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Penicillium species are some of the most common fungi observed worldwide and have an important economic impact as well as
being occasional agents of human and animal mycoses. A total of 118 isolates thought to belong to the genus Penicillium based
on morphological features were obtained from the Fungus Testing Laboratory at the University of Texas Health Science Center
in San Antonio (United States). The isolates were studied phenotypically using standard growth conditions. Molecular identifi-
cation was made using two genetic markers, the internal transcribed spacer (ITS) and a fragment of the B-tubulin gene. In order
to assess phylogenetic relationships, maximum likelihood and Bayesian inference assessments were used. Antifungal susceptibil-
ity testing was performed according to CLSI document M38-A2 for nine antifungal drugs. The isolates were identified within
three genera, i.e., Penicillium, Talaromyces, and Rasamsonia. The most frequent species in our study were Penicillium rubens, P.
citrinum, and Talaromyces amestolkiae. The potent in vitro activity of amphotericin B (AMB) and terbinafine (TRB) and of the
echinocandins against Penicillium and Talaromyces species might offer a good therapeutic alternative for the treatment of infec-

tions caused by these fungi.

Penicillium is one of the largest fungal genera. It comprises some
of the most commonly known filamentous fungi and can be
found on numerous substrates, as well as in very diverse habitats
(1). Apart from the species included in this genus, many other
fungi, such as those included in the genera Hamigera, Paecilomy-
ces, Rasamsonia, Sagenomella, Talaromyces, and Trichocoma, also
show penicillium-like “little brush” structures. In spite of the
morphological similarity of these fungi, recent phylogenetic stud-
ies have classified these genera into well-established families, i.e.,
Aspergillaceae (Hamigera, Penicillium), Thermoascaceae (Paecilo-
myces), and Trichocomaceae (Rasamsonia, Sagenomella, Talaro-
myces, Trichocoma) (2).

Despite the ubiquity of these fungi in air and in human habi-
tats, their clinical significance is not well understood. Penicillium-
like fungi are commonly recovered from clinical samples and in
routine hospital air surveys; however, they are often discounted as
mere contaminants. In addition, their identification to the species
level is rarely made in routine laboratories due to the complexity
of the phenotypic methods required for their in vitro study. Fur-
ther, the high number of species currently accepted in these genera
makes this task even more difficult (1, 3). The use of molecular
methods does, however, represent a rapid and relatively simple
approach for the identification of Penicillium species, as well as for
species in other, closely related genera (4, 5).

Partly due to the aforementioned difficulties, the role of peni-
cillium-like fungi in human pathology has been considered rela-
tively unimportant. However, one species, Talaromyces (formerly
Penicillium) marneffei, is notable for its clinical relevance as an
agent of fatal systemic mycosis, mostly in HIV-infected pa-
tients, and mainly in southeast Asia, India, and China (6). A
few other penicillium-like fungi are seen in the clinical setting,
but with a considerably lower incidence. Some species of Pen-
icillium, such as P. chrysogenum, P. citrinum, P. commune, P. de-
cumbens, P. piceum, and P. purpurogenum (currently Talaromyces
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picesus and Talaromyces purpurogenus, respectively), have been
reported only rarely (7).

Clinical manifestations due to Penicillium species include su-
perficial and invasive infections, as well as allergies (8). Infections
in humans are mainly related to host immunity (9). There are very
few data on animal infections by Penicillium species, and the few
cases reported have been restricted to systemic diseases and fungal
osteomyelitis in dogs. Penicillium brevicompactum, P. purpuroge-
num, and, recently, P. canis have also been reported in fungal
infections in dogs (10—12). Antifungal susceptibility data for clin-
ically available antifungal agents and treatment options for infec-
tions caused by Penicillium species are also poorly understood,
apart from data published for T. marneffei (13).

The main goal of the present study was to identify, by molec-
ular means, a large set of clinical and environmental isolates of
Penicillium and related genera that had been isolated in the United
States. The results can provide much-needed information on the
diversity of species in that part of the world. Additionally, this
study was designed to provide antifungal susceptibility data for
the species identified, which will allow more-appropriate patient
management of these infections.
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MATERIALS AND METHODS

Sample collection. A total of 118 isolates identified morphologically as a
Penicillium spp. were received from the Fungus Testing Laboratory at the
University of Texas Health Science Center in San Antonio (UTHSCSA).
The isolates were from different locations in the United States and com-
prised 108 clinical specimens that were isolated from humans, 6 that were
isolated from animals, 1 that was isolated from a clinical environment,
and 3 that were of unknown origin (see Table S1 in the supplemental
material).

Phenotypic characterization. The isolates were subcultured onto
malt extract agar (MEA; Difco Laboratories, Detroit, MI). Phenotypic
identification was carried out using standard growth conditions as de-
scribed previously (1). For microscopic observation, slides were made
with Shear’s solution using 7-to-10-day-old cultures. In addition, we eval-
uated the ability of the isolates to grow at 37°C.

DNA extraction, amplification, and sequencing. The isolates were
grown on MEA for 7 to 14 days at 25°C prior to DNA extraction. DNA was
extracted using a FastDNA kit and the kit protocol (MP Biomedicals,
Solon, OH) with the homogenization step using a FastPrep FP120 cell
disrupter (Thermo Savant, Holbrook, NY) according to the manufactur-
ers’ instructions. The DNA regions selected for sequencing were those
recommended by Visagie et al. (1) for Penicillium identification. PCR was
performed to amplify the internal transcribed spacer (ITS) of the ribo-
somal DNA (rDNA) and a fragment of the -tubulin gene. The primer
pairs used were ITS5/ITS4 for the ITS region (14) and Bt2a/Bt2b for 3-tu-
bulin (15).

Single-band PCR products were purified and sequenced at Macro-
gen Corp. Europe 104 (Amsterdam, The Netherlands) with a 3730XL
DNA analyzer (Applied Biosystems, Foster City, CA). Sequence assem-
bly and editing were performed using SeqMan v. 7.0.0 (DNASTAR, Mad-
ison, WI).

Phylogenetic reconstructions. Preliminary identification of the iso-
lates to the genus level was performed by analysis of ITS sequences, using
the BLAST algorithm implemented in the GenBank, CBS-KNAW, and
MycoBank databases. Isolates were identified to the species level using the
ITS and B-tubulin sequences. Multiple-sequence alignments were per-
formed for each locus in MEGA v 6.0 software (16), using the CLUSTALW
algorithm (17), refined with MUSCLE (18) and manually adjusted using
the same software platform.

Phylogenetic analyses were made with the individual loci and com-
bined genes using maximum likelihood (ML) in MEGA v. 6.0 (16) and
Bayesian inference (BI) under MrBayes version 3.1.2 (19). For ML, sup-
port for internal branches was assessed by 1,000 ML bootstrapped pseu-
doreplicates of data. A bootstrap support (bs) value of =70 was consid-
ered significant. The phylogenetic reconstruction by BI was performed
using 5 million Markov chain Monte Carlo (MCMC) generations, with
two runs (one cold chain and three heated chains), and samples were
stored every 1,000 generations. The 50% majority-rule consensus tree
and posterior probability (pp) values were calculated after discarding
the first 25% of the samples. A pp value of =0.95 was considered
significant. The best substitution model for all gene matrices was esti-
mated using jModelTest v.2.1.3 (20, 21).

Antifungal susceptibility testing. Antifungal susceptibility of the
isolates was determined according to the Clinical and Laboratory Stan-
dards Institute (CLSI) broth microdilution M38-A2 method for fila-
mentous fungi (22). The in vitro activities of amphotericin B (AMB),
voriconazole (VRC), itraconazole (ITC), posaconazole (PSC), terbinafine
(TRB), anidulafungin (AFG), caspofungin (CFG), micafungin (MFG),
and 5-fluorocytosine (5FC) were determined for those species with five or
more isolates. The MIC was defined as the lowest concentration to inhibit
100% of growth on visual inspection for AMB, ITC, PSC, and VRC and to
reduce growth by 80% for TRB compared to the drug-free control well.
The minimal effective concentration (MEC) was defined as the lowest
concentration seen to produce short, stubby, abnormally branched hy-
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phae for the echinocandins. Both the MIC and the MEC parameters were
determined at 48 h.

Candida krusei ATCC 6258, Candida parapsilosis ATCC 22019, Paeci-
lomyces variotii ATCC MYA-3630, and Aspergillus fumigatus ATCC MYA-
3626 were used as quality control strains for all tests.

Nucleotide sequence accession numbers. The nucleotide se-
quences obtained in this work were submitted to GenBank under
accession numbers LT558856 to LT558973 for the ITS and
LT558974 to LT559090 for B-tubulin (see Table S1 in the supple-
mental material).

RESULTS

On the basis of the results of the analysis of the ITS region, we
discovered that the 118 isolates investigated corresponded to spe-
cies belonging to Penicillium (n = 85), Talaromyces (n = 31), or
Rasamsonia (n = 2). Identification of the isolates at the species
level through phylogenetic analysis with the combination of ITS
and B-tubulin sequences is summarized in Table 1.

We carried out a phylogenetic study for each of the three gen-
erainvolved. The first objective was to identify Penicillium isolates
by grouping them into their respective sections (see Fig. S1 in the
supplemental material). The aligned data set was 919 bp long (ITS,
521 bp; B-tubulin, 398 bp), and Kimura’s two-parameter (K2)
model with gamma distribution (+G) was the model selected for
each fragment. This analysis showed that our isolates corre-
sponded to 23 species belonging to the following 10 sections:
Chrysogena (n = 28), Citrina (n = 17), Fasciculata (n = 11),
Lanata-Divaricata (n = 11), Aspergilloides (n = 7), Exilicaulis (n =
4), Roquefortorum (n = 3), Brevicompacta (n = 2), Penicillium
(n = 1), and Sclerotiora (n = 1). The most frequently identified
taxa were P. rubens (22.4%; n = 19; section Chrysogena) and P.
citrinum (16.5%; n = 14; section Citrina). Additionally, within
section Citrina, seven Penicillium sp. isolates could not be identi-
fied at the species level.

A second phylogenetic reconstruction was performed to iden-
tify the Talaromyces isolates (see Fig. S2 in the supplemental
material). The aligned data set was 847 bp long (ITS, 474 bp;
B-tubulin, 373 bp), and the model selected was the Tamura three-
parameter (T92) model with gamma-distributed rates and the
presence of invariant sites (G + I) for ITS and K2 + G + I for
B-tubulin. In this genus, 10 species were identified belonging to
four sections, i.e., Talaromyces (n = 25), Trachyspermi (n = 3),
Islandici (n = 2), and Helici (n = 1). The most prevalent species
were T. amestolkiae (22.6%; n = 7) and T. purpurogenus (16.1%;
n = 5), both in section Talaromyces. A total of seven isolates could
not be identified at the species level and are referred to here using
the following six designations: Talaromyces sp. strain I (n = 1;
section Talaromyces), Talaromyces sp. strain 11 (n = 2; section
Talaromyces), Talaromyces sp. strain III (n = 1; section Talaromy-
ces), Talaromyces sp. strain IV (n = 1; section Helici), Talaromyces
sp. strain V (n = 1; section Islandici), and Talaromyces sp. strain VI
(n = 1; section Trachyspermi).

The third phylogenetic analysis (see Fig. S3 in the supplemental
material) was carried out to identify the Rasamsonia isolates. The
aligned data set was 1,078 bp long (ITS, 599 bp; B-tubulin, 479
bp), and the selected models for each fragment were T92 and K2,
with uniform rates used for ITS and B-tubulin, respectively. The
isolates were identified as R. argillacea and R. eburnea.

The 118 isolates were mainly from the respiratory tract
(72.9%), usually from human bronchoalveolar lavage (BAL) fluid
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TABLE 1 Molecular identification and growth at 37°C of the isolates
included in the study

Growth
at 37°C
Genus (total no. No. of (mm/7
of isolates) Species Section isolates days)
Penicillium (85)  P. rubens Chrysogena 19 19
P. citrinum Citrina 14 14
Penicillium sp. Chrysogena 7 7
P. oxalicum Lanata-Divaricata 7 7
P. glabrum Aspergilloides 5 4
P. crustosum Fasciculata 4 0
P. polonicum Fasciculata 4 1
P. roqueforti Roquefortorum 3 0
P. chrysogenum Chrysogena 2 2
P. citreonigrum Exilicaulis 2 0
P. rolfsii Lanata-Divaricata 2 2
P. brevicompactum Brevicompacta 2 0
P. sumatrense Citrina 1 0
P. pancosmium Citrina 1 0
P. roseopurpureum  Citrina 1 0
P. decumbens Exilicaulis 1 1
P. rubefaciens Exilicaulis 1 1
P. allii Fasciculata 1 0
P. echinulatum Fasciculata 1 0
P. palitans Fasciculata 1 0
P. brasilianum Lanata-Divaricata 1 1
P. singorense Lanata-Divaricata 1 1
P. adametzioides  Sclerotiora 1 0
P. coprophilum Penicillium 1 0
P. frequentans Aspergilloides 1 0
P. rudallense Aspergilloides 1 1
Talaromyces (31) T. amestolkiae Talaromyces 7 7
T. purpureogenus  Talaromyces 5 5
T. pinophilus Talaromyces 3 3
T. aurantiacus Talaromyces 2 2
T. ruber Talaromyces 2 2
Talaromyces sp.1 ~ Talaromyces 2 2
Talaromyces sp. 11~ Talaromyces 1 1
Talaromyces sp. 111 Talaromyces 1 0
T. cnidii Talaromyces 1 1
T. funiculosus Talaromyces 1 1
Talaromyces sp. IV Helici 1 1
T. columbinus Islandici 1 1
Talaromyces sp. V  Islandici 1 1
T. atroroseus Trachyspermi 1 1
T. diversus Trachyspermi 1 1
Talaromyces sp. VI Trachyspermi 1 0
Rasamsonia (2)  R. argillacea 1 1
R. eburnea 1 1

(see Table S1 in the supplemental material). We carried out anti-
fungal susceptibility testing of the most frequent species, i.e., a
total of 51 isolates (39 Penicillium isolates and 12 Talaromyces
isolates) representing seven species (Tables 2 and 3). Overall, TRB
and the echinocandins showed the best in vitro activity against
Penicillium species, with modes of <0.03 pg/ml for TRB, 0.06
pg/ml for CFG and AFG, and 0.125 pg/ml for MFG. Amphoteri-
cin B showed intermediate antifungal activity, with an overall
mode of 2 pg/ml, while the azoles showed various levels of activity,
with wide MIC ranges and modes of 0.5 pg/ml for PSC and ITC
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and 2 pg/ml for VRC. The highest MIC values were observed for
5FC (Table 2). Terbinafine, the echinocandins, and AMB showed
in vitro activity against Talaromyces species similar to that seen
with the Penicillium species, while 5FC, with a mode of 0.125
pg/ml, showed good in vitro activity compared to the results seen
with Penicillium species. In contrast, the azoles showed poor in
vitro activity, with wide MIC ranges and modes of >16 pg/ml for
PSC, VRC, and ITC (Table 3).

The results of growth at 37°C (Table 1) showed that 71.7% of
the Penicillium isolates (n = 61) were able to grow at this temper-
ature. All the isolates belonging to both section Chrysogena (n =
28) and section Lanata-Divaricata (n = 11) grew at 37°C, whereas,
among the isolates belonging to section Citrina, only those iden-
tified as P. citrinum managed to grow at this physiologically rele-
vant temperature. On the other hand, practically all isolates of the
genus Talaromyces (99.6%; n = 29), as well as the two isolates of
the genus Rasamsonia, grew at 37°C (Table 1).

DISCUSSION

Despite the uncertainty concerning the true role that penicillium-
like fungi play in human pathology, there are several reports of
infections that seem to have involved these fungi in the clinical
setting, in particular, isolates from respiratory samples (23, 24).
However, to our knowledge, the species diversity of a large collec-
tion of penicillium-like fungi from clinical origins has never been
explored. Thus, this was the first study to investigate more than
100 isolates from clinical sources and to demonstrate, by using
combined sequence analyses of the ITS region and 3-tubulin gene,
that three different genera of penicillium-like fungi (i.e., Penicil-
lium, Talaromyces, and Rasamsonia) are, in fact, associated with
these types of samples. As expected, Penicillium species were the
most common (72%).

The most frequently identified species within Penicillium were
P. citrinum and P. rubens. P. citrinum has been reported to be a
human-opportunistic pathogen responsible for keratitis, cutane-
ous infections, and pneumonia (25-28).

Curiously, to date, P. rubens has not shown any link to clinical
isolates, although it is a recently resurrected species, closely related
to P. chrysogenum (29). In contrast, P. chrysogenum has already
been identified as a human pathogen associated with cutaneous
and invasive infections (8, 30, 31). A total of 28 of our isolates were
classified within section Chrysogena, including 19 identified as P.
rubens, 2 identified as P. chrysogenum, and 7 that were very similar
to those but which will require additional phylogenetic markers to
distinguish them properly (29). Although we were not able to
demonstrate the pathogenic role of P. rubens and P. chrysogenum,
the high number of strains of this species recovered and their
ability to grow at 37°C highlight the clinical importance of these
species.

Other Penicillium species found in our study were P. glabrum
and P. oxalicum, which were the most frequent species after P.
rubens and P. citrinum. While P. glabrum has not been associated
with human infections, Chowdhary (32) reported three cases of
invasive infections by P. oxalicum in patients with acute myeloid
leukemia, diabetes mellitus, and chronic obstructive pulmonary
disease. The lung was theorized to be the portal of entry for this
pathogen in those three cases.

Several reports have recognized P. decumbens as the cause of a
disseminated infection, a perioperative paravertebral infection,
and a fungus ball (7). However, only one isolate of P. decumbens
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TABLE 2 Results of in vitro antifungal susceptibility testing of 39 isolates of Penicillium species

No. of isolates with antifungal MIC (g/ml) of:

Species (no. of isolates tested) Antifungal” =0.03 0.03

0.06

0.125 0.25 0.5 1 2 4 8 16 >16

P. citrinum (n = 10) CFG 2 7
AFG 4 5
MFG 1 1
TRB 3 7

PSC

VRC

ITC

AMB

5FC
P. rubens (n = 10) CFG
AFG
MEFG
TRB 8
PSC
VRC
ITC 2
AMB
5FC

_ e
NN

CFG 1
AFG 1 1
MFG

TRB 3 4

PSC

VRC

ITC

AMB

5FC

Penicillium sp. (n = 7)

CFG 2
AFG 1 2
MEFG

TRB 5 2

PSC

VRC

ITC

AMB

5FC

P. oxalicum (n = 7)

P. glabrum (n = 5) CFG 5
AFG
MFG 3 2
TRB 2 3
PSC
VRC
ITC 1
AMB 1
5FC

'S

1
1
7 1

10

—_
'S

—
—
—_— N -
w

3 1 1

@ CFG, caspofungin; AFG, anidulafungin; MFG, micafungin; TRB, terbinafine; PSC, posaconazole; VRC, voriconazole; ITC, itraconazole; AMB, amphotericin B; 5FC, flucytosine.

was identified in our study; that isolate represents another rare
species in the clinical setting (32). Some other Penicillium species,
including many, such as P. rubefaciens, P. brasilianum, P. singa-
rense, and P. rudallense, represented by only one isolate each in our
study, have not been recognized previously in isolates from clini-
cal specimens, but their ability to grow at 37°C suggests a potential
pathogenicity.

It is relevant that a considerable number of our isolates were
identified as Talaromyces species. Apart from T. marneffei, which
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is the most clinically important member, this genus contains some
opportunistic species of clinical importance such as T. amestol-
kiae, T. indigoticus, T. piceus, T. purpurogenus, T. radicus, T. ruber,
T. rugulosus, T. stollii, and T. verruculosus. Most of these species
were part of the genus Penicillium (3, 33). Nearly 80% of our
isolates identified as Talaromyces species belong to section Tala-
romyces, which is the only section that includes both animal-
pathogenic and human-pathogenic species (33). T. amestolkiae
and T. purpurogenus were the species most frequent identified
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TABLE 3 Results of in vitro antifungal susceptibility testing of 12 isolates of Talaromyces species

No. of isolates with antifungal MIC (g/ml) of:

Species (no. of isolates tested) Antifungal® =0.03 0.03 0.06 0.125 0.25 0.5 1 2 4 8 16 >16
T. amestolkiae (7) CFG 2 3 1 1
AFG 1 3 3
MFG 3 2 2
TRB 6 1
PSC 2 1 4
VRC 1 6
ITC 1 6
AMB 2 2 2
5FC 2 3 1 1
T. purpurogenus (5) CFG 1 1 1 2
AFG 1 3
MEG 2 1 2
TRB 1 2 1 1
PSC 1 1 1 2
VRC 1 2 2
ITC 5
AMB 3 2
5FC 3 2

“ CFG, caspofungin; AFG, anidulafungin; MFG, micafungin; TRB, terbinafine; PSC, posaconazole; VRC, voriconazole; ITC, itraconazole; AMB, amphotericin B; 5FC,

flucytosine.

among our isolates. These, together with T. ruber and T. stollii,
were recovered from pulmonary and invasive infections in hu-
mans (7, 9) and animals (8, 12). The production of a red diffusible
pigment by the colonies of T. purpurogenum is a feature shared
with T. marneffei and can lead to misidentification of those two
species in diagnostic laboratories. Although the former can grow
at 37°C, it is unable to develop a yeast morphology such as T.
marneffei can (9).

We also identified two isolates belonging to Rasamsonia, one as
R. argillacea and the other as R. eburnea (formerly Talaromyces
eburneus). Recently, rates of infections by isolates within this ge-
nus appear to have increased in humans and animals, and those
species are considered emerging pathogens (34-36). In 2011, nine
cases of invasive infections by Rasamsonia argillacea were re-
ported in patients with chronic granulomatous disease (37, 38)
and, more recently, in a patient with graft-versus-host disease
(39). Houbraken et al. (35) identified clinical isolates of R.
eburnea from blood cultures, sputum, and peritoneal dialysis
fluid from a patient with peritonitis. Rasamsonia argillacea and
R. eburnea are phylogenetically close and have similar phenotypic
characteristics, except that R. eburnea shows a blackish brown
reverse (40).

Several cases have been reported in which the respiratory tract
was the portal of entry of infections by penicillium-like fungi, with
or without systemic dissemination. Although the majority of iso-
lates in this study were obtained from respiratory specimens, it
was not possible to establish the true pathogenic role of the iden-
tified species because of the nature of the samples and the absence
of clinical data.

In vitro antifungal susceptibility profiles of penicillium-like
species of fungi other than T. marneffei are currently based on very
few studies and are mainly taken from case reports that have
shown differing results (8,27, 32). Our results show that TRB and
the echinocandins are highly active in vitro against Penicillium and
Talaromyces spp. However, these antifungals are not widely used
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for treating invasive infections by these fungi (41). Terbinafine
was chosen as a good alternative for long-term maintenance ther-
apy for treatment of an infection associated with one isolate from
a dog with osteomyelitis (11). In the present study, AMB also had
intermediate antifungal activity, agreeing with previous studies
(42, 43); however, the clinical experience reported in two cases of
infections by species within this group revealed that the patients
did not respond to this drug (8). Our susceptibility results show
that the azoles have variable activity against Penicillium species
and high MICs for Talaromyces species. In fact, ITC has been used
as a prophylactic treatment for infections by T. marneffei (42).
Chowdhary et al. (32) reported resistance to VRC in three cases of
invasive infections by P. oxalicum, where the successful alternative
treatment was PSC. We observed intermediate MIC values for
VRC in our isolates of P. oxalicum, while the P. citrinum isolates
showed resistance to this drug. This confirms the observations of
Mok et al. (27), who reported high MIC values for the azoles
against one isolate of P. citrinum from an acute leukemia patient
with pneumonia and pericarditis.

In conclusion, although human and animal infections caused
by penicillium-like fungi are infrequent, this study revealed that a
relative wide range of species, all able to grow at 37°C, should be
taken into account in the diagnosis of such infections. Identifica-
tion at the species level remains difficult on the grounds that spe-
cies of various genera share similar morphological characteristics.
This supports the relevance of using DNA sequence data to
identify them. More data are needed from both in vitro suscep-
tibility studies and clinical outcomes in order to determine an
effective treatment for infections caused by penicillium-like
fungi.

ACKNOWLEDGMENTS

This work was supported by the Spanish Ministerio de Economia y Com-
petitividad (grant CGL2013-43789-P).
We declare that we have no conflicts of interest.

jem.asm.org 2159


http://jcm.asm.org

Guevara-Suarez et al.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2160 jcm.asm.org

Visagie CM, Houbraken J, Frisvad JC, Hong SB, Klaassen CHW,
Perrone G, Seifert KA, Varga J, Yaguchi T, Samson RA. 2014. Identi-
fication and nomenclature of the genus Penicillium. Stud Mycol 78:343—
371. http://dx.doi.org/10.1016/j.simyco.2014.09.001.

. Houbraken J, Samson RA. 2011. Phylogeny of Penicillium and the segre-

gation of Trichocomaceae into three families. Stud Mycol 70:1-51. http:
//dx.doi.org/10.3114/sim.2011.70.01.

. Yilmaz N, Visagie CM, Houbraken J, Frisvad JC, Samson RA. 2014.

Polyphasic taxonomy of the genus Talaromyces. Stud Mycol 78:175-341.
http://dx.doi.org/10.1016/j.simyc0.2014.08.001.

. Houbraken J, de Vries RP, Samson R. 2014. Modern taxonomy of

biotechnologically important Aspergillus and Penicillium species. Adv
Appl Microbiol 86:199-249. http://dx.doi.org/10.1016/B978-0-12
-800262-9.00004-4.

. Barker AP, Horan JL, Slechta ES, Alexander BD, Hanso KE. 2014.

Complexities associated with the molecular and proteomic identification
of Paecilomyces species in the clinical mycology laboratory. Med Mycol
52:537-545. http://dx.doi.org/10.1093/mmy/myu001.

. Chitasombat M, Supparatpinyo K. 2013. Penicillium marneffei infection

in immunocompromised host. Curr Fungal Infect Rep 7:44-50. http://dx
.doi.org/10.1007/s12281-012-0119-5.

. de Hoog GS, Guarro J, Gené J, Figueras MJ. 2011. Atlas of clinical fungi.

CD-ROM version 3.1. CBS-KNAW Fungal Biodiversity Centre, Utrecht,
The Netherlands.

. Lyratzopoulos G, Ellis M, Nerringer R, Denning DW. 2002. Invasive

infection due to Penicillium species other than P. marneffei. ] Infect 45:
184-195. http://dx.doi.org/10.1053/jinf.2002.1056.

. Yilmaz N, Houbraken J, Hoekstra ES, Frisvad JC, Visagie CM, Samson

RA. 2012. Delimitation and characterisation of Talaromyces purpurogenus
and related species. Persoonia 29:39-54. http://dx.doi.org/10.3767
/003158512X659500.

Caro-Vadillo A, Paya-Vicens MJ, Martinez-Merlo E, Garcia-Real I,
Martin-Espada C. 2007. Fungal pneumonia caused by Penicillium brevi-
compactum in a young Staffordshire bull terrier. Vet Rec 160:595-596.
http://dx.doi.org/10.1136/vr.160.17.595.

Langlois DK, Sutton DA, Swenson CL, Bailey CJ, Wiederhold NP,
Nelson NC, Thompsom EH, Wickes BL, French S, Fu J, Vilar-Saavedra
P, Peterson SW. 2014. Clinical, morphological, and molecular character-
ization of Penicillium canis sp. nov., isolated from a dog with osteomyelitis.
J Clin Microbiol 52:2447-2453. http://dx.doi.org/10.1128/JCM.03602-13.
Zanatta R, Miniscalco B, Guarro J, Gené J, Capucchio MT, Gallo MG,
Mikulicich B, Peano A. 2006. A case of disseminated mycosis in a German
shepherd dog due to Penicillium purpurogenum. Med Mycol 44:93-97.
http://dx.doi.org/10.1080/13693780500302726.

Espinel-Ingroff A, Boyle K, Sheehan DJ. 2001. In vitro antifungal activ-
ities of voriconazole and reference agents as determined by NCCLS meth-
ods: review of the literature. Mycopathologia 150:101-115. http://dx.doi
.org/10.1023/A:1010954803886.

White TJ, Bruns T, Lee S, Taylor JW. 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics, p 315-322.
In Innis MA, Gelfand DH, Sninsky JJ, White TJ (ed), PCR protocols: a
guide to methods and applications. Academic Press, New York, NY, USA.
Glass NL, Donaldson GC. 1995. Development of premier sets designed
for use with the PCR to amplify conserved genes from filamentous Asco-
mycetes. Appl Environ Microbiol 61:1323-1330.

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. 2013. MEGAG6:
Molecular Evolutionary Genetics Analysis Version 6.0. Mol Biol Evol 30:
2725-2729. http://dx.doi.org/10.1093/molbev/mst197.

Thompson JD, Higgins DG, Gibson TJ. 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res 22:4673—-4680. http://dx.doi.org/10.1093/nar/22.22.4673.
Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accu-
racy and high throughput. Nucleic Acids Res 32:1792-1797. http://dx.doi
.0rg/10.1093/nar/gkh340.

Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic
inference under mixed models. Bioinformatics 19:1572-1574. http://dx
.doi.org/10.1093/bioinformatics/btg180.

Darriba D, Taboada GL, Doallo R, Posada D. 2012. jModelTest 2: more
models, new heuristics and parallel computing. Nat Methods 9:772-772.
http://dx.doi.org/10.1038/nmeth.2109.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Journal of Clinical Microbiology

Guindon S, Gascuel O. 2003. A simple, fast and accurate method to
estimate large phylogenies by maximum-likelihood. Syst Biol 52:696—704.
http://dx.doi.org/10.1080/10635150390235520.

Clinical and Laboratory Standards Institute. 2008. Reference method for
broth dilution antifungal susceptibility testing of filamentous fungi; ap-
proved standard—2nd ed. Document M38-A2. Clinical and Laboratory
Standards Institute, Wayne, PA.

Garcia-Hermoso D, Alanio A, Cabaret O, Olivi M, Foulet F, Cordon-
nier C, Costa J-M, Bretagne S. 2015. High diversity of non-sporulating
moulds in respiratory specimens of immunocompromised patients:
should all the species be reported when diagnosing invasive aspergillosis?
Mycoses 58:557-564. http://dx.doi.org/10.1111/myc.12356.

Peghin M, Monforte V, Martin-Gomez MT, Ruiz-Camps I, Berastegui
C, Saez B, Riera J, Sole J, Gavalda J, Roman A. 2016. Epidemiology of
invasive respiratory disease caused by emerging non-Aspergillus molds in
lung transplant recipients. Transpl Infect Dis 18:70—78. http://dx.doi.org
/10.1111/tid.12492.

Gugnani HC, Gupta S, Talwar RS. 1978. Role of opportunistic fungi in
ocular infection in Nigeria. Mycopathologia 65:155-166. http://dx.doi
.org/10.1007/BF00447186.

Mori T, Matsumura M, Kohara T, Watanabe Y, Ishiyama T, Waka-
bayashi Y, Ikemoto H, Watanabe A, Tanno M, Shirai T, Ichinoe M.
1987. A fatal case of pulmonary penicilliosis. Jpn ] Med Mycol 28:341-348.
http://dx.doi.org/10.3314/jjmm1960.28.341.

Mok T, Koehler AP, Yu MY, Ellis DH, Johnson PJ, Wickham NW.
1997. Fatal Penicillium citrinum pneumonia with pericarditis in a patient
with acute leukemia. J Clin Microbiol 35:2654-2656.

Krishnan SG, Tee NWS, Tan AL, Tan AM, Koh MJA, Chong CY, Thoon
KC, Tan NWH. 2015. A case of cutaneous penicilliosis in a child with
acute myeloid leukaemia. JMM Case Rep 2:1—-4. http://dx.doi.org/10.1099
/jmmcr.0.000098.

Houbraken J, Frisvad JC, Samson RA. 2011. Fleming’s penicillin pro-
ducing strain is not Penicillium chrysogenum but P. rubens. IMA Fungus
2:87-95. http://dx.doi.org/10.5598/imafungus.2011.02.01.12.

Hoffman M, Bash E, Berger SA, Burke M, Yust I. 1992. Fatal necrotizing
esophagitis due to Penicillium chrysogenum in a patient with acquired
immunodeficiency syndrome. Eur J Clin Microbiol Infect Dis 11:1158—
1160. http://dx.doi.org/10.1007/BF01961135.

Lopez-Martinez R, Neumann L, Gonzalez-Mendoza A. 1999. Case re-
port: cutaneous penicilliosis due to Penicillium chrysogenum. Mycoses 42:
347-349. http://dx.doi.org/10.1046/j.1439-0507.1999.00464.x.
Chowdhary A, Kathuria S, Agarwal K, Sachdeva N, Singh PK, Jain S,
Meis JF. 2014. Voriconazole-resistant Penicillium oxalicum: an emerging
pathogen in immunocompromised hosts. Open Forum Infect Dis
1:0fu029. http://dx.doi.org/10.1093/0fid/ofu029.

Samson RA, Yilmaz N, Houbraken J, Spierenburg H, Seifert KA, Peterson
SW, Varga J, Frisvad JC. 2011. Phylogeny and nomenclature of the genus
Talaromyces and taxa accommodated in Penicillium subgenus Biverticil-
lium. Stud Mycol 70:159—183. http://dx.doi.org/10.3114/sim.2011.70.04.
Doyon JB, Sutton DA, Theodore P, Dhillon G, Jones KD, Thompson EH,
Fu ], Wickes BL, Koehler JE, Schwartz BS. 2013. Rasamsonia argillacea
pulmonary and aortic graft infection in an immune-competent patient. J
Clin Microbiol 51:719-722. http://dx.doi.org/10.1128/JCM.02884-12.
Houbraken J, Giraud S, Meijer M, Bertout S, Frisvad JC, Meis JF,
Bouchara JP, Samson RA. 2013. Taxonomy and antifungal susceptibility
of clinically important Rasamsonia species. ] Clin Microbiol 51:22-30.
http://dx.doi.org/10.1128/JCM.02147-12.

Matos T, Cerar T, Praprotnik M, Krivec U, Pir§ M. 2015. First recovery
of Rasamsonia argillacea species complex isolated in adolescent patient
with cystic fibrosis in Slovenia—case report and review of literature. My-
coses 58:506-510. http://dx.doi.org/10.1111/myc.12340.

Machouart M, Garcia-Hermoso D, Rivier A, Hassouni N, Catherinot E,
Salmon A, Debourgogne A, Coignard H, Lecuit M, Bougnoux ME,
Blanche S, Lortholary O. 2011. Emergence of disseminated infections due
to Geosmithia argillacea in patients with chronic granulomatous disease
receiving long-term azole antifungal prophylaxis. J Clin Microbiol 49:
1681-1683. http://dx.doi.org/10.1128/JCM.02456-10.

De Ravin SS, Challipalli M, Anderson V, Shea YR, Marciano B, Hilli-
goss D, Marquesen M, Decastro R, Liu YC, Sutton DA, Wickes BL,
Kammeyer PL, Sigler L, Sullivan K, Kang EM, Malech HL, Holland SM,
Zelazny AM. 2011. Geosmithia argillacea: an emerging cause of invasive
mycosis in human chronic granulomatous disease. Clin Infect Dis 52:
el36—el43. http://dx.doi.org/10.1093/cid/ciq250.

August 2016 Volume 54 Number 8


http://dx.doi.org/10.1016/j.simyco.2014.09.001
http://dx.doi.org/10.3114/sim.2011.70.01
http://dx.doi.org/10.3114/sim.2011.70.01
http://dx.doi.org/10.1016/j.simyco.2014.08.001
http://dx.doi.org/10.1016/B978-0-12-800262-9.00004-4
http://dx.doi.org/10.1016/B978-0-12-800262-9.00004-4
http://dx.doi.org/10.1093/mmy/myu001
http://dx.doi.org/10.1007/s12281-012-0119-5
http://dx.doi.org/10.1007/s12281-012-0119-5
http://dx.doi.org/10.1053/jinf.2002.1056
http://dx.doi.org/10.3767/003158512X659500
http://dx.doi.org/10.3767/003158512X659500
http://dx.doi.org/10.1136/vr.160.17.595
http://dx.doi.org/10.1128/JCM.03602-13
http://dx.doi.org/10.1080/13693780500302726
http://dx.doi.org/10.1023/A:1010954803886
http://dx.doi.org/10.1023/A:1010954803886
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.1093/nar/22.22.4673
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/nar/gkh340
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.1093/bioinformatics/btg180
http://dx.doi.org/10.1038/nmeth.2109
http://dx.doi.org/10.1080/10635150390235520
http://dx.doi.org/10.1111/myc.12356
http://dx.doi.org/10.1111/tid.12492
http://dx.doi.org/10.1111/tid.12492
http://dx.doi.org/10.1007/BF00447186
http://dx.doi.org/10.1007/BF00447186
http://dx.doi.org/10.3314/jjmm1960.28.341
http://dx.doi.org/10.1099/jmmcr.0.000098
http://dx.doi.org/10.1099/jmmcr.0.000098
http://dx.doi.org/10.5598/imafungus.2011.02.01.12
http://dx.doi.org/10.1007/BF01961135
http://dx.doi.org/10.1046/j.1439-0507.1999.00464.x
http://dx.doi.org/10.1093/ofid/ofu029
http://dx.doi.org/10.3114/sim.2011.70.04
http://dx.doi.org/10.1128/JCM.02884-12
http://dx.doi.org/10.1128/JCM.02147-12
http://dx.doi.org/10.1111/myc.12340
http://dx.doi.org/10.1128/JCM.02456-10
http://dx.doi.org/10.1093/cid/ciq250
http://jcm.asm.org

39.

40.

41.

August 2016 Volume 54 Number 8

Valentin T, Neumeister P, Pichler M, Rohn A, Koidl C, Haas D, Heiling
B, Asslaber M, Zollner-Schwetz I, Hoenigl M, Salzer HJ, Krause R,
Buzina W. 2012. Disseminated Geosmithia argillacea infection in a patient
with gastrointestinal GVHD. Bone Marrow Transplant 47:734—736. http:
//dx.doi.org/10.1038/bmt.2011.149.

Houbraken J, Spierenburg H, Frisvad JC. 2012. Rasamsonia, a new genus
comprising thermotolerant and thermophilic Talaromyces and Geosmi-
thia species. Antonie Van Leeuwenhoek 101:403—421. http://dx.doi.org
/10.1007/s10482-011-9647-1.

Hu Y, Zhang J, Li X, Yang Y, Zhang Y, Ma J, Xi L. 2013. Penicillium

42.

43.

Journal of Clinical Microbiology

Penicillium-Like Fungi in Clinical Samples

marneffei infection: an emerging disease in mainland China. Mycopatho-
logia 175:57—67. http://dx.doi.org/10.1007/s11046-012-9577-0.
Vanittanakom N, Cooper CR, Fisher MC, Sirisanthana T. 2006. Peni-
cillium marneffei infection and recent advances in the epidemiology and
molecular biology aspects. Clin Microbiol Rev 19:95-110. http://dx.doi
.0rg/10.1128/CMR.19.1.95-110.2006.

Hart J, Dyer JR, Clark BM, McLellan DG, Perera S, Ferrari P. 2012.
Travel-related disseminated Penicillium marneffei infection in a renal
transplant patient. Transpl Infect Dis 14:434—439. http://dx.doi.org/10
.1111/§.1399-3062.2011.00700.x.

jecm.asm.org 2161


http://dx.doi.org/10.1038/bmt.2011.149
http://dx.doi.org/10.1038/bmt.2011.149
http://dx.doi.org/10.1007/s10482-011-9647-1
http://dx.doi.org/10.1007/s10482-011-9647-1
http://dx.doi.org/10.1007/s11046-012-9577-0
http://dx.doi.org/10.1128/CMR.19.1.95-110.2006
http://dx.doi.org/10.1128/CMR.19.1.95-110.2006
http://dx.doi.org/10.1111/j.1399-3062.2011.00700.x
http://dx.doi.org/10.1111/j.1399-3062.2011.00700.x
http://jcm.asm.org

	MATERIALS AND METHODS
	Sample collection.
	Phenotypic characterization.
	DNA extraction, amplification, and sequencing.
	Phylogenetic reconstructions.
	Antifungal susceptibility testing.

	Nucleotide sequence accession numbers. 
	RESULTS
	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

