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DNA sequencing analyses have demonstrated relatively limited polymorphisms within the fungal internal
transcribed spacer (ITS) regions among Trichophyton spp. We sequenced the ITS region (ITS1, 5.8S, and ITS2)
for 42 dermatophytes belonging to seven species (Trichophyton rubrum, T. mentagrophytes, T. soudanense, T.
tonsurans, Epidermophyton floccosum, Microsporum canis, and M. gypseum) and developed a novel padlock probe
and rolling-circle amplification (RCA)-based method for identification of single nucleotide polymorphisms
(SNPs) that could be exploited to differentiate between Trichophyton spp. Sequencing results demonstrated
intraspecies genetic variation for 7. tonsurans, T. mentagrophytes, and T. soudanense but not T. rubrum.
Signature sets of SNPs between 7. rubrum and T. soudanense (4-bp difference) and T. violaceum and T.
soudanense (3-bp difference) were identified. The RCA assay correctly identified five Trichophyton species.
Although the use of two “group-specific” probes targeting both the ITS1 and the ITS2 regions were required
to identify 7. soudanense, the other species were identified by single ITS1- or ITS2-targeted species-specific
probes. There was good agreement between ITS sequencing and the RCA assay. Despite limited genetic
variation between Trichophyton spp., the sensitive, specific RCA-based SNP detection assay showed potential as

a simple, reproducible method for the rapid (2-h) identification of Trichophyton spp.

Members of the genus Trichophyton are the commonest
agents of dermatophytoses. They are especially significant in
onychomycosis but also invade skin and hair, causing infection
associated with substantial morbidity (2, 32, 39). Although
Trichophyton rubrum and Trichophyton mentagrophytes are the
most frequent pathogens (27 to 76% and 4 to 41%, respec-
tively) (2, 20), Trichophyton tonsurans, Trichophyton violaceum,
and Trichophyton soudanense are also important. Furthermore,
there are differences in clinical associations and in geographic
distribution between species (20, 29). Because Trichophyton
comprise anthropophilic and zoophilic species, accurate iden-
tification is important, not only to guide clinical management
but for epidemiological purposes, case clusters have occurred
in long-term care facilities and in response to increased public
participation in fitness-related activities (19, 25). Standard cul-
ture-based identification methods, however, are slow (2 to 4
weeks) and imprecise due to fungal phenotypic pleomorphism
(11, 24). Species identification within the genus Trichophyton is
further confused by the use of synonyms for the same species
(8, 29).
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To address these deficiencies, PCR-based tools have been
developed to provide for rapid, accurate species determina-
tion. In particular, the internal transcribed spacer (ITS) re-
gions, ITS1 and ITS2, of the fungal ribosomal DNA (rDNA)
gene complex, have shown promise as targets for species iden-
tification (8, 15, 24, 28, 35). Among the many techniques,
including PCR-restriction enzyme analysis (13, 16-18), multi-
plex PCR (1), PCR fingerprinting (4, 9), and arbitrarily primed
PCR (22), successfully applied in this context, DNA sequenc-
ing of the ITS region has emerged as one of the more discrim-
inatory tools for species delineation (8, 9, 24).

Despite these efforts however, species assignment remains
difficult due to the close phylogenetic relationship between
anthropophilic Trichophyton spp. Furthermore, the main spe-
cies, T. mentagrophytes, T. rubrum, and T. tonsurans, are actu-
ally species complexes containing many members (8, 9, 24).
ITS-based analyses have found sequence variation to be lim-
ited to only a few, or single nucleotide polymorphisms (SNPs)
between certain species, such as between 7. tonsurans and T.
equinum and between T. rubrum and T. soudanense (35). This
limited genetic variation suggests the development of alterna-
tive rapid, sequencing-independent methods to detect signa-
ture SNPs between species. Approaches with good specificity
include probe-based reverse line blot (21) or microarray meth-
ods (14). The efficiency of these platforms is best suited to
“batch-testing” of large numbers of isolates.

Recently, the utility of circularizable oligonucleotide or pad-



VoL. 46, 2008

lock probes has been demonstrated for the detection of target
nucleic acid sequences, including SNPs, with high specificity (5,
26, 27). Such probes comprise two sequences complementary
to the 5’ and 3’ termini of the target sequence joined by a
genetic linker region. Upon hybridization to the target, the two
probe ends become juxtaposed and are joined by DNA ligase
to form a closed molecule. The intensity of the signal gener-
ated by the probe is then increased exponentially by hyper-
branching or rolling-circle amplification (RCA), capable of a
10°-fold signal amplification of each circle within 90 min (5,
38). The application of padlock probes in the detection of
polymorphisms in fungi has not yet been examined.

In the present study, we developed a sensitive, RCA-based
SNP detection method using real-time PCR for species deter-
mination of clinically important Trichophyton spp. We firstly
analyzed Trichophyton isolates by standard ITS sequencing to
identify signature polymorphisms between species. We then
tested the ability of the RCA assay to provide species identi-
fication. Probes targeting either ITS1, ITS2, or both ITS1 and
ITS2 polymorphism(s) between species were designed.

MATERIALS AND METHODS

Dermatophyte isolates. Thirty-six Trichophyton isolates were studied (Table 1).
Three Epidermophyton floccosum, two Microsporum canis, and one Microsporum
gypseum, strains were included to aid in determining the specificity of the RCA
assay. The Trichophyton isolates comprised three American Type Culture Col-
lection (ATCC; Rockville, MD) strains (7. tonsurans ATCC 28942, T. mentagro-
phytes ATCC 28185, and T. rubrum ATCC 28188) and 33 clinical isolates, in-
cluding T. mentagrophytes (n = 16), T. rubrum (n = 10), T. tonsurans (n = 5), and
T. soudanense (n = 2). All clinical isolates (strains 1 to 39; Table 1) were
recovered from different patients, were collected on separate occasions, and were
obtained from the Clinical Mycology laboratory at Westmead Hospital, Sydney,
Australia, and the Women’s and Children’s Hospital, Adelaide, Australia.
Isolates were identified by using standard colonial and microscopic charac-
teristics (3).

DNA extraction. For all dermatophyte isolates, DNA extraction was per-
formed as described previously (30).

Artificial DNA template for 7. violaceum. Since we were unable to obtain 7.
violaceum isolates, we synthesized an artificial 7. violaceurn DNA template to test
the ability of a T. violaceum-specific padlock probe (Tv-ITSI; see below) to
identify this species. This single-stranded oligonucleotide template (5'-261-CG
CGCCCGCCGGAGGACAGACACCAAGGAAAATTCTCTGAAGGGCTG
TCAGTCT-314-3") was derived after examination of the ITS sequences of 7.
violaceum contained in the GenBank database (accession no. AJ270811) and
synthesized commercially (Sigma-Aldrich, Castle Hill, Australia). Single-
stranded artificial templates have previously been shown used to establish mo-
lecular models of probe-based RCA assays with good results (38).

PCR amplification of ITS region. The entire ITS (ITS1, 5.8S rDNA, and ITS2)
region of all 42 isolates was amplified (i) for ITS sequence analysis and (ii) in
preparation for hybridization with padlock probes and subsequent RCA (see
below). The primers SRORL and LRIL (40) (Sigma-Aldrich) were used to
amplify the ITS1 and ITS2 regions.

ITS sequence analysis. The primers ITS1 and ITS4 (6) were used as the inner
sequencing primers (Sigma-Aldrich). PCRs were performed as described previ-
ously (30). Each reaction contained 1.0 pl of template DNA, 0.25 w1 (50 pmol/pl)
each of forward primer and reverse primer, 1.25 pl of deoxynucleoside triphos-
phates (2.5 mM concentrations of each deoxynucleoside triphosphate; Roche
Diagnostics, Mannheim, Germany), 0.1 wl of HotStar Taq polymerase (5 U/ul),
2.5 ul of 10X PCR buffer (catalogue no. 203203; Qiagen, Doncaster, Victoria,
Australia), and water to a total volume of 25 pl. Amplification was performed on
a MasterCycler gradient thermocycler (Eppendorf AG, North Ryde, Australia).
The thermal cycling conditions were 95°C for 15 min, followed by 35 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 60 s, with a final extension step at 72°C
for 10 min. PCR product (8 wl) loaded on a 1.5% agarose gel was visualized
under UV illumination to verify the amplicon quantity prior to sequence analysis.

PCR products were purified by using a PCR product pre-sequencing kit (USB
Corp., Cleveland, OH) and sequenced by using the ITS1 and ITS4 primer and
the BigDye Terminator (version 3.1) cycle sequencing kit in an ABI Prism 3100
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genetic analyzer (Applied Biosystems, Foster City, CA). Sequences were entered
into a BLASTn sequence analysis search (33) and analyzed by using editing and
analyses programs in the BioManager (ANGIS) facility (accessed via http:
//biomanager.angis.org.au/).

Primer and padlock probe design for RCA. Relevant DNA sequences span-
ning the fungal rDNA gene complex (18S, 5.8S, and 28S) and the intervening
ITS1 and ITS2 regions of major dermatophyte species accessed from GenBank
were compared by using the CLUSTAL W program in BioManager (ANGIS).
These data were further compared to ITS results of the isolates to identify
informative nucleotide polymorphisms between species.

Nine padlock probes (six specific for Trichophyton spp., one for E. floccosum,
and one each for M. gypseum and M. canis) were designed targeting the ITS1
region, the ITS2 region, or both ITS regions after multiple sequence alignment
of the above results (Table 2). Briefly, the probes were 96 to 102 nucleotides in
length, consisting of two adjacent target complementary sequences with a linker)
region (48 nucleotides) (38). To optimize binding to target DNA, the probes
were designed with a minimum secondary structure and with a 7,,, of the 5'-end
probe binding arm greater than the temperature used for probe ligation (62°C in
the present study, see below). To increase the specificity, the 3'-end binding arm
was designed to have a T,, (51 to 56°C) below the ligation temperature (see
below). In addition, the linker region for each Trichophyton species-specific
probe was carefully designed to (i) minimize similarity to other closely related
Trichophyton spp. and (ii) allow primer binding during RCA and amplification of
the probe-specific signal. The sequences of the two primers (RCA primer 1 and
RCA primer 2, T,, = 55°C) used for RCA are shown in Table 2. These two
primers were designed to specifically bind the linker region of the probes
(26, 27).

Ligation of padlock probe. Approximately 10'" copy numbers of standard
DNA template (estimated by DNA calculator accessed through http://www.uri
.edu/research/gsc/resources/cndna.html) was mixed with 2 U of PFU DNA ligase
(catalogue no. 600191; Stratagene) and 0.1 uM padlock probe in 20 mM Tris-
HCI (pH 7.5), 20 mM KClI, 10 mM MgCl,, 0.1% Igepal CA-360 [tert-octylphe-
noxy poly(oxyethylene) ethanol; Sigma-Aldrich], 0.01 mM rATP, and 1 mM
dithiothreitol in a 10-pl reaction volume. Multiple cycle ligation was conducted
with one cycle of denaturation at 94°C of 5 min, followed by five cycles at 94°C
for 30 s and 4 min of ligation at 62°C (37, 38).

Exonucleolysis. Exonucleolysis was performed to remove unligated padlock
probe and template PCR product and so reduce subsequent ligation-indepen-
dent amplification events. It was performed in 20-ul volumes by adding 10 U
each of exonuclease I and exonuclease IIT (New England Biolabs, United King-
dom) to the ligation mixture, followed by incubation at 37°C for 30 to 60 min and
then 95°C for 3 min.

Hyperbranched or rolling circle amplification reaction. After exonucleolysis
of the now-circularized probes, RCA reactions was performed in a 50-ul volume
containing 8 U of Bst DNA polymerase (New England Biolabs), a 400 pM
deoxynucleoside triphosphate mix, 10 pmol of each RCA primer (Table 2), 5%
of dimethyl sulfoxide (vol/vol), and 10X Sybr green I (Sigma-Aldrich). Probe
signals were amplified by incubation at 65°C for 30 min, and the accumulation of
double-stranded DNA products was monitored by using a Corbett RotorGene
3000 real-time PCR machine (Corbett Research, Mortlake, Australia).

Nucleotide sequence accession numbers. New sequence data generated in the
present study have been deposited in the GenBank database (accession numbers
EU200367 to EU200408; see Table 1) after editing of the sequences using the
edit and revseq programs in BioManager (ANGIS).

RESULTS

ITS sequence analysis and interspecies variation. The uni-
versal fungal primers SR6RL and LRI1L amplified the ITS1,
5.8S, and ITS2 regions for all 42 isolates and in each case,
satisfactory sequencing results were obtained. Species identi-
fication, as determined by phenotype-based methods, ITS anal-
ysis, and RCA are shown in Table 1.

The major Trichophyton species complexes—7. rubrum, T.
mentagrophytes, and T. tonsurans—were readily distinguished
from each other by ITS sequence analysis and from the two
other genera of dermatophytes (Table 1). Despite the high
sequence identity, 7. rubrum was distinguished from T.
soudanense (4-bp difference), as well as from 7. violaceum
(compared to T. violaceum sequences in GenBank). There was
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TABLE 1. Results of species identification by culture, ITS sequencing, and RCA analysis for 42 dermatophyte isolates

Species identification:

Base pair (%)

GenBank - identity with Polymorphisms identified Species
Strain no. accession p Obtained by ITS ! én 1]%/ Wll( (other than 100% identity identification
no. Upon receipt sequencing (GenBank enban to GenBank sequence) by RCA
accession no.) sequence
Reference strains
ATCC 28942 EU200367  T. tonsurans T. tonsurans (AF170479) 660/661 (99.9) 1-bp difference at position 565  T. tonsurans
AtoG
ATCC 28185 EU200369  T. mentagrophytes A. vanbreuseghemii 656/657 (99.9) l—lgp diﬁerzznce at position 10 T. mentagrophytes
(AF170466) (G to A)
ATCC 28188 EU200370  T. rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
Clinical isolates
1 EU200408 M. gypseum A. incurvatum (AB193687)  613/613 (100) M. gypseum
2 EU200371 M. canis M. canis (AB193649) 711/711 (100) M. canis
3 EU200368 M. canis M. canis (AB193649) 711/711 (100) M. canis
4 EU200372  E. floccosum E. floccosum (AY213646) 754/754 (100) E. floccosum
5 EU200373  E. floccosum E. floccosum (AY213646) 754/754 (100) E. floccosum
6 EU200374  E. floccosum E. floccosum (AY213646) 754/754 (100) E. floccosum
7 EU200375  T. mentagrophytes® A. vanbreuseghemii 652/657 (99.2) Position 165 (G to A), T. mentagrophytes
(AF170466) position 260 (A to C),
position 291 (C to T),
position 628 (C to T),
position 780 (G to A)
8 EU200376  T. mentagrophytes A. vanbreuseghemii 652/657 (99.2) Position 165 (G to A), T. mentagrophytes
(AF170466) position 260 (A to C),
position 291 (C to T),
position 628 (C to T),
position 780 (G to A)
9 EU200377  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
10 EU200378  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
11 EU200379  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
12 EU200380  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
13 EU200381  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
mentagrophytes (AF170466)
14 EU200382  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
mentagrophytes (AF170466)
15 EU200383  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
16 EU200384  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
mentagrophytes (AF170466)
17 EU200385  T. mentagrophytes var.  A. vanbreuseghemii 657/658 (99.9) 1-bp difference (insertion of G T. mentagrophytes
interdigitale (AF170466) at position 440)
18 EU200386  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
mentagrophytes (AF170466)
19 EU200387  T. mentagrophytes var.  A. vanbreuseghemii 656/657 (99.9) 1-bp difference at position 10 T. mentagrophytes
mentagrophytes (AF170466) (Gto A)
20 EU200388  T. mentagrophytes var.  A. vanbreuseghemii 656/657 (99.9) 1-bp difference at position 10 T. mentagrophytes
mentagrophytes (AF170466) (GtoA)
21 EU200389  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
22 EU200390  T. mentagrophytes var.  A. vanbreuseghemii 657/657 (100) T. mentagrophytes
interdigitale (AF170466)
23 EU200391 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
24 EU200392 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
25 EU200393 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
26 EU200394 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
27 EU200395 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
28 EU200396 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
29 EU200397 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
30 EU200398  T. rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
31 EU200399  T. rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
32 EU200400 T rubrum T. rubrum (AF170472) 666/666 (100) T. rubrum
33 EU200401  T. soudanense T. soudanense (AM049997)  563/571 (98.6)°  8-bp difference of a (TA), T. soudanense
deletion at positions 546
to 553
34 EU200402  T. soudanense T. soudanense (AM049997)  571/575 (99.3)¢  4-bp difference of a (TA), T. soudanense
insertion at position 546
35 EU200403  T. tonsurans T. tonsurans (AF170479) 661/661 (100) T. tonsurans
36 EU200404  T. tonsurans T. tonsurans (AF170479) 661/661 (100) T. tonsurans
37 EU200405  T. tonsurans T. tonsurans (AF170479) 661/661 (100) T. tonsurans
38 EU200406  T. tonsurans T. tonsurans (AF170479) 661/661 (100) T. tonsurans
39 EU200407  T. tonsurans T. tonsurans (AF170479) 661/661 (100) T. tonsurans

“ That is, the original identification of the species.

b Unless otherwise stated, the identification “T. mentagrophytes” is used to represent “T. mentagrophytes complex.”
¢ The ITS of this strain was shorter than the sequence of T. soudanense (GenBank accession no. AM049997) by a (TA), deletion but otherwise 100% identical.
4 The ITS of this strain was longer than the sequence of 7. soudanense (GenBank accession no. AM049997) by a (TA), insertion but otherwise 100% identical.
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TABLE 2. Oligonucleotide padlock probes and primers used for RCA

GenBank
accession
no.

Probe or primer Target species

Sequence and locations of the two binding arms on comparison with
relevant reference GenBank sequences (5'-3")”

Probes

Tr-1TS2 T. rubrum 797993

Tt-ITS2 T. tonsurans AY213690

Ts/v-ITS2 T. soudanense/T. violaceum AMO049997

Ts/r-ITS1 T. soudanense/T. rubrum AMO049997

Tv-ITS1 T. violaceum AJ270811

Tm-1TS1 T. mentagrophytes 798001

Mg-ITS2 M. gypseum AB193687

Mc-ITS1 M. canis AY213657

Ef-ITS2 E. floccosum AY213646

Primers”
RCA primer 1
RCA primer 2

p-393TTGGCTGCCCATTCGCCTAGS74
GATCATGCTTCTTCGGTGCCCATTACGAGGTGCGGATAG
CTACCGCGCAGACACGATAGTCTA
606TGAGGGCGCTGAAS5%4
p-552AAGCCGGAATCGCGGCCTGGS33
GATCATGCTTCTTCGGTGCCCATCCTAGATCAGACGTTCC
TGTCCGCGCAGACACGATAGTCTA
576CCCATTCGCCTAGAS53
p-502CTGCCCATTCGCCCAGGAAGC482
GATCATGCTTCTTCGGTGCCCATTCGTGGCTAGTCGAATC
TTAGCGCGCAGACACGATAGTCTA
514GCGCTGGTTTGGS503
p-172CTTGGTGTCTGTCCTCCGGC153
GATCATGCTTCTTCGGTGCCCATGCTAACCTGGTACCGTC
ATTCGCGCAGACACGATAGTCTA
191GCTCTTCAGAGAATTTTTT173
p-287CTTGGTGTCTGTCCTCCGGCG267
GATCATGCTTCTTCGGTGCCCATTGACCGTGCTATGAAT
GCATCGCGCAGACACGATAGTCTA
304CCCTTCAGAGAATTTTC288
p-215AGCCACTAAAGAGAGGCTCGCI195
GATCATGCTTCTTCGGTGCCCATGCTTAGCTTGGCATGTC
ACTCGCGCAGACACGATAGTCTA
228CGGTCCAGCGTTT216
p-482CCATTCGCCCAGGAGCCGGAATC460
GATCATGCTTCTTCGGTGCCCATCCTACTAGTTGCACGCT
GTTCCGCGCAGACACGATAGTCTA
S506CGTTGGTTTGTTGC483
p-218GAGTCCCCCTCAGGCGTCCC198
GATCATGCTTCTTCGGTGCCCATGACTCTCGCTCGACACA
GTAGCGCGCAGACACGATAGTCTA
232TGGCCTAGGAAACAA219
p-562CTTTCTCCTCTCCCGGTGGAACGS39
GATCATGCTTCTTCGGTGCCCATAATGCCACGTTAACAGT
CAGCGCGCAGACACGATAGTCTA
574GCGTCCCCTCCAS63

ATGGGCACCGAAGAAGCA
CGCGCAGACACGATA

“ At the 5" end of the probe, “p-”, indicates 5" phosphorylation. The underlined sequences are the binding arms of the padlock probes (derived from reference

GenBank sequences), which are joined by the nonspecific linker region.

® The RCA primer-1 binds to the padlock probe, generating a long ssSDNA. Its sequence is the same as that of the underlined italicized segments, in reverse. The
RCA primer-2 binds to nascent single-stranded DNA as their binding sites become available. Its sequence is he same as that of the segments shown in italics.

a 3-bp ITS polymorphism that allowed the differentiation of 7.
soudanense from T. violaceum.

There was no genetic variation in either the ITS1 or the ITS2
regions among 11 7. rubrum strains. However, the sequences of
two clinical 7. soudanense isolates differed from each other and
from reference ITS sequences of 7. soudanense in GenBank
(GenBank accession numbers AM049997, AF170474, AF170473,
and AJ270809; Table 1). Sequencing was repeated to exclude
sequence errors introduced during the initial PCR and se-
quencing, with the same results as before. Strain 33 yielded a
sequence with 100% identity to the T. soudanense strain with
the closest sequence match (GenBank accession no. AM049997)
with the exception of a (TA), nucleotide deletion in the ITS2
region between positions 546 and 553. Strain 34 also showed
otherwise 100% sequence identity with the same GenBank

sequence but with a (TA), insertion polymorphism in the ITS2
region beginning at position 546 (Table 1).

There were four genetic types within 7. mentagrophytes.
Eleven of sixteen clinical isolates had identical ITS sequences
which showed 100% identity to a reference Arthroderma van-
breuseghemii (anamorph Trichophyton interdigitale) sequence in
GenBank (GenBank accession no. AF170466; Table 1); the
sequences of four others (strains 17, 19, 20, and T. mentagro-
phytes ATCC 28185) demonstrated a single base pair differ-
ence (Table 1). The remaining two clinical isolates (strains 7
and 8) yielded a sequence with a 5-bp difference from that
obtained for the majority (» = 11) of strains. Both had iden-
tical sequences with 99% identity to A. vanbreuseghemii
(GenBank accession no. AF170466). Of note, seven isolates
received as T. mentagrophytes var. interdigitale and four re-
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FIG. 1. RCA results monitored by the RotorGene 3000 real-time PCR machine (Corbett Research). The accumulation of double-stranded
DNA was detected by staining with Sybr green I. Positive signals (labeled as “positive signal”) are shown as exponential increases in fluorescence
signal. The experiment was conducted using the 7. mentagrophytes-specific RCA probe (Tm-ITS1) and tested on eight 7. mentagrophytes and other
dermatophyte isolates. Ligation-mediated RCA with matched templates of 7. mentagrophytes containing the targeted SNPs produced positive
signals. In contrast, other species (e.g., T. tonsurans, T. rubrum, T. violaceum, E. floccosum, and M. canis) showed an absence of signal (labeled as

“negative signal”).

ceived as T. mentagrophytes var. mentagrophytes had identical
ITS sequences (Table 1). The sequence of T. tonsurans ATCC
28942 showed a SNP with the sequence of the clinical strains
(Table 1). Concordant culture- and sequence-based identifica-
tion was observed for 100% of T. tonsurans, T. rubrum, and T.
soudanense isolates.

Species identification by RCA: sensitivity and specificity.
Individual species-specific or “group-specific” probes (for ex-
ample, the T. soudanense/T. rubrum probe) were designed
based on signature SNPs identified by alignment of the ITS
sequence data (Table 2). The T. violaceum-specific probe (Tv-
ITS1) was designed on the basis of GenBank sequence data
alone. To assess the sensitivity of the assay, RCA was initially
performed on serial dilutions of the target template (10'* cop-
ies) containing 100, 10, 1, 0.1, and 0.01% of the template. For
all dermatophytes studied, a clearly measurable RCA signal
was observed with a sensitivity of detection of 107 copies
(0.01% template in reaction mixture); the signal was weak
below this copy number (data not shown). Figure 1 illustrates
a typical padlock probe-RCA reaction using the Tm-ITS1
probe to detect T. mentagrophytes DNA. For all T. mentagro-
phytes strains, exponential increases in fluorescence signals
were readily interpretable. The duration of the RCA proce-
dure was 2 h; however, a positive signal was usually evident 15
min after commencement of the RCA reaction.

The RCA assay was also highly specific. All isolates were
correctly identified (Table 1). Of note, amplification of probe
signals were seen only with matched template-probe mixtures;
DNA from species that contained SNPs not targeted by the
padlock probe in use produced no signal (Fig. 1). Among
Trichophyton spp., SNPs selectively targeted by the relevant
probes correctly identified 7. rubrum, T. mentagrophytes, T.

tonsurans, and T. violaceurn DNA (Table 1); these species were
identified by single probes, targeted at either the ITS1 or the
ITS2 region. However, the system was unable to identify 7.
soudanense in a single reaction since the design of a T.
soudanense-specific probe was not possible. Although a signa-
ture SNP was identified in the ITS2 region (position 503) of T.
soudanense (GenBank accession no. AM049997) to differenti-
ate this species from 7. rubrum, this same SNP was found in 7.
violaceum. Similarly, SNPs that allowed differentiation of T.
soudanense from T. violaceum were found in T. rubrum (for
example, position 173 in the ITS1 region of 7. soudanense
(GenBank accession no. AM049997). The combined use of two
probes, an ITS1-based T. soudanense/T. rubrum probe and an
ITS2-based T. soudanense/T. violaceum probe (Fig. 2) enabled
the differentiation of 7. soudanense from T. rubrum and from
T. violaceum.

Hybridization of the Trichophyton probes used in the present
study may occur with template DNA from species other than
the target species (Table 3). However, these expected “cross-
reactions” would be observed for species now reduced to syn-
onymy with the target species (Table 3) (10) with one excep-
tion: cross-hybridization of the T. fonsurans probe, Tt-ITS2,
with T. equinum DNA (a single ITS1 base polymorphism) (35).
We were unable to identify strains of 7. equinum among our
culture collection to test this hypothesis.

Proposed algorithm for RCA-based identification of Tricho-
phyton spp. Each of the Trichophyton-specific probes designed
in the present study may be used in parallel for species iden-
tification with good sensitivity and specificity. However, for
practical purposes, a simple guide to species identification of
suspected Trichophyton isolates is proposed as summarized in
Fig. 2. Using this algorithm, the sequential use of two, or at
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FIG. 2. Algorithm for identification of Trichophyton spp. using a padlock probe RCA assay.

most three padlock probes, enables identification and differ-
entiation of the major human Trichophyton spp.

DISCUSSION

Given the increase in Trichophyton infections and their pub-
lic health importance (2, 7), there is a need to develop reliable
molecular tools for species delineation. To demonstrate its
potential application, we developed a novel, simple, highly
specific RCA-based SNP detection assay for identification of
clinically important Trichophyton spp. The present study is the

TABLE 3. Specificity of padlock probes for the identification
of Trichophyton spp.

Padlock Trichophyton and Arthroderma species expected to
probe hybridize with the probe”
Tr-ITS2 . T. rubrum, T. raubitschekii, T. kanei, T. fischeri, T.
pedis, T. rodhaini
Tt-ITS2...coovveenee T. equinum®
TsN-ITS2 ... Target species 1. soudanense: T. gourvilii*, T.
megniniit, T. fluviomunienset, T.
circonvolutumt; target species T. violaceum: T.
yaoundei*, T. kuryangeit, and T. glabrum*
Ts/r-ITS1....ceoeene Target species 1. soudanense: T. gourvilii*, T.
megniniit, T. fluviomunienset, and T.
circonvolutumt; target species 1. rubrum: T.
raubitscheki, T. kanei, T. fischeri, T. pedis, and
T. rodhaini
Tv-ITST oo T. yaounde*, T. glabrum*
Tm-ITS1......couvn. A. Vanbreuseghemii”, A. benhamiae, T. interdigitale,

A. simii, T. krajdenii, T. abissinicum

“ T. raubitschekii is considered to be synonymous with 7. rubrum (11). For T.
equinum there is a single base polymorphism at position 18 (ITS1 region) from
C (T. tonsurans) to T (T. equinum). *, Conspecific with T. violaceum (11); T,
doubtful identity but considered by some to be synonymous with 7. rubrum (11).

® All members of the T. mentagrophytes complex (10, 23).

first to utilize this approach to identify fungal pathogens. Fea-
tures of the RCA-based assay include high sensitivity, rapidity
(2 h), and ability to detect signature SNPs between T. rubrum,
T. soudanense, and T. violaceum. Both ITS1 and ITS2 poly-
morphisms were useful for species identification.

The validity of the RCA assay was established by determin-
ing inter- and intraspecies polymorphisms among the study
isolates by ITS sequencing in order to design padlock probes,
which would ensure the sensitivity and specificity of the assay.
Since a significant proportion of sequences in public databases
such as GenBank contain read errors (12, 24, 34, 35), we did
not only rely on these as a resource for probe design. Further-
more, there is still debate over the correctness of taxonomic
changes made in the classification of Trichophyton on the basis
of molecular data (8, 11, 35). As noted previously, we observed
minimal ITS sequence variation among 7. rubrum and T. ton-
surans isolates (8, 29, 35). However, small sets of SNPs were
identified within 7. soudanense and T. mentagrophytes, suggest-
ing there is greater genetic variation for these species or spe-
cies complexes (10, 23; the present study). Since there are few
data describing genetic variation within 7. soudanense, study of
greater numbers of this species is indicated. The generation of
new sequences and determination of sequence variation for all
species is critical to improving sequence-based species identi-
fication processes, in particular, to any method choosing to
exploit signature SNPs.

Species identification as determined by the RCA system was
concordant with sequencing data for all study isolates and the
T. violaceum template. The use of padlock probes was first of
all able to distinguish 7richophyton spp. from other dermato-
phyte genera. This may guide medical decisions, since Tricho-
phyton infections often persist and require longer periods of
antifungal therapy (2, 32). Signature polymorphisms between
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the major Trichophyton spp., with the exception of T. soudane-
nse, were also successfully targeted by individual RCA probes.
To identity T. soudanense, however, the sequential use of two
probes that were selective for 7. rubrum-T. soudanense and T.
soudanense-T. violaceum was required (Fig. 2). This was not
unexpected since there was a high degree of genetic identity (a
4-bp difference between T. rubrum and T. soudanense and a
3-bp difference between T. violaceum and T. soudanense) in the
ITS region between T. rubrum, T. soudanense, and T. violaceum
(11, 24, 35; the present study). Although SNPs were identified
that could be exploited to differentiate between 7. rubrum and
T. soudanense, one or more of these same SNPs were shared
either between T. rubrum and T. violaceum or between T.
soudanense and T. violaceum. Similarly, when we attempted to
distinguish 7. soudanense from T. violaceum, we found that the
same informative SNPs were shared by 7. rubrum.

The status of T. soudanense as a valid species appears con-
troversial. Based on ITS sequence and clinical data, the species
has been synonymized as T. violaceum (11). Other researchers,
using microsatellite markers, have noted that T. soudanense is
clearly distinguishable from 7. violaceum and, instead, groups
closely with 7. rubrum (8, 29). Despite the close genetic rela-
tionship of these two organisms, 7. soudanense is morpholog-
ically, physiologically, and ecologically distinct from T. rubrum.
The former is endemic in sub-Saharan Africa and causes en-
dothrix tinea capitis, whereas the cosmopolitan 7. rubrum does
not (2, 39). These differences meet the requirements for sig-
nificance at the species level for 7. soudanense since they satisfy
both ecological and genetic criteria (35, 36). The same criteria
validate T. violaceum (endemic in North Africa-Middle East)
as a species distinct from 7. soudanense. Given that these
species are no longer restricted to their areas of endemicity
due to increased migration and travel, ongoing study to opti-
mize methods for species identification is warranted.

Sequence polymorphisms selectively targeted by the 7. men-
tagrophytes probe (Tm-ITS1) allowed the identification of this
species complex. No RCA signal was produced by the other
Trichophyton spp. (Tables 1 and 3). Although not addressed in
the present study, the probe cannot be expected to differenti-
ate between individual members or genotypes (4. vanbreuseg-
hemii, Arthroderma simii, Arthroderma benhamiae, and the ana-
morphic species) of the complex (10, 24) (see Table 3). Given
the flexibility of the RCA assay, however, genotype-specific
probes targeting signature SNPs that detect a particular mem-
ber of interest, e.g., T. interdigitale, can be designed. T. inter-
digitale is one of the more well-recognized taxonomic entities
(10, 23). In our study, ITS sequencing identified only four
genetic types among 17 T. mentagrophytes isolates, one corre-
sponding to A. vanbreuseghemii and the other two showing
close genetic identity (Table 1). This suggests that Australian
T. mentagrophytes strains may exhibit little genetic variation. Of
note, the ITS sequences of several strains submitted as 7.
mentagrophytes var. mentagrophytes or T. mentagrophytes var.
interdigitale (synonym 7. interdigitale) were identical. It is likely
the culture-based identification of the former was incorrect.

The T. tonsurans-specific (Tt-1TS2) probe correctly distin-
guished 7. tonsurans from other human Trichophyton but may
be expected to hybridize with the horse-associated 7. equinum.
ITS polymorphisms between these two species are limited to a
single base pair at position 18 (35). However, since T. equinum
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is zoophilic and T. tonsurans is anthropophilic, any cross-reac-
tion can be resolved except in the uncommon circumstance
when human infection has resulted from contact with an in-
fected horse or its fomites.

At present, ITS sequence analysis is the gold standard for
dermatophyte identification. We confirm its accuracy in this
capacity. However, this approach is expensive, has a turn-
around time of 2 to 3 days, and may be impractical for ana-
lyzing large numbers of isolates. Moreover, when applied to
clinical specimens, sequencing is unable to simultaneously
identify more than one pathogen. The rapid RCA-based SNP
detection system described here is sensitive, reproducible, and
flexible in that probes can be custom-made to meet specific
requirements; this places it favorably as an option for high-
throughput analysis. Although the expenses associated with the
setup of the assay (AUD$300 per probe) are not insubstantial,
the probes can be used numerous (up to 5000) times. Running
costs are estimated at no more than AUD$2 per reaction
compared to AUD$15 for DNA sequencing. All Trichophyton
probes in the present study had good specificity and can be
used in parallel to identify a presumptive “Trichophyton.”
However, by following the recommended algorithm (Fig. 2)
and using only three probes, expenses may be minimized.

In conclusion, species identification of Trichophyton is im-
portant for epidemiological and phylogenetic purposes and for
genotype delineation. Despite the shortcomings of current mo-
lecular identification systems, there is strong impetus in con-
tinuing to use ITS polymorphisms as the common denominator
to generate identification barcodes (35). This process makes
use of species-specific SNPs or other “minor” sequence differ-
ences which are unlikely to yield resolution using traditional
phylogenetic analyses (31). The role of techniques that selec-
tively target SNPs in contributing to this goal warrants explo-
ration. In its current format, the RCA-based assay showed
promise as an alternative to DNA sequencing for species iden-
tification. Study of larger numbers of different Trichophyton
spp. and other dermatophytes, as well as its utility when ap-
plied to clinical specimens, is required to validate the RCA
assay for routine diagnosis.
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