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ABSTRACT

Trichoderma species are abundant in different agricultural habitats, but some representatives of this genus, mainly clade
Longibrachiatum members are also emerging as causative agents of various human diseases with even fatal outcome. Strains
of these species frequently show resistance to commonly used azole antifungals. Based on previous data it is hypothesized
that Trichoderma isolates identified in human infections derive from environmental—including agricultural—origins.
We examined Trichoderma longibrachiatum Rifai and Trichoderma bissettii Sandoval-Denis & Guarro strains recovered
from four novel cases of human mycoses, along with isolates from previous case reports and different agricultural habitats,
using multilocus phylogenetic analysis, BIOLOG Phenotype Microarrays and Etest. Strains attributed to T. bissettii were more
abundant in both clinical and agricultural specimens compared to T. longibrachiatum. The majority of the isolates of both
taxa could tolerate >256, >32 and >32 μg/ml fluconazole, itraconazole and posaconazole, respectively. None of the obtained
results revealed characteristic differences between strains of clinical and agricultural origin, nor between the two taxa,
supporting that agricultural environments may be significant sources of infections caused by these emerging human fungal
pathogens. Furthermore, based on our findings we propose the re-classification of T. bissettii as T. longibrachiatum f. sp. bissettii.

Keywords: Trichoderma; emerging mycoses; agricultural environments; multilocus phylogenetic analysis; azole resistance;
GCPSR concept; Trichoderma longibrachiatum f. sp. bissettii nom. prov.

INTRODUCTION

Members of the filamentous fungal genus Trichoderma, including
Trichoderma longibrachiatum Rifai, are commonly isolated from
agricultural environments, such as cultivated soils and mush-
room farms (Castle et al. 1998, Hatvani et al. 2007; Druzhinina
et al. 2008; Choi et al. 2010; Błaszczyk et al. 2011; Poosapati et al.
2014; Al-Sadi et al. 2015; Jiang et al. 2016; Wang et al. 2016). Fur-
thermore, certain isolates were shown to have the potential to
be used in various agricultural applications, e.g. for plant growth
promotion or the biological control of different plant pathogens
(Djian et al. 1991; Srivastava et al. 2012; Al-Shammari et al. 2013;
Poosapati et al. 2014; Zhang, Gan and Xu 2014, 2016; Nandini et al.
2017; Zhang et al. 2017). At the same time, case reports about
a range of human diseases caused by T. longibrachiatum, e.g.
skin and lung infections, allergic sinusitis, peritonitis, sinusitis
sphenoidalis, as well as disseminated infections in the stomach,
heart, brain and liver of hosts mainly with impaired immune
system are being published in an increasing number (Kredics
et al. 2011; Hatvani et al. 2013; Molnár-Gábor et al. 2013; Rodrı́guez
Peralta et al. 2013; Tascini et al. 2016; Akagi et al. 2017; Piecková
et al. 2017).

Formerly T. longibrachiatum was considered as a uniform
species, however, in a recent study it has been divided into two
distinct groups, and beside T. longibrachiatum, a new species, Tri-
choderma bissettii Sandoval-Denis & Guarro has been described
and introduced (Sandoval-Denis et al. 2014).

Environmental isolates of T. longibrachiatum and T. bissettii—
including strains originated from agricultural specimens—are
presumed to have the potential to cause mycoses in humans.
Therefore, the aims of the present study were the identification
of Trichoderma strains recovered from four recent cases of human
infections, characterization of the isolates in comparison with
strains from previous cases and those obtained from agricultural
samples using different methods, as well as the comprehensive
revision of previously published data.

MATERIALS AND METHODS

Fungal isolates

The four clinical Trichoderma strains involved in this study were
isolated from the ear swab taken from a chronic external otitis

patient in Croatia (Case 1), the wall of the aorta of a Hungarian
patient with previous aortic valve implantation (Case 2), the
inflammable fluid excreted from the pacemaker sac of another
cardiology patient from Hungary (Case 3) and the corneal scrap-
ing taken from a fungal keratitis patient in India (Case 4),
and deposited in the Szeged Microbiology Collection (SZMC,
www.szmc.hu) at the Department of Microbiology, Faculty of
Science and Informatics, University of Szeged, Hungary. Sev-
eral T. longibrachiatum isolates of the SZMC collection, which
had been recovered previously from agricultural environments
(wheat rhizosphere and the growing substrate of cultivated
mushrooms), were also involved in the study. The complete
list of the examined fungal strains is shown in Table 1. The
strains were maintained on PDA (Potato Dextrose Agar) medium
at 37◦C.

Species identification

Species identification of the four Trichoderma isolates was car-
ried out based on the PCR amplification and sequence anal-
ysis of the internal transcribed spacers (ITS1 and 2) of the
rRNA gene cluster and a fragment of the translation elonga-
tion factor 1-alpha (tef1) gene. The applied primers and PCR
conditions are shown in Table 2. Amplification was performed
in an MJ MiniTM Personal Thermal Cycler (BIO-RAD). Sequenc-
ing of the amplicons was carried out by the sequencing ser-
vice of the Biological Research Centre, Szeged, Hungary. The
obtained sequence chromatograms were subjected to visual
checking and correction, and the sequences were then deposited
in the GenBank database under the accession numbers shown
in Table 1. ITS 1 and 2 sequences were analyzed by TrichOkey
2.0 (Druzhinina et al. 2005) at www.isth.info. The tef1 sequences
were aligned using the software ClustalX2 (Larkin et al.
2007).

Phylogenetic analysis

Besides ITS and tef1, partial sequences of four other loci,
namely hydrophobin 4 (hfb4), calmodulin (cal1), actin (act1) and
RNA polymerase B subunit II (rpb2) were also included in the
phylogenetic analysis (Table 2). The corresponding sequences
of the six phylogenetic markers from the newly presented
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Table 2. Examined markers and PCR conditions used for species identification and phylogenetic analysis.

Locus Primers Temperature profile

Internal transcribed spacer (ITS) ITS1: TCCGTAGGTGAACCTGCGG 1 cycle: 94◦C, 2 min
ITS4: TCCTCCGCTTATTGATATGC 35 cycles: 94◦C, 30 s; 48◦C, 40 s; 72◦C, 40 s
(Andersson et al. 2009) 1 cycle: 72◦C, 2 min

Translation elongation factor 1α (tef1) EF1-728F: CATCGAGAAGTTCGAGAAGG 1 cycle: 94◦C, 1 min
TEF-LLErev: AACTTGCAGGCAATGTGG 30 cycles: 94◦C, 1 min; 59◦C, 1 min; 74◦C, 50 s
(Hatvani et al. 2007) 1 cycle: 74◦C, 7 min

Calmodulin (cal1) CMD5: CCGAGTACAAGGARGCCTTC 1 cycle: 94◦C, 1 min
CMD6: CCGATRGAGGTCATRACGTGG 30 cycles: 94◦C, 30 s; 56◦C, 30 s; 72◦C, 30 s
(Hong et al. 2005) 1 cycle: 72◦C, 2 min

Hydrophobin 4 (hfb4) hfb4a fw: GCCTCTCTGGCCATTGCCGCGCCYGC 1 cycle: 94◦C, 1 min
hfb rev: XXAGCATCCTGGCACAAAACACC 30 cycles: 94◦C, 1 min; 64◦C, 1 min; 72◦C, 50 s
(Espino-Rammer et al. 2013) 1 cycle: 72◦C, 7 min

Actin (act1) Act-1: TGGGACGATATGGAlAAIATCTGGCA 40 cycles: 95◦C, 1 min; 52◦C, 30 s; 72◦C, 1 min
Act-4r: TCITCGTATTCTTGCTTIGAIATCCACAT
(Voigt and Wöstemeyer 2000)

RNA polymerase B subunit II (rpb2) fRPB2-5F: GAYGAYMGWGATCAY TTY GG 1 cycle: 95◦C, 5 min
fRPB2-7cR: CCCATRGCT TGY TTR CCC AT 35 cycles: 95◦C, 1 min; 55◦C, 90 s; 72◦C, 90 s
(Liu et al. 1999) 1 cycle: 72◦C, 7 min

clinical isolates were aligned with previously published
sequences of clinical and environmental T. longibrachiatum and
T. bissettii strains (Hatvani et al. 2007; Druzhinina et al. 2008; Poos-
apati et al. 2014; Sandoval-Denis et al. 2014; Al-Sadi et al. 2015)
(Table 1) using MAFFT v7.312 with the G-INS-i strategy (Katoh
and Standley 2013). Alignments of each loci were concatenated
and Maximum likelihood analysis on the concatenated dataset
was conducted by RAxML v8.121 (Stamatakis 2014) using the
GTR model with G rate heterogeneity. The final length of the
dataset was 3722 bp long with 211 parsimony informative
sites, alignment was partitioned by loci. Statistical support of
the best ML tree was obtained with 1000 thorough bootstrap
replicates.

Metabolic profiling

Carbon source assimilation assays of clinical and environmental
isolates (Druzhinina et al. 2008) were performed using BIOLOG FF
Microplates at 25, 30 and 35◦C as described previously (Druzhin-
ina et al. 2006; Friedl, Kubicek and Druzhinina 2008; Atanasova
and Druzhinina 2010). Two-way ANOVA was used to assess the
differences between previously reported T. bissettii and T. lon-
gibrachiatum strains. Principal Component Analysis was per-
formed using the ClustVis online tool (https://biit.cs.ut.ee/clustv
is, Metsalu and Vilo 2015). Growth curves for every species culti-
vated on individual carbon sources were plotted using R (version
3.2.2).

Antifungal susceptibility testing

The MIC (Minimum Inhibitory Concentration) values of vari-
ous antifungal drugs (amphotericin B (AMB), fluconazole (FLC),
voriconazole (VRC), itraconazole (ITC), posaconazole (PSC),
caspofungin (CSP), anidulafungin (AND) and micafungin (MCF))
against Trichoderma isolates were determined using the Etest
method modified for moulds, according to the manufacturer’s
instructions (bioMérieux, Marcy l’Etoile, France, http://www.bi
omerieux-diagnostics.com/etest).

RESULTS AND DISCUSSION

Clinical description of four patients with Trichoderma
infection

Case 1: A 56-year-old, otherwise healthy female patient in
Croatia had chronic external otitis infection for 2 months
in 2010. Based on the clinical observations, she was initially
treated with azithromycin. However, the patient was contin-
ued to have symptoms such as erythema, discomfort, scal-
ing and mild pruritus limited to the external auditory canal
along with fluffy and grayish-green discharge. The ear swab was
obtained and cultured on blood agar (BA) and Sabouraud dex-
trose agar (SDA) medium supplemented with 50 μg/ml chloram-
phenicol. The pure mould colonies observed within 72 hours
upon incubation at room temperature on both media were
becoming green with age. Initial identification of the fungal iso-
late (SZMC 21467, Table 1) as a member of the genus Tricho-
derma was performed according to microscopic features. Sub-
sequently, the patient was treated with terbinafine as a topical
therapy, and the hygiene of the colonized external ear canal was
also improved, which resulted in complete recovery from the
infection.

Case 2: A 71-year-old Hungarian man with previous aor-
tic valve implantation in his anamnesis presented in outpa-
tient department in 2015 with increased inflammation param-
eters, profuse diarrhea, fever, reduced renal function and ele-
vated liver enzymes. Besides several, small, filament-like mobile
structures, transesophageal echocardiography revealed a mass
of undulating vegetation 8 × 4 mm in size (Fig. 1). All blood
cultures were negative for fungi. However, culturing clinical
samples—taken from the removed aortic valve and the wall
of the aorta during his reoperation—revealed filamentous fun-
gal growth (SZMC 23615, Table 1) after 48 hours of incuba-
tion. In spite of adequate antifungal therapy by intravenous
voriconazole (Pfizer), the patient has died due to another
cause.

Case 3: A 75-year-old Hungarian woman underwent pace-
maker implant surgery in 2009. Her pacemaker’s sac became
enlarged in 2016. She was presented with erythematosus and
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Figure 1. Microscopic visualization of hyphal elements in infected tissues (homograft resecatum, Case 2). (A) 40× and (B) 63× magnification.

warm skin surface above her implant. She had chills with
no fever. Based on the clinical findings, microbial infection of
pacemaker sac was suspected. The device was extracted and
the collected fluid from the implant was sent for culture, which
revealed the growth of a filamentous fungus (SZMC 23681,
Table 1) identified as Trichoderma sp. based on morphological
examinations.

Case 4: A 65-year-old male patient was presented to the
Aravind Eye Hospital, Coimbatore, Tamilnadu, India, with com-
plaints of pain and redness in the right eye of 2 days dura-
tion in 2014. The visual acuity was counting fingers for the
right eye and 6/18 for the left eye. Examination of the right eye
showed a central full thickness corneal infiltrate with feath-
ery margins surrounded by an immune ring with hypopyon
and cataractous lens. B scan ultrasonography of the right eye
was within normal limits. Left eye examination revealed an
immature cataract with normal fundus. Microbiological workup
revealed fungal filaments in both 10% KOH wet mount and
Gram staining of the smear. The culture (SZMC 23386, Table 1)
of the corneal infiltrate showed the characteristics of Tricho-
derma species. The patient’s treatment was started with top-
ical 1% voriconazole (Vozole, Aurolab, India), 5% natamycin
(Natamet, Sun Pharma, India) and 2% homatropine (Homide,
Warren, India). The patient was a known diabetic and asth-
matic on irregular treatment. His random blood sugar was
3.84 mg/ml, which was controlled well with oral hypoglycaemic
agents. The patient was admitted in the hospital and intrastro-
mal and intracameral 1 mg/ml voriconazole (Vozole-PF, Auro-
lab, India) was given once in 3 days. Secondary glaucoma was
controlled by topical 0.5% betaxalol (Iobet, FDC, India), 0.2%
brimonidine (Brimo, Alcon, India) and 1% brinzolamide (Brino-
lar, Sun Paharma, India) administered twice per day. Oral keto-
conazole 200 mg, twice per day (Nizral, Janssen-Cilag Pharma,
India) was also added to the treatment regimen. The patient
showed healing infiltrate with peripheral scarring and active
endothelial plaque. Due to persistent endothelial plaque, ther-
apeutic keratoplasty along with lens extraction and anterior vit-
rectomy was performed. The postoperative period was unevent-
ful. The culture of the excised corneal button also resembled
Trichoderma spp. The patient was discharged with topical anti-
fungals and 2% cyclosporine drops. At the 8-month follow-up
visit, the visual acuity was 2/60 with graft edema and deep
vessels, and aphakia in the right eye. Antiglaucoma medicines
were stopped since the intraocular pressure was within normal
limits.

Species identification

The four clinical isolates were identified based on the analysis
of their ITS1 and 2 and tef1 sequences. ITS sequence analysis
by TrichOkey 2.0 did not allow an exact species level identifica-
tion, as T. longibrachiatum shares the same ITS1 and 2 sequence
with several closely related species. Therefore, an alignment was
prepared from the tef1 sequences of the four clinical isolates as
well as T. longibrachiatum and T. bissettii strains reported in pre-
vious studies (Druzhinina et al. 2008; Kredics et al. 2012; Poos-
apati et al. 2014; Sandoval-Denis et al. 2014; Al-Sadi et al. 2015)
(Table 1). The only difference of diagnostic value between the
tef1 sequences of T. longibrachiatum and T. bissettii was identified
as a 28-bp indel within the fourth large intron of the gene: this
region is present in T. longibrachiatum strains but missing from
those known as T. bissettii, and can therefore be used as a hall-
mark for DNA BarCoding identification (Supplementary Figure
S1, Supporting Information).

Among the four novel human mycoses reported in this study,
T. bissettii could be identified as the causal agent in three cases. In
Case 1 this phylotype was diagnosed from otitis externa in Croa-
tia, where this is the first documented case of human infection
due to Trichoderma spp. (SZMC 21467, Table 1). The inflammation
of the external auditory canal can be caused by a wide range of
fungal and bacterial species (Franco-Vidal et al. 2007; Parize et al.
2009; Hariga et al. 2010; Chen et al. 2011; Tarazi, Al-Tawfiq and
Abdi 2012; Szigeti et al. 2012a, 2012b; Lee, Kim and Nguyen 2013;
Song et al. 2014; Marchionni et al. 2016; Matos, Tomasin and Bat-
telino 2016), but only a single case has been attributed to Tricho-
derma spp. so far (Hennequin et al. 2000), where the causal agent
was identified as T. longibrachiatum based on ITS1 and 2 sequence
analyses, therefore the exact taxonomic position of the isolate
cannot be determined. The Trichoderma strains recovered from
two different cases of heart infection in Hungary (Cases 2 and
3) also proved to be T. bissettii (SZMC 23615 and SZMC 23681,
Table 1). The first documented case of endocarditis due to Tri-
choderma spp. was published by Bustamante-Labarta et al. (2000),
but the isolate was not identified at the species level. Rodrı́guez
Peralta et al. (2013) and Tascini et al. (2016) reported about cases
of endocarditis caused by T. longibrachiatum, however, sequences
enabling exact species identification have not been provided. In
contrast, the fungal keratitis in India (Case 4) was attributed
to T. longibrachiatum (SZMC 23386, Table 1). Mycotic keratitis
can occur due to infection by a broad range of opportunis-
tic fungi, such as Aspergillus, Fusarium, Curvularia, Penicillium,
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Candida and Corynespora species, in several cases by strains
of agricultural origin (Thomas and Kaliamurthy 2013; Yamada
et al. 2013; Kredics et al. 2015; Słowik et al. 2015; Maharana
et al. 2016; Chung, Lee and You 2018; Oostra, Schoenfield and
Mauger 2018). Most of the few cases of keratitis caused by Tri-
choderma species mentioned so far in the literature lack detailed
descriptions (Venugopal et al. 1989; Mohd-Tahir et al. 2012;
Gharamah et al. 2014). In the studies of Venugopal et al. (1989)
and Mohd-Tahir et al. (2012), the infection was attributed to Tri-
choderma sp., while Gharamah et al. (2014) classified their iso-
late as Trichoderma hamatum (Bonord.) Bain. However, Piecková
et al. (2017) identified the causal agent of ulcerative keratitis
as Trichoderma citrinoviride Bissett, another representative of the
Longibrachiatum clade, presented in a well-documented case
report. The same identification strategy was also performed for a
set of previously collected agricultural isolates from wheat rhi-
zosphere, Hungary (SZMC 0887, SZMC 1012, SZMC 1158, SZMC
1159); Agaricus bisporus (J.E. Lange) Imbach compost, Hungary
(SZMC 1767) and Poland (SZMC 25718); as well as Pleurotus ostrea-
tus (Jacq.) P. Kumm. growing substrate, Iran (SZMC 20810), which
were originally identified as T. longibrachiatum—all of these iso-
lates were found to belong to T. bissettii (Table 1). In addition,
the majority of both clinical and environmental isolates identi-
fied as T. longibrachiatum in our previous study (Druzhinina et al.
2008) also proved to represent T. bissettii (9 out of 12 and 15
out of 24, respectively) (Table 1). The available tef1 sequences of
strains TUCIM 848 (Druzhinina et al. 2008) and B29 (Hatvani et al.
2007) did not contain the diagnostic regions, whereas, the tef1
sequences have not been provided in the case of other clinical
isolates (Seguin et al. 1995; Tanis et al. 1995; Munoz et al. 1997;
Furukawa et al. 1998; Kuhls et al. 1999; Richter et al. 1999; Hen-
nequin et al. 2000; Chouaki et al. 2002; Myoken et al. 2002; Tang
et al. 2003; Aroca, Piontelli and Cruz 2004; Lee et al. 2007; Alanio
et al. 2008; Lagrange-Xélot et al. 2008; Santillan Salas et al. 2011;
Tascini et al. 2016; Akagi et al. 2017) and agricultural strains (Cas-
tle et al. 1998; Choi et al. 2010; Błaszczyk et al. 2011; Srivastava
et al. 2012; Al-Shammari et al. 2013; Zhang, Gan and Xu 2014;
Jiang et al. 2016; Wang et al. 2016; Nandini et al. 2017; Zhang
et al. 2017) reported previously as T. longibrachiatum. Further-
more, based on the tef1 sequence provided for strain T52 (orig-
inally reported as T. longibrachiatum; Al-Sadi et al. 2015), it does
not represent either T. longibrachiatum or T. bissettii, therefore a
repeated analysis is recommended in order to identify the iso-
late more adequately.

Phylogenetic analysis

Previously T. longibrachiatum was known as a single agamo-
species (Druzinina et al. 2008) but Sandoval-Denis et al. (2014)
separated it into two species by attributing several strains to
the new species T. bissettii based on the topology of tef1 phylo-
gram. In this study we used the Genealogical Concordance Phy-
logenetic Species Recognition (GCPSR) concept (Dettman, Jacob-
son and Taylor 2003) that implies that a species should be sup-
ported by the topologies of at least two unlinked loci and not
contradicted by several others. Consequently, as addition to the
ITS1 and 2 and tef1 phylogenetic markers, we used the hyper-
polymorfic sequence of the gene encoding hydrophobin 4 (hfb4),
which is part of the core genome of Trichoderma spp. (Espino-
Rammer et al. 2013) and therefore may be used for differentia-
tion in uncertain cases, as well as fragments of the cal1 (Hong
et al. 2005), act1 (Voigt and Wöstemeyer 2000) and rpb2 (Liu,
Whelen and Hall 1999) genes. Similarly to ITS1 and 2, cal1 also
proved inappropriate to differentiate between T. longibrachiatum

and T. bissettii sensu Sandoval-Denis et al. (2014) due to the lack
of sequence variability (data not shown). The concatenated phy-
logram (Fig. 2) shows that although T. longibrachiatum could be
distinguished from T. bissettii based also on hfb4, act1 and rpb2
as single locus markers, altogether their separation to two dif-
ferent species is not supported. Therefore, we propose the place-
ment of T. bissettii sensu Sandoval-Denis et al. (2014) to the rank of
’phylotype’ under the name T. longibrachiatum f. sp. bissettii nom.
prov., and suggest the characteristic 28-bp indel inside the fourth
large intron of tef1 (Supplementary Figure S1, Supporting Infor-
mation) as a DNA BarCoding hallmark to differentiate between
this and other T. longibrachiatum phylotypes. Our results indi-
cate that T. longibrachiatum f. sp. bissettii very frequently occurs in
agricultural environments: all putative T. longibrachiatum isolates
of agricultural origin (wheat rhizosphere and A. bisporus com-
post, Hungary and Poland; P. ostreatus substrate, Iran) included
in this study proved to be T. longibrachiatum f. sp. bissettii. Alto-
gether, the majority of both clinical and environmental isolates
originally identified as T. longibrachiatum represent T. longibrachia-
tum f. sp. bissettii, which can therefore be considered as a suc-
cesful, commonly occurring phylotype of T. longibrachiatum sensu
lato.

Metabolic profile analysis

The carbon source assimilation profile of clinical and environ-
mental isolates of T. longibrachiatum s. st. (sensu stricto) and
the phylotype T. longibrachiatum f. sp. bissettii nom. prov. was
assessed using BIOLOG FF Microplates at 25, 30 and 35◦C (Sup-
plementary Figure S2, Supporting Information). Statistical anal-
ysis reveal no significant difference between the two phylotypes
as well as between clinical and environmental isolates at three
tested temperatures (ANOVA, P > 0.05). Principal component
analysis performed based on the cumulative dataset also con-
firmed overlapping metabolic profiles between T. longibrachiatum
f. sp. bissettii and T. longibrachiatum (Fig. 3).

Antifungal susceptibility testing

The antifungal susceptibility data revealed minor differences
among the isolates. However, all the examined strains were
found to be susceptible to MCF and VRC (MIC: 0.0275-2 and
0.75-5 μg/mL, respectively), while they showed tolerance to ITC,
FLC and PSC (MIC: 32 μg/mL or higher, 64–256 and 32 μg/mL or
higher, respectively). Furthermore, the strain T. longibrachiatum
f. sp. bissettii SZMC 21467 was found to tolerate AMB and CSP
(MICs: 32 μg/mL), while T. longibrachiatum f. sp. bissettii SZMC
23615 showed resistance to AND (MIC: >32 μg/mL) and its MIC
value for MCF was also higher (2 μg/mL) in comparison to the
rest of the examined strains. Clinical and agricultural isolates
of T. longibrachiatum s. st. and T. longibrachiatum f. sp. bissettii did
not show characteristic differences in susceptibility to the tested
antifungal drugs (Table 3). Espinel-Ingroff (2001) used the same
method to determine the MIC values of AMB and ITC in five clin-
ical T. longibrachiatum isolates and observed values of 1.0–4.0 and
>8 μg/mL, respectively. Antal et al. (2005) compared the poten-
tial virulence factors, including the antifungal drug resistance of
clinical and agricultural isolates originally reported or reidenti-
fied as T. longibrachiatum. All isolates showed resistance to FLC
(MIC: 64–256μg/mL), while diversity was observed in their toler-
ance to ITC and AMB (MIC: 0.5–32 and 0.016–8 μg/mL, respec-
tively). They were found to be most susceptible to ketocona-
zole (MIC: 0.008–1 μg/mL) but the highest MIC value (1 μg/mL)
was observed in the case of T. longibrachiatum f. sp. bissettii
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Figure 2. Maximum likelihood tree showing the phylogenetic relationship between environmental and clinical isolates of T. longibrachiatum and T. bissettii based on
the concatenated loci ITS1 and 2, tef1, hfb4, act1, cal1 and rpb2. Statistical support of the best ML tree was obtained with 1000 thorough bootstrap replicates. Clinical
isolates are marked with red dot.

strains. Molnár-Gábor et al. (2013) reported T. longibrachiatum
SZMC IM3 (re-identified as T. longibrachiatum f. sp. bissettii in the
present study) as the causal agent of sinusitis sphenoidalis. The
strain was resistant to FLC and ITC, while low MIC values for
AMB, VRC and CSP were observed (MIC: >256, > 2, 0.5, 0.5 and
0.25 μg/mL, respectively). In the study of Tascini et al. (2016) a
case of endocarditis was attributed to T. longibrachiatum, which
was found to be susceptible to VRC, AMB and CSP (MIC: 0.5, 1 and
1 μg/mL, respectively). Other authors determined the antifungal

susceptibility of clinical isolates reported as T. longibrachiatum
and T. bissettii sensu Sandoval-Denis et al. (2014) using differ-
ent techniques, such as the broth dilution or disk method,
but high level of tolerance to azoles, especially FLC, ITC and
PSC were detected (Kredics et al. 2011; Sandoval-Denis et al.
2014). Although there is no clear evidence for the phenomenon
(Hollomon 2017), the emerging triazole resistance among clin-
ical isolates of different filamentous fungi, such as Aspergillus,
Fusarium and Alternaria species is proposed to be a potential
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Figure 3. Principal component analysis performed by ClustVis on the complete dataset deriving from carbon source assimilation assays of clinical and environmental
T. longibrachiatum s. st. and T. longibrachiatum f. sp. bissettii isolates performed on BIOLOG FF Microplates at 25, 30 and 35◦C.

Table 3. Minimum inhibitory concentration (MIC: μg/mL) of antifungal drugs determined by the Etest method modified for moulds.

Strain Source AMB AND CSP MCF ITC FLC PSC VRC

T. longibrachiatum
SZMC 23386

keratitis 1 0.44∗ 0.29∗ 0.04∗ >32 >256 >32 5

T. longibrachiatum TUCIM 42 tea plantation 2.5 0.38∗ 0.38∗ 0.064∗ >32 64∗ >32 2
T. bissettii SZMC 21467 otitis externa 32 0.0435∗ 32 0.0275∗ 32 >256 32 1
T. bissettii SZMC 23615 endocarditis 4 >32 0.23∗ 2∗ >32 >256 >32 1.5
T. bissettii SZMC 23681 pacemaker 1.5 0.25∗ 0.078∗ 0.064∗ >32 >256 >32 0.75
T. bissettii SZMC 1158 wheat rhizosphere 4 0.25∗ 0.38∗ 0.032∗ >32 >256 >32 3
T. bissettii SZMC 1767 mushroom compost 7 0.25∗ 0.5∗ 0.064∗ >32 >256 >32 2

AMB: amphotericin B, AND: anidulafungin, CSP: caspofungin, MCF: micafungin, ITC: itraconazole, FLC: fluconazole, PSC: posaconazole, VRC: voriconazole.
∗Microcolonies in the inhibition ellipse.
The clinical isolates reported in this study are set in bold.

consequence of the extensive use of azole pesticides in agricul-
ture (O’Donnell et al. 2008; Chowdhary et al. 2013; Verweij et al.
2013; Ribas et al. 2016; Berger et al. 2017), which is supposed to
apply to T. longibrachiatum s. st. and T. longibrachiatum f. sp. bis-
settii as well.

CONCLUSION

The findings presented in this study strongly support the
hypothesis that isolates of the species T. longibrachiatum and its
newly proposed phylotype T. longibrachiatum f. sp. bissettii nom.
prov. recovered from human mycoses may originate from agri-
cultural environments.
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