profile of dermatophytes
originated from the scalp of asymptomatic carriers using four drugs,
e.g. griseofulvin, terbinafine, itraconazole, and fluconazole. Fifteen isolates belong-
ing to T. tonsurans, T. interdigitale, and T. rubrum species were highly susceptible
to terbinafine (MIC90¼ 0.064 μg/mL), followed by itraconazole (MIC90¼ 0.125 μg/
mL), while griseofulvin (MIC90 ¼ 4 μg/mL) and fluconazole (MIC90 ¼ 64 μg/mL)
did not show proper in vitro activities. Finally, Ansari et al. [182] evaluated seven
antifungal agents against a set of 40 clinical E. floccosum isolates from four cities
(Tehran, Shiraz, Ahvaz, and Mashhad). The geometric mean across all isolates were,
in increasing order, as follows: terbinafine (GM ¼ 0.018 μg/mL), posaconazole
(GM ¼ 0.022 μg/mL), itraconazole (GM ¼ 0.034 μg/mL), and voriconazole
(GM ¼ 0.045μg/mL), which exhibited low MICs against all tested strains, whereas
caspofungin (GM ¼ 0.22 μg/mL), ketoconazole (GM ¼ 0.41 μg/mL), and griseoful-
vin (GM ¼ 0.62 μg/mL) demonstrated higher MICs. Their study showed that
terbinafine and posaconazole were the most potent antifungal drugs against
E. floccosum strains.

5 Conclusion

During the past six decades, numerous investigations have been directed on
dermatophytoses in Iran which markedly improved our knowledge on the epidemi-
ological features of these infections. Within this period, the taxonomy of
dermatophytes has widely changed but unfortunately, there have been very few
researches that underpinned to the concept of dermatophytes species at the relevant
times. Moreover, studies on tracking of dermatophytosis sources, routes of trans-
mission, and risk factors predisposing the infections have been ignored or rare, and
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therefore research in these areas is still required. In conclusion, this review revealed
important changes in the mycological and clinical aspects of dermatophytoses in Iran
over time. They remained as dermatological problems among Iranian population
though the rate of incidence and dynamic of the infectious agents have changed.
Tinea capitis, in particular, is declining over the country and its anthropophilic
agents T. schoenleinii and T. violaceum are being eliminated and replaced by another
anthropophilic species T. tonsurans. On the contrary, Tinea pedis, Tinea unguium,
and Tinea corporis are slowly increasing. The anthropophilic species E. floccosum,
T. rubrum, T. tonsurans and T. interdigitale are currently responsible for the major
part of dermatophytosis in Iran. A striking epidemiological feature is the emergence
of infection with the less-known zoophilic species T. benhamiae with unknown
reservoirs, which will be a significant challenge to control. Similar to the global
trend, studies in Iran have also shown that terbinafine and itraconazole, among
current antifungals, have still the best in vitro efficacy against dermatophytes.
Furthermore, the recently FDA-approved azole drugs luliconazole, lanoconazole,
and efinaconazole presented promising results compared to old antifungal agents for
treatment of dermatophytoses.
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Onychomycosis in Adults: A Clinical
Perspective from Mexico

Roberto Arenas, Eder Rodrigo Juárez-Durán, and
Paola Garcia-Mendoza

1 Introduction

Onychomycosis is an infection of the nails caused by dermatophytes, yeasts, or
non-dermatophyte molds (NDM). Onychomycosis is the most frequent nail disorder.
It affects adults between 30 and 60 years of age but its frequency is increasing in
younger people. It is commonly associated with other diseases such as peripheral
vascular insufficiency, diabetes, and immunosuppression [1, 2].

2 Epidemiology

Worldwide prevalence of onychomycosis ranges from 2 to 50%, and it represents
about 50% of all nail diseases [3]. In the United States, the prevalence of the disease
is estimated to be at least 10% and it is higher in Latin American countries [4]. It is
caused by dermatophytes (80%) or yeasts, particularly Candida species (20%), but
nowadays, the prevalence of onychomycosis due to non-dermatophyte molds is
increasing (4–8%), as well as that of mixed onychomycosis [5]. The main risk
factors include hallux valgus, occlusive footwear, warm, damp conditions, trauma,
peripheral vascular disease, and immunosuppression [6]. Diabetes is one of the most
related conditions, 26% of these patients presents onychomycosis, but the type and
severity of onychomycosis have not been correlated. Many of these factors may
explain the increase in the prevalence of onychomycosis in menopause women or
older population. Fungal skin infection and previous onychomycosis have been
proposed as risk factors [7].
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3 Clinical Features

Toenail onychomycosis is caused mainly by dermatophytes, particularly
Trichophyton rubrum [8], but Candida species cause about 20% of the cases
especially in fingernail onychomycosis in women. Onychomycosis can be classified
based on the clinical features: distal and lateral subungual onychomycosis, superfi-
cial white onychomycosis, subungual proximal white onychomycosis, and total
dystrophic onychomycosis; all these forms can be associated with fungal
melanonychia. Hay and Baran [9] suggested a clinical classification including
endonyx, mixed, and secondary onychomycosis, but new forms can be added
because new pathogenic microorganisms have been identified.

Distal and lateral subungual onychomycosis (DLSO) affects hyponychium and
side edges, causing subungual hyperkeratosis and subungual thickening with discol-
oration of the nail plate [2]. Superficial white onychomycosis (SWO) is
characterized by superficial white patches of the nail plate. Affected nails become
rough and crumbly. Subungual and proximal onychomycosis (SPO) affects the
proximal nail plate and it can be accompanied by paronychia. SWO and SPO are
present mainly in immunocompromised hosts (AIDS) or in young children
[10, 11]. Onycholysis and leukonychia can be observed when Candida is the causal
agent, paronychia may also be present.

Total dystrophic onychomycosis (TDO) is characterized by a complete affection
of the nail plate. It can be due to the progression of any type of onychomycosis, and
it is a primary condition in patients with chronic mucocutaneous candidiasis.

Fungal melanonychia is a dark brown to black pigmentation of the nail and can be
associated with a dystrophic plate or secondary to subungual hyperkeratosis. Causal
agents are dermatophytes, but also NDM, including some dematiaceous filamentous
fungi. The main etiologic agents are T. rubrum, Neoscytalidium dimidiatum,
Alternaria species, and Aspergillus niger [12].

4 Diagnosis

Due to the long duration of the antifungal treatment and its potential side effects,
confirmation of the clinical diagnosis is mandatory because of the numerous cases of
atypical clinical presentations and of noninfectious onyxis. The biological diagnosis
mainly relies on mycological investigations, but dermoscopy may be useful, as well
as histological examination.

4.1 Dermoscopy

It is a noninvasive diagnostic tool for the assessment of onychomycosis and follow-
up [13–15]. The most important dermoscopic findings are jagged proximal edge
with spikes (jagged edge, with sharp longitudinal whitish indentations directed to the
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proximal nail fold), longitudinal striae or “aurora borealis pattern” and distal irregu-
lar termination with “ruin appearance” [16].

4.2 Mycological Study

A sample must be obtained by scraping under the nail and performing a direct
examination with sodium or potassium hydroxide (KOH or NaOH) 10–40% mixed
with dimethylsulfoxide (DMSO). Chlorazol black can be added to this preparation
because it stains fungal chitin and hyphae or spores are easily observed with a dark-
blue color. When a fluorescence microscope is available, staining with calcofluor
white can be performed [4, 17, 18].

On direct examination of scales or small fragments of the nail through the
microscope, hyaline and septate hyphae are observed. Fungal masses
(dermatophytoma) are also observed at the microscopical examination, evading
drug action and decreasing the growth rate [19]. Other morphological aspects can
be observed, including hyphae, pseudohyphae, and blastospores for Candida yeasts,
or tortuous and hyaline or pigmented hyphae for NDM [17].

Culture is usually performed in Sabouraud dextrose agar (SDA) with antibiotics
such as chloramphenicol and cycloheximide (Actidione®), incubated at 24–28 �C,
but if a non-dermatophyte mold or yeast is suspected, culture must be done only on
SDA with chloramphenicol or chloramphenicol plus gentamicin. DTM (Dermato-
phyte test medium) is a medium with red phenol as an indicator, and when a
dermatophyte grows, a color change from yellow to red is observed. The most
frequent isolated dermatophytes are T. rubrum and Trichophyton interdigitale.
When yeasts are the causal agents, the most common species are Candida albicans
and Candida parapsilosis, and among NDM, Scopulariopsis brevicaulis, Fusarium
spp., and Aspergillus spp. [17].

4.3 Histopathological Features

Studies of the nail clipping using hematoxylin-eosin (H&E), periodic acid-Schiff
(PAS), and Gomori stains must be performed in severe, uncommon cases or when
the mycological examination is negative [20, 21]. In dermatophyte infection, septate
hyphae running parallel to the nail surface can be observed. In DLSO fungal
elements are frequently found on the ventral part of the nail plate unlike in WSO,
where fungal elements are found in the dorsal surface of the nail plate [22, 23]. In
leukonychia, abundant hyphae and arthrospores can be observed, whereas budding
spores and pseudohyphae are found in Candida onychomycosis. In onychomycosis
caused by NDM, truncated spores with vertically thin arising can be observed. In
dermatophytoma, a dense mass of hyphae and spores is found [22]. Histopathological
examination sometimes is considered the gold standard for diagnosis, but it does not
allow the precise identification of the etiological agent.
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4.4 Molecular Biology

Molecular techniques are not routine tests. PCR increases sensitivity and specificity
[10–12], especially when we need to know the specific etiological agent [24]. They
can be useful for the identification of atypical or mycological negative cases.
Polymerase chain reaction (PCR) and real-time PCR help identify fungi and species
in clinical samples [25, 26].

5 Treatment

Before initiating treatment, a confirmatory test is mandatory, at least for a global
diagnosis of onychomycosis. Treatment can be systemic, topical, or combined, but
surgical or chemical avulsion and medical devices are also available.

5.1 Systemic Treatment

There are few oral antifungals, and although systemic therapy has proved to be more
successful than topical therapy, it is often recommended to combine for better
outcomes. Terbinafine and itraconazole remain as the first line and gold standard
when choosing oral treatment [27, 28]. FDA has approved the former two systemic
drugs for onychomycosis, but other antifungal drugs may also be used off-label.

5.1.1 Terbinafine
It is the most prescribed drug in the US in the last two decades and preferred over
itraconazole due to its better outcomes and fewer drug interactions [29].

Terbinafine inhibits squalene epoxidase in the ergosterol biosynthesis pathway,
giving it a broad spectrum against dermatophytes, but it is less active on NDMs and
Candida species [30].

Dosage differs between adults and pediatric patients

Adults [29] Pediatric dose [31]

250 mg daily < 20 kg 62.5 mg daily

20–40 kg 125 mg daily

6 weeks for fingernails/12 weeks for toenails

Pulse therapy may be considered in adult patients. It has been reported that
terbinafine pulses result in a 54.64% clinical cure [32], with two cycles of 250 mg/
day of terbinafine for 4 weeks on and 4 weeks off, or 500 mg daily for 7 days/month,
every other month with a treatment duration of 6 months [33, 34].

No pulse therapy has been proposed in children.
Terbinafine treatment has limited side effects. The most common are headache,

gastrointestinal symptoms, and rash that are temporary and do not require to stop
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treatment. Other more severe but less frequent side effects are liver enzyme
abnormalities and taste disturbance [29].

5.1.2 Itraconazole
It is an antifungal drug available since the 1980s; its safety and efficacy have been
demonstrated and it is also approved by the FDA. It inhibits the cytochrome p450
enzyme 14 alpha-demethylase, blocking the conversion of lanosterol to ergosterol.
So it has a broader spectrum and efficacy against dermatophytes, NDMs, and
Candida species [30].

Dosage also differs between adults and pediatric patients [35]

Adults Pediatric dose

200 mg daily for 12 weeks 5 mg/kg/day for 12 weeks

Another new option is itraconazole-SUBA (which stands for Super BioAvailabil-
ity), following the same regimen, but with half of the dose [36] (Fig. 1a, b).

Pulse therapy has been proposed for itraconazole. It has been reported that
itraconazole results in a 65.1% of clinical cure in pulse therapy with 400 mg/day,
1 week each month for 6 months or 200 mg/day, 1 week/month for 6 months,
depending on the weight (average weight 60 kg) [32, 37]. Pulse therapy is also
possible on children, with 5–7 mg/kg/day, 1 week/month during 3–5 months
[38, 39].

5.1.3 Fluconazole
This drug has been approved in Europe for treatment of onychomycosis but is used
off-label in the U.S. It is approved for candidiasis in children. Fluconazole belongs to
the azoles family and, as itraconazole, it inhibits the cytochrome p450 enzyme
14 alpha-demethylase responsible for demethylation of lanosterol, leading to ergos-
terol depletion. It is not a first-line treatment because of its lower effectiveness on
dermatophyte onychomycosis than terbinafine or itraconazole, and of the longer
duration of the treatment [40, 41].

Doses vary depending on the literature, from 150 to 300 mg weekly for
12 months, but some authors have suggested a higher dose (450 mg) [42, 43].

5.1.4 Griseofulvin
Besides its progressive discontinuity and unavailability, in comparison with
terbinafine and itraconazole, griseofulvin has a lower efficacy [44].

5.1.5 “At-Risk” Population
A baseline transaminase monitoring has been proposed for pediatric patients with
onychomycosis, although in healthy children the monitoring during the therapy may
be unnecessary [45].

In diabetic patients, the most common adverse event is gastrointestinal pain,
which was reported for both terbinafine and itraconazole therapy. Matricciani et al.
[46] suggested that both Tinea pedis and onychomycosis could be a risk factor to
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develop foot ulcers. Thus, the best available evidence indicates continuous oral
terbinafine is as safe as pulse oral itraconazole therapy for treating onychomycosis
in people with diabetes. Unlike itraconazole, terbinafine is metabolized by the
cytochrome P450 (CYP) 2D6 isoenzyme. This enzyme is not involved in the
metabolism of oral hypoglycemic medications, therefore terbinafine can be a safer
alternative for people who are unable to take an azole derivative [47].

In HIV infection, onychomycosis has a prevalence of 20–44% and it has been
noted a relation between the clinical stage of onychomycosis and a CD4 lymphocyte
cell count lower than 450 cells/μl. Also, when starting combined antiretroviral
therapy, about 50% of the patients improve clinically without antifungal drugs
[48, 49].

Relapse or reinfection is something very common, from 11 to 53% in a 5-year
follow-up, and this frequency does not vary with the antifungal drug [50, 51].

Fig. 1 Total dystrophic
onychomycosis due to
Trichophyton rubrum (a) and
clinical evolution after
6 weeks of systemic
antifungal treatment with
itraconazole-SUBA, 50 mg
daily (b)
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5.2 Topical Treatment

It should be used if there is less than 50% involvement of the nail plate or less than
three nails involved, as well as in case of superficial onychomycosis or contraindi-
cation to oral therapy [52].

Topical antifungals must be used daily for up to 48 weeks, and application should
continue until healthy nail growth is complete. Adverse effects with topical
antifungals are minimum and usually limited to site-application reactions [53].

FDA has approved three topical therapies for onychomycosis: ciclopirox nail
lacquer 8%, efinaconazole solution 10%, and tavaborole solution 5%.

5.2.1 Ciclopirox
Ciclopirox is a hydroxypyridone derivate; it inhibits fungal metal-dependent
enzymes by chelating polyvalent cations, like Fe3+ which is required for the enzy-
matic degradation of toxic metabolites.

Ciclopirox has a broad-spectrum activity including dermatophytes, yeasts, some
NDMs, and bacteria.

This water-soluble lacquer should be applied after the shower, and the film over
the nail can be removed through daily washing [54].

Mycologic cure rates in toenails are 29–36% and complete cure rates 5.5–8.5%.
Some adverse effects may occur, strictly local such as burning and periungual
erythema [29].

5.2.2 Tavaborole
Tavaborole is a benzoxaborole; it inhibits fungal protein synthesis due to a boron-
based structure targeting leucyl-tRNA synthetase, and exhibits antifungal activity
against dermatophytes, NDMs, and yeasts [53, 54].

Mycologic cure rates are between 31.1–35.9% and a complete cure is obtained in
9.1% of the cases. Side effects are exfoliation, erythema, and eczema.

5.2.3 Efinaconazole
This triazole derivative inhibits lanosterol 14 alpha-demethylase in the ergosterol
biosynthesis pathway. It is active against dermatophytes, NDMs, and Candida
species. Mycologic cure rates reach 53.4–55.2% and complete cure rate is about
15.2–17.8% [29].

5.3 Off-Label

5.3.1 Amorolfine
Amorolfine, which is a morpholine derivative, inhibits sterol synthesis in the fungal
cell wall, leading to the accumulation of not typical spherical sterols in the fungal
cell. It is effective against dermatophytes, yeasts, and some molds but not against
bacteria. The lacquer is applied once or twice a week on a cleaned nail plate and left
for 3–5 min until dry. Among its adverse effects are erythema, burning sensation,
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nail discoloration, and onycholysis [55]. Although this drug is off-label in the
U.S. for treatment of onychomycosis, it has been approved in Europe.

5.3.2 Ciclopirox Plus Hydroxypropyl Chitosan
A combination of ciclopirox with hydroxypropyl chitosan, a water-soluble biopoly-
mer, may also be used. Like amorolfine, this formulation is off-label in the U.S., but
it has been approved in Europe. It is applied daily and is eliminated during
shower [56].

5.4 Experimental Treatments

Some topical drugs are undergoing clinical investigation, like VT-1161, P-3058, and
ME1111.

5.4.1 VT-1161
VT-1161 is a new experimental antifungal drug for the treatment of onychomycosis.
It uses a tetrazole ring to target CYP51; this antifungal ability has been tested against
T. rubrum, Trichophyton mentagrophytes, and Epidermophyton floccosum. Unpub-
lished data demonstrate its potential effectiveness in dermatophyte
onychomycosis [56].

5.4.2 Reformulations of Terbinafine
Two new formulations of terbinafine are currently being investigated: P-3058 which
corresponds to a film-forming solution using the hydroxypropyl chitosan technol-
ogy, which enhances the penetration of the medication through the nail plate, and
Li-P, a terbinafine hydrochloride-loaded liposome film formulation [57].

5.4.3 ME1111
This pyrazole derivative inhibits succinate dehydrogenase of T. rubrum and
T. mentagrophytes. Its effectiveness is similar to ciclopirox, but higher than that of
amorolfine, with the advantage to have a low potential for inducing drug resistance
[58, 59].

5.4.4 Tazarotene
This retinoid prodrug is converted to its active form, tazarotenic acid, when applied
topically and acts by binding to retinoic acid receptors [57].

5.4.5 Acetic Acid-Based Nail Polish
This formulation blocks fungal growth by acidifying the nail, inhibiting acid-
sensitive keratinolytic enzymes that are essential for dermatophyte penetration into
nails. It is an efficient and safe treatment for mild to moderate cases of
onychomycosis.
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Comparing the solution based on acetic acid vs. 5% amorolfine nail polish,
showed improvement in 96.0% and 79.6% of the cases, respectively, after
180 days of treatment [60].

5.4.6 Tioconazole 28%
Reformulation of the old imidazole drug tioconazole, which exhibits a wide-
spectrum antifungal activity, in nanoparticles is currently being investigated. This
new formulation helps reducing the minimum concentration required for growth
inhibition, nanoparticles acting as reservoirs from where the drug is slowly released
over prolonged periods. The advantages are better adherence to treatment and
reduction of side effects such as contact dermatitis and local irritation [61].

Antifungals such as amorolfine, efinaconazole, and tavaborole stay in the nail
plate at concentrations higher than the minimum inhibitory concentration for
dermatophytes more than 28 days after their application [53].

Topical treatment for onychomycosis in children is often used off-label under the
same indications as in adults, these therapies are only approved by the FDA for use
in adults. It can have a good response due to its easy penetration because of the thin
and fast-growing nails of pediatric patients.

5.5 Other Treatments

Lasers perform their fungicidal activity through photothermolysis against fungal
chitin, but high temperatures are required; so short pulses minimize pain and reduce
complications [62, 63].

It is necessary to consider the number of sessions required, the duration of the
treatment, and its cost. Cure rates for laser treatment are lower than those of oral or
topical treatments, so they are not recommended as first-line therapy for
onychomycosis [29, 64].

6 Remission and Recurrence

To achieve the effectiveness of topical therapy in onychomycosis, patient education
is very important. Before starting the treatment, patients should be aware that it
requires daily application for at least 6 months for the nails and 12 months for the
toenails, depending on the average nail growth rate [54].

Treatment efficacy improves when started early, and if it is given at the same time
for Tinea pedis [29].

Biofilms have been related to fungal resistance. Therefore, activity against
biofilms could help maximize cure rates, combining a higher antifungal dose with
surgical or chemical avulsion [65].

The success of topical therapy is defined by the ability to penetrate the nail plate,
and this is determined by molecular size, hydrophilicity, the binding of the active
drug to keratin and the formulation of the drug.
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The clinical cure is difficult when matrix damage and nail dystrophy are
associated [65].

Recurrence or reinfection may occur between 10 and 53% according to some
authors. To avoid this possibility, it is suggested to continue with topical prophylac-
tic treatment, although the ideal duration of prophylaxis is unknown [29].
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Tinea capitis in School Children: Current
Status

Ifeanyichukwu Emmmanuel Eke and Emeka Innocent Nweze

Abstract

The growing incidence of scalp ringworm infection globally has generated a lot of
public health interest. While the disease remains a common superficial infection
among young schoolchildren, it has increasingly been reported in older persons.
The disease is caused by some keratin-degrading filamentous fungi, called
dermatophytes, especially by zoophilic or anthropophilic species. In this chapter,
we describe the pathogenesis of dermatophytes, focusing on the ability of the
pathogen to attach and invade the epidermal layers of the skin. The chapter also
discusses the epidemiologic spread of the disease in different parts of the world,
particularly its growing incidence in older people and infants. When not properly
diagnosed or promptly treated, ringworm infection can cause complications
leading to other conditions such as folliculitis, alopecia, and dermatophytid
reactions. The chapter highlights the complications of the infection, as well as
current methods used in the diagnosis, treatment, and community management of
the infection. Overall, it provides a recent and comprehensive overview of Tinea
capitis and may serve as a useful resource for educators, clinicians, and students,
as well as in helping to formulate adequate health policies for managing Tinea
capitis infection.
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1 Introduction

Dermatophytes, which are keratin-degrading filamentous fungi, are the major caus-
ative agents of dermatomycosis. They have humans, animals, and the soil as major
reservoirs, and are usually transmitted through fomites or direct skin contacts. Due to
the characteristic concentric lesions caused by these fungi, dermatophytoses are also
known as Tinea or ringworm infections [1–3].

Tinea capitis (TC), also known as scalp ringworm, is a dermatophytic infection
which affects the scalp. It is a common childhood infection, although an increasing
incidence has been reported in aged people and infants [4, 5]. Clinical features of TC
range from a scaly scalp to inflammation and alopecia [6]. Apart from the economic
toll of the disease, it also diminishes the self-confidence of the patients and affects
their self-esteem [7].

In this chapter, we describe recent findings regarding the pathogenesis of
dermatophytes, pointing out its relevance to the clinical manifestations of TC. The
factors involved in the adhesion of the pathogen to the epidermis, as well as those
that enable the pathogen to invade the scalp and elicit a host immune response are
examined. The epidemiological distribution of the disease among schoolchildren
and its growing incidence among infants and old people are also discussed. From the
classic use of the Wood’s lamp to molecular diagnostics, the various techniques used
in the diagnosis of TC are also thoroughly examined. Current therapeutic strategies
for TC are also reviewed, as well as current policies advocated in the community
management of the infection. It is hoped that this chapter will provide not just a
comprehensive introduction to newcomers in the field, but also stimulate more
advanced research to better understand the infection.

2 Pathogenesis and Pathophysiology

During adverse environmental conditions, dermatophytes sporulate into quiescent
structures that have low metabolic rates and are physiologically adapted for easy
dispersal in the environment. When these structures, which may be microconidia,
macroconidia, or arthrospores, reach a favorable environment, they reactivate into
metabolically active hyphae. The clinical manifestations of dermatophytosis nor-
mally result from the degradation of keratin-rich tissues and the inflammatory
response of the infected host [1, 2, 8]. Accordingly, there are four steps which
must be recognized when discussing the pathogenesis of dermatophytes: adhesion,
germination, invasion, and inflammation.
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In the first step (adhesion), the dispersed fungal spores make use of specialized
surface molecules in attaching to the epidermal surface of host organisms. Chief
among these are adhesins which are usually expressed on the surface of the fungal
spores [1, 2]. While the biochemical nature of the fungal adhesins is not well-known,
Esquenazi and others [3, 9] suggested their glycoprotein nature and showed the
special affinity of Trichophyton rubrum and Trichophyton mentagrophytes adhesins
for sugar residues such as mannose and galactose present on the surface of suscepti-
ble host tissues. Morphologically, Kaufman et al. [10] reported the presence of
fungal projections known as fibrils adhesins, which are thought to connect
dermatophytes to the surface of the stratum corneum layer, preventing the discon-
nection of the invading fungal pathogen from the epidermis. In addition to adhesin-
mediated attachment, extracellular proteases secreted by dermatophytes have also
been implicated in the adherence step of fungal infection [8, 10–13]. Though the
precise mechanism of secreted protease-mediated adherence is still obscure, two
hypotheses are currently used to explain it. First, proteases anchored to the surface of
the fungal pathogen serve as ligands for binding to different moieties present on the
surface of host cells. Second, the proteases are secreted outside the fungal spores,
where they serve as enzymes that modify different ligands on the fungal or host’s
cell surface, thereby enhancing the adherence of the pathogen [11].

During germination, the adherent spores sense a favorable environment, swell
and produce germ tubes that give rise to new active hyphae. The new hyphae are able
to penetrate into the stratum corneum, the outermost layer of the epidermis, and are
not easily removed by the desquamation events that happen regularly in the skin.
Usually, the newly formed fungal hyphae secrete enzymes such as lipases,
ceramidases, keratinases, and subtilisins that degrade the cortex layer and keratin
fibers of the epidermis [1, 2, 6, 10, 14, 15]. This may lead to a partial hair loss, an
important clinical sign of TC. Based on the hair shaft invasion pattern (Table 1), the
fungal infection can be ectothrix—where the fungus destroys the hair cuticle and is
found on the hair surface; endothrix—where the fungus is found inside the hair shaft,
with the hair cuticle remaining intact; and favus—characterized by the formation of
yellowish cup-shaped crusts, which contain the fungal hyphae around the hair shafts
[1, 6, 17].

In the last step, which usually entails evasion and host’s immune response, the
metabolic byproducts of the invading fungus diffuse into the inner parts of the
epidermis, leading to various clinical responses such as erythema, vesicle formation,
or pruritis [14, 18]. Typically, the fungi induce the proliferation and migration of
host T-lymphocytes and macrophages to the infected site, causing hypersensitivity
reactions. The severe inflammatory appearance of TC, known as kerions, may mimic
a bacterial folliculitis and may accompany systemic manifestations such as fever,
leukocytosis, papular eruptions, and lymphadenopathy. However, the degree of
immune response depends on the dermatophyte species as well the physiopathologi-
cal status of the host [6, 14, 15]. Generally, acute and highly inflammatory TC results
from zoophilic dermatophytes infection, while a chronic and weak inflammatory
infection is associated with anthropophilic species [1, 2, 14]. The invading fungus is
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retained in the stratum corneum, hardly penetrating beyond the epidermal surface
and its appendages [18].

3 Epidemiology

3.1 Occurrence in Schoolchildren

School-aged children, usually those between 3 and 12 years of age, are the major
groups affected by TC. This prevalence of TC among prepubertal children can be
presumptively explained by the inability of such children to synthesize adequate
amount of fungistatic fatty acids in their sebum. Overcrowding in classrooms,
sharing of personal belongings, low socioeconomic conditions, infected pet contact,
and a family history of dermatophytic infections are factors which also predispose
children to TC [7, 19].

Generally, the prevalence rates of pediatric TC infection differ from one region of
the world to the other, although male children are more affected than their female
colleagues [19–22]. Speculatively, the predominance of the infection among males
can be attributed to their short hairs, which allows for the easier attachment and
implantation of fungal spores. In contrast to males, females tend to be more
conscious of their personal hygiene, wear protective hair covers, and apply antifun-
gal hair products [19, 23, 24]. Furthermore, females tend to reach puberty faster
(9–12 years) than boys do (after 12 years), producing fungistatic acidic sebum at an
earlier age [25]. However, some studies have also reported TC to be more prevalent

Table 1 Invasion patterns of dermatophytes that cause Tinea capitis

Hair
invasion
pattern

Organism

Clinical featuresZoophilic Anthropophilic Geophilic

Endothrix T. mentagrophytes T. rubrum
T. violaceum
T. tonsurans
T. soudanense
T. yaoundeia

Breakage of hair shaft at
scalp level, leaving behind
swollen hair stubs that
gives rise to a pattern of
black dots

Ectothrix M. canis
T. verrucosum
N. nanab

M. audouinii N. gypseab Usually scaly and inflamed;
breakage of hair shafts
2–3 mm or more above
scalp level

Favus T. schoenleinii Hyphae-containing
cup-shaped crusts known
as scutula; yellow in color
and found at the base of the
hair shafts; inflammatory

M—Microsporum, N—Nannizzia, T—Trichophyton
aThe species Trichophyton yaoundei is considered as synonym of Trichophyton violaceum
according to the recent taxonomic revision of dermatophytes from de Hoog et al. [16]
bNannizzia gypsea and Nannizzia nana: formerly Microsporum gypseum andMicrosporum nanum
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in females than males [26, 27]. Therefore, more studies are probably needed to better
understand the gender predilection of pediatric TC in different parts of the world.

Additionally, the etiology of pediatric TC varies from one country or region of the
world to another (Fig. 1). Trichophyton tonsurans is the major etiologic agent of TC
in North America [20, 28–33], while Microsporum canis is the prevalent etiologic
agent in South America [34–40]. In Europe, the causative agent of pediatric TC
varies from T. tonsurans [41–45] to Trichophyton soudanense [46, 47] and
Trichophyton violaceum [48, 49], although M. canis remains the major agent in
most parts of the continent [21, 50–61]. In North Africa, M. canis and T. violaceum
are implicated in most cases of pediatric TC [23, 26, 27, 62–67]. Trichophyton
violaceum is also a predominant etiologic agent in the southern and eastern parts of
Africa [68–72], although species such as Microsporum audouinii (formerly known
as Microsporum langeronii), M. canis and T. tonsurans have equally been reported
as predominant agents in the region [24, 73–76]. Trichophyton soudanense is
endemic in West Africa and has been implicated as a predominant etiologic agent
of TC among schoolchildren in the region [25, 77–82]. In addition to T. soudanense,
some studies have also reported T. tonsurans, T. rubrum, and T. mentagrophytes as
prevalent species that cause TC in Nigeria [83–85], while others have shown
T. violaceum to be predominant in Ghana and Guinea [86, 87].

Similar to the pattern observed in northern Africa, M. canis and T. violaceum
were reported as the predominant causative agents of TC in the Middle Eastern
countries of Kuwait, Israel, Iraq, Yemen, Saudi Arabia, Jordan, and Iran [22, 88–
98]. In some other Asian countries, Trichophyton verrucosum, M. canis,
T. tonsurans, and T. violaceum have also been recognized as predominant species
in pediatric TC [99–108].

3.2 Occurrence in Infants

Since the 1950s, TC has been recognized in infants but appears to be underreported
[109]. The similarity of TC to other infant scalp pathologies increases its chances of

Fig. 1 Predominant etiologic agents of pediatric Tinea capitis in different parts of the world
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being misdiagnosed and mistreated [109, 110]. In the last two decades, many cases
of infant TC have been highlighted across the globe (Table 2).

This infection may be transmitted to infants through: (1) contacts with asymp-
tomatic children or adults; (2) use of infected objects such as combs, towels, pillows,
toys, and brushes; and (3) exposure to carrier pets. It has also been suggested that a
humid environment, an indiscriminate use of broad-spectrum antibiotics, and a
fragile integumentary system predispose infants to TC [117, 127]. In a bid to
highlight the possibility of a mother-to-infant transmission of dermatophytes,
Mapelli et al. [111] reported the case of a 15-day-old newborn who was diagnosed
with TC and whose mother had Tinea corporis. In both cases, mycological and
molecular analyses shown that T. rubrum was the etiologic agent, highlighting the
possibility of transmission during delivery or in the early days of life. Zaraa et al.
[127] conducted a 12-year retrospective study of TC in an African hospital and
reported that among a total number of 881 cases, 35 were infants with an average age

Table 2 Case reports of infant Tinea capitis within the last 20 years (1999–2019)

World region Age (months)a Sex Causative agent References

Europe 0.5 F T. rubrum [111]

3 F T. rubrum [112]

6 M T. tonsurans [113]

24 F T. tonsurans [113]

8 F M. canis [114]

12 M M. canis [110]

20 F T. rubrum [115]

28 M T. verrucosum [116]

North America 0.6 M T. tonsurans [109]

0.47 M M. canis [109]

12 F M. canis [109]

16 F T. tonsurans [109]

0.7 F M. canis [117]

8 F M. canis [118]

South America 0.67 F T. rubrum [119]

0.93 M T. mentagrophytes [119]

1.83 M T. mentagrophytes [119]

Asia 0.53 M M. canis [120]

0.93 M T. rubrum [121]

3 M N. gypseab [122]

0.83 F T. mentagrophytes [123]

9 F M. canis [124]

Africa 24 F M. canis [125]

2 F T. verrucosum [126]

M—Microsporum, N—Nannizzia, T—Trichophyton
aAges which were originally in days or weeks were converted to months under the assumption that
an average of 30 days makes up 1 month
bNannizzia gypsea: formerly Microsporum gypseum
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of 20.16 months (3.97%). Males were the most affected group (57.1%), while
M. canis was the most frequent etiologic agent (62%). Contact with animals was
recorded in 28.6% of the cases, while family members presented with TC in only two
cases (5.7%). Similarly, Meziou et al. [128] retrospectively reviewed 4003 cases of
ringworm diagnosed over an 11-year period in an African hospital and reported a
6.12% prevalence of infant TC. Contact with domestic animals was reported in 2.9%
of the cases, while a family history of dermatophytosis was found in 8.7% of the
infected children. Mycological examination implicated T. violaceum as the major
agent (51%), followed by M. canis (37%), T. tonsurans (8%), and
T. mentagrophytes (4%).

Even when diagnosed properly, treatment of TC may still pose a dilemma in
infants, and this may be due to their fragile immune system, the recalcitrant nature of
TC, and the toxicity of the antifungal drugs [110]. Furthermore, there are relatively
few treatment regimens for TC in infants, and in several countries, not many
systemic drugs are approved for treatment of these infections. Thus, there is a
need for proper mycological examination of suspected cases of infant TC in order
to guide the treatment options.

3.3 Occurrence in Adults

Until recently, TC was considered to be an exclusive childhood infection, with rare
occurrence in post-pubertal grown-ups. Adults usually have a number of features
that protect them from TC. These include, but are not limited to, increased produc-
tion of fungistatic acidic sebum, an increase in hair thickness, sweat, and the
presence of a highly developed competitive microflora such as Malassezia spp.
[129]. Malassezia, formerly known as Pityrosporum, are lipase-secreting organisms
whose activities increase the availability of inhibitory fatty acids in the scalp
[14]. Unfortunately, the prevalence of TC in the aging population is gradually rising,
and this is attributed to the rising cases of geriatric chronic infections such as
diabetes and hypertension, increased use of corticosteroids or immunosuppressants,
and regular contact with prepubertal child carriers or pets [1, 5]. Furthermore, the
low index suspicion of TC in adults, and the atypical clinical manifestations of the
infection, hamper its diagnosis and treatment in adults [130].

Among 185 reports of TC in an Asian hospital, 44.3% were adults older than
20 years of age while the remaining were child patients [5]. Evaluating the cases of
adult TC, the authors reported a higher incidence of the infection in the female
participants (75.61%), with postmenopausal subjects being the most affected
(93.5%). In a related study, Lova-Navarro et al. [130] retrospectively examined
289 cases of TC in southern Spain and found that 11.4% of the patients were adults.
90.9% of the adult patients were women, with most of them over the menopause age
(70%). The predominance of TC among older female populations may be due to
their reduced blood estrogen levels that concomitantly lead to a decrease in the
production of fungi-inhibiting acidic sebum [5, 130].
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Similar to pediatric TC, the etiologic agents of adult Tinea capitis differ from one
country to another. Khosravi et al. [131] examined cases of TC in an Iranian
dermatology center and found 20.6% of the cases in adults. Trichophyton species
were implicated in 84% of the cases, with T. violaceum as the predominant species
(32%). Similarly, T. violaceum was reported to be the predominant agent of adult TC
in Egypt (56.9%), followed by M. audouinii (19%), M. canis (15.5%), and
Trichophyton schoenleinii (8.6%) [132]. In a broader study, Mebazaa et al. [133]
retrospectively examined 1137 cases of TC in Tunisia, with 5.27% of the cases
(60/1137) affecting adults. Among them, T. violaceum was isolated in 60% of the
cases, whileM. canis, T. schoenleinii, and T. verrucosum represented 20%, 12% and
3.5% of the cases, respectively. The average age of the patients was 35 years, with
females predominating (70%). Some studies have also reported M. canis as a
predominant cause of adult TC [5, 134]. This pathogen can easily be transferred to
humans through contact with pets such as dogs and cats [135]. This is mostly true for
the aged population where longer contact with emotional support animals is the case,
and where their weak defense systems may be unable to withstand the development
of TC.

In addition to hormonal changes which were earlier mentioned as a predisposing
factor to TC in aged women, their increased proximity to children and the use of
shared hairdressing equipment have been noted by several authors as a predisposing
factor to the infection [133, 136].

4 Current Diagnostic Methods

Patients who have alopecia or a mild scalp scaling should be examined immediately
for evidence of TC (Fig. 2). TheWood’s lamp, an instrument with an ultraviolet light
of 320–400 nm spectrum, has classically been used as a preliminary tool in the
diagnosis of TC. It is particularly helpful for ectothrix Microsporum infections
whose members show a yellow-green fluorescence and T. schoenleiniiwhich exudes
a blue/dull green fluorescence under the lamp. Unfortunately, fluorescence is not a
feature of most members of Trichophyton genus, hence a Wood’s examination is of
little significance in the diagnosis of TC caused by these species [17, 137].

In order to make a provisional diagnosis that may be enough to initiate treatment,
a close inspection of the scalp and infected hair may be performed with the aid of a
dermoscope—“the stethoscope of the dermatologist” [138]. The use of this method,
known as trichoscopy, is not completely validated in the diagnosis of TC, and is
based on the observation that the visual features of scalp ringworm differ based on
the infecting dermatophyte. For instance, “comma-shaped,” “corkscrewed,” “black
dots,” and dystrophic hairs have been associated with different etiologic agents of
TC [6, 139–145]. Recently, Dhaille et al. [146] highlighted comma-shaped hairs as a
common trichoscopic feature of Trichophyton TC, while zigzag-shaped hairs were
predominant in patients with TC caused byMicrosporum. Also, in a bid to establish
a classification system for the trichoscopic signs of TC, Aqil et al. [147] reported the
association of V-shaped hair, crusts, erythema, and follicular pustules with
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inflammatory TC, while noninflammatory TC was characterized mostly with scales
and follicular keratosis. In another study, Lacarrubba et al. [148] used a high-
magnification dermoscope and uncovered translucent, easily deformable and hori-
zontal white bands as additional clinical signs of M. canis TC. As an innovation,
Tang et al. [149] showed the use of a dermoscope attached with a portable Wood’s
lamp as a reliable tool to diagnose M. canis TC. In addition to the horizontal white
bands which they observed, the bright green fluorescence of the hair shafts, typical
of Microsporum infection, increased the confidence of the authors in their findings.

In both cases of Wood’s light examination and trichoscopy, the disease and its
etiologic agent need to be confirmed with direct microscopic examination and fungal
cultures. Here, scalp or hair specimens from the infected area are painlessly collected
with forceps, scalpel blade, toothbrush or needle, and transferred to a glass slide for
potassium hydroxide (KOH) preparation or to appropriate media for fungal culture.
The KOH slide preparation may be briefly heated over a flame or allowed to stay at
room temperature for 15–20 min. In either case, the KOH dissolves the host cellular
material, exposing the fungal hyphae and spores for rapid identification under the
light microscope. Also, dyes such as Congo red, Chicago blue, Parker ink,
chlorazole black, or calcofluor have recently been introduced onto KOH mounts,
allowing an easier visualization of fungal elements by phase-contrast or fluorescence
microscopy [137, 150–152].

Fig. 2 Techniques used in the diagnosis of Tinea capitis
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On the other hand, culture-dependent diagnosis involves the inoculation of the
specimen onto a selective medium and examining for the morphological or micro-
scopic features of colonies that develop after 10–21 days of incubation. In order to
control the population of fast-growing saprophytic contaminants, media used in
culturing dermatophytes typically contain antibiotics such as gentamicin sulfate,
chlortetracycline or chloramphenicol, and antifungals such as cycloheximide. In
addition, they may contain pH indicators such as phenol red which changes color
based on the metabolic state of the fungi. While culture-dependent diagnosis is
hampered by its time-consuming nature and may give rise to a high percentage of
false results, it still remains the conventional method for the definitive diagnosis of
Tinea infections. In a few cases, cultural diagnosis can be taken a step further with
the biochemical or physiological identification of the developed colonies. This
entails the characterization of the fungi based on its mating type, urease activity,
and nutritional requirements. A detailed review of this subject is found in Robert and
Pihet [153]. Another challenge with cultural diagnosis is the demand for the presence
of an experienced staff capable to recognize the subtle differential features of the
colonies and to identify the fungus to the species level [154, 155].

However, with the advent of molecular diagnostics, identification of
dermatophytes even to the strain-level has been made easier, faster, and more
accurate. Commercially available molecular test kits, specific for dermatophyte
identification, are gradually complementing or replacing conventional diagnostic
methods [154, 156]. These molecular techniques, usually polymerase chain reaction
(PCR)-based, employ the use of species-specific markers such as the internal
transcribed spacers (ITS), mitochondrial DNA, and genes such as chitin
synthase I, beta-tubulin and topoisomerase II [157]. In a study involving
155 suspected cases of dermatophytosis, nested PCR was used to amplify the chitin
synthase gene, detecting a dermatophyte in 83.8% of the cases [158]. KOH micros-
copy had a positivity rate of 70% while fungal culture identified dermatophytes in
25.8%. In another study, qRT-PCR was shown to have more sensitivity than fungal
culture and microscopy, giving rise to 21.2% more dermatophyte-positive results
[159]. Also, multiplex PCR has recently been used by Trovato et al. [156] to
implicate T. tonsurans as the etiologic agent of a case of TC, allowing the timely
initiation of antifungal therapy. Sometimes, in order to enhance the sensitivity of
dermatophyte detection in infected scalp or hair samples, PCR can be coupled with
restriction fragment length polymorphism (PCR-RFLP) or enzyme-linked immuno-
sorbent assay (PCR-ELISA) [68, 160]. A detailed review of the use of molecular
biology techniques in the diagnosis of Tinea infections can be found in the literature
[161, 162].

Finally, it is worthy to note that matrix-assisted laser desorption/ionization-time-
of-flight/mass spectrometry (MALDI-TOF/MS) can now be used for the speedy
identification of different dermatophyte species. This method identifies pathogens on
the basis of the m/z ratios of highly abundant protein fragments but is presently
restricted to the identification of pathogens which have already been cultured [163–
166]. Fourier transform infrared spectroscopy has also been used in the identification
of clinically relevant dermatophytes [153].
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5 Complications of Tinea capitis Infection

The inflammatory subtypes of TC, especially kerions and favus, may lead to
permanent scarring and hair loss of the affected scalp region. When TC is
misdiagnosed or its treatment delayed, there are also chances of bacterial superin-
fection and folliculitis [13]. Dermatophytid reactions (id reaction)—a delayed hyper-
sensitivity reaction characterized by eczematous lesions, papules, scaly patches, and
pustules around the ears or other parts of the body—may also complicate the Tinea
infection [6, 14]. It is worthy to note that id reaction can occur before or after
initiation of systemic therapy, and its immediate recognition is expedient in order to
distinguish it from adverse drug effects. The spread of the fungal pathogen from the
scalp to other parts of the skin can also result in Tinea corporis. Even after
undergoing standard treatment and clearing from the scalp, the infection may reoccur
[110], and there is a possibility of a change in the skin color of the affected
area [167].

6 Current Therapeutic Strategies

Over the years, a significant improvement in the treatment of TC has been observed.
While this is partly due to the development of new drugs, other important
innovations include the identification of species-specific response variations to
different drugs, and the optimization of factors such as weight-dependent dosages,
drug bioavailability, and treatment duration. Pending confirmatory diagnostic
results, it might be helpful to initiate treatment on the basis of one or more clinical
features of TC. In such cases, treatment should be initiated to reflect the history of the
patient, immunologic status, clinical presentation, local epidemiology of TC, and the
most likely etiologic agent [137, 167].

Since the 1960s, griseofulvin is seen as the “gold-standard” for treatment of TC
[168, 169]. It is a fungistatic drug which interferes with the function of fungal
microtubules, arresting cell division and cell wall synthesis [137]. Clinically, gris-
eofulvin is the most effective antifungal agent against ectothrix Microsporum
infections, particularly M. canis and M. audouinii, and its absorption and bioavail-
ability are significantly improved with dietary fat intake. While there are scarce
reports of in vitro resistance of dermatophytes to griseofulvin, clinical administration
of the drug was shown to be less effective against endothrix Trichophyton species
[137, 167, 170]. Typically, griseofulvin is given for a period of 6–8 weeks in cases of
Microsporum infection, while 12–18 weeks are recommended for Trichophyton
infection [137]. The long treatment duration of griseofulvin leads to less compliance
in patients and ultimately contributes to treatment failures [168]. While griseofulvin
is considered a first-line drug for TC, it is important to point out that newer drugs
such as terbinafine and azole antifungals are increasingly being used to replace it
[169]. In addition to the long treatment course, the high cost of griseofulvin and its
limited cure rate can also be blamed for the decline in its use.
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Terbinafine and azole antifungals are considered as cost-effective therapies,
which are able to achieve high cure rates under a short treatment course. They act
by inhibiting the synthesis of membrane ergosterol, leading to the leakage of the
intracellular contents of the fungal pathogen. Terbinafine is usually fungicidal but is
more effective against Trichophyton than Microsporum infections. It has good
absorption and retention rates in the body and is usually given for a short period
of 4 weeks, although a longer course and a much higher dosage may be required for
ectothrix infections [6, 167, 170]. Itraconazole, fluconazole, and in some countries,
ketoconazole, are major azole drugs used in the treatment of TC. Depending on their
tissue concentration, they may be fungistatic or fungicidal and may match the
efficacy rate of griseofulvin, especially for Trichophyton infections [167, 171].

When used without a corresponding systemic therapy, topical antifungal drugs
are of little advantage in the treatment of TC. While the clinical appearance may
initially improve with the administration of topical drugs, dermatophytes at the root
of the hair follicle are usually unaffected, and this leads to a high relapse rate of the
infection [6, 167]. Nonetheless, novel drug delivery methods such as nanoparticle
formulations have been advocated as a strategy to increase the skin penetrating
ability of topical antifungals and enhance their therapeutic efficacy [18]. Also, some
topical antifungal agents have sporicidal activity and are known to limit the trans-
mission of fungal spores in both infected patients and carriers. Topical antifungal
agents mostly come in the form of shampoos, creams or lotions, and they include but
are not limited to povidone-iodine, ketoconazole, ciclopirox, selenium sulfide, and
zinc pyrithione [6, 137, 168].

Though this is still controversial, oral or topical corticosteroids can be used to
reduce itching and general discomfort that comes with inflammatory TC
[137, 167]. Also, while some studies have reported the use of wet compresses or
surgical means to remove crusts in scalp kerions [172, 173], others have shown that
surgical incision does not contribute to the healing process and may even complicate
the local treatment of the infection [174–176]. Furthermore, the possibility of a
secondary bacterial infection should be properly considered and subsequently
treated with requisite topical or oral antibiotics [6].

Finally, with the emergence of antifungal resistance among dermatophytes, it
might be helpful to consider their antifungal susceptibility profile prior to the
initiation of therapy [64, 177]. Among a number of methods, agar-based disk
diffusion method remains a good option for the in vitro susceptibility testing of
dermatophytes. It is inexpensive, easy to perform, fast, and does not demand a
particular expertise or the use of specialized equipment. Mueller-Hinton medium,
usually without a supplementary carbohydrate source or dye, is reported as a typical
medium used in the susceptibility testing of dermatophytes [178]. This medium
supports the growth of the fungi and allows easy reading of the inhibition zone
edges.
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7 Community Management

With the advent of the “internet” age and an increase in migration, the world is
gradually becoming a global village. In the absence of effective health policies, some
infectious diseases which are thought to be geographically restricted can quickly
spread from one region to another. As mentioned earlier, TC can spread through
direct skin contact, or indirectly through fomites. Thus, a concerted public health
effort is needed to ensure its effective management and combat its spread.

It is common knowledge that schoolchildren are the most affected age group, and
infected children can quickly transmit the infection to their classmates, resulting in
school outbreaks. The community can enact policies to ensure that children with
signs of scalp ringworm are immediately diagnosed and placed under appropriate
therapy. The training of schoolteachers or school health officials might be necessary
to help in the early identification of cases at the school level. While the suspension of
the infected child from school is still controversial, it is generally agreed that placing
the child under a compulsory systemic and adjuvant topical therapy will highly
reduce the risk of transmission. Infected children should also be asked not to share
objects such as helmets, scarves, hairbrushes, combs, and toys, as these may become
fomites for the transmission of the pathogen. The child may also be prohibited from
participating in games where a prolonged close physical contact is the norm rather
than the exception, for example, wrestling [167]. While enforcing these school
policies, it is expedient to note that TC is a skin disease affecting the aesthetics
and self-confidence of the patient. Therefore, the psychological implications of the
disease should always be considered when implementing the health policy [7].

Furthermore, a regular investigation of TC among schoolchildren might prove
effective in the early identification and management of the infection [73, 85]. This
routine epidemiological surveillance is particularly necessary since some studies
have suggested a higher risk of infected cases in classrooms where there are many
carriers, although it is important to quickly point out that this might be an effect
rather than a cause [179]. It might also be expedient to carry out a thorough
examination of places such as playgrounds and other areas used by children as
playgrounds, especially when one or more children have been reported with the
disease [180, 181].

It is no doubt that poverty, overcrowding, and illiteracy are underlying social
determinants of TC [6, 7, 182]. In fact, it was previously regarded as a “mark of
poverty and destitution” in some countries [6]. Therefore, community actions
targeting poverty, education, and housing are important in addressing the infection.
Also, governmental and nongovernmental agencies should do more to educate the
public on the etiology, spread, and control of the superficial infection [183].

Moreover, the nonlife threatening nature of TC and the cost of seeking healthcare
to treat it tend to discourage patients from seeking timely clinical intervention. Such
patients may resort to self-medication, tentatively leading to the spread of the
infection as well as to a possible increase in the antifungal drug resistance of the
pathogens. An essential measure in developing nations and in economically disad-
vantaged regions of otherwise developed countries is to establish more outdoor
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subsidized dermatological centers to cater for the health needs of the community. In
areas where skin doctors are unavailable, primary healthcare providers should be
made aware that the definitive endpoint for TC treatment is mycological clearance,
instead of clinical cure. Therefore, a follow-up with adequate mycological screening
is needed at the end of the standard treatment duration and should be continued until
the documentation of a mycological cure [137].

When a zoophilic dermatophyte such as M. canis or T. verrucosum is the
identified cause of TC in a family or community, the animal source should be
immediately identified and properly treated [6, 182]. Proactively, communities
should initiate policies that will ensure regular dermatological screening of pets
such as dogs, cats, and rabbits, and restrict the uncontrolled movement of stray
animals.

8 Recommendations for Future Studies

The virulence factors of dermatophytes are not well-known. More studies, especially
at the molecular level, should be done to elucidate the pathogenesis of
dermatophytes as well as the resulting clinical signs of the infection. This will help
in uncovering loopholes that can be exploited in the rational development of new
therapeutic and prophylactic strategies to counter the infection. Also, with the
restrictive use of oral therapy in infants, the scientific community should look
towards improving the bio-delivery and therapeutic efficacy of topical drugs for
TC. More studies are also needed to understand the impact of corticosteroids in the
treatment of this disease.

Till date, the high predisposition of prepubescent children and post-menopausal
women to TC has not been fully grasped, demanding more attention from the
scientific community. While TC is regarded as a pediatric infection which affects
the self-confidence of the patients, there are relatively scarce reports on the psycho-
social impact of the disease in children. Therefore, pediatric dermatologists and
mental health experts are encouraged to take up collaborative projects to understand
the psychological impact of pediatric TC. Studies are also needed to investigate the
role of climate and other environmental conditions in the epidemiologic spread of
TC. Finally, more studies need to be done to enhance the routine use of molecular
biology techniques in the diagnosis of these infections and the diagnostic accuracy of
trichoscopy should be validated with studies involving large numbers of participants.
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Part V

Laboratory and Molecular Diagnosis
of Dermatophytosis



The Potential of Molecular Diagnostics
in Routine Dermatology

Christiane Kupsch and Yvonne Gräser

Abstract

PCR methods allow the detection of dermatophytes from clinical samples and
have the potential of being very sensitive, specific, and fast. However, in order to
fully exploit this potential, a number of challenges need to be met. Especially the
close phylogenetic relationship of the dermatophytes impedes species-specific
detection and beyond that, the implementation of PCR techniques involves some
technical and regulatory challenges. Regardless of whether in-house methods are
used or a commercial kit is chosen, there are a number of aspects that need to be
considered and which will be addressed here.

Keywords

Commercial kit · Differentiation · PCR · Regulatory affairs · Specificity ·
Sensitivity · Taxonomy

1 Introduction

In addition to conventional dermatophyte diagnostics, i.e. direct microscopy and
cultivation with subsequent morphological differentiation, molecular methods are
becoming increasingly important. Today, multitudes of MALDI-TOF and PCR
techniques are available for the detection and differentiation of pathogenic
dermatophytes. Also, companies have long recognized the potential of molecular
dermatophyte diagnostics and have launched commercial test systems on the market.
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Molecular techniques are very sensitive and fast, they lead to results within days.
Their specificity, however, is very heterogeneous. For PCR it depends, among other
things, on the selected DNA regions and the detection method. In principle, a single
sequence polymorphism between two species is sufficient for their differentiation, so
that PCR techniques have the potential to specifically identify any species. However,
this potential is often not fully exploited.

This chapter gives an overview of the currently available molecular techniques
with a focus on the advantages and challenges of using PCR methods for routine
diagnostics.

2 Matrix-Assisted Laser Desorption Ionization: Time
of Flight/Mass Spectrometry (MALDI-TOF/MS)

MALDI-TOF/MS is a method that is based on the analysis of ionized fragments of
biomolecules like peptides, lipids, and saccharides. The analyte is co-crystallized
with a laser energy-absorbing matrix. By laser excitation, ionized molecular
fragments are dissolved from the mixture and separated according to their mass,
resulting in specific mass spectra.

The method has been proven for the identification of bacteria and a number of
pathogenic fungi [1]. Some of the manufacturers of MALDI-TOF/MS systems
(bioMérieux, Bruker Daltonics, Andromas) provide identification platforms for
yeasts such as Candida and Cryptococcus species and for filamentous fungi such
as Aspergillus, Fusarium, and some dermatophyte species as well [2]. For the
detection of dermatophytes, often in-house reference databases are used supplemen-
tal to manufacturer libraries [3]. Due to the high degree of phylogenetic similarity,
the differentiation of dermatophytes species is challenging. For some closely related
species, the differences in mass spectra have been reported to be insufficient or
misleading, while for some other species they are too heterogeneous
[3]. Complications have been repeatedly described for the discrimination within
the species clusters Trichophyton rubrum/Trichophyton soudanense/Trichophyton
violaceum, Trichophyton interdigitale/Trichophyton mentagrophytes/Trichophyton
quinckeanum/Trichophyton tonsurans, and Microsporum audouinii/ Microsporum
canis [4–7].

3 PCR-Based Techniques

Over the last 15 years, a considerable number of PCR techniques have been
developed for the detection and differentiation of pathogenic dermatophytes. PCR
techniques are fast, leading to diagnosis within 24–48 h. They are very sensitive and,
unlike culture diagnostics, they have no problems in detecting pathogens that are
growth inhibited by antimycotic therapy. However, the specificity of the various
methods varies greatly and strongly depends on the DNA target selected to distin-
guish between species and the method for the detection of amplified DNA.
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3.1 Targets

For the detection and differentiation of pathogenic fungi, the ribosomal genes, such
as 18S rDNA, and especially the so-called internal transcribed spacers ITS2 and
ITS1, are most frequently used. In contrast to other pathogenic fungi, however,
dermatophyte species have a very high degree of phylogenetic similarity. The rather
conserved ribosomal genes are not sufficiently variable for the differentiation of this
group of fungi. The more variable ITS region is suitable for the differentiation of all
known dermatophyte species, even if some differ only by one or two single nucleo-
tide polymorphisms (SNPs).

Besides ITS, the genes encoding chitinase-1 (CHS1), topoisomerase-2 (TOP2),
β-tubulin (BTU), or translation elongation factor 1-α (EF-1-α) are used. For the
CHS1 gene, Kano et al. [8, 9] and Cafarchia et al. [10] respectively published a
phylogenetic analysis of eight and five different dermatophyte species showing
considerable sequence differences, but apart from T. rubrum and T. violaceum,
none of the closely related species groups have been analyzed [9]. Some authors
show the suitability of CHS1 gene for a universal dermatophyte detection in clinical
nail [11], skin and hair samples [12, 13]. The TOP2 gene has been used for
dermatophyte detection using RFLP and has shown to be sufficient for genera and
in part for species identification, but differentiation of the T. mentagrophytes species
complex was not possible [14, 15]. The BTU gene is more variable than the ITS
regions with respect to the genus Microsporum, but has some drawbacks compared
to the ITS regions for the genus Trichophyton. No differences can be found between
Trichophyton benhamiae and Trichophyton concentricum, and only one SNP
between Trichophyton schoenleinii and T. quinckeanum and two between
T. rubrum and T. violaceum [16]. One study shows the use of the BTU gene to
detect and differentiate ten different dermatophyte species from 603 clinical samples
using RFLP analyses [17]. More recently the EF1-α gene has been identified as a
sufficient identification marker for dermatophytes. It is similarly variable as the ITS
regions [18] and even more diverse for the species T. tonsurans and Trichophyton
equinum (14 SNPs vs. only one SNP within the ITS) andM. canis andMicrosporum
ferrugineum (ten bases differences vs. two SNPs within the ITS) [19, 20]. EF1-α has
been used in addition to ITS for characterizing clinical isolates in recent studies [21–
23].

4 Methods

Several post-PCR procedures can be used to visualize the amplified DNA to detect
the presence of a pathogen. Differences in length and pattern of PCR amplified
DNA, with or without subsequent enzymatic digest, can be identified by electropho-
retic separation in a gel matrix (e.g. agarose). This applies to PCR fingerprinting,
amplified fragment length polymorphism (AFLP), restriction fragment length poly-
morphism (RFLP), and randomly amplified polymorphic DNA (RAPD). The uses of
these techniques have been reviewed in great detail by Cafarchia et al. [24] and
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therefore only the quite popular RFLP analysis is briefly cited here. RFLP has been
shown useful for Trichophyton spp. detection directly from nail fragments of
patients with suspected onychomycosis using the 28S ribosomal DNA as the target
[25, 26]. Successful dermatophyte detection and a distinct pattern of different genera
have been shown using the ITS region [27–29], the BTU [18, 30] or TOP2 gene
[9, 31] as RFLP target. The differentiation of Trichophyton species, especially within
the T. mentagrophytes species complex is limited, however. It has been shown that
the success of RLFP for species differentiation can be enhanced by a combined
analysis of the pattern produced by more than one restriction enzyme [18, 31]. Also a
combination with high-resolution melting analysis has been described [30]. The
advantage of these techniques is that they do not require expensive reagents or
equipment apart from the PCR thermal cycler, but a detailed species differentiation
cannot be achieved.

Another approach to detect PCR products is to hybridize them to specific probes.
In PCR ELISA, microarray or lateral flow techniques, PCR products are labeled
during amplification enabling their subsequent detection. The label can be a fluores-
cent molecule, which emits light of a certain wavelength by laser excitation, or a
target for an antibody, which in turn carries a dye that emits light after chemical
activation. In either case, a signal is detected only when a probe fits exactly to a PCR
product.

Real-time PCR methods allow detection during the PCR reaction without the
need for post-PCR steps. The detection is based on fluorescent dyes. Universal DNA
detection can be achieved with SYBR-Green and other dyes, which intercalate to
double-stranded DNA and dissolve as soon as the DNA melts into single strands.
This way, the amplification of the DNA can be monitored in real time. In addition to
this universal detection of any amplified DNA, specific detection is achieved by
fluorescence-labeled probes. Fluorescence is measured when the probe binds its
complementary sequence within a PCR product, while no signal will be detected
when the probes target is not present within a sample. Real-time PCR can also be
used to quantify DNA when its amplification is compared to dilution series of
standards with defined DNA concentrations. Using special kinds of probes, the
so-called melting curve analysis can be performed. Directly after PCR amplification,
increasing the temperature stepwise causes the probes to separate (melt) from the
PCR products and the fluorescence decreases. The melting temperature is individual
for each probe and depends on the degree of identity between probe and target.

5 Implementation Aspects of Molecular Methods

5.1 Time and Costs

While culture diagnostics is a well-established procedure in most laboratories at
present, the changeover to molecular biological techniques may require some effort.
However, the investment strongly depends on which devices for PCR analyses or
MALDI-TOF/MS analyses are already in use and to what extent they can be utilized
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for dermatophyte diagnostics. In addition to the equipment purchase, the costs for
consumables for molecular biological methods are higher than those for culture. In
PCR, fluorescent labels or kits are expensive consumables.

In contrast, however, the working time required for pathogen identification is
much shorter. Classical morphological identification requires (1) direct microscopy
of the clinical material to detect the presence of fungal elements, (2) inoculation and
growth of a culture, (3) microscopy of the culture, and (4) evaluation of macro- and
micromorphological characteristics to identify the species. Morphological
characteristics, such as macroconidia, often develop only after several weeks of
growth. To classify a sample as negative for dermatophytes, incubation of the
clinical material over 4 weeks is necessary [32].

MALDI-TOF analyses also depend on the growth of fungal cultures for a
minimum of 3 days [7, 33]. Compared to culture diagnostics this saves time but
the costs for material and manpower for the culture are still incurred. Sample
preparation and analysis is straightforward. Proteins are usually extracted with
acetonitrile from the culture material, mixed with a matrix and dried, which requires
time in the range of minutes. The mass spectrometric separation itself is automated
and the evaluation is facilitated by software guidance.

PCR analyses do not require culture growth, as they can be performed directly
from clinical material. As a first step, DNA is extracted from the clinical material.
This requires between 10 min and 12 h incubation time, depending on the method or
kit used (see Sect. 5.3). The DNA extracts are then subjected to the PCR reaction
(1–2 h). For non-real-time PCRs, a separate detection step is performed (another
1–2 h), followed by a software-assisted or manual evaluation.

In the case of molecular biological techniques, the analysis is completed only
days after receipt of a sample, so the communication of the results and the billing can
take place promptly instead of a few weeks later.

The time required for molecular methods, in particular for PCR techniques, is also
more consistent because it does not depend on the speed or uniqueness of morpho-
logical development and can therefore be estimated more accurately. The higher the
number of samples the less time is needed per sample because they can be processed
in parallel. Common PCR machines allow the simultaneous amplification of 48–96
samples. The higher costs of PCR compared to culture analysis can therefore be
offset to some extent by reduced staff costs.

5.2 Application of In-House Methods

In recent years, some diagnostic laboratories have established in-house methods or
Laboratory Developed Tests (LDTs) for the identification of dermatophytes. LDTs
are developed and operated within a single clinical laboratory facility. Such methods
are used both for research purposes and for diagnostics. Approximately 40% of
diagnostic laboratories from Germany and other European countries use in-house
techniques in the external quality assessment “genome detection of dermatophytes”
(RV 492) offered by Instand e.V. in Germany [34].
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Challenges in the validation of in-house methods. In order to develop and validate
a DNA-based method capable to differentiate dermatophyte species, suitable refer-
ence strains need to be used. Sequences of the ITS region of all dermatophyte species
are available in publicly accessible databases such as NCBI or the fungal collection
of the Westerdijk Institute. However, the entries in these databases are partially
incorrect due to the use of outdated and misleading taxonomic terms. The reasons for
this lie in extensive taxonomic changes that have been implemented in recent years.

Instead of morphological characteristics alone, researchers have begun to use
genetic data to determine the relationship between species. The inclusion of genetic
relationships has revolutionized the taxonomy of many species, including the king-
dom of fungi. For example, the dual naming of teleomorphs and anamorphs, which
represent different manifestations of the same species, was abolished [35]. Also, the
dermatophyte taxonomy has changed in the last decade and has led to a simplified
species concept of this group of fungi, as shown in Fig. 1. Unfortunately, this
simplification has nevertheless led to some difficulties, since the database entries
of isolates, some of which are decades old, have not been extensively updated and
therefore databases still contain partly obsolete and misleading identifications and
designations.

In order to avoid these problems, it is recommended to use only type strains for
the development of a diagnostic method. The same applies for the sequence-based
identification of clinical isolates. A current overview of type strains can be found in
de Hoog et al. [36]. Furthermore, it should be noted that new sequence variants occur
from time to time. To avoid misidentifications or non-identifications of such variants
the current literature has to be checked continuously in order to classify them
correctly. An example is the species T. mentagrophytes, for which now more than
eight different ITS genotypes are known [21, 37].

Regulatory challenges. In the European Union, with Regulation (EU) 2017/746, a
comprehensive law on in vitro diagnostica (IVD) came into force in May 2017,
which not only strengthens the requirements for test kits but also covers LDTs and
for these, prescribes comprehensive quality management in accordance with the EN
ISO 15189 standard as well as a detailed risk management. This regulation is legally
binding throughout the EU from 26 May 2022.

In the United States, the Centers for Medicare and Medicaid Services (CMS) are
mandated by the Clinical Laboratory Improvement Amendments (CLIA) to ensure
the quality of LDTs. According to CLIA regulations, all facilities that perform tests
for the diagnosis, prevention, or treatment of disease, impairment or health assess-
ment of human materials must meet certain federal requirements. To obtain a
certificate, a laboratory must undergo evaluation every 2 years and meet CLIA
quality standards for quality control, proficiency testing, quality assurance, person-
nel qualification, and sample integrity and record keeping [38]. Since 2010, the Food
and Drug Administration (FDA) has been discussing the creation of a regulatory
framework for FDA monitoring of in vitro clinical tests (IVCTs), such as test kits
and LDTs. At the end of 2018, a draft law VALID (Verifying Accurate, Leading-
Edge IVCT Development) Act was published [39].
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5.3 Commercial Kits

The use of commercial kits has the advantage that they meet the required regulatory
standards, provide reproducible results and ease the evaluation of the analyses by
detailed instructions for use or software support. Thus, the human factor described
above plays a subordinate role here.

Fig. 1 Todays taxonomy of the genus Trichophyton and taxonomic changes since 2008. No
changes applied for T. concentricum, T. schoenleinii, and T. verrucosum, which are therefore not
listed
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For MALDI-TOF/MS based dermatophyte diagnostics, there are two CE certified
IVD systems and associated databased available for diagnostic use in Europe. The
Bruker MALDI Biotyper IVD library contains the seven species Epidermophyton
floccosum, M. canis, Microsporum gypseum (correct name Nannizzia gypsea),
T. interdigitale, T. mentagrophytes, T. rubrum, and T. tonsurans. The system was
evaluated in one study analyzing 115 clinical isolates and achieved correct
identifications in 54% [5]. The low percentage is primarily caused by the failure of
the method to identify T. rubrum at the species level.

The bioMérieux Vitek MS v3.0 system is CE certified and additionally approved
by the FDA for diagnostic use in the United States. It allows the identification of the
nine species M. audouinii, M. canis, M. gypseum (¼ N. gypsea), E. floccosum,
T. rubrum, T. interdigitale, T. tonsurans, Trichophyton verrucosum, and
T. violaceum. A study analyzing 291 isolates of these species with the Vitek MS
v3.0 system achieved correct species identifications for 246 of the strains (84.5%).
The major problems were in the identification of T. violaceum (41% correct),
T. verrucosum (58% correct), T. tonsurans, and M. audouinii (both 91% correct)
[40]. Also for the Bruker MALDI Biotyper CA system, an FDA-approved library is
available; this however does not contain any dermatophyte species.

For PCR methods, to date seven companies provide CE-marked commercial kits,
fulfilling the regulatory requirements for IVD in Europe (Fig. 2) [36–43]. When
considering the selection of a PCR-kit it should be noted that there are major
differences between the kits not only in terms of the underlying methods and
techniques, but also in the scope of pathogen identification and differentiation. The
spectrum ranges from universal dermatophyte detection with T. rubrum as the only
differentiated species [44, 45] or the detection of the various dermatophyte genera
with some species discrimination [46–48] to a comprehensive species differentiation
[41, 42, 49]. The more recent kits can distinguish T. tonsurans of T. interdigitale and
T. rubrum of T. violaceum, T. verrucosum of T. benhamiae as well as M. canis of
M. audouinii [49]. Difficulties still exist in the clear differentiation of very closely
related species such as T. rubrum and T. soudanense, T. benhamiae and
Trichophyton erinacei, T. tonsurans and T. equinum or T. interdigitale of
T. mentagrophytes (formerly zoophilic strains of T. interdigitale) [36]. Figure 2
gives an overview of the currently available kits for dermatophyte diagnostics and
the species differentiations they can provide.

The effort required for DNA extraction prior to PCR varies from kit to kit. Some
kits contain reagents for DNA extraction; others recommend the use of DNA
extraction kits. The most frequently recommended kit is the QIAamp® DNA Mini
Kit (Qiagen GmbH, Hilden) with an extended (90 min to 12 h) initial lysis step. The
Dermatophyte Kit from Statens Serum Institute and the DermaGenius® 2.0 kit each
contain a two-buffer system for DNA extraction that requires only 10 min of
incubation.
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6 The Impact of PCR Diagnostics on Therapy

6.1 Sensitivity and Speed of PCR

A number of studies have shown that PCR methods are considerably more sensitive
than cultures. Especially from nail samples, and also from skin and hair samples, it is
often not possible to grow a culture, which can lead to false negative results [25, 50–
53]. Patients misdiagnosed with a negative result are not treated with antifungals,
causing infections to persist, exuberate, and in addition, this increases the probability
of transmission to other people. If the cultivation is successful, it takes about 4 weeks
until the result is available. During this period, often a tentative diagnosis is made
according to the clinical picture and treatment is started. An incorrect initial diagno-
sis is particularly critical in patients with severe and painful infections, e.g. Tinea
capitis, which is easily confused with a bacterial infection, as it delays the healing
process [54–56]. As PCR analyses can be performed directly from clinical material,
these methods make it possible to clarify within a few days whether or not and which
fungal pathogen, if any, is present.

A frequently discussed, seeming disadvantage of PCR is that it also detects dead
dermatophyte cells. However, there are no studies available to prove this assump-
tion. On the other hand, a few studies indicate that the results of PCR analyses
correlate with the success of therapy. In patients with Tinea genitalis caused by
T. mentagrophytes, it was shown that the results of PCR were negative 2 weeks after
the first negative culture result [21]. Another study by Iwanaga et al. [57] conducted
on nail samples from onychomycosis patients under therapy showed that the amount
of pathogen detected by real-time PCR decreased significantly after 8 and 16 weeks
of oral terbinafine therapy. The fact that even after 16 weeks of therapy small
amounts of fungal DNA were still detected was explained by the survival of fungal
cells in the form of arthrospores [57]. Arthrospores originate from the breakdown of
vegetative hyphae and can serve as an enduring form. They are difficult to attack by
antimycotics and can lead to a recurrence of the disease at any time [58]. This
explanation is quite plausible, because in the study of Iwanaga et al. [57], mainly
older patients with an average age of 72 years were examined, in whom the
outgrowth of the infected nail plate is clearly slowed compared to younger people,
due to a reduced rate of longitudinal nail growth [59]. The survival of dormant
fungal cells inside the nail is also supported by follow up studies, which after
18 months show a complete cure in only 76% of elderly patients receiving a
3-month terbinafine therapy [60]. Overall, the available data indicate that PCR
methods do not detect dead cells but dormant cells that are missed in the culture
due to their reduced division activity. Thus, PCR may be more suitable than culture
for therapy control, although this needs to be proven by further studies.
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6.2 Specificity of PCR

Species differentiation plays a major role in therapy decisions when it comes to
determining (1) the genus or (2) whether an anthropophilic or a zoophilic pathogen is
responsible for an infection. For infections caused by species of the genus
Microsporum, the treatment with griseofulvin has been shown to be more effective
than terbinafine, which is commonly used to cure trichophytosis [61]. Species within
the genus Trichophyton are preferably treated with terbinafine or, as a second choice,
itraconazole. Since a few years, however, terbinafine resistant strains of
T. mentagrophytes and T. rubrum originated in India have started to spread world-
wide. This means that terbinafine will no longer blindly be the drug of choice in the
future. Irrespective of this the species-specific differentiation of anthropophilic
(e.g. T. interdigitale) and zoophilic (e.g. Trichophyton (T.) mentagrophytes)
dermatophytes is enormously important for the choice of an efficient therapeutic
strategy. In the case of zoophilic pathogens, there is a rather low potential for human-
to-human transmission, as these pathogens are not perfectly adapted to the human
host. For a successful therapy of such zoonoses, however, it is crucial to identify and
treat the animals that are the source of the infection in order to avoid a reinfection of
the affected patient and to prevent infection of further persons in contact with the
animal in question. Anthropophilic pathogens, on the other hand, are highly conta-
gious. Preventive action, particularly in the form of disinfection, must be taken to
avoid transmission to family members and other contact persons. The German
guideline even stipulates a quarantine period for affected patients under adequate
therapy of 1 weeks to prevent outbreaks. An inaccurate diagnosis, which does not
consistently distinguish between anthropophilic and zoophilic pathogens, causes
potential reinfections, new infections and possibly unnecessary sick leave and with
that not only a higher suffering of the patients but also a multiplication of the costs
for the health system.

7 Conclusion

PCR methods provide a valuable tool for clearly distinguishing closely related
species that have different host specificities. Their use in routine diagnostics
makes therapeutic decisions more effective. At present, however, the full potential
of PCR is hardly exploited, but further developments in this field (e.g., regarding the
search for more variable DNA regions) are to be expected in the near future.
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Laboratory Diagnosis of Dermatophytosis

Sophie Brun and Marc Pihet

Abstract

Dermatophytoses are a very common cause of consultation in dermatology. The
diagnosis of these superficial infections, which include a large variety of diseases
involving skin, nails, and hair, is usually not clinically obvious and requires
mycological analysis, particularly for scalp and nail infections. Direct micro-
scopic examination of clinical samples using clearing agents provides a quick
response and should be combined with cultures on specific media. Histological
analysis, which is considered the “gold standard” for the diagnosis of
onychomycosis, is seldom performed, and as direct examination, it only allows
visualization of fungal elements without precise identification of the pathogen.
Accurate identification of the causative agent is necessary to initiate an appropri-
ate treatment and also for setting prophylactic measures. However, conventional
methods often lack sensitivity, and species identification from cultures may
require up to 4 weeks. Thus, the use of fluorochromes may greatly enhance the
sensitivity of direct examination. Likewise, the use of culture media containing
antifungal deactivators could enhance the sensitivity of cultures. Finally, several
PCR-based kits are now commercially available; nevertheless, the biological
diagnosis of dermatophytosis still relies on standard mycological procedures,
including direct examination and cultures of appropriate clinical specimens,
which remain the most informative and the least expensive procedures.
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1 Clinical Context

Dermatophytoses are related to the invasion of skin, nails, and hair by
dermatophytes. These ubiquitous filamentous fungi produce keratinolytic enzymes
and may degrade keratin (hairs, horns, feathers) in the environment, as well as in
animals and humans. They are thus responsible in humans for most superficial
mycoses affecting the skin (Tinea corporis, Tinea cruris, Tinea pedis, . . .), hair
(Tinea capitis), beard (Tinea barbae), or nails (Tinea unguium). Due to a
hyperspecialization, some dermatophyte species may affect only human keratin
(Epidermophyton floccosum, Microsporum audouinii, Trichophyton rubrum,
Trichophyton tonsurans, Trichophyton soudanense, . . .).

Although usually not painful and strictly superficial, these infections should not
be neglected, as they may affect the quality of life of the patients. In addition, Tinea
pedis and onychomycosis may be risk factors for the development of an acute
cellulitis of the leg or erysipela, particularly for patients with diabetes [1]. Likewise,
a severe immunodeficiency or a rare genetic susceptibility may allow dissemination
into the skin and / or a deep infection.

Dermatophytoses are infections very commonly encountered in private dermato-
logical practice, since they affect up to one-third of the population [2]. According to
Moreno and Arenas [3], Tinea unguium represents about 50% of etiologies of nail
diseases and this could be even greater in the future with the aging population.
However, the clinical differentiation of dermatophytosis from other nonmycotic
dermatitis may be difficult. Symptoms are usually nonspecific and may also be
atypical, particularly for dystrophic nails or recurring skin lesions. In most cases,
contribution of the laboratory is required to confirm the diagnosis, particularly when
a systemic or a prolonged treatment is needed (as for Tinea capitis or Tinea
unguium), because of its cost and its potential side effects [4]. Indeed, a prolonged
antifungal therapy for several weeks or months is often necessary for successful
treatment of onychomycosis.

Moreover, precise identification of the fungal isolate may guide the clinician to
set up prophylactic measures, such as intrafamily investigation or pets’ treatment,
faced to the detection of an anthropophilic or a zoophilic dermatophyte species,
respectively. This is particularly important for some anthropophilic dermatophyte
species because of their potential to cause intrafamily or scholar epidemics [5].

The absence of standardization of sampling and mycological procedures, as well
as the lack of commercialized reagents, have hampered for a while the diagnosis of
dermatophytosis. Due to the recent availability of PCR-based kits, the place of the
conventional diagnosis is now frequently questioned [6]. Sampling methods
according to the localization and the type of lesions, the techniques used for direct
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examination, and the different steps for isolation and identification of the main
dermatophyte species encountered in clinical or veterinary practice are discussed
in this chapter.

2 Objectives

The biological diagnosis of dermatophytosis allows: (i) to confirm the diagnosis of
mycosis, first with direct microscopic examination of biological samples; (ii) to
identify the fungus involved, especially for epidemiological purposes; and (iii) to
follow up the therapeutic efficacy, particularly in the context of contagious Tinea
capitis. Conversely, a negative result leads the diagnosis to other skin, nail, or hair
disorder (nummular eczema, pityriasis rosea, psoriasis, alopecia areata, . . .).

In medical laboratory, the mycological diagnosis of dermatophytosis should
include the following steps:

– Collection, during examination of the patient, of clinical information (epidemio-
logical context, risk factors, evolution of lesions, previous antifungal treatments);

– Examination under UV light of the whole scalp to detect fluorescence in case of
Tinea capitis;

– Obtention of a high-quality clinical sample;
– Detection of the fungus in tissues by direct microscopic examination of biological

samples;
– Isolation of the dermatophyte by cultures on specific media;
– Identification of the fungus at the genus or species level;
– Interpretation of the results, particularly in case of discrepancy between direct

examination and cultures, or when molds are detected by cultures.

3 Methods

3.1 Patient Interview

In addition to clinical data, questioning the patient may provide epidemiological
information that may be essential for the diagnosis of dermatophytosis. It can help to
define the mode of contamination and eventually to identify the dermatophyte
involved in the infection, and also to propose prophylactic measures.

Arthroconidia are responsible for the dissemination of dermatophytes. These spores
are able to resist in the soil, on the fur of mammals, and on fomites such as clothes,
shoes or toys. Contamination occurs through direct (human, animal, or telluric contact)
or, more often, through indirect contact via contaminated objects. Typical examples of
contamination are contact with an infected animal (young cat andMicrosporum canis,
cattle and Trichophyton verrucosum), with the soil (gardening and Nannizzia gypsea),
with objects (contaminated clippers andM. audouinii or T. tonsurans), or with hair in
children’s communities with Tinea capitis. Questioning the patient about the practice
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of particular sports (swimming, judo, wrestling,. . .), some professional contributing
factors (e.g. safety footwear), contact with pets or cattle, stays in tropical area, . . .may
be helpful to define how the contamination occurred.

The development of dermatophytes on their hosts depend on general and local
factors (age, genetic predisposition, underlying diseases such as diabetes or immu-
nodeficiency), and also on immunosuppressive treatments, especially
corticosteroids. The growth of the fungus requires a local “permissiveness” of the
epidermis, hair follicle, or nail: skin scratch, skin maceration, pre-pubertal absence
of sebaceous secretion (Tinea capitis in children), and nail micro-traumas. Usually,
anthropophilic dermatophytes affect preferably covered parts of the body without
inflammatory reaction, whereas zoophilic and geophilic dermatophytes are more
often responsible for inflammatory lesions on uncovered parts of the body.

3.2 Specimen Collection

Quality of the sampling notably affects the performances of the different steps of
mycological examination. Sampling needs to be adapted to the localization of
lesions: skin, nail, or hair fragments are thus collected with sterile equipment in
sterile containers. In the case of multiple lesions, specimens from different sites must
be collected separately. A sufficient amount of sample should be harvested from the
edge of the infected area, which corresponds to the active zone of the lesion, where
the fungus is still active. Nails for example should be sampled at the junction
between the healthy areas and the affected ones. An optimal sampling should
allow collecting enough material to perform microscopic examination, as well as
cultures, ideally on two media. Some authors recommend cleaning the lesion site
with alcohol before sampling, in order to remove contaminants such as bacteria or
conidia from saprophytic fungi [7]. Due to electrostatic attraction, specimens should
be collected in sterile glass recipients (Petri dishes) rather than plastic containers.
Moreover, to avoid false-negative cultures, samples should be performed before any
local or systemic antifungal treatment [8]. An absence of treatment for at least
3 months should be proposed in case of systemic treatment or local application of
film-forming solutions, and for 15 days for a topical antifungal treatment [8]. Pack-
aging and transport of samples will be performed in sterile and hermetically closed
containers. As dermatophytes are able to survive for a long time in a dry atmosphere
and at room temperature in skin, hair, and nail fragments, their shipment is allowed
without risk of damage.

Ringworms and intertriginous lesions should be scraped from the edge, at the
periphery of lesions (on potential vesicles), using a dermal blunt curette (Brocq’s
curette) rather than scalpel blades or vaccinostyles. Swabbing with a swab previ-
ously moistened with sterile saline may be useful after scraping, to harvest the
remaining material on the skin. Upon examination under UV light (Wood’s lamp)
of an inguino-crural lesion, less frequently an axillary or interdigito-plantar lesion, a
red fluorescence (“brick” or “coral”) is suggestive of erythrasma (due to Corynebac-
terium minutissimum).
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The sampling technique greatly influences the culture yield for nail lesions [9],
and methods differ according to the type of onychomycosis. Indeed, in subungual
onychomycosis, viable fungal hyphae may be encountered only near the nail bed,
particularly at the edge of the lesion. The free edge of the nail will be cut and
discarded because of its frequent contamination by environmental molds. All the
subungual material will be collected using a blunt curette rather than a vaccinostyle,
until the limit of detachment of the nail plate. Conversely, for white superficial
onychomycosis (leukonychia), scratching the white areas at the surface of the nail
plate allows collecting infected material. Microscopic examination of nail samples
requires very thin nail fragments that may be obtained by conventional scraping, but
some authors recommend the use of a microdrill to obtain nail dust [9]. In vivo
confocal microscopy has also been proposed for direct examination by Piérard
[10]. This noninvasive method allows the visualization of fungal hyphae in situ
using a microscope objective directly applied on the nail surface, but its cost has
hampered its use in routine laboratories [11].

In case of Tinea capitis, hair roots and crusts are scraped with a dermal blunt
curette, then a swab is applied to harvest the remaining material on the scalp. Apart
from very inflammatory, oozing, or suppurating lesions for which the sampling with
a curette would be painful, the exclusive use of swabbing should be avoided. In the
above-mentioned cases, at least two humidified sterile swabs should be applied, one
for direct microscopic examination and the other for cultures. In folliculitis and
trichophytic Tinea capitis, hair is broken usually very shortly (black dots in the Petri
dish), whereas in microsporic Tinea capitis, hair is broken at 2–3 mm of the scalp.
Hair fragments will be collected by scraping, or picked from the infected area using
tweezers with slight traction (infected hair is coming very easily). Sampling of hair
should be preceded by examination of the whole scalp under UV light (Wood’s
lamp). The metabolic pathways used by some dermatophytes species (M. canis,
M. audouinii and Trichophyton schoenleinii) to degrade keratin lead to the presence,
in colonized tissues, of spontaneously fluorescent compounds under UV light. Thus,
the use of Wood’s lamp, through a bright green fluorescence, may attest of a
microsporic or a favic Tinea capitis and guide the sampling procedure.
Dermatophytosis cannot be ruled out in the absence of fluorescence, as no fluores-
cence is usually observed in microid, megasporic, or endothrix Tinea capitis.
Additionally, asymptomatic carriers may be detected by rubbing the whole scalp
or hair with two humidified sterile swabs in human, or using a sterile piece of carpet
or a tooth-brush for pets [12]. Otherwise, associated lesions should also be sampled.

According to the European Onychomycosis Observatory, most general
physicians and about 60% of dermatologists do not perform sampling in case of a
suspected dermatophytosis [13]. This may explain the inefficiency of some antifun-
gal treatments and may be detrimental for the patients taking into account the high
frequency of onychomycosis due to non-dermatophytic molds, which are largely
more difficult to eradicate. Before beginning treatment, it is therefore highly
recommended to take nail or hair samples for mycological analysis, which should
be performed in a specialized laboratory with an experienced staff and according to
rigorous procedures [8].
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3.3 Direct Examination

Direct microscopic examination is an efficient screening technique, as it allows a
quick response, thus allowing clinicians to prescribe an antifungal treatment pending
culture results [2]. Isolation and identification of the fungus may indeed take several
weeks. The detection of hyphae by direct examination of the clinical samples
confirms the diagnosis of mycosis (Fig. 1). This simple technique is achievable in
most laboratories of microbiology and in less than 1 h. Examination is usually done
at �10 or �20 magnification for branching hyphae, with confirmation using �40
objective. It may be performed with skin scales, hair, or nails fragments, or with
serous fluids from inflammatory lesions (paronychia, kerion, or sycosis).

Microscopic examination may also allow the detection of different morphological
aspects which may help to specify the type of fungus involved, especially in
onychomycosis (regular hyphae, sometimes dissociated in arthroconidia for
dermatophytes; irregular and poorly colored or vesicular hyphae in a mold infection;
blastoconidia associated or not to pseudohyphae in yeast infections). In case of Tinea

Fig. 1 Direct examination of nail fragments showing septate hyphae. Phase-contrast microscopy
(a) increases visibility and contrast compared to observation under white light illumination (b).
Fungal elements are more easily visualized using stains such as chlorazol black E (c) or Congo red
(d), but their detection is greatly facilitated using fluorochromes such as calcofluor white (e) (e,
courtesy of Pr. Raymond Robert, Angers, France)
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capitis or Tinea barbae, the determination of the hair invasion pattern (endothrix,
ectothrix, or favic) can steer towards the dermatophyte involved (Fig. 2).

Nevertheless, the quality of the specimen and the skill of the observer determine
the success of mycological examination. Indeed, up to 30% of false-negative results
have been reported in routine practice [14]. Sensitivity of direct examination appears
to be lower when samples are uneasy to be collected, particularly in case of proximal
onychomycosis or total onychodystrophy. Conversely, too superficial or too distal
sampling in onychomycosis may also highlight conidia from saprophytic molds,
leading to false-positive results [15]. In some cases, cultures remain sterile or the
absence of sporulation of the isolated fungus hampers its identification. Diagnosis of
dermatophytosis will be formally maintained, regardless of the subsequent outcome
of cultures. Thus, about one-third of the diagnoses of dermatophytosis (nearly half of
the diagnoses of dermatophytic onychomycosis of the feet) are established on direct
microscopic examination exclusively.

The clinician will be quickly informed of the positivity of direct microscopic
examination, as a preliminary response (“presence of fungal hyphae, probable
dermatophytosis”). A complement of response will then be addressed with the

Fig. 2 Direct examination of hair fragments showing arthroconidia inside (a and b—endothrix) or
outside hair shaft (c, d, and e—ectothrix) using white light illumination (a, c), phase-contrast
microscopy (b), lactic blue (d) or Blankophor (e)
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culture results (negativity or isolation of a fungus, then identification of a dermato-
phyte, or a mold on nail samples).

3.3.1 Clearing Agents
Before direct microscopic examination, samples need to be treated with a
dissociating agent (combined or not with stain), which facilitates the visualization
of fungal elements by keratin digestion. Samples are usually mounted between glass
slide and coverslip in a drop of clearing agent.

Most laboratories use 10–30% potassium hydroxide (KOH) with or without
dimethyl sulfoxide (DMSO), or Amann’s chloral-lactophenol (CL) [16]. Digestion
by KOH, which is one of the cheapest methods, is particularly suitable for nail
fragments and other thick material, but requires fast examination of the specimen. It
may be supplemented with chlorazole black E (CBE) or Congo red, which stain
fungal elements in black or red, respectively. Recently, a method for thick nail
samples was proposed, which involves dissolving the nail fragments in KOH in a
microtube during several hours to several days before microscopic examination: this
technique enables complete digestion of keratin with conservation of fungal hyphae,
which are more easily visualized [17].

The use of CL allows to preserve the fungal structures and is particularly helpful
to study the hair invasion (endothrix, ectothrix, or favic type) or when direct
examination is differed. Likewise, it is recommended for conservation of hair
samples for teaching purposes. Other dissociating agents as 10% sodium hydroxide
(NaOH), or detergents as sodium dodecyl sulfate (SDS), have also been proposed.

Furthermore, phase-contrast microscopy facilitates the observation of unstained
specimens, since it provides a clear difference in brightness between the fungal
elements and the background, resulting in greater sensitivity (Figs. 1a, b and 2b).

3.3.2 Stains and Fluorochromes
Use of stains or fluorochromes may allow easier visualization of fungal hyphae or
conidia, particularly for nail specimens, and thus can increase sensitivity of direct
examination (Figs. 1c–e and 2e) [18, 19]. Some vegetable fibers may also be stained,
but in most cases they are easily distinguished from fungal hyphae by their irregular
shape and larger size, and the absence of septa.

Various stains, which can be associated with clearing agents, have been proposed
[20, 21]. Cotton blue C4B (Bacti-lab inc., R.A.L. or Bio-Rad, associated with lactic
acid and phenol) and Blue-Black Ink permanent (Parker Quink®), or CBE (Sigma-
Aldrich) stain the fungal elements in deep blue or black, respectively [20]. However,
these stains are not specific and some artifacts (“mosaic-fungus”) may be seen.
Nevertheless, in the study performed by Lilly et al. [16], KOH-CBE was as sensitive
(94.3% vs. 98.8%, NS) as histological analysis using periodic acid-Schiff (PAS),
which stains polysaccharides such as glycosaminoglycans. Congo red, which has
been proposed by Slifkin and Cumbie [22] for direct examination, is commercially
available in a kit containing SDS for the digestion of keratinized structures
(Mycetcolor®, Biosynex). Fungal elements are red-colored on a pink or light orange
background with this stain, which binds to polysaccharides of the fungal cell wall
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such as β-D-glucans, and therefore allows to exclude some artifacts [19]. Moreover,
it offers a better safety profile than chlorazole black. Chicago Sky Blue 6B (CSB
stain®) is another stain associating rapid detection and low cost, and allowing better
contrast [23].

When a fluorescence microscope with appropriate filter sets (400–440 nm blue
filter) is available, the use of fluorochromes is highly recommended such as
calcofluor white (CW), Blankophor P Flüssig® (Bayer) or Uvitex 2B [24]. These
distilbene derivatives bind to chitin, a polymer of N-acetyl-D-glucosamine, which is
one of the main polysaccharides of the fungal cell wall. They greatly facilitate the
detection of fungal hyphae and spores, and thus improve the sensitivity and reduce
the reading time. Calcofluor white or Blankophor (0.1%, w/v) may be used in KOH
10–30% (1:1, v/v) or in SDS (as in MycetFluo® from Biosynex, which is a
CW-based kit), allowing immediate observation of the preparation. Fungal elements
in CW- or Blankophor-stained specimens appear blue when using a fluorescence
microscope equipped with a 330–380 nm excitation filter and an emission filter of
> 420 nm, or brightly fluoresce in green with a fluorescein filter system. In a study
performed on 240 nail samples, Abdelrahman et al. [25] reported a higher specificity
and sensitivity using CW versus KOH alone (88% and 72%, respectively;
p ¼ 0.0116). In another study performed on 102 samples (skin, hair, and nail
specimens) from patients with suspected dermatophytosis, MycetFluo® allowed a
higher number of positive samples to be detected compared to other methods
(Table 1) [19]. Indeed, fungal elements, which leap out on a dark field, are easily
identified even by a nonexperienced staff, particularly in thick specimens such as
nail samples (Fig. 1). This was also highlighted by Ovrén et al. [26], who showed
that the reading time of direct examination was considerably reduced using
Blankophor staining, particularly with an unexperienced staff. Therefore, the use
of fluorochromes associated with clearing agents should be recommended as it
enhances the sensitivity of direct examination and reduces the reading time, espe-
cially for large series of samples.

3.3.3 Histological Examination
In onychomycosis and deep mycosis, histological examination of biopsy remains the
“gold standard” for direct examination. Achten’s technique with Gomori’s methena-
mine silver (GMS) and PAS stain seems to be the more sensitive method for

Table 1 Comparison of the performances of various stains for direct microscopic examination in
suspected cases of dermatophytoses [19]

Clinical samples (total number)

Direct examination (number of positive samples)

CL KOH + CBE MycetColor® MycetFluo®

Nails (n ¼ 51) 14 13 13 25

Glabrous skin (n ¼ 38) 16 16 16 20

Hair (n ¼ 13) 13 13 13 13

Total (n ¼ 102) 43 42 42 58

CL chloral-lactophenol, KOH potassium hydroxide, CBE chlorazol black E
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diagnosis of onychomycosis [27]. GMS has recently been proposed by some authors
as a confirmatory test following screening by KOH [28]. Histological examination of
nail plate may allow confirming the diagnosis of fungal infection with direct in situ
visualization of fungal elements: hyphae appear red (PAS) or gray-black (GMS)
within the host tissue [29]. False-negative results may thus be excluded. However,
results may depend on the quantity of sampling and on the clinical presentation of
onychomycosis. Indeed, false-negative results may be observed, mainly in early nail
infections [30]. In addition, histological analysis does not allow species identifica-
tion. Some morphological traits of hyphae may suggest a mold rather than a
dermatophyte. In particular, some mold species such as Scopulariopsis brevicaulis
may produce thin perforating hyphae that induce micro-fractures of nails [31]. A
recent immunochromatographic test using monoclonal antibodies showed promising
results for detection of dermatophytes on alcohol- and formalin-fixed samples, but it
is restricted to the Trichophyton genus [32]. Accurate identification of the pathogen
cannot be achieved through histology alone, and mycological cultures remain
necessary [2]. Moreover, biopsies are relatively invasive procedures; therefore
they are seldom performed, and more simple methods have been proposed.

The Hotchkiss and MacManus’s staining technique, adapted from PAS of
pathologists, stands for a good compromise between direct examination and histol-
ogy [33]. The stain reveals the presence of the fungus (purplish-red “fuchsia”
stained) in nails and allows to define its morphology. It also permits a long preser-
vation of the preparations. By the analysis of toenail clippings from 108 patients,
Blake et al. [34] found that PAS stain had the highest sensitivity, compared to direct
examination using CW and fungal cultures. Other authors also proposed cyanoacry-
late surface skin scraping (CSSS), a strip biopsy where a fragment of horny layer is
removed together with an adhesive, as a simple diagnostic tool for direct examina-
tion [35]. CSSS showed a negative predictive value of 92% and a positive predictive
value of 52% compared to culture, but it can only be used for skin lesions.

3.4 Cultures

Pending improvement and generalization of molecular methods, fungal culture is
still needed for definitive identification. It is a valuable complement to direct
examination and histological analysis, which do not provide identification at the
species level. Indeed, precise identification is useful, since prophylactic measures
may vary depending on the dermatophyte species. Moreover, in case of
onychomycosis or Tinea capitis, which both require prolonged therapy, confirma-
tion of the diagnosis can help to improve medication adherence [2]. However,
cultures often lack sensitivity, they are time-consuming and identification of fila-
mentous fungi at the species level using morphological characteristics requires an
experienced staff. The increasing use of MALDI-TOF mass spectrometry in micro-
biology laboratories should facilitate the identification of dermatophyte species from
cultures, particularly in case of atypical isolates [36].
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3.4.1 Isolation of Dermatophytes
Samples are usually inoculated on Sabouraud’s agar supplemented with antibiotic
(s) (chloramphenicol and/or gentamicin) and cycloheximide (Actidione®), and
eventually with vitamins. Indeed, the use of a selective medium is essential to
avoid contamination by bacteria, yeasts, or saprophytic fungi that can be present
on skin or hair surface. Cycloheximide inhibits or limits the growth of most
contaminating molds. However, as some cycloheximide-susceptible fungi, including
molds like Neoscytalidium dimidiatum and some pathogenic yeasts, may be respon-
sible for nail, sole, or palm infections, Sabouraud’s agar without cycloheximide
should be used in parallel to selective medium. Several Sabouraud’s media with or
without cycloheximide are commercially available as agar plates or slants (Becton-
Dickinson, bioMérieux, Bio-Rad, . . .). Agar plates offer a larger surface than slants
for fungal growth. However, the use of agar slants is often preferred in case of
prolonged incubation in order to avoid drying of the culture medium.

If the Sabouraud’s agar denomination remains the same, the composition and the
pH of the culture medium may vary from one manufacturer to another. This may
result in variations of the performances, as already demonstrated for yeasts and
opportunistic molds [37]. Alternatively, commercially available potato dextrose
(EO Labs) or potato flake (Remel) agar containing cycloheximide and chloramphen-
icol can be used for primary isolation instead of Sabouraud’s agar [38].

Cultures are usually incubated at 25 � 2 �C, but higher incubation temperatures
(30–32 �C) can be used if T. verrucosum infection is suspected. Cultures should be
monitored once or twice a week. The delay for optimal growth varies according to
the species. Colonies of E. floccosum or N. gypsea will be identified in 4–5 days, but
a longer time (up to 2 weeks) may be necessary for other dermatophytic species. So,
an incubation time of 3–4 weeks is usually recommended before considering
cultures as negative. However, through a study including 5459 dermatophyte
isolates collected over a 4-year period, Rezusta et al. [39] showed that a 17-days
incubation time was enough to recover 98.8% of isolates and could make the
technique more effective. Nevertheless, the authors do not evoke the slow growing
species such as T. verrucosum or the pseudodermatophyte Arachnomyces
nodosetosus (formerly Onychocola canadensis), which show typical morphological
traits only after 3–4 weeks.

Plates or agar slants with the Dermatophyte Test Medium (DTM, Becton-
Dickinson) initially proposed by Taplin [40], have been reported for presumptive
identification of dermatophytes. Due to the alkaline by-products generated during
growth of dermatophytes, the color of this medium changes to deep red. However,
several false-positive as well as some false-negative results have been reported, and
modifications were proposed to overcome the limitations of the former [41, 42]. Sev-
eral in-office culture systems based on the use of DTM are currently available for
veterinary (Dermatophytes kit, Biovet) or medical practice (InTray™ DM, BioMed
Diagnostics), and are also commercialized in dual-compartment plates with DTM on
one side and Sabouraud’s dextrose agar (Sab-Duet®, Bacti-Lab) or rapid sporulating
medium (RSM) (Derm-Duet®, Bacti-Lab) on the other side. However, the usefulness
of such devices in mycology laboratories is controversial. For some authors, DTM
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culture seems to be an effective and convenient method to confirm the diagnosis of
onychomycosis and initiate the treatment without further identification [43]. Con-
versely, Scherer et al. [44] found that only 50% of positive DTM cultures correlated
with a positive culture for dermatophytes, and that the association of direct exami-
nation using a fluorochrome and cultures in a mycology laboratory was superior to
in-office DTM cultures for the diagnosis of onychomycosis.

3.4.2 Identification Culture Media
Sabouraud isolation medium, which contains dextrose, promotes mycelial growth,
but sporulation may be lacking; so when identification of dermatophyte isolates is
not achievable directly from primary cultures, subcultures may be performed on
specific media that stimulate both conidiation and the production of pigments. The
morphology of the dermatophytes indeed greatly differs according to the culture
medium. Some media allow differentiation of the species (Christensen’s urea agar
medium, rice-agar-Tween, BCP-casein), while others help to identify specific
dermatophytes (brain-heart-agar, peptone 3% agar, . . .) [21]. Several media are
commonly used, but to our knowledge, only potato dextrose agar (Difco), brain-
heart infusion (Sigma), malt chloramphenicol agar (bioMérieux), and Borelli’s
lactrimel agar (Biosynex) media are commercially available. In the study performed
by Gumral et al. [45], Borelli’s lactrimel medium demonstrated the lowest rate of
contamination by molds.

3.5 Identification of Dermatophytes

In clinical laboratories, identification of dermatophytes classically relies on morpho-
logical traits of the fungus from macroscopic and microscopic examination of the
cultures, thus requiring skill and expertise. In addition, complementary tests for
atypical isolates, as search for urease activity on commercially available urea-indole
broth or Christensen’s urea agar medium, or the in vitro hair perforation test on
sterile light hair [46], are of limited interest, because of the taxonomic changes in this
group of filamentous fungi and of the development of molecular tools.
Dermatophytes species were initially classified in three genera Epidermophyton,
Microsporum, and Trichophyton, but recent phylogenetic studies based on multi-loci
sequencing resulted in a major revision of their taxonomy [47]. Nine genera are now
differentiated: the Arthroderma and Nannizzia genera, which initially included the
sexual forms of dermatophytes, are today considered as distinct entities from the
Microsporum and Trichophyton genera, and new genera were described such as
Lophophyton and Paraphyton. For more details on the present taxonomy of
dermatophytes, refer to the corresponding chapter in this book.

Observation of teleomorph states of dermatophytes, which are heterothallic
species, may be useful for the identification, but mating tests (i.e. sexual reproduc-
tion using complementary (+ and �) isolates of the same species) are limited to
specialized laboratories. Likewise, nutritional requirements for some vitamins or
amino acids, as well as assimilation of sorbitol or other carbon or nitrogen sources,
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have been reported in the identification process, but they can be studied only in
specialized laboratories [48].

Other potential tools have also been proposed for species identification of
dermatophytes, such as Fourier transform infrared spectroscopy (FTIR-S) [49] or
determination of the volatile organic compound profiles by gas chromatography-
mass spectrometry [50]. Nevertheless, the potential interest of these methods has
been hampered by the generalization in microbiology laboratories of MALDI-TOF
mass spectrometry [51]. This technology, which is less costly than DNA sequencing,
is useful for the identification of dermatophytes from cultures, but preliminary
experiments also showed its ability to identify T. rubrum directly from nail samples
[52]. CE-marked commercial databases are poorly developed for filamentous fungi,
leading to the development of “home” reference spectra libraries for more accurate
species identification. The contribution of mass spectrometry to the diagnosis of
dermatophytosis will be developed in a specific chapter.

3.6 Alternative Methods to the Conventional Diagnosis

As false-negative results are frequently reported for direct examination, methods
have been proposed to overcome the lack of sensitivity of microscopy, while
providing a faster response than culture to the clinician.

Molecular tools displayed the highest sensitivity compared to other methods in
many studies [53]. Several kits are now commercially available, allowing detection
of fungal DNA directly from clinical samples in less than 48 h. Some of these kits
enable the identification of dermatophytes species, molds, or yeasts responsible for
cutaneous mycoses, whereas others (FTD® Dermatophytes, Fast-track Diagnostics)
focus exclusively on the most commonly encountered species (T. rubrum,
T. interdigitale, T. tonsurans, M. canis, M. audouinii, . . .). Other kits target only
T. rubrum DNA (Dermatophyte PCR kit®, SSI Diagnostica) or provide a “pan-
dermatophyte” DNA detection (Bio-Evolution).

In addition, several molecular approaches have been developed for identification
at the species level of dermatophytes from cultures or biological samples, such as
PCR-RFLP, ITS sequencing, or oligonucleotide hybridization, but these tests are
still restricted to a few reference laboratories. For further details, see the specific
chapter in this book.

Recently, an immunochromatographic test (Dermatophyte Test Strip—
Diafactory Tinea unguium, Biosynex; or FungiCheck Tinea unguium, HFL
Laboratories), which allows the fast detection of an antigen common to different
dermatophyte species from nail samples, was evaluated by Tsunemi et al. [54]. In
this multicenter study, it provided a very good positive concordance rate with direct
microscopy and polymerase chain reaction (PCR). This is a reliable, convenient, and
quick method to test for Tinea unguium; nevertheless, this screening test requires
confirmation by a specialist and its rather high cost has to be considered in daily
practice.

Laboratory Diagnosis of Dermatophytosis 367



4 Interpretation of Results

4.1 Discrepancies Between Direct Examination and Cultures

Despite the presence of fungal hyphae on direct microscopic examination, primary
cultures may remain negative for dermatophytes (Table 2). This negativity does not
invalidate the diagnosis nor attests a clinical recovery when control samples are
performed, as long as the direct examination remains positive. The discrepancies
between direct examination and cultures may be explained by an insufficient amount
of collected material, the presence of nonviable fungal hyphae in old lesions, or by
an antifungal treatment initiated before sampling. False-negative results of cultures
may also be related to a too short incubation time, a nonsuitable temperature, or
the presence of contaminating molds which can prevent the development of the
pathogen. Antifungal drugs remain for a long time within the horny layer of the
epidermis and the nail tablet, and may thus inhibit the growth of the pathogen in
primary cultures. A medium containing lecithin and polysorbate 80 was developed,
which minimizes the carryover effect of antifungals [70]. Compared to Sabouraud’s
dextrose agar, this medium called CDSAM (Combined Deactivators-Supplemented
Agar Medium) revealed, in a study encompassing 44 patients with Tinea pedis, a
greater efficiency for the recovery of dermatophytes from patients who had already
undergone an antifungal treatment [71].

Table 2 Discrepancies between direct examination and primary cultures for the detection of
dermatophytes [48]

Reference
Number of
samples

Clearing agent and
stain

Percentage of positivity

Direct
examination Cultures

Arca et al. [55] 52 KOH 20% 77 23

Kardjeva et al. [56] 195 KOH 30% 93 22

Arabatzis et al. [57] 92 KOH 43 33

Garg et al. [58] 152 KOH 20% 63.4 25

Gupta et al. [59] 62 KOH 20% 77.4 22.6

Bontems et al. [60] 4363 CW 53 13

Kondori et al. [61] 177 Blankophor 46 34

Litz and Cavagnolo
[62]

550 KOH 10% 40 22

Beifuss et al. [63] 204 CBE 100 59.8

Li et al. [64] 104 KOH 15% 50.9 27.8

Luk et al. [65] 120 KOH 10% 29.2 10

Chandran et al. [66] 107 KOH 30% 100 35.5

Dhib et al. [67] 201 KOH 30% 71.1 65.6

Mehlig et al. [68] 253 CBE 34.4 31.6

Wlodek et al. [69] 38,591 Not specified 59.2 35.5

KOH potassium hydroxide, CW calcofluor white, CBE chlorazol black E
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4.2 Detection of Molds on Primary Cultures of Nail Specimens

Difficulties in interpreting culture results frequently occur when only molds like
Fusarium, Aspergillus, or Scopulariopsis species are recovered from nail fragments.
Species identification has to be compared to the results of direct microscopic
examination, usually showing irregular and vesicular hyphae for molds. The abun-
dance of fungal elements should also be specified. In some cases, typical conidia
from S. brevicaulis or brown hyphae from dematiaceous fungi such as
N. dimidiatum, may be visualized [72].

The clinical sample may contain dead dermatophyte material, and the molds
present may colonize the skin or nail surface. Indeed, up to 20% of clinical
specimens from patients with Tinea unguium contain contaminating molds
associated with a dermatophyte [73]. In addition, the presence of some rapidly
growing molds may hinder the recovery of dermatophytes. However, although
uncommon, real mixed infections may occur. Isolation of the same fungal species
in pure culture from successive specimens (ideally in most seeding points on the agar
plate or slant) will allow establishing the pathogenicity of the mold [74]. It is
unlikely to recover the same mold as a saprophyte in another sampling, but this
seems to be widely misunderstood by practitioners [38].

5 Conclusion

Treatment of dermatophytosis such as Tinea capitis or onychomycosis often requires
several months of antifungal therapy. Therefore, an accurate diagnosis is essential
before starting treatment. Epidemiological and clinical data are important, because
they can help identifying the dermatophyte, especially for Tinea corporis and Tinea
capitis. Moreover, the isolation and identification of a dermatophyte allow
specifying the mode of contamination and thus enable to predict the complementary
measures (intrafamilial investigation or in a collectivity, treatment of pets, . . .).
Conventional mycological analysis may display a low sensitivity due to the quality
of clinical sample, to the technique used or to a previous antifungal treatment, and
the slow growth of dermatophytes in vitro may delay the final result. Identification at
the species level has been impeded for a while by the lack of commercially available
specific culture media and the low discriminating power of historical tests. However,
progress in this field are expected from the development of fungal databases for
dermatophyte identification using MALDI-TOF mass spectrometry. Finally, molec-
ular tools using PCR-based kits are now commercially available but they target only
one or a few dermatophyte species. Therefore, despite an excellent sensitivity and
specificity in many studies and a faster response using PCR, routine diagnosis of
these superficial mycoses still relies on conventional methods. Microscopic visuali-
zation of fungal elements in clinical samples, which is greatly facilitated by the use
of fluorochromes, remains essential, allowing a quick response to clinicians in order
to initiate antifungal treatment. Indeed, a positive direct examination confirms by
itself the diagnosis of mycosis, whatever the subsequent result of the cultures.
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Progress, however, are needed in culture media to increase sensitivity of fungal
cultures that yet remain an indispensable complement to direct examination. Never-
theless, regardless of the techniques used, the quality of the results primarily depends
on the quality of sampling and on the expertise of the mycologist.
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MALDI-TOF-Based Identification
of Dermatophytes

Anne-Cécile Normand, Alicia Moreno-Sabater, Arnaud Fekkar, and
Renaud Piarroux

Abstract

Dermatophytes and other keratinophilic fungi are common pathogens. Yet, their
correct morphological identification remains a challenge for the mycologist. In
the past few years, matrix-assisted laser desorption/ionization–time-of-flight
mass spectrometry (MALDI-TOF MS) has become a widely used technique for
pathogen identification in microbiology laboratories. The application of mass
spectrometry for the identification of dermatophytes faces specific difficulties and
benefits from a limited number of studies. In this chapter, we review the general
principles of mass spectrometry and detail the technical aspects, such as sample
preparation, type of targets, and scope of the different matrixes available. Various
systems are currently available that use different basic spectrum processing and
variable identification algorithms. We describe these different systems and the
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different databases available to date and their respective performance for the
identification of dermatophytes and propose a review of the literature.

Keywords

Mass spectrometry · Devices · Methods · Algorithms · Database · Assessment

1 Introduction: Why Use Mass Spectrometry to Make
an Accurate Identification?

Dermatophytosis is a common cutaneous infection exhibiting a large range of
clinical presentations [1]. The main species implicated in human pathology are
Trichophyton rubrum, Trichophyton interdigitale, Trichophyton mentagrophytes,
Trichophyton tonsurans, Trichophyton violaceum, Trichophyton soudanense,
Epidermophyton floccosum, Microsporum canis, and Microsporum audouinii, but
physicians can encounter many other species. Even if identification methods have to
deal with numerous species, mycological diagnosis is fundamental to identify the
etiological agent or to guide clinicians to a differential diagnosis with similar skin
disorders [2]. It could also be useful to guide the treatment which may depend on the
incriminated dermatophyte species. Thus, for Tinea capitis recent reports have
revealed that griseofulvin has a higher cure rate in Microsporum spp. infections
than in T. tonsurans infections [3], and inversely, terbinafine shows a higher cure
rate in children infected with Trichophyton spp., than in children infected with
Microsporum spp. [4, 5]. Dermatophyte identification is also valuable for identifying
the source of contamination. Thus, about a dozen possible species, from the three
different origins, anthropophilic, zoophilic, or geophilic, can be implicated in Tinea
corporis infections, needing the implementation of different prophylactic measures
to prevent their spread.

In addition to its contribution to the therapeutic patient management, accurate
identification of dermatophytes is also the first step of epidemiological surveys.
Indeed, the geographical distribution of dermatophyte species is multifarious and
differs between continents [6, 7]. In the last 20 years, we have witnessed changes in
the dermatophyte epidemiology intimately linked to globalization. These changes
included the increased prevalence of a known dermatophytes species in certain areas
such as T. tonsurans [8], but they were also related to the import of exotic
dermatophytoses after international travel, which has forced mycologists to alert
the medical community about the risk of dealing with uncommon dermatophytic
species [9, 10] such as Trichophyton concentricum. Epidemiology is also being
impacted by emerging zoophilic species, such as Trichophyton benhamiae, or
Trichophyton quinckeanum, most of them transmitted by new pets [11–
15]. Although less frequent than anthropophilic or zoophilic species, new species
of geophilic dermatophytes may be responsible for emerging diseases in the future
[16]. Another important but less studied factor that can impact dermatophyte epide-
miology is the increased number of long-term immunosuppressed patients
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[17]. Altogether, these findings probe the need for a correct identification of
dermatophytes for patient management as well as for the survey of epidemiological
trends influenced by modern trends in population movements, social habits, or
medical treatments.

Classical morphological identification of dermatophytes is realized after culture
of infected skin, nail, or hair samples [18]. Identification is performed by macro-
scopic examination of colony morphology and microscopic features. Morphological
identification of dermatophytes is particularly difficult as they can show variations in
the color and shape of colonies but also be devoid of microscopic features such as
macroconidia or microconidia, hindering their identification. While morphological
differences inside a same genus and species may induce a misdiagnosis, they are
now well described and can be overcome by the expertise of a well-trained mycolo-
gist. Nevertheless, identification becomes challenging for those species which are
morphologically related and when complete anamnesis of the patient or contacts
with a certain animal or pets does not make it possible to orientate towards a
particular species either. In these cases, sequencing of the internal transcribed spacer
(ITS) regions 1 and 2 of ribosomal DNA (rDNA) or the beta tubulin gene may allow
to overcome the limitation of the morphological methods [19, 20]. However, despite
the clear advantage of fungal identification by molecular biology over the morpho-
logical diagnosis, major improvements still need to be done. Identification by
sequence comparison is often problematic using the publicly available NCBI data-
base since strains can be misidentified by sequence depositors [21]. Furthermore,
taxonomic classification is not yet clearly established. In the last years, taxonomic
changes have been proposed depending of the fungal genes used for sequencing
[22]. Following this new classification, the number of genera has increased, enhanc-
ing the difficulties for their identification. Even if studies have confirmed this new
taxonomy [23], phylogeny for the genera Epidermophyton and Nannizzia was
contradictory to the ITS phylogeny, casting doubt on the status of these genera
and on the capacity of the molecular methods to become the gold standard for
dermatophyte identification. Furthermore, PCR methods have shown a great prog-
ress for dermatophyte identification in epidemiological studies, but their benefits for
clinical routine analysis of dermatological samples have to be put in balance with the
price of molecular biology reagents, and especially the time spent conducting
laboratory manipulations. In this context, matrix-assisted laser desorption/
ionization–time-of-flight mass spectrometry (MALDI-TOF MS) can represent an
alternative, which will be presented here.

2 Principle of MALDI-TOF MS Identification

The identification of infectious agents, whether prokaryotic or eukaryotic, has
undergone a revolution in recent years with the advent of MALDI-TOF mass
spectrometry, a diagnostic approach invented in 1987 by Koichi Tanaka who further
earned the Nobel Prize in 2002 [24]. Koichi Tanaka showed that the protein
molecules, when adequately placed in a solid or viscous phase, can be ionized
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using soft laser desorption, demonstrating the applicability of laser technology to
biological macromolecules. MALDI-TOF MS stands for Matrix Assisted Laser
Desorption Ionization Time of Flight Mass spectrometry. Its principle consists in
preparing a biological sample, covering it with a so-called matrix, introducing it into
a mass spectrometer, ionizing the molecules and measuring the time that each
molecule takes to cover the distance between the origin and the detector [25]. The
result is a spectrum that can be compared to a database of spectra, whether it is a
“homemade” or marketed database.

To performMALDI-TOFMS identification, a biological sample is deposited on a
plate, also called a target, then dried and covered by an organic compound that is
able to absorb energy. The role of this compound, called “matrix,” is to facilitate the
ionization process. Proteins, mainly ribosomal proteins, of the biological sample
co-crystallize with the matrix that covers them, forming complexes. Then, the target
is manually introduced into the machine through an airlock chamber in which the
vacuum has been made. There the protein–matrix complexes are submitted to
hundreds of laser shots whose wavelength is located on the post-UV light
(337 nm). Due to the energy absorbed by the complexes, a soft ionization takes
place and a gaseous cloud is formed, without fragmentation or decomposition of the
molecules as it was the case with old mass spectrometry techniques. The complexes
formed by the proteins of the sample and the matrix are energetically ablated from
the target. The matrix molecules are temporarily excited and ionized by the laser
shots. However, as they are very unstable, they soon transfer one positive ion (H+) to
the nearby proteins. Thus, every protein of the biological sample carries one (and
generally only one) positive charge in the gaseous cloud at the time they are reaching
the flight tube. Charged molecules are then accelerated in an electric field that applies
a constant kinetic energy on the ions. As the kinetic energy is equal to half the
product of the mass and the squared velocity, the constant kinetic energy allows the
ions with the lowest mass to travel the fastest in the tube, leading to the progressive
sorting of the proteins according to their increasing mass. The calculation of the time
spent by the groups of ionized molecules to travel through the time of flight tube
enables analytic software to calculate the mass of the proteins impacted on the
detector located at the end of the tube, following the equation: m/z ¼ 2eE(t/d )2

(where E is the accelerating voltage, e is the elementary charge, t is the time of flight,
d is the length of the tube, m is the mass of the ionized molecule and z is its charge).
The separation between the molecules can be enhanced by a reflection mode in
which the detector at the end of the tube is replaced by an ion reflector that can be
assimilated to a mirror. In such case the detector is located in the midst of the tube, in
opposite direction of the initial flight path. The various steps described here are
illustrated in Fig. 1.

The data produced by the detector—here a series of intensity values reflecting the
successive arrival of charged molecules over time—are then analyzed by a computer
which summarizes them in a succession of intensity peaks during the course of time,
each intensity peak translating the presence of molecules with increasing m/z. The
obtained profile, which can be considered as a bar code, is further compared to other
profiles corresponding to a set of known references. Various algorithms have been
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designed to perform this comparison and to quantify the level of similarity between
the spectrum to be identified and the different reference spectra. The best score
obtained indicates the most similar reference spectrum and therefore the most likely
identification. Many factors at each stage have a significant impact on the reliability
of the identification process.

3 MALDI-TOF MS Devices

There are currently four suppliers that share the market of MALDI-TOF MS in the
world: Bruker with the Microflex machine, bioMérieux with the Vitek MS machine,
Shimadzu with the Axima Performance machine, and Asta with the IDSys LT
machine. The Vitek MS machine and the Axima Performance machine are both
manufactured by Shimadzu. In every case, the spectral acquisition process uses
similar analytical methods based on ionized molecule separation, signal detection,
and amplification [26]. Differences between the systems can be found in sample
preparation, spectra preprocessing, reference databases, and individual spectra com-
parison against the reference spectra.

Regarding the brand of the device, studies report the use of different mass
spectrometers with dermatophytes: AXIMA (by Shimadzu) [27, 28], Bruker [29–
31], Vitek (bioMérieux) [32], or Andromas [33] (this latter being no more available).
To date, the newly developed Korean IDSys LT (ASTA) has not been assessed in
scientific publications for dermatophytes, but only for yeast identification [34]. On
dermatophytes, the different brands produce similar results; the crucial point being
not the mass spectrometer itself but the exhaustiveness of the database used with
regard to the dozens of dermatophyte species likely to be found in pathology.

4 Culture and Sample Preparation

With few exceptions that do not concern the subject treated here, mass spectrometry
requires a culture step. Regarding the identification of dermatophytes, the most
commonly used medium is Sabouraud chloramphenicol-gentamicin, with or without
cycloheximide. A new medium, ID-Fungi plates (Conidia, Quincieux, France), has
recently been marketed [35]. This culture medium is covered with a membrane
intended to facilitate the recovery of the fungal colony for identification by mass
spectrometry. Aside from the practical side, the culture medium type has little or no
impact on the performance of MALDI-TOF identification. Majority of laboratories
use the Sabouraud dextrose agar (supplemented with antibiotics). Some publications
report the use of other media, which do not compromise the identification. Alterna-
tively to the Sabouraud culture medium, Erhard et al. [27] tested the use of potato
dextrose agar, malt extract agar, and Kimmig agar. Although the mass spectra varied,
this did not substantially affect the identification results obtained. As for the study
published by Theel et al. [36], six different media were tested, namely chocolate
agar, inhibitory mold agar, modified dermatophyte test medium, Mycosel agar,
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nutrient agar, and Sabouraud agar. Although the results are not detailed, the authors
indicate that they did not observe any significant differences depending on the
culture medium used.

Different methods of preparation of biological samples have been proposed,
depending on the type of microorganisms that were investigated. The easiest method
is the direct deposit method that is mostly used for bacteria and that consists on
depositing a smear of the colony on the target and covering it with one drop of
matrix. Another extraction method, used for yeasts and for Gram-positive bacteria,
consists on adding a drop of formic acid on the microbial smear on the target prior to
cover it with the matrix. An extraction method for complex organisms such as
mycobacteria, Nocardia, and filamentous fungi has also been developed. For those
organisms, a first inactivation step in ethanol is done. To do so, a piece of mycelium
is scraped from the culture plate and suspended in a tube containing a solution of
EtOH 75% v/v (900 μL absolute ethanol in 1200 μL final volume). After inactiva-
tion, the supernatant is eliminated by centrifugation and gentle suction. Then the
biological material is mixed into an equal volume of formic acid 70% and acetoni-
trile 100% (the volume used for this step depends on the size of the pellet and can
easily be adjusted, from 10 to 50 μL of both reagents). After a last centrifugation,
1 μL of the supernatant is deposited on the target and covered with the matrix. This
method is recommended by various suppliers and has been used in many studies
[29, 30, 32, 36–38]. Other extraction techniques have been tested, which can be
found in the medical literature [39–41]. Dermatophytes, like other fungi, have a cell
wall mainly composed of polysaccharides. Since MALDI-TOF identification uses a
protein spectrum, it is essential to extract the proteins properly, which requires using
a method that degrades the fungal cell wall. Studies by Erhard et al. [27], Nenoff
et al. [28] and Riat et al. [42] used a direct extraction approach after deposition on the
target with a solution containing the matrix (in this case 2,5-dihydroxy benzoic acid)
in an aqueous solution of acetonitrile acidified with trifluoroacetic acid. Other
approaches were considered, including formic acid extraction with or without
acetonitrile. Packeu et al. [29] compared two extraction protocols for the identifica-
tion of 176 clinical isolates of dermatophytes (mainly T. rubrum and T. interdigitale)
using MALDI BioTyper 3.0 software and a Microflex device (Brüker Daltonics,
Germany). The authors used direct deposition of fungal material on the target with or
without prior extraction by formic acid. By this approach there was only 33% correct
identification without formic acid and 40% with formic acid. However, it should be
noted that the reference spectra used to develop the database came from a complete
extraction (formic acid + acetonitrile). The authors therefore proposed a complete
extraction by formic acid and acetonitrile, which was associated with an increased
growth time. As a result of these changes, they obtained far better identification
performances, from 80% for 7-day-old cultures to 100% for 14-day-old cultures.
Although the authors changed several parameters, it is likely that extraction plays an
important role in improving these results. In this study, the use of mass spectrometry
revealed an incorrect identification rate by morphological-based methods of 7%.
Yet, another study reported an excellent rate of identification (97.8%) regardless of
the incubation time [30].
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More recently, da Cunha et al. [31] compared a previously published fast method
versus a complete extraction. The fast method based on a direct transfer of mycelium
onto the ground steel target overlaid with 1 μL of alpha-cyano-4-hydroxycinnamic
acid matrix was found to be highly relevant for other molds [42]. Using this method,
67% of isolates of various species were correctly identified using a homemade
database. However, the correct identification rate increased to 98% when the authors
used the full extraction protocol described by L’Ollivier et al. [30] that uses ethanol,
formic acid, and then acetonitrile. A direct deposit therefore may be an option in first
intention provided that the sample is free from any agar, as this later can negatively
impact the identification. It has to be followed by a complete extraction in case of
failure.

5 MALDI-TOF MS Targets

Up to date, there are three types of targets that can be used for MALDI-TOF MS
identification of biological samples for Bruker Microflex users and one type of target
slides for bioMérieux Vitek MS users. For Bruker equipment, polished-steel targets
are the most widely used targets around the world. These targets are designed for any
type of sample deposit, from direct deposit to complete chemical extraction.
Recently developed to enhance the quality of spectra obtained by direct deposits
are the Biotargets, which are one-use targets, with a unique barcode. With this type
of plate harboring an identification barcode, it is impossible for the user to use the
same position twice (spot). This avoids the problems associated with insufficient
washing of the plate, as the user can be sure that each position is only used
once. Although they were designed for direct deposits, Biotargets proved to give
also good identification spectra with the other methods of extraction on yeasts
[43]. Another type of target used for microorganisms identification with Bruker
equipment is the ground-steel target. This particular target is of use for direct
deposits, but its ground surface renders the other extractions difficult to perform as
it had been shown for yeasts [43, 44]. The targets used for Vitek MS are disposable
slides that possess a unique barcode, and dedicated positions for the calibration
standard [45].

6 MALDI-TOF MS Matrixes

The matrix composition also has significant impact on the quality of the spectra. The
choice of the matrix to use for MALDI-TOF MS identification of biological samples
depends on the type of compounds that are targeted. Most matrices are acidic, easily
excited, leading to a loss of proton for the benefit of the ionization of the ribosomal
protein. All available matrices have in common a conjugated pi system under the form
of a benzene ring with attached functional groups. Five matrices are commonly used in
mass spectrometry, and among them, three are commonly used in microbial identifi-
cation: 3,5-dimethoxy-4-hydroxycinnamic acid also called sinapinic acid (SA),
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α-cyano-4-hydroxycinnamic acid (HCCA or CHCA), and 2,5-dihydroxybenzoic acid
also called gentianic acid (DHB). HCCA and DHB are the most widely used for
fingerprinting, as they both allow the detection of peptides smaller than 10,000
Daltons. HCCA is considered as more efficient than DHB in ionization, leading to a
better signal intensity. DHB produces less matrix clusters, leading to less background
signal and is thus interesting to use for smaller peptides and for high concentrations of
peptides. In MALDI-TOF MS microbial identification, HCCA matrix is favored
because it allows the detection of small amounts of peptides.

7 MALDI-TOF MS Spectra Treatment and Identification
Algorithms

The different MALDI-TOF systems available operate following different
algorithms, either for the treatment of the raw spectra or for the identification
processes, leading to differences in the identification scoring.

The Maldi biotyper software, associated to the Bruker devices, preprocesses the
raw spectrum and converts it into a mass list and the corresponding intensities. The
mass list is then compared to the mass list of each reference spectra in the database.
A scoring is performed, called a pattern matching, using three components. First, the
Rel Score (percentage of correspondence of the reference spectrum) is calculated. To
do so, the number of common peaks between the query spectrum and the reference
spectrum is calculated. The Rel Score is the result of the division of the number of
common peaks by the total number of peaks of the reference. Second, the Rel P-Num
is calculated (percentage of correspondence of the query spectrum). Here, the
number of common peaks is divided by the total number of peaks of the query
spectrum. Last, the I-Corr is calculated. I-Corr means correlation of the Intensities,
i.e. the sum of the ratios of the intensities. For each of the common peaks, the less
intense value between the query spectrum and the reference spectrum is divided by
the more intense of the two values and all ratios are added. Hence, the maximum
score of the Rel Score is 1, the maximum score of the Rel P-Num is 1 and the
maximum score of the I-Corr is 1. All three components are then added to obtain a
score that ranges from 0 to 3. Bruker considers (for bacteria; no adaptations were
officially developed for fungus, and even less for dermatophytes) that a score > 2
corresponds to a highly probable species identification, a score between 1.7 and
1.999 corresponds to a probable genus identification, and a score < 1.7 indicates a
nonreliable identification [46].

bioMérieux proposes an identification platform called Vitek MS. For each query
spectrum, the masses are divided into 1300 predefined intervals called bins, and
ranging from 3000 to 17,000 Daltons. In each bin, only the peak with the maximum
intensity is kept for comparison to the reference spectrum, and the other values in the
bin are discarded. To each of the reference spectra, a species specific weight is
attributed, using an algorithm called “Advances Spectra Classifier,” using common
peaks between several reference spectra for the same species. Then the bin scores of
the query spectrum are multiplied by the weight of the weighted-bins of each species
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included as reference. A confidence value is then calculated for each species
available. According to the manufacturer, values between 60.0 and 99.9 indicate a
reliable discrimination of species [47].

The Axima/Saramis software used by Shimadzu proceed to an extraction of the
peak list that comprises the mass and the intensity of each peak. The Saramis system
is decomposed into two phases. During the first line identification, the query
spectrum is compared to a SuperSpectra database, and if the first line does not
allow a proper identification, a second test is performed. SuperSpectra are built by
computing 10–20 different isolates of one particular species and the conserved mass
signals are summarized in a consensus spectrum per species. Then, each mass of the
consensus spectrum is compared to all of the other consensus spectra of the database
and specific peaks are given a positive weight while nonspecific peaks are excluded,
making random matches improbable. Since SuperSpectra contain only species-
specific peaks, some isolates of a given species cannot be identified with this first-
line of identification. Then, all references contained in the database are individually
compared to the query spectrum as a second-line of identification.

Using the Andromas platform, the raw spectrum is also converted into a mass
peak list, but only peaks with a relative intensity above 0.1 are kept for comparison.
The score is calculated using the number of common peaks between the query
spectrum and the reference spectrum, by dividing the number of common peaks
by the total number of peaks of the reference spectrum, and it is expressed as a
percentage of similarity between the sample spectrum and a database reference
spectrum. The percentages are classified into three categories: a “good identifica-
tion” is obtained when the score is greater or equal to 65%, and if the difference of
scores with the second best hit is> 10%. In theory, all good identifications are given
at the species level. If the score is comprised between 60 and 64.99%, it needs to be
confirmed. Finally, if the score is lower than 60%, or if the difference between the
first two proposed species is less than 10%, it is categorized into the no-identification
category [48].

8 MALDI-TOF MS Databases

At the end of 2007, Erhard et al. [27] published a study assessing the accuracy of
mass spectrometry for the identification of dermatophytes causing onychomycosis
and Tinea pedis. Isolates belonging to 17 different species were used to build a
homemade database (using the SARAMIS software package from AnagnosTec) in
which data from individual species were summarized in consensus spectra or
superspectra. These consensus spectra contained only the mass signals that were
present in at least 80% of the individual mass spectra. Then the authors used
20 clinical isolates of dermatophytes characterized by their morphological features
and ITS1, ITS2, and 5.8S rDNA sequencing to assess the robustness of the approach.
The isolates tested belonged to the following species: T. rubrum (n ¼ 13),
T. interdigitale (n ¼ 4), and one isolate each of T. tonsurans, M. canis, and
T. benhamiae. All isolates belonged to species that were used to build the database
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and they were all successfully identified by MALDI-TOF approach with a high level
of confidence, showing the effectiveness of this approach.

Since this pioneering study, commercial databases have been set up for MALDI-
TOF MS identification purpose. In contrast to bacteria and yeasts, they are still
poorly developed for identification of filamentous fungi, especially for identification
of dermatophytes. The database marketed by bioMérieux comprises 96 species of
filamentous fungi among which 18 are dermatophyte species (E. floccosum,
M. audouinii, M. canis, Nannizzia fulva, Nannizzia gypsea, Nannizzia persicolor,
Nannizzia praecox, T. benhamiae, Trichophyton equinum, Trichophyton erinacei,
T. interdigitale, T. mentagrophytes, T. rubrum, Trichophyton schoenleinii,
Trichophyton terrestre, T. tonsurans, Trichophyton verrucosum, and
T. violaceum). The filamentous fungi database commercialized by Bruker totalizes
159 species among which 22 are non-dermatophytic keratinophilic fungi and 20 are
dermatophyte species (Arthroderma amazonicum, Arthroderma eboreum,
Arthroderma flavescens, Arthroderma gloriae, Arthroderma lenticulare,
Chrysosporium keratinophilum, Chrysosporium shanxiense, E. floccosum,
M. canis, N. fulva, N. gypsea, Nannizzia incurvata, N. persicolor, N. praecox,
Paraphyton cookei, T. benhamiae, T. equinum, T. erinacei, T. interdigitale,
T. rubrum, T. tonsurans, and T. violaceum). The Vitek database contains a low
number of dermatophyte species, but the main human pathogenic species are
represented. The Bruker database takes into account the new taxonomy, but the
absence of M. audouinii is to be noted. Moreover, Bruker published a note in the
release of their new database stating that the distinction between T. equinum,
T. interdigitale, T. mentagrophytes, and T. tonsurans, and between T. rubrum and
T. violaceum is difficult, explaining the high amount of misidentification in those
two complexes when using this database. Another released note for the latest version
of the fungal database is that a former T. rubrum reference is now a T. interdigitale
and that a former reference of M. equinum is now a Penicillium species. By
themselves those two notes explain some of the discrepancies that were described
in articles on fungal identification using the Bruker database [30].

The lack of comprehensiveness of the libraries proposed by mass spectral
providers led many teams to build “in-house” databases or to supplement commer-
cial databases with homemade reference spectra. Theel et al. [36] compared the
Bruker MALDI Biotyper library version 3.0 with this same database enhanced with
20 homemade reference spectra. The improved database allowed identification at the
genus level in 93% of cases versus 37.4% for the Biotyper database and identifica-
tion at the species level for 59.6% of isolates versus 20.5% for Biotyper. More
recently, in a study published by Da Cunha et al. [31], the comparison between the
Bruker Filamentous fungi library v 1.0 database and a homemade database also
showed tremendous progress when adding new references: the homemade database
allowed to reach up to 98% of good identification (cutoff LogScore above 1.7)
against only 37% with the manufacturer database. It should be noted that even when
the species were present in the database, many isolates were poorly identified
(e.g. 40% of T. rubrum isolates).
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Identification of dermatophytes is a good example illustrating the difficulties to
create a suitable MALDI-TOF database. This is particularly complicated as taxo-
nomic difficulties are still encountered with other methods, further impacting the
mass spectrometric identification. In 2017, De Hoog et al. [22] proposed a new
taxonomy for dermatophytes. In this article, the authors kept cautious about the
delimitation between some species such as T. equinum and T. tonsurans, T. rubrum
and T. violaceum, or M. audouinii, M. canis and Microsporum ferrugineum. Hence,
the phenotypic diversity is probably larger than the genomic and protein diversity.
The same tendency observed with DNA sequences probably occurs with protein
profiles as closely related species are prone to have highly similar mass spectromet-
ric profiles. However, the distinction between related species by mass spectrometry
is distorted by the fact that MS-references-names lean on DNA identification. As
DNA identification of dermatophyte species is blurred between some species, the
capacity of mass spectrometry to distinguish between some closely related species
depends on the accuracy of the identification of the references which varies
according to changes in the taxonomy.

In addition, whereas DNA sequencing of fungal colonies does not change with
the aging of the culture, it is not the case with protein expression, and a MS profile
obtained under special culture conditions may differ from the profile obtained for the
same fungus cultivated under standard growth conditions. Consequently, the profile
obtained may vary according to the age of the cultures. Likewise, changing the
growth temperature, or the culture medium may impact the identification results
obtained with mass spectrometry as exposed in Fig. 2 for one isolate of T. tonsurans
grown at 30 �C on three different culture media, for 4–20 days.

Finally, even if every MALDI-TOF user is free to add references in their
database, they must respect the recommendations of the manufacturers when using
a commercial database if their purpose is to obtain a certification for their laboratory.
In the certification objectives, the validation of an in-house reference database and of
local identification algorithms requires the validation of the process by one or several
scientific publications or at least by a thorough local validation of the different
identification parameters that are modified.

In 2017, an online application has been developed that contains an upgradable
database built from complete formic acid/acetonitrile extraction obtained from solid
Sabouraud agar cultures. The objective was to allow matching spectra from cultures
as young as possible. One advantage of this application is that every user around the
word can have access through internet to a large database built in for identification
purposes. Moreover, as online users from many countries share the same identifica-
tion approach with the same database, this opens the door to large clinical and
epidemiological studies as already done for other molds genera [49]. The tool can
easily be upgraded with new references, inappropriate references can be deleted, and
names of the reference strains can be changed in regard to the current taxonomy. The
MSI identification algorithm has proven to be more efficient than the commercial
algorithm by Bruker, even when references are built with the same strains [50]. In
2019, following a multicentric study on pathogenic Aspergillus species, the online
identification system has been upgraded with references of cryptic Aspergillus
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species, allowing the application to discriminate between closely related species.
The same upgrading is ongoing regarding dermatophytes, in order to provide the
users a larger panel of reference spectra, using several culture media and consistent
with physiological changes of the fungus with maturation and aging of the colonies.

9 Global Results of Dermatophyte Identification by
MALDI-TOF MS, Limits of the Method

A search in the NCBI Pubmed database with the occurrences “dermatophytes AND
MALDI-TOF” gave only 35 items in August 2019. This particularly low result
shows how far we still have to go in this area. The intrinsic difficulties of identifica-
tion, linked not only to the pleomorphism (phenomenon of disappearance of charac-
teristic elements) of isolates but also to the variability of phenotypic characteristics
or evolutionary taxonomy, explain the limited number of studies devoted to this
theme. The main results of these different studies are summarized in Table 1.

Most studies used homemade databases to enhance their correct identification
rates. Several studies report that it is appropriate to lower the identification threshold
recommended by the manufacturer, thus leading to a gain in sensitivity in identifica-
tion without loss of specificity. On the contrary, the use of database held by the mass
spectrometer manufacturers leads to poor identification levels. In the most recently
available publication on the topic by Tartor et al. [54], the authors reported the use of
Biotyper version 3.1, and the reference database version 3.4.119.0 from Bruker
Daltonics yielded good identification for M. canis but was unable to correctly
identify T. verrucosum, T. violaceum, and T. mentagrophytes.

This overview of bibliographic data and our medical practice in a routine labora-
tory allow us to highlight some particular points regarding the identification of
dermatophytes by MALDI-TOF mass spectrometry. First, although MALDI-TOF
mass spectrometry represents an advance over the morphological identification of
dermatophytes, progress is still needed at all steps of the process from culture to final
analysis of the digital data. Starting from the culture, the recovery of a fungal
fragment is sometimes complicated, some colonies being strongly rooted in the
culture medium. The recent marketing of specific media covered with a membrane
will facilitate this step and allow obtaining spectra not contaminated by the protein
peaks of the culture medium [35]. As explained earlier in this chapter, an extraction
based on acid associated with acetonitrile provides better results than a rapid method
in which the fungus extract is placed directly on the plate and covered by the matrix.
This additional extraction step significantly complicates the process of identifying
dermatophytes by mass spectrometry and makes the automation of the process more
complicated. In the future, solutions will have to be proposed to improve this step
and to make it as reproducible as possible. Once the sample processed, MALDI-TOF
identification of dermatophytes faces the same pitfalls as the identification of other
filamentous fungi. In most cases, the results are satisfactory, provided that the
species is present in the database, the difficulty being to have access to the most
exhaustive databases possible in terms of number of represented species. However,
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as for other filamentous species, the presence of a single reference per species is not
sufficient. Indeed it is necessary to multiply the reference spectra by including
several strains per species and several subcultures per strain in order to take into
account the phenotypic variations within a species and among the subcultures of the
same isolate [55]. In particular, databases will require improvements to account for
variations in spectra observed on isolates of different ages. In the near future,
progress can also be expected from the use of better algorithms to differentiate
closely related species. Thus, it is desirable to develop research on protein profiles in
order to make the algorithms better at identifying specific protein peaks. Another
approach would be to use artificial intelligence solutions based on deep neural
networks to differentiate the mass spectra and to attribute them to the right fungal
species. Our team started working on these approaches and some encouraging results
are already obtained.

10 Conclusion

When realizing dermatophyte identification, a good morphologist is prone to realize
a correct diagnostic, but she/he frequently faces difficulties such as the lack of
fructification, pigmentation problems, and variation in the composition of the culture
media due to a change of suppliers implying a modification in the morphological
aspect of the colonies. However, no one will dare contradict senior mycologists who
are renowned for their experience in dermatophyte identification. Conversely, as a
new technique that claims to be applicable worldwide, mycologists have extensively
challenged mass spectrometry. This challenge is more profitable than deleterious
because it pushes to seek more and more successful solutions. We can thus anticipate
that mass spectrometry and computer analyses of spectra will progress further in the
coming years, each advance being rapidly generalizable. Classical morphological
identification can also progress as every mycologist can acquire experience, but this
progress is much less generalizable. The know-how of one does not transfer so easily
to another. Viewed as a competition, this changing balance between classical
morphological and modern numerical approaches can provoke frustrations among
some mycologists. However, it can also be an opportunity, giving the biologist more
time and latitude to focus on the clinical significance of the obtained identification.
This is all the more important since once the results are more precise and more
reproducible, it will be easier to link an identified species to a particular clinical and /
or epidemiological situation and thus to improve the service given to the clinician
and to the patient.
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Antifungal Susceptibility Testing
of Dermatophytes

Nathan P. Wiederhold

Abstract

In order to help guide treatment, antifungal susceptibility testing is often
performed in clinical microbiology laboratories. The results of these in vitro
assays are used by clinicians to change therapy should resistance be detected,
continue with current regimens with susceptible results, and as an aide in deter-
mining possible reasons for treatment failure. Antifungal susceptibility testing
can be performed against dermatophytes, although fewer assay formats are
recommended for these types of fungi compared to yeasts and molds. In addition,
clinical breakpoints and epidemiologic cut-off values are not currently available
for dermatophytes to help with the interpretation of these results. However,
recently studies have demonstrated that reduced in vitro susceptibility to
terbinafine, an allylamine commonly used in the treatment of dermatophyte
infections, may be associated with clinical failures.

Keywords
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1 Introduction

Antifungal susceptibility testing is performed in order to provide clinicians informa-
tion that helps guide therapy in patients with fungal infections. As with antibiotic
susceptibility testing, antifungal susceptibility testing performed in clinical
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microbiology laboratories are in vitro phenotypic assays that assess the ability of a
particular drug to inhibit the growth of a specific organism over a range of
concentrations. The endpoint that is read, the minimum inhibitory concentration
(MIC), is the lowest concentration of a drug that inhibits the organism, and this value
can be used to determine if an isolate is susceptible or resistant to the specific drugs
being tested. Although these types of assays appear to be relatively straightforward,
there are a number of variables that can influence the results (Table 1). In addition, it
is important to remember that the MIC value that is obtained is only one component
of many that should be taken into consideration when decisions are made regarding
an individual’s antifungal regimen, and that other factors, including those related to
the host and drug, may be more important in determining clinical outcomes. Sus-
ceptibility testing is also performed as part of surveillance studies to detect changes
in susceptibility and resistance patterns over time, and in the pre-clinical develop-
ment of investigational agents as a means of assessing the spectrum of activity and
in vitro potency of therapeutic candidates. In this chapter, a general overview of
antifungal susceptibility testing will be provided, including strengths and
weaknesses and its role helping guide treatment decisions. Descriptions of the
various antifungal susceptibility assays that are utilized in clinical microbiology
laboratories and how useful these are for testing against dermatophytes will also be
discussed, along with recent evidence showing associations between in vitro
terbinafine susceptibility results, mechanisms of resistance, and clinical outcomes.

2 Standardized Methods for Antifungal Susceptibility
Testing of Dermatophytes

In the United States and Europe, the two primary organizations that have established
standard methods for antifungal susceptibility testing are the Clinical and Laboratory
Standards Institute (CLSI) and the European Union Committee on Antimicrobial
Susceptibility Testing (EUCAST), respectively. Both organizations have established

Table 1 Examples of variables that can influence in vitro susceptibility testing results for
dermatophytes

Variable Example

Medium used for subcultures (for adequate
production of conidia)

Potato dextrose/potato flake agar, Sabouraud
dextrose agar, oatmeal agar

Fungal morphology tested Microconidia/macroconidia, hyphae,
arthroconidia

Starting inoculum size 0.5 � 104 to 5 � 105 conidia/mL

Broth RPMI, Sabouraud dextrose, yeast-peptone
dextrose

Incubation temperature 28–35 �C
Incubation period prior to endpoint reading 72–168 h

Endpoint used Visual growth inhibition, optical density,
colorimetric
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broth microdilution methodologies for testing against yeasts and filamentous fungi,
which have undergone rigorous evaluations for interlaboratory reproducibility
[1, 2]. For the broth microdilution methods, 96-well plates are used that contain
doubling dilutions of antifungals into which fungi are inoculated. In addition, CLSI
also describes methods for broth macrodilution that some labs may employ for
certain species and for safety reasons [1]. Although there have been efforts to
harmonize the methods between these two groups, important differences still remain,
including microtiter plate type (round bottom vs. flat bottom wells), inoculum size,
glucose concentration, and specifically for dermatophytes the endpoints used to
define the MIC [1, 2]. Differences between the CLSI and EUCAST methods, as
they pertain to filamentous fungi, including dermatophytes, are detailed in Table 2.
Despite these differences, the MIC results obtained by each method are relatively
comparable, including against dermatophytes [3, 4].

Starting Material—In order to perform antifungal susceptibility testing against
filamentous fungi, including dermatophytes, the correct starting inoculum size is
needed, and both CLSI and EUCAST recommend that conidia or spores be used
rather than hyphae. Studies have demonstrated that higher inocula can negatively
influence the in vitro activity of certain antifungals, leading to elevated MICs for
some drugs (e.g., griseofulvin and fluconazole) but not others (itraconazole and
terbinafine) [5]. For most dermatophyte species, including Trichophyton
mentagrophytes, Trichophyton tonsurans, Epidermophyton floccosum, and
Microsporum canis, sufficient production of conidia can be achieved by culturing
the isolates on potato dextrose or potato flake agar for a period of ~4 to 7 days prior
to harvesting for susceptibility testing [6]. However, for Trichophyton rubrum a high
percentage of isolates will fail to sporulate under these conditions. In order to
overcome this, isolates of T. rubrum may be subcultured on oatmeal cereal agar,
which has been shown to lead to a higher percentage of isolates that produce conidia
[6]. However, even with the use of this agar type ~15% of T. rubrum isolates may
fail to sporulate. In order to overcome this limitation, which can also occur with other
molds, a method of inoculum preparation that contains a mycelial mixture of
hyphae and conidia, has been proposed [7]. This fragmented mycelium method,

Table 2 Differences between CLSI and EUCAST broth microdilution procedures for antifungal
susceptibility testing against filamentous fungi

Parameter CLSI EUCAST

Microtiter plate 96-well round bottom 96-well flat bottom

RPMI glucose
concentration

0.2% 2%

Test inoculum
size

0.4–5 � 104 conidia/mL 1–2.5 � 105 conidia/mL

Incubation period
(dermatophytes)

96 h Not specified for dermatophytes, but
incubation longer than 72 h not
recommended for other filamentous fungi

Endpoint for
dermatophytes

80% inhibition of growth
(100% for amphotericin B)

100% inhibition of growth
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which involves a brief homogenization step after collection of the hyphae/conidia
mixture from a subculture with sufficient growth, has been shown to result in
comparable MIC values for the EUCAST and CLSI broth microdilution methods,
including against dermatophytes, when compared to the use of conidia alone for the
starting inoculum material [4, 7]. However, the use of fragmented mycelia is not
currently part of either the EUCAST or CLSI methods. In vivo, dermatophytes may
produce arthroconidia, which are produced by fragmentation of hyphae and are
considered to be the primary cause of infection by this type of fungi [8, 9]. While
in vitro susceptibility studies primarily use microconidia or hyphae, the susceptibil-
ity of arthroconidia to clinically available antifungals may be reduced, but this may
be both antifungal and species-specific [9, 10]. In addition, the in vitro production of
dermatophyte arthroconidia is not a standardized practice in clinical microbiology
laboratories.

Growth Medium—Different types of media have been evaluated for their ability
to support the growth of dermatophytes in broth dilution assays. These include
Sabouraud dextrose, yeast-nitrogen base with 0.5% glucose, and antibiotic medium
#3 broths, and the chemically defined medium Roswell Park Memorial Institute
(RPMI) 1640 (pH adjusted to 7.0 and buffered with 0.165 M 3-(N-morpholino)
propanesulfonic acid [MOPS], without bicarbonate, and with glutamine and phenol
red). In a study that evaluated various conditions for the optimization of susceptibil-
ity testing against dermatophytes, it was reported that both RPMI and Sabouraud
dextrose supported optimal growth [5]. However, both CLSI and EUCAST recom-
mend the use of RPMI as the growth medium for broth dilution susceptibility testing
of fungi, including yeasts, molds, and dermatophytes, since this is a chemically
defined medium in contrast to other media, which may be subject to lot-to-lot
variation. The recommended glucose concentration in RPMI is different between
the CLSI (0.2% w/v) and EUCAST (2% w/v) methods. Recently, some have
questioned the use of RPMI for susceptibility testing of dermatophytes since the
nutrient content of this medium does not represent that available in skin and nails.
Human nail is made up of different types of keratin, which are proteins containing
cross-linked disulfide bonds, with relatively low amounts of carbohydrates. In
contrast, the RPMI broth used in susceptibility testing contains up to 2% glucose
and few proteins. Some researchers have begun to employ media containing
differences sources of keratin. One group has reported that fungi cultured in a
medium of keratin derived from human nail powder (sodium phosphate buffer
supplemented with powdered human nail material) had a metabolic profile similar
to that observed in RPMI [11]. They also reported that the MICs of terbinafine and
ciclopirox were increased between 2- and 16-fold in this keratin-based medium
compared to RPMI but that these antifungals were still inhibitory at clinically
relevant concentration. This may be clinically relevant as the human keratin medium
may more accurately mimic conditions encountered in onychomycosis. However,
additional studies to determine the reproducibility of these results and correlations
with clinical outcomes are needed.

Incubation Time and Temperature—Compared to most yeasts and many other
filamentous fungi that cause disease in humans, growth of dermatophytes is
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relatively slow. Because of this, a longer duration of incubation may be needed in
order to observe sufficient growth within the growth control well used in broth
susceptibility assays. CLSI recommends an incubation period of 4 days (96 h) for
testing against dermatophytes [1], although some studies that have used these
methods have read results after a shorter period of incubation (i.e., 72 h) as long
as there was sufficient growth of the growth control at the chosen timepoint
[5, 8]. EUCAST does not make a specific recommendation for the incubation period
for dermatophytes, although studies based on this method have used periods of
2–9 days for incubation [4]. During this period, the plates or tubes should be
incubated without agitation at ~35 �C (range 34–37 �C per EUCAST). It is
recognized that a lower temperature (~30 �C) may be better suited for some fungi,
and studies have used lower temperatures for susceptibility testing of dermatophytes
[5, 12].

Endpoints—As previously described the endpoint used for susceptibility testing
is called the minimum inhibitory concentration (MIC). For broth dilution testing, this
is the lowest concentration of the antimicrobial that inhibits growth of the organism
being tested. Both CLSI and EUCAST recommend a visual reading of this endpoint
for filamentous fungi, including dermatophytes [1, 2]. Per the EUCAST standard,
the MIC for antifungals other than echinocandins against filamentous fungi is a
100% inhibition of growth, also defined as a lack of visual growth [2]. CLSI also
uses this endpoint for amphotericin B and the azoles against filamentous fungi
[13]. However, for dermatophytes an 80% inhibition of growth (reduction of 80%
growth in comparison to the growth control) is the endpoint recommended for the
azoles, terbinafine, and griseofulvin, while 100% inhibition is the endpoint for
amphotericin B. It is well recognized that endpoint determination can be a substan-
tial source of interlaboratory variability, especially for the azoles and allylamines
where a small amount of turbidity may persist after a pronounced reduction in
growth at lower drug concentrations (i.e., trailing) [8]. With the CLSI method, the
80% inhibition of growth has been reported to result in less variability, especially for
fungistatic drugs, such as the azoles (e.g., fluconazole, isavuconazole, itraconazole,
ketoconazole, posaconazole, voriconazole) and allylamines (terbinafine), where a
trailing endpoint may be observed [5, 8].

Reproducibility and Quality Control—Clinical antifungal susceptibility testing
results should be reproducible in order for the assays to be trusted by clinicians.
However, given the numerous variables that can influence these in vitro results (i.e.,
inoculum size, growth medium, incubation temperature, endpoints used), the accept-
able error of these assays is a 2-dilution (or four-fold MIC) difference. As most
clinical microbiology laboratories do not routinely perform repeat testing to assess
for reproducibility, quality control or reference isolates should be included in the
assay runs as a means to assess for the quality of the assay runs and if the results are
acceptable to be released to the ordering clinicians and other health care providers
caring for the patients. CLSI has set reference MIC ranges for several antifungals
against two well-described dermatophytes isolates [14], which were evaluated in
multicenter studies [15, 16]: (1) T. mentagrophytes ATCCMYA-4439 (MRL 1957),
for which reference MIC ranges are available for ciclopirox, griseofulvin,
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itraconazole, posaconazole, voriconazole, and terbinafine; and (2) T. rubrum ATCC
MYA-4438 (MRL 666), for which reference MIC ranges are available for
ciclopirox, fluconazole, and voriconazole, but not for itraconazole or terbinafine.

3 Interpretation of Susceptibility Results

Susceptibility testing provides a measure of the in vitro activity of a particular
antimicrobial or panel of antimicrobial drugs against a particular microbe. However,
the MIC values alone are not enough to establish interpretations of susceptible or
resistant that clinicians are accustomed to and use to make decisions regarding
therapeutic management. At or below these thresholds, isolates are considered
susceptible to the antimicrobials tested; above the thresholds the isolates are consid-
ered resistant. Clinical breakpoints are the MIC thresholds that are used to interpret
these in vitro results. It is important to remember that clinical breakpoints are not
naturally occurring values but are instead set by committees, which consider differ-
ent information and data sets in order to establish these thresholds. Information that
is considered includes: (1) MIC distributions for a particular antimicrobial agent and
microbial species, which often come from multiple laboratories and different studies;
(2) pharmacokinetic parameters of the particular antimicrobial agent and if antimi-
crobial concentrations at or above the MIC values can be clinically achieved;
(3) pharmacokinetic/pharmacodynamic parameters that best predict in vivo efficacy
from in vitro and in vivo models of infections; (4) results from clinical trials
demonstrating associations/correlations between MIC values and clinical responses
in the study patients [17, 18]. Once set, clinical breakpoints are subject to review and
revisions based on new information. Both CLSI and EUCAST have set clinical
breakpoints for some of the azoles and echinocandins against more prevalent
Candida species [19–21]. EUCAST has also set breakpoints for some azoles against
Aspergillus species [2, 20], and CLSI has proposed breakpoints for voriconazole
against A. fumigatus. However, neither group has set breakpoints for any antifungal
against dermatophytes, and no breakpoints exist for terbinafine, other squalene
epoxidase inhibitors, or griseofulvin against any fungal species.

It is also important to note that a susceptible MIC value does not necessarily
predict clinical success, nor does a resistant MIC value predict clinical failure.
Several other factors are key contributors to clinical response. Host factors are
very important in determining clinical outcomes, and include immune status, the
extent and severity of the underlying disease, and other comorbidities. In addition,
for dermatophyte infections, the presence of arthroconidia at the site of infection may
influence outcomes, as these forms are less susceptible to antifungals than other
forms of these fungi [9, 10, 22]. The pharmacokinetics of the drug, including the
concentration and overall exposure that is achieved at the site of the infection is also
an important factor. For example, in dermatophyte infections the concentrations of
the antifungals achieved in the stratum corneum and nails, the sites of infections, are
probably more important than that achieved within the bloodstream (serum or
plasma) [22]. Terbinafine levels within the bloodstream of humans are low, while
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concentrations within the corneum stratum and nails are high, and overall exposure,
as measured by the area under the concentration curve (AUC), is high due to an
extended half-life in these tissues [23]. Thus, in humans terbinafine is primarily used
for the treatment of dermatophyte infections within the skin and nails. In contrast to
the prolonged exposure observed with terbinafine within the stratum corneum [24],
griseofulvin concentrations build up rapidly within this tissue but also fall rapidly
once discontinued [25]. Thus, a prolonged treatment time is required in order to
achieve clinical response with this antifungal, and relapses may occur once
discontinued. Other factors that may influence clinical outcomes include drug-drug
interactions, where antifungal drug concentrations may be lowered below effective
concentrations if patients receive concomitant medications that induce metabolism,
or toxicity may be observed if coadministered with drugs that inhibit their metabo-
lism and levels exceed those associated with safe use. Patient adherence to the
prescribed medications is also important as missed doses may result in subtherapeu-
tic concentrations and potentially the development of resistance [17, 26]. Patient
adherence can also be affected by the adverse effects/toxicities that they are
experiencing. Thus, as previously noted, results of antifungal susceptibility testing
are only one variable that can influence clinical outcomes. However, chances of a
poor outcome are higher when in vitro resistance is detected. The ability of suscep-
tibility testing to predict clinical response has been summed up as the “90/60 rule.”
In general terms, the 90/60 rule comes from observations that infections caused by
susceptible isolates respond to appropriate therapy ~90% of the time, while those
caused by resistant isolates may still respond to therapy ~60% of the time
[17, 26]. Examples of this “rule” can be found for both antibacterial and antifungal
susceptibility testing, including testing against dermatophytes. In a recent study that
included 30 patients with Tinea corporis or Tinea cruris due to Trichophyton
interdigitale in which both terbinafine MICs and clinical histories were available,
83.3% of patients whose infection was caused by an isolate with a terbinafine MICs
< 1 μg/mL responded to therapy, while 66.7% of those with infecting isolates that
had higher terbinafine MICs (� 1 μg/mL) failed to respond to treatment with this
allylamine [27]. Interestingly, some patients whose isolates had elevated terbinafine
MICs responded to higher doses and/or longer durations of treatment, highlighting
the importance of achieving adequate exposures of antifungals at the sites of
infection. Based on these results and those previously published, some have
suggested that Trichophyton isolates with terbinafine MICs < 1 μg/mL may be
considered susceptible to this antifungal while those with higher MIC values may be
considered resistant [27, 28].

The observation that elevated terbinafine MICs are associated with clinical
failure, is supported by other data, including studies that have evaluated mechanisms
of resistance to the squalene epoxidase inhibitors. Terbinafine, and related
compounds such as naftifine, butenafine, tolnaftate, and tolciclate, are selective
inhibitors of squalene epoxidase (also known as squalene monooxygenase), an
enzyme that converts squalene to 2,3-oxidosqualene within the fungal cell mem-
brane, and is upstream of lanosterol 14α-demethylase in the ergosterol biosynthesis
pathway [29]. Inhibition of squalene epoxidase leads to an accumulation of
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squalene, which can be toxic to fungi. Studies that have used clinical dermatophytes
isolates cultured from patients who have failed terbinafine therapy have reported
nonsynonymous point mutations within the gene that encodes squalene epoxidase
that lead to amino acid changes within this enzyme, including those as codons
Leu393, Phe397, Phe415, and His440 [28–30]. In six consecutive T. rubrum isolates
collected from a single patient who had failed therapy with terbinafine (phenotypic
MIC > 4 μg/mL vs. < 0.001 μg/mL against isolates from patients who had
responded), inhibition of squalene epoxidase enzyme activity by this allylamine
was also markedly reduced (IC50 30 μmol/L) compared to that against normal
enzyme (19 nmol/L) [28]. In addition, cross-resistance was observed against other
squalene epoxidase inhibitors, but not against azoles, griseofulvin, or amphotericin
B [31]. Others have also reported associations between terbinafine exposures,
clinical failures, and point mutations in the squalene epoxidase gene leading to
amino acid changes in this enzyme and reduced in vitro susceptibility to this
antifungal [27, 30, 32–35]. However, the exact clinical breakpoint that should be
used for terbinafine resistance in dermatophytes remains unknown, and further
clinical validation using a larger number of geographically diverse isolates is needed.

4 Epidemiologic Cut-Off Values

When clinical breakpoints are not available for certain drugs or species of fungi,
epidemiological cut-off values (ECVs or ECOFFs) may be used to provide some
guidance to clinicians. These values are thresholds derived from MIC distributions
of wild-type isolates for a specific drug, and in general, the ECV will cover
95–97.5% of the isolates within the wild-type MIC distribution, although there are
various statistical means used to calculate the ECV. The purpose of the ECV, which
should be both antifungal- and species-specific, is to help identify isolates less likely
to respond to treatment because of the development of acquired resistance
[36, 37]. ECVs are also useful in tracking the emergence of reduced susceptibility/
resistance, and are frequently used by CLSI and EUCAST in making clinical
breakpoint decisions. However, it should be remembered that ECVs are not the
same as clinical breakpoints, which also consider the pharmacokinetics of a drug,
pharmacokinetic/pharmacodynamic relationships, and clinical outcomes associated
with in vitro susceptibility results. Although CLSI and EUCAST have published
ECVs for several antifungals against different species of yeasts and molds, no ECV
values are currently available for any drugs against any dermatophyte species.

5 Other Phenotypic Assays for Antifungal Susceptibility
Testing

In addition to the CLSI and EUCAST broth dilution methods, commercially avail-
able antifungal susceptibility assays are available for use. These assays are often
used by clinical microbiology laboratories for susceptibility testing against yeasts

408 N. P. Wiederhold



due to their ease of use and commercial availability. In contrast, laboratories that use
the CLSI or EUCAST methods either must make the antifungal trays themselves,
which requires trained personnel, additional time, and that appropriate quality
assurance measures be in place, making them technically challenging and costly,
or have the plates custom made by a manufacturer, for which options may be limited.
Types of commercially available antifungal susceptibility tests include colorimetric
assays, disc diffusion and gradient diffusions assays, and those performed by
automated instruments. While these assays have proven useful for antifungal sus-
ceptibility testing of yeasts, variability has been reported when used for filamentous
fungi, and few data are available for dermatophytes.

Sensititre YeastOne Colorimetric Assay—One of the most popular commercially
available assays used in clinical microbiology testing is the YeastOne Sensititre
assay (Thermo Scientific, formerly TREK Diagnostics). This assay uses a 96-well
cell culture plate, broth microdilution format similar to that used by CLSI and
EUCAST methods, but also includes a blue colorimetric dye, resazurin
(alamarBlue), for endpoint detection. Metabolically active cells convert the resazurin
to resorufin, causing a color change from blue to red, and for yeasts it is the lowest
antifungal concentration where this color change begins to occur that is used for the
MIC endpoint. Although several studies had demonstrated very good agreement
between the YeastOne assay and broth microdilution reference methods [38–45],
similar results have not been observed for dermatophytes. In one study that included
49 dermatophyte isolates and compared YeastOne MIC results to those obtained by
the CLSI M38 method for four antifungals (amphotericin B, fluconazole,
itraconazole, and ketoconazole), agreement between the two assays (� 2 dilution
difference in MIC values) was variable depending upon the drug, ranging from
67.3% (fluconazole) to 87.7% (itraconazole) [46]. Variability was also noted
between dermatophyte species for each antifungal, and MICs were generally lower
with the YeastOne assay, possibly due to the use of the color change as the endpoint
rather than growth inhibition as used by the CLSI method. Worse agreement
between the two methods was reported in a second study that compared these two
assays for fluconazole, itraconazole, and voriconazole against 46 dermatophytes
isolates, including those of T. mentagrophytes, T. rubrum, and Nannizzia gypsea
(formerly Microsporum gypseum) [47]. In this study, agreement ranged between
0 and 83.3%, and as before, this varied by both antifungal and dermatophyte species
with lower MICs observed with the colorimetric assay. In both studies, the authors
concluded that the YeastOne colorimetric assay cannot be recommended for anti-
fungal susceptibility testing of dermatophytes.

Etest and Disk Diffusion—Another commercially available assay that is used by
clinical microbiology laboratories for antifungal susceptibility testing is the Etest
(bioMerieux, formerly AB Biodisk). This assay employs a plastic strip that contains
a concentration gradient of a particular antifungal agent, which is placed onto the
surface of an agar plate that has been inoculated with a fungal isolate. The antifungal
agent then diffuses into the agar, and the MIC is read after incubation as the
concentration at which the elliptical zone of inhibition crosses the strip. Good
essential agreement (> 90% within � 2 dilutions) has been reported between the
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Etest method and the CLSI and EUCAST broth microdilution reference methods for
yeasts [38, 39]. However, studies comparing this assay to the reference methods for
dermatophyte species have shown mixed results. One multicenter study that com-
pared Etest to the CLSI broth microdilution method against 30 dermatophyte isolates
reported the best agreement between the two assays for amphotericin B (97%),
followed by itraconazole (80%) and ketoconazole (77%), and the worst with flucon-
azole (27%) [12]. Interlaboratory variability was also noted between the different
dermatophyte species. Others that have evaluated the agreement between Etest and
reference methods have reported less promising results. In a single center study that
included 46 dermatophyte isolates, 30 of which were T. mentagrophytes and eight
each of T. rubrum and N. gypsea, agreement between the Etest and CLSI M38
methods was 19.5% for itraconazole, 45.6% for fluconazole, and 52.1% for
voriconazole [48]. Interestingly, the incubation temperatures used in these two
studies were different (28 �C for the first and 35 �C in the second). Similar to the
Etest results, studies have reported varying results for disk diffusion antifungal
susceptibility testing of dermatophytes compared to that of the CLSI broth
microdilution method. One study that used RPMI as the growth medium for both
the disk diffusion (agar) and broth microdilution assays reported very low agreement
between the two methods for fluconazole, itraconazole, and voriconazole against
46 dermatophyte isolates, with the disk diffusion zone diameters of voriconazole
actually increasing in relation to higher MIC values as measured by broth
microdilution [48]. In contrast, another study that evaluated disk diffusion testing
against dermatophytes and used Mueller-Hinton agar as the growth medium,
reported good agreement between terbinafine zone diameters and broth
microdilution MICs against 19 dermatophyte isolates [49]. This study included
five T. rubrum isolates with elevated terbinafine MICs (� 4 μg/mL) for which no
zone diameters were observed. Thus, although easier to setup and perform than broth
microdilution, Etest and disk diffusion assays require additional testing and optimi-
zation before they can be recommended for antifungal susceptibility testing against
dermatophytes.

6 Conclusions

Antifungal susceptibility testing is frequently performed by clinical microbiology
laboratories as a means of detecting resistance in order to predict potential clinical
failures or as a means of determining why a patient may not be responding to a
particular treatment regimen. Numerous variables may affect the results of these
in vitro assays, and methods have been standardized by CLSI and EUCAST in order
to limit variability observed between laboratories. Although commercially available
antifungal susceptibility assays are available, mixed results and marked variability
have been reported when evaluated against dermatophytes, and these are not cur-
rently recommended for testing of dermatophytes in clinical microbiology
laboratories. Finally, clinical breakpoints and ECVs have not been established for
antifungals against dermatophytes, and this may limit the clinical utility of
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susceptibility testing against these fungi. However, our understanding of resistance
mechanisms and in vitro resistance and their relationship to clinical failure with
terbinafine and other squalene epoxidase inhibitors is increasing, which may allow
for clinical breakpoints to be set in the future.
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Terbinafine and Itraconazole Resistance
in Dermatophytes
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Abstract

Terbinafine-resistant dermatophytes in patients were exceptional before the sec-
ond decade of this century. However, acquired resistance to commonly used
antifungal compounds has recently emerged in several countries. Resistance
towards terbinafine is generated by missense mutations in the squalene epoxidase
enzyme targeted by the drug, while recorded resistance towards azoles is due to
the overexpression of genes encoding multidrug transporters of the ABC family.
At present, approximately 1% of Trichophyton rubrum isolates from Tinea pedis
and onychomycosis in Switzerland are resistant to terbinafine. Terbinafine-
resistant T. rubrum was also isolated from extended Tinea corporis in patients
more susceptible to fungal infections and requiring continuous treatment.
Repeated topical and systemic treatments with terbinafine have likely contributed
to the development of terbinafine resistance in patients. The prevalence of
T. rubrum resistant to terbinafine in Europe contrasts with that of resistant
Trichophyton mentagrophytes isolates in India (30–70%). If drugs on the open
market and overmedication can partly explain this alarming situation, several
indications also allow the suspicion of an origin linked to environmental
problems.
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1 Introduction

Drug resistance in dermatophytes is becoming a real problem in dermatology. On
one hand, the insensitivity of a fungus to an antifungal agent may be intrinsic to the
species. On the other hand, acquired resistance may occur after prolonged antifungal
treatments or because of the presence of antifungal drugs in the environment. With a
low mutation frequency in a yeast population or mycelium, resistant strains can be
selected from the fungus that was previously susceptible after selective pressure by
continuous exposure to an antifungal agent.

Drug resistance acquired in human pathogenic fungi was first studied in Candida
albicans and then in other yeasts and filamentous fungi, in particular Aspergillus
fumigatus. Most resistance mechanisms are due either to missense mutations in
genes encoding drug targets or to their overexpression [1–6], or to the
overexpression of genes encoding multidrug transporters [6–10]. A combination of
these three mechanisms results in an additive effect [2, 11]. The objective of this
chapter is to briefly review the different resistance mechanisms of dermatophytes
and to examine their importance in public health. Identifying the mechanism of
resistance can be useful in selecting the appropriate treatment.

2 Antifungal Drugs Against Dermatophytes

The antifungal drugs currently available for the treatment of dermatophytosis are
terbinafine, azole compounds, such as itraconazole and fluconazole, and griseoful-
vin. Terbinafine and azole compounds target the biosynthetic pathway of ergosterol
[12]. A defect in the synthesis of ergosterol leads to an alteration in the structure of
the plasma membrane and its function [12, 13]. Terbinafine prevents the conversion
of squalene epoxide to lanosterol, the early step of ergosterol biosynthesis from
squalene, by inhibiting squalene epoxidase (SQLE) [14–16]. Inhibiting SQLE
results in an intracellular accumulation of squalene, which is toxic to the fungal
cells [13]. Azole compounds act downstream of the SQLE reaction by inhibiting the
lanosterol 14-α-demethylase (encoded by ERG11 in C. albicans and CYP51 in
filamentous fungi), which prevents the demethylation of lanosterol in the ergosterol
biosynthetic pathway [13]. Inhibition of the lanosterol 14-α-demethylase leads to the
accumulation of sterol precursors in the fungal cell and constitutes a roadblock in the
synthesis of ergosterol.

Griseofulvin inhibits fungal mitosis by disrupting the mitotic spindle through
interacting with polymerised microtubules [17]. Griseofulvin was isolated from
Penicillium griseofulvum in 1939 [18], and it was the first systemic antifungal

416 M. Monod et al.



agent to be used in both human and animals in the 1960s following the successful
oral therapy of experimental dermatophytosis in Guinea pigs [19]. Griseofulvin is
only administered orally, but it has been shown to be carcinogenic and affects
fertility and organogenesis in rodents at high doses [20, 21]. However, griseofulvin
remains the treatment of choice in many cases of Tinea capitis [22, 23].

3 Antifungal Susceptibility Testing

Methods for testing the susceptibility of filamentous fungi are similar to those used
in bacteriology or for yeasts [24]. The minimum inhibitory concentration (MIC) of
an antifungal agent remains its lowest concentration that substantially inhibits the
growth of an organism. Microdilution, checkerboard, disc diffusion and Etest assays
can be performed in the same way for filamentous fungi as for bacteria and yeasts,
provided that spores are produced in sufficient quantities to be used as colony-
forming units (CFU). Therefore, the absence or low sporulation of Trichophyton
rubrum has always been a major complication and a limiting factor for performing
routine antifungal susceptibility testing. Different media [e.g. Sabouraud’s dextrose
agar (SDA) diluted 1/10, potato dextrose agar (PDA) and oatmeal agar (OTA)], on
which T. rubrum is supposed to sporulate easily, are proposed in the literature and in
guidelines from the Clinical and Laboratory Standards Institute (CLSI)
[24, 25]. However, variability between strains remains present in these media
regarding quantitative sporulation. Large quantities of T. rubrum spores, even with
poorly sporulating strains, can be obtained with high CO2 tensions and PDA growth
medium [26], and the availability of large quantities of spores allows the preparation
of standardised inocula to perform assays. The effect of high CO2 tension on
T. rubrum sporulation was described by Chin and Knight in 1957 [27].

Strict application of the protocols established by the CLSI for broth dilution
antifungal susceptibility testing [24] is also difficult for T. rubrum, and other
dermatophyte species, due to the use of RPMI 1640 medium. Dermatophytes grow
poorly in this synthetic medium in contrast to yeasts and Aspergillus spp., and were
even reported to not grow in RPMI 1640 medium [26]. Therefore, in our opinion, it
is more advisable to use SDA medium for performing reproducible antifungal tests.

4 Importance of the Identification of the Infectious Agent
Before Immediately Searching Resistance

In Tinea capitis, the therapeutic response varies according to the dermatophyte
species involved. The cure rate with terbinafine is good in cases of infection by
the anthropophilic species Trichophyton violaceum and Trichophyton soudanense,
but not in cases of infection by the anthropophilic Microsporum audouinii and
zoophilic species, such as Microsporum canis, Trichophyton benhamiae and
Trichophyton mentagrophytes [28]. The clinical efficacy of terbinafine is not related
to the in vitro susceptibility of the species. Griseofulvin is used in many cases of
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Tinea capitis, which are insensitive to terbinafine and azoles [22, 23]. In most cases
of Tinea corporis, dermatophyte identification is not so important, as these mycoses
respond well to topical standard treatments, regardless of the dermatophyte species.

Insensitivity of onychomycosis to standard treatments using terbinafine and
azoles is generally due to non-dermatophyte fungi (NDF), which are especially
difficult to cure [29]. In these cases, Fusarium sp., Acremonium sp. and Aspergillus
sp. are often identified as the sole infectious agents by PCR using extracted DNA
from the nail as a target. The topical application of an amphotericin B solution was
efficient in curing NDF onychomycosis [30].

In conclusion, correct species identification is important in cases of superficial
fungal infections, especially hair and nail infections, to prescribe adequate treatments
and before suspecting acquired fungal resistance.

5 Resistance of T. rubrum and Trichophyton interdigitale
to Terbinafine

Two cases of terbinafine resistance were first reported in the 2000s in T. rubrum
isolated from onychomycoses [31–33] (Table 1). Single-point mutations were
revealed in the gene encoding SQLE, targeted by terbinafine. In both cases, the
mutation generated a missense substitution in the same region of the enzyme (L393F
in case 1 and F397L in case 2). These two cases were apparently exceptional when
they were discovered, but since then, terbinafine-resistant T. rubrum isolates have
been reported in several countries in Europe and Asia (Table 1). Terbinafine-
resistant T. rubrum isolates can be easily identified routinely on Sabouraud agar
medium containing 2 μg/ml terbinafine (Fig. 1) as well as with a broth microdilution
method [40]. Cases of resistant Trichophyton interdigitale were also identified in
Switzerland, Denmark and Japan [34, 35, 41]. The DNA sequence of the gene
encoding SQLE in T. rubrum terbinafine-resistant isolates revealed single-point
mutations, which led to amino acid substitutions at one of four amino acid positions
(L393, F397, F415 and H440) within SQLE. In one case, SQLE was found to
contain two amino acid substitutions (I121M and V237I), which were located in
the pocket where terbinafine binds [35]. The high prevalence of the mutations L393F
and F397L identified in the two first cases of terbinafine resistance in T. rubrum is
particularly striking (Table 1).

The substituted amino acids in position 393, 397, 415 and 440, which were
detected in terbinafine-resistant strains of Trichophyton, were introduced by trans-
formation into a terbinafine-sensitive strain of T. mentagrophytes (formerly
Arthroderma vanbreuseghemii), and terbinafine-resistant phenotypes were
generated [34]. The terbinafine MIC of T. mentagrophytes transformants was com-
parable to that of the corresponding clinical isolates. Therefore, terbinafine resistance
in Trichophyton clinical isolates could be reliably attributed to the amino acid
substitution detected in the SQLE protein.

Resistant T. rubrum isolates with F397V and F415S mutations in SQLE grow
slowly compared to sensitive isolates or isolates with L393F or F397L mutations
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Table 1 Recorded and published cases of resistance of T. rubrum and other Trichophyton species
to terbinafine (2003–2020)

Species Type of infection Mutations Country References

T. rubrum (n ¼ 1) Tinea unguium L393F USA Mukherjee
et al. [31]
Osborne et al.
[32]

T. rubrum (n ¼ 1) Not given F397L Switzerland Osborne et al.
[33]

T. rubrum (n ¼ 16) Tinea pedis and
Tinea unguium

L393F (n ¼ 4)
L393S (n ¼ 2)
F397L (n ¼ 4)
F397I (n ¼ 1)
F397V (n ¼ 1)
F415I (n ¼ 1)
F415S (n ¼ 1)
F415V (n ¼ 1)
H440Y (n ¼ 1)

Switzerland Yamada et al.
[34]

T. rubrum (n ¼ 12) Tinea pedis
(n ¼ 3)
Tinea unguium
(n ¼ 3)
Tinea corporis
(n ¼ 4)
Tinea corporis in
a patient with
Darier disease
(n ¼ 1)a

Tinea corporis in
a patient with
congenital
ichthyosis
(n ¼ 1)b

L393F (n ¼ 1)
L393S (n ¼ 2)
F397L (n ¼ 6)
F415S (n ¼ 1)
H440Y (n ¼ 1)
I121M/V237I

Denmark Saunte et al.
[35]

T. rubrum (n ¼ 2) Not given
(patients with
only Tinea
unguium
excluded)

F397L India Rudramurthy
et al. [36]

T. rubrum (n ¼ 1) Not given L393F Iran Salehi et al.
[37]

T. rubrum (n ¼ 1) Tinea pedis L393F Japan Suzuki et al.
[38]

T. rubrum (n ¼ 1) Tinea unguium F397L Japan Noguchi et al.
[39]

T. rubrum (n ¼ 8) Mostly Tinea
corporis

F397L India Ebert et al.
[40]

T. interdigitale
(n ¼ 1)

Tinea unguium F397L Switzerland Yamada et al.
[34]

T. interdigitale
(n ¼ 1)

Tinea pedis Possible
overexpression of
genes encoding

Japan Hiruma et al.
[41]

(continued)
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[34]. The T. mentagrophytes transformants in which the SQLE gene had been
substituted by an allele with the F397V mutation also exhibited a slow-growth
phenotype. These results suggest that mutations reduce the affinity of terbinafine
for SQLE and, at the same time, reduce the specific activity of the enzyme causing
growth retardation. Similarly, in C. albicans, a G464S mutation in the sterol
14-α-demethylase encoded by ERG11 reduced both the inhibitory effect of flucona-
zole and the enzyme catalytic activity [49]. Therefore, a slow-growing dermatophyte
isolate may reflect resistance.

Repeated systemic treatments with terbinafine have likely contributed to the
development of terbinafine resistance in patients. Currently, T. rubrum isolates
resistant to terbinafine are recovered from Tinea pedis and onychomycosis in
Switzerland with a frequency of approximately 1% (26 cases among 2056 tested
isolates) [34; unpublished results]. Trichophyton rubrum resistant to terbinafine was

Table 1 (continued)

Species Type of infection Mutations Country References

ABC-transporter
proteins

T. interdigitale
(n ¼ 2)

Tinea pedis
(n ¼ 1)
Tinea pedis,
corporis and
cruris (n ¼ 1)

L393F
F397L

Denmark Saunte et al.
[35]

T. mentagrophytes
(n ¼ 20) (under
T. interdigitale)

Tinea corporis
Tinea cruris

L393F (n ¼ 8)
F397L (n ¼ 12)

India Singh et al.
[42]

T. mentagrophytes
(under
T. interdigitale)

Tinea corporis
Tinea cruris

F397L (n ¼ 4) India Rudramurthy
et al. [36]

T. mentagrophytes
(n ¼ 1)

Tinea corporis F397L (n ¼ 1) Bahrain Süß et al. [43]

T. mentagrophytes
(n ¼ 199)

Mainly Tinea
corporis and
Tinea cruris

L393F (n ¼ 6)
L393S (n ¼ 7)
S395P (n ¼ 1)
F397L (n ¼ 180)
Q408L (n ¼ 2)
H440Y (n ¼ 2)
S443P (n ¼ 1)

India Ebert et al.
[40]

T. mentagrophytes
(n ¼ 1)

Tinea corporis Q408L (n ¼ 1) Switzerland Hsieh et al.
[44]

T. mentagrophytes
(n ¼ 5)

Tinea corporis L393S (n ¼ 1)
F397L (n ¼ 4)

Iran Taghipour
et al. [45]

T. mentagrophytes
(n ¼ 74)

Mainly Tinea
corporis

F397L (n ¼ 74) India Shaw et al.
[46]

T. tonsurans
(n ¼ 1)

Not indicated L393F Iran Salehi et al.
[37]

aCase report by Digby et al. [47]
bCase report by Schøsler et al. [48]

420 M. Monod et al.



also isolated from extended chronic Tinea corporis in patients more susceptible to
fungal infection, for instance, in patients suffering from skin diseases with
keratinisation disorders, such as congenital ichthyosis and Darier disease
[47, 48]. Resistance was acquired after increased and continuous exposure to
terbinafine to combat the first infection.

6 Resistance of T. mentagrophytes to Terbinafine

A particular genotype of T. mentagrophytes (T. mentagrophytes type VIII) endemic
in India is the cause of an epidemic of Tinea cruris and Tinea corporis resistant to
terbinafine [50]. Trichophyton terbinafine-resistant clinical isolates have a reported
prevalence of 17–71% depending on the studies [36, 40, 42]. The DNA sequence of
the gene encoding SQLE revealed single-point mutations identical to those previ-
ously recorded for T. rubrum, leading to amino acid substitutions at one of the four
previously mentioned amino acid positions (L393, F397, F415 and H440) within the
SQLE protein like in T. rubrum. The amino acid substitution F397L in the SQLE of
resistant T. mentagrophytes was highly prevalent, till 91% in a recent multicentre
study [40]. Three novel substitutions, S395P, Q408L and S443P, were discovered in
resistant strains (Table 1). The mutation Q408L was also reported in a case report in
Geneva with disseminated Tinea corporis [44].

Terbinafine resistance in T. mentagrophytes is an emerging problem in India. The
high prevalence of resistant isolates is particularly striking. If drugs on the open

Fig. 1 Terbinafine-resistant
Trichophyton rubrum isolate.
Nine isolates of T. rubrum
were tested on Sabouraud agar
medium containing 2 μg/ml
terbinafine. The MIC of
terbinafine had previously
been estimated at 1 μg/ml
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market and overmedication partly explain this alarming situation, several factors
give rise to the suspicion of an origin linked to environmental problems:

1. High concentrations of antifungal compounds in the environment: In India, high
concentrations of antibiotic and antifungal compounds were recorded in waste-
water in the environment of bulk drug manufacturing industries [51]. Dissemina-
tion of extended-spectrum beta-lactamase- and carbapenemase-producing
pathogens were associated with high concentrations of antibiotics in sewers of
industrial areas. Voriconazole and fluconazole concentrations were also measured
up to 2500 and 237 μg/L, respectively. However, the presence of fungi potentially
resistant to these antifungal compounds was not investigated.

2. Reservoir of T. mentagrophytes in soil: Several studies have reported
T. mentagrophytes isolates from soil in India and Nepal [52, 53]. Trichophyton
mentagrophytes is considered as zoophilic species, causing inflammatory
dermatophytosis but there is no evidence for transmission of T. mentagrophytes
type VIII from animals to humans. It is possible that T. mentagrophytes isolates
resistant to azoles, like azole-resistant A. fumigatus isolates (see below), were
generated from selective pressure in contaminated soil, either by wastewater or
following the application of azoles in agriculture.

3. The example of emerging azole-resistant strains of A. fumigatus in hospitals: It is
widely accepted that patients with azole-resistant aspergillosis had been colonised
by azole-resistant environmental isolates before developing an infection
[54, 55]. Azole-resistant A. fumigatus has been isolated in hospitals with a high
prevalence (5–15%) in several countries. Although resistant strains may have
emerged in response to long-term drug therapy, many A. fumigatus-resistant
clinical isolates are from the environment.

Now, it is imperative to identify the reservoir of T. mentagrophytes-type VIII as a
possible source of infection. Microbiological analyses and measurements of the level
of antifungal agents in soil and wastewater in the patient’s environment would be
useful to identify the origin of resistant strains, in addition to overmedication. The
possible transmission from the environment to humans, and from man to man,
should also be studied to control this epidemic of dermatophytosis resistant to
conventional treatments.

7 Azole Resistance in T. rubrum

Itraconazole is widely used for the treatment of dermatophyte infections [22, 23]. A
terbinafine-resistant T. rubrum strain, isolated in Switzerland and called
TIMMM20092, also showed reduced sensitivity to azole compounds (Fig. 2). This
strain had been isolated from a patient with Tinea pedis, which was insensitive to
systemic and topical terbinafine treatments and itraconazole. A mutation of the
CYP51A gene encoding lanosterol 14-α-demethylase, which is targeted by azoles,
was not detected in this strain. In contrast, the resistance of TIMM20092 to azoles
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was inhibited by milbemycin oxime, leading to the hypothesis that the resistance was
mediated by the overexpression of genes encoding efflux pumps.

Among 39 ATP-binding cassette (ABC) transporters and 170 major facilitator
superfamily (MFS) transporters identified in silico within the T. rubrum genome,
four ABC transporters (TruMDR1, TruMDR2, TruMDR3 and TruMDR5) and two
MFS transporters (TruMFS1 and TruMFS2) were able to operate as azole efflux pumps
when their encoding genes were overexpressed in Saccharomyces cerevisiae
[56]. TruMDR3 and TruMFS1 were able to act as an efflux pump towards fluconazole,
itraconazole, ketoconazole, miconazole and voriconazole (Table 2). TruMFS1was also
able to transport cycloheximide suggesting that it acts as a pleiotropic drug transporter
with a broad substrate spectrum (Table 2). In contrast, TruMDR1 and TruMFS2 only
transported fluconazole and voriconazole, two azoles of similar molecular structure,
whereas TruMDR1 and TruMDR5 were specific for itraconazole (Table 2).

The DNA sequences of the genes MDR1 and MDR2 (for multidrug resistance
1 and 2, respectively) were firstly reported by Cervelatti et al. [57] and Fachin et al.
[58]. The overexpression of the genes encoding TruMDR2 and TruMDR3 in
T. rubrum TIMM20092 was revealed by qRT-PCR analysis. Transcription of
TruMDR1, TruMDR2, TruMDR3 and TruMFS2 was also up-regulated upon expo-
sure to itraconazole and voriconazole in TIMM20092, as well as in azole-sensitive
strains as previously observed with MDR1 and MDR2 in dermatophyte species
[59]. TruMDR3 is closely related to A. fumigatus cdr1B [10] and to C. albicans
CDR1 and CDR2 [7, 8]. Milbemycin oxime inhibited TruMDR3 as it inhibited
CDR1 and CDR2 in C. albicans [60–62]. In contrast, this inhibitor showed no effect
on TruMDR1, TruMDR2 and TruMDR5.

Gain-of-function mutations in transcription factors, mediating the expression of
genes encoding efflux pumps, have been described in Candida spp. and A. fumigatus

Table 2 Susceptibility and resistance to itraconazole (ITC), voriconazole (VRC), fluconazole
(FLC), ketoconazole (KTC), miconazole (MIC) and cycloheximide (CYH) of S. cerevisiae
transformed with different plasmids encoding T. rubrum ABC and MFS transportersa

Locus name Name Type VRC ITC KTC FLC MIC CYH Commentsb

TERG_02508 TruMDR1 ABC + - - + + - Close to A. fumigatus atrI

TERG_08613 TruMDR2 ABC - + - - - - Close to A. fumigatus mdr1

TERG_02186 TruMDR3 ABC + + + + + - Close to A. fumigatus abcC/cdr1B/atrE

TERG_04952 TruMDR5 ABC - + - - - - Close to A. fumigatus abcE

TERG_01623 TruMFS1 MFS + + + + + + Close to A. fumigatus aflT

TERG_08336 TruMFS2 MFS + - - + - - Close to A. fumigatus mdrA

The constructs showing resistance in S. cerevisiae are marked with a + sign and a grey shading
aData from Monod et al. [56]
bClosest homologs from A. fumigatus are indicated
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[63, 64]. The overexpression of genes encoding TruMDR2 and TruMDR3 leads to
the assumption that there was a gain-of-function mutation in a transcription factor
that remains to be identified in dermatophytes.

While resistance to azoles remains exceptional in T. rubrum, so far, 15% of
T. mentagrophytes type VIII isolates were less sensitive to itraconazole and
voriconazole among 297 strains in the recent multicentre study by Ebert at al.
[40]. To date, we have no data on the possible resistance mechanisms in these
isolates.

8 Conclusion

Today, we have to be aware that acquired resistance of dermatophytes to antifungal
drugs exists and can no longer be considered exceptional. However, the identifica-
tion of the infectious agent remains very important in cases of nail and hair infections
for the prescription of appropriate treatment because of the possible intrinsic resis-
tance. Standard treatments with terbinafine and azoles are inefficient in cases of
non-dermatophyte mold onychomycosis. In addition, some dermatophyte species
(M. audouinii and zoophilic species such as M. canis, T. benhamiae and
T. mentagrophytes) do not respond to terbinafine and azole treatments in many
cases of Tinea capitis and require the use of griseofulvin.

In cases of confirmed Trichophyton infections that are insensitive to terbinafine, it
is essential to test the sensitivity of the fungus to this antifungal compound. We now
routinely test all isolates of T. rubrum and T. interdigitale in our laboratory for
possible resistance to terbinafine by depositing a small block of agar with the
growing fungus on Sabouraud agar medium containing 0.02 μg/ml terbinafine
(two times the MIC). We then examine if detected resistance in Trichophyton
clinical isolates had to be imputed to an amino acid substitution in the SQLE protein.
Trichophyton resistance to terbinafine treatment is an emerging problem, and a
switch to azole-based treatment may be necessary to cure such cases of
onychomycosis.
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Treatment of Dermatophytoses



New Antifungal Agents and New
Formulations Against Dermatophytes
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Abstract

There are a plethora of antifungal agents available for the treatment of
onychomycosis. Systemic antifungal drugs are generally recommended for
severe onychomycosis, while topical antifungal agents and devices are
recommended for mild to moderate onychomycosis. Oral terbinafine is the gold
standard treatment of onychomycosis, with high cure rates and proven treatment
success. Novel therapies and newer antifungal formulations are under develop-
ment. New topical formulations focus on enhanced drug penetration into the nail
plate through multiroute administration to eliminate the infection from the nail
bed. Effective management of onychomycosis is vital to combat increasing treat-
ment failures, antifungal resistance and incidences of non-dermatophyte mold
onychomycosis and mixed infections. Patients should be educated about nail
hygiene, proper sanitization of shoes and socks, wearing proper footwear in
communal showers and public pools, keeping feet dry, and prophylaxis post-
treatment. Important steps in maximizing treatment success are combination
therapy and inclusion of agents targeting fungal biofilms.

Keywords

Onychomycosis · Antifungal · Tinea unguium · Terbinafine · Itraconazole

A. K. Gupta (*)
Division of Dermatology, Department of Medicine, University of Toronto, Toronto, ON, Canada

Mediprobe Research Inc., London, ON, Canada
e-mail: agupta@execulink.com

M. Venkataraman · E. M. Quinlan
Mediprobe Research Inc., London, ON, Canada

# Springer Nature Switzerland AG 2021
J.-P. Bouchara et al. (eds.), Dermatophytes and Dermatophytoses,
https://doi.org/10.1007/978-3-030-67421-2_21

433

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-67421-2_21&domain=pdf
mailto:agupta@execulink.com
https://doi.org/10.1007/978-3-030-67421-2_21#DOI


1 Introduction

Onychomycosis is a fungal nail infection caused by dermatophytes, yeasts, and
non-dermatophyte molds (NDM). Dermatophyte infections account for 90% of
onychomycosis around the world. The general characteristics of onychomycosis
are nail discoloration, subungual hyperkeratosis, onycholysis, and sometimes
paronychia. The unpleasant appearance of the nail can have a negative psychological
impact in patients, which may cause insecurity and affect their day-to-day activities
and social life. Onychomycosis should be treated to prevent further secondary
infections, to restore normal, healthy nails, and to enhance the quality of life of the
patient [1]. Treatment aims to eradicate the fungal pathogen (mycological cure) and
if possible return to a normal, healthy appearing nail (clinical cure).

The choice of treatment depends on several factors: causative organism, severity
of infection (number of digits and area of the affected nail), comorbidities such as
psoriasis, diabetes, HIV, cardiovascular disease, and the presence of Tinea pedis.
Oral and topical antifungal drugs are currently used to treat onychomycosis. Pres-
ently, systemic drugs such as terbinafine, itraconazole (FDA-approved in the USA)
and fluconazole (off-label in North America) are used in cases of severe
onychomycosis, while topical drugs such as efinaconazole, tavaborole, ciclopirox
(FDA-approved), and amorolfine (off-label in North America) are used in treating
mild to moderate onychomycosis.

With new research directions, more treatment options are becoming available to
patients. The general trend appears to be toward novel topical treatments, as well as
reformulations of existing antifungal drugs. Additionally, new systemic treatments
are under investigation. Devices and other physical modalities are being investigated
as monotherapies and combination therapies. There are various characteristics of
fungi that must be studied in order to effectively manage onychomycosis, namely
their lifecycle, their ability to form biofilms, and their resistance to antifungals.

2 Systemic Treatments

Griseofulvin and ketoconazole were among the first oral antifungal drugs used in the
treatment of onychomycosis. Griseofulvin was discovered in 1939 from Penicillium
griseofulvum. It is effective only against dermatophytes. Its mechanism of action is
by inhibiting fungal nucleic acid synthesis and mitosis at metaphase; it may also
affect the morphology of fungal cells. Griseofulvin therapy requires a longer dosing
period despite its low affinity to keratin which allows more free-drug to be present in
the nail. It is not suitable for long-term therapy due to its poor absorption in the gut
and low cure rates [2].
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Ketoconazole was patented in 1977 and approved in the USA in 1981 for the
treatment of onychomycosis [2]. It is effective against dermatophytes, Candida
species, and shows low activity against NDMs. As an imidazole, it inhibits 14α
demethylase that converts lanosterol to ergosterol, which affects fungal cell mem-
brane synthesis. It is no longer recommended for onychomycosis treatment due to its
severe side effects such as hepatitis (1:2000–1:15,000 patients) and inhibition of
certain cytochrome P450 pathways. New systemic antifungal drugs were discovered
and later approved for the treatment of onychomycosis. Terbinafine and itraconazole
were introduced and were preferred by both patients and physicians due to their high
efficacy and comparatively better adverse effects (AE) profile. Typically, systemic
antifungals are recommended for severe infections due to safety issues and potential
drug–drug interactions [3–6]. The fungal cell membrane biosynthesis and the site of
action of antifungal agents are depicted in Fig. 1.

3 Terbinafine

Terbinafine was discovered in 1974. It was first available in Europe in 1991, Canada
in 1993, and the USA in 1996 for dermatophyte onychomycosis of toenails and/or
fingernails. The chemical name of terbinafine is (E)-N,6,6-trimethyl-N-(naphthalen-
1-ylmethyl)hept-2-en-4-yn-1-amine. It is prescribed as Lamisil (terbinafine hydro-
chloride) tablets for oral consumption. Currently, the patent is assigned to Dr. Anton
Stutz and Novartis AG [2, 7–9]. In 2007, the FDA approved terbinafine granules for
the treatment of Tinea capitis in children above the age of 4 years [10].

3.1 Pharmacology

It is an allylamine which inhibits the enzyme squalene epoxidase, thus affecting
ergosterol biosynthesis and therefore preventing the formation of the fungal cell
membrane [11]. Terbinafine has both fungistatic and fungicidal effects. Inhibition of
the enzyme squalene epoxidase leads to depletion of ergosterol, an essential struc-
tural aspect of the fungal cell membrane, which in turn inhibits the growth of fungi.
Additionally, accumulation of squalene leads to deposition of lipid vesicles on the
fungal cell membrane which disrupts the membrane permeability, thus killing the
fungal cells. This antifungal agent is effective against dermatophytes and shows
some activity against NDMs, but is less effective against Candida species [12].
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Fig. 1 Fungal cell membrane biosynthesis and the site of action of antifungal agents

436 A. K. Gupta et al.



3.2 Pharmacokinetics

The bioavailability of terbinafine is high and is not affected whether taken with or
without food; terbinafine gets metabolized by the liver and its bioavailabil-
ity decreases to 40% [2]. Terbinafine is detected early in the nail and reaches
0.45 μg/g within a week, equivalent to 10–100 times the minimum inhibitory
concentration (MIC) for dermatophytes. When terbinafine is administered orally
for 6–12 weeks, it can reach concentrations up to 0.52–1.01 μg/g and is detectable in
the nails for 30–36 weeks after completion of therapy [13]. It gets absorbed and
circulated quickly, reaching 1.3 μg/mL in plasma with just a single 250 mg dose.
Systemic exposure reaches a steady state in 10–14 days [8]. Terbinafine is reported
to have long half-lives ranging from 24 to 156 days [14]. It is lipophilic and has
strong affinity toward plasma proteins.

3.3 Dosage

Treatment regimen is usually 250 mg daily for 6 weeks for fingernail and 12 weeks
for toenail infections. It has high cure rates, with a mycological cure rate of 70% and
a complete cure rate (mycological cure plus 0% clinical involvement) of 38% at
week 48 (follow-up after 36 weeks of treatment) for toenails [9].

3.4 Adverse Effects and Drug Interactions

Some common side effects of terbinafine include gastrointestinal problems such as
nausea, abdominal pain, etc., headaches, rashes, and altered sense of taste
(0.6–2.8%); however, these are generally not serious enough to discontinue treat-
ment [15]. Adverse side effects associated with the liver such as hepatitis are
observed in 1:50,000–1:120,000 patients, and liver enzyme abnormalities such as
elevated serum aminotransferase levels (two times the upper limit of normal) have
been observed in 1–6% of the patients on terbinafine therapy [9, 16–18]. Hence, liver
function tests (LFT) should be performed prior to treating with terbinafine [19]. Reg-
ular monitoring of liver function during treatment duration is advised (by author
AKG).

Terbinafine is considered an FDA pregnancy category B drug. It is advisable to
avoid terbinafine medication during pregnancy and breastfeeding, since the presence
of terbinafine is detected in the breast milk of lactating women. Terbinafine is an
inhibitor of CYP2D6 enzyme and will affect other drugs that are substrates of
CYP2D6, such as antidepressants, antiarrhythmic class 1C, etc., leading to drug–
drug interactions [9].

New Antifungal Agents and New Formulations Against Dermatophytes 437



3.5 Clinical Studies

Randomized, double-blind trials showed the superior efficacy of oral terbinafine
therapy over other systemic drugs such as itraconazole, fluconazole, and griseofulvin
in toenail dermatophyte onychomycosis. It was observed that the tolerability profile
of oral terbinafine was higher compared to griseofulvin and similar to itraconazole
and fluconazole [20]. An independent comparative study performed with continuous
terbinafine (250 mg/day for 12 weeks) and pulsed itraconazole regimen (400 mg/day
for 1 week on and 3 weeks off, 3 pulses) showed that the mycological cure rates were
not statistically different when treated with continuous terbinafine or pulsed
itraconazole regimen. However, clinical cure was favorable for patients over
55 years or female patients treated with terbinafine [21]. Terbinafine is used
off-label to treat pediatric onychomycosis and found to be safe and effective [22].

4 Itraconazole

Itraconazole was synthesized in 1980 with the chemical formula (�)-1-[(RS)-sec-
butyl]-4-[p-[4-[p-[[(2R,4S)-2-(2,4-dichlorophenyl)-2-(1H-1,2,4-triazol-1ylmethyl)-
1,3-dioxolan-4-yl]methoxy]phenyl]-1-piperazinyl]phenyl]-Δ2–1,2,4-triazolin-5-
one [23]. The patent was initially obtained by Janssen Pharmaceutica (Dr. Paul
Janssen) for the discovery of the backbone of itraconazole [24]. Itraconazole was
initially approved for systemic mycoses in the USA in 1992 and for onychomycosis
3 years later (1995). The pulsed regimen was approved in the USA in 1997 for
fingernail onychomycosis. Itraconazole was approved in Canada in 1993 and in
Australia in 1998 for the treatment of onychomycosis. It is marketed as Sporanox
capsules, which contain itraconazole as the active compound [2].

4.1 Pharmacology

Itraconazole is a triazole which inhibits 14α-demethylase that converts lanosterol to
ergosterol which in turn inhibits fungal cell wall biosynthesis. It has broader
antifungal activity than terbinafine, against dermatophytes, NDMs (Aspergillus,
Fusarium, etc.), and Candida spp. [25], which may be an effective consideration in
treating mixed infections [26].

4.2 Pharmacokinetics

The bioavailability of itraconazole is 55% which may be affected in a fasting state
due to reduced gastric acidity [2]. The drug is detectable in toenails within 2 weeks
of starting therapy; it reaches a mean maximum concentration of 0.8 μg/g in nails at
the end of continuous regimen (200 mg/day for 12 weeks). The daily dosage of
200 mg itraconazole could lead up to twice the concentration in the subungual area
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of the nail than the distal region in 10 days [27, 28]. Itraconazole may be found in
toenails up to 11 months from the time of initialization when treated with 3 pulses of
itraconazole [2, 29]. The plasma concentration reaches up to 0.3 μg/mL after
administering a single dose of 200 mg itraconazole and reaches a steady state in
15 days. The half-life of a single dose of itraconazole is 17 h, while repeated
administration is reported to have half-lives of 34–42 h. It is highly lipophilic and
has a strong affinity toward plasma proteins, especially albumin [23].

4.3 Dosage

Itraconazole is most commonly administered as a continuous regimen of 200 mg/day
for 12 weeks, or as a pulsed regimen of 200 mg twice daily (or 400 mg/day) for
1 week, followed by 3 weeks of no medication (2 pulses for fingernail and 3 pulses
for toenail) [30]. The mycological cure rate is reported as 54%, whereas the complete
cure rate (mycological cure plus visibly clear nail with minimal deformities) is 14%
for the continuous regimen [23].

4.4 Adverse Effects and Drug Interactions

Side effects reported are similar to those caused by terbinafine, such as gastrointesti-
nal problems including nausea, headaches, and upper respiratory tract infections.
More severe side effects have been known to occur, including hypertriglyceridemia,
elevated transaminases (0.5–5%; two times upper limit of normal), and hepatic
injury—about 1 in 500,000 patients develop hepatitis [17, 31–34]. The pulse
regimen has an AE profile comparable to that of continuous itraconazole therapy
[35, 36]. Itraconazole has the most contraindications, especially for patients who
exhibit congestive heart failure. Itraconazole intervenes with CYP3A4, which can
lead to potential drug–drug interactions. It is a category C pregnancy drug and
should be avoided during pregnancy and at least 2 months before planning a
pregnancy. Itraconazole is also excreted into breast milk, so its use should be delayed
until breastfeeding is completed [23].

4.5 Clinical Studies

Itraconazole therapy (off-label) is reported to be safe and effective for the treatment
of pediatric onychomycosis [22, 37, 38]. Treatment studies on dermatophyte toenail
onychomycosis patients with diabetes mellitus revealed that both pulsed
itraconazole and continuous terbinafine worked effectively and are safe to use [39].
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5 Fluconazole

Fluconazole was discovered in 1981 by Ken Richardson and a group of scientists at
Pfizer Central Research in Sandwich, Kent, UK [40]. The chemical formula of
fluconazole is 2,4-difluoro-α,α1-bis(1H-1,2,4-triazol-1-ylmethyl) benzyl alcohol
[41]. It is prescribed as Diflucan tablets which have fluconazole as the active
compound. It has been approved in over 27 countries and used as an off-label
treatment for onychomycosis in the USA and Canada. Fluconazole was first
approved in UK in 1988 for the treatment of superficial mycoses in humans and in
Finland and China in 1993 for the treatment of onychomycosis [2].

5.1 Pharmacology

As a triazole, fluconazole targets the ergosterol pathway like any other azole by
inhibiting 14α-demethylase. Fluconazole is effective against dermatophytes, Can-
dida species, and NDMs [42, 43]. The data supporting its use are limited, especially
in the case of NDMs and superficial candidiasis in patients with AIDS or other
immunocompromised individuals [26].

5.2 Pharmacokinetics

The bioavailability of fluconazole exceeds 90%. Due to the high bioavailability, a
low concentration of fluconazole such as 50 mg is sufficient to be detected in nail
clippings on the second day of therapy. With the continuous treatment regimen of
150 mg weekly for 12 months, the peak concentration observed in the nail is
8.54 μg/g. It could be detected in the nail plate up to 6 months after the end of
treatment with the standard dose [2]. The half-life of fluconazole is much shorter
than other systemic antifungals and is reported to be 27–36 h in healthy individuals
[44, 45]. Thus, the fluconazole treatment period is longer compared to the other two
oral antifungal drugs. It does not bind to plasma proteins (11–12%), is hydrophilic,
and found evenly distributed throughout tissue fluids [2, 41].

5.3 Dosage

The dosing regimen of fluconazole ranges from 150 to 400 mg once a week for 6–9
months for fingernail and a longer duration of 9–18 months for toenail
onychomycosis. Longer duration of fluconazole treatment (more than 6 months) at
150 mg once weekly may result in higher cure rates for toenail and fingernail
dermatophyte onychomycosis compared to treatment periods of 6 months or less
[44]. It is proven to be mycologically and clinically effective in treating toenail distal
subungual onychomycosis caused by dermatophytes. Although it is superior to
topical treatments, fluconazole is not as effective as terbinafine and itraconazole
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against dermatophytes, with mycological cure rates of 47–62% and clinical cure
rates of 28–36% [42, 46, 47].

5.4 Adverse Effects and Drug Interactions

The absorption of fluconazole is not dependent on gastric pH, and it can cause
hepatic side effects like liver enzyme abnormalities (mild to moderate elevations in
5% and severe elevations in ~1%), liver injury and failure (up to 10%) [48–
51]. Immunocompromised patients or patients with AIDS are at greater risk of
developing hepatic diseases [49]. It has a favorable AE profile and regularly reported
effects include nausea, headache, abdominal pain, diarrhea, etc. Fluconazole inhibits
CYP2C9 and thus cannot be used with some medications. Additionally, it is a
category D pregnancy drug: unfavorable effects on human fetuses have been
reported [52]. The drug is also excreted into breast milk and should not be used
until after pregnancy and breastfeeding.

5.5 Clinical Studies

In a multicenter, double-blind, randomized, placebo-controlled study, patients
diagnosed with distal subungual dermatophyte onychomycosis were treated with
different fluconazole dosing regimens of 150, 300, or 450 mg weekly for a maximum
of 12 months. The mycological and clinical cures at the end of treatment were
reported to be 47–62% and 28–36% respectively [42]. Fluconazole 3–6 mg/kg dose
once a week for 12–16 weeks for fingernails and 18–26 weeks for toenails is the
recommended regimen (off-label) for treating onychomycosis in children [53].

6 Other Off-Label Oral Treatments

In addition to fluconazole, other off-label oral treatments include pulsed terbinafine
and booster therapy (with terbinafine or itraconazole). A pulsed regimen of 250 mg
terbinafine/day for 4 weeks and then 4 weeks off without any treatment (2 pulse
cycles) had comparable mycological and clinical cure rates to continuous daily
250 mg for 12 weeks regimen from a meta-analysis of published literature [54]. A
recent meta-analysis concluded that 250 mg continuous terbinafine regimen and
400 mg pulsed itraconazole regimen (1 pulse¼ 400 mg daily for 1 week and 3 weeks
off) were superior to fluconazole and topical agents such as ciclopirox 8% nail
lacquer, efinaconazole 10% topical solution, and tavaborole 5% solution [46].
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In a non-randomized, open study, terbinafine-pulsed regimen was proposed as an
alternative, economical treatment option for dermatophyte onychomycosis. The
standard terbinafine-pulsed regimen considered for the treatment of onychomycosis
was 500 mg/day for 1 week and 3 weeks off (2 or 3 pulses for fingernail and 3 or
4 pulses for toenail). This study compared the efficacy of the standard continuous
regimen (250 mg/day for 3 months), standard pulse regimen mentioned above, and
altered pulse regimen (500 mg/day for 1 week a month every 3 months). Total cure
was the primary outcome, which includes clear, uninfected nail and negative fungal
culture. The efficacy and AE profile of both the pulsed terbinafine regimens were
similar to the conventional continuous regimen. The longer duration of treatment
with pulsed regimen every 3 months might reduce the overall development of side
effects and be more economical for the patient compared to the continuous regimen.
However, this method might not be suitable for the elderly due to poor compliance,
discontinuation, or not following up for subsequent pulses [55].

Terbinafine and itraconazole are recommended antifungal agents for booster or
supplemental therapy [56]. The idea of booster therapy surfaced when cer-
tain conditions or patients were difficult to treat. This was found to be effective in
patients who had thick nail plate > 2 mm, slow-growing nails, > 75% nail plate
involvement, lateral involvement of onychomycosis, and immunosuppression.
Additional 4 weeks of 250 mg/day terbinafine or pulsed itraconazole 6–9 months
after initiation of the antifungal therapy is administered if there is < 50% improve-
ment from baseline, to improve cure rates and reduce the risk of recurrence [57, 58].

7 Topical Treatments

Although systemic antifungals are effective in treating onychomycosis and achiev-
ing higher cure rates, the focus is shifting towards topical drugs that have been
recently developed and approved for the treatment of onychomycosis. Physicians
and patients may prefer topical treatment methods over oral drugs due to the adverse
side effects associated with the prolonged use of systemic antifungals. The dosage
and duration of oral therapies seem to concern patients who want easier and more
pragmatic treatment methods. Several studies have shown the tolerability and
efficacy of topical drugs when used as monotherapy in treating onychomycosis.
Until recently, ciclopirox nail lacquer (8% solution) was the only FDA-approved
topical drug for treating mild to moderate toenail onychomycosis. Amorolfine 5%
nail lacquer is approved only in Europe and is not available in North America. Due to
poor nail penetration of existing drugs, difficulty in application due to the require-
ment of debridement of the nails at regular intervals (ciclopirox nail lacquer), and
low cure rates, there is a need for newer antifungal agents. Topical solutions tend to
be more effective than topical nail lacquers as they have multiple routes of entry such
as through the transungual (dorsal to ventral surface of nail plate into the nail bed and
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nail matrix) and the subungual space (hyponychium or damaged onychodermal band
and lateral nail folds). Lacquers require nail filing before application and have
limited penetrating abilities [59, 60]. Efinaconazole 10% solution and tavaborole
5% solution are twenty-first century topical drugs that were approved recently by the
FDA for toenail dermatophyte onychomycosis. They seem to have higher or equiv-
alent cure rates to ciclopirox nail lacquer.

8 Why Is It Hard to Treat a Nail Infection?

The two main important characteristics of topical treatment include the structure and
properties of drug molecules, and the vehicle in which it is formulated and delivered.
These, along with the site or route of administration, determine treatment success.
The nail is a unique organ with a set of physiochemical properties that affect the
efficacy of a topical drug. To understand the working mechanism of topical drugs,
please refer the nail anatomy which is explained in detail in a previous chapter.

The nail plate is made of keratin and consists of several layers of cornified cells
which are attached to the underlying nail bed. Affinity toward keratin determines the
bioavailability of the drug in the nail unit. Drug molecules that have low affinity
toward keratin are available in higher quantities in free form and have higher rate of
release from bound keratin, thus increasing the concentration of active compound of
the drug in the nail bed and nail matrix.

Molecular size of the drug and porosity of the nail are key factors that impact drug
penetration into the nail. Topical drugs need to be smaller in size than the nail pores
to easily pass through the nail. Nail porosity can be enhanced by hydration of the nail
plate which causes swelling and increased entry of the drugs into the nail plate. For
mild to moderate cases of distal and/or lateral subungual onychomycosis (DLSO)
and superficial white onychomycosis (SWO) topical therapy is recommended [61–
63].

9 Ciclopirox

Ciclopirox belongs to the class of drugs called hydroxypyridinones. The chemical
name is 6-cyclohexyl-1-hydroxy-4-methyl-2(1H)-pyridinone. Ciclopirox 8% nail
lacquer formulation was approved by the FDA in 1999 for fingernail and toenail
onychomycosis. It is marketed as Penlac which has ciclopirox as the active com-
pound. Currently, the patent is held by Medicis Pharmaceutical Corp [59]. The initial
patent for Ciclopirox nail lacquer (8% solution) was held by Karl Kramer and
Manfred Bohm (Germany).
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9.1 Pharmacology

Ciclopirox has a unique mechanism of action which does not affect the ergosterol
pathway; instead, it chelates multivalent metal agents such as Fe3+ and Al3+,
inhibiting metal-dependent enzymes from clearing peroxides from the fungal cells.
It also affects membrane transfer by interrupting sodium and potassium ion channels.
It may also affect nutrient uptake in fungal cells, thereby affecting macromolecule
synthesis. It has a broad spectrum of activity against dermatophytes, Candida
species, and NDMs. It also has antibacterial activity and anti-inflammatory
properties [4, 59, 64].

9.2 Pharmacokinetics

Ciclopirox nail lacquer (8% solution) penetrates the nail plate just after a single
topical application. The dorsal nail plate (superficial layer) has the highest concen-
tration, 7812 μg/g, and the subsequent lower layers accumulate slower than the top
layer (34 μg/g) [65]. The systemic exposure of ciclopirox observed throughout the
treatment period is 10–24.6 ng/mL [59].

9.3 Dosage

The treatment regimen consists of daily application for 48 weeks with regular
debridement of the affected nail. The mycological cure rates at the end of treatment
period (week 48) from two double-blind, placebo-controlled studies are 29% and
36%, almost complete cure rates (mycological cure and � 10% target nail involve-
ment) are 6.5% and 12%, and complete cure rates (mycological cure plus clear nail)
are 5.5% and 8.5% [59]. Ciclopirox nail lacquer forms a film on the nail plate after
initial application. The solvent evaporates, thus increasing the concentration of
ciclopirox from 8% up to 34.8%. This accumulation of ciclopirox exceeds the
MIC observed in vitro against fungal pathogens [59, 64, 65].

9.4 Adverse Effects and Drug Interactions

The adverse reactions observed in patients treated with ciclopirox are mild and
include erythema in the surrounding skin, burning, and tingling sensation upon
application. It has a favorable and localized AE profile, minimal concomitant
drug–drug interactions, and found to be safe [66].
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9.5 Clinical Studies

Ciclopirox nail lacquer (8% solution) has been recommended for the treatment of
onychomycosis caused by dermatophytes, NDMs, and yeasts [67]. It is used as an
adjunct along with an oral therapy or chemical avulsion method with urea or
bifonazole. It is an alternative for patients for whom oral therapy is not effective
[3, 5, 68–70]. Ciclopirox is approved for the treatment of onychomycosis in children
aged 12 years and older [59].

10 Amorolfine

Amorolfine belongs to the class of drugs called morpholines which was introduced
in the early 1980s. It was first approved in Europe for toenail dermatophyte
onychomycosis in 1991. The patent was assigned to Galderma UK Limited. It is
not available in North America for onychomycosis. The market name is Loceryl 5%
nail lacquer which has amorolfine hydrochloride as the active ingredient. Curanail
5% nail lacquer is a duplicate product of Loceryl nail lacquer, but is used to treat
mild onychomycosis. It was approved in UK on April 7, 2006 [60].

10.1 Pharmacology

Amorolfine is recommended for the treatment of onychomycosis without matrix or
lunula involvement and only when fewer than two nails are affected. It targets the
ergosterol pathway by inhibiting 14Δ reductase and 78Δ isomerase enzymes which
leads to alteration of membrane permeability and ultimately fungal cell death.
Amorolfine also affects chitin synthesis by inhibiting chitin synthase. Additionally,
it inhibits NADH oxidase and succinate cytochrome c reductase. It has a broad
spectrum of fungistatic and fungicidal activity against dermatophytes, yeasts, and
non-dermatophyte molds, but is not effective against Aspergillus and Fusarium
species [4].

10.2 Pharmacokinetics

Like ciclopirox, amorolfine concentration in the nail reaches an initial peak after a
single application of the lacquer. It can be detected in the nail for 2 weeks after
ceasing treatment. Systemic absorption is low and could not be detected in blood
[64]. There is no indication of drug accumulation in the body following prolonged
use [60].
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10.3 Dosage

The treatment regimen consists of once or twice weekly application for 6 months.
The mycological cure rate is 60%, and complete cure (mycological cure plus
complete cure or < 10% involvement of target nail) is 38% when applied daily for
6 months and followed up after 3 months [64]. Another multicenter, randomized
study investigated the efficacy of once-weekly application of amorolfine 5% lacquer
for 6 months. The mycological and complete cure rates at 9 months (mycological
cure plus clinical cure or < 10% target nail involvement) were 71% and 46%,
respectively [64]. Amorolfine lacquer forms a film on the nail plate which then
releases the active drug, which travels through the nail plate, accumulating at the site
of infection [60]. The concentration of the active drug on the surface of the nail plate
increases from 5% to 27% as the solvent evaporates [64].

10.4 Adverse Effects and Drug Interactions

Very mild adverse effects are observed with the application of amorolfine. These
include pain and burning sensation, nail discoloration, erythema, etc. No potential
drug–drug interactions have been observed with the use of amorolfine [71].

10.5 Clinical Studies

A systematic review and meta-analysis showed that amorolfine had higher efficacy
in treating onychomycosis when used in combination with other systemic antifungal
drugs as opposed to monotherapy [72]. A multicenter, randomized, open study with
three groups—amorolfine 5% lacquer once a week for 15 months with oral
terbinafine 250 mg daily for 6 weeks initially vs. amorolfine 5% lacquer once a
week for 15 months and 250 mg terbinafine daily for 12 weeks vs. control (250 mg
terbinafine daily for 12 weeks)—showed higher efficacy and cost-effectiveness of
combination therapy [73]. Several studies suggest that amorolfine 5% nail lacquer is
a suitable off-label topical therapy for pediatric onychomycosis [74]. It could be used
as a monotherapy to treat onychomycosis without matrix involvement and in
combination with oral antifungals to manage severe onychomycosis with nail matrix
involvement [64, 75].

11 Efinaconazole

Efinaconazole 10% is the first topical drug to be approved from the azole family of
drugs. It was approved by the FDA for toenail onychomycosis in 2014 and by Health
Canada in 2013 for mild to moderate onychomycosis. It is marketed under the name
Jublia and is assigned to Valeant Pharmaceuticals International Inc. (now Bausch
Health in North America). The chemical name of efinaconazole is (2R,3R)-2-
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(2,4-Difluorophenyl)-3-(4-methylene-1-piperidinyl)-1-(1H-1,2,4-triazol-1-yl)-2-
butanol [76].

11.1 Pharmacology

The mechanism of action of efinaconazole is similar to other azoles: it inhibits
lanosterol 14α-demethylase which affects the ergosterol pathway, which in turn
inhibits fungal cell membrane formation. It has broad-spectrum activity compared
to other topical drugs such as amorolfine and systemic drugs such as terbinafine.
Efinaconazole is effective against dermatophytes, and shows high activity against
Candida and NDMs. It is easy to use compared to the other topical lacquers since it
does not require regular debridement of the affected nails [76].

11.2 Pharmacokinetics

It is detected in blood at low levels compared to systemic drugs when administered
topically. It reaches a mean plasma concentration of 0.67 ng/mL after 28 days from
the start of therapy. H3 is the major metabolite of efinaconazole. Efinaconazole
reaches a half-life of 29.9 h in plasma after daily application in 10 toenails for 7 days
[76]. The plasma protein binding of efinaconazole is not clinically relevant due to its
low systemic exposure.

11.3 Dosage

The treatment regimen includes once daily topical application for 48 weeks on the
nail plate, lateral nail grooves, infected nail bed, and hyponychium using a brush
applicator. It could be detected in plasma 2 weeks after the end of treatment. The
mycological cure rates at week 52 (4 weeks follow-up after 48-week treatment
regimen) for two double-blind, randomized trials were 55.2% and 53.4%, almost
complete cure rates (mycological cure and � 5% target nail involvement) were
26.4% and 23.4%, and complete cure rates (mycological cure plus 0% clinical
involvement) were 17.8% and 15.2% [76].

The efficacy of efinaconazole is observed to be comparable to amorolfine but
higher than ciclopirox. This higher efficacy may be attributed to the higher drug
penetration into the nail to reach the nail bed. The main properties of efinaconazole
that aid in penetration are low surface tension, poor solubility in water, and low
keratin affinity. This allows the drug to penetrate and spread across in the nail bed
since it is administered transungually and subungually (under the distal free edge of
the nail) [77]. Efinaconazole has low affinity to keratin which allows the drug to be
available in free form at a higher concentration as opposed to other antifungal agents
whose activity is inhibited due to keratin binding. The severity of the infection and
the digits involved may not affect the efficacy of efinaconazole [68, 70, 78–80].
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11.4 Adverse Effects and Drug Interactions

Efinaconazole has a favorable AE profile. There might be mild events which include
ingrown toenail, redness, itching, stinging, burning, pain, etc. It is an FDA preg-
nancy category C drug and should be avoided during pregnancy and breastfeeding.
There are no known drug interactions when applied topically [76].

11.5 Clinical Studies

Efinaconazole 10% solution is reported to be effective in treating onychomycosis
patients with diabetes. It is well tolerated and safe to use [81].

A phase IV, multicenter, open-label study showed that efinaconazole 10% topical
solution could be used to treat mild to severe distal lateral subungual onychomycosis
affecting � 20% target nail in children. The safety, pharmacokinetics, and efficacy
of Jublia were studied in the enrolled children population (6–16 years of age). The
treatment regimen consisted of daily application for 48 weeks with a follow-up after
4 weeks. The efficacy achieved in treating pediatric onychomycosis was higher
compared to the adult population due to faster-growing nails and elimination of
infection, good response to treatment, etc. The mycological and complete cure rates
were higher at week 52 (65% and 40%, respectively). The systemic exposure was
observed to be low, and the drug was deemed safe to use for pediatric
onychomycosis [80]. Efinaconazole is approved by the FDA for the treatment of
onychomycosis in children aged 6 years and older [76].

12 Tavaborole

Tavaborole, also known as AN2960, is another novel twenty-first-century antifungal
drug that was approved for adult toenail dermatophyte onychomycosis by the FDA
in 2014. It belongs to a new class of drugs called oxaboroles. They are boron-
containing antifungal agents. The chemical name of tavaborole is 5-fluoro-1,3-
dihydro-1-hydroxy-2,1-benzoxaborole. It is marketed as Kerydin (tavaborole 5%)
invented by Stephen Baker and team, and is a trademark of Anacor Pharmaceuticals,
Inc. [82, 83].

12.1 Pharmacology

Tavaborole has a unique mechanism of action where it inhibits protein synthesis in
fungi by inhibiting aminoacyl-transfer ribonucleic acid (tRNA) synthetase.
Tavaborole has a broad spectrum of activity and is effective against dermatophytes
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(especially against Trichophyton rubrum and Trichophyton mentagrophytes), while
exhibiting low activity against yeasts and molds [3, 68, 84, 85].

12.2 Pharmacokinetics

The systemic exposure of tavaborole is low as it could not be detected in plasma
even after several days of dosing. It has higher antifungal activity compared to
ciclopirox since it can penetrate the nail plate and retain activity in the presence of
keratin. It is detected in the nail up to 3 months after the end of treatment in
concentrations higher than the MIC for dermatophytes [82, 84].

12.3 Dosage

The dosing regimen is similar to other topical drugs, once daily for 48 weeks. The
mycological cure rates at week 52 (4 weeks follow-up after a 48-week regimen) for
two multicenter, double-blind, vehicle-controlled studies were 31.1% and 35.9%,
almost complete cure rates (mycological cure and � 10% target nail involvement)
were 15.3% and 17.9%, and complete cure rates (mycological cure plus 0% clinical
involvement) were 6.5% and 9.1% [86]. The higher efficacy of tavaborole is due to
its high solubility in water, low molecular weight, and antifungal activity in the
presence of keratin. The alcohol-based solution spreads easily along the nail folds
and into the nail bed [82]. The mycological cure rates of the oral and topical
antifungal agents currently in use are depicted in Fig. 2 [9, 23, 41, 59, 64, 76, 82].

12.4 Adverse Effects and Drug Interactions

The adverse events associated with tavaborole application are mild and localized. It
has a favorable AE profile which is limited to erythema, exfoliation, dermatitis, etc.
It is an FDA pregnancy category C drug and should be avoided during pregnancy
and breastfeeding. Tavaborole has not been shown to have any potent drug–drug
interactions since it does not interact with cytochrome P450 enzymes in vitro.
Tavaborole is highly specific and has 1000-fold higher affinity to fungal tRNA
synthetase compared to its human counterpart [87].

12.5 Clinical Studies

A phase IV, open-label, single-arm study demonstrated the safety, pharmacokinet-
ics, and efficacy of tavaborole 5% in treating pediatric toenail onychomycosis. The
patient population had moderate to severe distal subungual onychomycosis (� 20%
target toenail involvement) and treated with 5% tavaborole topical solution once
daily for 48 weeks. The complete cure rate was 8.5% at week 52 and the almost
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complete cure rate (up to < 5% of affected nail plate and negative mycology) was
14.9%. It was well tolerated with mild adverse events [88]. Tavaborole is approved
by the FDA for the treatment of onychomycosis in children aged 6 years and
older [82].

The AE profiles of systemic and topical antifungal agents are summarized in
Tables 1 and 2, respectively [9, 16, 17, 23, 31, 41, 48, 59, 60, 76, 82, 89, 90].

Fig. 2 Comparison of mycological cure rate of systemic and topical antifungal agents currently in
use for the treatment of onychomycosis. *54.50% is the average of 47% in study 1; 62% in study
2. +32.50% is the average of 29% in study 1; 36% in study 2. ^54% is the average of 53.4% in study
1; 55.3% in study 2. ˨33.5% is the average of 31.1% in study 1; 35.9% in study 2

Table 1 The AE profile of systemic antifungal agents

Systemic
antifungal
agents Terbinafine Itraconazole Fluconazole

Gastrointestinal
tract problems

Nausea, abdominal
pain, diarrhea, etc.

Nausea, abdominal pain,
diarrhea, etc.

Nausea, abdominal
pain, vomiting,
diarrhea, etc.

Neurological
effects

Headache Headache, dizziness Headache

Others Loss of taste and
smell

Hypertriglyceridemia,
upper respiratory tract
infection

Rash

Hepatitis 1:50,000–1:120,000 1:500,000 0–31.6:10,000 (acute
liver failure)
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13 Device-Based and Other Physical Treatments

The use of physical modalities has been a topic of exploration in recent years as a
means of counteracting the poor penetration of topical antifungals, long treatment
durations, adverse events, and low-to-moderate efficacies of conventional therapies.
Medical devices are approved by the FDA due to similarity to predicate devices, but
are not required to show efficacy in phase III trials [91–93]. They include lasers,
photodynamic therapy (PDT) and iontophoresis. Devices can be used as
monotherapies or in combination with existing antifungal agents.

14 Laser Systems

Lasers employ different mechanisms, such as photochemical, photothermal, and
photomechanical, which may affect the human tissue in several ways. Dermal lasers
rely on selective photothermolysis to heat fungal mycelium, and the presence of
chitin in the fungal cells causes specific heat accumulation that results in fungicidal
effects [92, 94]. These lasers could be long-pulsed, short-pulsed, or Q-switched. As
of January 2012, five laser systems were approved by the FDA for “temporary
increase of clear nail.” All of them are neodymium-yttrium lasers of wavelength
1064 nm [95]. They are PinPointe FootLaser (PinPointe USA, Inc.; Chico, CA),
Cutera GenesisPlus Laser System (Cutera, Inc.; Brisbane, CA), CoolTouch VARIA
laser (CoolTouch, Inc.; Roseville, CA), JOULE ClearSense (Sciton, Inc.), and Light
Age Q-Clear laser (Light Age, Inc.; Somerset, NJ). These are the first device-based
treatments approved for onychomycosis. The first four approved laser systems are
short-pulsed (μs) and the fifth laser system is Q-switched (ns) [96].

The traditional, long-pulsed lasers produce 5–30 ms pulses with 0.7 ms thermal
relaxation time which heats the tissue, requiring constant cooling to avoid pain and
necrosis of the surrounding, uninfected tissue. The short-pulsed lasers produce
300–650 μs pulses which are shorter than the thermal relaxation time of the fungal
pathogen, which in turn allows heat to accumulate in the fungal cell wall and
ultimately kills the fungi while enabling better dissipation of heat in the surrounding
tissue [97]. Pulse duration and pulse repetition rate are two key factors that increase
the thermal load on fungal pathogens while preserving the surrounding normal
tissue. The duration between pulses should be long enough for the heat to dissipate

Table 2 The AE profile of topical antifungal agents

Topical
antifungal
agents Ciclopirox Amorolfine Efinaconazole Tavaborole

Localized
AE profile

Erythema,
ingrown toenail,
irritation, burning,
etc.

Nail injury,
pruritus,
erythema, contact
dermatitis

Contact
dermatitis, pain,
ingrown toenail,
etc.

Erythema,
contact
dermatitis,
exfoliation, etc.
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to the surrounding tissue but short enough for the heat to accumulate in the fungal
cell wall. The CoolTouch VARIA laser operates in the presence of a cryogen cooling
system to constantly cool the surrounding tissue which helps keep the patient
comfortable during treatment.

Lasers are approved by the FDA for improving cosmetic appearance by increas-
ing the amount of clear nail [92, 93, 97]. However, the effects of lasers as a
monotherapy for onychomycosis are inconsistently reported and cure rates tend to
be lower than those of oral and topical antifungals. Additionally, there is limited
evidence that they eradicate fungal pathogens because there is a lack of reporting in
the literature with few randomized controlled trials [98–100]. Two studies
(non-randomized, uncontrolled, retrospective trials) report an average mycological
cure rate of 11% (N ¼ 18) [101, 102]. Lasers may be better for addressing the
approved cosmetic indications rather than as a medical antifungal treatment since the
clinical improvement was found in only 36% of patients receiving laser therapy (five
studies, N ¼ 69) [101–106]. The treatment guidance provided by FDA for laser
systems is different from the guidance provided for other antifungal drugs. The
primary endpoint for laser treatment is aesthetic/cosmetic since the outcome is
limited to temporary clearance of the infected nail and not necessarily the organism
itself (mycological endpoint). The inclusion criteria and efficacy outcomes for lasers
differ from drugs, and onychomycosis endpoints like mycological, clinical, and
complete cure are rarely reported due to the lack of randomized controlled trials
[81–83]. This causes difficulties in making meaningful comparisons between drugs
and devices.

Fractional CO2 lasers fractionate the nail and laser energy is split into thousand
tiny beams to treat the infected fraction of the nail. It is often associated with another
physical therapy such as photodynamic therapy or with topical drugs to enhance
their penetration and efficacy. The number of sessions and passes per session
depends on the severity of onychomycosis and the number of digits involved.
Several studies have been performed to evaluate the safety and efficacy of fractional
CO2 lasers combined with a topical agent and it has been shown as a possible
alternative for systemic therapy [107–109]. For example, a complete cure rate of
50% has been reported in a study that used fractional carbon dioxide lasers in
conjunction with a topical antifungal cream [107]. An increase in efficacy has also
been observed in combinations like terbinafine coupled with Nd:YAG laser treat-
ment, but no specific combination has been approved by the FDA or Health
Canada [110].

15 Photodynamic Therapy (PDT)

Photodynamic therapy causes fungal apoptosis by irradiating specific wavelengths
of light upon the fungal cells that are pretreated with photosensitizers like
5-aminolevulinic acid (ALA), methyl aminolevulinate (MAL), and methylene blue
(MB) [97]. The excited photosensitizers produce highly reactive oxygen species that
lead to fungal apoptosis. It appears to be effective in treating patients, as negative
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culture and/or microscopy has been observed in 67% of patients involved in
photodynamic therapy studies in recent years (six studies, N¼ 58) [111–116]. How-
ever, many of these studies were open label, and with a limited number of subjects.

16 Iontophoresis

In preliminary studies of iontophoresis, it has been demonstrated that it can deliver
topical antifungal drugs to the site of infections using a small electrical current that is
applied to the biological membranes which then transports hydrophobic or charged
molecules to the site of infection [117]. For example, this allows for the release of
topical terbinafine cream at fungicidal concentrations to eradicate dermatophyte
strains [117]. In intact cadaver toe models, iontophoresis delivers higher
concentrations of terbinafine (7–13 folds higher) compared with passive
delivery [118].

17 Other Physical Alterations

Physical alterations aid antifungals to penetrate the nail, an otherwise difficult-to-
cross compact keratin structure, to the site of infection [119]. For example, nail
drilling produces passages through the nail. The portion of clear nail improves in
patients when nail drilling (horizontal lines 2 mm apart) is combined with oral and
topical formulations of terbinafine (250 mg and 1%, respectively) when compared to
topical terbinafine alone (P¼ 0.038) [119]. Precise laser poration can also be used to
create 100 μm diameter pores with minimal damage to surrounding tissues. The
complete poration of the nail increases drug permeation by 2–3 orders of magnitude
compared to untreated nails, ultimately increasing the efficacy of topical treatments
[120]. The nail can be either partially or completely removed through surgery or
chemical aid to allow for topical therapies to pass through to the infection
[26, 67]. Chemical nail removal requires urea or bifonazole, but infectious organisms
can remain if they are found beneath the nail fold [121]. Thus, topical agents are
applied after chemical avulsion or surgical removal to eliminate fungal pathogens
from the nail bed to prevent the newly growing nail from becoming infected. The
complete cure rates with these compounds are 20.8% and 27.7%, respectively [122–
124].

18 New Antifungal Agents and Treatment Strategies

It has been an era of healthcare innovation. Antifungal agents with higher efficacy,
favorable AE profile, and minimal drug–drug interactions have been approved
[79]. Given the armamentarium of treatment options for onychomycosis, cure rates
are not high combined with adverse effects. Treatment and management of
onychomycosis have been difficult for both patients and physicians. Antifungal
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agents and treatment strategies should be chosen in a way that they do not affect
routine activities, are effective, and are safe to use. However, the relapse and
reinfection rates are high (10–53%) and around 20–25% of people do not respond
to therapy and have poor prognosis [79]. There is a pressing demand for new
antifungal agents and therapies new formulations to enhance delivery and drug
release (penetration enhancers), novel molecular targets in the fungal pathogens,
and remodeling existing drugs.

19 Novel Oral Therapies and Formulations

19.1 Meltrex Technology

A novel formulation of 200 mg itraconazole tablet has been developed using Meltrex
technology (Hot melt extrusion technology). This technology is effective in design-
ing a “solid solution” which has the equivalent dosage of two 100 mg tablets. This
aids in sustained drug release and may improve the bioavailability of the active drug.
The technique uses heat and pressure to form a homogenous mixture of vehicle
polymer and the active drug. In a randomized, phase III study of one itraconazole
200 mg formulation tablet vs. two 100 mg tablets, it was shown that the itraconazole
200 mg novel formulation had similar efficacy in achieving mycological, clinical,
and complete cures as the 100 mg tablets. This novel formulation improved patient
compliance and overall outcome [125–127].

19.2 VT-1161

VT-1161 is a novel, oral antifungal belonging to the tetrazole group of drugs. It is
developed by Mycovia Pharmaceuticals for the treatment of recurrent vulvovaginal
candidiasis and onychomycosis. It is highly selective in inhibiting fungal cyto-
chrome P45051 or CYP51. A randomized, phase IIb trial to study the efficacy and
safety of VT-1161 (300 or 600 mg once a week for 10 or 22 weeks following a
loading period of 2 weeks with daily dosing of 300 or 600 mg) with placebo in
treating onychomycosis showed the mycological cure rate to be 61–72% in the
VT-1161 treatment groups vs. ~12% in the placebo group and complete cure
(mycological cure plus 0% target nail involvement) to be 32–40% in the VT-1161
treatment group vs. 0% in the placebo group at week 48 [68, 128, 129].

19.3 Ravuconazole and Derivative Drug Products

Ravuconazole is a triazole drug developed by Bristol-Myers Squibb as an oral
formulation. It is structurally similar to fluconazole. The mechanism of action is
similar to other azoles in inhibiting 14α-demethylase which affects the ergosterol
pathway. The drug is in phase II study. A regimen of ravuconazole 200 mg/day for
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12 weeks was proposed as a potential, favorable treatment option for onychomycosis
in a randomized, double-blind phase I/II study by Gupta et al. [130].

Several prodrugs and drug products of ravuconazole are in advanced stages of
clinical trials for the treatment of onychomycosis. Fosravuconazole L-lysine
ethanolate (F-RVCZ) is a novel triazole antifungal drug which was approved in
Japan in 2018 for the treatment of onychomycosis. It is a prodrug of ravuconazole. It
is marketed under the name Nailin by Sato Pharmaceutical Co, Ltd., Tokyo, Japan
[131]. A randomized, multicenter, double-blind, phase III trial in Japan showed
higher efficacy of fosravuconazole (100 mg daily for 12 weeks) with complete cure
of 59.4% and mycological cure of 82% compared to placebo at week 48. This drug is
yet to be approved in the USA for the treatment of onychomycosis [132].

19.4 Other Oral Drugs in Development

Posaconazole is approved by the FDA for invasive Candida and Aspergillus
infections. It is an oral antifungal in development for the treatment of
onychomycosis. A phase IIb multicenter trial assessed the safety and efficacy of
four different dosage regimens of posaconazole for adult toenail onychomycosis. At
week 48, all four groups had higher complete cure rates (79% mycological cure and
46% clinical cure for 400 mg/day for 24 weeks dosage regimen) compared to
placebo. It was well tolerated with mild adverse effects [133]. A similar phase II,
randomized, double-blind, dose-ranging study (100–400 mg/week for 24 or
26 weeks vs. placebo) with albaconazole (novel triazole) showed that it was effective
in treating distal subungual onychomycosis with a dose-dependent mycological cure
of 34–71% and complete cure (mycological cure plus 100% clear nail) of 12–33% at
week 52 [134].

20 Novel Topical Formulations

20.1 HPCH Technology

P-3051 is a new ciclopirox 8% nail hydrolacquer which has been developed based
on hydroxyl-propyl chitosan (HPCH) technology in Europe. The HPCH technology
was developed by Polichem SA (Lugano, Switzerland). The active compound
remains the same in this new formulation (ciclopirox 8%). The P-3051 drug is a
water-soluble, film-forming biopolymer, unlike commercial ciclopirox nail lacquer
which forms a water-insoluble lacquer on a vinyl resin. In a multicenter, randomized,
placebo-controlled trial in Europe, the novel P-3051 drug was studied for its efficacy
and safety. This study compared the new hydrolacquer with the existing commercial
ciclopirox 8% nail lacquer (Penlac) for a treatment period of 48 weeks (daily
application), followed by a washout period of 4 weeks, and then a follow-up period
of 8 weeks. The complete cure (primary endpoint) was 5.7% at week 52 for the
P-3051 group vs. 3.2% in the Penlac group. This increased to 12.7% after follow-up
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in the P-3051 group vs. 5.8% in the Penlac group. Thus, the P-3051 drug appears to
be more effective in treating onychomycosis compared to the commercial ciclopirox
8% nail lacquer Penlac [68, 135].

In vitro drug permeation experiments with HPCH lacquers showed strong affinity
to keratin membrane, resulting in efficient active drug release from the biopolymer
[136]. In another randomized, evaluator-blinded clinical trial, high mycological and
complete cure rates (100% vs. 81.7% respectively) were observed at week 48 with P-
3051 compared to amorolfine nail lacquer (35% vs. 11.7% respectively) [68].

Similarly, P-3058 is a topical formulation of terbinafine hydrochloride 10%
solution using HPCH technology by Polichem S.A. A multicenter, randomized
phase III trial assessed the safety and efficacy of P-3058 in the treatment of mild
to moderate distal lateral subungual onychomycosis of toenail when administered
once weekly for 48 weeks with a follow-up period of 12 weeks with results yet to be
released [137].

20.2 Penetration Enhancers

The WO2019088005A1 patent describes a recent, novel chemical penetration
enhancer which has an antifungal drug such as luliconazole or efinaconazole along
with a chemical such as ethyl acetate which enhances the drug penetration and drug
delivery by hydrating the nail or breaking keratin bonds. Similarly, CN109303815A
patent is a novel plant-based formulation developed in 2018 against onychomycosis
which has plant extracts such as turpentine, petrolatum, azone, salicylic acid among
other compounds [138].

20.3 ME1111

ME1111 is a novel topical formulation that is being developed for the treatment of
onychomycosis. The chemical formula of ME1111 is 2-(3, 5-dimethyl-1H-pyrazol-
1-yl)-5-methylphenol. It was discovered by Meiji Seika Pharma Co, Ltd., Tokyo,
Japan. It has a small molecular weight of 202.25 Da and has been seen to more
effectively penetrate the nail plate than ciclopirox. It has a unique mechanism of
action by inhibiting the succinate dehydrogenase enzyme of the electron transport
chain which in turn has an effect on ATP production [68, 139].

20.4 Topical Terbinafine Formulations

A randomized, multicenter, phase III trial in North America with MOB-015, a
topical formulation of terbinafine 10% solution by Moberg Pharma, has met their
primary endpoint of complete cure (negative fungal culture and clear nail) of 4.5% at
week 52 and secondary endpoint of mycological cure (absence of fungal pathogen)
70%, which is higher than that achieved with existing topical antifungals, in
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December 2019. There are no safety issues or severe adverse events observed
[140, 141].

TDT-067 is another novel, carrier-based formulation of terbinafine in a
transfersome at 15 mg/mL. This transfersome vehicle was developed by Targeted
Delivery Technologies Ltd. It is a vesicle made up of lipid aggregates which activate
the hydrophilic pathway in the nail, which in turn ensure high levels of drug
penetration into the target site. TDT-067 is a liquid spray which is used on the nail
and surrounding skin. Clinical trials are ongoing which will shed light on the efficacy
and safety of TDT-067 in the treatment of onychomycosis [98, 142].

20.5 Polyurethane (PU) Polymer

A novel formulation of excipients combining two topical antifungal drugs
terbinafine and ciclopirox in a 10% polyurethane (PU) polymer was reported to be
superior in drug release, permeation, and antifungal activity in vitro [68].

20.6 Nitric Oxide in Treating Onychomycosis

Nitric oxide (NO), a free radical present in plants and animals is proven to exercise
fungistatic activity through different mechanisms, including upregulation of
macrophages, DNA damage, and enzyme inactivation. Antifungal resistance against
NO has not been reported to date, making it a potential treatment option for
onychomycosis. A unique formulation of nitric oxide, NO nanoparticles, was tested
in animal models with T. mentagrophytes dermatophytosis where it showed high
mycological and clinical cure rates. It was also found to be effective against Candida
spp. and NDM infections. Hydrogel-based NO nanoparticles were synthesized and
combined with a topical antifungal agent such as efinaconazole 10% solution to
study their synergy and ability to overcome the limitation of poor penetration of
topical agents. The NO nanoparticles aid in tissue penetration of efinaconazole due
to its small size and achieve sustained release of NO which improves the antifungal
properties [143]. The released NO reacts with thiol groups (–SH) in the keratin fibers
to form nitrosothiols (–SNO) which exert antifungal properties against T. rubrum
and T. mentagrophytes. Similarly, acidified nitrite cream for 16 weeks is a potential
topical treatment shown to be effective in treating Tinea pedis [144, 145]. A recent
study by Zhao et al. [146] has shed light on the role of endogenous NO in fungal
physiological and metabolic pathways, including growth, germination, infection,
resistance, etc., in molds. The authors have proposed a possible treatment method by
targeting the NO production in these molds [146]. It remains unclear due to the
conflicting studies in literature. Further research is recommended to understand the
role of endogenous NO in fungal cells and the potential of NO as a topical treatment
for onychomycosis.
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21 Novel Physical Treatment Methods

21.1 Non-thermal Plasma

A small pilot clinical study showed that non-thermal plasma could be used to treat
toenail onychomycosis. Non-thermal plasma was created by using dielectric
insulators where atmospheric molecules were ionized and converted into ions,
electrons, ozone, hydroxyl radicals, and nitric oxide. Mycological cure was achieved
in 15.4% of the treated patients. A previous in vitro study with cold atmospheric
plasma treatment inhibited the growth of T. rubrum. Further research and large-scale
clinical studies are required to assess the long-term safety and efficacy of this
treatment method [147].

21.2 Laser Poration

Laser poration uses a femtosecond-pulsed laser to irradiate a highly focused, high-
energy beam guided by hollow-core photonic crystal fibers. This high-energy beam
creates pores of 100 μm in diameter in the nail plate which then enhances the
permeation of topical treatments. Another study combined laser poration with
nanocapsule formulation of tioconazole for the treatment of onychomycosis. These
nanocapsules hold the active drug in a stable concentration and aids in sustained
drug release [68, 148].

22 Management of Onychomycosis and Preventative
Measures

22.1 FDA Guidelines for the Treatment of Onychomycosis
with Oral and Topical Antifungals

The FDA defines the treatment of onychomycosis as reduction or elimination of the
fungal organism and growth of full clear fingernail after 6 months and toenail after
12 months after the start of treatment [91]. The elimination of the fungal pathogen is
known as mycological cure which is determined by a negative microscopic stain and
a negative fungal culture. The growth of a normal, healthy nail is known as clinical
cure. Complete cure is defined as mycological cure plus 0% target nail involvement
or 100% clear nail [91]. Mycological cure is seen as the primary outcome of most
treatment methods. The observed mycological, almost complete cure/effective treat-
ment, and complete cure rates of oral and topical antifungal drugs approved by the
FDA for the treatment of onychomycosis are listed in Table 3 [9, 23, 59, 76, 82].
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22.2 What Factors Affect Cure?

There are several factors that affect cure including age, severity, and duration of the
infection, treatment method, environmental factors such as antifungal resistance,
biofilms, etc. There is limited evidence that the HLA-DR8 allele (MHC) found in
patients with onychomycosis might cause poor response to therapy or lead to
prolonged duration of the infection. Special populations such as the elderly and
children, and patients with comorbidities such as diabetes mellitus, vascular disease,
and immunocompromised individuals (e.g., AIDS, hepatitis) are less likely to
achieve complete cure.

22.3 Relapse and Reinfection

Relapse and reinfection are observed in 10–53% of patients with onychomycosis
[149, 150]. Relapse is the recurrence of the same infection due to incomplete cure or
poor response to therapy while reinfection is acquiring a new infection after com-
plete cure or successful treatment with therapy. There are multiple factors that
contribute to relapse or reinfection. Clinically normal nail is difficult to restore
even if the infecting organism is eradicated in severe, dystrophic onychomycosis
due to the extensive damage to the nail bed and matrix. Other factors include
comorbidity, predisposition, belonging to a special population (i.e., elderly, diabetic,
AIDS, etc.), severity of the infection, family history, occupation, and poor personal
hygiene [3, 68, 151–154].

In addition, the nail exhibits some immune privilege: there is no protective
adaptive immune response generated by the body against onychomycosis. Thus,
reinfection and recurrence occur even with the help of therapeutic agents
[155]. Relapse has been found more frequently in patients treated with itraconazole
compared to those treated with terbinafine, and relapses generally occur within

Table 3 Treatment success with FDA-approved antifungal agents for toenail dermatophyte
onychomycosis

Antifungal drugs for toenail
dermatophyte onychomycosis

Mycological
cure (%)

Almost complete cure/
Effective treatment (%)

Complete
cure (%)

Systemic drugs

Terbinafine 70 59 38

Itraconazole 54 35 14

Topical drugs

Ciclopirox 29–36 6.5–12 5.5–8.5

Efinaconazole 53.4–55.3 31–46 15.2–18.8

Tavaborole 31.1–35.9 26.1–27.5 6.5–9.1

Mycological cure—negative KOH and negative fungal culture
Complete cure—0% clinical involvement or clear nail plus negative mycological cure
Almost complete cure/effective treatment—� 5–10% target nail involvement or > 5 mm new
unaffected nail growth plus negative mycological cure
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2.5 years of cure [156–159]. On the other hand, there is very little information
available about relapse rates in topical treatment use [160]. It is becoming increas-
ingly difficult to distinguish between relapse and reinfection due to coexisting Tinea
pedis infection in 59% of the cases, creating a reservoir of fungal pathogens
surrounding the nail [161].

22.4 Antifungal Resistance

One of the emerging problems with the treatment of onychomycosis is antifungal
resistance. Fungal pathogens develop resistance due to the increased use of broad-
spectrum antifungal drugs. There are several reports across the globe of developing
dermatophyte resistance to the most commonly used antifungal agent terbinafine.
Missense mutations in the squalene epoxidase gene have been found in T. rubrum
and T. mentagrophytes in Switzerland and India. Due to increasing immigration and
travel, terbinafine resistance is spreading globally. As a result, these pathogens show
resistance to terbinafine, requiring increased dosage due to an increase in the MIC
[149, 162]. This is referred to as clinical resistance where higher-than-safe dosage is
required to inhibit the pathogen [163]. To combat this resistance, in vitro suscepti-
bility testing is recommended to identify the antifungal agents that are not effective,
i.e., resistant. Increasing azole resistance is observed in Candida species which
overexpress and upregulate MDR genes coding for efflux pumps that expel azoles
out of the cells [149, 162]. Candida dubliniensis shows in vitro resistance to
fluconazole by multiple mechanisms which include exoenzyme production and
phenotype switching [164]. Fusarium species show antifungal resistance to a variety
of agents, highlighting the difficulty in treating non-dermatophyte mold
onychomycosis [165].

22.5 Biofilms

Increasing research shows the potential of fungi to form biofilms which might be
another major reason for widespread antifungal resistance. Fungi are conventionally
thought to be planktonic, free-floating species in the environment. Recent findings
suggest otherwise: fungi are capable of forming biofilms and adapting themselves to
their environment. Fungal biofilms offer various advantages such as virulence
factors (adherence, filamentation, hydrophobicity, etc.) against the host immune
system, community-based differential gene expression, and increased resistance to
antifungal agents through the secretion of extracellular matrix (ECM). This ECM
provides structural protection to biofilms and prevents any external physical disrup-
tion while reducing penetration of the antifungal drugs to the site of infection. There
are several dermatological conditions such as acne, atopic dermatitis, etc., that have
associated fungal biofilms growing on epithelial surfaces.

An in vitro experiment showed that T. rubrum and T. mentagrophytes formed
biofilms 72 h after inoculation. The previously mentioned in vitro susceptibility
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testing should be done against fungal biofilms and not on free, suspended cells to
devise efficient treatment strategies. Multiple targets have been identified to disrupt
and disintegrate biofilms including glycoproteins on the cell surface which aid in
ECM synthesis and attachment. Antifungals such as amphotericin B and
echinocandins seem to be effective against biofilms. Agents targeting biofilms
should be considered in the treatment regimen of onychomycosis to yield better
success [166–168]. An in vitro study showed the efficacy of Nd:YAG laser in
eradicating Candida albicans and Fusarium oxysporum biofilms grown on healthy
human nail fragments [149, 169]. Additionally, mechanical disruption of the nail
may be considered through lasers, drilling, or other devices to physically disrupt
biofilms [167, 170, 171].

22.6 Mixed Infections

Increasing prevalence of non-dermatophyte mold (NDM) onychomycosis globally
has created new research questions addressing the existing diagnostic methods,
treatment options, and management of onychomycosis. Clinical studies demonstrate
the possibility of NDMs as the reason for treatment failure and recurrence. Accurate
diagnosis and identification of the causative organism are important in determining
the treatment method and duration as it can have a direct impact on cure. Mixed
infections with an NDM and a co-infecting dermatophyte such as T. rubrum may
be difficult to treat with the existing oral or topical monotherapy because of their
complex clinical presentation and requirement of longer treatment duration [172].

22.7 Preventative Measures

In order to prevent recurrence, patients should be examined for the presence of Tinea
pedis and treated along with onychomycosis [1, 79, 173]. Topical terbinafine and
naftifine hydrochloride may be used for treating Tinea pedis as both agents can be
found in the stratum corneum several weeks after treatment [152]. Topical azoles,
ciclopirox cream, and other effective topical agents are also considerations. Treat-
ment of Tinea pedis will not only decrease the fungal reservoir in the skin, but
improve the efficacy of topical onychomycosis treatments when co-administered
[155]. When using an oral antifungal agent it is not necessary to use a topical
antifungal agent, but combination therapy can improve treatment outcomes for
difficult-to-treat cases. Patients are advised to employ a number of strategies to
reduce the chances of relapse or recurrence. Many are effective for those at higher
risk of developing onychomycosis, such as elderly people, diabetic patients,
HIV-positive, and dialysis patients. For example, wearing appropriate footwear in
public showers and at pools, keeping feet cool and dry, trimming toenails regularly,
maintaining proper nail hygiene, proper sanitization of socks at high temperatures
(>60 �C), and using ozone gas or UV light to sanitize shoes [149, 161, 174].
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22.8 Combination Therapy

Studies with combination therapy are being increasingly reported [161, 162]. The
mycological cure rate increased to 88.2% when oral terbinafine was used in combi-
nation with topical 8% ciclopirox nail lacquer compared to 64.7% when just oral
terbinafine was used [175]. Amorolfine 5% nail lacquer in combination with contin-
uous itraconazole (200 mg once daily for 6 weeks) was studied in a randomized
clinical study in Spain and was found to be safe and efficient in treating patients with
severe onychomycosis [176]. Fractional CO2 lasers seem to enhance the absorption
of topical drugs: a laser session every 2 weeks combined with 1% terbinafine cream
was observed to be safe and efficient for the treatment of onychomycosis [108]. Phys-
ical, chemical, or mechanical treatment methods are often combined with topical
drugs to enhance its absorption by the nail plate and improve its efficacy [177].

22.9 Prophylaxis

Using prophylactic treatment can also help prevent or delay recurrence. For exam-
ple, efinaconazole can be applied twice weekly post-treatment for 3 or more years
[1, 152, 178]. This medication remains in the nail for a long time and provides
effective antifungal activity for 2 weeks post-application [152, 179]. Tavaborole can
be used similarly as it is retained in the nail for 14 days post-application
[180]. Amorolfine nail lacquer is another antifungal agent for prophylactic treatment.
Several studies demonstrate the prophylactic effect of amorolfine in the management
of onychomycosis. Amorolfine when used in half the frequency of its usual regimen
after successfully treating a dermatophyte onychomycosis with an oral therapy
seems effective in achieving complete cure and prevents recurrence [75].

23 Conclusion

Onychomycosis is a chronic infection which is difficult to treat due to its multifacto-
rial nature. The current global scenario of onychomycosis persuades us to rethink the
existing conventional diagnostic methods and reform treatment strategies. Accurate
confirmatory diagnosis is necessary to identify the right etiological agent and to
initiate treatment. Novel permeation enhancers, new therapeutic agents, combina-
tional therapy, prophylaxis post-treatment, addition of agents targeting fungal
biofilms, disinfection of fungal reservoirs, patient education and lifestyle
modifications, are some of the considerations for effective management of
onychomycosis.
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Abstract

Dermatophytosis is an important health concern with an increasing negative
impact due to unsuccessful therapeutic approaches. Natural products have
emerged as promising alternative/complementary agents, due to long traditional
uses and increasing scientific recognition. Current knowledge on the
antidermatophytic activity of natural products, mainly plant extracts with an up-
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to-date status on their activity, mechanism of action, developed pharmaceutical
formulations, and effectiveness in animal models of infection and patients with
dermatophytosis is presented. Although the information available on this matter
points out an undeniable potential of these compounds, their usage by the
pharmaceutical industry and medical community remains a challenge.

Keywords

Dermatophytosis therapy · Dermatophytes · Natural products · Non-volatile
natural extracts · Volatile natural extracts

1 Introduction

Dermatophytosis is a serious public health concern that affects ca. 20–25% of the
world population [1] and has relevant implications in the healthcare costs, especially
in poor developing countries, where mycoses appear endemically [2]. These
infections are generally non-invasive, but in immunocompromised patients they
may progress to life-threatening disseminated infections. Moreover, pediatric and
geriatric populations seem to be more susceptible and an increased number of
infections has been observed in recent years [3, 4].

Although conventional antifungals are available, including azoles, allylamines,
and morpholine derivatives, several side effects contribute to therapy failure.
Beyond that, dermatophytosis is often refractory to therapy, with frequent relapses
and resistance [5], thus stressing out the need of new effective therapeutic strategies.

Natural products have traditionally been used during centuries for their antifungal
properties, including antidermatophytic effects [6] with several studies pointing out
the huge potential of plant extracts and their isolated compounds, as stated in
different reviews [7, 8]. Over the years, several methodologies including in vitro
and in vivo approaches have been developed to evaluate and/or validate the
antidermatophytic activity of these extracts/compounds. In addition, several cyto-
toxicity tests have also been used to assess their safety profile and different pharma-
ceutical formulations developed to improve local applications. Nevertheless, clinical
trials are still lacking, thus hampering the use of these natural products by the
pharmaceutical industries.

Despite the documented effectiveness of natural products, several limitations
continue to discourage their use in the clinic. One of the main limitations is the
difficulty to ensure the access and adequate supply of these products by the pharma-
ceutical industry [9]. Indeed, natural products are generally complex and difficult to
synthesize, being found in low quantities in natural sources and with frequent
chemical variations, that can compromise their bioactivity [10].

The present manuscript provides an updated review on the current knowledge
on the use of natural products for treatment of dermatophytosis, with a major focus
on plant extracts and their main compounds. First, a brief summary on
dermatophytes and dermatophytosis is provided followed by a systematized revision
on the antidermatophytic effect of both non-volatile and volatile extracts and isolated
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metabolites with reference to putative mechanisms of action. A final section
addresses in vivo validations in animal models of infection and patients diagnosed
with dermatophytosis as well as pharmaceutical formulations that have been devel-
oped over the years.

2 Dermatophytes and Dermatophytosis

Dermatophytes are classified according to their main habitat or host as geophilic
(found in decomposing keratinized structures), zoophilic (present in animals), or
anthropophilic (occurring in humans) [11]. These aerobic fungi invade and infect
keratinized layers of the skin, hair, and nails, thus causing dermatophytosis [12].

These infections may vary from mild to very intense, depending on several
factors such as site of infection, virulence of the infecting strain, host reaction to
the metabolic products produced by the fungi, as well as environmental factors
[13, 14]. Dermatophytosis, also called ringworm infection, is caused by fungi from
the genera Trichophyton, Microsporum, Nannizzia, and Epidermophyton. The main
symptoms of these infections include skin scaling, gray loops in the skin, hair loss
and loosening, and nail deformities [15].

Diagnosis of dermatophytosis is quite difficult, with some infections presenting
symptoms similar to other clinical conditions [16]. For an accurate diagnosis,
mycological analyses, biochemical, and physiological tests and/or molecular
approaches may be required [17]. Currently available treatments include both oral
and topical formulations, the most common being antifungal azoles (e.g., clotrima-
zole, miconazole, econazole, oxiconazole, tioconazole) and allylamines (e.g.,
terbinafine and naftifine). Topical formulations tend to cause mild skin reactions at
the site of application [18] and oral antifungals are responsible for major side effects
including hepatotoxicity, neurotoxicity, nephrotoxicity, hematological reactions,
and rare skin problems like Stevens–Johnson syndrome [19]. In addition, drug
interactions have been reported, which may compromise antifungals effectiveness
[20]. Essentially, dermatophytosis remains challenging to eradicate due to frequent
recurrence, antifungal resistance, long treatment required, and side effects of most
antifungal drugs. To increase efficacy, some approaches combine oral and topical
formulations or antifungals with different mechanisms of action. More recently, the
combination of conventional antifungals with natural products, such as essential oils,
has also shown promising results [21].

3 Natural Products with Antidermatophytic Activity

Plants represent a huge source of bioactive molecules due to their almost limitless
ability to synthesize compounds of different functional groups, including phenolic
compounds, alkaloids, and terpenoids. Indeed, plants and their extracts have long
been used in developing countries to treat several disorders and, in industrialized
healthcare systems, have become increasingly recognized mainly as complementary
and/or alternative medicines [22]. The huge potential of plant extracts is undeniable,

Are Natural Products an Alternative Therapy for Dermatophytosis? 475



with several scientific studies validating many of the traditional uses ascribed to
them. Nevertheless, it is difficult to attribute the biological effect to a single
compound or compound class, since the final biological activity is frequently the
result of synergisms and/or antagonisms between the different compounds that make
up the extract [23]. Despite this, current research on medicinal plants still under-
appreciates the value of complex mixtures in comparison to single isolated
constituents [24].

Regarding fungal infections, and in particular dermatophytosis, natural products
have emerged as promising therapeutic candidates. The majority of these studies
focused on plant extracts but, more recently, marine organisms have also emerged as
good candidates for the development of new and innovative drugs [25]. Overall,
these extracts can inhibit the growth of pathogens and some have fungicidal effects.
A considerable number of studies have assessed the antidermatophytic activity of
plant extracts with only some studies exploring more in-depth the potential of active
isolated compounds [22]. For this purpose, several in vitro susceptibility tests have
been applied, the most common being the agar-based disk diffusion assay, the broth
dilution method, and the vapor phase test [26]. Antifungal susceptibility testing of
dermatophytes is not easy to perform due to their slow growth rates and different
phenotypic presentations, depending on the strain and testing conditions. It is also
difficult to compare the results obtained by different research groups, since the
minimal inhibitory and minimal fungicidal concentrations (MIC and MFC) can
vary according to the selected test and the culture conditions [27]. Moreover,
different approaches have also been used to disclose possible mechanisms of action,
namely addressing molecular targets of conventional antifungals. These include
enzymes and other molecules involved in fungal cell wall synthesis, cell membrane
synthesis, DNA synthesis, and mitosis [28]. Finally, in vivo models have been
developed to validate these effects. In the following section, the antidermatophytic
potential of natural extracts, mainly plant extracts, separated into non-volatile and
volatile extracts, and some isolated compounds is presented. In addition, putative
mechanisms of action underlying some of the reported effects are also mentioned.

4 Non-volatile Natural Extracts and Compounds

Antifungal screening assays are very common with associated phytochemical anal-
ysis that point out possible active compounds. Recently, a review highlighted the
most effective medicinal plants for dermatophytosis in traditional medicine as
Azadirachta indica, Capparis spinosa, Anagallis arvensis, Juglans regia, Inula
viscosa, Phagnalon rupestre, Plumbago europaea, Ruscus aculeatus, Ruta
chalepensis, Salvia fruticosa, Artemisia judaica, Ballota undulate, Cleome
amblyocarpa, Peganum harmala, Teucrium polium, Aegle marmelos, Artemisia
sieberi, Cuminum cyminum, Foeniculum vulgare, Heracleum persicum, Mentha
spicata, Nigella sativa, and Rosmarinus officinalis. In some of these plants, the
presence of phenolic compounds, including flavonoids, tannins, and anthocyanins,
was associated with their antifungal effect [29]. Several studies tend to access the
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antifungal effect of non-volatile extracts. Regarding dermatophytes, the alcoholic,
hydro-alcoholic, chloroform, and hexane extracts are, in general, more active than
the aqueous ones [7, 30]. For example, Svetaz et al. [31] screened 327 extracts,
obtained from plants from different Latin American countries and used in traditional
medicine, against the dermatophytes Trichophyton rubrum, Trichophyton
mentagrophytes, Epidermophyton floccosum, and Nannizzia gypsea (formerly
Microsporum gypseum) and showed that 40% of the ethanolic extracts were active
against the tested fungi. Furthermore, the methanol, ethyl acetate, and acetone
extracts of the marine sponge Sigmadocia carnosa were tested against the same
species and the methanol extract, characterized by the presence of terpenoids,
steroids, alkaloids, saponins, and glycosides, was the most active [32]. More
recently, 48 extracts, including hexane, chloroform, ethyl acetate, ethanol, methanol,
and water extracts, obtained from plants and algae, were assessed against T. rubrum,
Trichophyton interdigitale, and Trichophyton tonsurans. Overall, the plant extracts
exhibited stronger antidermatophytic activity than the algae ones. The ethanol and
methanol extracts from the leaves of Rhapis excelsa, and the methanol extracts from
the leaves of Syzygium myrtifolium were highly active. It is important to underline
that in the latter the water extracts were also very effective [33].

Regarding isolated compounds, phenolic derivatives, alkaloids, and saponins are
the most promising antidermatophytic agents. Therefore, a more detailed review on
extracts with high contents of these compounds as well as active isolated compounds
is discussed below and presented in Table 1. For a better understanding, Table 1 only
includes studies that test the antidermatophytic effects of a maximum of three
compounds, with reference to the plant source, dermatophyte species/strains tested,
and antifungal activity, by indicating the respective MIC values, when available.
More exhaustive studies, evaluating more than three compounds, are discussed in
the manuscript, with most attention being given to studies or reviews performed in
the last years. In addition, chemical structures of bioactive compounds, one from
each chemical class of phenolic derivatives, as well as an example of an alkaloid and
a saponin, are schematized in Fig. 1.

4.1 Phenolic Compounds

Phenolic compounds are a large class of plant secondary metabolites, characterized
by the presence of, at least, one hydroxyl group associated with an aromatic ring.
These secondary metabolites are the most abundant in plants, where they normally
occur as esters or glycosides [61]. In plants, these compounds can act as
antioxidants, structural polymers, attractants, UV screens, signal compounds, and
in the defense response. Two basic biosynthetic pathways are generally involved: the
shikimic acid pathway, responsible for the synthesis of the majority of polyphenols
in plants, and the malonic acid pathway, with great importance in fungi and bacteria
[61]. These compounds range from simple structures with one aromatic ring to
highly complex polymeric compounds such as lignins and tannins. Several
classifications have been proposed for the division of phenolic compounds, those
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n)

B
ac
ch
ar
is
da

rw
in
ii

(p
et
ro
le
um

et
he
r

ex
tr
ac
t)

N
.g

yp
se
a,

T
.r
ub

ru
m
an
d

T
.m

en
ta
gr
op

hy
te
s
(1
5.
6
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[3
4]

S
co
po

le
tin

L
oe
se
lia

m
ex
ic
an

a
(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(1
2.
5
μg

/m
L
)

M
od

ifi
ed

ag
ar

di
lu
tio

n
[3
5]

U
lo
pt
er
ol

Sk
im
m
ia

la
ur
eo
la

(e
th
an
ol
ic
ex
tr
ac
t)

M
.c
an

is
(2
00

μg
/m

L
)

A
ga
r
di
lu
tio

n
[3
6]

U
m
be
lli
fe
ro
ne

L
oe
se
lia

m
ex
ic
an

a
(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(2
5
μg

/m
L
)

M
od

ifi
ed

ag
ar

di
lu
tio

n
[3
5]

Q
ui
no

ne
s

D
am

na
ca
nt
ha
l

Sa
pr
os
m
a
fr
ag

ra
ns

(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
(1
.5
6
μg

/m
L
)

n.
i.

[3
7]

3,
4-
D
ih
yd

ro
xy

-1
-m

et
ho

xy
an
th
ra
qu

in
on

e-
2-

ca
rb
ox

al
de
hy

de

Sa
pr
os
m
a
fr
ag

ra
ns

(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
(1
2.
5
μg

/m
L
)

n.
i.

[3
7]

E
m
be
lin

O
xa
lis

er
yt
hr
or
hi
za

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

E
.fl

oc
co
su
m
,M

.c
an

is
,

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(5
0
μg

/m
L
);
N
.g
yp
se
a
(1
00

μg
/m

L
)

A
ga
r
di
lu
tio

n
[3
8]
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L
aw

so
ne

(n
ap
ht
ho

qu
in
on

e)
C
om

m
er
ci
al

N
.g

yp
se
a
(6
2.
5
μg

/m
L
);
T
.r
ub

ru
m

(1
25

μg
/m

L
);
T
.m

en
ta
gr
op

hy
te
s

(2
50

μg
/m

L
)

M
od

ifi
ed

ag
ar

di
lu
tio

n
[3
9]

L
aw

so
ne

m
et
hy

l
et
he
r

(n
ap
ht
ho

qu
in
on

e)
S
yn

th
es
iz
ed

N
.g

yp
se
a
(3
.9

μg
/m

L
);

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(7
.8

μg
/m

L
)

M
od

ifi
ed

ag
ar

di
lu
tio

n
[3
9]

M
et
hy

le
ne
-3
,3

0 -b
ila
w
so
ne

(n
ap
ht
ho

qu
in
on

e)
S
yn

th
es
iz
ed

N
.g

yp
se
a
(5
00

μg
/m

L
);

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(>
50

0
μg

/m
L
)

M
od

ifi
ed

ag
ar

di
lu
tio

n
[3
9]

T
hy

m
oq

ui
no

ne
(n
ap
ht
ho

qu
in
on

e)
C
om

m
er
ci
al

E
.fl

oc
co
su
m
an
d
M
.c
an

is
(1
25

μg
/

m
L
);
T
.i
nt
er
di
gi
ta
le
,

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(2
50

μg
/m

L
)

A
ga
r
di
ff
us
io
n

[4
0]

M
.c
an

is
(6
2
μg

/m
L
);
N
.g
yp
se
a
an
d

T
.m

en
ta
gr
op

hy
te
s
(1
25

μg
/m

L
)

D
is
k
di
ff
us
io
n
an
d
m
ac
ro
br
ot
h

di
lu
tio

n
[4
1]

F
la
vo

no
id
s

C
hr
ys
in

C
om

m
er
ci
al

N
.g

yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
an
d

T
.r
ub

ru
m

(2
50

μg
/m

L
)

D
is
k
di
ff
us
io
n
an
d
m
ac
ro
br
ot
h

di
lu
tio

n
[4
2]

D
er
ru
bo

n
5-
m
et
hy

l
et
he
r

D
er
ri
s
er
io
ca
rp
a

(m
et
ha
no

lic
ex
tr
ac
t)

N
.g

yp
se
a
an
d
T
.m

en
ta
gr
op

hy
te
s

(2
5
μg

/m
L
);
T
.t
er
re
st
re

(5
0
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
3]

F
la
vo

ne
gl
yc
os
id
e

V
ite
x
ne
gu

nd
o

(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
(6
.2
5
μg

/m
L
)

D
is
k
di
ff
us
io
n

[4
4]

7-
H
yd

ro
xy

-4
0 ,6
-d
im

et
ho

xy
-

is
ofl

av
on

e
M
yr
ox
yl
on

pe
ru
ife
ru
m

(e
th
an
ol
ic
ex
tr
ac
t)

T
.r
ub

ru
m

(1
56
–
12

50
μg

/m
L
,

de
pe
nd

in
g
on

th
e
st
ra
in
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
5]

40
-H

yd
ro
xy

-5
,7
-d
im

et
ho

xy
-6
-

(3
-m

et
hy

l-
2-
bu

te
ny

l)
-i
so
fl
av
on

e
D
er
ri
s
er
io
ca
rp
a

(m
et
ha
no

lic
ex
tr
ac
t)

N
.g

yp
se
a
(1
2.
5
μg

/m
L
);

T
.m

en
ta
gr
op

hy
te
s
(2
5
μg

/m
L
);

T
.t
er
re
st
re

(1
00

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
3]

M
yr
ic
et
in
-3
-O

-β
-a
llo

py
ra
no

si
de

P
lin

ia
ca
ul
ifl
or
a

(e
th
an
ol
ic
ex
tr
ac
t)

T
.r
ub

ru
m

(1
25

μg
/m

L
);
M
.c
an

is
(2
50

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
6]

(c
on

tin
ue
d)
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Ta
b
le

1
(c
on

tin
ue
d)

C
om

po
un

d
cl
as
s

B
io
ac
tiv

e
co
m
po

un
d

S
ou

rc
e
(e
xt
ra
ct
)

T
es
te
d
sp
ec
ie
s
an
d
an
tif
un

ga
le
ff
ec
t

(M
IC
)

A
nt
if
un

ga
l
as
sa
y

R
ef
.

M
yr
ic
et
in
-3
-O

-β
-

ga
la
ct
op

yr
an
os
id
e

P
lin

ia
ca
ul
ifl
or
a

(e
th
an
ol
ic
ex
tr
ac
t)

T
.r
ub

ru
m

(1
25

μg
/m

L
);
M
.c
an

is
(5
00

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
6]

P
in
oc
em

br
in

U
rb
an

pr
op

ol
is

(e
th
an
ol
ic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(3
1.
2
μg

/m
L
);
N
.g

yp
se
a
(1
25

μg
/

m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
2]

O
ri
en
tin

P
ip
er

so
lm
si
an

um
va
r.
so
lm
si
an

um
(m

et
ha
no

lic
ex
tr
ac
t)

M
.c
an

is
(7

μg
/m

L
);

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m

(8
μg

/m
L
);
E
.fl

oc
co
su
m
an
d

N
.g

yp
se
a
(9

μg
/m

L
)

A
ga
r
di
lu
tio

n
[4
7]

1-
(3

0 ,4
0 ,5

0 -T
ri
m
et
ho

xy
ph

en
yl
)-
2-

m
et
ho

xy
-2
-(
40
0 -m

et
ho

xy
ph

en
yl
)-

et
ha
ne
-1
-o
l

D
er
ri
s
er
io
ca
rp
a

(m
et
ha
no

lic
ex
tr
ac
t)

N
.g

yp
se
a
an
d
T
.t
er
re
st
re

(1
00

μg
/

m
L
);
T
.m

en
ta
gr
op

hy
te
s
(>

10
0
μg

/
m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
3]

M
ix
tu
re

of
qu

er
ce
tin

-3
-O

-β
-

gl
uc
op

yr
an
os
id
e
an
d
qu

er
ce
tin

-
3-
O
-β
-g
al
ac
to
py

ra
no

si
de

P
lin

ia
ca
ul
ifl
or
a

(e
th
an
ol
ic
ex
tr
ac
t)

M
.c
an

is
an
d
T
.r
ub

ru
m
(5
00

μg
/

m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
6]

L
ig
na
ns

C
on

oc
ar
pa
n

P
ip
er

fu
lv
es
ce
ns

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
(8

μg
/m

L
);

N
.g

yp
se
a
(1
6
μg

/m
L
)

B
ro
th

di
lu
tio

n
[4
8]

E
up

om
at
en
oi
d
3

P
ip
er

re
gn

el
lii

(h
yd

ro
al
co
ho

lic
ex
tr
ac
t)

T
.r
ub

ru
m

(5
0
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
an
d
sp
or
e

ge
rm

in
at
io
n
in
hi
bi
tio

n
[4
9]

E
up

om
at
en
oi
d
5

P
ip
er

fu
lv
es
ce
ns

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

N
.g

yp
se
a
an
d
T
.m

en
ta
gr
op

hy
te
s

(n
o
in
hi
bi
to
ry

ef
fe
ct
s
at

co
nc
en
tr
at
io
ns

<
25

6
μg

/m
L
)

B
ro
th

di
lu
tio

n
[4
8]

E
up

om
at
en
oi
d
5

P
ip
er

re
gn

el
lii

(h
yd

ro
al
co
ho

lic
ex
tr
ac
t)

T
.r
ub

ru
m

(6
.2

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
an
d
sp
or
e

ge
rm

in
at
io
n
in
hi
bi
tio

n
[4
9]
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E
up

om
at
en
oi
d
6

P
ip
er

fu
lv
es
ce
ns

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

N
.g

yp
se
a
(0
.5

μg
/m

L
);

T
.m

en
ta
gr
op

hy
te
s
(1

μg
/m

L
)

B
ro
th

di
lu
tio

n
[4
8]

H
on

ok
io
l

M
ag

no
lia

ob
ov
at
e

(e
th
an
ol
ic
ex
tr
ac
t)

E
.fl

oc
co
su
m
,N

.g
yp
se
a
,a
nd

T
.m

en
ta
gr
op

hy
te
s
(2
5
μg

/m
L
)

D
ia
m
et
er

of
gr
ow

th
in
hi
bi
to
ry

zo
ne

an
d
m
ac
ro
br
ot
h
di
lu
tio

n
[5
0]

M
ag
no

lo
l

M
ag

no
lia

ob
ov
at
e

(e
th
an
ol
ic
ex
tr
ac
t)

E
.fl
oc
co
su
m
(2
5
μg

/m
L
);
N
.g
yp
se
a

an
d
T
.m

en
ta
gr
op

hy
te
s
(5
0
μg

/m
L
)

D
ia
m
et
er

of
gr
ow

th
in
hi
bi
to
ry

zo
ne

an
d
m
ac
ro
br
ot
h
di
lu
tio

n
[5
0]

30
-M

et
hy

l-
no

rd
ih
yd

ro
gu

ai
ar
et
ic

ac
id

U
rb
an

pr
op

ol
is

(m
et
ha
no

lic
ex
tr
ac
t)

T
.r
ub

ru
m
(3
1.
2
μg

/m
L
);
N
.g

yp
se
a

an
d
T
.m

en
ta
gr
op

hy
te
s
(6
2.
5
μg

/
m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
2]

N
or
di
hy

dr
og

ua
ia
re
tic

ac
id

U
rb
an

pr
op

ol
is

(m
et
ha
no

lic
ex
tr
ac
t)

N
.g

yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
an
d

T
.r
ub

ru
m

(6
2.
5
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[4
2]

T
an
ni
ns

D
ie
ck
ol

E
ck
lo
ni
a
ca
va

(m
ar
in
e
br
ow

n
al
ga
)
(m

et
ha
no

lic
ex
tr
ac
t)

T
.r
ub

ru
m

(2
00

μM
)

M
ic
ro
br
ot
h
di
lu
tio

n
an
d
vi
ab
ili
ty

fl
uo

re
sc
en
ce

m
ic
ro
sc
op

y
[5
1]

P
un

ic
al
ag
in

P
un

ic
a
gr
an

at
um

(h
yd

ro
al
co
ho

lic
ex
tr
ac
t)

T
.r
ub

ru
m

(6
2.
5
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n;
di
sk

di
ff
us
io
n;

hy
ph

al
gr
ow

th
in
hi
bi
tio

n
by

fl
uo

re
sc
en
ce

m
ic
ro
sc
op

y
an
d
co
ni
di
al

ge
rm

in
at
io
n
in
hi
bi
tio

n

[5
2]

A
lk
al
oi
ds

6,
7-
D
eh
yd

ro
-1
9β

-
hy

dr
ox

ys
ch
iz
oz
yg

in
e

Sc
hi
zo
zy
gi
a

co
ffa

eo
id
es

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

N
.g

yp
se
a
(1
.9
5
μg

/m
L
);

T
.i
nt
er
di
gi
ta
le
(<

3.
9
μg

/m
L
);

T
.t
on

su
ra
ns

(3
.9

μg
/m

L
);

E
.fl

oc
co
su
m
an
d

T
.m

en
ta
gr
op

hy
te
s
(>

1.
95

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[5
3]

G
la
br
ad
in
e

St
ep
ha

ni
a
gl
ab

ra
(e
th
an
ol
ic
ex
tr
ac
t)

M
.c
an

is
an
d
N
.g
yp
se
a
(2
5
μg

/m
L
);

T
.r
ub

ru
m

(5
0
μg

/m
L
)

D
is
k
di
ff
us
io
n

[5
4]

(c
on

tin
ue
d)
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Ta
b
le

1
(c
on

tin
ue
d)

C
om

po
un

d
cl
as
s

B
io
ac
tiv

e
co
m
po

un
d

S
ou

rc
e
(e
xt
ra
ct
)

T
es
te
d
sp
ec
ie
s
an
d
an
tif
un

ga
le
ff
ec
t

(M
IC
)

A
nt
if
un

ga
l
as
sa
y

R
ef
.

Is
os
ch
iz
og

al
in
e

Sc
hi
zo
zy
gi
a

co
ffa

eo
id
es

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

E
.fl

oc
co
su
m
,N

.g
yp
se
a,

T
.i
nt
er
di
gi
ta
le
,T

.m
en
ta
gr
op

hy
te
s,

an
d
T
.t
on

su
ra
ns

(>
50

0
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[5
3]

S
ch
iz
oz
yg

in
e

Sc
hi
zo
zy
gi
a

co
ffa

eo
id
es

(d
ic
hl
or
om

et
ha
ne

ex
tr
ac
t)

E
.fl

oc
co
su
m
,N

.g
yp
se
a,

T
.i
nt
er
di
gi
ta
le
,T

.m
en
ta
gr
op

hy
te
s,

an
d
T
.t
on

su
ra
ns

(>
50

0
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[5
3]

S
ap
on

in
s

B
iv
itt
os
id
e-
D

B
oh

ad
sc
hi
a

vi
tie
ns
is

(m
et
ha
no

lic
ex
tr
ac
t)

T
.m

en
ta
gr
op

hy
te
s
(0
.7
8
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[5
5]

C
A
Y
-1

C
ap

si
cu
m

fr
ut
es
ce
ns

(n
.i.
)

M
.c
an

is
,T

.m
en
ta
gr
op

hy
te
s,

T
.r
ub

ru
m
,a
nd

T
.t
on

su
ra
ns

(1
0–
20

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n
an
d
in
hi
bi
tio

n
of

m
et
ab
ol
ic
ac
tiv

ity
(X

T
T
)

[5
6]

F
lin

de
rs
in
e

T
od

da
lia

as
ia
tic
a

(e
th
yl

ac
et
at
e

ex
tr
ac
t)

E
.fl

oc
co
su
m
,T

.m
en
ta
gr
op

hy
te
s,

an
d
T
.r
ub

ru
m
(6
2.
5
μg

/m
L
)

D
is
k
di
ff
us
io
n
an
d
m
ic
ro
br
ot
h

di
lu
tio

n
[5
7]

(2
5R

)-
S
pi
ro
st
-7
-e
n-
2α

,3
β,
5α

-
tr
io
l-
3-
O
-[
α
-L
-r
ha
m
no

py
ra
no

sy
l

(1
!

2)
-[
β-

D
-g
al
ac
to
py

ra
no

sy
l

(1
!

3)
]
β-

D
-g
lu
co
py

ra
no

si
de

A
ga

pa
nt
hu

s
af
ri
ca
nu

s
(e
th
an
ol
ic

ex
tr
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based on structural criteria being the most adopted. Various bioactivities have also
been associated with these compounds such as anti-aging, anti-inflammatory, anti-
oxidant, antimicrobial, and anti-proliferative [62]. Those with the most promising
antidermatophytic activity isolated from natural sources include coumarins,
quinones, flavonoids, lignans, and tannins, and will be considered in more detail in
the following sections.

Fig. 1 Examples of non-volatile compounds, from different chemical classes, with
antidermatophytic potential
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4.1.1 Coumarins
The name coumarin derives from the French term coumarou that refers to Dipteryx
odorata (Coumarouna odorata) seeds, one of the sources from which coumarins
were first isolated in 1820. Coumarins can be classified as simple coumarins,
furocoumarins, dihydrofurocoumarins, pyranocoumarins, phenylcoumarins, and
biscoumarins [63]. Derivates of benzo-α-pyrone such as coumarin, aesculetin,
umbelliferone, and scopoletin are common in plants both in the free state or as
glycosides [64]. Plants from the Apiaceae family are the major source of coumarins,
these compounds being present in the integument of seeds, fruits, flowers, roots,
leaves, and stems. These compounds are involved in disease and pest resistance, as
well as UV-tolerance. Usually, coumarins have a sweet aroma that resembles
new-mown hay, making them very attractive compounds in perfumery. In the
pharmaceutical industry, they are extensively used as precursor molecules in the
synthesis of several synthetic anticoagulants [65]. Moreover, coumarins have other
biological effects, including antitumor, anti-inflammatory, antioxidant, anti-HIV,
and antimicrobial activities, and are used in the clinic for the treatment of rheumatoid
arthritis [66]. In what concerns the antidermatophytic potential of these compounds,
some studies are pointed out in Table 1, while others are discussed below.

Céspedes et al. [67] carried out an exhaustive study using several coumarins
extracted from the aerial parts of Tagetes lucida, such as 7,8-dihydroxycoumarin,
umbelliferone, scoparone, esculetin, 6-hydroxy-7-methoxycoumarin, herniarin, and
scopoletin. Also, synthesized derivatives, namely 6,7-diacetoxycoumarin,
6-methoxy-7-acetylcoumarin, and 6-acetoxy-7-methoxycoumarin, were tested as
well as commercially available compounds like 8-methoxypsoralen, 8-acetyl-7-
hydroxycoumarin, 7,8-dihydroxy-6-methoxycoumarin, 6,7-dimethoxy-4-
methylcoumarin, 5,7-dihydroxy-4-methylcoumarin, 4-hydroxycoumarin,
4-hydroxy-6,7-dimethylcoumarin, naringenin, glycoside-7-rhamnonaringin, and
rutin. Overall, the dimethoxy compounds 6,7-dimethoxy-4-methylcoumarin and
scoparone showed a strong effect against T. mentagrophytes with a total inhibition
of the fungal growth at 125 μg/mL [67]. Several coumarins were also isolated from
Pterocaulon species and assessed, alone or combined, for their antidermatophytic
effect together with the hexane extracts from which they were obtained. Only the
mixture of prenyletin and prenyletin-methyl-ether showed activity against
N. gypsea, T. mentagrophytes, and T. rubrum, although lower than the hexane
extract of Pterocaulon balansae (MIC ¼ 31.25–625 μg/mL), thus suggesting a
synergistic effect between the compounds of the hexane extracts and/or the presence
of active minor compounds [68]. Coumarins complexed with metals seem to exert a
higher antifungal effect when compared to uncomplexed coumarins. Indeed,
synthesized coumarin-derived compounds and their transition metal complexes
(cobalt, copper, nickel, and zinc) were screened against several dermatophyte
strains, and metal complexes were more active. This effect is probably due to an
increased lipophilic nature of the central metal atom that allowed a more efficient
permeation through the fungus [69]. Importantly, the use of coumarin derivatives in
antifungal therapy, which was patented in 2007, is based, in part, on the discovery
that some glycosidic coumarin compounds (e.g., esculin) are effective in the
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treatment of onychomycosis and other dermatophytic infections. This effect is due to
the ability of dermatophytes to metabolize glycosidic groups attached to coumarin
compounds, converting the compounds into the active coumarin core, which is
effective against the fungi [70]. Accordingly, it has been demonstrated that β-
glucosidases produced by dermatophytes can hydrolyze, for example, esculin to
esculetin, with concomitant antifungal activity. This is quite interesting since esculin
has a good aqueous solubility, allowing to be formulated and delivered topically as
an inactive prodrug in a water-based gel or cream. In this way, glycosylated
coumarins may be delivered as inactive prodrugs and then converted into active
antifungals in situ [71].

4.1.2 Quinones
Quinones are oxygen-containing compounds with a C6–C4 skeleton, in which a
dione is conjugated with an aromatic nucleus. Quinones are classified according to
their aromatic carbon skeleton into benzoquinones, naphthoquinones,
anthraquinones, and phenanthrenequinones [72], naphthoquinones being the most
common. Many African plants from the Clusiaceae, Bignoniaceae, Aloeaceae, and
Rubiaceae families are known sources of these compounds [73]. Overall, quinones
play an important role in plant defense and are very relevant for energy production,
being involved in several oxidative processes such as photosynthesis [74]. Quinones,
particularly naphthoquinones, are well known for their antibacterial, antifungal, and
antitumoral activities [73]; however, their medicinal use remains limited in part
because of their toxicity. Indeed, these compounds are known to be highly toxic
because of several mechanisms of action that include arylation of the thiol groups of
proteins, intercalation into DNA, and generation of free radicals [72].

Studies on the antidermatophytic activity of quinones, mainly naphthoquinones,
are shown in Table 1 and highlighted below. These compounds are indeed very
effective in inhibiting fungal growth, presenting low MIC values that in some cases
are similar to that of antifungal drugs or even lower. For example, the
naphthoquinone plumbagin, found in the extract of the stem bark of Diospyros
crassiflora, which exhibited a huge antifungal activity, was pointed out as a
promising antidermatophytic agent when compared to ketoconazole [75]. Also,
lapachol and β-lapachone showed a lowMIC value when compared to ketoconazole,
thus emphasizing their antidermatophytic potential [76]. Furthermore,
2-benzenesulphinyl-(1,4)-naphthoquinone and 14 derivatives were assessed against
T. tonsurans, with the synthesized molecules leading to an inhibition higher than
75%. Worth noticing, six derivatives were more effective than amphotericin B
[77]. The vapor activity of quinone derivatives was also tested, with thymoquinone
showing the most potent vapor activity, followed by menadione and ubiquinone.
These results foresee interesting applications, for example, in shoes and head
coverings or in the disinfection of rooms [78]. Naphthodianthrones such as
hypericin, hypericin tetrasulphonic acid, and fagopyrin on Microsporum canis and
T. rubrum showed distinct inhibitory effects that were correlated with structural
differences between the compounds [79]. Similarly, an antifungal assay with 27 sim-
ple and heterocycle-fused prenyl-1,4-naphthoquinones and 1,4-anthraquinones
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against several human pathogenic strains, including Trichophyton species,
emphasized that the most promising compounds were those with one or two chlorine
atoms attached to the quinone ring [80].

4.1.3 Flavonoids
Flavonoids are compounds with a 15-carbon core (C6–C3–C6). These compounds
are formed by two aromatic rings (A and B) linked by a three-carbon chain that may
also form a ring (C). The presence or absence of this third ring, as well as the position
of ring B, allows flavonoids division into the following groups: flavanones,
flavanonols, flavones, isoflavones, flavonols, flavanols, anthocyanidins and
deoxyanthocyanidins, chalcones, dihydrochalcons, and aurones [81]. Flavonoids
occur in several plant parts and are involved in plant protection against
microorganisms, serve as UV filters and are also inducers of nitrogen-fixing bacteria
in plants from the Fabaceae family. Flavonoids are well-known antioxidants, also
recognized as anti-inflammatory, antiallergic, hepatoprotective, antithrombotic,
antiviral, and anticarcinogenic agents [82]. Several antidermatophytic flavonoids
have also been described, as pointed out in Table 1 and detailed next.

For example, epigallocatechin 3-O-gallate was tested for its antifungal effect on
35 clinical isolates of dermatophytes. All isolates were susceptible to this compound,
with MIC values ranging from 0.5 to 16 μg/mL [83]. The flavonoids quercetin,
trans-chalcone, ellagic acid, luteolin, galangin, and genistein were also assessed for
their antifungal activity against T. rubrum and effects on fatty acid synthase (FAS)
and ergosterol synthesis, two promising antifungal targets. Quercetin and trans-
chalcone showed the most promising antifungal activity among the flavonoids
tested. Although quercetin was a more effective FAS inhibitor, trans-chalcone
showed lower MIC values and it simultaneously inhibited the synthesis of fatty
acids and ergosterol [84]. Moreover, the flavonoids isolated from the twigs of
Dorstenia barteri, namely isobavachalcone, 4-hydroxylonchocarpin, kanzonol C,
and amentoflavone were tested against several strains of bacteria and fungi, includ-
ing the dermatophytes. All compounds were quite effective with MIC values ranging
from 1.2 to 39.1 μg/mL [85]. Hydroxychavicol isolated from Piper betle showed an
effective inhibitory activity on 27 strains (MTCC/ATCC or clinical isolates) of the
dermatophytes E. floccosum, M. canis, N. gypsea, T. mentagrophytes, and
T. rubrum [86].

Approaches aiming to define structure/activity relations have also been
performed. For example, 17 synthetic chalcones and analogs, based on the flavonoid
xanthoxyline, were tested for their antifungal effects. The data show that neither the
presence of a “xanthoxyline-like” substitution pattern nor a 20-OH substituent on
ring A are sufficient for the antifungal activity. Contrarily, the chalcone
3-(2-chlorophenyl)-1-(20-hydroxy-40,60-dimethoxyphenyl)prop-2-en-1-one, with a
Cl atom in the ortho position of ring B, was very effective against several isolates
of T. rubrum [87]. In addition, it has been suggested, mainly in bacteria, that
flavonoids can affect cell wall permeability and porins and are also able to complex
with extracellular proteins [88].
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4.1.4 Lignans
Lignans are dimer-based natural phenolic compounds derived from the oxidative
coupling of phenylpropanoids [89]. According to their structure, lignans can be
classified into different groups: proper lignans, neolignans, sesquilignans,
dineolignans, norlignans, and hybrid lignans, with the first two being derived from
the same phenylpropane (C6–C3) unit that makes up the lignin polymer [90]. In
lignans, the phenylpropanoid units are bound by the C8–C80 position of the aliphatic
chain, while in neolignans the binding of the two phenylpropanoid units occurs at
any position other than the C8 and C80 [91]. Lignans can be found in different parts
of vascular plants, wound resins being the major source of these compounds.
Lignans tend to occur in low concentrations but in some cases such as flax and
sesame seeds, they can reach values higher than 300 mg/100 g [90]. Examples of
lignans found in foods include secoisolariciresinol (e.g., cashews), matairesinol
(e.g., flax), lariciresinol (e.g., buckwheat), medioresinol (e.g., sesame seeds),
pinoresinol (e.g., asparagus), syringaresinol (e.g., barley), and sesamin and
sesamolin (sesame seeds) [90]. Lignans play relevant roles in plant structure by
strengthening cell walls and are also involved in water transport and plant protection
against pathogens [92]. The bioactive potential of these compounds is also known
due to their anticancer, antioxidant, antimicrobial, anti-inflammatory, and immuno-
suppressive activities [93]. Although the antifungal activity of lignans has been
known for a long time, only a few studies focused on dermatophytes (Table 1).
The crude extracts from the genus Piper have shown promising antidermatophytic
effects that encouraged the isolation and identification of some bioactive compounds
[48, 49]. For example, in Piper regnelli, the active chloroform fraction obtained from
hydroalcoholic crude extract showed a similar activity to the isolated neolignan and
eupomatenoid-5 against T. rubrum (Table 1). In another study three neolignans,
conocarpan, euromatenoid 5, and euromatenoid 6, from the dichloromethane
extracts of Piper fulvescens leaves (Table 1) were analyzed and a structure–activity
relation was pointed out by suggesting that the absence of a methoxy group at the 30

position of the phenyl-propenyl-benzofuran structure is relevant for the
antidermatophytic activity, whereas the saturation of the 2–3 bond plays a role in
selectivity [48]. Also, a guided fractionation of urban propolis from Argentina was
performed, with eight fractions showing a high antifungal activity against
dermatophytes (MIC ¼ 16.0–62.5 μg/mL). From these, the lignans 30-methyl-
nordihydroguaiaretic acid and nordihydroguaiaretic acid were isolated and showed
strong activities against N. gypsea, T. mentagrophytes, and T. rubrum, as shown in
Table 1 [42, 94]. Regarding combined antidermatophytic effects of lignans or
neolignans with antifungal drugs, only one report addressed the combined effect
of nyasol isolated from Anemarrhena asphodeloides with several antifungals
[95]. Regarding the mode of action of lignans, it is known that these compounds
are able to inactivate microbial adhesins, enzymes, and other proteins, through
non-specific forces (hydrogen bonding, covalent bonding, and hydrophobic
interactions). They are also able to inhibit cell wall polymer synthesis or assembly,
thus justifying their antimicrobial effects [96].
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4.1.5 Tannins
The name tannin comes from the tanning process, in which tannins can be used due
to their ability to bind and precipitate proteins. Tannins are a group of phenolic
compounds that present a great structural diversity, being divided into three groups:
hydrolyzable tannins, that consist of a central glucose molecule linked to molecules
of gallic acid (gallotannins) or hexahydroxydiphenic acid (ellagitannins); condensed
tannins, also called proanthocyanidins, that are polymeric flavans, not readily
hydrolyzable; and complex tannins that consist of a 3-flavonol unit linked (C–C)
to gallotannins or ellagitannins [81]. Many tannins are glycosides that can be found
in different beverages, foods, and medicinal plants. Tannins also occur in brown
seaweeds, where they consist of phlorotannins that result from the polymerization of
phloroglucinol units [61, 97]. Overall, tannins are involved in defense mechanisms,
namely plant protection against infections, herbivores, and oxidative stress. They are
also used as protein precipitating agents in wine and beer production [61].

Tannins have long been recognized for their anti-inflammatory and antiseptic
effects, being applied in diarrhea and tumors of the stomach or duodenum
[61]. Although the biological activities of several extracts rich in tannins have
been extensively explored, studies concerning the antidermatophytic potential of
isolated compounds are quite limited, as already pointed out in a recent review
[8]. Table 1 shows two studies on the antidermatophytic effect of isolated tannins
and more extensive studies are addressed below.

Twenty-eight medicinal plants from the south of India were screened for their
antifungal activity against T. mentagrophytes, T. rubrum, and Trichophyton
soudanense, with the aqueous extract of Terminalia chebula showing inhibitory
effects on the three dermatophytes, plausibly because of the presence of tannins.
Nevertheless, chebulinic acid, a known tannin of T. chebula, was ineffective
[98]. Regarding seaweed phlorotannins, purified extracts from Cystoseira
nodicaulis, C. usneoides, and Fucus spiralis were screened for their antifungal
activity, with E. floccosum and T. rubrum being the most susceptible among
dermatophytes [99]. Despite the antidermatophytic potential of these compounds,
their chemical synthesis is difficult, which constitutes a drawback for advancing to
therapy [100].

The antifungal properties of tannins may be related to their ability to inactivate
microbial adhesins, enzymes, and transport proteins, as well as their capacity to form
complexes with polysaccharides [101]. Furthermore, phlorotannins seem to exert
their antifungal effect by disturbing both the chitin levels in the cell wall and the
respiratory chain function [102].

4.2 Alkaloids

Alkaloids are a highly diverse group of compounds with a nitrogen atom in a
heterocyclic ring, organized into different classes according to their carbon skeletal
structure [103]. There are two broad divisions of alkaloids: non-heterocyclic or
atypical alkaloids, sometimes called “protoalkaloids” and heterocyclic or typical
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alkaloids, divided into 14 groups according to their ring structure [104]. These
compounds are predominantly found in some plant families such as Solanaceae,
Papaveraceae, Ranunculaceae, and Amaryllidaceae [105]. Alkaloids play a defen-
sive role against herbivores and pathogens [103]. The biological effects of these
metabolites are rather diverse, including antimalarial, anticancer, cholinomimetic,
vasodilatory, antiarrhythmic, analgesic, antibacterial, and antihyperglycemic
activities [106]. Several studies have also reported the antifungal effects of alkaloids.
Regarding dermatophytes, relevant studies are mentioned in Table 1 or
discussed next.

The ethanolic extract of the bark of the Phellodendron amurense trees, with a
total alkaloid content of 7.58 mg/mL, showed an antifungal activity against
T. mentagrophytes similar to that of clotrimazole [107]. These effects were also
validated in rabbits, as discussed in the section In vivo studies and pharmaceutical
formulations. The acetone extract of Citrus reticulata wood, together with six
isolated compounds including a new acridone, citruscridone, was tested against
N. gypsea. Only citruscridone and valencic acid were able to slightly inhibit the
fungal growth [108]. In addition, the methanolic extract from Glaucium oxylobum
showed good activity against E. floccosum, M. canis, N. gypsea, and
T. mentagrophytes, the alkaloids dicentrine, glaucine, protopine, and α-
allocryptopine being identified as the active compounds of the extract [109]. Also,
the indole alkaloids erchinines A and B showed a significant antifungal effect against
T. rubrum, comparable to that of griseofulvin [110]. Three bisbenzylisoquinoline
alkaloids, namely cycleanine, cocsoline, and N-desmethylcycleanine, were extracted
from Albertisia villosa, a subtropical medicinal plant widely used in traditional
African medicines. Cycleanine was the most abundant (85%) and accounted for all
the activities of the crude extract against M. canis [111]. The antifungal potential of
alkaloids has been related to their ability to modify cell membrane permeability,
impair mitochondrial function, produce oxidative stress, and modulate heme
enzymes in the fungi [112].

4.3 Saponins

The name “saponin” derives from the Latin word “sapo” that means soap. Indeed,
these compounds have foaming properties and behave like soap in water solutions
[113]. Saponins are glycosylated compounds and are classified into steroidal or
triterpenic saponins, according to the nature of their aglycone skeleton. In this
way, steroidal saponins are steroidal aglycones consisting of a C27 spirostane
skeleton and generally comprising a six-ring structure whereas triterpenic saponins
are triterpenic aglycones, consisting of a C30 skeleton and comprising a pentacyclic
structure [91, 114].

Steroidal saponins accumulate in crop plants including yam, alliums, asparagus,
fenugreek, yucca, and ginseng. Triterpenoid saponins are mostly found in legumes
such as soybeans, beans, and peas. These compounds are relevant in plant defense
against pathogens, pests, and herbivores and are also involved in plant growth and
development [115]. Regarding their biological effects, saponins are potent
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membrane permeabilizing agents with immunostimulatory, hypocholesterolemic,
anticarcinogenic, anti-inflammatory, antimicrobial, antiprotozoan, molluscicidal,
and antioxidant properties. Some saponins impair gut protein digestion and uptake
of vitamins and minerals [115]. In what concerns the antifungal potential of
saponins, most studies focused on yeasts but some reported promising
antidermatophytic compounds, as shown in Table 1 and discussed next.

For example, steroidal and oleanane-type triterpenoid saponins from Paullinia
pinnata were assessed against E. floccosum, Trichophyton equinum, Microsporum
audouinii, N. gypsea, and T. mentagrophytes. The (3β,16α-hydroxy)-3-O-(2-
0-acetamido-20-deoxy-β-D-glucopyranosyl) echinocystic acid exhibited the best
antidermatophytic activity (MIC ¼ 6.25–25 μg/mL), the activity being in some
cases comparable to that of griseofulvin [116]. Also, oleanane-type and lupine-
type triterpenoid saponins, together with 12 analogs isolated from the extract of
Sapindus mukorossi pulps were tested against T. rubrum, and the oleanolic acids
3-O-β-D-xylopyranosyl-(1!3)-α-L-rhamnopyranosyl-(1!2)-α-L-arabinopyranoside
and 3-O-α-L-arabinopyranosyl-(1!3)-α-L-rhamnopyranosyl-(1!2)-α-L-
arabinopyranoside showed promising inhibitory effects with an MIC80 value of
8 μg/mL (defined by the author as the minimum concentration required to inhibit
80% of fungal growth) [117]. Spirostanol saponins isolated from the leaves of
Solanum hispidum showed antimycotic activity, with 6α-O-[β-D-xylopyranosyl-
(1!3)-β-D-quinovopyranosyl]-(25S)-5α-spirostan-3β-ol being the most active
against both T. mentagrophytes and T. rubrum [118]. Furthermore, the fractionation
of the crude dichloromethane-methanol extract of Polyscias fulva led to the separa-
tion of 10 saponins that showed activity against several dermatophyte species,
including E. floccosum, as well as several Microsporum (M. audouinii, M. canis,
and M. ferrugineum), Nannizzia (N. gypsea), and Trichophyton (T. equinum,
T. mentagrophytes, T. rubrum, T. terrestre, and T. violaceum) species [119]. A
mixture of spirostanol saponins isolated from Allium ursinum was active at a
concentration of 400 μg/mL against M. canis and T. mentagrophytes [120]. In a
more recent assay, 21 new triterpenoid saponins (glinusopposides A–U) were
isolated from Glinus oppositifolius, with glinusopposides B, Q, T, and U showing
strong inhibitory effects against N. gypsea and T. rubrum [121].

Structure–activity relationships were also investigated by testing 19 saponins and
three parent triterpenoids against N. gypsea, T. interdigitale, and T. tonsurans.
Overall, aglycones were less effective than glycosides, monodesmosidic glycosides
of medicagenic acid being the most active compounds, especially the 3-O-β-D-
glucopyranoside [122]. In an earlier study, kalopanaxsaponins isolated from
Kalopanax pictus were ineffective against E. floccosum, N. gypsea, and
T. mentagrophytes. The authors suggested that the 28-O-glycoside instead of the
17-free carboxyl remove the activity, rather than the polarity of the molecule, due to
an increment of sugar moiety [123]. In another study on synthetic saponins and
cardiac glycosides, it was shown that both hemolytic and antifungal activities of
diosgenyl (DIO)-glycosides (steroid saponins) are generally parallel to each other
while almost all hemolytic methyl glycyrrhetinate (GAM)-glycosides (triterpenoid
saponins) exhibit no antifungal effects. It seems that DIO-glycosides are able to

490 M. Zuzarte et al.



penetrate into fungal cell walls, thus combining with ergosterol in the cell
membranes [124].

The antifungal properties of saponins can be attributed to their ability to complex
with sterols in fungal membranes, thereby causing pore formation and loss of
membrane integrity. Aggregation of the saponin-sterol complexes in the membrane
may be mediated by interactions with the sugar residues of the saponin, which can
explain the loss of biological activity of aglycones [125].

5 Volatile Natural Extracts: Essential Oils (EOs), Terpenes,
and Phenylpropanoids

The International Standard Organization on Essential Oils [126] and the European
Pharmacopoeia [127] define an essential oil (EO) as the product obtained from plant
raw material by hydrodistillation, steam distillation or dry distillation, or by a
suitable mechanical process (for Citrus fruits). Essential oils are complex mixtures
of volatile compounds, usually with a strong odor, rarely colored, soluble in organic
solvents but insoluble in water. Monoterpenes (C10H16) and sesquiterpenes (C15H24)
are usually the main group of compounds found in EOs. In some cases,
phenylpropanoids such as anetol, apiol, and myristicin are also important
compounds [128, 129]. In addition, some fatty acids and their esters or, more rarely,
nitrogen and sulfur derivatives can also occur [128]. Terpenic compounds are
synthesized via the mevalonate or deoxyxylulose phosphate biosynthetic pathway
while phenylpropanoids are formed through the shikimate pathway
[130, 131]. Essential oils are produced and accumulated in specialized secretory
structures (secretory cells, secretory cavities, secretory ducts, glandular trichomes,
epidermal cells, or osmophores) that minimize the risk of autotoxicity and can be
found in all plant organs [132]. These secondary metabolites play a relevant role as
signaling agents. Indeed, EOs are involved in the attraction of pollinators and seed
dispersers, in plant protection against microorganisms, insects, and herbivores as
well as in allelopathic interactions [129, 133]. Essential oil quality strongly depends
upon several extrinsic (ecological and environmental aspects) and intrinsic (sexual,
seasonal, ontogenetic, and genetic variations) factors [134, 135]. Genetic variations
may result in the expression of different metabolic pathways and, consequently,
quantitative and qualitative variations in oil composition may occur. Therefore,
when significant differences are found, an intraspecific category (chemotype) is
defined. Commercialized EOs require a standardized chemical profile according to
analytical guidelines such as the European Pharmacopoeia and International Stan-
dard Organization (ISO), that allow quality control of both commercialized EOs and
plants from which they are obtained [136]. Hyphenation of gas chromatography
(GC) with mass spectrometry is the analytical technique mostly used for accurate
compound identification [128]. More than 3000 EOs are known, but only about
150 have commercial relevance in global markets [137] with industrial-scale
productions being achieved mainly for orange (Citrus sinensis), cornmint (Mentha
arvensis), eucalyptus cineole-type (Eucalyptus globulus), citronella (Cymbopogon
winterianus), peppermint (Mentha x piperita), lemon (Citrus limon), eucalyptus
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citronellal type (Corymbia citriodora), clove leaf (Syzygium aromaticum), cedar-
wood (Juniperus virginiana), aromatic litsea (Litsea cubeba), and lemongrass
(Cymbopogon citratus) [136].

Aromatic plants and their EOs have been used for centuries by different cultures
and for distinct purposes [138]. Nowadays these volatile extracts are valued in
several industries, being applied in food products and beverages, perfumes, and
cosmetics, and in supplements, nutraceuticals, and pharmaceuticals. It is of major
relevance that many aromatic species are included in the Generally Recognized as
Safe (GRAS) list fully approved by the US Food and Drug Administration (FDA)
and Environmental Protection Agency (EPA, USA) for addition to food and
beverages, thus highlighting their industrial relevance. Many of the referred
applications rely on EOs organoleptic properties and/or bioactive potential. Indeed,
several effects have been described for these compounds including fungicidal,
bactericidal, anti-inflammatory, antioxidant, anticarcinogenic, and insecticidal.
Importantly, EOs lipophilicity and small molecular size enable a direct passage
through cell membranes (passive diffusion), thus avoiding limitations by the cell
transport machinery [139]. These features make EOs very interesting for the devel-
opment of innovative products, mainly in the medical field, since different routes of
administration (topical, per-os, and inhalatory) can be considered.

One of the most studied biological effects of EOs and their isolated compounds is
the antifungal effect, that has gained a renewed interest due to the increasing number
of drug-resistant fungal isolates. For example, several studies have demonstrated
the effectiveness of these compounds against dermatophytes. Table 2 summarizes
the most relevant studies on the antidermatophytic activity of EOs performed over
the last years, with reference to the main compounds present in the oil, order of the
most sensitive species/strains (based on MIC values when available), and methodol-
ogy used to assess the antifungal effect. Studies addressing more than three species
or revisions were not included in the table and are referred below.

In 2016, Chaftar et al. [179] published the results of a large comparative study on
the antifungal activity of 19 EOs (14 commercial and five isolated from plants
collected in different Tunisian regions). Two clinical isolates were assessed, namely
T. mentagrophytes and T. rubrum. Overall, the EO of Cymbopogon citratus was the
most active followed by Thymus vulgaris, Mentha x piperita, Citrus sinensis,
Origanum vulgare, Cymbopogon martinii var. motia, Syzygium aromaticum and
Pinus laricio. Houël et al. [168] analyzed the antifungal effect of seven EOs
collected in the French Guiana, namely Achetaria guianensis, Cymbopogon citratus,
Mikania micrantha, Otacanthus azureus, Piper hispidum, Protium heptaphyllum,
and Vouacapoua americana. The most active EOs were those of C. citratus,
O. azureus, and P. heptaphyllum against M. canis, N. gypsea, and
T. mentagrophytes. Interestingly, the MIC values recorded for C. citratus and
O. azureus EOs against T. mentagrophytes (8 μg/mL) were similar to that of
fluconazole. In another study, 20 commercial EOs were analyzed (Boswellia
sacra, Citrus bergamia, C. limon, C. medica, Cinnamomum zeylanicum, Eucalyptus
globulus, Foeniculum vulgare,Helichrysum italicum, Illicium verum, Litsea cubeba,
Mentha spicata, Myrtus communis, Ocimum basilicum, Origanum majorana,
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hy
te
s

an
d
T
.i
nt
er
di
gi
ta
le
(0
.3
2–

0.
64

μL
/m

L
);
N
.g

yp
se
a

(0
.6
4
μL

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
59
]

L
ip
pi
a
al
ba

(B
ra
zi
l)

L
in
al
oo

l
(6
6.
0%

)
T
.r
ub

ru
m

(3
9
μg

/m
L
);
E
.fl

oc
co
su
m

(1
56

μg
/m

L
);

N
.g

yp
se
a
(3
12

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n;
ef
fe
ct
on

pe
pt
id
as
e/
ke
ra
tin

as
e
ac
tiv

iti
es
;

B
S
A

an
d
ke
ra
tin

cl
ea
va
ge

by
so
di
um

do
de
cy
ls
ul
fa
te

po
ly
ac
ry
la
m
id
e
ge
l

el
ec
tr
op

ho
re
si
s

[1
60
]
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tin
ue
d)
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Ta
b
le

2
(c
on

tin
ue
d)

P
la
nt

so
ur
ce

(s
ite

of
co
lle
ct
io
n)

M
ai
n
co
m
po

un
ds

T
es
te
d
sp
ec
ie
s
an
d
an
tif
un

ga
l
ef
fe
ct
(M

IC
)

A
nt
if
un

ga
l
as
sa
y

R
ef
.

L
on

ic
er
a
ja
po

ni
ca

(R
ep
ub

lic
of

K
or
ea
)

tr
an

s-
N
er
ol
id
ol

(1
6.
3%

)
an
d

ca
ry
op

hy
lle
ne

ox
id
e
(1
1.
2%

)
M
.c
an

is
(6
2.
5–

25
0
μg

/m
L
,d

ep
en
di
ng

on
th
e

st
ra
in
);
T
.r
ub

ru
m

(1
25
–
50

0
μg

/m
L
,d

ep
en
di
ng

on
th
e
st
ra
in
);
T
.m

en
ta
gr
op

hy
te
s
(5
00

μg
/m

L
)

F
oo

d
po

is
on

in
g
te
ch
ni
qu

e;
ag
ar

di
lu
tio

n;
sp
or
e
ge
rm

in
at
io
n
an
d

gr
ow

th
ki
ne
tic
s

[1
61
]

M
at
ri
ca
ri
a
re
cu
tit
a

(I
ra
n)

C
ha
m
az
ul
en
e
(6
1.
3%

)
an
d

is
op

ro
py

l
he
xa
de
ca
no

at
e

(1
2.
7%

)

M
.c
an

is
,N

.g
yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
T
.r
ub

ru
m

an
d
T
.t
on

su
ra
ns

(n
.a
.)

D
is
k
di
ff
us
io
n
an
d
in
hi
bi
tio

n
of

fu
ng

al
gr
ow

th
[1
62
]

M
et
as
eq
uo

ia
gl
yp
to
st
ro
bo

id
es

(R
ep
ub

lic
of

K
or
ea
)

α
-P
in
en
e
(2
9.
5%

)
T
.m

en
ta
gr
op

hy
te
s
(6
2.
5
μg

/m
L
);
M
.c
an

is
(6
2.
5–
50

0
μg

/m
L
,d

ep
en
di
ng

on
th
e
st
ra
in
);

T
.r
ub

ru
m

(1
25
–
50

0
μg

/m
L
,d

ep
en
di
ng

on
th
e

st
ra
in
)

D
is
k
di
ff
us
io
n;

m
in
im

um
in
hi
bi
to
ry

co
nc
en
tr
at
io
n;

sp
or
e

ge
rm

in
at
io
n
an
d
gr
ow

th
ki
ne
tic
s

(f
or

M
.c
an

is
)

[1
63
]

M
yr
tu
s
ni
ve
lle
i

(S
ah
ar
a)

1,
8-
C
in
eo
le
(3
7.
5%

)
an
d

lim
on

en
e
(2
5.
0%

)
E
.fl

oc
co
su
m
,M

.c
an

is
,a
nd

T
.r
ub

ru
m
(0
.6
4
μL

/
m
L
);
N
.g
yp
se
a,
T
.m

en
ta
gr
op

hy
te
s,
T
.i
nt
er
di
gi
ta
le
,

an
d
T
.v
er
ru
co
su
m

(1
.2
5
μL

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
64
]

N
an

di
na

do
m
es
tic
a

(R
ep
ub

lic
of

K
or
ea
)

1-
In
do

liz
in
o
ca
rb
az
ol
e
(1
9.
7%

),
2-
pe
nt
an
on

e
(1
6.
4%

)
an
d
m
on

o
ph

en
ol

(1
2.
1%

)

M
.c
an

is
an
d
T
.m

en
ta
gr
op

hy
te
s
(6
2.
5–
12

5
μg

/m
L
,

de
pe
nd

in
g
on

th
e
st
ra
in
);
T
.r
ub

ru
m

(6
2.
5–
50

0
μg

/
m
L
,d

ep
en
di
ng

on
th
e
st
ra
in
)

D
is
k
di
ff
us
io
n
an
d
m
in
im

um
in
hi
bi
to
ry

co
nc
en
tr
at
io
n

[1
65
]

O
en
an

th
e
cr
oc
at
a

(P
or
tu
ga
l)

tr
an

s-
β-
O
ci
m
en
e
(3
1.
3%

),
sa
bi
ne
ne

(2
9.
0%

)
an
d
ci
s-
β-

oc
im

en
e
(1
2.
3%

)

E
.fl

oc
co
su
m
,M

.c
an

is
,N

.g
yp
se
a,

an
d
T
.r
ub

ru
m

(0
.0
8
μL

/m
L
);
T
.m

en
ta
gr
op

hy
te
s
an
d

T
.i
nt
er
di
gi
ta
le
(0
.1
6
μL

/m
L
);
T
.v
er
ru
co
su
m

(0
.6
4–
1.
25

μL
/m

L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
66
]

O
ri
ga

nu
m
m
aj
or
an

a
(M

ex
ic
o)

C
ol
or
le
ss

oi
l:
al
lo
-O

ci
m
en
e

(2
8.
5%

),
te
rp
in
en
-4
-o
l
(2
3.
1%

),
th
ym

ol
(1
6.
3%

)
an
d
tr
an

s-
hy

dr
at
e
sa
bi
ne
ne

(1
5.
3%

)
Y
el
lo
w
oi
l:
T
er
pi
ne
n-
4-
ol

(2
7.
7%

),
th
ym

ol
(2
4.
6%

)
an
d

tr
an

s-
hy

dr
at
e
sa
bi
ne
ne

(1
0.
5%

)

E
.fl

oc
co
su
m
,M

.c
an

is
,N

.g
yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
T
.r
ub

ru
m
,a
nd

T
.t
on

su
ra
ns

(n
.a
.)

D
is
k
di
ff
us
io
n

[1
67
]
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O
ta
ca
nt
hu

s
az
ur
eu
s

(F
re
nc
h
G
ui
an
a)

β-
C
op

ae
n-
4-
α
-o
l(
23

.3
%
)
an
d
α
-

hu
m
ul
en
e
(1
0.
6%

)
T
.r
ub

ru
m

(4
μg

/m
L
);
N
.g

yp
se
a
(3
1
μg

/m
L
);

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.t
on

su
ra
ns

(6
2
μg

/m
L
);

M
.c
an

is
(>

50
0
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
an
d

ch
ec
ke
rb
oa
rd

[1
68
]

R
os
m
ar
in
us

of
fi
ci
na

lis
(M

ex
ic
o)

C
ol
or
le
ss

oi
l:
T
er
pi
ne
n-
4-
ol

(4
5.
9%

)
an
d
1,
8-
ci
ne
ol
e
(2
3.
8%

)
Y
el
lo
w
oi
l:
T
er
pi
ne
n-
4-
ol

(8
7.
6%

)

E
.fl

oc
co
su
m
,M

.c
an

is
,N

.g
yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
T
.r
ub

ru
m
,a
nd

T
.t
on

su
ra
ns

(n
.a
.)

D
is
k
di
ff
us
io
n

[1
67
]

Sa
lv
ia

m
ul
tic
au

lis
(L
eb
an
on

)
Sa

m
pl
e
1:

tr
an

s-
N
er
ol
id
ol

(1
2.
3%

)
Sa

m
pl
e
2:

α
-P
in
en
e
(1
6.
3%

)
an
d

eu
ca
ly
pt
ol

(1
6.
3%

)

T
.v
io
la
ce
um

(8
μg

/m
L
);
T
.s
ou

da
ne
ns
e
(3
2
μg

/m
L
);

T
.m

en
ta
gr
op

hy
te
s,
T
.r
ub

ru
m
,a
nd

T
.t
on

su
ra
ns

(6
4
μg

/m
L
)

M
ic
ro
br
ot
h
di
lu
tio

n
[1
69
]

Sc
hi
nu

s
le
nt
is
ci
fo
liu

s
(B
ra
zi
l)

γ-
E
ud

es
m
ol

(1
2.
8%

)
an
d
el
em

ol
(1
0.
5%

)
M
.c
an

is
(0
.0
04

–
0.
08

μg
/m

L
,d

ep
en
di
ng

on
th
e

st
ra
in
);
T
.r
ub

ru
m

(0
.0
08

μg
/m

L
);
N
.g

yp
se
a
an
d

T
.m

en
ta
gr
op

hy
te
s
(0
.0
16

μg
/m

L
)

M
ic
ro
br
ot
h
di
lu
tio

n;
tim

e-
ki
ll

as
sa
y
(f
or

T
.r
ub

ru
m
);
so
rb
ito

l
pr
ot
ec
tio

n
as
sa
y;

er
go

st
er
ol

ef
fe
ct
;
el
ec
tr
on

m
ic
ro
sc
op

y
an
d

ch
ec
ke
rb
oa
rd

[1
70
]

Sy
zy
gi
um

ar
om

at
ic
um

(C
om

m
er
ci
al
)

E
ug

en
ol

(8
5.
3%

)
M
.c
an

is
(0
.0
8–

0.
16

μL
/m

L
);
E
.fl

oc
co
su
m
,

N
.g

yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
an
d
T
.r
ub

ru
m
(0
.1
6

μL
/m

L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
71
]

T
ha

ps
ia

vi
llo

sa
(P
or
tu
ga
l)

L
im

on
en
e
(5
7.
5%

)
an
d

m
et
hy

le
ug

en
ol

(3
5.
9%

)
E
.fl

oc
co
su
m
,M

.c
an

is
,T

.m
en
ta
gr
op

hy
te
s,
an
d

T
.r
ub

ru
m

(0
.6
4
μL

/m
L
);
N
.g

yp
se
a,

T
.i
nt
er
di
gi
ta
le
,a
nd

T
.v
er
ru
co
su
m

(1
.2
5
μL

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
72
]

T
hy
m
us

ca
m
ph

or
at
us

(P
or
tu
ga
l)

1,
8-
C
in
eo
le
(1
5.
5%

),
α
-p
in
en
e

(1
2.
7%

)
an
d
bo

rn
eo
l
(8
.5
%
)

E
.fl

oc
co
su
m
,M

.c
an

is
,N

.g
yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
an
d
T
.r
ub

ru
m

(5
70

μg
/m

L
);

T
.i
nt
er
di
gi
ta
le
an
d
T
.v
er
ru
co
su
m

(1
11

0
μg

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
73
]

T
hy
m
us

ca
rn
os
us

(P
or
tu
ga
l)

B
or
ne
ol

(2
9.
0%

),
ca
m
ph

en
e

(1
9.
5%

)
an
d
α
-p
in
en
e
(8
.9
%
)

T
.r
ub

ru
m

(5
70

μg
/m

L
);
E
.fl

oc
co
su
m
,M

.c
an

is
,

T
.m

en
ta
gr
op

hy
te
s,
an
d
T
.i
nt
er
di
gi
ta
le
(1
11

0
μg

/
m
L
);
N
.g

yp
se
a
an
d
T
.v
er
ru
co
su
m

(2
23

0
μg

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
73
]

T
hy
m
us

x
vi
ci
os
oi

(P
or
tu
ga
l)

C
ar
va
cr
ol

(3
0.
0%

),
th
ym

ol
(1
8.
0%

)
an
d
p-
cy
m
en
e
(1
9.
0%

)
T
.m

en
ta
gr
op

hy
te
s
(0
.0
8
μL

/m
L
);
E
.fl

oc
co
su
m
,

M
.c
an

is
,N

.g
yp
se
a,

an
d
T
.r
ub

ru
m

(0
.1
6
μL

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
74
]

(c
on

tin
ue
d)
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Ta
b
le

2
(c
on

tin
ue
d)

P
la
nt

so
ur
ce

(s
ite

of
co
lle
ct
io
n)

M
ai
n
co
m
po

un
ds

T
es
te
d
sp
ec
ie
s
an
d
an
tif
un

ga
l
ef
fe
ct
(M

IC
)

A
nt
if
un

ga
l
as
sa
y

R
ef
.

T
hy
m
us

vu
lg
ar
is

(M
ex
ic
o)

o-
C
ym

en
e
(3
7.
1%

),
γ-
te
rp
in
en
e

(2
0.
0%

)
an
d
th
ym

ol
(1
7.
0%

)
E
.fl

oc
co
su
m
,M

.c
an

is
,N

.g
yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
T
.r
ub

ru
m
,a
nd

T
.t
on

su
ra
ns

(n
.

a)

D
is
k
di
ff
us
io
n

[1
67
]

V
ite
x
ag

nu
s-
ca
st
us

(I
ta
ly
)

L
ea
ve
s:
B
ic
yc
lo
ge
rm

ac
re
ne

(1
6.
2%

)
an
d
(E
)-
β-
fa
rn
es
en
e

(1
0.
1%

)
F
lo
w
er
s:
B
ic
yc
lo
ge
rm

ac
re
ne

(9
.7
%
)

F
ru
its
:
(E
)-
β-
F
ar
ne
se
ne

(1
4.
4%

)
an
d
bi
cy
cl
og

er
m
ac
re
ne

(1
4.
0%

)

E
.fl

oc
co
su
m
,M

.c
an

is
an
d
T
.r
ub

ru
m
(0
.6
4
μL

/
m
L
);
N
.g

yp
se
a
an
d
T
.m

en
ta
gr
op

hy
te
s
(1
.2
5
μL

/
m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
75
]

V
ite
x
ri
vu
la
ri
s

(C
am

er
oo

n)
Sa

m
pl
e
1:

G
er
m
ac
re
ne

D
(1
2.
6%

)
Sa

m
pl
e
2:

G
er
m
ac
re
ne

D
(2
0.
6%

)

T
.r
ub

ru
m

(0
.1
6
μL

/m
L
);
E
.fl

oc
co
su
m
,

T
.m

en
ta
gr
op

hy
te
s,
an
d
N
.g

yp
se
a
(0
.3
2
μL

/m
L
);

M
.c
an

is
(0
.6
4
μL

/m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
76
]

Z
at
ar
ia

m
ul
tifl

or
a

(C
om

m
er
ci
al
)

Sa
m
pl
e
1:

T
hy

m
ol

(2
5.
8%

)
an
d

ca
rv
ac
ro
l
(3
4.
4%

)
Sa

m
pl
e
2:

T
hy

m
ol

(3
8.
0%

)
an
d

ca
rv
ac
ro
l
(3
0.
6%

)
Sa

m
pl
e
3:

T
hy

m
ol

(4
1.
2%

)
an
d

ca
rv
ac
ro
l
m
et
hy

le
th
er

(2
8.
3%

)

Sa
m
pl
e
1:

N
.g

yp
se
a
an
d
T
.m

en
ta
gr
op

hy
te
s
(0
.0
3

μL
/m

L
);
T
.r
ub

ru
m
(0
.0
6
μL

/m
L
);
M
.c
an

is
an
d

T
.s
ch
oe
nl
ei
ni
i
(0
.1
25

μL
/m

L
)

Sa
m
pl
e
2:

T
.m

en
ta
gr
op

hy
te
s
an
d
T
.r
ub

ru
m
(0
.0
3

μL
/m

L
);
N
.g

yp
se
a
(0
.0
6
μL

/m
L
);
T
.s
ch
oe
nl
ei
ni
i

(0
.1
25

μL
/m

L
);
M
.c
an

is
(0
.2
5
μL

/m
L
)

Sa
m
pl
e
3:

N
.g

yp
se
a,

T
.m

en
ta
gr
op

hy
te
s
an
d

T
.r
ub

ru
m

(0
.0
3
μL

/m
L
);
T
.s
ch
oe
nl
ei
ni
i
(0
.0
6
μL

/
m
L
);
M
.c
an

is
(0
.1
25

μL
/m

L
)

E
la
st
as
e
pr
od

uc
tio

n;
m
ic
ro
br
ot
h

di
lu
tio

n
an
d
in
hi
bi
to
ry

ef
fe
ct
s
on

m
yc
el
iu
m

gr
ow

th

[1
77
]

Z
iz
ip
ho

ra
te
nu

io
r

(J
or
da
n)

P
ul
eg
on

e
(4
6.
8%

),
p-
m
en
th
-3
-

en
-8
-o
l
(1
2.
5%

),
is
om

en
th
on

e
(6
.6
%
)
an
d
8-
hy

dr
ox

ym
en
th
on

e
(6
.2
%
)

E
.fl

oc
co
su
m
,T

.r
ub

ru
m

an
d
T
.v
er
ru
co
su
m

(0
.6
4

μL
/m

L
);
M
.c
an

is
(0
.6
4–
1.
25

μL
/m

L
);
N
.g

yp
se
a,

T
.m

en
ta
gr
op

hy
te
s,
an
d
T
.i
nt
er
di
gi
ta
le
(1
.2
5
μL

/
m
L
)

M
ac
ro
br
ot
h
di
lu
tio

n
[1
78
]

E
.E

pi
de
rm

op
hy
to
n,

M
.M

ic
ro
sp
or
um

,N
.N

an
ni
zz
ia
,T

.T
ri
ch
op

hy
to
n,

n.
i.
no

t
id
en
tifi

ed
,n

.a
.n

ot
av
ai
la
bl
e
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O. vulgare, Pelargonium graveolens, R officinalis, Santalum album, Satureja
montana, and Thymus serpyllum) against clinical animal isolates of M. canis,
N. gypsea, Trichophyton erinacei, T. mentagrophytes, and T. terrestre. The EOs of
T. serpyllum (rich in thymol), O. vulgare (with high amounts of carvacrol), and
L. cubeba (with high amounts of neral) were the most effective [180]. Furthermore,
Ethiopian EOs were analyzed by Nasir et al. [181] with Thymus schimperi and
Cinnamomum zeylanicum being more active against clinical isolates of
Microsporum spp. and Trichophyton spp. In this study, no chemical analysis of
the volatile extracts was conducted, thus disabling the identification of putative
active compounds. In the following year, Sadhasivam et al. [182] studied another
group of commercial EOs including Boswellia serrata, Carum carvi, Coriandrum
sativum, Cyperus scariosus, Elettaria cardamom, Ocimum sanctum, Piper nigrum,
Syzygium aromaticum, and S. cumini, with B. serrata EO showing the lowest MIC
value, followed by S. aromaticum oil with maximum potency against Trichophyton
spp. Then, the antimicrobial activity of the EOs of six conifers harvested in Lebanon,
namely Abies cilicica, Cedrus libani, Cupressus sempervirens, C. macrocarpa,
Juniperus excelsa, and J. oxycedrus, was also compared, but clinical isolates of
T. mentagrophytes, T. rubrum, T. soudanense, T. violaceum, and T. tonsurans were
sensitive to most of the tested EOs [183].

In a review published in 2011 on the antidermatophytic activity of EOs, Zuzarte
et al. [26] highlighted the in vitro effectiveness of several EOs and suggested that the
antifungal effect of EOs is not due to a single mechanism but results from the effects
of different compounds on several cell targets. This could have a major health impact
since fungal resistance is unlikely to occur [184]. Later, Flores et al. [185] gathered
the information on the use of EOs for the treatment of onychomycosis and pointed
out the following effective species: Allium spp., Melaleuca spp., Thymus spp.,
Eucalyptus spp., Origanum spp., and Lavandula spp. In the same year, Shokri
[186] reviewed the potential of Nigella sativa EO against a considerable number
of dermatophyte clinical isolates and showed a weak to moderate inhibitory effect of
this extract. Nevertheless, the major compound present in the EO, thymoquinone,
was pointed out as an active antidermatophytic compound, as referred previously in
the non-volatile compound’s section. More recently, Lopes et al. [8] summarized the
existing knowledge on the antidermatophytic activity of natural products, with a
special focus on their mechanism of action, available pharmaceutical formulations
and effect on animal models of infection and on human dermatophytosis. In addition,
the establishment of chemical composition/antifungal activity relationships was
attempted, although this task is uneasy since the antifungal activity of the oil may
be due to synergistic effects between different compounds, rather than to a single
major compound. However, it seems evident that EOs rich in phenolic compounds,
such as terpenic phenols (e.g., thymol and carvacrol) or phenylpropanoids (e.g.,
eugenol, cinnamaldehyde, and benzyl benzoate) are more active, thus suggesting
that the presence of a phenol function in the molecules increases their antimicrobial
effects [187]. In addition, strong antidermatophytic activities have also been posi-
tively correlated with the presence of other oxygenated monoterpenes. Indeed, Lima
et al. [188] tested several EOs obtained from medicinal plants in the Central Andes
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of Argentina and showed that those rich in oxygenated monoterpenes, namely
Lippia integrifolia and Satureja parvifolia, were more active against N. gypsea,
T. mentagrophytes, and T. rubrum. Also, the presence of necrodane derivatives and
1,8-cineole in Lavandula luisieri EO and geranial and neral in Cymbopogon citratus
EO enhanced their antidermatophytic effect [147].

Importantly, EO quality strongly depends on the origin of the plants and on the
intraspecific variability that can compromise the antifungal potential. For example,
Marongiu et al. [189] showed that two chemotypes of Crithmum maritimum with
different concentrations of dillapiole presented distinct antifungal effects, the sample
with higher amounts of this compound being the most active; different chemotypes
for Lavandula pedunculata according to the site of collection were investigated by
Zuzarte et al. [190] and the one with high amounts of camphor revealed to be the
most effective against dermatophytes. Likewise, Maxia et al. [191] investigated the
antifungal potential of the volatile extracts of Daucus carota subsp. carota growing
wild in the Mediterranean (Sardinia) and Atlantic coasts (Portugal); EOs from
blooming umbels and ripe umbels with mature seeds were obtained with major
differences in the main compounds between Sardinian and Portuguese samples (β-
bisabolene and 11-α-(H)-himachal-4-en-1-β-ol vs. geranyl acetate and α-pinene,
respectively), and the Sardinian EO obtained from flowering umbels being the
most effective. More recently, Mahboubi et al. [177] analyzed three commercial
EOs of Zataria multiflora. Two of these oils belonged to the thymol/carvacrol/p-
cymene chemotype, while the third belonged to high thymol/low carvacrol/p-
cymene chemotype, and the later presented greater antidermatophytic activity.
Also, EOs of Pistacia terebinthus growing in Tunisia or in the Sardinia Island
greatly differed, and the Tunisian oils exhibited a higher antifungal activity
correlated with elevated amounts of α-pinene [192]. Contrarily, in a study on EOs
from Artemisia sieberi collected at different harvesting times and at distinct locations
in Iran, no significant differences were observed in their antidermatophytic activities,
strains of M. canis, N. gypsea, and T. rubrum being the most sensitive [193].

Although the combination of EOs with conventional antifungal drugs is
recommended to improve the outcome, studies regarding their combined effect on
dermatophyte strains remain scarce. Dias et al. [147] showed a synergistic effect
between Lavandula luisieri EO and terbinafine against a terbinafine-resistant
T. rubrum strain. In addition, the checkerboard method revealed synergistic
interactions between Otacanthus azureus EO and azole antifungals against
T. mentagrophytes [168] as well as between Schinus lentiscifolius EO and
terbinafine [170]. More recently, Khoury et al. [155] reported a synergistic effect
of Hirtellina lobelii EO with fluconazole and griseofulvin against several
Trichophyton species, namely T. mentagrophytes, T. rubrum, T. soudanense, and
T. violaceum. These positive effects could enable to reduce the dose of antifungal
drugs, thus decreasing the adverse side effects associated with conventional
antifungals. Another interesting approach regarding the antidermatophytic activity
of EOs assessed the photoactivation of Citrus aurantifolia EO to treat common
cutaneous fungal infections, including infections caused by T. rubrum. Interestingly,
natural light exposure enhanced the lethal effect of the EO, probably because of an
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increase in free radical production. This effect should be considered in clinical
settings in which toenail infections are treated with topical application of EO while
being exposed to sunlight [194].

Furthermore, aromatic extracts obtained by different extractive methods have also
been assessed for their antidermatophytic potential. For example, an aromatic extract
of Nigella sativa obtained with a soxhlet apparatus showed inhibitory effects against
M. canis, N. gypsea, and T. mentagrophytes, being more active than the non-volatile
extracts [41]. Also, volatile extracts from Vitex agnus-castus obtained by supercriti-
cal CO2 extraction were tested against several dermatophytes; nevertheless, in the
majority of the cases, the EO (obtained by hydrodistillation) was more
effective [175].

The antidermatophytic activity of individual compounds found in EOs has also
been investigated, as summarized in Table 3. In addition, examples of the chemical
structures of active volatile compounds from different chemical classes are presented
in Fig. 2. Overall, several reports have pointed out the effect of isolated
monoterpenes but studies on sesquiterpenes are scarce. An extensive study on
isolated compounds, performed by Nardoni et al. [180], evaluated the antifungal
effect of 17 compounds against isolates of M. canis, N. gypsea, T. mentagrophytes,
T. erinacei, and T. terrestre. Neral was the most effective compound followed by
thymol, carvacrol, eugenol, geranial, geraniol, and fenchone that showed moderate
activity against most of the tested fungal species. Contrarily, limonene, p-cymene, α-
pinene, and γ-terpinene were ineffective. In addition, the antidermatophytic effect of
geraniol, nerol, citral, neral, and geranial was assessed against four dermatophyte
species [197]. The trans isomers showed higher antifungal potential than the cis,
with T. rubrum being the most sensitive to the monoterpenes. Overall, oxygenated
monoterpenes and in particular phenolic terpenes, namely thymol and carvacrol,
present a higher antifungal capacity in comparison to hydrocarbons. In what
concerns sesquiterpenes, synthetic (3R,6E)-2,3-dihydrofarnesol and its enantiomer
(3S,6E)-2,3-dihydrofarnesol, as well as (2E,6E)-farnesol were able to inhibit the
growth of E. floccosum, M. canis, T. mentagrophytes, and T. rubrum, with the last
two compounds showing a pronounced effect similar to, or even stronger than, that
of fluconazole. Interestingly, these compounds have been described as volatiles
released by microorganisms, namely Candida albicans, although their relevance in
situ is unknown [198]. Regarding phenylpropanoids, eugenol and its derivatives
were effective against dermatophytes, 4-allyl-2-methoxy-5-nitrophenol being the
most effective derivative [199].

The antifungal activity of volatile extracts does not seem to be due to a single
mechanism of action, but results from the effect of different compounds on several
cell targets. Suggested modes of action include lysis of cell walls and membranes
affecting fungus permeability with release of intracellular constituents, impairment
in ergosterol biosynthesis, elevated vacuolization, as well as the disintegration of cell
organelles such as mitochondria, as pointed out by Zuzarte et al. [26].
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6 In Vivo Studies and Pharmaceutical Formulations

Despite the promising results obtained in vitro in the numerous studies that have
been performed, in vivo validations are required to assess how the whole organism
will respond to the use of natural products. In this aim, different animal models have
been tested, mainly guinea pigs. Also, specific formulations (e.g., ointments, creams,
oils, nail lacquers) have been developed according to the nature, chemical
characteristics, and stability of the therapeutic compounds as well as the site of
application. Next, several studies are presented reporting the in vivo validation of
pharmaceutical formulations using either animal models or, in a few cases, patients
in clinical trials.

A flavonoid isolated from the most active extract of T. chebula stems was tested
on infected mice to treat dermatophytosis. For this purpose, an ointment was
prepared with the isolated apigenin (5 mg/g). A complete recovery from the infection
was recorded within 12 days of treatment, as observed with terbinafine [200]. On
rats, an ointment prepared from the alkaloidal fraction of Enantia chlorantha stem
bark was tested against dermatophytic infections. The formulation was effective
against several dermatophytes and led to a higher reduction of the fungal load at the

(Monoterpene hydrocarbon)
(Oxygenated monoterpene)

(Oxygenated sesquiterpene) (Phenolic terpene)

(Phenylpropanoid)

Fig. 2 Examples of volatile compounds, from different chemical classes, with antidermatophytic
potential
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end of the experiment, in comparison to both the placebo and tioconazole (1%
cream) [201].

Regarding studies with rabbits, the ethanolic extract of the bark of P. amurense
tree, rich in alkaloids, showed a partial antifungal efficacy against an infection
induced by T. mentagrophytes [107]. Also, the combination of berberine and
palmatine significantly elicited the antifungal effect of the first compound in rabbits
infected with M. canis. Indeed, the combined treatment was more effective than
single administration of each compound or clotrimazole [202].

Several studies have been performed on infected guinea pigs. For example,
Ayatollahi and Kazemi [203] assessed the therapeutic effects of M. communis and
C. zeylanicum methanolic extracts on dermatophytosis induced by M. canis and
T. mentagrophytes. Both extracts were able to completely treat the infection in
shorter periods of time than clotrimazole. The crude extract obtained with a mixture
of dichloromethane-methanol from P. fulva stem barks was also tested on a
T. mentagrophytes infection. Thirteen days of daily treatment permitted to cure the
infection without irritating effects. These observations validate the traditional uses
ascribed to this species. Indeed, the stem bark of this tree is used locally against
dermatoses [204]. Furthermore, palm kernel oil also proved to be a good vehicle for
the extract and thus, the oil-extract of P. fulva seems to be a good candidate for
antidermatophytic phytomedicine [204]. Lee et al. [205] tested two volatile
compounds, eugenol and nerolidol, isolated from Japanese cypress oil, in a similar
model of infection by N. gypsea. The compounds were incorporated in vaseline
petroleum jelly and applied topically on skin lesions for 3 weeks. The formulation
with nerolidol was more active and improvement in the lesions was seen since the
first week of application. It is important to underline that both compounds showed a
lower degree of hyperkeratosis and inflammatory cell infiltration than econazole
used as a positive control. Ointments of C. martini and Chenopodium ambrosioides
EOs were also able to eliminate induced ringworm in 7–21 days [144]. In vivo
validations were performed using a mixture of three essential oils, i.e., O. vulgare
(5%), R. officinalis (5%), and T. serpyllum (2%) in sweet almond oil. This formula-
tion was topically applied to seven cats with ringworm. Although four cats recov-
ered, no untreated control group was included in the study [206]. This is quite
questionable since dermatophytosis may be sometimes self-healing.

Larger animals have also been used to validate the antidermatophytic effect of
natural extracts. Infected goats were treated with Lawsonia inermis (henna) paste,
aqueous and ethanolic extracts, or clotrimazole. The henna paste was the most
effective, with the disappearance of the lesions and complete hair repair after
30 days of treatment [207]. A liposomal gel loaded with Eucalyptus camaldulensis
EO was also effective against M. canis, N. gypsea, T. rubrum, and T. verrucosum
[208]. Interestingly, the oil entrapped in liposomes remained stable for an extended
period, which highlights the relevance of this kind of formulation since the enhanced
stability of the active compound may enable a higher therapeutic outcome. Further-
more, horses affected with equine ringworm were treated with a mixture of 25% tea
tree oil (Melaleuca alternifolia) in sweet almond oil while the control group received
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enilconazole 2% solution. All treated animals showed complete healing [209], thus
stressing out the effectiveness of the plant extract.

A few clinical trials have been conducted in humans. Romero et al. [210] assessed
the efficacy of Ageratina pichinchensis extract (maceration with a mixture of hexane
and ethyl acetate) in the topical treatment of nails in patients with mild to moderate
onychomycosis. In this trial, two concentrations (12.6 and 16.8%) were assessed for
both tolerability and therapeutic efficacy. Both concentrations of the extract were
incorporated in a cosmetic nail lacquer. Following 6 months of treatment, 100% of
tolerability was observed in both cases, the therapeutic efficacy being 79% in the
group treated with the higher concentration. Hospitalized patients aged from
3 months to 58 years and diagnosed with Tinea corporis, Tinea capitis, Tinea
manuum, or Tinea pedis received a flavonoid-rich extract incorporated in an oint-
ment for 1–5 weeks. At the end of treatment, a complete cure was observed in 64%
of patients while 24% showed significant improvement and only 12% registered a
little improvement [211]. A fungitoxic cream formulation (extracts of J. regia hulls,
pulverized roots of Nardostachys jatamansi or Vetiveria zizanioides or
Catharanthus roseus, polyols, fixed oil, non-ionic emulsifiers, thickening agent
plasticizer, and base) was patented by Bindra et al. [212]. The formulation showed
good adherence to the nail surface and dried rapidly. The fungitoxic effects were
observed after 4 days of application, with a complete recovery at the end of 190 days
of treatment. Importantly, it also prevented the recurrence of the infection. An
ethanolic propolis extract was also used as a therapeutic option for patients with
onychomycosis. Topical treatments were applied with a 6-month follow-up period.
The extract was able to penetrate the nail without cytotoxicity, and permitted a
complete mycological and clinical recovery in 56% of the patients [213].

Volatile compounds have also been used in clinical trials, mainly M. alternifolia
and Eucalyptus spp. EOs. Indeed, M. alternifolia (tea tree) oil applied twice daily
with a formulation consisting of 100% tea tree oil was effective in the treatment of
onychomycosis, showing an efficacy similar to that of clotrimazole [214]. Also, a
double-blind placebo-controlled study was carried out to examine the clinical
efficacy and tolerability of a formulation containing 5% of M. alternifolia oil
incorporated in a cream to manage toenail onychomycosis in a cohort. After
16 weeks, 80% of the patients using this formulation were cured, with no relapse
observed during 1 year of follow-up [215]. In another large randomized, double-
blind study, both 25% and 50% tea tree oil solutions were effective in treating Tinea
pedis, but to less extend than standard topical treatments [216]. The antifungal
potential attributed to Eucalyptus species has also been confirmed in a pilot study
that evaluated the efficacy of an over-the-counter ointment in an outpatient clinic
setting. The patients diagnosed with onychomycosis showed positive cultures for
both Candida parapsilosis and T. mentagrophytes. The formulation rich in Eucalyp-
tus oil was able to improve the infection in 83% of the patients. However, for a total
recovery 48 weeks were needed [217]. Curcuma longa EO has also been formulated
in an ointment (1% w/v) and tested topically on patients diagnosed with Tinea
corporis. At the end of the treatment, 75% of patients had completely
recovered [218].
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Although several studies demonstrated the therapeutic potential of natural
extracts and isolated compounds in animal models of dermatophytosis, there are
still few studies devoted to the evaluation of their toxicity in vivo. Further studies are
needed to determine potential toxic effects, toward animals or humans. For instance,
Freile et al. [219] evaluated the toxicity of aqueous extracts of a plant with
antidermatophytic activity in vivo, using fish and fish embryo-larval stages as
models, and demonstrated the low toxicity of the extracts in comparison to ketoco-
nazole. Jagetia et al. [220] evaluated the acute toxicity of a leaf extract of
A. marmelos, a plant with antidermatophytic activity [221], in Swiss albino male
mice, through intraperitoneal injection of the extract. The authors verified that the
extract was non-toxic up to a single dose of 1750 mg/kg. Despite several in vitro
evaluations of toxicity using human and non-human cell models [222], as well as the
therapeutic effectiveness studies, the lack of data regarding toxicity in animal models
is certainly a setback in the advance of natural compounds for commercialization.
Nevertheless, some commercial formulations mainly with EOs are currently avail-
able for the treatment of onychomycosis. For example, Tineacide® (Blaine Labs,
California, USA) comprises tea tree and lavender oils in its formulation while
“Fungus Stop” (Zane Hellas, Thessaloniki, Greece) used for nail treatment has
carvacrol as its main constituent. Interestingly, Vick’s VapoRub® (Procter and
Gamble, EUA), designed for respiratory problems, is also used in popular medicine
to treat onychomycosis [185].

7 Concluding Remarks and Future Perspectives

Dermatophytosis is one of the most common skin diseases worldwide, with ten-
dency to increase among elderly and children. Current therapeutics may be unsuc-
cessful, explaining why natural products are emerging as effective alternatives/
complements. Indeed, these extracts are able to act on multiple cell targets, an
important feature when considering microorganisms that are intrinsically or became
resistant to conventional therapies. Several studies have demonstrated the effective-
ness of these natural extracts and their isolated compounds, in particular those of
plant origin. Nevertheless, more reliable studies are still required. It is also important
to emphasize that standard protocols should be adopted to ensure comparisons
between studies. Another aspect to bear in mind is that most assays are conducted
on fungal isolates, not reflecting the host’s complex microbial environment. Further-
more, pharmacokinetic and pharmacodynamic approaches are lacking and should be
considered to evaluate the effectiveness of a possible treatment, as well as toxico-
logical assessments. An additional relevant aspect to consider is the absorption,
metabolism, and bioavailability of these compounds in humans, which remains
controversial. Regarding onychomycoses, more studies are needed to prove the
penetration of active compounds into the nails and their in vivo efficacy.
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