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Abstract Dermatophytes are a group of closely
related fungi that nourish on keratinized materials for
their survival. They infect stratum corneum, nails, and
hair of human and animals, accounting the largest
portion of fungi causing superficial mycoses. Huge
populations are suffering from dermatophytoses,
though the biology of these fungi is largely unknown
yet. Reasons are partially attributed to the poor
amenability of dermatophytes to genetic manipula-
tion. However, advancements in this field over the last
decade made it possible to conduct genetic studies to
satisfying extents. These included genetic transforma-
tion methods, indispensable molecular tools, i.e.,
dominant selectable markers, inducible promoter,
and marker recycling system, along with improving
homologous recombination frequency and gene
silencing. Furthermore, annotated genome sequences
of several dermatophytic species have recently been
available, ensuring an optimal recruitment of the
molecular tools to expand our knowledge on these
fungi. In conclusion, the establishment of basic
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molecular tools and the availability of genomic data
will open a new era that might change our under-
standing on the biology and pathogenicity of this
fungal group.
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Introduction

Dermatophytes are a group of highly specialized
keratinophilic fungi [1]. Species of this closely related
group invade keratinized tissues like skin, hair, and
nails of human and animals. Huge populations are
infected with these organisms worldwide; nonethe-
less, key factors of mechanism they employ to cause
infections are largely obscure. One approach to
elaborate biology and pathogenicity-related elements
of fungi is reverse genetics [2]. However, studies of
such kind have drawn less attention, partially due to
difficulties associated with genetic manipulation of
these fungi.

Although it is on small scale yet, studies exploring
the biology and potential pathogenetic factors of some
dermatophytic species have being inflowing over the
last decade [3-7], thanks to efforts aimed at develop-
ing indispensable tools for their genetic manipulation.
Of those species that received particular attention were
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the anthropophilic dermatophyte Trichophyton
rubrum [4] and the zoophilic dermatophytes Arthro-
derma vanbreuseghemii (teleomorph of Trichophyton
mentagrophytes) [8] and Arthroderma benhamiae
(teleomorph of T. mentagrophytes) [7], considering
their medical significance and amenability to genetic
manipulation. Recent advancements toward dermato-
phytes included transformation methods, dominant
selectable markers, marker recycling system, down-
regulation systems, and improving gene-targeting
efficiency [8-13]. Along with these molecular tools,
efforts have been intensified to expand the genome
sequences library available for dermatophytes [14, 15],
in addition to 7. rubrum expression database [4, 5].

The recent advancements in dermatophytes, repre-
sented by establishing molecular tools and creating
databases, ensure the optimal conditions to investigate
the biological significance of these fungi. Herein, we
present a comprehensive review of the up-to-date
advancements pertaining in genetic manipulations for
dermatophytes.

Transformation Method

Dermatophytes have recently witnessed major
advancements with the release of genomic data of
some of its species, along with the accumulation of
information on their expressional profiling such as
expressed sequence tag (EST) sequencing and cDNA-
based microarrays [4-7, 14, 15]. These improvements
make it much easier to conduct functional analyses of
specific endogenous genes by genetic manipulation,
undoubtedly boosting our understanding of the
pathogenicity of dermatophytes and their host invad-
ing mechanisms. Gene transfer by transformation
(genetic transformation) is the cornerstone for such
functional genomics of fungal pathogens. It has
provided powerful tools for their genetic manipula-
tion, including heterologous gene expression, targeted
gene inactivation and insertional mutagenesis. Fol-
lowing early reports of successful genetic transforma-
tion in model filamentous fungi such as Aspergillus
nidulans and Neurospora crassa, polyethylene glycol
(PEG)-mediated transformation of protoplasts (or
spheroplasts), which are produced through cell wall
degradation by lytic enzymes, has become the most
common procedure for the introduction of exogenous
genes into filamentous fungi [16, 17]. Transformation
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of protoplasts is carried out in an osmotically stabi-
lized solution containing a high concentration of PEG
and 10-50 mM of CaCl, to activate the uptake of
foreign DNAs to the fungal cells. Subsequently,
protoplasts are regenerated on an osmotically stabi-
lized selection medium containing appropriate antibi-
otics or lacking essential nutrients, depending on the
selectable marker to be used. Since the first successful
transformation of the dermatophyte 7. mentagro-
phytes [18], random (ectopic) or homologous integra-
tion of exogenous genes by such protoplasts/PEG-
mediated procedures has also been utilized for trans-
formation of a variety of dermatophytic species
[9, 19-23]. However, several reports have pointed
out the low efficiency of protoplasts/PEG-mediated
transformation in these species [18, 19, 23]. Only few
comparative data on transformation efficiency are
available, but interspecies variations are expected. The
reasons for this are likely multifactorial, but it has been
already assumed that the quality of protoplasts (e.g.,
their origins and stability) should be closely related to
the transformation efficiency. Therefore, preparation
of protoplasts requires special attention. Moreover,
digestibility of fungal cell walls by certain lytic
enzyme batches is sometimes variable. Thus, each
individual step of protoplast preparation procedures,
especially cell wall digesting reaction by lytic
enzymes must be monitored, and the optimal reaction
conditions have to be determined. In contrast to A.
nidulans and N. crassa, standard procedures to
produce high-quality protoplasts that are readily
applicable to many species have not been well
established for dermatophytes. Our group has practi-
cally experienced that transformation procedures,
including protoplast preparation, established for a
selected species are not necessarily applicable to other
species and require species-specific modifications.
Therefore, to some extent, the use of protoplasts for
genetic transformation of dermatophytes is laborious
and time-consuming.

To eliminate problems caused by the use of proto-
plasts, alternative procedures have been explored.
Dobrowolska and Staczek [24] used electroporation to
transform 7. rubrum, allowing random integration and
successful expression of exogenous genes, i.e., hygro-
mycin B phosphotransferase gene (hph) and enhanced
green fluorescent protein gene (eGFP). This rapid
procedure had been previously described for a variety of
filamentous fungi including Aspergillus species and V.
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crassa [25, 26]. In general, electroporation is used to
transform protoplasts, but germinating conidia of
filamentous fungi are also used. During electroporation,
protoplasts or conidia are exposed briefly to a high
amplitude electric field, which permeabilizes the
membrane to allow the uptake of foreign DNAs. In
case of germinating conidia, pretreatment of conidial
preparations with cell wall digesting enzymes is more
effective to increase the transformation efficiencies.
However, electroporation requires special equipment to
treat fungal cells electrically and is likely to cause a high
frequency of multiple integrations of foreign DNA into
the host genome. This may be disadvantageous for
manipulations of specific endogenous genes such as
targeted gene disruption and insertional mutagenesis.
Restriction enzyme-mediated integration (REMI) was
developed to overcome such disadvantage [27]. REMI
involves transforming protoplasts or conidia with a
linearized plasmid vector and the restriction enzyme
used to linearize this vector. The restriction enzyme
gains access to the host nucleus and stimulate creation
of double-strand breaks in the genome. The restriction
enzyme-produced DNA ends react with those of the
linearized plasmid vector, leading to the integration of
the vector into the genome at the restriction enzyme
recognition site. REMI was also reported to improve the
transformation efficiency in some filamentous fungi
[28, 29]. Kaufman et al. [23] and Dobrowolska and
Staczek [24] used a combination of REMI and proto-
plasts/PEG-mediated procedure or electroporation to
transform 7. mentagrophytes and T. rubrum, respec-
tively, but the frequency of the single-copy integration
of the foreign DNA and the transformation efficiency
are both made unclear. Almost simultaneously, another
approach was introduced into dermatophytes that is
Agrobacterium tumefaciens-mediated transformation
(ATMT) system. Agrobacterium tumefaciens is a
gram-negative plant pathogenic bacterium, which has
the ability to create crown gall tumors in plants. This
bacterium can transfer the T-DNA (transfer DNA)
region from the tumor-inducing plasmid (Ti plasmid) to
the host plant nuclear genome. ATMT system has long
been used for genetic manipulation of higher plants.
Agrobacterium tumefaciens is also able to transfer the
T-DNA to a very wide variety of fungi and fungal
tissues under appropriate conditions [30-32]. The first
successful transformation of dermatophytes by ATMT
was in A. vanbreuseghemii [8]. For this species, the
transformation efficiency via ATMT system was shown

to be significantly higher, compared with the traditional
protoplasts/PEG-mediated procedure. As in other fun-
gal species, the majority of the transformants obtained
by ATMT showed random integration of a single copy
of the T-DNA into the host genome. Targeted gene
disruption was also achieved by ATMT. Afterward, the
ATMT system was applied to the model dermatophyte
A. benhamiae [33], implying that ATMT system is an
efficient and simple tool for transformation by random
integration of T-DNA and for manipulation of specific
exogenous genes, e.g., targeted gene disruption by
homologous integration. However, as in the protoplasts/
PEG-mediated procedure, we have already experienced
that our routine ATMT procedure established for A.
vanbreuseghemii was not fully functional in the trans-
formation of Microsporum canis. Therefore, even in
ATMT, there are several variables that should be
optimized for individual species, and species-specific
modifications are required.

Improving Gene-Targeting Efficiency

Reverse genetics is an approach that has been used
widely to study the biology of prokaryotes and
eukaryotes [2]. Similar to other filamentous fungi,
though, its implementations in dermatophytes are
restricted, partially due to the low efficiency of site-
specific mutagenesis [34]. Despite decades since the
first successful transformation system in dermato-
phytes [18], the number of cases where site-directed
mutagenesis was conducted in this fungal group has
not been ample. Among many other factors, the issue
is ascribed to the tendency of dermatophytes to
integrate exogenous DNA ectopically. During DNA-
mediated transformations, cells recognize the intro-
duced DNA constructs as DNA double-strand breaks
(DSBs). In living cells, DNA damage provokes
repairing process through either homologous recom-
bination (HR) or nonhomologous end-joining (NHEJ)
pathways [35]. While Saccharomyces cerevisiae
preferentially uses HR to repair its DSBs (a process
involving homologous sequences) [36], NHEJ-medi-
ated repairing is dominant in human, insects, plants
and most of fungi, including dermatophytes, leading to
an ectopic integration of the exogenous DNA, no
matter how much homology it shares with the host
cell’s chromosomal DNAs. Hence, achievement of
site-specific mutations to obtain desired genotypes

@ Springer



36

Mycopathologia (2017) 182:33-43

would require screening a large proportion of gener-
ated putative transformants.

To improve the amenability of filamentous fungi to
gene-targeting studies, two strategies might be
hypothesized, enhancing the mechanism behind HR
events or impairing NHEJ pathway. Considering the
complexity involved in enhancing HR repair pathway,
however, disrupting proteins recruited in NHEJ path-
way has been routinely applied for many ticklish
fungal species [37, 38]. Although conserved along
eukaryotes, NHEJ pathway seems to show species-
specific variations [35]. In general, NHEJ-mediated
DNA repair process is initiated after the KU70-KU80
heterodimer recognizes and binds to broken DNA
ends. Ultimately, the process is catalyzed by DNA
ligase IV (Lig4), which forms a complex with Xrcc4
by joining at BRAC1 domains [39, 40].

Notably, a previous study reported that disruption
of mus-51 (Ku70) and mus-52 (Ku80) genes in N.
crassa resulted in 100 % gene-targeting frequency,
compared with 10-30 % of their wild-type strain [41].
In dermatophytes, Yamada et al. [42] were the first to
report enhanced gene replacement events in A. van-
breuseghemii deficient in its Ku80 (TmKu80). It was
demonstrated that homologous recombination fre-
quency during disruption of the areA/nit-2-like nitro-
gen regulatory gene (tnr) improved 33-fold in the
ATmKu80 strain, compared with its wild type. The
study also showed a high frequency of gene replace-
ment events of 67 % in disruption of Tri m4 gene,
encoding a putative serine protease [42]. Thereafter,
more comprehensive data on improving gene-target-
ing frequency were reported by Alshahni et al. [11].
They demonstrated that disruption of TmLIG4 (Lig4)
in A. vanbreuseghemii could enhance gene replace-
ment frequency up to 93 %. Utilizing ATmLIG4 as a
host strain, homologous recombination frequencies in
four loci (tnr, TmSSUI, TmFKBPI2 and TmKu80)
were investigated in a comparative study involving the
wild-type and ATmKu80 strains as well [11]. Homol-
ogous recombination occurred at frequencies of
53-93 %, 35-73 % and 040 % in ATmLIGH4,
ATmKu80, and their wild-type strain, respectively.
In a separate study, targeted gene deletion frequency
of ACUE (AbenACUE) locus in A. benhamiae was
98 % in AKu70, compared with 22 % in its wild-type
strain, leading to a significant increase in HR fre-
quency [22]. Table 1 compares the level of enhance-
ments in HR frequency in dermatophytes.
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Targeting NHEJ pathway has undoubtedly led to a
significant advancement in genetic studies in der-
matophytes both quantitatively and qualitatively
[3, 10, 11]. Even with host strains deficient in their
NHE]J pathway, though, improving HR frequency is a
multifactor process. Site-specific integration also
relies on such factors as transformation methods,
selectable markers, loci, and length of homologous
sequence stretches; the longer homologous sequences,
the higher HR frequency. On the other hand, disrup-
tion of NHEJ pathway increases gene-targeting effi-
ciency, but it also lowers transformation frequency. It
was two fold less in ATmLIG4, compared with its
wild-type strain [11], although it was still enough to
obtain the desired genotypes.

Dermatophytic host strains deficient in their NHEJ
pathway, i.e., AKu70, ATmKu80 and ATmLIG4,
displayed no discernible phenotypic differences from
their parent strains, in terms of growth ability,
sporulation rate, and sensitivity to DNA damaging
agents [11, 22, 42]. Moreover, AKu70 did not develop
adverse effects on its virulence in guinea pig infection
model [22]. Accordingly, improving site-directed
integration in dermatophytes by disruption of NHEJ
pathway is a powerful tool to conduct genetic studies;
however, unanticipated genetic variations cannot be
excluded too, especially with a report showing higher
genomic instability in mouse cells deficient in its KU
[43].

Marker and Reporter Genes

Selectable markers are indispensable tools for any
genetic transformation, allowing detection and selec-
tion for desired genotypes and, thus, downstream
analyses. The first successful genetic transformation in
fungi has documented the use of inositol auxotrophy
as a selectable marker in N. crassa [16]. Later studies
reported the selection of genetic transformants based
on resistance against antibiotics [44, 45]. Hence,
selection of genetically modified cells can be obtained
either through auxotrophic markers that require strains
unable to synthesize organic compounds necessary for
their survival, or dominant selectable markers confer-
ring resistance against antibiotics or other toxins
[16, 44, 45]. A very common example of auxotrophic
marker is URA3 gene, which encodes an essential
enzyme in pyrimidine biosynthesis in S. cerevisiae,
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Table 1 Comparison of HR enhancements in dermatophytic species

Species Recipient host strain Genotype Relative value of HR* References
A. vanbreuseghemiib TmKu80 49 Atmku80::Pj-hph-T ¢ 1.31-3.25 [11]

A. vanbreuseghemiib TmL28 Atmlig4::Py-nptlI-T,,,c 2-4.67 [11]

A. benhamiae AbenKU70M1A Aku70::Pscri-neo 4.4 [22]

* Relative values of homologous recombination were calculated through dividing HR frequency in NHEJ-deficient strains of a given

locus by that in the wild-type strain for the same locus

® The former name of this strain is T. mentagrophytes

orotidine-5'-phosphate decarboxylase [46]; however,
these gene markers are restricted to auxotrophic host
strains and spontaneous complementation might
occur, limiting their applications. On the contrary,
dominant selectable markers do not have prerequisites
for host strains, as long as they are susceptible to the
chemicals in question.

In the first successful report of genetic transforma-
tion in dermatophytes, 7. mentagrophytes was genet-
ically transformed using resistance against hygromycin
B [18]. Transformation cassette included hph gene from
Escherichia coli under the control of Cochliobolus
heterostrophus promoter 1 (P.;,) [47, 48]. The hph gene
codes for hygromycin B phosphotransferase, which
inactivates hygromycin B through phosphorylation
[49, 50]. Hygromycin B is an aminocyclitol antibiotic
that inhibits protein synthesis in both prokaryotes and
eukaryotes through interfering translocation and caus-
ing misreading [51, 52]. Moreover, Gonzalez et al. [18]
demonstrated that transformants with hph cassette were
mitotically stable, marking the first dominant
selectable marker in dermatophytes. However, trans-
formation frequency was low (0.004—6 per pg of vector
and per 1 x 10° viable protoplasts), a result attributed
to the poor functionality of P, in T. mentagrophytes
[18]. Thereafter, Yamada et al. [19] successfully
recruited again the selectable marker gene Aph in A.
vanbreuseghemii and M. canis. Although yielded
similar low transformation frequency, they proved that
P., was functional in A. vanbreuseghemii, a fact
evidenced by its ability to drive the expression of
enhanced green fluorescence protein (eGFP) gene.
Selection of genetic transformations based on hygro-
mycin B resistance was further demonstrated in other
dermatophytes, e.g., T. rubrum [20, 21] and A.
benhamiae [22].

Although the hygromycin B-mediated marker was
proven to provide tight selection, genetic transforma-
tions in dermatophytes were limited to a single event,

inasmuch as no other markers documented in these
fungi. Therefore, exploring functions of members in
gene families that work in high consistency, based on
reverse genetics, is almost impossible with one
selectable marker. A good example is genes coding
for extracellular proteases, factors widely believed to
participate in infections, which work in splendid
orchestration to compensate deficiency in secretion of
one another. Accordingly, the need for further
selectable markers has emerged as an inevitable way
to construct multiple mutations. Yamada et al. [19]
reported the second dominant selectable marker appli-
cable for dermatophytes in A. vanbreuseghemii. The
maker based on E. coli neomycin phosphotransferase
gene (nptll) [53], whose product inactivates geneticin
(G418), an aminoglycoside antibiotic that specifically
inhibits protein synthesis mainly in eukaryotes. The
marker cassette constituted of nptll gene under the
control of P, promoter and the terminator sequence of
A. nidulans tryptophan C gene (T,,,¢) [54]. Moreover,
this marker was proved to be dominant, given the
ectopic integration of the nptll cassette into the
chromosomes of A. vanbreuseghemii. The applicabil-
ity of this marker in A. benhamiae was demonstrated
too [22].

The establishment of the third dominant
selectable marker came about in 2010 by Alshahni
et al. [55] based on resistance against the aminogly-
coside antibiotic nourseothricin. The resistance against
the antibiotic is conferred by nourseothricin acetyl-
transferase gene (natl) derived from Streptomyces
noursei [56]. The marker cassette harbored nat! gene
under the control of the P,,.; Cryptococcus neoformans
actin promoter [57] and the T,,,,; C. neoformans Trpl
terminator [58]. This selectable marker was also
proven dominant.

Double sequential transformations based on resis-
tance against hygromycin B and geneticin have been
documented for several dermatophytes [11, 22]. The
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addition of nourseothricin selectable marker made it
possible to conduct triple sequential mutations in A.
vanbreuseghemii (unpublished data). Nevertheless,
three selectable markers are still insufficient to study
gene families like subtilisin where multiple mutations
are required due to the compensatory nature of secretion
process in dermatophytes. Hence, a marker recycling
system was established in A. vanbreuseghemii, pre-
cluding the need to develop further selection tools (refer
to the section of “Selectable Marker Recycling”
below). Table 2 lists the selection cassettes based on
their chronological order.

While selectable markers allow screening for
genetically transformed cells, reporter genes enables
studying function of genes of interest. Two reporter
genes have been tested in dermatophytes GFP [19, 23]
and lacZ [12]. Kaufman et al. [23] used sgfp gene to
track development of human explants infection by T.
mentagrophytes. The reporter gene was under the
control of A. nidulans trpC promoter and terminator.
Although functioning in the dermatophyte, level of
fluorescence was variable among transformants [23].
Moreover, eGFP gene was successfully expressed in
A. vanbreuseghemii under the control of P.,, a fact
evidenced by illuminating the fungal hyphae under
fluorescence microscopy [19]. However, no fluores-
cence was observed with transformation construct
lacking any promoter. On the other hand, the E. coli
lacZ reporter was utilized in A. vanbreuseghemii to
test two regulatable copper-responsive promoters
(refer to the section of “Down-Regulation of Target

Genes” below) [12]. The product of this gene is -
galactosidase that hydrolyzes the colorimetric sub-
strate o-nitrophenyl-p-galactopyranoside into galac-
tose and o-nitrophenol, whose color is yellow. Under
the inducible promoters, enzyme activity was
observed; however, without a promoter, no such
activities were detected, implying that A. van-
breuseghemii does not have intrinsic -galactosidase
activity [12].

Down-Regulation of Target genes

In spite of the developments observed in reverse
genetics, generating knockout cells have not always
been straightforward. It is often encountered by
topology-related difficulties of targeted sequences or
lethality issues pertaining essential functions of
targeted loci; therefore, alternative approaches are
needed. Originally described in the nematode
Caenorhabditis elegans [59], RNA interference
(RNA1) has been established as another choice to
silence a given gene or gene family through post-
transcriptional inhibition pathway. In filamentous
fungi, a commonly used approach is gene silencing
through expression of a long hairpin RNA [60]. It is
based on the expression of inverted repeats (up to 1 kb
long) under the control of proper promoter. In
dermatophytes, the first report of gene down-regula-
tion based on RNAi was by Vermout et al. [13] in M.
canis. They utilized integrative plasmid constructs to

Table 2 Selectable markers in dermatophytes according to their chronological order

Marker cassette Description Transformation method Species References
hph P.,-hph PEG T. mentagrophytes [18]
Py a-hph-TtrpC PEG/REMI T. mentagrophytes [23]
P.,-hph-TtrpC PEG/ATMT M. canis® [8, 19]
A. vanbreuseghemii®
Ppc-hph-T,ppc PEG T. rubrum [21]
Pypa-hph-T,c PEG A. benhamiae [22]
nptll Poy-nptll-T,,,c PEG/ATMT A. vanbreuseghemib [9, 42]
Pacri-neo PEG A. benhamiae [22]
natl Py natl-T,,,; ATMT A. vanbreuseghemiib [55]

PEG polyethylene glycol,
transformation

* Microsporum canis was transformed only by ATMT

b The former name of this strain is T mentagrophytes
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REMI restriction enzyme-mediated

integration, ATMT Agrobacterium tumefaciens-mediated
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down-regulate SUB3 and DPPIV genes, coding for
endopeptidase three of the subtilisin family and
dipeptidyl peptidase IV, respectively. Using this
approach, it was possible to obtain desired transfor-
mants; however, variations were observed between
phenotypic effects and mRNA depletion among
individual RNA-silenced transformants [13], a phe-
nomenon that is frequently encountered in other fungi
[61]. Moreover, it bears noting that this sort of gene
silencing can be further improved by using regulat-
able promoters, allowing suppression of gene expres-
sion in dosage-dependent manner [62, 63].

Another option to down-regulate genes is using
inducible promoters, DNA sequences that allow
switching gene expression on/off conditionally. The
first report in dermatophytes came from Iwata et al.
[12] who introduced conditional knockdown systems
in A. vanbreuseghemii based on two copper-respon-
sive promoters derived from 7. rubrum. These were
the promoter of copper transporter gene CTR4 (Pcrry)
and that of copper efflux pump gene CRPI (Pcrp;),
which can turn the expression of gene they control off
or on, respectively, with addition of copper. It was
demonstrated that gene regulation by Pcrg, is tighter
than by Pcgrp; in A. vanbreuseghemii, a fact evidenced
by their variable abilities to regulate the lacZ reporter
gene [12]. Notably, time course of transcriptional
repression of lacZ gene under the control of Pcrgy
showed a significant decrease in the mRNA level
within only 30 min, whereas other nutrients-based
knockdown systems require several hours to achieve
targeted repression levels [64]. Furthermore, Pcrgy-
based down-regulation system was employed to study
two endogenous essential genes in A. van-
breuseghemii, ERG1 that encodes squalene epoxidase
involved in the ergosterol biosynthesis pathway and
TRP5 that encodes tryptophan synthase in the trypto-
phan biosynthesis pathway. The down-regulation of
the two genes resulted in stunted growth ability [12],
implying that this copper-responsive promoter is
functional in A. vanbreuseghemii. Thereafter, Pcrpy
was utilized to study functions of calcineurin A
subunit-coding gene (TmcanA) in A. vanbreuseghemii,
where null mutants of this gene were not possible to
produce [3]; the repression of TmcanA was dose-
dependent. Moreover, another useful exploitation of
Pcrrs was in flippase (FLP) recombinase-mediated
marker recycling system (refer to the section of
“Selectable Marker Recycling” below).

Selectable Marker Recycling

Despite the poor amenability of dermatophytes to
genetic manipulation, compared with many other
fungi, improvements in basic molecular tools estab-
lished for them have taken their research up to the next
level [8, 11, 12, 22, 42]. However, further technical
advancements in genetic manipulation tools and
methodologies are required to expand our understand-
ing on infections by these pathogens. In general,
various molecules are involved in the infection of
pathogenic microbes, a fact evidenced by differential
gene expression profiles at various stages during the
infection process. Therefore, it is difficult to study the
functions and roles of given factors in developing
infections by manipulating only one of their relevant
genes, besides it is unlikely to reveal the whole
mechanism. Similarly, dermatophytes selectively acti-
vate appropriate gene sets in response to various
growth conditions during their infection. A represen-
tative example is the secretion of a variety of
endoproteases, which are involved in dermatophy-
toses. Dermatophytes have unique compensatory
protease secretion machinery, whose synergetic
effects cause an infection. Apart from the secreted
endoprotease gene families, genomes of dermato-
phytes are enriched in particular families of genes
encoding fungal specific kinases (including pseudok-
inases) and proteins containing the LysM domain,
which binds chitin and potentially related carbohy-
drates. Therefore, multiple genetic manipulations are
required for functional analyses of members of such
gene families in order to reveal the relationships
among individual factors of complex networks. Con-
sidering that each single genetic transformation event
requires unique selectable marker, numerous markers
are required to accomplish this. However, only three
dominant selectable markers are currently available
for genetic manipulations of dermatophytes: hygro-
mycin B, geneticin (G418) and nourseothricin (refer to
the section of “Marker and Reporter Genes” above).
Employing these three markers, it is possible to
generate up to triple mutations in a single host strain
by homologous recombination. Accordingly, studying
large gene families, such as the secreted endoprotease
families, subtilisins, deuterolysins and fungalysins,
will be impossible.

Selectable marker recycling system has emerged as
an indispensable approach to generate multiple
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mutations in host strains that are limited in their
selection tools. Just a few years ago, our group
succeeded in recycling the geneticin-resistant gene
(nptIl) cassette mediated by the FLP recombinase-
recombination target (FRT) site-specific recombina-
tion system in A. vanbreuseghemii [10]. This FLP/
FRT recombination system, which is derived from S.
cerevisiae [65], is the eukaryotic equivalent of the Cre/
loxP-mediated site-specific recombination system that
was originally described in bacteriophage P1 [66].
Naturally encoded within the S. cerevisiae 2 micron
plasmid [67], FLP does not require cofactors and uses
a phosphotyrosine intermediate for energy, like Cre
recombinase. The FLP actively catalyzes specific
recombination between two 34-bp FLP recognition
targets (FRTs). A total of four FLP molecules and two
FRT sequences are utilized for every FLP-mediated
recombination event. The asymmetric region dictates
whether excision (FRT sequences in the same orien-
tation) or inversion (FRT sequences in inverted
orientation) of the intervening DNA sequence occurs
after recombination. Excision of the selectable markers
mediated by the FLP/FRT recombination system has
already been successfully applied in a variety of
organisms including two filamentous fungi, Penicil-
lium chrysogenum and Sordaria macrospora [68, 69].
Developing a functional and reliable selectable marker
recycling system mediated by the FLP recombinase in
dermatophytes was encountered by two major prob-
lems. The first was the lack of conditional promoters to
timely control the FLP recombinase-mediated exci-
sion of the selectable marker. The marker cassette has
to be excised after transformation for optimal target
gene disruption. Trichophyton rubrum CTR4 promoter
(Pcrr4), a copper-repressible promoter [12], was fully
functional as it controlled on/off switch of flp gene
expression, and prevented spontaneous loss of the
selectable marker cassette during the selection process
of transformants. The other problem was the instabil-
ity in production of the FLP recombinase. The
previous study in P. chrysogenum strongly suggested
that optimization of the codon usage for each amino
acid in the flp gene to the pattern of the host species
should be a prerequisite for functional FLP/FRT-
mediated site-specific recombination in filamentous
fungi. In practice, our group confirmed that the
pathogenic yeast Candida albicans-adapted flp gene,
which has almost identical nucleotide sequence with
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the native flp gene, failed to function in A. van-
breuseghemii. In contrast, a synthetic flp (Avflp) gene
using codons optimized based on the codon usage bias
of the closely related zoophilic dermatophyte A.
benhamiae was fully functional in this dermatophyte.
This has led to a successful excision of the
selectable marker cassette via FLP-mediated site-
specific recombination between the FRT sequences,
producing mutant strains free of any selectable mark-
ers or lacking multiple endoprotease genes (see
Fig. 1). However, little is currently known on the
exact mechanism through which codon optimization
improves the FLP-mediated site-specific recombina-
tion efficiency in filamentous fungi.

We have already confirmed that the developed FLP/
FRT recombination system is applicable to A. ben-
hamiae (unpublished data). In the recent years, A.
benhamiae has been selected as a model dermatophyte
at molecular level for several reasons including a
relatively fast growth, availability of genome
sequence and annotation, and existence of an animal
model of infection. Thus, recycling of selectable mark-
ers via FLP-mediated site-specific recombination will
provide new perspectives for in vitro and in vivo
studies targeting complex networks of genes encoding
redundant products such as secreted endoproteases in
dermatophytes, which require multiple gene deletions
for functional dissection. On the other hand, it is
noteworthy that FLP/FRT recombination system
mediated introduction of consecutive mutations into
the same host may lead to undesirable secondary
effects, such as inversions or deletions between these
sites, due to the presence of multiple chromosomal
FRT sequences. To reduce these risks, therefore, a
combination of the FLP/FRT system and other avail-
able site-specific recombination systems, such as Cre/
loxP and phiC31 integrase/att [70], may have to be
considered.

Genomes and Transcriptomes

Attempts to establish molecular tools for dermato-
phytes have coincided with parallel efforts to establish
collections of transcriptome and genome databases.
The first reports came by Wang et al. [71] who
lunched comprehensive 7. rubrum Expression Data-
base (TrED) covering topics such as pathogenic
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FRT 7
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j_ Excision by conditional FLP expression
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Fig. 1 Recycling of the selectable marker (nptll) mediated by
the FLP/FRT site-specific recombination system. a Schematic
representation of the targeted gene disruption vector. The vector
harbors the FLP/FRT module including the nptll and Avflp
cassettes. The Avflp cassette consists of 7. rubrum copper-
repressible promoter (Pcrr4), a synthetic codon-optimized flp

mechanisms, metabolism, and signal transduction
[4, 5]. These significant contributions paved the way
for constructing cDNA microarray from 7. rubrum to
study its transcriptional profile during growth on
protein sources [6] and differential gene expression of
A. benhamiae in vivo during infection of guinea pig
and in vitro growth on keratin [7]. Burmester et al.
[14] published the first genome sequences of the two
dermatophytes A. benhamiae and Trichophyton ver-
rucosum that were sequenced by Hans Knoll Institute.
They also conducted a global transcriptome profiling
analysis of A. benhamiae during infection of human
keratinocytes. Very soon afterward, a comparative
genomic study was conducted on five dermatophytes,
T. rubrum, T. tonsurans, T. equinum, M. canis, and M.
gypseum that were sequenced by Broad Institute [15].
Currently, 19 annotated dermatophyte genomes are
available in the Dermatophyte Comparative Database
by Broad Institute [72]. The availability of these data
with the establishment of molecular tools will
undoubtedly contribute for greater revelation of
mysteries behind this unique fungal group.

(avflp) gene and Cryptococcus neoformans trpl terminator
(T 1). b Schematic representation of the target locus before and
after excision of the FLP/FRT module. Site-specific recombi-
nation between the flanking FRT sequences was carried out by
conditional expression of Avflp gene after transformation for
targeted gene disruption. FRT FLP recognition target
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